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1 Introduction 

1.1 Multipotent mesenchymal stromal cells 

In the 1970s, Friedenstein and coworkers identified a set of stromal precursor cells from 

the bone marrow, which were of low frequency compared to other hematopoietic cells and 

spindle-shaped [52]. They formed discrete clonal fibroblast colonies, when cultured in 

monolayers and generated bone tissue, when transplanted back in vivo near active 

osteoblasts [52]. Subsequent studies unveiled these bone marrow derived, stromal, culture-

adherent cells to be capable of differentiating into bone, fat, cartilage and connective tissue 

supporting hematopoiesis on single cell level, when transferred back in vivo into an 

adequate environment [5, 6, 10, 11, 34, 144]. The hypothesis of a stromal stem cell, able to 

differentiate along mesenchymal lineages soon arose.  

 

Different names for these stromal stem cells came up over the years. In this study, these 

cells isolated from the bone marrow will be called multipotent mesenchymal stromal cells 

(MSC) according to the International Society for Cellular Therapy [39]. Soon after the 

differentiation potential of MSC into bone and cartilage had been revealed, in vitro 

differentiation protocols of MSC into osteoblasts, chondrocytes, adipocytes, 

cardiomyocytes, neuronal cells and other cell types were developed [16, 63, 72, 86, 108, 

122, 123, 150, 204]. In vivo differentiation of MSC beyond skeletal lineages into 

cardiomyocytes, tenocytes, neuronal cells, epithelial cells and other cells was soon 

announced as well [54, 141, 173, 214, 218]. Caplan et al. hypothesized the lineage 

differentiation potential of MSC to comprise at least bone, cartilage, muscle, marrow, 

tendon, ligament, adipose tissue and others (Fig. 1) [187]. 
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Fig. 1: The MSC differentiation potential described in the literature. From various in vivo and in 

vitro studies the MSC differentiation potential is hypothesized to include a multitude of tissues such 

as bone, cartilage, muscle, marrow, tendon, ligament, adipose tissue and others. MSC: multipotent 

mesenchymal stromal cells. Adopted from Singer et Caplan [187], page 458.  

 

In clinical trials, the therapeutic potential of MSC has been tried to be utilized in patients 

with ostegenesis imperfecta [75, 76], large bone defects [158], myocardial infarction [24, 

166] and many more on-going as listed in a review by Singer and Caplan [187]. Moreover, 

many studies discovered the isolation of MSC-like cells from various tissues apart from the 

bone marrow such as adult skeletal muscle, adipose tissue, hyaline cartilage, umbilical 

cord, synovia, the circulatory system, dental pulp as well as the amniotic fluid, fetal blood, 

lung, liver and bone marrow [19, 30, 44, 61, 81, 100, 138, 208, 224]. In order to clarify the 

source discrepancies, MSC derived from alternative tissues other than the bone marrow are 

referred to in this study with their tissue of origin.  
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Since MSC were recovered from all kinds of tissues aside from the bone marrow and since 

the interest in MSC has for the last two decades dramatically escalated, the International 

Society for Cellular Therapy defined three criteria for the identification of MSC in order to 

be able to compare and contrast studies about MSC [39]. First, MSC are to be plastic-

adherent, when cultured under normal cell-culture conditions in tissue culture flasks [39]. 

Second, at least 95 % of the MSC population have to express the positive markers cluster 

of differentiation (CD) 105, CD90 and CD73 and less than 2 % may be positive for the 

expression of the negative markers CD45, CD34, CD14 or CD11b, CD79α or CD19 and 

HLA class II as measured by flow cytometry [39].  Third, MSC have to be able to 

differentiate at least into osteoblasts, adipocytes and chondroblasts when cultured under 

appropriate differentiation conditions in vitro [39].  

1.1.1 Immunomodulatory functions of MSC 

MSC from human source were noticed to persist for long times in a xenogenic 

environment after being transplanted [114]. A lack of immune response by the host against 

MSC was presumed depending on both a low MSC immunogenicity and a local immune 

suppression by MSC [114]. The ability of MSC not only to regenerate tissue but also to 

modify or evade immune responses has since then been evaluated in various clinical trials, 

in which MSC were administered for the treatment of Graft-versus-Host-Disease (GvHD) 

[103, 195], Crohn´s disease [40, 195], multiple sclerosis [90] and various other 

inflammatory conditions, most of them still ongoing, as summarized by Singer and Caplan 

[187]. 

 

The low immune reaction of hosts against MSC is thought to depend on multiple factors. 

MSC express low levels of major histocompatibility complex (MHC) class I molecules, 

which boost upon interferon gamma (IFNG) treatment [104, 198]. Since low expression 

levels of MHC class I make cells susceptible to killing by natural killer (NK) cells [135], it 

is not surprising that exposure of MSC to IFNG reduced NK cell mediated killing of MSC 

[191].  Furthermore, NK cell proliferation and cytokine secretion has been shown to be 

reduced in the presence of MSC through indoleamine-2,3-dioxygenase (IDO) and 

prostaglandin (PG) E2 [191, 192]. Another study suggested the suppression of NK cell 
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activities by MSC to happen both through cell-cell contacts as well as the soluble 

mediators PGE2 and transforming growth factor beta (TGFB) [190].  

 

Moreover, MSC were encountered to be negative for MHC class II expression and the co-

stimulatory molecules CD 80, CD86 and CD40 [94, 104]. Since induction of MHC class II 

expression by MSC through IFNG treatment and transfection of MSC with co-stimulatory 

molecules failed to induce an alloreactive T cell proliferation, other active suppressive 

mechanisms by MSC were suspected [94]. Human MSC inhibited in fact allogeneic T-cell 

proliferation, when co-cultured with human mixed lymphocyte reactions (MLR) through 

an upturn of IDO, which is known to metabolize tryptophan to kynurenine possibly 

causing a local tryptophan depletion or kynurenine accumulation [130, 172, 198]. Another 

mechanism for MSC to suppress T cell proliferation was discovered to occur via the 

secretion of PGE2 [1], which is synthesized from arachidonic acid through the 

cyclooxygenase (COX) 1 or -2 and prostaglandin E synthase (PTGES) [45]. PGE2 was 

reported to rise upon co-culture of human MSC with peripheral blood mononuclear cells 

(PBMC) and inhibitors of PGE2 production rescued the diminished proliferation of PBMC 

in the co-culture with human MSC [1, 198]. Di Nicola et al., furthermore, claimed MSC to 

secrete hepatocyte growth factor (HGF) and TGFB thereby suppressing T cell proliferation 

[35]. In contrast to human MSC, which can suppress T cell proliferation via IDO, murine 

MSC seem to secret augmented levels nitric oxide (NO) upon co-culture with splenocytes 

or upon stimulation with IFNG and either tumour necrosis factor (TNF), interleukin (IL) 

1A or -1B, which inhibited the proliferation of T cells when co-cultured with MSC [163, 

175]. Regulatory T cell induction by MSC was reported to depend on PGE2 and TGFB or 

human leukocyte antigen (HLA) secretion by MSC as well as MSC induced IL10 

production by dendritic cells (DC) [43, 118, 181]. 

 

Further immunomodulatory functions of MSC were discovered to involve the maturation 

process of DC. In detail, human and murine MSC disturbed the maturation development of 

DC by reducing several activities necessary for the induction of immunogenic T cell 

responses such as antigen presentation via MHC class II molecules, expression of 

stimulatory molecules, secretion of IL12 and migration to C-C motif ligand (CCL) 19 
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expressed in lymphoid tissue [42, 85]. PGE2 and IL6 have been asserted to add to the MSC 

induced disturbance or reversion of DC maturation as well [23, 37].  

 

Modulation of macrophage biology by MSC was noticed to comprise several secreted 

molecules. The release of PGE2 upon stimulation with TNF and lipopolysaccharide (LPS) 

by MSC in vitro induced macrophages to increase their IL10 production [137]. In the in 

vivo mouse model of sepsis, this mechanism was proposed to be responsible for the 

improved survival rates, reduced levels of serum IL6 and TNF and enhanced levels of 

serum IL10 after intravenous MSC administration [137]. In the presence of LPS, murine 

MSC were furthermore found to improve the phagocytic capacity of murine macrophages 

and decrease their potential to exhibit co-stimulatory and MHC class II molecules thereby 

turning macrophages into a regulatory-like type [120]. TNF activated MSC were shown to 

secrete tumor necrosis factor-inducible gene 6 protein (TSG6) thereby attenuating zymosan 

induced peritonitis in mice in vivo and TNF secretion in murine macrophages in vitro [26]. 

In a co-culture model of human MSC with murine LPS activated macrophages and upon 

injection of human MSC into skin wounds of mice, MSC released TSG6, which 

augmented wound healing and limited macrophage activation as well as TNF secretion 

[156]. An IL1 receptor antagonist (RN) expressing subpopulation of murine MSC was 

reported to ameliorate bleomycin-induced lung inflammation through the reduced 

activation of macrophages [142].  

1.1.2 Homing of MSC 

The mechanism by which cells migrate to and engraft in tissue, where they fulfill their 

destined functions, is called homing [212]. In order to exert local immunomodulatory, 

regenerative or other functional effects, MSC need to travel to sites of injury and engraft 

there. While the homing mechanism of leukocytes to inflammatory sites is well 

investigated and explained in detail in section 1.2.1, not much is known about how MSC 

home to sites of injury or ischemia. Several studies, however, could demonstrate ex vivo 

expanded MSC injected into the circulation of various animal models to home to and 

engraft into healthy tissue such as the bone marrow, bone, cartilage and lung [147, 174] 

and damaged tissues such as the bone marrow, bone, gut, skin, tendon, lung, heart, liver 
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and spleen [22, 33, 51, 58, 148, 174, 209]. The homing of MSC when intravenously 

administered requires chemotactic cues, adhesion of MSC to the walls of blood vessels and 

transmigration of MSC across the endothelium into adjacent tissues (Fig. 2).  

Chemotactic agents for MSC include many factors released upon tissue injury such as the 

platelet-derived growth factor (PDGF) BB, the insulin-like growth factors (IGF) I and –II, 

vascular-endothelial growth factor (VEGF) and basic fibroblast growth factor (FGF2) [47-

49, 177]. Some studies even claim the cytokines IL1, TNF, IL6 and IL8 to be 

chemoattractive for MSC [21, 55, 132, 162, 165, 177, 217]. The complement factors C3a 

and C5a have also been demonstrated to be chemotactic agents for MSC, although the 

effect of C5a was definitely more pronounced on osteoblasts than on MSC [78, 179]. 

Another supposedly chemoattractive factor for MSC is the stromal cell-derived factor 

(SDF) 1, which attaches to the C-X-C motif receptor (CXCR) 4. MSC are both asserted 

and denied to express CXCR4, hence migration of MSC along the SDF1/CXCR4 axis is 

controversial [82, 210].  

 

In response to TNF stimulation, endothelial cells upregulate vascular cell adhesion protein 

(VCAM) 1, which binds to integrins (ITG) on leukocytes allowing their adhesion and 

extravasation [119]. ITG are heterodimeric transmembrane receptors composed of linked 

alpha and beta chains in 24 known different combinations in humans [194].  Various 

studies have investigated the integrin expression of MSC and their role in MSC migration 

with conflicting results as summarized by Semon et al. and Docheva et al. [38, 182]. A 

complete ITG expression profile revealed that 80 % of subconfluent human bone marrow 

derived MSC express the ITG subunits beta (B)1, B2 and alpha (A) 3, while different 

subpopulations also carry A1, A2, A4, A5, A6, A7 and/or AV on their surface [182]. 

Moreover, MSC were noticed to use distinctive ITG for adhesion to different endothelial 

cells originating from various blood vessels demanding guidelines for uniform MSC 

preparations, as the differential ITG expression is likely to be due to discrepancies in the 

isolation and culture of MSC [182]. 

 

For extravasation, MSC also need to express matrix metallopeptidases (MMP) 2 and 9 

expression, which degrade collagen type IV and laminin, the main components of the 
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basement membrane [89, 203]. Collagenases, which include MMP1, -8, -13, and -18 and 

degrade the interstitial collagen types I, II and III as well as some extracellular matrix 

constituents [203], become important, when MSC need to migrate through tissue. MSC 

have been reported to constitutively express MMP2, -3, -10, -11 and -13 and TIMP 

metallopeptidase inhibitor (TIMP) 2 [91]. MMP1, 2 and 9 are claimed to be differentially 

regulated upon stimulation with inflammatory mediators [21, 165].  

 

 
Fig. 2: Homing of MSC. The homing of MSC when intravenously administered requires 

chemotactic cues such as growth factors and cytokines, adhesion of MSC to the endothelium via 

integrins and the subsequent transmigration. MMP break down collagens and extracellular matrix 

components to facilitate migration. MSC: multipotent mesenchymal stromal cells; VCAM: vascular 

cell adhesion protein; MMP: matrix metallopeptidase, purple dots; chemotactic and inflammatory 

agents: orange dots. Derived from Yagi et al. [212]. 
 

Intravenous administration of MSC is only one-way directed and gives no evidence if and 

how MSC migrate from the bone marrow or other stem cell niches to sites of injury. 

Studies, in which MSC are initially trapped in the lung upon transfusion and then gradually 

transfer to sites of injury or other tissues, might imply that MSC can also migrate out of 

tissue [31, 58, 95, 106, 215]. A study by Shirley et al. supports this notion of MSC 

migrating in and out of tissue, as they demonstrated that labeled MSC implanted into the 

remote tibial bone marrow cavity of rabbits after ulnar fracture had migrated to the fracture 
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sites after 3 weeks [183]. However, the exact mechanism of MSC migration still needs 

further investigation. Possibly, studies investigating the occurrence of MSC in the blood 

under healthy conditions and upon injury will further help to elucidate the question, if 

MSC migrate bidirectional and use the blood as traveling route from their stem cell niche 

to sites of damage.  

1.1.3 Peripheral blood circulating MSC 

MSC in peripheral blood were essentially discovered ahead of bone marrow MSC. In 

1928, Maximow encountered adherent fibroblast-like cells in the blood, which formed 

fibroblastic colonies in culture [128]. In following years, several studies could confirm the 

existence of these cells in the blood as well as their differentiating and prolonged passaging 

potential [77, 146]. Until today, blood circulating MSC have been identified in several 

mammalian species including mouse, guinea pig, rabbit, dog and human as reviewed by He 

et al. [64].  

 

The frequency of MSC in the blood, however, is controversial and thought to be extremely 

low under normal conditions. Only one MSC per 106 peripheral blood mononuclear cells 

(MNC) could be detected by Kuznetsov et al. in healthy individuals [100]. Another study 

by Zvaifler et al. estimated several thousand MSC to be contained in 500ml blood of 

normal individuals [225]. Both of these studies were able to confirm the multipotency 

character of these peripheral blood derived MSC by immunohistochemistry and 

differentiation assays in vitro and in vivo, respectively. 

 

In recent years, it became apparent that the incidence of MSC in the blood circulation 

significantly augments after injury. Hip or lower extremities fractures were found to be 

associated with escalated levels of blood circulating MSC [3].  Alm et al. were able to 

isolate and expand these peripheral blood MSC and to verify their stem cell character 

through three-lineage differentiation, the presence of MSC surface and the absence of 

leukocyte markers [3]. An upsurge in blood circulating MSC was also observed after high-

intensity exercise in stable coronary artery disease patients in a study by Lucia et al [116]. 

After acute myocardial infarction, patients exhibited substantial levels of MSC in 
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peripheral blood as well [206]. Muscle damage is another condition implied to be 

accompanied by a higher incidence of MSC in the circulation as presented by Ramirez et 

al. [161]. Both strenuous muscular exercise causing acute muscle damage and McArdle’s 

disease, a rare genetic disorder with severe chronic skeletal muscle injury, exhibited 

significantly boosted levels of MSC in the blood [161]. A higher frequency of MSC in 

peripheral blood of rats was observed when these were exposed to chronic hypoxia [168]. 

The immunophenotype and differentiation potential of these MSC were shown to be 

similar to those of bone marrow MSC [168].  

1.2 Polytrauma 

Multiple injuries are an important cause of mortality or disability in every country and all 

socioeconomic strata [133]. Every day, about 16,000 individuals die worldwide due to 

severe injury and an approximately equal number of severely injured people suffers from 

subsequent permanent disabilities [96]. More than 8 million people suffer from traumatic 

injury in Germany per year, of which about 19,000 suffer from such severe injury that they 

die [167]. In young people aged between 1 and 40, a polytrauma (PT) represents the most 

frequent cause of death [127]. The medical term PT describes a syndrome of multiple 

traumatic injuries in different anatomical regions of which one or the combination of them 

is life-threatening [46]. As a general rule, the PT is defined by an injury severity score 

(ISS) of ≥16 [46]. The basis for calculating the ISS is the Abbreviated Injury Scale (AIS), 

which classifies the severity of an injury in any body region (head, face, neck, thorax, 

abdomen, spine, upper extremity, lower extremity, external and other) on a six point 

ordinal scale with minor (1), moderate (2), serious (3), severe (4), critical (5) and maximal, 

untreatable (6) [7]. For calculating the ISS, the body is divided into six ISS body regions: 

head, face, chest, abdomen, extremities including pelvis and external. The highest AIS 

scores of the three most severely injured body regions are squared and added up, with 75 

being the highest ISS, which is also automatically assumed, if one of the three AIS is 6 [7].  

 

Immediate death caused by severe primary injuries and substantial blood loss differs from 

late mortality as a result of secondary brain injury and failure of immune responses [92]. In 

a PT, direct or indirect mechanical force causes multiple injuries such as fractures, soft 
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tissue and organ injuries and upon these so-called first hits, the traumatized tissue induces 

local and systemic inflammatory responses as explained in detail below [92, 169, 170, 

188]. This excessive systemic inflammation is defined as systemic inflammatory response 

syndrome (SIRS), when at least two of the following symptoms are met: 1) a body 

temperature >38 °C or <36 °C, 2) a heart rate >90 beats/min, a respiratory rate >20 

breaths/min or a paCO2 <32 mmHg, 3) a leukocyte count > 12,000 cells/mm3 blood or < 

4,000 cells/mm3 blood or > 10% immature neutrophils [15]. Further aggravation of SIRS is 

thought to occur by so called second hits such as hypoxia, hypothermia, 

ischemia/reperfusion injury, infections, surgical procedures and others [169, 170, 188]. 

Severe SIRS always bears the danger of multi organ dysfunction syndrome (MODS) 

potentially leading to multi organ failure (MOF) and death [164, 200]. A compensatory 

anti-inflammatory response syndrome (CARS), characterized by the release of anti-

inflammatory mediators and suppression of the adaptive immune response, was long 

thought to follow SIRS in order to allow for normal recovery of the patient without 

complication and if predominating increasing the risk of infection and sepsis [92, 200]. 

Other works postulate a simultaneous development of pro- and anti-inflammatory immune 

responses after a PT and complications to arise from the extent of immune dysregulation 

[59, 211].  

1.2.1 Inflammatory cascade and the development of SIRS 

Upon injury, endogenous alarmins are released from necrotic cells or in response to cell 

injury and include among others high mobility group box protein (HMGB) 1, extracellular 

matrix proteins, nucleic acids, heat shock proteins, S100 proteins and hyaluronan [14]. 

Pathogen-associated molecular patterns (PAMP) from bacteria include LPS, lipoteichoic 

acid, peptidoglycan, unmethylated CpG motifs [83] and although not essential for the 

induction of PT-associated immune responses, they can occur through subsequent bacterial 

infections. Both PAMP and endogenous alarmins bind to toll-like receptors (TLR) and/or 

the receptor for advanced glycation end products (RAGE) on tissue-resident macrophages, 

which become activated and release cytokines such as IL1B, IL6, IL8 and TNF, 

chemokines, growth factors, NO and eicosanoids as reviewed by Tsukamoto [14, 200].  
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Upon stimulation with inflammatory mediators, endothelial cells build up their expression 

levels of surface selectins, which ligate to carbohydrates on the cell membrane of 

leukocytes and allow their rolling along the walls of blood vessels [216]. Intercellular 

adhesion molecules (ICAM1) and VCAM1 are brought about as well and engage with ITG 

expressed by leukocytes, allowing their extravasation [102, 180, 186]. Directly after a PT, 

neutrophils and monocytes are the first ones to migrate out to sites of lesion. Migration 

then occurs along a concentration gradient of chemokines such as IL8 and the complement 

anaphylotoxins C3a and C5a [178]. Monocytes differentiate into macrophages, become 

activated through phagocytosis and in the presence of endogenous alarmins or PAMP and 

discharge more inflammatory mediators. C3a and C5a are known to activate neutrophils 

[178]. Activated neutrophils, in addition to phagocytosis, can degranulate and release high 

amounts of reactive oxygen species (ROS), NO, leukotrienes and other factors causing 

secondary organ tissue injury [56, 124, 153, 189, 200].  

 

When IL1, IL6 and TNF are secreted by tissue-resident macrophages upon trauma, they 

also induce the production of positive acute-phase proteins by hepatocytes in the liver such 

as C-reactive protein, procalcitonin, serum amyloid, complement proteins and coagulation 

proteins. Subsequently, the kallikrein-kinin, the coagulation and the complement systems 

are activated [62, 92]. Activation of the complement system can occur through various 

pathways. After a PT, the classical complement activation arises from the activated 

coagulation factor XII or from antibody-antigen complexes, while alternative activation 

takes place if bacterial components are present [200]. When the complement system is 

activated, complement factor (C) 3 is cleaved by the C3 convertase into C3b and C3a. C3b 

acts as opsonin and, together with C3, cleaves C5 into C5a and C5b. C5b induces the 

formation of the membrane attack complex (MAC) through the consecutive binding of C6, 

C7, C8 and C9 subunits. The MAC disrupts the membrane integrity and subsequently lyses 

the cell [50, 125, 134]. The anaphylatoxins C3a and C5a recruit phagocytes such as 

polymorphonuclear leukocytes, monocytes and macrophages, enhance the production of 

acute-phase proteins in the liver, induce the secretion of vasodilative factors by mast cells 

and basophils and promote the adhesion of leukocytes to epithelial cells [200]. Therefore, 

the complement system is a key mediator for immunity in a PT, but excessive activation 
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causes severe tissue damage [200]. On clinical level, plasma levels of C3 and C3a are 

known to correspond to the severity of a PT [17, 65].  

 

At the same time as pro-inflammatory mediators perspire, the anti-inflammatory cytokine 

IL10 is also secreted by T cells, monocytes and macrophages to counteract the monocyte- 

and macrophage-derived secretion of TNF, IL6, IL8 and free oxygen radicals [143]. Other 

anti-inflammatory effects derive from IL6, which has both pro- and anti-inflammatory 

properties. As an anti-inflammatory mediator, it induces macrophages to release the IL1B 

and TNF antagonists IL1 receptor antagonist (RN) and soluble TNF receptor (sTNFR) 

[196]. IL6 also induces macrophages to secrete PGE2, which in turn induces their secretion 

of IL10 and regulates their TNF and IL1B synthesis [149].  

 

Down-stream of the initial innate immune response after a PT, the adaptive immune 

response arises as well. In short, through the presentation of foreign antigen peptides on 

MHC II on professional antigen presenting cells to T lymphocytes, these become activated. 

Activation of B cells occurs through the recognition of antigen and the concomitant co-

stimulation by T cells, binding of PAMP to TLR or cross-linking of B cell receptors.  

 

To summarize, pro-inflammatory mediators are beneficial for the activation of the innate 

and adaptive immune responses, angiogenesis and the formation of new tissue, if they are 

discharged locally by monocytes and macrophages and in balance with anti-inflammatory 

mediators [200]. If through high trauma load, however, severe activation of monocytes and 

macrophages occurs, their effect becomes systemic, neutrophil and acute phase activation 

grows to be massive and, as a consequence, a severe systemic SIRS arises with 

complications described above (Fig. 3) [200].  
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Fig. 3: Factors, mediators and effectors leading to the development of SIRS, MODS and 
MOF. Upon trauma, endogenous alarmins induce the release of several mediators and activate 
effector cells. If severe activation of effector cells and second hits occur, a SIRS can arise with the 
complication of MODS and MOF. HMGB1: high mobility group box protein 1; HSP: heat shock 
proteins; S: system; ROS: reactive oxygen species; NO: nitric oxide; SIRS: systemic inflammatory 
response syndrome; MODS: multi organ dysfunction syndrome; MOF: multi organ failure. Derived 
from Tsukamoto [200].  
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1.3 Aims 

A polytrauma (PT) is a syndrome of multiple traumatic injuries of which one or the 

combination of them is life threatening. Death due to severe injury differs from late 

mortality caused by multi-organ failure as a result of a systemic inflammatory response 

syndrome (SIRS) [92]. SIRS can develop upon heavy tissue injury, when massive amounts 

of endogenous alarmins are released and generate the secretion of inflammatory mediators 

such as cytokines, complement factors and proteins of the acute phase reaction as well as 

the coagulation system [59, 92]. Injury appears to heighten the number of circulating MSC 

in the blood [3, 116, 161, 168]. In vitro expanded MSC injected into the circulation are 

known to be trapped in the lung and to engraft into healthy and damaged tissues for 

regeneration as well as immunomodulatory effects [22, 33, 51, 58, 106, 137, 148, 174, 

209]. The immunomodulatory effects of MSC, unprimed or primed with IFNG, TNF or 

LPS, is well studied and includes inhibition and regulation of T cell activities, reduction of 

DC maturation, NK cell killing, and macrophage biology [1, 26, 35, 42, 43, 137, 191, 198]. 

On the grounds of these findings, the systemic application of allogeneic MSC to PT 

patients in order to minimize the risk of SIRS and to initiate and facilitate repair processes 

seems to be a valuable future therapeutic option. Basic research regarding the effect of a 

predominantly sterile, PT-like inflammatory environment on human MSC in vitro is thus 

required. Hence, the following questions were answered in this work: 

• Can MSC marker positive cells be detected in the blood of PT patients? Do these 

cells increase in PT patients compared to healthy individuals and if so, at which 

time points? 

• How do cytokines and complements factors, which systemically arise during the 

early phase of a PT, alone or in conjunction, affect MSC in vitro in terms of 

proliferation, osteogenic differentiation, migration and expression of MMP as well 

as inflammatory and immunomodulatory factors?  

• Are MSC able to modulate the cytokine secretion of activated human peripheral 

blood-derived macrophages under PT-mimicked conditions in a co-culture model 

in vitro?
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2 Materials and methods 

2.1 Materials 

2.1.1 Patient collective 

For the ex vivo study of MSC marker positive cells in the blood, ten PT patients with a 

mean age of 51 ± 16 years including 8 males and 2 females admitted to the Clinic of 

Trauma, Hand-, Plastic and Reconstructive Surgery at Ulm University Medical Center with 

an ISS�16 were included. Whole blood was drawn into ethylenediaminetetraacetic acid 

(EDTA) containing tubes from PT patients at 0, 4, 12, 24, 120 and 240 hours after 

admission to the emergency room. The control cohort was represented by four healthy 

female adult volunteers with a mean age of 30 ± 8 years. All samples were collected with 

informed consent of the patients and the adult volunteers according to the requirements of 

the Ethics committee at Ulm University. 

 

The in vitro study on the influence of different PT-associated inflammatory factors on 

MSC required the isolation of primary human MSC from bone marrow aspirates. Bone 

marrow aspirates were taken from patients undergoing routine triple osteotomies at the 

Clinic of Orthopaedics at Ulm University Medical Center with the approval of the Ethics 

committee at Ulm University and the informed consent of the patients. The study included 

42 individuals with a mean age of 28 ± 9 years, of which 33 were female and nine were 

male.  

 

For the in vitro co-culture of primary human MSC with primary human macrophages, 

human monocytes were isolated from EDTA blood and differentiated into macrophages in 

the presence of human serum in vitro. EDTA blood and sera were collected with informed 

consent and the approval of the Ethics committee at Ulm University from three healthy 

adult volunteers with a mean age 38 ± 9 years including one male and two females.  
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2.1.2 Consumables  

Tab. 1: Consumables 

 
Consumable Company 

MicroTouch NitraTex gloves S Ansell, Munich, Germany 

Axygen® 1000µL Filter tips 

Axygen® 200µL Filter tips 

Axygen, Union City, CA, USA 

BD Falcon 6-well cell culture plate, tissue-culture 

treated polystyrene, flat-bottom 

BD Falcon 12-well cell culture plate, tissue-culture 

treated polystyrene, flat-bottom 

BD Falcon 24-well cell culture plate, tissue-culture 

treated polystyrene, flat-bottom  

BD Falcon 48-well cell culture plate, tissue-culture 

treated polystyrene, flat-bottom 

BD Falcon 15 ml conical tubes 

BD Falcon 5 ml round bottom polystyrene tube 

BD Falcon 50 ml conical tubes 

BD Falcon 6-well cell culture plate, tissue-culture 

treated polystyrene, flat-bottom 

BD Falcon cell culture flask, 175 cm2 

BD Falcon cell culture flask, 75 cm2 

BD Falcon 4-well glass slides with polystyrene 

vessels 

BD Microlance 3 

BD Plastipak 10ml 

BD Plastipak 1ml 

BD Plastipak 50ml 

BD Biosciences, Heidelberg, Germany  

Micro-tubes 1.5ml  

Micro-tubes BIO-CERT 1.5ml 

PCR (polymerase chain reaction) tubes 0.2ml 

PCR tubes 0.5ml 

Brand, Wertheim, Germany 

12mm Transwell® with 0.4µm Pore Polycarbonate 

Membrane Insert, Sterile 

Corning® 96 Well Clear Polystyrene High Bind 

Stripwell™ Microplate, 25 per Bag, Nonsterile 

Corning, Berlin, Germany 

Stripette Serological Pipets 10ml  Costar Corning, Schiphol-Rijk, Netherlands  
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Stripette Serological Pipets 1ml 

Stripette Serological Pipets 25ml 

Stripette Serological Pipets 5ml 

Costar Corning, Schiphol-Rijk, Netherlands 

Whatman 0.2µm cellulose acetate/polycarbonate 

syringe filter  

GE Healthcare, Munich, Germany 

Cryo.sTM 1 ml Greiner Bio-One, Frickenhausen, Germany 

MicroAmp® Fast Optical 96-Well Reaction Plate  

with Barcode, 0.1 mL 

MicroAmp® Optical Adhesive Film 

Life Technologies, Darmstadt, Germany 

Microscopic cover slides 26x60mm 

Microscope slides 

Marienfeld, Lauda-Ko ̈nigshofen, Germany 

MS columns Miltenyi Biotec, Bergisch-Gladbach, Germany 

10 REACH Filter tips 10µl  

20P Filter tips 20µl 

Molecular BioProducts, San Diego, CA, USA 

Polycarbonate membranes 8µm pores Neuro Probe, Gaithersburg, MD, USA 

Embedding cassettes Roth, Karlsruhe, Germany 

Sartolab RF150 vacuum filter system  Sartorius, Göttingen, Germany 

Microtome blades Seidel Medipool, München, Germany 

Embedding forms Vogel, Gießen, Germany 

Viscous liquid pipette 

VWR pipet tips with microcapillary for gel 

VWR, Darmstadt, Germany 

 

2.1.3 Chemicals, reagents and kits 

Tab. 2: Chemicals, reagents and kits 

 
Chemical, reagent or kit Company 

Tergazyme Alconox, White Plains, NY, USA 

SensoLyte Plus 520 MMP1 Assay Kit Anaspec, Fremont, CA, USA 

EDTA (Ethylenediaminetetraacetic acid) 

Formaldehyde solution, 37 % 

AppliChem, Darmstadt, Germany 

Power SYBR Green PCR Master Mix  

Taqman Gene Expression Assay Master Mix 

Applied Biosystems, Darmstadt, Germany  

H2O2 30 % J. T. Baker, Deventer, Netherlands 
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BD FACS Clean 

BD FACS Flow 

BD FACS Rinse 

CaliBRITETM 3 

BD Biosciences, Heidelberg, Germany 

Precision Plus Protein Standard Dual Color 

Zymogram Development Buffer 

Zymogram Renaturation Buffer 

Zymogram Sample Buffer 

Bio-Rad, Munich, Germany 

Biocoll 

DMEM (Dulbecco’s Modified Eagle Medium) with 

1.0 g/l D-glucose and 3.7 g/l NaHCO3, without L-

glutamine 

Fetal calf serum (FCS, Cat. No. S0115, Lot. No. 

627EE und 0973H) 

Non-essential amino acids (NEAS) 

Pyruvate 

Trypan Blue 

Trypsin/EDTA 

Biochrom, Berlin, Germany 

PGE2 Enzyme Immunoassay Kit Biotrend, Köln, Germany 

Dako LSABTM 2 Kit 

Antibody Diluent 

Blocking Buffer 

ACE (3-amino-9-ethylcarbazole) Substrate-

Chromogen 

Dako, Glostrup, Denmark 

Human IL10 ELISA Ready-SET-Go! 

Human TNF alpha ELISA Ready-SET-Go! 

eBioscience 

Coomassie Brilliant Blue  

L-ascorbic acid-2-phosphate 

Nuclear Fast Red  

Fluka Biochemika, Buchs, Germany 

Ampuwa sterile aqua bidest.  Fresenius, Bad Homburg, Germany 

Glycine 

SDS (Sodium dodecyl sulfate) 

ICN Biomedicals, Aurora, OH, USA 

High Yield Fixative Free Lysing Solution Invitrogen Life Technologies, Darmstadt, Germany 

Eukitt O. Kindler, Freiburg, Germany 

Gibco RPMI (Roswell Park Memorial Institute) 1640 Life Technologies, Darmstadt, Germany 

SeaKem LE agarose  Lonza, Cologne, Germany 
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Aluminium sulphate (Al2(SO4)3) 
Acetic acid 

Gelatine 

Giemsa solution 

Glacial acetic acid 

C3aR antagonist SB290157 

Formalin solution 37 % 

Immersion oil 

Kaiser’s glycerol gelatine 

Methanol 

Tween-20 

Weise buffer pH 7.2 tablets 

Merck, Darmstadt, Germany  

CD14 MicroBeads Miltenyi Biotec, Bergisch-Gladbach, Germany 

Isopropyl alcohol 99 %  Ölfabrik Schmidt, Ulm, Germany 

L-glutamine 

Penicillin/streptomycin 

Phosphate buffered saline (PBS) 

PAA, Cölbe, Germany 

100 bp ladder   PeqLab Biotechnologie, Erlangen, Germany 

Nuclease-free aqua bidest. (double-distilled) 

Omniscript RT Kit 

RNase-Free DNase Set 

RNeasy Mini Kit 

RT2 First Strand Kit 

RT2 Profiler PCR Array Human Inflammatory 

Response and Autoimmunity 

Qiagen, Hilden, Germany 

Stop Solution 

Reagent Diluent Concentrate 2 

Streptavidin-HRP (horseradish peroxidase) 

Substrate Reagent Pack 

10x Wash Buffer 

Human IL1ra/IL1F3 Quantikine ELISA Kit 

R&D Systems, Wiesbaden, Germany 

Random hexamer primer 

RNase inhibitor 

Insulin-Transferrin-Sodium Selenite Supplement 

Roche Diagnostics, Mannheim, Germany  
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2-Mercaptoethanol 

APS (Ammonium persulfate) 

Ethidium bromide, 10 mg/ml 

DMSO (Dimethyl sulfoxide) 

Rotiphorese Gel A 

Rotiphorese Gel B 

TEMED (Tetramethylethylenediamine) 

Roth, Karlsruhe, Germany 

Casyclean  

Casyton 

Scha ̈rfe System, Reutlingen, Germany 

3-isobutyl-1-methylxanthine 

Alcian Blue 

Alizarin Red S 

Beta-glycerophosphate disodium salt hydrate 

BSA (bovine serum albumin) 

Dexamethasone, water-soluble 

Ethanol, absolute (96 %) 

Hexadecylpyridinium chloride monohydrate 

Hyaloronidase 

Indomethacin 

ITS (Insulin, Transferrin, Sodium Selenite) +1 Liquid 

media supplement 

Leukocyte Alkaline Phosphatase Kit 

L-proline 

Mayer’s haematoxylin  

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide)  

Oil Red O 

Pepsin 

Phosphate buffered saline, pH 7.4 

Weise buffer 

Xylene 

Sigma-Aldrich, Taufkirchen, Germany 

Tris USB Corporation Cleveland, USA  

Ethanol absolute for molecular analysis  VWR AnalaR NORMAPUR, Darmstadt, Germany 
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2.1.4 Stimulatory factors 

Tab. 3: Stimulatory factors. IL: interleukin; HMGB1: high mobility group box protein; FGF: 

fibroblast growth factor; C3a, C5a: Complement factors C3a, C5a; TNF: tumor necrosis factor 

alpha; TGFB: transforming growth factor beta.  

 
Factor Company  

Recombinant human IL6 

Recombinant human IL8 

BIOMOL, Hamburg, Germany  

Recombinant human C3a Calbiochem, Darmstadt, Germany  

Recombinant human HMGB1 IBL International, Hamburg, Germany  

Recombinant human FGF2 

Recombinant human IL1B 

Recombinant human TNF 

Recombinant human TGFB3 

PeproTech, Hamburg, Germany  

Recombinant human C5a 

LPS from E.coli 

Sigma-Aldrich, Taufkirchen, Germany  

 

2.1.5 Primers and probes 

Tab. 4: Primer 

 
Gene Code Definition Accession  

No. 

Primer sequences (5´-3´) Amplicon  

[bp] 

Company 

GAPDH Homo sapiens 

glyceraldehyde-3-

phosphate 

dehydrogenase, 

mRNA 

NM_002046.3 F: ACA GTC AGC CGC 

ATC TTC TT 

R: GTT AAA AGC AGC 

CCT GGT GA 

127 Biomers.net, 

Ulm, Germany 

COX2 Homo sapiens 

prostaglandin-

endoperoxide 

synthase 2 

(prostaglandin 

G/H synthase and 

cyclooxygenase), 

mRNA 

NM_000963 F: CCC TTG GGT GTC 

AAA GGT AA 

R: GGC AAA GAA TGC 

AAA CAT CA 

123  
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MMP1 Homo sapiens 

matrix 

metallopeptidase 1 

(interstitial 

collagenase), 

transcript variant 

1, mRNA 

NM_002421.3 F: TTC GGG GAG AAG 

TGA TGT TC 

R: ATC TCT GTC GGC 

AAA TTC GT 

146 Biomers.net, 

Ulm, Germany 

 

Tab. 5: Probes 

 
Gene Code Definition Accession No. Assay ID Company 

CFH Homo sapiens 

complement factor H, 

transcript variants 1 and 

2, mRNA 

NM_000186.3, 

NM_001014975.2 

Hs00962373_m1 Applied Biosystems, 

Darmstadt, Germany 

HPRT1 Homo sapiens 

hypoxanthine phosphor-

ribosyltransferase 1, 

mRNA 

NM_000194.2 Hs02800695_m1 

IL10 Homo sapiens  

interleukin 10, mRNA 

NM_000572.2 Hs00961622_m1 

IL1RN Homo sapiens  

interleukin 1 receptor 

antagonist, transcript 

variants 1-4, mRNA. 

NM_173842.2,  

NM_173841.2, 

NM_000577.4, 

NM_173843.2 

Hs00893626_m1 

MMP2 Homo sapiens matrix 

metallopeptidase 2 

(gelatinase A, 72kDa 

gelatinase, 72kDa type IV 

collagenase), transcript 

variants 1 and 2, mRNA 

NM_004530.4 

NM_001127891.1,  

Hs01548727_m1 

MMP9 Homo sapiens matrix 

metallopeptidase 9 

(gelatinase B, 92kDa 

gelatinase, 92kDa type IV 

collagenase, mRNA 

NM_004994.2 Hs00234579_m1   
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PTGES Homo sapiens 

prostaglandin E synthase, 

mRNA 

 NM_004878 Hs01115610_m1 Applied Biosystems, 

Darmstadt, Germany 

TGFB1 Homo sapiens 

transforming growth 

factor, beta, mRNA 

NM_000660.4 Hs00998129_m1  

TIMP1 Homo sapiens TIMP 

metallopeptidase 

inhibitor, mRNA 

NM_003254.2 Hs00171558_m1  

TIMP2 Homo sapiens TIMP 

metallopeptidase 

inhibitor, mRNA 

NM_003255.4 Hs00234278_m1  

TNF  Homo sapiens tumor 

necrosis factor, mRNA 

NM_000594.3 Hs01113624_g1  

TSG6 Homo sapiens tumor 

necrosis factor, alpha-

induced protein 6, mRNA 

NM_007115.3 Hs01113602_m1  

 

Tab. 5: Genes covered by the RT2 Profiler PCR Array Human Inflammatory Response and 

Autoimmunity 

 
Gene Code Accession No. Definition. 

BCL6 NM_001706 B-cell CLL/lymphoma 6 

C3 NM_000064 Complement component 3 

C3aR1 NM_004054 Complement component 3a receptor 1 

C4a NM_007293 Complement component 4a (Rodgers blood group) 

CCL11 NM_002986 Chemokine (C-C motif) ligand 11 

CCL13 NM_005408 Chemokine (C-C motif) ligand 13 

CCL16 NM_004590 Chemokine (C-C motif) ligand 16 

CCL17 NM_002987 Chemokine (C-C motif) ligand 17 

CCL19 NM_006274 Chemokine (C-C motif) ligand 19 

CCL2 NM_002982 Chemokine (C-C motif) ligand 2 

CCL21 NM_002989 Chemokine (C-C motif) ligand 21 

CCL22 NM_002990 Chemokine (C-C motif) ligand 22 

CCL23 NM_005064 Chemokine (C-C motif) ligand 23 

CCL24 NM_002991 Chemokine (C-C motif) ligand 24 

CCL3 NM_002983 Chemokine (C-C motif) ligand 3 
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CCL4 NM_002984 Chemokine (C-C motif) ligand 4 

CCL5 NM_002985 Chemokine (C-C motif) ligand 5 

CCL7 NM_006273 Chemokine (C-C motif) ligand 7 

CCL8 NM_005623 Chemokine (C-C motif) ligand 8 

CCR1 NM_001295 Chemokine (C-C motif) receptor 1 

CCR2 NM_001123396 Chemokine (C-C motif) receptor 2 

CCR3 NM_001837 Chemokine (C-C motif) receptor 3 

CCR4 NM_005508 Chemokine (C-C motif) receptor 4 

CCR7 NM_001838 Chemokine (C-C motif) receptor 7 

CD40 NM_001250 CD40 molecule, TNF receptor superfamily member 5 

CD40LG NM_000074 CD40 ligand 

CEBPB NM_005194 CCAAT/enhancer binding protein (C/EBP) B 

CRP NM_000567 C-reactive protein, pentraxin-related 

CSF1 NM_000757 Colony stimulating factor 1 (macrophage) 

CXCL1 NM_001511 Chemokine (C-X-C motif) ligand 1  

CXCL10 NM_001565 Chemokine (C-X-C motif) ligand 10 

CXCL2 NM_002089 Chemokine (C-X-C motif) ligand 2 

CXCL3 NM_002090 Chemokine (C-X-C motif) ligand 3 

CXCL5 NM_002994 Chemokine (C-X-C motif) ligand 5 

CXCL6 NM_002993 Chemokine (C-X-C motif) ligand 6  

CXCL9 NM_002416 Chemokine (C-X-C motif) ligand 9 

CXCR4 NM_003467 Chemokine (C-X-C motif) receptor 4 

FASLG NM_000639 Fas ligand (TNF superfamily, member 6) 

FLT3LG NM_001459 Fms-related tyrosine kinase 3 ligand 

FOS NM_005252 FBJ murine osteosarcoma viral oncogene homolog 

HDAC4 NM_006037 Histone deacetylase 4 

IFNG NM_000619 Interferon, gamma 

IL10 NM_000572 Interleukin 10 

IL10RB NM_000628 Interleukin 10 receptor, beta 

IL18 NM_001562 Interleukin 18 (interferon-gamma-inducing factor) 

IL18RAP NM_003853 Interleukin 18 receptor accessory protein 

IL1A NM_000575 Interleukin 1, alpha 

IL1B NM_000576 Interleukin 1, beta 

IL1F10 NM_173161 Interleukin 1 family, member 10 (theta) 

IL1R1 NM_000877 Interleukin 1 receptor, type I 

IL1RAP NM_002182 Interleukin 1 receptor accessory protein 

IL1RN NM_000577 Interleukin 1 receptor antagonist 



Materials and Methods 

  

25 

IL22 NM_020525 Interleukin 22 

IL22RA2 NM_052962 Interleukin 22 receptor, alpha 2 

IL23A NM_016584 Interleukin 23, alpha subunit p19 

IL23R NM_144701 Interleukin 23 receptor 

IL6 NM_000600 Interleukin 6 (interferon, beta 2) 

IL6R NM_000565 Interleukin 6 receptor 

IL8 NM_000584 Interleukin 8 

CXCR1 NM_000634 Chemokine (C-X-C motif) receptor 1 

CXCR2 NM_001557 Chemokine (C-X-C motif) receptor 2 

IL9 NM_000590 Interleukin 9 

ITGB2 NM_000211 Integrin, beta 2 (complement component 3 receptor 3 and 4 subunit) 

KNG1 NM_000893 Kininogen 1 

LTA NM_000595 Lymphotoxin alpha (TNF superfamily, member 1) 

LTB NM_002341 Lymphotoxin beta (TNF superfamily, member 3) 

LY96 NM_015364 Lymphocyte antigen 96 

MYD88 NM_002468 Myeloid differentiation primary response gene (88) 

NFATC3 NM_004555 Nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 3 

NFKB1 NM_003998 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 

NOS2 NM_000625 Nitric oxide synthase 2, inducible 

NR3C1 NM_000176 Nuclear receptor subfamily 3, group C, member 1 (glucocorticoid 

receptor) 

RIPK2 NM_003821 Receptor-interacting serine-threonine kinase 2 

TIRAP NM_001039661 Toll-interleukin 1 receptor (TIR) domain containing adaptor protein 

TLR1 NM_003263 Toll-like receptor 1 

TLR2 NM_003264 Toll-like receptor 2 

TLR3 NM_003265 Toll-like receptor 3 

TLR4 NM_138554 Toll-like receptor 4 

TLR5 NM_003268 Toll-like receptor 5 

TLR6 NM_006068 Toll-like receptor 6 

TLR7 NM_016562 Toll-like receptor 7 

TNF NM_000594 Tumor necrosis factor 

TNFSF14 NM_003807 Tumor necrosis factor (ligand) superfamily, member 14 

TOLLIP NM_019009 Toll interacting protein 
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2.1.6 Antibodies 

Tab. 7: Antibodies. C3aR: complement factor C3a receptor; Ig: immunoglobulin; CD: cluster of 

differentiation; FITC: fluorescein isothiocyanate; PE: phycoerythrin; PerCP: peridinin-chlorophyll-

protein; APC allophycocyanin; MSCA1: mesenchymal stem cell antigen 1; COMP: cartilage 

oligomeric matrix protein; SSEA4: stage-specific embryonic antigen 4; IL1RI: interleukin 1 receptor 

I; TSG6: tumor necrosis factor-inducible gene 6 protein.   

    
Antigen Isotype Label Company 

Human C3aR 

Isotype control 

Mouse IgG1 

Mouse IgG1 

PE  

PE 

AbD Serotec 

Isotype control 

Isotype control 

Human CD9 

Human CD14 

Human CD73 

Human CD166 

Isotype control 

Human CD45 

Mouse IgG1  

Mouse IgG1  

Mouse IgG1  

Mouse IgG2a  

Mouse IgG1  

Mouse IgG1 

Mouse IgG1 

Mouse IgG1 

APC 

FITC 

FITC 

PE 

PE 

PE 

PE 

PerCP  

BD Pharmingen, Heidelberg, 

Germany 

 

Human STRO1 

Isotype control 

Human MSCA1 

Human CD105 

Isotype control 

Mouse IgM  

Mouse IgM 

Mouse IgG1  

Mouse IgG2a 

Mouse IgG2a 

AlexaFluor647 

AlexaFluor647 

APC 

FITC 

FITC 

BioLegend, San Diego, CA, USA 

Human COMP Rabbit Polyclonal Unlabeled Dr. Zaucke, Köln, Germany 

Human CD73 

Human CD29 

Human CD90 

Human SSEA4 

Isotype control 

Mouse IgG1   

Mouse IgG1 

Mouse IgG1  

Mouse IgG3 

Mouse IgG3 

APC 

FITC 

FITC 

PE 

PE 

eBioscience, San Diego, CA, USA 

 

Collagen II Rabbit IgG Unlabeled neoLab, Heidelberg, Germany 

Human TSG6  

Isotype control 

Isotype control 

Human IL1RI 

Goat IgG 

Mouse IgG2a 

Mouse IgG1 

Goat IgG 

Biotin  

APC 

PerCP 

Unlabeled 

R&D Systems, Wiesbaden, Germany 

 

Human and mouse TSG6 Rat IgG2a Unlabeled SantaCruz, Heidelberg, Germany 

Isotype control Goat IgG Unlabeled Sigma-Aldrich, Taufkirchen, Germany 
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2.1.7 Media, buffers, solutions and gels 

Tab. 8: Cell culture media 

 
Medium Composition 

Basal  medium DMEM with 1 g/L glucose supplemented with 10 % FCS, 100 

U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine. 

Adipogenic differentiation medium 

(ADM) 

Basal  medium supplemented with 1 µM water-soluble 

dexamethasone, 0.45 mM isobutylmethylxanthine, 0.1 mM 

indomethacin, 5 µg/ml insulin, 5 µg/ml transferrin and 5 ng/ml 

sodium selenite. 

Chondrogenic differentiation medium 

(CDM) 

DMEM with 4.5 g/L glucose and supplemented with 100 U/ml 

penicillin/streptomycin, 2 mM L-glutamine, 1 mM sodium 

pyruvate, 40 µg/ml L-proline, 0.1 µM water-soluble 

dexamethasone, 0.2 mM ascorbic acid, 5 µg/ml insulin, 5 µg/ml 

transferrin and 5 ng/ml sodium selenite and 10 ng/ml TGFB3. 

Freeze medium Basal  medium supplemented with 0.64 M DMSO 

Macrophage medium RPMI 1640 supplemented with 20 % human serum, 100 U/ml 

penicillin and 100 µg/ml streptomycin. 

Osteogenic differentiation medium 

(ODM) 

Basal  medium supplemented with 0.1 µM water-soluble 

dexamethasone, 10 mM β-glycero-phosphate and 0.2 mM L-

ascorbic acid-2-phosphate. 

Serum-free medium DMEM with 1 g/L glucose supplemented with 5 µg/ml insulin, 5 

µg/ml transferrin, 5 ng/ml sodium selenite, 1 mM sodium 

pyruvate, 8.9 mg/ml L-alanine, 15 mg/ml L-asparagine x H2O, 

13.3 mg/ml L-aspartic acid, 14.7 mg/ml L-glutamic acid, 7.5 

mg/ml glycine, 11.5 mg/ml L-proline, 10.5 mg/ml L-serine, 100 

U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine. 

 

Tab. 9: Buffer and solutions 

 
Buffer or solution Composition 

0.625 M Tris buffer 0.625 M Tris in aqua distilled (dest.), pH 6.8. 

0.75 M Tris buffer  0.75 M Tris in aqua dest., pH 8.8. 

10x running buffer 0.25 M Tris, 1.92 M glycine, 0.035 M SDS in aqua dest. 

ACK (ammonium-chloride-potassium) 

lysis buffer 

0.155 M NH4Cl, 0.01 M KHCO3, 0.11 M Na2EDTA in aqua dest., 

pH 7.2-7.4, filter sterilized. 
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Alcian blue solution 1 g Alcian blue in 100 ml 3 % acetic acid, pH 2.5, filtrate. 

Alizarin S solution 0.04 M Alizarin Red S in aqua dest., pH 4 

Blocking buffer for TSG6 ELISA 

(Enzyme linked immunosorbent assay) 

0.5 % BSA, 0.05 % Tween in PBS. 

Buffered 4 % formalin solution 0.03 M NaH2PO4, 0.045 M Na2HPO4, 0.1 M formalin, pH 7 

Coomassie solution 4 mM Coomassie, 9.875 M methanol, 1.75 M acetic acid in aqua 

dest.  

Destaining solution 9.875 M methanol, 1.75 M acetic acid in aqua dest. 

HCl/isopropanol solution 0.04 M HCl in 100 % isopropanol 

Hexadecylpyridinium chloride solution 0.28 M hexadecylpyridinium chloride, 11.7 mM NaH2PO4 in aqua 

dest.  

Isolation buffer  PBS with 2mM EDTA and 0.1 % BSA, filter sterilized, cooled to 4 

°C. 

MTT solution 12 mM MTT in aqua dest.    

Nuclear Fast Red/aluminium sulphate 

solution 

5g Al2(SO4)3 in 100 ml aqua dest., boil and add 0.1 g Nuclear Fast 

Red, cool down and filtrate. 

Oil Red O solution 0.5 g Oil Red O in 100 ml 99 % isopropanol. Before use, 6 parts 

were mixed with 4 parts aqua dest. and filtrated.  

Tris/Borate/EDTA (TBE) buffer 11.2 M Tris, 11.2 M boric acid, 2.5 mM EDTA in aqua dest., pH 

8.3 

Washing buffer for TSG6, IL10, TNF 

ELISA 

0.05 % Tween in PBS. 

 

Tab. 10: Gels 

 
Gel Composition 

2 % agarose gel  2g agarose, 100 ml TBE buffer, 0.5 µg/ml ethidium bromide. 

Separation gel for zymography 2.38 ml Rotiphorese gel A, 1.875 ml Rotiphorese gel B, 102 µl 

10% SDS, 3.94 ml 0.75 M Tris buffer, 0.703 ml aqua dest., 1 ml 

20 mg/ml gelatin, 80 µl 0.44 M APS, 6µl TEMED. 

Stacking gel for zymography 933 µl Rotiphorese A, 736 µl Rotiphorese gel B, 100 µl 10% SDS 

1.25 ml 0.625 M Tris buffer, 6.98 ml aqua dest., 100 µl 0.44 M 

APS, 10 µl TEMED. 
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2.1.8 Equipment 

Tab. 11: Equipment 

 
Equipment Type Company  

Balance Precisa 400M  Altenrat, Wuppertal, Germany 

Real-time PCR device AbiPrism7000 Sequence Detection 

System 

Applied Biosystems, Darmstadt, 

Germany 

Flow cytometer BD FACSCalibur BD Biosciences, Heidelberg, Germany 

Centrifuge 

Centrifuge 

Allegra 64R 

GS-15R 

Beckman Coulter, Krefeld, Germany  

Imager 

 

SDS-PAGE system 

Molecular Imager Gel Doc XR+, PC 

version 170  

Mini-PROTEAN® Tetra Cell  

Bio-Rad Laboratories, Munich, 

Germany  

Gel trays 

 

Low voltage power supply 

Thermoblock 

Agagel Standard Horizontal Gel 

Electrophoresis Apparatus 

Standard Power Pack P25 

Thermoblock TB2  

Biometra, Göttingen, Germany 

 

Counting chamber Counting chamber BLAUBRAND 

Neubauer Improved 

BRAND, Wertheim, Germany 

Camera Canon EOS 300D Canon, Krefeld, Germany  

Water bath Laktotherm 1 LTH 232312  Dinkelberg-Labortechnik, Neu-Ulm, 

Germany 

Water bath GFL1083 GFL - Gesellschaft fu ̈r Labortechnik, 

Burgwedel, Germany 

Pipettes 

   

Pipetman P10 1-10 μL  

Pipetman P20 2-20 μL  

Pipetman Ultra U200 20-200 µL 

Pipetman P200 50-200 μL  

Pipetman P1000 100-1000 μL  

Gilson International, Bad Camberg, 

Germany 

Centrifuge 

Incubator 

Laminar flow cabinet 

Megafuge 1.0  

HERAcell 240 

HERAsafe HS 18 

Heraeus, Hanau, Germany 

 

Pipettor Pipetus Hirschmann Laborgeräte, Eberstadt, 

Germany 

Magnetic-stirrer device IKAMAG RCT IKA, Staufen, Germany 

pH meter Mikroprozessor-pH-Meter  Knick Elektronische Meßgeräte, 

Berlin, Germany 
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Paraffin-embedding station EG 1140 Leica Microsystems, Bensheim, 

Germany 

Freezer, -20 °C 

Refridgerator, 4 °C 

GNP 3376 Premium 

K 2330 Comfort 

Liebherr, Ochsenhausen, Germany  

Real-time PCR device  StepOnePlus Real-Time PCR System  Life Techologies, Darmstadt, 

Germany 

Aqua Purificator 

Desinfector Automatic 

G7749  

G7735  

Miele, Gütersloh, Germany 

 

Magnet  

Magnet stand 

MiniMAC Separator 

MACS MultiStand 

Miltenyi Biotec, Bergisch Gladbach, 

Germany  

Vortex mixer 7-2020 neoLab, Heidelberg, Germany 

Modified Boyden chamber Neuro Probe 48-Well Micro 

Chemotaxis Chamber 

Neuro Probe, Gaithersburg, MD, USA 

Nanodrop photometer NanDrop ND 1000 Peqlab, Erlangen, Germany  

Microscope 

Microtome 

Histokinette 

POLYVAR 

Supercut 2050 

Histokinette 2050 

Reichert-Jung, Wien, Austria 

Analytical balance Sartorius CPA225D  Sartorius, Go ̈ttingen, Germany 

Cell counter   Casy TT  Scha ̈rfe System, Reutlingen, Germany 

Shaker Roto-Shake Genie Roth, Karlsruhe, Germany 

PCR device Robocycler Gradient 96  Stratagene Europe, Amsterdam, 

Netherlands 

Bench-top autoclave  Systec DE-45 Systec, Wettenberg, Germany 

Microplate reader Infinite M200 Pro  Tecan Group Ltd., Männedorf, 

Switzerland 

Freezer, -80 °C Hera freeze HFU 2585 SI BASIC V38 Thermo Scientific, Ulm, Germany   

Microscopes  Axiovert 35 inverted microscope 

Axioskop 2 mot plus 

Zeiss, Oberkochen, Germany 

Stage heat controler TRZ 3700 Zeiss, Oberkochen, Germany 

 

2.1.9 Computer software 

Tab. 12: Computer software  

 
Software Company 

Photoshop CS4 

Lightroom 2 

Adobe Systems, Munich, Germany 
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AbiPrism SDS 7000 1.2.3 Applera, Darmstadt, Germany  

BD CellQuest Pro 5.2.1 BD Biosciences, Heidelberg, Germany 

Quantity One 4.6.9  BioRad, Munich, Germany 

GraphPad Prism 5 GraphPad Scientific, La Jolla, CA, USA 

Microsoft Office 2011 for Mac OS X Microsoft Corportation, Redmond, WA, USA 

NanoDrop ND-1000 3.5.2 PEQLAB, Erlangen, Germany 

ChemBioDraw Ultra 13.0 Suite PerkinElmer, Waltham, MA, USA 

Magellan™  

i-control™  

Tecan, Männerdorf, Switerland 

 

EndNote X7 Thomson Reuters, Philadelphia, PA, USA 

AxioVision 3.1 Zeiss, Oberkochen, Deutschland  

 

2.2 Methods  

2.2.1 Primary MSC isolation 

In order to avoid contaminations, all cell culture procedures were performed in the laminar 

flow hood; appliances and bottles were frequently cleaned with 75 % isopropanol/aqua 

dest. and consumables were kept sterile at all times. Human primary MSC were isolated 

from bone marrow aspirates with a density gradient centrifugation and selected through 

adherence as previously described [47-49, 66-68, 74]. In detail, a density gradient 

centrifugation was performed by addition of 5 ml of bone marrow on top of 6 ml Biocoll 

solution (1.077g/ml) and subsequent centrifugation at 600 g, room temperature (RT) for 30 

min. The MNC were then harvested from the interphase into a 50 ml Falcon and washed 

by adding up to 50 ml PBS, centrifuging at 180 g for 10 min and then discarding the 

supernatant. MNC from one or two Biocoll density gradient centrifugation tubes were 

given into one 75 cm2 cell culture flasks after suspension in basal medium (Tab. 8, section 

2.1.7) and incubated at 37 °C, 95 % humidity and 5 % CO2. Twenty-four hours past 

isolation, non-adherent cells were washed off and 10 ng/ml FGF2 were added to the basal 

medium to enhance MSC growth. Medium was changed twice a week and MSC were split 

at a confluency of approximately 50-70 % and expanded.  If not applied in experiments 

directly upon expansion, MSC were frozen in liquid nitrogen as described in section 2.2.2. 

MSC were also randomly analyzed for their osteogenic, chondrogenic and adipogenic 
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cloning potential and their expression of positive (CD105, CD29, CD90, CD73, CD166, 

MSCA1, STRO1) and negative MSC markers (CD45) as explained in sections 2.2.4 and 

2.2.7.  

2.2.2 MSC culture and cryo-conservation 

Splitting of MSC was performed by rinsing MSC with PBS, trypsinizing them with a 

trypsin/EDTA solution at 37 °C, 95 % humidity and 5 % CO2 for 5 min, then resuspending 

MSC in 37 °C warm basal medium, counting them with the CasyTT cell counter and 

distributing MSC in cell culture flasks as follows. Up to 3×105 MSC were always 

resuspended in 10 ml basal medium with 10 ng/ml FGF2 and given into a 75 cm2 cell 

culture flasks, up to 7×105 MSC were always resuspended	in 20 ml basal medium with 10 

ng/ml FGF2 and given into a 175 cm2 cell culture flasks.		

	

Freezing of MSC was performed by rinsing MSC with PBS, trypsinizing them with 

trypsin/EDTA at 37 °C, 95 % humidity and 5 % CO2 for 5 min, resuspending them in basal 

medium and counting them. MSC were centrifuged at 180 g for 10 min, after which the 

supernatant was discarded. The pellet was resuspended in freeze medium (Tab. 8, section 

2.1.7) as follows. Between 3×105 and 106 MSC were resuspended in 1 ml freeze medium 

and transferred into 1 cryo vial.  

 

For use in experiments or for expansion, MSC from 1 cryo vial were quickly thawed in 10 

ml basal medium at 37 °C and centrifuged at 180 g. Supernatant was discarded, MSC were 

resuspended in basal medium and distributed as follows. Up to 3×105 MSC were 

resuspended in 10 ml basal medium and given into a 75 cm2 cell culture flasks, up to 7×105 

MSC were resuspended in 20 ml basal medium and given into a 175 cm2 cell culture 

flasks. After 24 h, medium was changed to basal medium with 10 ng/ml FGF2.  

	

Two days prior to experiments, basal medium with FGF2 was taken off and	MSC were 

cultured in normal basal medium. MSC of passages 2-5 were applied in experiments. 
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2.2.3 Cell counting 

When cells were counted with the cell counter CasyTT, 100 µl of cell suspension were 

resuspended in 10 ml Casyton solution, mixed well and placed in the sample holder. Upon 

counting, the CasyTT gives the cell number per ml.  

 

When cells were counted with the Neubauer counting chamber, the cell suspension was 

diluted 1:1 in Trypan blue and applied to the counting chamber. The average counted cell 

number from four 1 mm2 squares (100 nl) was multiplied with 105 and the dilution factor 2 

in order to obtain the cell number per ml.  

2.2.4 MSC seeding, stimulation and harvest 

For gene expression analysis as well as measuring TSG6 and PGE2 levels in supernatants, 

MSC were resuspended in basal medium and seeded at a density of 5.2×103 cells/cm2 in 6- 

or 12-well cell culture plates. For zymography of supernatants as well as measuring MMP1 

and PGE2 levels in supernatants, MSC resuspended in basal medium were seeded at a 

density of 5.2×104 cells/cm2 in 12- or 24-well cell culture plates. MSC were then incubated 

at 37 °C, 95 % humidity and 5 % CO2 for 24 h to adhere, before the basal medium was 

removed and serum-free medium (Tab. 8, section 2.1.7) was added. MSC were stimulated 

with the PTC, individual cytokines and complement factors as specified in section 2.2.8 

and incubated at 37 °C, 95 % humidity and 5 % CO2 for 24 h. Supernatants from cell 

cultures were collected and centrifuged at 1000 g and 4 °C for 15 min and stored at -80 °C 

until use. MSC were lysed with the RLT buffer (Qiagen) for RNA isolation as specified in 

section 2.2.10.  

 

For proliferation experiments, MSC were resuspended in basal medium, seeded in 12-well 

cell culture plates at a density of 5.2×103 cells/cm2 and incubated at 37 °C, 95 % humidity 

and 5 % CO2 for 24 h to adhere. Afterwards, basal medium was changed and the PTC, 

cytokines and complement factors were added as specified in section 2.2.8 and MSC were 

incubated at 37 °C, 95 % humidity and 5 % CO2 for 7 days to proliferate, during which 

medium was changed on day 4. In case of the stimulation of MSC with the 

supraphysiological concentrations of cytokines and complement factors, these were added 
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each day to stimulate high inflammatory responses. In case of the PTC as well as the 

physiologically relevant concentrations of cytokines and complement factors, these were 

added for three consecutive days to stimulate a physiologically relevant response.  

 

For determination of osteogenic differentiation under PT-associated cytokines and 

complement factors, MSC were seeded in 12-well cell culture plates in basal medium at a 

density of 5.2×103 cells/cm2 and incubated at 37 °C, 95 % humidity and 5 % CO2 for 24 h. 

Upon a 24 h period of adherence, basal medium was changed to ODM (Tab. 8, section 

2.1.7) in all wells but one, which was the basal medium control. Afterwards, the PTC, 

cytokines and complement factors were added as specified in section 2.2.8. MSC were 

incubated at 37 °C, 95 % humidity and 5 % CO2 for 14 days to differentiate, during which 

medium was changed on days 4, 7 and 11. In case of the stimulation of MSC with the 

supraphysiological concentrations of cytokines and complement factors, these were added 

each day to stimulate high inflammatory responses. In case of the PTC as well as the 

physiologically relevant concentrations of cytokines and complement factors, these were 

added for three consecutive days to stimulate a physiologically relevant response.   

 

In order to determine the multipotency potential of MSC, MSC from the same donor were 

differentiated along osteogenic, adipogenic and chondrogenic lineages. For osteogenic and 

adipogenic differentiation, MSC were seeded at 5.2×103/cm2 and 7.3×103/cm2, 

respectively, and cultured in basal medium for 3 days. MSC were then differentiated in 

ODM and ADM for 28 days, while controls stayed in basal medium (Tab. 8, section 2.1.7). 

For the chondrogenic differentiation, 2×105 MSC were pelleted in 15 ml tube by 

centrifugation and left to form micromass cultures over night which were then cultivated in 

CDM for 28 days (Tab. 8, section 2.1.7). Controls were cultured in basal medium. For all 

cultures, medium was changed every 3-4 days. 

2.2.5 Primary monocyte isolation and differentiation into macrophages 

Monocytes were isolated from EDTA blood samples and differentiated into macrophages 

in vitro in the presence of human serum. In detail, 10 ml EDTA blood were diluted 1:2 in 

PBS and layered on top of 25 ml Biocoll solution in a 50 ml tube and centrifuged at 1000 g 



Materials and Methods 

  

35 

for 30 min without break. MNC were taken from the interphase, resuspended in 50 ml PBS 

in a new 50 ml tube and washed by centrifugation at 400 g for 10 min. After the 

supernatant had been completely discarded, the pellet was resuspended again in 50 ml PBS 

and centrifuged at 200 g for 10 min in order to lose thrombocytes. Following disposal of 

the supernatant, the pellet was resuspended in 5 ml ACK lysis buffer (Tab. 9, section 2.1.7) 

and incubated for 5 min at RT for erythrocyte lysis. The lysis was stopped by topping up to 

50 ml with PBS, centrifugation at 400 g for 10 min and discarding the supernatant. For 

counting, the pellet was resuspended in 50 ml PBS and MNC were counted with the 

Neubauer counting chamber.  

 

Following another centrifugation step at 400 g for 10 min and completely discarding the 

supernatant, the pellet was resuspended in 80 µl isolation buffer (Tab. 9, section 2.1.7) per 

107 MNC. Twenty microliters of CD14 microbeads were then added per 107 MNC and 

incubated at 4 °C for 15 min. Meanwhile, the MS column was placed in the thoroughly 

disinfected magnet and rinsed with 50 µl ice-cold isolation buffer, after which the flow-

through was discarded. Two milliliters isolation buffer per 107 MNC were then added to 

the cell suspension with beads and centrifuged at 300 g for 10 min. Upon discarding of 

supernatant, up to 108 cells were resuspended in 500 µl ice-cold isolation buffer and 

pipetted onto the MS column. As soon as the column reservoir had run empty, three times 

500 μl isolation buffer were added to the MS column and run through in order to wash out 

unbound CD14 negative MNC, which were discarded. Afterwards, the MS column was 

placed into a 15 ml Falcon tube and 1 ml isolation buffer was added in order to flush out 

the CD14 positive cells by firmly pressing the plunger into the column.  

 

The cell suspension with the CD14 positive cells was counted and then topped up to 10 ml 

with RPMI 1640 for centrifugation at 300 g for 10 min. The CD14 positive cells were 

resuspended at 1×105 cells/ml in macrophage medium (Tab. 8, section 2.1.7), of which 1 

ml were added per well on a 12-well cell culture plate. Monocytes were incubated at 37 °C, 

95 % humidity and 5 % CO2 for 6-7 days to differentiate into macrophages. 
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2.2.6 MSC and macrophage co-culture 

The day before stimulating MSC and macrophages with the according factors in the co-

culture, MSC resuspended in basal medium were seeded at a density of 1.3×104 cells/cm2 

in the wells of the differentiated macrophages or alone in wells of a 12-well cell culture 

plates as depicted in Fig. 4 and incubated at 37 °C, 95 % humidity and 5 % CO2. After 24 h 

adherence, medium was changed to serum-free conditions and MSC and macrophages 

were stimulated with the PTC alone, the PTC and 1 µg/ml HMGB1 or the PTC and 20 

ng/ml LPS as specified in section 2.2.8 and incubated at 37 °C, 95 % humidity and 5 % 

CO2 for 24 h. Supernatants were collected, aliquoted and centrifuged at 1000 g, 4 °C for 15 

min and stored at -80 °C until use.  

 
Fig. 4: Schematic diagram of the MSC and macrophage co-culture experiments. Monocytes 

were seeded in wells of a 12-well cell culture plate and differentiated into macrophages (green) for 

6-7 days. The day before the stimulation, MSC (blue) were seeded on top of the differentiated 

macrophages or alone.  

2.2.7 Flow cytometry 

During flow cytometry, cells in suspension are hydro-dynamically focused in a sheath fluid 

before intercepting a laser. When the cells intercept the laser one by one, they scatter the 

light. Fluorochromes on the surface of the cell are excited and emit photons with specific 

spectral properties. A photomultiplier tube converts the scattered and emitted light signals 

from the cells into electrical pulses, which are then processed by linear or log amplifiers as 

well as an analog to digital converter in order to plot the cells on a graphical scale. The 

FACS Calibur employed in this study has six photomultiplier tube detectors: forward 

scatter (FSC, cell size), sideward (SSC, cell granularity), fluorescence (FL) 1 (530 nm, 

green), FL2 (585 nm, yellow), FL3 (>670 nm, red), FL4 (661 nm, red). The FSC, SSC, 

FL1, FL2 and FL3 channels are connected to the blue argon laser, the FL4 channel is 
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connected to the red diode laser. Spectral overlaps can be compensated out between FL1 

and FL2, between FL2 and FL3, and between FL3 and FL4 channels. 

 

In order to investigate the occurrence of MSC marker positive cells in the blood of PT 

patients and healthy controls, cells were stained with different combinations of antibodies 

targeting MSC markers as summarized in Tab. 13. The combinations of positive and 

negative MSC markers, their respective isotype controls as well as appropriate 

compensation controls used in this study are listed in Tab. 14. Antibodies were titrated for 

the right concentration so that specific positive staining could be well differentiated from 

non-specific or negative staining. Isotype controls were used at the same concentration as 

the correspondent antibodies targeting the MSC marker.  

 

 

 

Tab. 13: Markers used in this study for the identification of MSC marker positive cells in the blood 

of PT patients. The table is adapted and modified from Bernardo et al. [12]. MSC: multipotent 

mesenchymal stromal cells; CD: cluster of differentiation; SSEA4: stage-specific embryonic antigen 

4, MSCA1: mesenchymal stem cell antigen 1 

 
Antigen Found on native or 

expanded human MSC 

Reference  

CD105 Expanded [20, 151, 155]  
CD73 Expanded [20, 151, 155]  
CD166 Expanded [80]  
CD29 Expanded [20, 151, 155]  
CD90 Expanded [20, 80, 151, 155]  
STRO1 Native [184]  
SSEA4 Native [57]   
MSCA1 Native [9]  
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Tab. 14: Listing of CD markers used for flow cytometry analysis. Combinations of positive and 

negative MSC markers and their respective isotype controls as applied in experiments. Stains A-E 

were used to determine the MSC marker expression by cultured MSC and to detect MSC marker 

positive cells in the blood. Stain Z was applied for the determination of C3aR expression by cultured 

MSC. C3aR: complement factor C3a receptor; Ig: immunoglobulin; CD: cluster of differentiation; 

FITC: fluorescein isothiocyanate; PE: phycoerythrin; PerCP: peridinin-chlorophyll-protein; APC 

allophycocyanin; AF647: AlexaFluor 647; SSEA4: stage-specific embryonic antigen 4; MSCA1: 

mesenchymal stem cell antigen 1; FL: fluorescence; PBS: phosphate buffered saline. 

 
 FL1 FL2 FL3 FL4 

Control Unstained 

Compen-

sation 

controls 

CD90 (10 µl) or    

CD105 (10 µl) or    

CD9 (10 µl)    

 CD14 (5 µl)   

 CD166 (10 µl)   

  CD45 (5 µl)  

   MSCA1 (1 µl) or 

   CD73 APC (1 µl) 

Isotype A IgG1 FITC (10 µl) IgG3 PE (6 µl) IgG1 PerCP (5 µl) IgG1 APC (2 µl) 

Isotype B IgG1 FITC (10 µl) IgG1 PE (1.25 µl) IgG1 PerCP (5 µl) IgM AF647 (1 µl)& 

Isotype C IgG1 FITC (0.5 µl) IgG1 PE (2.5 µl) IgG1 PerCP (5 µl) IgG1 APC (8 µl) 

Isotype D IgG2a FITC (50 µl) IgG1 PE (1.25 µl) IgG1 PerCP (5 µl) IgG1 APC (8 µl) 

Isotype E IgG2a FITC (50 µl) IgG1 PE (2.5 µl) IgG1 PerCP (5 µl) IgM AF647 (1 µl)& 

Isotype Z IgG2a FITC (50 µl) IgG1 PE (10 µl) IgG1 PerCP (5 µl) IgG1 APC (2 µl) 

Stain A CD9 FITC (10 µl) SSEA4 PE (20 µl) CD45 PerCP (5 µl) CD73 APC (1 µl) 

Stain B CD90 FITC (10 µl) CD73 PE (10 µl) CD45 PerCP (5 µl) STRO1 AF647 (1 µl) 

Stain C CD29 FITC (2 µl) CD166 PE (10 µl) CD45 PerCP (5 µl) MSCA1 APC (1 µl) 

Stain D CD105 FITC (10 µl) CD73 PE (10 µl) CD45 PerCP (5 µl) MSCA1 APC (1 µl) 

Stain E CD105 FITC (10 µl) CD166 PE (10 µl) CD45 PerCP (5 µl) STRO1 AF647 (1 µl) 

Stain Z CD105 FITC (10 µl) C3aR PE (10µl) CD45 PerCP (5 µl) CD73 APC (1 µl) 
& of a 1:1000 pre-dilution in PBS  

 

For the staining of circulating MSC in the blood, 100 µl of EDTA whole blood and the 

indicated fluorescent dye labeled antibodies (stain A-E) were added to marked 5 ml tubes 

according to Tab. 14. Antibodies were then incubated at RT on a plate shaker for 30 min in 

the dark. Five hundred microliters of High Yield Fixative Free Lysing Solution were added 
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to each tube for the elimination of erythrocytes and incubated at RT and 50-100 rpm for 15 

min on a plate shaker in the dark. Samples were immediately analyzed.  

 

For flow cytometry analysis of cultured MSC, MSC were trypsinized as described in 

section 2.2.2 and approximately 105 MSC in 100 µl PBS were added per 5 ml tube. Cells 

were stained with antibodies from Tab. 14 (stains A-E, Z) for 30 min in the dark on ice and 

washed twice with 2 ml cold PBS by centrifugation at 300 g for 5 min. Upon suspension in 

300 µl cold PBS, MSC were immediately analyzed. 

 

Flow cytometry was performed with FACS Calibur and the BD CellQuest software (BD 

Biosciences). Voltages and compensations were always set with the help of unstained and 

single stained compensation controls. For the detection of MSC in the blood of PT patients, 

voltages and compensations were set and saved on day 0. For subsequent samples of the 

same patient, the same instrument settings were used. Analysis was performed with the BD 

Cell Quest software. Gates were positioned with the help of the isotype controls. 

2.2.8 Stimulation of MSC with cytokines and complement factors  

The composition of the PTC, whose function was to approximately reflect a more complex 

PT-like inflammatory milieu in vitro, and the pathophysiological concentrations of the 

cytokines, complement factors and HMGB1 used in this study are listed in Tab. 15. For 

some factors, supraphysiological concentrations were also defined in order to investigate 

concentration dependent effects (Tab. 15). The LPS concentration used for the positive 

control of macrophage stimulation was adapted to 20 ng/ml according to another MSC 

macrophage co-culture study [156]. 
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Tab. 15: Composition of the PTC and concentrations of cytokines, complement factors and 
HMGB1 used in this study. PTC: polytrauma cocktail; IL: interleukin; HMGB1: high mobility group 

box protein; C3a: Complement factor C3a; C5a: Complement factor C5a; TNF: tumor necrosis  

factor alpha. 

     
  Pathophysiological  Supraphysiological   

PTC 

 0.2 ng/ml IL1B, 

0.5 ng/ml IL6, 

0.15 ng/ml IL8, 

500 ng/ml C3a, 

10 ng/ml C5a 

− 

 

IL1B  0.2 ng/ml 10 ng/ml  

IL6  0.5 ng/ml 10 ng/ml  

IL8  0.15 ng/ml 10 ng/ml  

C3a  500 ng/ml Not investigated  

C5a  10 ng/ml 100 ng/ml  

TNF  0.2 ng/ml 10 ng/ml  

IL10  0.1 ng/ml 10 ng/ml  

HMGB1  1000 ng/ml Not investigated  

 

Published measurements of cytokines and complement factors in the plasma or serum of 

multiply injured patients with the aim of finding a correlation between their concentration, 

the severity of trauma and outcome as summarized in Tab. 16 were utilized to define the 

PT associated, pathophysiological concentrations in Tab. 15. In short, IL 6 was measured 

at 20-800 pg/ml, IL8 at 0-250 pg/ml, C3a at 0-1000 ng/ml and C5a at 10-20 ng/ml in the 

plasma or serum of multiple and severely injured patients within 24 h after injury [17, 25, 

65, 71, 84, 121, 171, 222]. Reports on the detection of systemic IL1B and TNF levels in 

PT patients vary; two studies of patients with severe blunt trauma or severe traumatic brain 

injury found IL1B in the plasma at a concentration of 40-250 pg/ml [25, 171], one study 

with severely injured patients reports TNF at a concentration of 25 pg/ml [84]. The anti-

inflammatory cytokine IL10 was shown to reach 50-180 pg/ml [71, 121]. HMGB1 rose to 

levels between 200-500 ng/ml in the context of a PT [111]. 

 

 



Materials and Methods 

  

41 

Tab. 16: Systemic concentrations of relevant cytokines and complement factors in PT 
patients as described in the literature. PT: polytrauma; ISS: injury severity score; IL: interleukin; 

HMGB1: high mobility group box protein; C3a: Complement factor C3a; C5a: Complement factor 

C5a; TNF: tumor necrosis factor alpha 

        
Patient collective Serum/ 

plasma 

Analyte Mean concen- 

tration at T1  

T1 Mean concen- 

tration at T2 

T2 Refe-

rence  

Traumatic brain 

injury  

Plasma IL1B 

IL6 

40 pg/ml 

250 pg/ml 

2 h 50 pg/ml 

350 pg/ml 

24 h [25] 

Severe injury,  

ISS > 16 

Plasma TNF 

IL6 

IL8 

  25 pg/ml 

250pg/ml 

250pg/ml 

24 h [84] 

PT ± acute 

respiratory distress 

syndrome, ISS > 30  

Plasma C3a 300-500 ng/ml  0 h 250 ng/ml 24 h [222] 

Vehicle-related 

injuries 

Plasma C3a 0-1000 ng/ml 0 h 0-900 ng/ml 8 h [65] 

PT,  

mean ISS of 30 

Serum C3a 

 

C5a 

 

20 ng per mg   

serum protein 

0.25 ng per mg 

serum protein 

0 h 20 ng per mg  

serum protein 

0.1 ng per mg serum 

protein 

24 h [17] 

Multiple injury,  

mean ISS of 35 

Plasma IL6 

IL10 

 

200-5400 pg/ml 

50-100 pg/ml 

12 h 200-800 pg/ml 

50-130 pg/ml 

24 h [71] 

Traumatic brain 

injury and/or  

multiple injuries,  

ISS > 15  

Plasma IL6 

IL8 

IL10 

120-180 pg/ml 

40-50 pg/ml 

180 pg/ml 

0 h 120-250 pg/ml 

40-70 pg/ml 

100 pg/ml 

24 h [121] 

Severe blunt trauma,  

ISS > 25 

Plasma IL1B 

TNF 

IL6 

250 pg/ml 

0 

100 pg/ml 

0 h 250pg/ml 

0 

20 pg/ml 

24 h 

 

[171] 

Severe injury,  

ISS > 15 

Plasma HMGB1 500 ng/ml 2 h 200 ng/ml 24 h [111] 

 

All recombinant factors applied in this study were reconstituted and stored according to 

manufacturer’s instructions. Recombinant human C3a was delivered at 0.5 mg/ml and kept 

at -80 °C until further use. Lyophilized recombinant human C5a was dissolved in sterile 
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aqua bidest. at a concentration of 1 mg/ml and kept as stock solution at -80 °C until further 

use. Lyophilized recombinant human IL1B, IL6, IL8 and TNF were dissolved in sterile 

aqua bidest. at a concentration of 0.1 mg/ml, diluted to 10µg/ml in PBS/0.1% BSA and 

kept as stock solution at -80 °C until further use. Lyophilized recombinant human IL10 

was dissolved in sterile PBS at a concentration of 0.1 mg/ml, diluted to 10µg/ml in 

PBS/0.1% BSA and kept as stock solution at -80 °C until further use. Lyophilized 

recombinant human HMGB1 was reconstituted in sterile aqua bidest. at a concentration of 

250 µg/ml and kept as stock solution at -80 °C until further use. Lyophilized LPS was 

resuspended at 1 mg/ml in sterile PBS and kept as stock solution at -30 °C until further 

use. All factors were further diluted in DMEM at the appropriate concentrations explained 

above for use in cell culture experiments.  

2.2.9 Histology, immunocyto- and immunohistochemistry  

2.2.9.1. Fixation, paraffin embedding and histological sections 

For the detection of IL1RI expression with immunocytochemistry, MSC were seeded at 

104 cells/well on 4-well glass slides with polystyrene vessels in complete medium. After an 

over night adherence period, medium was changed to serum-free conditions 30 min before 

staining. MSC on culture slides were washed with PBS, fixated in a 4 % formalin solution 

(Tab. 9 section 2.1.7) and stained with the Dako LSAB+ System-HRP as explained below.  

 

Micromass cultures from the chondrogenic differentiation were fixated with a buffered 4 % 

formalin solution (Tab. 9, section 2.1.7) for 3-5 days, rinsed with running tap water for 2 h, 

dehydrated in an ascending alcohol series and paraffin-embedded using an automatic 

histokinette and a paraffin embedding station. As positive controls, human fetal knee joints 

kindly provided by the Legal Medicine in Munich were used.  From the paraffin blocks, 5-

10 µm thick sections were cut with a microtome and mounted onto silanized slides. Slides 

were incubated at 65 °C for 30 min in a heating cabinet, incubated in warm xylene for 10 

min and rehydrated with 100 %, 96 %, 75 % alcohol and aqua. dest for 10 min each. 

Sections were then stained with the Dako LSAB+ System-HRP. 
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2.2.9.2. Immunocyto- and immunohistochemistry 

For COMP and collagen II staining, sections were pre-digested with 2 mg/ml 

hyaluronidase in citrate buffer (30 min) and 1 mg/ml pepsin in 0.5 M acetic acid (60 min), 

respectively, at 37 °C. For all stainings, slides were washed in aqua dest., incubated with 3 

% hydrogen peroxide (H2O2) for 30 min at RT, washed three times with PBS and incubated 

with the Dako blocking reagent for 30 min, which was then decanted. The anti-IL1RI 

antibody was diluted at 2 µg/ml, the COMP antibody at 1:1000 and the collagen II 

antibody at 1:500 in Dako antibody diluent. For negative controls, specific isotype controls 

or antibody diluent alone were used. Solutions were given onto sections on slides and 

incubated over night at 4 °C. Slides were then washed, after which sections were incubated 

with the Dako bridging antibody for 30 min. Upon another washing step, the streptavidin-

HRP was added, incubated for 30 min and then removed by washing. The AEC chromogen 

was added, incubated for 15 min and also washed off with PBS. Upon another washing 

step in aqua dest., slides were embedded with Kaiser’s glycerol gelatine and 

microscopically analysed with the Axioskop 2 mot plus and the Axiovision software.  

2.2.9.3. Oil Red O staining 

Adipogenic differentiation cultures were fixed with a buffered 4 % formalin solution, 

washed with aqua dest. and then with 60 % isopropanol. For a red staining of lipid 

droplets, Oil Red O solution (Tab. 9, section 2.1.7) was added, incubated for 10 min, 

removed and differentiated in 60 % isopropanol. After washing with aqua dest., nuclei 

were stained with hematoxylin for 3-5 min and blued in tap water for 10 min. All 

preparations were covered with Kaiser's glycerol gelatin and cover slides and 

microscopically analysed with the Axioskop 2 mot plus and the Axiovision software. 

2.2.9.4. Alizarin Red S staining 

In order to measure the osteogenic differentiation of MSC, the deposited calcium in the 

calcified matrix was stained with Alizarin Red S. Experiments checking the multipotentcy 

of MSC were terminated on day 28. Experiments investigating the influence of PT 

associated cytokines and complement factors on the osteogenic differentiation of MSC 

were stopped on day 14. Medium was aspirated, cells were washed twice with PBS and 
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fixated in ice-cold 70 % ethanol for 1 h at 4 °C. Fixated cells were washed once with aqua 

dest., after which 1 ml of Alizarin Red S solution was added and incubated for 15 min on a 

shaker at RT. Upon washing four times with aqua dest., cultures testing the multipotency 

of MSC were embedded in Kaiser's glycerol gelatin, covered with cover slides and 

microscopically analysed with the Axioskop 2 mot plus and the Axiovision software. In 

case of cultures examining the influence of PT associated cytokines and complement 

factors on the osteogenic differentiation of MSC, one milliliter of a hexadecylpyridinium 

chloride solution (Tab. 9, section 2.1.7) was added and incubated for 15 min in order to 

wash out the calcium-bound Alizarin Red S. Duplicates of 200 µl of each sample were 

transferred into wells of a 96-well microplate. The optical density (OD) was measured at 

565 nm with the Tecan Infinite M200 Pro reader and the i-controlTM software. 

2.2.9.5. ALP staining 

Evidence for the activity of alkaline phosphatase (ALP) was performed using the 

Leukocyte Alkaline Phosphatase kit according to the manufacturer's instructions. Briefly, 

one part sodium nitrite solution were mixed with 1 part FRV-alkaline solution and allowed 

to stand for 2 minutes before 45 parts aqua dest. and 1 part naphthol AS-BI alkaline 

solution were added. Cultures were washed with PBS, fixed in a formalin and methanol 

solution (1 ml of 37 % formaldehyde solution + 9 ml methanol) for 30 s and washed with 

aqua dest. The prepared staining solution was added and incubated for 15 min in the dark, 

before cultures were again thoroughly washed with aqua dest., covered with Kaiser's 

glycerol gelatin and cover slides and microscopically analysed with the Axioskop 2 mot 

plus and the Axiovision software.  

2.2.9.6. Alcian blue staining 

For Alcian blue staining, sections of micromass cultures on slides that had been rehydrated 

were washed with aqua dest. and then incubated in 3 % acetic acid for 10 min. Staining of 

carboxylated and sulphated glycosaminoglycans was achieved by incubation in Alcian blue 

solution (Tab. 9, section 2.1.7) for 30 to 120 min and subsequent differentiation in 3 % 

acetic acid. Slides were washed in aqua dest. and nuclei were stained with Nuclear Fast 

Red/aluminium sulphate solution (Tab. 9, section 2.1.7) for 10 min. Slides were washed 

again in aqua dest., dehydrated in an ascending ethanol series, washed with xylene, 
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embedded into Eukitt and covered with cover slides. Analysis was performed with the 

Axioskop 2 mot plus and the Axiovision software. 

2.2.10 RNA isolation  

The Qiagen RNeasy Mini Kit was used according to manufacturer’s instructions for the 

isolation of RNA. In detail, MSC were lysed with 350 and 600 µl RLT buffer mixed with  

1 % β-mercaptoethanol when cultured in 12-well and 6-well plates, respectively, 

transferred to RNAse free 1.5 ml Brand BIO-CERT micro tubes and frozen at -80 °C.  

After thawing at RT, the same volume of 70 % ethanol as the volume of RLT buffer the 

MSC were lysed with, was added. All liquid was transferred to Mini Spin Columns, 

centrifuged at 15500 g for 1 min and flow-through was discarded.  

 

Mini Spin Columns were then washed with 350 µl of RW1 buffer, centrifuged at 15500 g 

for 1 min and flow-through was discarded. Ahead of RNA isolation, lyophilized RNase-

free DNase with 1500 Kunitz units from Qiagen was dissolved in 550 µl nuclease-free 

water, aliquoted at 10µl and frozen at -20 °C. One 10 µl aliquot of RNase-free DNase was 

mixed with 70 µl RDD buffer, added to one Mini Spin Column and incubated for exactly 

15 min at RT. Mini Spin Columns were then washed with 350 µl of RW1 buffer, 

centrifuged at 15500 g for 1 min and flow-through was discarded again.  

Thereupon, 500 µl of RPE buffer were added, tubes were centrifuged at 15500 g for 1 min 

and flow-through was discarded. This step was repeated with a centrifugation step of 2 

min. Mini Spin Columns were then placed into new collection tubes, centrifuged again at 

15500 g for 1 min in order to completely dry tubes. The total RNA was then eluted by 

placing the Mini Spin Columns into 1.5 ml micro tubes, adding 30 µl of RNAse free aqua 

bidest. to the columns and centrifuging these at 15500 g for 1 min. RNA was immediately 

put on ice for reverse transcription.  

2.2.11 Reverse transcription 

In order to obtain complementary deoxyribonucleic acid (cDNA) for the amplification of 

targets with the primers and probes specified in Tab. 4 and 5, the isolated RNA was 

transcribed with the Qiagen OmniScript RT Kit according to manufacturer’s instructions. 
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In detail, 12µl RNA with a concentration of less than 0.167 µg/µl RNA was denatured in a 

PCR tube at 65 °C for 5 min and thereafter set on ice. Then, 8 µl of master mix, which was 

made up of 2µl RT buffer (10x), 2 µl deoxynucleoside triphosphates (dNTP, 50 mM each), 

1 µl oligo-deoxythymidine primer (oligo-dT, 20 µM), 1µl random hexamer primers (200 

µM), 1 µl Omniscript reverse transcriptase and 1 µl RNase inhibitor (10 units/µl), were 

added and incubated at 37 °C and  42 °C for 60 min each for cDNA synthesis. Tubes 

containing cDNA were then kept again on ice or frozen at -20 °C until further use.  

In order to obtain cDNA for use in the Qiagen RT2 Profiler PCR Array Human 

Inflammatory Response and Autoimmunity, the isolated RNA was transcribed with the 

Qiagen RT2 First Strand Kit according to manufacturer’s instructions. In detail, 8 µl RNA 

with a concentration of less than 0.625 µg/µl RNA were mixed with 2 µl 5× genomic DNA 

Elimination Buffer in a PCR tube and incubated at 42 °C for 5 min. Afterwards, the tubes 

were immediately chilled on ice for at least 1 min and 10 µl of reverse transcription 

cocktail, which was made up of 4 µl 5× RT Buffer 3, 1 µl Primer and External Control 

Mix, 2 µl RT Enzyme Mix 3 and 3 µl nuclease-free aqua bidest., were added. Upon 

thorough mixing of RNA with the reverse transcription cocktail, tubes were incubated at 

42 ºC for exactly 15 min for cDNA synthesis, which was subsequently stopped by heating 

up the tubes to 95 ºC for 5 minutes. Thereupon, the cDNA was kept on ice until the next 

step or stored at -20 °C until further use. 

2.2.12 Monitoring success of reverse transcription 

In order to monitor if functional cDNA had been acquired during reverse transcription, a 

PCR with a GAPDH primer as specified in Tab. 4 was performed. PCR consists of the 3 

subsequent steps denaturation, annealing and elongation, which are repeated 40 times to 

amplify a specific DNA sequence also called template. During denaturation, the hydrogen 

bonds of the DNA template are disrupted to obtain single-stranded (ss) DNA molecules, 

during the annealing stage the primers anneal to the ssDNA template and during elongation 

a new DNA strand complementary to the ssDNA template is synthesized through the DNA 

polymerase in 5’ to 3’ direction.   
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The cDNA was diluted between 5- and 10-fold and 2 µl of it were mixed with 10 µl 

KAPA2G Fast Ready Mix, 1 µl GAPDH primer mix (20 µM forward primer, 20 µM 

reverse primer) and 8 µl nuclease-free aqua bidest.  The PCR was performed as follows: 

upon an activation step of 10 min at 95 °C, 40 cycles of 15 s at 95° C and 1 min at 60 °C 

followed. Agarose gels were made as listed in Tab. 10 in section 2.1.7 and 7 µl of the PCR 

product as well as 5 µl of a 100 bp ladder were loaded into pockets of the 2 % agarose gel 

and run for 20 min. Pictures of gels were taken and analyzed with the Gel Doc XR+ 

System and the Quantity 1D Analysis software for evidence of PCR products. 

2.2.13 Quantitative real-time PCR 

In order to quantify specific cDNA acquired from the reverse transcription, quantitative 

real-time PCR was performed. Two systems were employed for quantitative real-time 

PCR. Primers were used alongside the Power SYBR Green Master Mix and probes were 

used concomitantly with the Taqman Gene Expression Assay Master Mix. SYBR Green 

preferentially intercalates with double-stranded (ds) DNA and emits fluorescence after 

excitation with a laser. Upon the elongation step, the amount of newly synthesized dsDNA, 

which is proportional to the amount of original template, can be quantified by the 

intercalation of the SYBR Green dye. Probes anneal to ssDNA and have a fluorescent dye 

at one end and a quencher at the other end. Due to the vicinity of dye and quencher, the 

dye’s fluorescence is quenched. Through the exonuclease activity of the DNA polymerase 

the probe is degraded when the new strand is synthesized and the quencher is removed 

from the dye so that fluorescence is emitted after excitation with a laser.  

 

For amplification of targets with the primers and probes specified in Tab. 4 and 5, the 

cDNA obtained after reverse transcription was diluted between 5- and 10-fold before use. 

One reaction mix contained 4.5 µl cDNA, 5µl Power SYBR Green Master Mix or Taqman 

Gene Expression Assay Master Mix and 0.5 µl primer mix (20 µM forward primer, 20 µM 

reverse primer) or probe mix, respectively. Quantitative real-time PCR was carried out 

with the StepOne reader and software as follows. Upon incubation at 50 °C for 2 min and 

then at 95 °C for 10 min, 40 cycles of 15 s at 95 °C followed by 1 min at 60 °C were 

performed, in case of the Power SYBR Green Master Mix, a dissociation step was 
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subsequently added. If gene expression was below the detection limit, the Ct value was set 

to 40 in the quantitative real-time experiments using both primers and probes.  

 

For a screening of inflammatory factors expressed after cytokine stimulation, the RT2 

Profiler PCR Array Human Inflammatory Response and Autoimmunity was employed. 

The 20 µl cDNA, obtained after reverse transcription with the RT2 First Strand Kit, were 

diluted with 90 µl nuclease-free aqua bidest. One hundred and two microliters of diluted 

cDNA were then mixed with 1360 µl Power SYBR Green Master Mix and 1248 µl 

nuclease-free aqua bidest. Twenty-five microliters of this mix were given into each well of 

the RT2 Profiler PCR Array Human Inflammatory Response and Autoimmunity plate. 

Quantitative real-time PCR was carried out with the ABI7000 reader and the 7000 system 

software as follows. After an activation step of 10 min at 95 °C, 40 cycles of 15 s at 95 °C 

and 1 min at 60 °C were performed, followed by a dissociation step. If gene expression 

was below the detection limit, the Ct value was set 35 in the RT2 Profiler PCR Array 

Human Inflammatory Response and Autoimmunity. 

2.2.14 Gelatin zymography 

In gelatin zymography, MMP and TIMP are separated by electrophoresis under denaturing 

(SDS), non-reducing conditions in a polyacrylamide gel, which is co-polymerized with 

gelatin. ProMMP are activated through SDS, which dissolves the cysteine in the pro-

peptide domain from the zink in the enzyme domain without cleaving the pro-peptide off. 

MMP and proMMP can therefore be differentiated by size. After electrophoresis, MMP are 

partially renatured in a buffer containing Triton X-100 to remove the SDS, so that they can 

then digest the gelatin substrate. MMPs are detected as clear bands against the Coomassie 

stained gelatin background.  
 

Short plates, 75mm spacer plates and 10-well combs for casting two gels were thoroughly 

washed with soap and water, towel-dried, rinsed with 100 % ethanol and air-dried. Upon 

assembly of short plates and 75mm spacer plates in the casting frame and the casting stand, 

the separating gels were prepared as listed in Tab. 10 in section 2.1.7, casted, covered with 

aqua dest. and left to harden for 30-40 min. The stacking gels were prepared as listed in 
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Tab. 10 in section 2.1.7, casted and the combs were inserted before gels were left to harden 

for 20-30 min.  

 

Gels were transferred to the Mini-PROTEAN Tetra Cell System and compartments were 

filled with 1x running buffer (section 2.1.7, Tab. 9). Twenty microliter of supernatant were 

mixed with 20 µl non-reducing Zymogram Sample Buffer, of which 25 µl were loaded into 

the wells of the gel. Five microliters of Precision Plus Protein Dual Color standards were 

loaded into one well. The lid was closed and electrophoresis was carried out at 90 V, 32 

mA, 4 °C for 90-120 min.  

 

Upon termintation of electorphoresis, gels were washed twice with 30 ml Zymogram 

Renaturation Buffer at RT for 15 min each on a shaker. Gels were incubated in 50 ml 

Zymogram Development Buffer at 37 °C over night. After staining of gels with 30 ml 

Coomassie solution and successive destaining with 30-100 ml destaining solution, clear 

bands originating from MMP activity could be detected. Pictures of gels were taken and 

analyzed with the Gel Doc XR+ System and the Quantity 1D Analysis Software.  

2.2.15 SensoLyte Plus 520 MMP-1 Assay Kit 

For the analysis of MMP1 expression, the SensoLyte Plus 520 MMP-1 Assay Kit was used 

according to manufacturer’s instruction. In this assay, a monoclonal anti-human-MMP1 

antibody immobilized in the wells of a microplate pulls down both the pro and active 

forms of MMP1. The activity of MMP1 is then quantified using a 5-fluorescein amidite 

(FAM)/QXL™520 fluorescence resonance energy transfer (FRET) peptide. In the intact 

FRET peptide, the fluorescence of 5-FAM is quenched by QXL™520 (quencher). Upon 

MMP-1 cleavage, the fluorescence of 5-FAM is restored and can be measured.  

 

In detail, the MMP1 standard was diluted in MMP dilution buffer to a concentration of 200 

ng/mL, of which six 2-fold serial dilutions in MMP dilution buffer were made. MMP 

dilution buffer alone was used as blank control. One hundred microliters of standards, 

blank control and samples were pipetted in duplicates into wells of the supplied microplate 

with 12 8-well strips coated with monoclonal anti human MMP-1 antibody. The plate was 
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covered with an adhesive cover strip and incubated on a plate shaker at 40-100 rpm at RT 

for 120 min, after which wells were washed four times with 200 µl of the 1x wash buffer 

supplied and thoroughly dried through repeated tapping the plate onto paper towels. To 

activate the proMMP1, 100mM 4-aminophenylmercuric acetate (APMA) was diluted to 1 

mM in assay buffer, of which 100 μl were added per well on the microplate and incubated 

at 37 °C for 180 min protected under an adhesive cover. After 60 min of the incubation 

time, 100 µl of the same samples were added to the wells of the unused strips, covered 

with an adhesive cover strip and incubated on a plate shaker at 40-100 rpm at RT for 120 

min. All wells were then washed again as described before and 100 µl of MMP1 substrate, 

which had been diluted 200-fold in assay buffer, were added per well.  

A kinetic reading of fluorescence intensity every 10 min for 120 min with an excision of 

490 nm and an emission of 520 nm with the Tecan Infinite M200 Pro reader and the Tecan 

Magellan software V.1x was started immediately. Blank controls were subtracted as 

background fluorescence and analysis was performed using a four parameter logistic (4PL) 

nonlinear regression model with the Tecan Magellan software. 

2.2.16 Biotrend PGE2 Enzyme Immunoassay Kit 

In order to detect and quantify PGE2 in the cell culture supernatants, a competitive 

enzyme-coupled immune adsorption assay (EIA) from Biotrend was used. A PGE2 

peroxidase conjugate competes with the PGE2 in the sample, the standard or the control 

for binding to the mouse anti-PGE2 antibody, which is then bound by the anti-mouse 

antibody the well is coated with.  The substrate added later on then reacts with the bound 

PGE2 peroxidase conjugate, which means the amount of PGE2 in the well is inversely 

proportional to the substrate turn-over. This assay was performed as follows.  

The PGE2 standard was diluted in assay buffer to a concentration of 1 µg/mL, of which 

five 2-fold serial dilutions in assay buffer were made. One hundred microliters of samples 

and standards were pipetted in duplicates into wells of the supplied microplate coated with 

anti-PGE2 antibody. A duplicate of 100µl assay buffer alone was determined as maximum 

binding control containing 0 pg/ml PGE2, a duplicate of 125µl assay buffer was 

determined as non-specific binding control containing no anti-PGE2 antibody. Twenty-five 

microliters of PGE2 peroxidase conjugate were also added per well, followed by the 
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addition of 25µl of anti-PGE2 antibody solution per well, but the non-specific binding 

well. The plate was covered with an adhesive cover strip and incubated on a plate shaker at 

100 rpm and RT for 120 min. Wells were aspirated, washed four times with 200 µl of 1x 

wash buffer supplied and thoroughly dried by repeatedly tapping the plate onto paper 

towels. Upon addition of 100 µl 3,3′,5,5′-Tetramethylbenzidin (TMB) solution per well 

and incubation at RT for 30 min without shaking, 50µl of stop solution were added per 

well and the optical density was measured at 450 nm and 570 nm (reference) with the 

Tecan Infinite M200 Pro. The analysis was performed with a 4PL nonlinear regression 

model using the Tecan Magellan software. 

2.2.17 TSG6 ELISA 

For the detection of TSG6, a TSG6 ELISA was established according to a recent 

publication [106]. In detail, the anti-TSG6 antibody was diluted at 10 µg/ml in PBS and 

wells were coated with 100 µl per well over night at 4 °C. Wells were washed 4 times with 

400 µl 1x wash buffer per well with a 1 min soak time between washes and thorough 

drying afterwards by tapping plates onto absorbent paper. Wells were then blocked with 

100 µl blocking buffer, which was made of 1x Reagent Diluent Concentrate 2, per well for 

1 h at RT and washed again as described above. The rhTSG6 was diluted at 4800 pg/ml in 

blocking buffer for the highest standard and further diluted down at 1:2 dilutions in 

blocking buffer to 75 pg/ml. One hundred microliter of standards, negative controls 

(blocking buffer) or samples were added per well and incubated for 2h at RT on a shaker at 

100 rpm.  

 

Upon another wash as described above, 100 µl of biotinylated anti-TSG6 detection 

antibody, diluted at 0.5 µg/ml in blocking buffer, were added per well and incubated for 

120 min at RT on the shaker. Wells were washed and thereafter 100 µl of the streptavidin-

HRP, diluted 1:200 in blocking buffer as directed by the manufacturer, were added per 

well and incubated for 20 min at RT in the dark. Upon another wash, 100 µl of the 

substrate solution, composed of substrate solutions A and B mixed at equal parts, were 

added per well. After 10-30 min incubation at RT in the dark, blue coloring of wells were 

visibly checked and 50 µl stop solution were added per well. Absorbance was measured at 
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450 nm and 570 nm (reference) with the Tecan Infinite M200 Pro and analysis was 

performed with a 4PL nonlinear regression model using the Tecan Magellan software. 

2.2.18 TNF and IL10 ELISA 

For the detection of TNF and IL10, the Human TNF alpha ELISA Ready-SET-Go! and the 

Human IL-10 ELISA Ready-SET-Go! kits were used according to manufacturer’s 

instruction. The anti-TNF or anti-IL10 antibody was diluted 1:250 in 1x coating buffer and 

wells were coated with 100 µl per well over night at 4 °C. Wells were washed 5 times with 

400 µl per well 1x wash buffer with a 1 min soak time between washes and thorough 

drying afterwards by tapping plates on absorbent paper. Wells were then blocked with 100 

µl 1x assay diluent per well for 1 h at RT and washed again as described above. The TNF 

or IL10 standard were diluted in 1x assay diluent at 500 pg/ml and 300 pg/ml, respectively, 

for the highest standard and further diluted down at 1:2 dilutions in 1x assay diluent to 7.8 

pg/ml and 3.7 pg/ml, respectively. One hundred microliter of standards, negative controls 

or samples were added per well and incubated for 2 h at RT.  

 

Upon another wash, 100µl of detection antibody, diluted 1:250 in 1x assay diluent, were 

added per well and incubated for 1 h at RT. Wells were washed as described above and 

100 µl of the streptavidin-HRP, diluted 1:250 in 1x assay diluent, were added per well and 

incubated for 30 min at RT in the dark. Wells were washed seven times as described above 

and 100 µl of substrate solution were added per well. After 15 min incubation at RT in the 

dark, blue coloring of wells was visibly checked and 50 µl stop solution were added per 

well. Absorbance was measured at 450 nm and 570 nm (reference) with the Tecan Infinite 

M200 Pro and analysis was performed with a 4PL nonlinear regression model using the 

Tecan Magellan software. 

2.2.19 Determination of proliferation with MTT assay 

In order to measure the proliferation of MSC under the influence of cytokines, an MTT 

assay, which measures cell viability and reflects the number of viable cells, was performed. 

The nicotinamidadenindinucleotide(phosphate) (NAD(P)H)-dependent oxidoreductases in 

the cell reduce the tetrazolium dye MTT to formazan, which is purple.  
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On day 7 of the proliferation experiment, medium was aspirated, MSC were washed twice 

with PBS and 1.5 ml of basal medium supplemented with 300 µM MTT were added per 

well. Upon an incubation time of 180 min, the medium was aspirated, 400 µl 

HCl/isopropanol solution were added and incubated for 5 min. Duplicates of 150 µl of 

each sample were transferred into wells of a 96-well microplate and OD was measured at 

565 nm with the Tecan Infinite M200 Pro reader.   

2.2.20 Chemotaxis 

In order to determine the chemotactic potential of the cytokines, complement factors and 

the PTC described in 2.2.8 on MSC and their influence on the migration of MSC towards 

the trophic factor PDGFBB, chemotaxis assays were performed. The chemotaxis assays 

were conducted in a modified Boyden chamber using polycarbonate filters with 8 µm 

pores. The upper well of the modified Boyden chamber held the MSC and the lower well 

held the factor, whose chemotactic potential was to be investigated.  

 

MSC were trypsinized, washed and resuspended in serum-free DMEM at 2×105 cells/ml. 

The cytokines and complement factors as well as the PTC were resuspended in DMEM at 

the concentrations indicated in the results. PFGFBB at a concentration of 10 ng/ml was 

used as a positive control and concomitantly with the cytokines and complement factors or 

the PTC in order to determine their influence on the migration of MSC to trophic factors 

such as PDGFBB. DMEM was used as negative control. Quadruplicates of 28µl of the 

factor or DMEM alone were given into the lower wells. The lower well plate was covered 

with the filter and the upper well plate was screwed tight. Then 50 µl MSC suspension, 

which accounts to 104 MSC were filled into the upper wells of the Boyden chamber. For 

the checkerboard analysis, which investigates the migratory potential of a factor in an 

equimolar concentration, MSC were pre-incubated with the complement factor or the PTC 

30 min before application and the complement factor or the PTC was given in both the 

upper and the lower well. In case of inhibiting the C3aR with the C3a R antagonist 

SB290157, MSC were pre-incubated with the SB290157 for 30 min at 37 °C, centrifuged 

and resuspended in new serum-free DMEM before application.  
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Upon a 4 h incubation period, the filter was retained, adherent, non-migrated cells on the 

upper side of the filter were scraped off with a rubber scraper, migrated MSC on the lower 

side of the filter were fixed in a buffered 4 % formalin solution for 4 min. MSC were 

stained with Giemsa solution for 20 min and dried for 24 h, after which a filter template 

was placed on top of the filter. Immersion oil was applied onto the filter and the filter 

template before the cover slide was placed on top without creating bubbles. The migrated 

cells were counted at 20 x magnification with the Reichert Jung Polyvar microscope. The 

Boyden chambers were washed in a 9 % Tergazyme dest. water solution for 1 h at 56 °C 

before the next use.  

2.2.21 Statistics 

Data concerning the occurrence of MSC marker positive cells in the blood are presented as 

connected dots representing the mean number of MSC marker positive cells per 3×105 

nucleated cells for each time point and the standard error of the mean (SEM) from up to 11 

donors.  

 

Data concerning the chemotaxis, expression of MMP, proliferation, osteogenic 

differentiation and expression of immunomodulatory factors are presented as scatter dot 

plots with the mean from up to seven independent experiments with MSC from different 

donors. For chemotaxis experiments, statistical significance was determined with the 

paired t-test using GraphPad Prism 5, if the donor number was ≥3. Differences were 

considered significant, when the p-value was <0.05. For the expression of MMP, 

proliferation, osteogenic differentiation and expression of anti-inflammatory factors, 

statistical significance was determined with one-way analysis of variance (ANOVA) and a 

Bonferroni’s post-test using GraphPad Prism 5, if the donor number was ≥3. Differences 

were considered significant, when the p-value was <0.05. 

 

Data from the RT2 Profiler PCR Array Human Inflammatory Response and Autoimmunity 

are presented as scatter plots each point representing a comparison in means between two 

treatments from three independent experiments with MSC from different donors. Analysis 

was performed with the RT Profiler PCR Array Data Analysis version 3.5 online [157], 
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which uses a Student’s t-test for determination of significance. Differences were 

considered significant, when the p-value was <0.05. 

 

Data from co-culture experiments are presented as floating bars from minimum to 

maximum from three independent experiments with MSC and macrophages from three 

different donors each.  
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3 Results  

3.1 Detection of MSC marker positive cells in the blood of PT  

Since recent studies have shown that the numbers of MSC in the blood significantly 

increases after trauma such as hip or lower extremities fractures, acute myocardial 

infarction, or muscle damage, and severe tissue hypoxia, the question emanated, if the 

amount of MSC also increases in the blood of PT patients. Hence, the occurrence of MSC 

marker positive cells in the blood of PT patients was investigated over the course of 10 

days after the PT and compared to healthy controls.  

 

Flow cytometry was used for the investigation of MSC marker positive cells, as it allows 

the detection of very rare cell populations. Within the workgroup established positive and 

negative MSC markers were additionally filled up with markers from the literature as listed 

in Tab. 13 in section 2.2.7. The pan leukocyte marker CD45 was used as negative MSC 

marker, CD9, CD29, CD73, CD90 CD105 and CD166 were considered as general MSC 

markers expressed by both native and culture expanded MSC, while MSCA1, STRO1 and 

SSEA4 were viewed as native markers carried by fresh, native MSC ex vivo. Prior to the 

analysis of MSC marker positive cells in the blood of PT patients, human bone marrow 

derived, cultured MSC were tested, if they also carry the chosen marker combinations as 

depicted in Tab. 17. Sixty-six percent of the cultured human MSC from the bone marrow 

were CD9 and CD73 positive, while being negative for the pan leukocyte marker CD45 

(Tab. 17). When taking SSEA4 into account, which is a native human MSC marker, 36 % 

of the cultured human MSC from the bone marrow expressed CD9, CD73 and SSEA4, but 

not CD45 (Tab. 17). Furthermore, 99 % of the cultured human MSC expressed CD29 and 

CD166, but not CD45, whereas only 32 % expressed CD29 and CD166 together with the 

native MSC marker MSCA1 in the absence of CD45 (Tab. 17). Ninety-seven percent of 

the cultured MSC also expressed CD90 and CD73 without being positive for CD45, while 

only 2.6 % also expressed STRO1 in addition to CD73 and CD90 (Tab. 17).  Positive for 

the marker combination CD105 and CD73 and negative for CD45 were 98 % of the 

cultured MSC and when taking MSCA1 into account, 27 % were positive for CD105, 
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CD73 and MSCA1 (Tab. 17).  For the last marker combination CD105, CD166 and 

STRO1, 5.5 % positive cells were found, which were also negative for CD45, while the 

two markers CD105 and CD166 were expressed by 95 % of the cultured MSC (Tab. 17). 

In summary, it was concluded that cultured MSC from the bone marrow express the 

chosen markers CD29, CD73, CD90, CD105, CD116, while CD9 was only partly 

expressed and a small percentage still carried the native markers SSEA4, STRO1, MSCA1.  

 

The MSC marker positive cells in the blood of PT patients were investigated as 

demonstrated in the following Figs. 5-9. The mean number of CD45-, CD9+, SSEA4+, 

CD73+ cells per 3×105 nucleated cells was found to rise from 33 and 24 cells at 0 and 4 h, 

respectively, to 70, 210 and 255 cells at 12 h, 24 h and 48 h, respectively (Fig. 5). At 120 h 

the mean number of these cells per 3×105 nucleated cells declined back to 18 and then 

slightly rose again to 84 cells at 240 h (Fig. 5). The mean number of CD45-, CD9+, 

SSEA4+, CD73+ cells per 3×105 nucleated cells from three healthy individuals was around 

13 (Fig. 5).  

 

 

Tab. 17: Expression of positive and negative MSC markers in combinations, chosen for the 

investigation of MSC marker positive cells in the blood of PT patients, by cultured human MSC 

from the bone marrow. Cultured MSC of passage 3 from two donors were stained with the 

according fluorescent-labeled antibodies and at least 104 cells were acquired on the FACS Calibur. 

MSC: multipotent mesenchymal stromal cells; CD: cluster of differentiation; MSCA1: mesenchymal 

stem cell antigen 1; SSEA4: stage-specific  embryonic antigen 4. 

 
Marker combination without  

native  human MSC marker 
Percentage  

Marker combination with  

native human MSC marker 
Percentage  

CD45-, CD9+, CD73+  66.36% CD45-, CD9+, CD73+, SSEA4+ 35.95% 

CD45-, CD29+, CD166+ 98.90% CD45-, CD29+, CD166+, MSCA1+ 32.38% 

CD45-, CD90+, CD73+ 96.74% CD45-, CD90+, CD73+, STRO1+ 2.63% 

CD45-, CD105+, CD73+ 98.29% CD45-, CD105+, CD73+, MSCA1+ 27.09% 

CD45-, CD105+, CD166+ 95.34% CD45-, CD105+, CD166+, STRO1+ 5.47% 
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Fig. 5: Occurrence of CD45 negative and CD9, SSEA4 and CD73 positive cells in the blood of 

PT patients. EDTA blood from PT patients (ISS �16) taken 0, 4, 12, 24, 120 and 240 h upon 

admission to the emergency room (green, 4 to 7 donors per time point) and from healthy individuals 

(red, 3 donors) was stained with fluorescent-labeled anti-CD45, anti-CD9, anti-SSEA4 and anti-

CD73 antibodies. Upon erythrocyte lysis, approximately 3×105 nucleated cells were acquired with 

the FACS Calibur. Gating was performed with the help of appropriate isotype controls. The number 

of CD45 negative (-), MSC marker positive cells (+) per 3×105 nucleated cells is shown as mean 

with SEM. MSC: multipotent mesenchymal stromal cells; SEM: standard error of the mean; CD: 

cluster of differentiation; PT: polytrauma; SSEA4: stage-specific  embryonic antigen 4. 
 

At 0 h and 4 h, the mean number of CD45-, CD29+, CD166+, MSCA1+ cells per 3×105 

nucleated cells was found to be 8 and 10, respectively, and to rise to 32 and 26 at 12 h and 

24 h, respectively (Fig. 6). After a small decline at 48 h with a mean of 10 cells (CD45-, 

CD29+, CD166+, MSCA1+) per 3×105 nucleated cells, 60 cells (CD45-, CD29+, CD166+, 

MSCA1+) per 3×105 nucleated cells were found at 120 h (Fig. 6). At 240 h the mean 

number of CD45-, CD29+, CD166+, MSCA1+ cells per 3×105 nucleated cells declined 

back to 8 (Fig. 6). A mean of 21 CD45-, CD29+, CD166+, MSCA1+ cells per 3×105 

nucleated cells were found in the three healthy individuals (Fig. 6).   
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Fig. 6: Occurrence of CD45 negative and CD29, CD166 and MSCA1 positive cells in the 

blood of PT patients. EDTA blood from PT patients (ISS �16) taken 0, 4, 12, 24, 120 and 240 h 

upon admission to the emergency room (green, 2 to 5 donors per time point) and from healthy 

individuals (red, 3 donors) was stained with fluorescent-labeled anti-CD45, anti-CD29, anti-CD166 

and anti-MSCA1 antibodies. Upon erythrocyte lysis, approximately 3×105 nucleated cells were 

acquired with the FACS Calibur. Gating was performed with the help of appropriate isotype 

controls. The number of CD45 negative (-), MSC marker positive (+) cells per 3×105 nucleated cells 

is shown as mean with SEM. MSC: multipotent mesenchymal stromal cells; SEM: standard error of 

the mean; CD: cluster of differentiation; PT: polytrauma; MSCA1: mesenchymal stem cell antigen 

1. 

 

At 0 h, a mean number of 4 CD45-, CD90+, CD73+, STRO1+ per 3×105 nucleated cells 

was detected, which increased to 10 at 4 h and peaked at 12 h with 25 cells (CD45-, 

CD90+, CD73+, STRO1+) per 3×105 nucleated cells (Fig. 7). At 24 and 48 h, mean 

numbers of 13 and 11 cells (CD45-, CD90+, CD73+, STRO1+) per 3×105 nucleated cells 

were observed, respectively, which dropped to 1 at 120 h and 0 at 240 h (Fig. 7). The three 

healthy individuals exhibited a mean of 6 CD45-, CD90+, CD73+, STRO1+ cells per 

3×105 nucleated cells (Fig. 7). 
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Fig. 7: Occurrence of CD45 negative and CD90, CD73 and STRO1 positive cells in the blood 

of PT patients. EDTA blood from PT patients (ISS �16) taken 0, 4, 12, 24, 120 and 240 h upon 

admission to the emergency room (green, 1 to 5 donors per time point) and from healthy 

individuals (red, 3 donors) was stained with fluorescent-labeled anti-CD45, anti-CD90, anti-CD73 

and anti-STRO1 antibodies. Upon erythrocyte lysis, approximately 3×105 nucleated cells were 

acquired with the FACS Calibur. Gating was performed with the help of appropriate isotype 

controls. The number of CD45 negative (-), MSC marker positive (+) cells per 3×105 nucleated cells 

is shown as mean with SEM. MSC: multipotent mesenchymal stromal cells; SEM: standard error of 

the mean; CD: cluster of differentiation; PT: polytrauma. 

 

The mean number of CD45-, CD105+, CD73+, MSCA1+ cells per 3×105 nucleated cells 

was found to rise from 14 and 7 cells at 0 h and 4 h, respectively, to 20 at 12 h (Fig. 8). At 

24 h, 48 h and 120 h, mean numbers between 11 and 13 cells (CD45-, CD105+, CD73+, 

MSCA1+) per 3×105 nucleated cells were detected (Fig. 8). Around 1 cell (CD45-, 

CD105+, CD73+, MSCA1+) per 3×105 nucleated cells was identified at 240 h. The mean 

number of CD45-, CD105+, CD73+, MSCA1+ cells per 3×105 nucleated cells in three 

healthy individuals was 13 (Fig. 8). 
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Fig. 8: Occurrence of CD45 negative and CD105, CD73 and MSCA1 positive cells in the 

blood of PT patients. EDTA blood from PT patients (ISS �16) taken 0, 4, 12, 24, 120 and 240 h 

upon admission to the emergency room (green, 4 to 10 donors per time point) and from healthy 

individuals (red, 3 donors) was stained with fluorescent-labeled anti-CD45, anti-CD29, anti-CD166 

and anti-MSCA1 antibodies. Upon erythrocyte lysis, approximately 3×105 nucleated cells were 

acquired with the FACS Calibur. Gating was performed with the help of appropriate isotype 

controls. The number of CD45 negative (-), MSC marker positive (+) cells per 3×105 nucleated cells 

is shown as mean with SEM. MSC: multipotent mesenchymal stromal cells; SEM: standard error of 

the mean; CD: cluster of differentiation; PT: polytrauma; MSCA1: mesenchymal stem cell antigen 

1. 
 

At 0 h, a mean number of 17 CD45-, CD105+, CD166+, STRO1+ cells per 3×105 

nucleated cells was detected (Fig.9). After a decline at 4 h to 2 cells (CD45-, CD105+, 

CD166+, STRO1+) per 3×105 nucleated cells, 8 and 12 cells (CD45-, CD105+, CD166+, 

STRO1+) per 3×105 nucleated cells were found at 12 h and 24 h, respectively (Fig.9). 

Means between 3 and 1 CD45-, CD29+, CD166+, MSCA1+ cells per 3×105 nucleated cells 

were detected at 48, 120 and 240 h (Fig.9). A mean of 17 CD45-, CD29+, CD166+, 

MSCA1+ cells per 3×105 nucleated cells was found in the three healthy individuals (Fig.9). 
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Fig. 9: Occurrence of CD45 negative and CD105, CD166 and STRO1 positive cells in the 

blood of PT patients. EDTA blood from PT patients (ISS �16) taken 0, 4, 12, 24, 120 and 240 h 

upon admission to the emergency room (green, 4 to 10 donors per time point) and from healthy 

individuals (red, 3 donors) was stained with fluorescent-labeled anti-CD45, anti-CD105, anti-CD166 

and anti-STRO1 antibodies. Upon erythrocyte lysis, approximately 3×105 nucleated cells were 

acquired with the FACS Calibur. Gating was performed with the help of appropriate isotype 

controls. The number of CD45 negative (-), MSC marker positive (+) cells per 3×105 nucleated cells 

is shown as mean with SEM. SEM: standard error of the mean; MSC: multipotent mesenchymal 

stromal cells; SEM: standard error of the mean; CD: cluster of differentiation; PT: polytrauma.  
 

3.2 Impact of PT-associated cytokines and complements factors on 

MSC in vitro 

3.2.1 Confirmation of MSC multipotency  

Bone marrow derived MSC used in this study have been shown to express typical positive 

MSC marker and to be negative for CD45 as already depicted in Tab. 17. Furthermore, 

MSC were tested for their osteogenic, adipogenic and chondrogenic differentiation 

potential as exemplary shown in Fig 10. 
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Fig. 10: Multipotency of MSC. Multipotency of MSC. MSC were cultured with A) osteogenic 

differentiation medium (ODM), B) adipogenic differentiation medium (ADM) or C) chondrogenic 

differentiation medium (CDM). Basal medium (BM) was used as control. A) Positive osteogenic 

differentiation indicated by positive staining for alkaline phosphatase (ALP, red dye deposit) and 

Alizarin Red S (red: calcium deposition). B) Positive Oil Red O staining demonstrates adipogenic 

differentiation (red: stained lipid droplets). C) Positive chondrogenic differentiation as evidenced by 

positive immunohistochemical staining for cartilage oligomeric matrix protein (COMP) and collagen 

type II and positive Alcian Blue staining.  
 

Due to the small amount of bone marrow received from patients undergoing triple 

osteotomies, these testings could not be done for every donor. MSC differentiated into 

osteoblasts when cultured in ODM as confirmed by a positive ALP staining assuring ALP 

activity and a positive Alizarin Red S staining demonstrating calcium deposition (Fig. 10 
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A). Controls grown in basal medium exhibited less ALP activity and no calcium deposition 

(Fig 10 A). Adipogenic differentiation was achieved in ADM and determined by a positive 

Oil Red O staining of the lipid droplets as opposed to no lipid staining in the control 

medium (Fig. 10 B). MSC grown in micromass cultures and with CDM stained positive for 

collagen II and COMP, proteins of the cartilage matrix, and Alcian blue revealing 

sulphated or carboxylated glucosaminoglycans, while the controls did not exhibit any 

positive staining implying no chondrogenic differentiation (Fig. 10 C). 

3.2.2 Migratory response  

Studies of experimental sepsis and myocardial infarction have reported that MSC home to 

several tissues upon their systemic administration. The aforementioned experiments have 

shown that some kind of MSC marker carrying cells can be found in the blood of PT 

patients early after trauma.  Hence, the question arose, if MSC are chemotactically 

recruited, when they are exposed to laboratory-confirmed cytokines and complement 

factors such as IL1B, TNF, IL6, IL8, C3a, C5a and IL10 released early after a PT. First, 

the single factors (section 2.2.8) were tested in different concentrations for the induction of 

MSC migration in a modified Boyden chamber. Secondly, a combination of PT associated 

cytokines and complement factors was investigated for its chemoattractivity. Also, it was 

examined if the PT associated cytokines and complement factors impacted the migration of 

MSC towards the known chemoattractive factor PDGFBB, which is mainly released from 

thrombocytes during blot clot formation after a trauma. The chemotaxis experiments are 

shown in Fig. 11-18, which depict the mean of the total number of migrated MSC from up 

to six donors.  

IL10 

IL10, which was not included in the PTC, but still depicts an important anti-inflammatory 

cytokine in the early phase after a PT, was investigated in terms of its chemoattractant 

effects, but did not show so as seen in Fig. 11. Neither the pathophysiological 

concentration of 0.1 ng/ml IL10 (36 migrated MSC) nor the supraphysiological 

concentration of 10 ng/ml IL10 (39 migrated MSC) induced an MSC migration higher than 

the basal migration (42 migrated MSC, Fig. 11). IL10 was not found to modify the 



Results 

  

65 

chemoattractive effect of PDGFBB either, as about the same number of MSC migrated 

through the filter, both when PDGFBB alone (426 migrated MSC) and when 0.1 or 10 

ng/ml IL10 with PDGFBB (346 and 457 MSC, respectively) were administered in the 

chemotaxis assay (Fig. 11). 

 

 
Fig. 11: Chemotactic effect of IL10 and its influence on the chemoattractivity of PDGFBB on 

MSC in vitro. In vitro migration was performed in a modified Boyden chamber. Basal migration , 

migration towards 0.1  and 10  ng/ml IL10, migration towards 0.1  and 10  ng/ml IL10 with 10 

ng/ml PDGFBB and migration towards 10 ng/ml PDGFBB  by human MSC is shown. Scatter plots 

and mean numbers of total migrated cells from up to 5 donors are presented. MSC: multipotent 

mesenchymal stromal cells; IL: interleukin; PDGF: platelet derived growth factor. 

 

TNF 

TNF was not included in the PTC either, but nonetheless represents an important cytokine 

sometimes present in the early phase after a PT. A chemoattractant effect of TNF on MSC 

was not found within the tested conditions (Fig. 12). Compared to 53 migrated MSC in the 

control, neither 0.2 ng/ml TNF (52 migrated MSC), which is a pathophysiological 

concentration of TNF measured in PT patients, nor the supraphysiological concentrations 

of 2 or 20 ng/ml TNF (both 46 migrated MSC) increased the migratory behavior of MSC 

(Fig. 12). TNF also did not alter the chemoattractive effect of PDGFBB, with 420 migrated 

MSC observed in the presence of only PDGFBB and 383 or 436 migrated MSC in the 

presence of 0.2 or 10 ng/ml TNF and PDGFBB (Fig. 12). 
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Fig. 12: Chemotactic effect of TNF and its influence on the chemoattractivity of PDGFBB on 

MSC in vitro. In vitro migration was performed in a modified Boyden chamber. Basal migration , 

migration towards 0.2 , 1  and 10  ng/ml TNF, migration towards 0.2  and 10  ng/ml TNF 

with 10 ng/ml PDGFBB  and migration towards 10 ng/ml PDGFBB alone by human MSC is 

shown. Scatter plots and mean numbers of total migrated cells from up to 6 donors are presented. 

MSC: multipotent mesenchymal stromal cells; TNF: tumor necrosis factor alpha; PDGF: platelet 

derived growth factor.    

 

C3a 

Investigation of the chemoattractivity of C3a showed that C3a has a concentration-

dependent migratory effect on MSC as seen in Fig. 13. While 50 ng/ml C3a (45 migrated 

MSC) did not induce a chemotaxis of MSC compared to controls (41 migrated MSC), 500 

ng/ml C3a 2.3-fold and significantly upregulated the directed migration of MSC (94 

migrated MSC) as depicted in Fig. 13. When 5000 ng/ml C3a were applied, a 3.8-fold 

increase to 155 migrated MSC was observed (Fig. 13). The true, directed migration was 

confirmed in a setting, in which 500 ng/ml C3a were added to both upper and lower wells 

of the Boyden chamber and no increased migratory behavior of MSC was observed (Fig. 

13). A substantial additive or inhibitory effect of C3a to the migration of MSC towards 

PDGFBB was not detected, as about 228 MSC migrated through the filter, when only 

PDGFBB was applied, and 246 MSC migrated, when both 500 ng/ml C3a and PDGFBB 

were present (Fig. 13). 
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Fig. 13: Chemotactic effect of C3a and its influence on the chemoattractivity of PDGFBB on 
MSC in vitro. In vitro migration was performed in a modified Boyden chamber. Basal migration , 

migration towards 50 , 500  and 5000  ng/ml C3a, migration towards 500 ng/ml C3a with 10 

ng/ml PDGFBB  and migration towards 10 ng/ml PDGFBB  by human MSC is shown. Scatter 

plots and mean numbers of total migrated cells from up to 4 donors are presented. Statistical 

significance was calculated using a paired t-test; p <0.05. For one donor, 500 ng/ml C3a were 

tested by checkerboard analysis ( , filled in both upper and lower wells) to test if migration was 

due to chemotaxis or general enhanced migratory behavior. MSC: multipotent mesenchymal 

stromal cells; C3a: complement factor C3a; PDGF: platelet derived growth factor. 

 

C5a 

The chemoattractivity of C5a on MSC was also found to be concentration-dependent as 

seen in Fig. 14. When 10 ng/ml C5a where added, only 40 MSC migrated compared to 42 

in the control (Fig. 14). With 100 ng/ml C5a, no directed migration of MSC was detected 

either (44 migrated MSC) (Fig. 14). A 2.5-fold increase in chemotaxis to 107 migrated 

MSC was detected when 1000 ng/ml C5a were applied (Fig. 14). C5a did not alter the 

chemoattractive effect of PDGFBB, as 228 MSC migrated through the filter, when only 

PDGFB was applied, and 243 MSC migrated, when both 100 ng/ml C5a and PDGFBB 

were present (Fig. 14). 
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Fig. 14: Chemotactic effect of C5a and its influence on the chemoattractivity of PDGFBB on 

MSC in vitro. In vitro migration was performed in a modified Boyden chamber. Basal migration , 

migration towards 10 , 100  and 1000  ng/ml C5a, migration towards 100 ng/ml C5a with 10 

ng/ml PDGFBB  and migration towards 10 ng/ml PDGFBB  by human MSC is shown. Scatter 

plots and mean numbers of total migrated cells from up to 4 donors are presented. MSC: 

multipotent mesenchymal stromal cells; C5a: complement factor C5a; PDGF: platelet derived 

growth factor. 

 

IL1B 

A chemotactic effect of IL1B on MSC could not be perceived as depicted in Fig. 15. 

Neither when 0.2 ng/ml IL1B (46 migrated MSC) nor when 2 ng/ml (55 migrated MSC) or 

20 ng/ml IL1B (53 migrated MSC) where applied, a chemoattractive or a repellent effect 

of IL1B could be observed, as in the control 46 migrated MSC were counted (Fig. 15). An 

additive or inhibitory effect of IL1B on the migration of MSC towards PDGFBB could not 

be detected either, as about 356 migrated MSC were recorded in the presence of only 

PDGFBB and 370 and 356 migrated MSC were found when 0.2 and 10 ng/ml IL1B were 

mixed with PDGFBB, respectively (Fig. 15). 
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Fig. 15: Chemotactic effect of IL1B and its influence on the chemoattractivity of PDGFBB on 

MSC in vitro. In vitro migration was performed in a modified Boyden chamber. Basal migration , 

migration towards 0.2 , 2  and 20  ng/ml IL1B, migration towards 0.2 ng/ml IL1B with 10 ng/ml 

PDGFBB  and migration towards 10 ng/ml PDGFBB  by human MSC is shown. Scatter plots 

and mean numbers of total migrated cells from up to 4 donors are presented. MSC: multipotent 

mesenchymal stromal cells; IL: interleukin; PDGF: platelet derived growth factor. 

 

IL6 

A chemotactic effect on MSC could not be identified for IL6 either, as 0.5 ng/ml IL6 (83 

migrated MSC) and the supraphysiological concentrations of 5 ng/ml IL6 (61 migrated 

MSC) and 50 ng/ml IL6 (62 migrated MSC) did not induce higher chemotactic responses 

than the control (84 migrated MSC) (Fig. 16). Furthermore, IL6 was not observed to 

modify the chemoattractive effect of PDGFBB on MSC, as 511 MSC migrated, when only 

PDGFBB was present, and 515 and 574 MSC migrated, when 0.5 or 10 ng/ml IL6 and 

PDGFBB were added to the lower well of the Boyden chamber, respectively (Fig. 16). 
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Fig. 16: Chemotactic effect of IL6 and its influence on the chemoattractivity of PDGFBB on 

MSC in vitro. In vitro migration was performed in a modified Boyden chamber. Basal migration , 

migration towards 0.5 , 5  and 50  ng/ml IL6, migration towards 0.5  and 10  ng/ml IL6 with 

10 ng/ml PDGFBB and migration towards 10 ng/ml PDGFBB  by human MSC is shown. Scatter 

plots and mean numbers of total migrated cells from up to 3 donors are presented. MSC: 

multipotent mesenchymal stromal cells; IL: interleukin; PDGF: platelet derived growth factor. 

 

IL8 

Similar to the missing chemoattractive effect of IL6, no chemotactic response of MSC to 

IL8 was detected either as illustrated in Fig. 17. Compared to 84 migrated MSC as basal 

level, no increased migratory behaviour was observed when 0.15 ng/ml IL8 (85 migrated 

MSC), 1.5 ng/ ml IL8 (63 migrated MSC) and 15 ng/ml IL8 (62 migrated MSC) where 

added (Fig. 17). Since approximately the same number of MSC migrated, when PDGFBB 

alone or PDGFBB together with 0.15 or 10 ng/ml IL8 was applied, no additive or 

inhibitory effect on the chemoattractive effect of PDGFBB was concluded for IL8 (Fig. 

17). 
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Fig. 17: Chemotactic effect of IL8 and its influence on the chemoattractivity of PDGFBB on 

MSC in vitro. In vitro migration was performed in a modified Boyden chamber. Basal migration , 

migration towards 0.15 , 1.5  and 15  ng/ml IL8, migration towards 0.15  and 10 ng/ml IL8

with 10 ng/ml PDGFBB  and migration towards 10 ng/ml PDGFBB alone by human MSC is 

shown. Scatter plots and mean numbers of total migrated cells from up to 3 donors are presented. 

MSC: multipotent mesenchymal stromal cells; IL: interleukin; PDGF: platelet derived growth factor. 

 

PTC 

In contrast to the missing chemoattractive effect of IL1B, IL6, IL8 and C5a, when applied 

in the respective PTC concentration, a significant chemoattractive effect of the PTC was 

detected. In detail, the basal level of 38 migrated MSC 2.5-fold and significantly ascended 

to about 95 migrated MSC upon stimulation with the PTC (Fig. 18). The directed 

migration towards the PTC was proven by applying the PTC in both upper and lower well 

of the Boyden chamber, which did not increase migration of MSC compared to controls 

and shows that the PTC does not cause an undirected migratory behavior (Fig. 18). When 

PDGFBB was added to the modified Boyden chamber, no additive or inhibitory effect of 

the PTC on the chemotactic effect of PDGFBB on MSC was observed, as about 290 MSC 

migrated through the filter, both with only PDGFBB and with the PTC and PDGFBB 

present (Fig. 18).  

0

10 10 ng/ml IL1b 10 0.5 0.2 ng/ml TNF

0.1



Results 

  

72 

 
Fig. 18: Chemotactic effect of the PTC and its influence on the chemoattractivity of PDGFBB 

on MSC in vitro. In vitro migration was performed in a modified Boyden chamber. Basal migration

, migration towards the PTC , migration towards the PTC with 10 ng/ml PDGFBB  and 

migration towards 10 ng/ml PDGFBB  by human MSC is shown. Scatter plots and mean 

numbers of total migrated cells from up to 5 donors are presented. Statistical significance was 

calculated using a paired t-test; p*<0.05. For one donor, the PTC was filled in both upper and lower 

wells ( , no gradient) to test if migration was due to chemotaxis or general enhanced migratory 

behavior. -: no addition; +: addition; MSC: multipotent mesenchymal stromal cells; PTC: 

polytrauma cocktail; PDGF: platelet derived growth factor. 

 

Identifying the chemoattractive component of the PTC  

Since the PTC induced the directed migration of MSC and investigation of the 

chemoattractivity of the single factors revealed that only C3a had a chemoattractive effect 

on MSC, the question arose if C3a is the key chemoattractive factor in the context of the 

PTC. Upon addition of the C3aR antagonist SB290157, migration towards the PTC (31 

migrated MSC) and C3a (28 migrated MSC) was abolished when compared to basal 

migration (25 migratd MSC) as seen in Fig. 19. Without addition of the C3aR antagonist 

SB290157, 69 MSC migrated in the presence of either the PTC or C3a, while only 31 MSC 

migrated in the control wells (Fig. 19). In the presence of the inhibitor solvent DMSO, but 

without the C3aR antagonist SB290157, also 30 MSC migrated in control wells and 65 and 

71 MSC migrated in the presence of the PTC and C3a, respectively (Fig. 19). C3a was 

therefore seen as the chemoattractive factor of the PTC. As only about 95 and 94 out of 104 
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MSC administered in the chemotaxis experiments migrated towards the PTC (Fig. 13) and 

500 ng/ml C3a (Fig. 18), respectively, it was examined how many MSC actually express 

the C3aR. In the flow cytometry analysis, 87.85 ± 0.22 % of MSC positive for CD105 and 

CD73 also expressed the C3aR, of which 99.80 ± 0.09 % were CD45 negative. Hence, no 

specific subpopulation expressing the C3aR and migrating towards the PTC and C3a was 

assumed.  

 

 
Fig. 19: Inhibition of PTC and C3a mediated chemotaxis through SB290157 in MSC in vitro. 

Migration analysis was performed in a modified Boyden chamber. Migration of MSC alone (C) and 

towards the PTC (PTC) or 500 ng/ml C3a (C3a) when left untreated, when treated with DMSO and 

when treated with 10 µM of the C3a antagonist SB 290157 dissolved in DMSO. Since the SB290157 

had to be dissolved in DMSO, the effect of DMSO on MSC migration was tested as well. Scatter 

plots and mean numbers of total migrated cells from 2 donors are presented. -: no addition; +: 

addition; MSC: multipotent mesenchymal stromal cells; PTC: polytrauma cocktail; C3a: complement 

factor C3a; DMSO: dimethyl sulfoxide. 

 

3.2.3 MMP and TIMP expression 

As both the systemic mobilization of MSC from the bone marrow as well as the 

engraftment of systemically administered MSC necessitates a differential MMP activity to 

facilitate their migration through tissue and in and out of the circulation, expression of 

MMP 1, -2 and -9 and the inhibitors TIMP1 and -2 upon stimulation with PT associated 

cytokines and complement factors was investigated. MMP1 degrades among others 
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collagen type I, which is a constituent of the interstitial matrix. MMP2 and -9 degrade 

mainly laminin and collagen type IV, which are components of the basal lamina.  

 

 

Fig. 20: Gene expression of MMP2. Gene expression of MMP2 (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC 

, 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 

ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 

0.1 ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of MMP2 gene expression in 

stimulated MSC compared to control MSC are presented as scatter dot plots and mean. MMP: 

matrix metallopeptidase; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, C5a; IL: 

interleukin; TNF: tumor necrosis factor alpha.  

 

PTC 0.2 ng/ml IL1b 10 ng/ml IL1b 0.2 ng/ml TNF 10 ng/ml TNF 0.5

10 0.15 10 500 10 100

0.1 10



Results 

  

75 

Proof of MMP2 and -9 gene and protein expression 

The gene expression of MMP2 and -9 in stimulated MSC compared to untreated MSC and 

representative examples of their protein expression and activity in supernatants as detected 

with gelatin zymography are depicted in Fig. 20-22. Zymographic analysis of gelatinases 

revealed that MSC constitutively expressed high levels of both proMMP2 and MMP2 as 

seen in Fig. 22 A, B and C. Stimulation of MSC with the PTC, 0.2 or 10 ng/ml IL1B, 10 

ng/ml TNF, 10 ng/ml IL6, 10 ng/ml IL8 or 100 ng/ml C5a induced a donor-dependent 

upregulation of MMP2, although only 10 ng/ml IL1B were able to induce a mean change 

fold greater 2 (Fig. 20 A and B). In contrast, IL6, IL8, C3a and C5a in the respective 

pathophysiological concentrations of the PTC did not affect MMP2 gene expression, 

neither did the pathophysiological concentration of TNF nor IL10 (Fig. 20 A-C). 

Zymographic analyses support these findings, as an up-regulation of proMMP2 and MMP2 

protein expression and activity was only found once after stimulation of MSC with the 

PTC, 0.2 or 10 ng/ml IL1B and 0.2 or 10 ng/ml TNF, even when supernatants were  

diluted to avoid overexposure. Gelatin gels usually showed the same level of proMMP2 

and MMP2 activity irrespective of the stimulation as seen in Fig. 22 A-C.  

 

ProMMP9 and MMP9 protein expression and activity can be detected by gelatin 

zymography as well, although the corresponding bands are weak and their detection 

depends on the quality of the gelatin gel (Fig. 22 A, B and C). MSC were found to 

upregulate their MMP9 gene expression, when stimulated with the PTC (16-fold), 0.2 

ng/ml IL1B (18-fold), 0.2 ng/ml TNF (11-fold), 10ng/ml IL1B (20-fold) or 10 ng/ml TNF 

(25-fold) as shown in Fig. 21 A. A highly variable donor-dependent up- or downregulation 

of MMP9 gene expression upon stimulation with IL6, IL8, C3a, C5a or IL10 was observed 

due to the MMP9 gene amplification close to the lower detection limit (Fig. 21 B and C). 

Even though gelatin zymography revealed once an up-regulation of proMMP9 and MMP9 

protein expression and activity after stimulation of MSC with the PTC, 0.2 or 10 ng/ml 

IL1B and 0.2 or 10 ng/ml TNF, only traces of proMMP9 and MMP9 activity, regardless of 

the stimulation with cytokines, complement factors or the PTC, was usually found. 

Representative gelatin gels with traces of proMMP9 and MMP9 protein are shown in Fig. 

22 A, B and C. 
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Fig. 21: Gene expression of MMP9. Gene expression of MMP9 (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC 

, 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 

ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 

0.1 ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of MMP9 gene expression in 

stimulated MSC compared to control MSC are presented as scatter dot plots and mean. MMP: 

matrix metallopeptidase; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, C5a; IL: 

interleukin; TNF: tumor necrosis factor alpha. 
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Fig. 22: Gelatin zymography for the detection of MMP2 and 9 expression and activity. Gelatin 

zymographies to detect proMMP2 (72 kDa), MMP2 (65 and 68 kDa), proMMP9 (92 kDa) and 

MMP9 (82 kDa) were performed with supernatants from MSC 24 h post stimulation. Controls were 

left untreated, stimulations were as follows: A) Control, PTC, 0.2 ng/ml IL1B, 10 ng/ml IL1B, 0.2 

ng/ml TNF, 10 ng/ml TNF B) Control, 0.5 ng/ml IL6, 10 ng/ml IL6, 0.15 IL8, 10 ng/ml IL6, 500 ng/ml 

C3a, 10 ng/ml C5a, 100 ng/ml C5a C) Control, 0.1 ng/ml IL10, 10 ng/ml IL10. MMP: matrix 

metallopeptidase; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, C5a; IL: 

interleukin; TNF: tumor necrosis factor alpha. 

 



Results 

  

78 

Confirmation of MMP1 gene and protein expression 

 

 
Fig. 23: Expression of MMP1. A, C, D) Gene expression of MMP1 (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation). B) ProMMP1 in supernatants (24 h post stimulation). 

Controls (B ) were left untreated, stimulations were as follows: A and B) PTC , 0.2 ng/ml IL1B 

, 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  C) 0.5 ng/ml IL6 , 10 ng/ml IL6 , 0.15 

IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  D) 0.1 ng/ml IL10 , 

10 ng/ml IL10 . The logarithmized values of MMP1 gene expression in stimulated MSC 

normalized to control MSC (A, C, D) as well as the amounts of proMMP1 in supernatants from 

stimulated MSC and control MSC (B) are presented as scatter dot plots and mean. Statistical 

significance was determined with one-way ANOVA followed by a Bonferroni’s post-test; *p<0.05. 

MMP: matrix metallopeptidase; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, 

C5a; IL: interleukin; TNF: tumor necrosis factor alpha. 
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The MMP1 gene expression and proMMP1 protein expression in stimulated MSC 

compared to untreated MSC is depicted in Fig. 23. MSC were found to significantly 

upregulate MMP1 gene expression, when stimulated with the PTC (10.5×106-fold), 0.2 

ng/ml IL1B (4.9×106-fold), 10 ng/ml IL1B (3.2×106-fold) or 10 ng/ml TNF (1.8×106-fold) 

as depicted in Fig. 23 A, while 0.2 ng/ml TNF only induced a donor-dependent 

upregulation of MMP1 gene expression (1.1×106-fold). Upon stimulation of MSC with 

IL6, IL8, C3a, C5a or IL10, the MMP1 gene expression levels did not rise, in case of IL6, 

IL8, C5a and IL10 this was irrespective of the concentration (Fig. 23 B and C). The 

SensoLyte Plus 520 MMP-1 Assay, which quantifies the proMMP1 and MMP1 activity, 

revealed that proMMP1 expression was significantly increased after stimulation of MSC 

with the PTC (22 ng/ml), 0.2 ng/ml IL1B (26 ng/ml), 10 ng/ml IL1B (30 ng/ml) or 10 

ng/ml TNF (35 ng/ml) (Fig. 23 B), while the active form MMP1 was not detectable (data 

not shown). Upon treatment with 0.2 ng/ml TNF, the proMMP1 level rose donor-

dependent to a mean of 15 ng/ml (Fig. 23 B). 

Detection of TIMP1 and -2 

Investigation of the TIMP1 and -2 gene expression revealed, that upon stimulation of MSC 

with the PTC or IL1B, TNF, IL6, IL8, C3a, C5a or IL10, no regulation of TIMP1 gene 

expression was detected irrespective of the concentration (Fig. 24 A, B and C).  

 

Stimulation of MSC with the PTC or IL1B, IL6, IL8, C3a, C5a or IL10 did not modify 

TIMP2 gene expression either (Fig. 25 A, B and C). TNF, however, did affect TIMP2 

expression, at least in the higher concentration of 10 ng/ml. It significantly lowered the 

TIMP2 gene expression by a factor of 2, while 0.2 ng/m TNF showed no regulation as seen 

in Fig. 25 A. 
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Fig. 24: Gene expression of TIMP1.  Gene expression of TIMP1 (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC 

, 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 

ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 

0.1 ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of TIMP1 gene expression in 

stimulated MSC compared to control MSC are presented as scatter dot plots and mean TIMP: 

TIMP metallopeptidase inhibitor; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, 

C5a; IL: interleukin; TNF: tumor necrosis factor alpha. 
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Fig. 25: Gene expression of TIMP2.  Gene expression of TIMP2 (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC 

, 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 

ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 

0.1 ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of TIMP2 gene expression in 

stimulated MSC compared to control MSC are presented as scatter dot plots and mean. Statistical 

significance was determined with one-way ANOVA followed by a Bonferroni’s post-test; *p<0.05.  

TIMP:  TIMP metallopeptidase inhibitor; PTC: polytrauma cocktail; C3a, C5a: complement factors 

C3a, C5a; IL: interleukin; TNF: tumor necrosis factor alpha. 
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3.2.4 Proliferation and osteogenic differentiation  

In different trauma situations, various studies with systemically administered MSC could 

show that MSC home to damaged tissue in order to exert regenerative effects. In the PT 

setting, in which a potential therapeutic option is the systemic administration of MSC, the 

question arose, if MSC also exert regenerative effects under PT-like conditions in vitro. 

Hence, it was investigated, if an initial exposure to cytokines and complement factors 

naturally occurring during the first phase after a PT later affects the proliferation and 

osteogenic differentiation of bone marrow derived MSC. Moreover, a permanent 

stimulation with these factors was measured in order to assess if they have any effect.  

 

Proliferation was measured with the MTT assay, which measures the cell viability and 

reflects the number of viable cells. Fig. 26 shows the rate of proliferation as a ratio 

between the absorbance arising from the amount of MTT metabolized by MSC after 

stimulation and by control MSC. Upon stimulation with the PTC, either concentration of 

IL1B or 10 ng/ml TNF, MSC proliferated significantly more than the control (Fig. 26 A). 

A 1.8-fold increase was observed for the PTC, 1.7-fold increases were found for both 0.2 

and 10 ng/ml IL1B and a 1.5-fold increase was detected for 10 ng/ml TNF (Fig. 26 A). 

When comparing 0.2 ng/ml and 10 ng/ml TNF, a significant difference was found between 

the two TNF concentrations, as 0.2 ng/ml TNF did not induce proliferation of MSC 

compared to controls (Fig. 26 A). IL6, IL8, C3a, C5a and IL10 did not regulate the 

proliferation of MSC as seen in Fig. 26 B and C.  
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Fig. 26: Proliferation. Proliferation was measured with the MTT test 7 days post initial stimulation 

in MSC. Controls were left untreated, stimulations were as follows: A) PTC , 0.2 ng/ml IL1B , 

10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  C) 0.5 ng/ml IL6 , 10 ng/ml IL6 , 0.15 IL8 

, 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  D) 0.1 ng/ml IL10 , 10 

ng/ml IL10 . The proliferation rates as ratios between the absorbance arising from the amount of 

MTT metabolized by MSC after stimulation and by control MSC are presented as scatter dot plots 

and mean. Statistical significance was determined with one-way ANOVA followed by a Bonferroni’s 

post-test; *p<0.05. OD: optical density; PTC: polytrauma cocktail; C3a, C5a: complement factors 

C3a, C5a; IL: interleukin; TNF: tumor necrosis factor alpha. 
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The osteogenic differentiation of MSC was quantified with the Alizarin Red S staining, 

which stains the deposited calcium in the calcified matrix. Fig. 27 shows the rate of 

osteoenic differentiation as a ratio between the absorbance from the amount of calcified, 

stained matrix in stimulated MSC and the amount of calcified, stained matrix in control 

MSC. When compared to control MSC, a 2.2-fold increased osteogenic differentiation rate 

was observed upon stimulation of MSC with the PTC, 2.2- and 3-fold increases were found 

for 0.2 and 10 ng/ml IL1B, respectively, and a 1.9-fold increase was detected for 10 ng/ml 

TNF (Fig. 27 A). When comparing the 0.2 and 10 ng/ml TNF, a statistically significant 

difference was observed, as the 0.2 ng/ml of TNF did not induce a higher osteogenic 

differentiation rate in MSC compared to controls. A 1.5-fold, but not significant, increase 

in osteogenic differentiation was also found after stimulation of MSC with 10 ng/ml IL6, 

whereas the pathophysiologic 0.5 ng/ml IL6 did not have any effect (Fig. 27 B). IL8, C3a, 

C5a and IL10 did not regulate the osteogenic differentiation of MSC as seen in Fig. 27 B 

and C. 
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Fig. 27: Osteogenic differentiation. Osteogenic differentiation was measured with Alizarin Red S 

staining 14 days post initial stimulation in MSC. Controls were left untreated, stimulations were as 

follows: A) PTC , 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  C) 0.5 

ng/ml IL6 , 10 ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 

ng/ml C5a  D) 0.1 ng/ml IL10 , 10 ng/ml IL10 . The osteogenic differentiation rates as ratios 

between the absorbance arising from the amount of calcified, stained matrix in stimulated MSC and 

control MSC are presented as scatter dot plots and mean. Statistical significance was determined 

with one-way ANOVA followed by a Bonferroni’s post-test; *p<0.05. OD: optical density; PTC: 

polytrauma cocktail; C3a, C5a: complement factors C3a, C5a; IL: interleukin; TNF: tumor necrosis 

factor alpha. 
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3.2.5 Gene expression of immunomodulatory factors 

Minimizing the risk of SIRS is one goal when systemically administering MSC to PT 

patients. Previous studies focusing on MSC mediated immunomodulation in murine 

models of severe sepsis or other inflammatory conditions have used IFNG or LPS, which 

may not necessarily be existent during the first phase after a PT, where a sterile, 

inflammatory milieu may prevail. Hence, the in vitro immunomodulatory function of MSC 

under the influence of cytokines and complement factors naturally occurring in the first 

phase after a PT was examined in this study. Therefore, the expression of the anti-

inflammatory factors IL1RN, CFH, IL10, TGFB, PGE2 and TSG6 upon stimulation with 

PT-associated cytokines, complement factors and the PTC was investigated. Moreover, the 

effect of these stimulatory factors on the expression of a set of inflammation-related genes 

included in the RT2 Profiler PCR Array for Human Inflammatory Response and 

Autoimmunity was studied as well.  

 

IL1RN expression 

The anti-inflammatory function of ILRN relies on its binding to the IL1R on the cell 

surface thereby inhibiting IL1B signaling. Its gene expression in stimulated MSC 

compared to controls is presented in Fig. 28. Basal gene expression of IL1RN in native 

MSC was close to or below the detection limit. A 319-fold increase in IL1RN gene 

expression was found, when MSC were exposed to the PTC (Fig. 28 A). IL1B and TNF 

stimulated the IL1RN gene expression in a concentration depending manner. In fact, 108- 

and 490-fold augmentations of IL1RN gene expression were found after exposure of MSC 

to 0.2 and 10 ng/ml IL1B, respectively, and 11- and 201-fold increases were observed with 

0.2 and 10 ng/ml TNF stimulations, accordingly (Fig. 28 A). The increase in IL1RN gene 

expression through the PTC and IL1B, however, could not be validated on protein level, as 

culture supernatants of these MSC did not contain IL1RN protein above the detectable 

level of 30 pg/ml. MSC cultured with ten times more cells and exposed to the PTC or IL1B 

or MSC grown for 3 days after the stimulation did not reveal any IL1RN protein either. No 

regulation of IL1RN gene expression was observed for IL6, IL8, C3a, C5a and IL10, 

independent on the concentration in case IL6, IL8, C5a and IL10 (Fig. 28 B and C).  
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Fig. 28: Gene expression of IL1RN. Gene expression of IL1RN (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC 

, 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 

ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 

0.1 ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of IL1RN gene expression in 

stimulated MSC compared to control MSC are presented as scatter dot plots and mean. IL1RN: 

interleukin 1 receptor antagonist; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, 

C5a; IL: interleukin; TNF: tumor necrosis factor alpha. 
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Fig. 29: Gene expression of CFH. Gene expression of CFH (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC 

, 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 

ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 

0.1 ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of CFH gene expression in 

stimulated MSC compared to control MSC are presented as scatter dot plots and mean.  Statistical 

significance was determined with one-way ANOVA followed by a Bonferroni’s post-test; *p<0.05. 

CFH: complement factor H; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, C5a; IL: 

interleukin; TNF: tumor necrosis factor alpha. 
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CFH expression  

CFH exerts its anti-inflammatory effect by suppressing the assembly of the C3/C5 

convertase and inhibiting the complement system. In Fig. 29 A, which features the CFH 

gene expression in stimulated MSC compared to controls, a more than two-fold and 

significant upregulation of CFH in MSC stimulated with 10 ng/ml IL1B (2.6-fold) and 10 

ng/ml TNF (3.6-fold) is depicted. Stimulation with the PTC, 0.2 ng/ml IL1B and 0.2 ng/ml 

TNF, however, did not regulate the CFH gene expression (Fig. 29 A). While the difference 

in CFH regulation between the pathophysiological 0.2 ng/ml TNF and the 

supraphysiological 10 ng/ml TNF was significant, no significance was detected between 

the two different IL1B stimulations (Fig. 29 A). Exposure of MSC to IL6, IL8, C3a, C5a 

and IL10 did not lead to a regulation of CFH gene expression independent of the 

concentration (Fig. 29 B and C). 

 

IL10 expression  

IL10 is an anti-inflammatory cytokine with a wide range of functions and protects the 

organism from exceeding immune reactions such as SIRS. Amongst other functions, it 

inhibits COX2 in monocytes and the secretion of IL1B and TNF from antigen-presenting 

cells. In this study, the constitutive IL10 gene expression by MSC was found to be very 

low. Fig. 30 shows the gene expression of IL10 in stimulated MSC compared to control 

MSC and reveals that stimulations with 10 ng/ml IL1B or 10 ng/ml IL6 induced 4.3- and 

2.9-fold up-regulations of IL10 gene expression in MSC, respectively (Fig. 30 A and B). 

The pathophysiologically relevant concentrations of 0.2 ng/ml IL1B and 0.5 ng/ml IL6, 

however, did not influence IL10 gene expression in MSC as seen in Fig. 30 A and B. In 

addition, neither the PTC nor either concentration of TNF, IL8, C5a, IL10 or the 

pathophysiological concentration of C3a were observed to induce any regulation of IL10 

gene expression in MSC (Fig. 30 A, B and C). 
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Fig. 30: Gene expression of IL10. Gene expression of IL10 (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC 

, 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 

ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 

0.1 ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of IL10 gene expression in 

stimulated MSC compared to control MSC are presented as scatter dot plots and mean. PTC: 

polytrauma cocktail; C3a, C5a: complement factors C3a, C5a; IL: interleukin; TNF: tumor necrosis 

factor alpha. 
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Fig. 31: Gene expression of TGFB1. Gene expression of TGFB1 (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC 

, 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 

ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 

0.1 ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of TGFB1 gene expression in 

stimulated MSC compared to control MSC are presented as scatter dot plots and mean. TGFB1: 

transforming growth factor beta 1; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, 

C5a; IL: interleukin; TNF: tumor necrosis factor alpha. 

 

TGFB1 expression 

In contrast to IL10, TGFB1 is constitutively expressed in most tissues and plays an 

important role in apoptosis, cell cycle and development. As an anti-inflammatory agent, it 

PTC 0.2 ng/ml IL1b 10 ng/ml IL1b 0.2 ng/ml TNF 10 ng/ml TNF 0.5

10 0.15 10 500 10 100
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also suppresses the production of reactive oxygen and nitrogen species by monocytes and 

macrophages. Constitutive gene expression of TGFB1 in MSC was found to be easily 

detectable. Upon stimulation of MSC with the PTC or any of the single factors, namely 

IL1B, TNF, IL6, IL8, C3a, C5a or IL10, no fold change greater two was detected as seen 

in Fig. 31 A, B and C.  

 

Proof of PGE2 synthesis 

The PGE2 synthesis engages both COX2, the enzyme converting arachidonic acid to 

PGH2, and PTGES, which converts PGH2 into the immunomodulatory factor PGE2. The 

manifold regulatory functions of PGE2 include among others the induction of 

macrophages to modify their IL10 and TNF expression. While Fig. 32 and 33 show the 

gene expression of COX2 and PTGES, respectively, in stimulated MSC compared to 

control MSC, Fig. 34 depicts the PGE2 secretion from stimulated MSC and control MSC, 

which were cultured at low cell density without cell-cell contacts or at a ten times higher 

cell density with cell-cell contacts.  

 

Upon stimulation of MSC with the PTC or either concentration of IL1B, the COX2 gene 

expression was considerably upregulated in MSC, although with high variance, depending 

on the basal COX2 gene expression of the donor MSC as seen in Fig. 32 A. Stimulation 

with either concentration of TNF induced in one out of six donors an upregulation of 

COX2 gene expression (Fig. 32 A). In contrast, 10 ng/ml IL6, 10 ng/ml IL8 and 100 ng/ml 

C5a all seemed to induce a donor-dependent down-regulation of COX2 gene expression in 

MSC, although these changes were not significant. Exposure to 0.5 ng/ml IL6, 0.15 ng/ml 

IL8, 500 ng/ml C3a, 10 ng/ml C5a or either concentration of IL10 did not influence COX2 

gene expression in MSC (Fig. 32 B and C).  
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Fig. 32: Expression of COX2. Gene expression of COX2 (quantitative real-time PCR, normalized 

to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC , 0.2 

ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 ng/ml 

IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 0.1 

ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of COX2 gene expression in stimulated 

MSC compared to control MSC are presented as scatter dot plots and mean. COX2: 

cyclooxygenase 2; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, C5a; IL: 

interleukin; TNF: tumor necrosis factor alpha. 

 

When looking at the PTGES gene expression in Fig. 33, it becomes apparent that it was 

significantly, 4.1-fold upregulated upon stimulation of MSC with the PTC. Significant 3.2- 

and 8.8-fold upregulations were noticed, when MSC were stimulated with 0.2 ng/ml IL1B 

PTC
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and 10 ng/ml IL1B, respectively, with this IL1B concentration-dependent difference in 

PTGES gene expression regulation being significant as well. As against to IL1B and the 

PTC, stimulation of MSC with TNF, IL6, IL8, C3a, C5a or IL10 did not influence the 

PTGES gene expression as seen in Fig. 33 A, B and C. 

 

In accordance with the upregulation of PTGES and COX2 gene expression, stimulation of 

MSC with 10ng/ml of IL1B led to a significant increase in PGE2 secretion in six out of 

seven donors with a mean of 153 pg/ml PGE2, when MSC were cultured at low density 

and without cell-cell contact, (Fig. 34 A). At this low cell density, the PTC and 0.2 ng/ml 

IL1B were both not able to induce measurable levels of PGE2. Yet, when MSC were 

cultured at a ten times higher density, which means the MSC were confluent and had cell-

cell contacts, PGE2 could be detected in supernatants of all four donors tested upon 

stimulation with the PTC (mean of 980 pg/ml PGE2) or 0.2 ng/ml IL1B (mean of 731 

pg/ml) as depicted in Fig. 34 B. It has to be kept in mind, however, that when grown at this 

high cell density, MSC also secreted measurable levels of PGE2 in two out of four donors 

without any stimulation (15 pg/ml PGE2, Fig. 34 B). In these high cell density cultures, 

stimulation with 10 ng/ml IL1B led to an even higher increase in PGE2 secretion with a 

mean of 2203 pg/ml, which was significant and is shown in Fig. 34 B. Moreover, the 

difference in PGE2 induction between 0.2 ng/ml and 10 ng/ml IL1B was noticed to be 

significant. While the 0.2 ng/ml TNF did not increase PGE2 secretion above basal levels 

regardless of the cell density, 10 ng/ml TNF were able to induce a mean of 193 pg/ml in 

PGE2, when MSC were confluently seeded (Fig. 34 B).  
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Fig. 33: Expression of PTGES Gene expression of PTGES (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation) in stimulated MSC compared to control MSC: A) PTC 

, 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  B) 0.5 ng/ml IL6 , 10 

ng/ml IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  C) 

0.1 ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of PTGES gene expression in 

stimulated MSC compared to control MSC are presented as scatter dot plots and mean.  Statistical 

significance was determined with one-way ANOVA followed by a Bonferroni’s post-test; *p<0.05. 

PTGES: prostaglandin E synthase; PTC: polytrauma cocktail; C3a, C5a: complement factors C3a, 

C5a; IL: interleukin; TNF: tumor necrosis factor alpha. 
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Fig. 34: PGE2 secretion. PGE2 in supernatants 24 h post stimulation from MSC seeded at A) 

5.2×103 cells/cm2 and B) 5.2×104 cells/cm2. Controls  were left untreated, stimulations were as 

follows: PTC , 0.2 ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  Amounts 

of PGE2 in supernatants from stimulated MSC and control MSC are presented as scatter plots and 

mean. Statistical significance was determined with one-way ANOVA followed by a Bonferroni’s 

post-test; *p<0.05. PGE2: prostaglandin E2; PTC: polytrauma cocktail; C3a, C5a: complement 

factors C3a, C5a; IL: interleukin; TNF: tumor necrosis factor alpha. 

 

TSG6 expression   

TSG6 is known to have various anti-inflammatory capacities; one is to induce 

macrophages to secrete less TNF. In Fig. 35 A, C and D the gene expression of TSG6 in 

stimulated MSC compared to control MSC is depicted, while TSG6 protein levels are 

shown in Fig. 35 B. An upregulation of TSG6 gene expression was detected, when MSC 

were stimulated with the PTC or either concentration of IL1B, with a significant mean fold 

change of 43 for the PTC and significant mean fold changes of 32 and 88 for 0.2 ng/ml and 

10 ng/ml IL1B, respectively (Fig. 35 A). Exposure of MSC to 0.2 ng/ml TNF induced a 

fold change of 3.8 in TSG6 gene expression by MSC, while 10 ng/ml TNF were able to 

provoke a significant 16-fold increase, the difference between two TNF concentrations 

being significant as well.  

C
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Fig. 35: Expression of TSG6. A, C, D) Gene expression of TSG6 (quantitative real-time PCR, 

normalized to HPRT1, 24 h post stimulation). B) TSG6 protein in supernatants 24 h post 

stimulation. Controls  were left untreated, stimulations were as follows: A and B) PTC , 0.2 

ng/ml IL1B , 10 ng/ml IL1B , 0.2 ng/ml TNF , 10 ng/ml TNF  C) 0.5 ng/ml IL6 , 10 ng/ml 

IL6 , 0.15 IL8 , 10 ng/ml IL6 , 500 ng/ml C3a , 10 ng/ml C5a , 100 ng/ml C5a  D) 0.1 

ng/ml IL10 , 10 ng/ml IL10 . The logarithmized values of TSG6 gene expression in stimulated 

MSC normalized to control MSC (A, C, D) as well as the amounts of TSG6 in supernatants from 

stimulated MSC and control MSC (B) are presented as scatter dot plots and mean. Statistical 

significance was determined with one-way ANOVA followed by a Bonferroni’s post-test; *p<0.05. 

TSG6: umor necrosis factor-inducible gene 6 protein; PTC: polytrauma cocktail; C3a, C5a: 

complement factors C3a, C5a; IL: interleukin; TNF: tumor necrosis factor alpha. 
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On protein level, significantly enhanced levels of TSG6 were detected in wells of MSC 

stimulated with the PTC (4.1 ng/ml TSG6), 0.2 ng/ml IL1B (2.8 ng/ml TSG6) or 10 ng/ml 

IL1B (5 ng/ml TSG6), while unstimulated controls showed only low amounts (0.2 ng/ml 

TSG6 (Fig. 35 B). Upon stimulation with 0.2 ng/ml or 10 ng/ml TNF, means of 478 ng/ml 

and 3384 ng/ml TSG6 were detected, respectively (Fig. 35 B). In case of 10 ng/ml TNF, 

the increase in TSG6 secretion was significant, both when compared to controls and when 

compared to 0.2 ng/ml TNF. IL6, IL8, C3a, C5a and IL10 did not induce any regulation of 

TSG6 gene expression in MSC (Fig. 35 C and D).    

3.2.6 Inflammatory factor real-time PCR array analysis  

Expression of 84 inflammatory factors comprised in the RT2 Profiler PCR Array for 

Human Inflammatory Response and Autoimmunity was analyzed after stimulation of MSC 

with the PTC, 0.2 ng/ml and 10 ng/ml IL1B and 0.2 and 10 ng/ml TNF.  

 

In Fig. 36, the dot plot compares the effect of the PTC with the effect of 0.2 ng/ml IL1B on 

the expression of inflammatory factors by MSC, which are marked in green, when 

significantly and more than two-fold regulated by both the PTC and 0.2 ng/ml IL1B with 

the according name next to the dot and in blue and orange, when significantly and more 

than two-fold regulated by only 0.2 ng/ml IL1B or the PTC, respectively. Upon stimulation 

of MSC with the PTC, the following inflammatory factors were significantly and more 

than two-fold upregulated as seen in Fig. 36: IL8, C-X-C motif ligand (CXCL) 6, C3, 

CXCL3, CXCL1, CXCL5, IL6, CXCL2, CCL2, CCL5, IL1B, CCL7, macrophage colony-

stimulating factor (CSF1), IL1A, TLR3, receptor-interacting serine/threonine-protein 

kinase (RIPK) 2, CCAAT/enhancer-binding protein (CEBP) B and nuclear factor kappa-

light-chain-enhancer of activated B cells (NFKB) 1. Stimulation of MSC with 0.2 ng/ml 

IL1B, the respective PTC concentration, revealed a significant and more than two-fold 

increase of IL8, CXCL6, C3, CXCL3, CXCL1, IL6, CXCL2, CCL2, CCL8, CCL5, IL1B, 

CCL7, CSF1, TLR3, RIPK2, CEBPB and NFKB1 expression. A more than twofold and 

significant downregulation of any factor could not be detected. An additive effect of the 

PTC was only observed in the regulation of IL1B gene expression, as the PTC stimulation 

induced a three times higher upregulation than the stimulation with 0.2 ng/ml IL1B. All 
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other genes (see section 2.1.5, Tab. 6) were not more than two-fold differentially regulated 

by the PTC and 0.2 ng/ml IL1B. The dots, which compare the inflammatory gene 

expression regulation between 0.2 ng/ml and 10 ng/ml IL1B, all lie close to the y=x line 

with a minimal shift to the PTC side. A non-linear regression straight line fit revealed a 

line with a slope of 0.936, which means the fitted line is only very slightly shifted to the 

PTC side.  

 

The dot plot in Fig. 37 illustrates an IL1B concentration-dependent effect on the expression 

of inflammatory factors by MSC. Marked in green are genes significantly and more than 

two-fold regulated by both 0.2 ng/ml IL1B and 10 ng/ml IL1B with the according name 

next to the dot, illustrated in blue and orange are genes significantly and more than two-

fold regulated by only 0.2 ng/ml IL1B or 10 ng/ml, respectively. The genes, which were 

significantly (equal or greater than two-fold) regulated by 0.2 ng/ml IL1B and described 

above, closely resemble the genes, which were significantly (equal or greater than two-

fold) upregulated by 10 ng/ml IL1B. These included IL8, CXCL6, C3, CXCL3, CXCL1, 

IL6, CXCL2, CXCL5, CCL2, IL1B, CSF1, IL1A, RIPK2, C3aR1, CEBPB and NFKB1. 

The genes CCL3, CCL5, IL1A, IL1B, IL6 and IL8 seemed to be dose-dependently 

regulated by IL1B, as they were more than two-fold higher increased in MSC stimulated 

with the higher concentration of 10 ng/ml IL1B than in MSC stimulated with the lower 

dose of 0.2 ng/ml IL1B. The dots in Fig. 37, whose positions represent comparisons in 

inflammatory gene expression regulation between 0.2 ng/ml and 10 ng/ml IL1B, lie close 

to the y=x with a very slight shift to the 10 ng/ml side. The non-linear regression straight 

line fit supports this observation, as it revealed a line with a slope of 0.9542. 
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Fig. 36: Comparative analysis of inflammatory factor expression between the PTC and 0.2 

ng/ml IL1B in MSC in vitro. RT2 Profiler PCR Array Human Inflammatory Response was 

performed 24 h post stimulation of MSC with the PTC or 0.2 ng/ml IL1B or without treatment and 

analyzed with the RT Profiler PCR Array Data Analysis version 3.5 online [157], which uses a 

Student’s t-test for significance determination, p<0.05. Each dot represents the mean of the 

logarithmized gene expression values of one inflammatory factor in stimulated MSC compared to 

control MSC from 3 donors. The position of each dot reflects the comparison in gene expression of 

one inflammatory factor between the PTC and 0.2 ng/ml IL1B. Inflammatory factors significantly 

and more than two-fold upregulated by both IL1B concentrations (green), only the PTC (blue) or 

only 0.2 ng/ml IL1B (orange) are marked with the according name next to the dot. PTC: polytrauma 

cocktail; C3: complement factor C3; IL: interleukin; CCL: C-C motif ligand; CXCL: C-X-C motif 

ligand; CSF1: macrophage colony-stimulating factor; TLR: toll-like receptor; NFKB1: nuclear factor 

kappa-light-chain-enhancer; RIPK2: receptor-interacting serine/threonine-protein kinase 2; CEBPB: 

CCAAT/enhancer-binding protein beta. 
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Fig. 37: Comparative analysis of inflammatory factor expression between 10 ng/ml IL1B and 

0.2 ng/ml IL1B in MSC in vitro. RT2 Profiler PCR Array Human Inflammatory Response was 

performed 24 h post stimulation of MSC with 10 ng/ml IL1B, 0.2 ng/ml IL1B or without treatment 

and analyzed with the RT Profiler PCR Array Data Analysis version 3.5 online [157], which uses a 

Student’s t-test for significance determination, p<0.05. Each dot represents the mean of the 

logarithmized gene expression values of one inflammatory factor in stimulated MSC compared to 

control MSC from 3 donors. The position of each dot reflects the comparison in gene expression of 

one inflammatory factor between 10 ng/ml IL1B and 0.2 ng/ml IL1B. Inflammatory factors 

significantly and more than two-fold upregulated by both IL1B concentrations (green), only 10 

ng/ml IL1B (blue) or only 0.2 ng/ml IL1B (orange) are marked with the according name next to the 

dot. C3: complement factor C3; C3aR1: complement factor C3a receptor 1; IL: interleukin; CCL: C-

C motif ligand; CXCL: C-X-C motif ligand; CSF1: macrophage colony-stimulating factor; TLR: toll-

like receptor; NFKB1: nuclear factor kappa-light-chain-enhancer; RIPK2: receptor-interacting 

serine/threonine-protein kinase 2; CEBPB: CCAAT/enhancer-binding protein beta. 
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The comparison between 0.2 ng/ml and 10 ng/ml TNF in terms of inflammatory gene 

regulation is depicted in the dot plot in Fig. 38. Inflammatory factors, significantly and 

more than two-fold upregulated by either concentration of TNF, are marked in green with 

the according name next to the dot. Genes significantly and more than two-fold regulated 

by either 0.2 ng/ml TNF or 10 ng/ml TNF are marked in blue or yellow, respectively. 

Upon stimulation of MSC with 0.2 ng/ml TNF, the following genes were significantly and 

more than two fold upregulated: IL8, CCL2, C3, IL6, CXCL2, CSF1, TLR3, RIP2K, 

NFKB1, CCL5, CXCL3, CXCL6, CXCL1, CCL8 and CCL7. When MSC were stimulated 

with 10 ng/ml TNF, a more than two-fold and significant upregulation of IL8, CCL2, C3, 

IL6, CXCL2, CSF1, TLR3, RIP2K, NFKB1, TNF, TLR2, IL1B, IL1A, C3aR1, CCL3, 

Fms-related tyrosine kinase 3 ligand (FLT3LG), TLR1, Lymphotoxin beta (LTB) and IL23 

was detected. This means that only nine genes were upregulated by both concentrations of 

TNF, while C3A, C3aR1, CCL11, CCL2, CCL3, CCL5, CCL8, CD40, CSF1, CXCL10, 

CXCL3, CXCL5, CXCL9, IL1A, IL1B, IL6, IL8, RIP2k, TLR2, TLR3 and TNF were at 

least two-fold higher regulated by 10 ng/ml TNF compared to 0.2 ng/ml TNF. 

Furthermore, the dots in Fig. 38, whose positions represent comparisons in inflammatory 

gene expression regulation between 0.2 ng/ml TNF and 10 ng/ml TNF, do not lie close to 

the y=x line. The non-linear regression straight line fit revealed a line with a slope of 0.662 

showing a clear shift to the 10 ng/ml TNF side.  
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Fig 38: Comparative analysis of inflammatory factor expression between 10 ng/ml and 0.2 

ng/ml TNF in MSC in vitro. RT2 Profiler PCR Array Human Inflammatory Response was 

performed 24 h post stimulation of MSC with 10 ng/ml TNF, 0.2 ng/ml TNF or without treatment 

and analyzed with the RT Profiler PCR Array Data Analysis version 3.5 online [157], which uses a 

Student’s t-test for significance determination, p<0.05. Each dot represents the mean of the 

logarithmized gene expression values of one inflammatory factor in stimulated MSC compared to 

control MSC from 3 donors. The position of each dot reflects the comparison in gene expression of 

one inflammatory factor between 10 ng/ml TNF and 0.2 ng/ml TNF. Inflammatory factors 

significantly and more than two-fold upregulated by both TNF concentrations (green), only 10 ng/ml 

TNF (blue) or only 0.2 ng/ml TNF (orange) are marked with the according name next to the dot. 

PTC: polytrauma cocktail; TNF: tumor necrosis factor alpha; C3: complement factor C3; C3aR1: 

complement factor C3a receptor 1; IL: interleukin; CCL: C-C motif ligand; CXCL: C-X-C motif 

ligand; CSF1: macrophage colony-stimulating factor; TLR: toll-like receptor; NFKB1: nuclear factor 

kappa-light-chain-enhancer; RIPK2: receptor-interacting serine/threonine-protein kinase 2; CEBPB: 

CCAAT/enhancer-binding protein beta; LTB: lymphotoxin beta; FLT3LG: Fms-related tyrosine 

kinase 3 ligand. 
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3.2.7 Expression of IL1RI and inhibition of PTC and IL1B mediated 

effects 

Gene expression analysis of MMP 1, PGE2 and TSG6 as well as the results from the 

inflammatory factor gene expression array seemed to be equally regulated by the PTC and 

0.2 ng/ml IL1B, the respective PTC concentration, indicating that IL1B might be the major 

regulatory factor of the PTC. MSC were therefore investigated for the expression of IL1RI 

and furthermore treated with an anti-IL1RI antibody to inhibit IL1B signaling before being 

stimulated with the PTC or 0.2 ng/ml IL1B in order to ascertain the effect of IL1B in the 

context of the PTC.   

 

Fig. 39 shows a representative example of MSC stained with an IL1RI antibody or the 

corresponding isotype control. MSC used in this study were positive for IL1RI expression, 

while isotype controls did not show any staining. Therefore, no subpopulation responding 

to IL1B treatment is assumed.   

 

Fig. 39: Expression of IL1RI by MSC. MSC were seeded at 104 cells/well on 4-well glass slides 

with polystyrene vessels in complete medium and after changing to serum-free conditions fixated 

and stained an anti-IL1RI antibody (A) or the non-specific IgG (B) isotype control and the Dako 

LSAB+ System-HRP.  
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Fig. 40: Inhibition of PTC- and IL1B-mediated effects. Gene expression of A) PTGES, C) TSG6, 

E) MMP1 and levels of B) PGE2, D) TSG6 in supernatants 24 h post stimulation with the PTC, 0.2 

ng/ml IL1B or without stimulation after the anti-IL1RI antibody (anti-IL1RI IgG) or the non-specific 

IgG isotype control (ns IgG) had been added. The logarithmized values of gene expression or 

values in supernatants are presented as scatter dot plots and mean from up to 4 donors. Exposure 

of MSC to non-specific IgG isotype control and 0.2 ng/ml IL1B (  ) or the PTC (  ) was 

compared to treatment of MSC with anti-IL1RI antibody and 0.2 ng/ml IL1B (  ) or the PTC ( ). 

IL: interleukin; PTC: polytrauma cocktail; IL1RI: interleukin 1 receptor 1; ns: non-specific; Ig: 

immunoglobulin; PTGES: prostaglandin E synthase; PGE2: prostaglandin E2; TSG6: tumor 

necrosis factor-inducible gene 6 protein; MMP1: matrix metallopeptidase 1. 

10 10 ng/ml IL1b

0.2 ng/ml IL1b 0.5
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In Fig. 40, the gene expression regulation of MMP1, PTGES and TSG6 as well as PGE2 

and TSG6 levels in supernatants of control MSC and MSC stimulated with 0.2 ng/ml IL1B 

or the PTC after addition of the anti-IL1RI antibody or the respective isotype control IgG 

are depicted. In the presence of 0.2 ng/ml IL1B or the PTC, the level of PTGES gene 

expression in MSC increased as expected, when only the IgG isotype control was added, 

and remained at the baseline upon addition of the anti-IL1RI antibody (Fig. 40 A). Levels 

of the metabolite PGE2 behaved accordingly, as the IL1B and PTC mediated increases 

dropped, when the anti-IL1RI antibody was present (Fig. 40 B). Upregulations of TSG6 

gene expression after exposure of MSC to 0.2 ng/ml IL1B or the PTC were also 

completely inhibited, when the anti-IL1RI antibody was added (Fig 40 C). The TSG6 in 

supernatants of MSC cultured with the IgG isotype control and 0.2 ng/ml IL1B or the PTC 

declined to almost basal levels in the anti-IL1RI antibody containing cultures as well (Fig 

40 D). Supplementing the anti-IL1RI antibody decreased the IL1B and PTC mediated 

upregulation of MMP1 gene expression in MSC (Fig. 40 E). 

3.3  Co-culture of MSC and macrophages under PT-associated 

inflammatory conditions in vitro 

Previous co-culture models of MSC with macrophages have shown that LPS, INFG or 

TNF activated MSC can increase IL10 production or reduce TNF secretion in LPS, IFNG 

or zymosan activated macrophages via the immunomodulatory factors PGE2 and TSG6. 

Since this study also found enhanced levels of PGE2 and TSG6 in MSC stimulated with 

the PTC, it was investigated, if MSC were able to modulate macrophage biology in a 

sterile inflammatory milieu such as the PTC. In order to activate macrophages, the sterile 

inflammatory milieu in this in vitro study was further expanded by the addition of HMGB1 

to the PTC. In addition, LPS was also tested as stimulant together with the PTC in order to 

derive comparisons to other studies and comparisons within this study between the sterile 

inflammatory conditions mimicked by the PTC and HMGB1 and the bacterial 

inflammatory condition mimicked by the PTC and LPS. 

 

Before investigating the combined effect of HMGB1 and the PTC, the effect of HMGB1 

alone on MSC and macrophages was examined by using a specific TNF ELISA. The 
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pathophysiological relevant dose of 1 µg/ml HMGB1 applied was found to induce a small 

measurable TNF release by human monocyte-derived macrophages in vitro. In 

combination with the PTC, HMGB1 was found to induce a solid TNF secretion by 

macrophages as explained in more detail below. In MSC, no regulation of COX2, PTGES, 

TSG6, IL10, IL1RN, TGFB and CFH gene expression was found upon stimulation with 1 

µg/ml HMGB1.  

 

In Fig. 41, TNF secretion by macrophages cultured alone, macrophages co-cultured with 

MSC and MSC cultured alone without stimulation and upon exposure to the PTC or the 

PTC/HMGB1 combination is shown. Macrophages cultured by themselves secreted 27 

pg/ml TNF without stimulation, which was significantly increased upon exposure to the 

PTC (58.6�pg/ml TNF) and the PTC/HMGB1 combination (194.4�pg/ml TNF). In the co-

culture of macrophages with MSC, these TNF levels in supernatants were markedly 

downregulated, as no TNF was detectable in wells without stimulation and very low levels 

 

Fig. 41: TNF secretion in PTC and PTC/HMGB1 stimulated co-cultures of MSC with 

macrophages. TNF was detected in supernatants from MSC cultured alone (blue), MSC co-

cultured with macrophages (orange) and macrophages cultured alone (green) 24 h post stimulation 

with the PTC, the PTC and 1 µg/ml HMGB1 or without stimulation. The MSC to macrophage ratio 

equaled 1:2. Amounts of TNF in supernatants from MSC and macrophages are presented as 

floating bars from minimum to maximum and mean from 3 donors. Statistical significance was 

determined using two-way ANOVA, p<0.05. MSC: multipotent mesenchymal stromal cell; MΦ 

macrophage; Co: co-culture; PTC: polytrauma cocktail; HMGB1: high mobility group box protein; 

TNF: tumor necrosis factor alpha. 
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in wells with the PTC (2.6�pg/ml TNF) or the PTC/HMGB1 combination (14.5�pg/ml 

TNF, Fig. 41). MSC cultured alone did not secrete any TNF, regardless of the stimulation 

with the PTC or the PTC/HMGB1 combination (Fig. 41). 

 

Secretion of IL10 by macrophages could not be detected, regardless of the stimulation with 

the PTC, the PTC/HMGB1 combination or a co-culture with MSC (data not shown).  

 

Fig. 42: PGE2 secretion in PTC and PTC/HMGB1 stimulated co-culture of MSC with 

macrophages. PGE2 was detected in supernatants from MSC cultured alone (blue), MSC co-

cultured with macrophages (orange) and macrophages cultured alone (green) 24 h post stimulation 

with the PTC, the PTC and 1µg/ml HMGB1 or without stimulation. The MSC to macrophage ratio 

equaled 1:2. Amounts of PGE2 in supernatants from MSC and macrophages are presented as 

floating bars from minimum to maximum and mean from 3 donors. MSC: multipotent mesenchymal 

stromal cell; MΦ macrophage; Co: co-culture; PTC: polytrauma cocktail; HMGB1: high mobility 

group box protein; PGE2: prostaglandin E2. 

 

Fig. 42 shows the corresponding PGE2 levels in supernatants of MSC and macrophages 

cultured alone or together without stimulus or upon stimulation with the PTC or the 

PTC/HMGB1 combination. As expected, the PGE2 release by singly cultured MSC was 

fairly low without stimulation  (0.06 ng/ml PGE2) and rose upon exposure to the PTC (1 

ng/ml PGE2) and the PTC/HMGB1 combination (1.1 ng/ml PGE2). Upon co-culture of 

MSC with macrophages, these levels of PGE2 secretion increased donor-dependent both in 

the unstimulated well (0.1�ng/ml PGE2) and in the PTC (3.5 ng/ml PGE2) and 

PTC/HMGB1 (6.7�ng/ml PGE2) exposed wells. Macrophages cultured alone did not 
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secrete any PGE2, regardless of the stimulation with the PTC or the PTC/HMGB1 

combination (Fig. 42). 

 

Results from a specific TSG6 ELISA gathered from the same experimental setups are 

diagrammed in Fig. 43. In MSC cultured alone, the TSG6 release was low without 

stimulation (0.3�ng/ml TSG6) and increased upon exposure to the PTC (18.544�ng/ml 

TSG6) and the PTC/HMGB1 combination (21.1�ng/ml TSG6). When macrophages were 

co-cultured, these TSG6 levels then slightly decreased in PTC (13.2 ng/ml TSG6) and 

PTC/HMGB1 (17.4�ng/ml TSG6) treated wells and built up in wells without stimulation 

(1 ng/ml TSG6). Macrophages cultured alone did not produce any TSG6, regardless of the 

stimulation with the PTC or the PTC/HMGB1 combination (Fig. 43).  

 

Fig. 43: TSG6 secretion in PTC and PTC/HMGB1 stimulated co-cultures of MSC with 

macrophages. TSG6 was detected in supernatants from MSC cultured alone (blue), MSC co-

cultured with macrophages (orange) and macrophages cultured alone (green) 24 h post stimulation 

with the PTC, the PTC and 1 µg/ml HMGB1 or without stimulation. The MSC to macrophage ratio 

equaled 1:2. Amounts of TSG6 in supernatants from MSC and macrophages are presented as 

floating bars from minimum to maximum and mean from 3 donors. MSC: multipotent mesenchymal 

stromal cell; MΦ macrophage; Co: co-culture; PTC: polytrauma cocktail; HMGB1: high mobility 

group box protein; TSG6: tumor necrosis factor-inducible gene 6 protein. 

 

In the PTC/LPS treated cultures, the release of TNF, IL10, PGE2 and TSG6 differed from 

the PTC/HMGB1 stimulations. Fig. 44 depicts the TNF levels measured in supernatants 

from macrophages and MSC cultured alone or together without stimulus or upon 

stimulation with the PTC/LPS combination. In detail, the TNF production by macrophages 
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when stimulated with the PTC/LPS and cultured alone (2766.4�pg/ml TNF) was halved in 

the co-culture with MSC (1460.7 pg/ml TNF), but not completely inhibited (Fig. 44). 

When MSC were cultured alone and stimulated with the PTC/LPS combination, no TNF 

could be detected (Fig. 44). As the control cultures in Fig. 44 are the same as the ones in 

Fig. 41, they are not described in detail again.  

 

Fig. 44: TNF secretion in PTC/LPS stimulated co-cultures of MSC with macrophages. TNF 

was detected in supernatants from MSC cultured alone (blue), MSC co-cultured with macrophages 

(orange) and macrophages cultured alone (green) 24 h post stimulation with the PTC and 20 ng/ml 

LPS or without stimulation. The MSC to macrophage ratio was 1:2. Amounts of TNF in 

supernatants from MSC and macrophages are presented as floating bars from minimum to 

maximum and mean from 3 donors. MSC: multipotent mesenchymal stromal cell; MΦ macrophage; 

Co: co-culture; PTC: polytrauma cocktail; LPS: lipopolysaccharide; TNF: tumor necrosis factor 

alpha. 

 

In contrast to the PTC and the PTC/HMGB1 stimulation, which failed to stimulate MSC to 

induce macrophages to secrete measurable amounts of IL10, the PTC/LPS combination 

caused an IL10 production in macrophages cultured by themselves and when co-cultured 

with MSC as seen in Fig. 45. In the presence of the PTC/LPS combination, the IL10 

secretion by macrophages cultured alone (14.3�pg/ml IL10) augmented, when MSC were 

added (37.6 pg/ml), whilst MSC cultured alone did not exhibit any IL10 production under 

these stimulatory conditions (Fig. 45). 
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Fig. 45: IL10 secretion in PTC/LPS stimulated co-cultures of MSC with macrophages. IL10 

was detected in supernatants from MSC cultured alone (blue), MSC co-cultured with macrophages 

(orange) and macrophages cultured alone (green) 24 h post stimulation with the PTC and 20 ng/ml 

LPS or without stimulation. The MSC to macrophage ratio equaled 1:2. Amounts of IL10 in 

supernatants from MSC and macrophages are presented as floating bars from minimum to 

maximum and mean from 3 donors. Statistical significance was determined using two-way ANOVA, 

p<0.05. MSC: multipotent mesenchymal stromal cell; MΦ macrophage; Co: co-culture; PTC: 

polytrauma cocktail; LPS: lipopolysaccharide; IL: interleukin. 

 

The supernatant analysis of the PGE2 release by MSC and macrophages cultured alone or 

together without stimulation or upon stimulation with the PTC/LPS combination are 

diagrammed in Fig. 46. Unstimulated controls are the same as described in Fig. 42 in the 

previous section and therefore not explained. In contrast to the PTC/HMGB1 combination, 

which did not induce any PGE2 production in macrophages, stimulation with the PTC/LPS 

combination resulted in a substantial PGE2 release in wells of macrophages cultured alone 

(1.3�ng/ml PGE2) and further  escalated in the co-culture with MSC (14.8�ng/ml PGE2). 

MSC alone produced 2�ng/ml PGE2 upon exposure to the PTC/LPS combination. 
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Fig. 46: PGE2 secretion in PTC/LPS stimulated co-cultures of MSC with macrophages. PGE2 

was detected in supernatants from MSC cultured alone (blue), MSC co-cultured with macrophages  

(orange) and macrophages cultured alone (green) 24 h post stimulation with the PTC, the PTC and 

20 ng/ml LPS or without stimulation. The MSC to macrophage ratio was 1:2. Amounts of PGE2 in 

supernatants from MSC and macrophages are presented as floating bars from minimum to 

maximum and mean from 3 donors. MSC: multipotent mesenchymal stromal cell; MΦ macrophage; 

Co: co-culture; PTC: polytrauma cocktail; LPS: lipopolysaccharide; PGE2: prostaglandin E2. 

 

In Fig. 47, the parallel TSG6 levels are depicted. MSC cultured alone and stimulated with 

the PTC/LPS combination secreted 16.1 ng/ml TSG6, while macrophages cultured alone 

and stimulated with the PTC/LPS combination, produced 6.9�ng/ml TSG6. In the co-

culture of MSC with macrophages, these levels of TSG6 markedly increased (44.4 ng/ml) 

to levels double as high as the TSG6 levels from the two single cultures added up (Fig. 47). 

As the controls in Fig. 47 are the same as the ones in Fig. 43, these are not described again.  
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Fig. 47: TSG6 secretion in PTC/LPS stimulated co-cultures of MSC with macrophages. TSG6 

was detected with in supernatants from MSC cultured alone (blue), MSC co-cultured with 

macrophages (orange) and macrophages cultured alone (green) 24 h post stimulation with the PTC 

and 20 ng/ml LPS or without stimulation. The MSC to macrophage ratio equaled 1:2. Amounts of 

TSG6 in supernatants from MSC and macrophages are presented as floating bars from minimum 

to maximum and mean from 3 donors. MSC: multipotent mesenchymal stromal cell; MΦ 

macrophage; Co: co-culture; PTC: polytrauma cocktail; LPS: lipopolysaccharide; TSG6: tumor 

necrosis factor-inducible gene 6 protein. 
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4 Discussion 

4.1 Detection of MSC marker positive cells in the peripheral blood of 

PT patients 

In recent years, several studies reported that the incidence of MSC circulating in the blood 

augments after injury such as hip or lower extremities fractures, acute myocardial 

infarction, chronic hypoxia, strenuous muscular exercise causing acute muscle damage, in 

McArdle’s disease patients and upon high-intensity exercise in stable coronary artery 

disease patients [3, 116, 161, 168, 206]. Hence, the question emanated, if the number of 

MSC in the blood of PT patients, who suffer from severe injury, hypoxia, hypotension and 

ischemia, also increases upon a PT, and if so, at which time points. The first aim of this 

study, therefore, was to investigate the number of MSC marker positive cells in the blood 

of PT patients in a time course and compare them to the ones in healthy individuals.  

 

Most of the knowledge on the phenotype and functional characteristics of MSC originates 

from in vitro studies. For these culture-expanded MSC, the International Society for 

Cellular Therapy defined that they have to be plastic-adherent and to be able to 

differentiate at least into osteoblasts, adipocytes and chondroblasts, when cultured under 

appropriate differentiation conditions in vitro [39]. Moreover, more than 95 % of the 

culture have to express the positive markers CD105, CD90 and CD73 and less than 2 % 

may carry the negative markers CD45, CD34, CD14, or CD11b, CD79α or CD19, HLA 

class II [39]. Other positive markers reported for cultured-expanded MSC include CD166, 

CD44 and CD29 [80, 151]. Recent studies, however, have pointed out that surface markers 

expressed by native MSC may differ from those found on culture expanded MSC as 

reviewed by Bernardo et al. [12]. SSEA4, CD271, nerve growth factor receptor, STRO1 

and MSCA1 are reported to be expressed by native MSC [9, 57, 159, 184]. Therefore, 

STRO1, MSCA1 and SSEA4 were contemplated as valid markers in combination with the 

non-specific markers CD90, CD73, CD29, CD105 and CD166 for the detection of native 

MSC marker positive cells in the blood of PT patients and healthy individuals. Even 

though the surface profile of culture expanded and native MSC cannot be compared or 
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validated by each other for the reasons named above, the bone marrow derived, culture 

expanded MSC generally used in this study were stained with the same marker 

combinations chosen to identify MSC marker positive cells in the blood for some degree of 

validation. As expected, 95 % of the bone marrow derived, culture expanded MSC used in 

this study expressed CD90, CD73, CD29, CD105, CD166, while the native markers 

STRO1, MSCA1 and SSEA4 stained substantially less cells. Since the FACS Calibur 

features only four fluorescence channels and the pan leukocyte marker CD45 is expressed 

on all leukocytes and on hematopoietic stem cells (HSC), CD45 was found to be a valuable 

negative marker, when three different positive MSC markers including one supposedly 

stringent native marker are applied at the same time. Moreover, other groups used CD45 as 

negative marker for the identification of MSC in the blood as well [161, 206].  

 

In summary, this study could show that multiple MSC marker positive cell populations can 

be detected in the blood of PT patients and that all of these populations exhibited a peak, 

although the pattern of increase and decrease over time varied between the different 

staining combinations. Even though none of the time profiles completely overlapped, 

similarities between the populations marked by the different marker combinations were 

observed. While the numbers of CD45-, CD9+, SSEA4+ and CD73+ cells were always 

higher in the blood of PT patient than in the healthy controls and the peak of these cells in 

PT patients occurred fairly late at 48 h, the CD45-, CD90+, CD73+ and STRO1+ cells, the 

CD45-, CD105+, CD73+ and MSCA1+ cells and the CD45-, CD105+, CD166+ and 

STRO1+ in the blood of PT patients peaked between 12 and 24 h and fluctuated above and 

below the number of equivalent cells in the healthy individuals. Moreover, the CD45-, 

CD29+, CD166+ and MSCA1+ cells basically exhibited the same profile with a peak at 12 

h, although a second peak was observed at 240 h. Another observation was that the levels 

of CD45-, CD29+, CD166+ and MSCA1+ cells, CD45-, CD90+, CD73+ and STRO1+ 

cells, CD45-, CD105+, CD73+ and MSCA1+ cells and CD45-, CD105+, CD166+ cells 

were much lower than the levels of CD45-, CD9+, SSEA4+ and CD73+ cells, as their 

peaks were only or not even as high as the lowest levels of CD45-, CD9+, SSEA4+ and 

CD73+. Now when taking into account the differences, but also the similarities in the time 

profiles and the partial overlap in marker combinations between the differentially marked 
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MSC marker positive cells, one could assume that the CD45-, CD9+, SSEA4+ and CD73+ 

cells are an entirely different subpopulation of MSC marker positive cells, while the CD45-

, CD29+, CD166+ and MSCA1+ cells, CD45-, CD90+, CD73+ and STRO1+ cells, CD45-, 

CD105+, CD73+ and MSCA1+ cells and CD45-, CD105+, CD166+ cells are four 

subpopulations, which partially overlap, or belong to one population carrying varying 

amounts of CD90, CD29, CD105, CD73, CD166, MSCA1 and STRO1. Since the stem cell 

character of these blood circulating, MSC marker positive cells could not be proven within 

this study due to the limitation of patient material, they are not called MSC. Nonetheless, 

the following will compare the numbers of MSC marker positive cells found in this study 

with numbers of MSC in the blood detected by flow cytometry in other studies.  

 

Using flow cytometry, Ramirez et al. found about 7, 11 and 17 circulating MSC (CD45-, 

CD29+, CD13+) per µl blood in healthy individuals, runners after a race and patients with 

McArdle’s disease, respectively [161]. After myocardial infarction, between 2 and 5 MSC 

(CD45-, CD34-, CD105+) were reported per µl blood making use of the same method 

[206]. Eichner discovered between 0.002 and 0.012 % of MNC in patients after a triple 

osteotomy or total hip replacements to be MSC like (CD2-, CD45-, CD235a-, CD166+, 

CD73+) having employed flow cytometry as well [41]. As the numbers of circulating MSC 

in this study and the just cited studies have been given in different measurements and for 

different medical conditions, it is hard to compare them. However, when cautiously 

converting the recorded MSC marker carrying cells as determined by flow cytometry per 

µl of blood, levels in this study and the cited studies generally coincide.  

 

Other studies, in which circulating MSC were counted with the help of colony formation 

and confirmed their MSC character by immunohistochemistry and differentiation assays in 

vitro and in vivo, reported less than 1 MSC per million MNC and several thousand MSC 

per 500 ml blood in healthy individuals [100, 225]. However, the low number of 

circulating MSC found in the blood when using colony formation as detection method 

might be confounded by the possibility that not all circulating MSC adhere to the plastic 

surface and proliferate. MSC from the bone marrow were previously found to require 

growth factors that are released by HSC for proliferation [53]. A set of at least four 
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different growth factors including PDGFBB, FGF2, TGFB and epidermal growth factor 

(EGF) was later known to be essential for colony formation of MSC from the bone marrow 

[99]. The low colony-forming efficiency of MSC could therefore also be due to a lack of 

growth factors caused by low numbers of MSC in peripheral blood or to a different set of 

growth factors needed by blood circulating MSC [64].  

 

Another possibility to explain the higher numbers of MSC-like cells detected in the blood, 

when flow cytometry is used for their identification, is that they are contaminated with 

other stem cells in the circulation. Hence, the following will review possible contaminating 

cell types and their surface marker. HSC pass the marrow barrier in the course of an 

infection and enter into the circulation to give rise to blood cells of both myeloid and 

lymphoid lineages. They are of round and non-adherent morphology and express the 

hematopoietic marker CD45 as opposed to MSC [73]. Monocyte-derived mesenchymal 

progenitor cells (MOMP) are another stem cell type to bear in mind, as they were found to 

have a fibroblastic morphology and to be able to differentiate along various mesenchymal 

lineages under adequate culture conditions [98]. A similar monocyte-derived cell 

population with a pluripotent stem cell character was discovered by Zhao et al. and named 

PSC [220]. MOMP as well as these monocyte-derived PSC express CD14, CD34 and 

CD45, whereas circulating MSC described in various studies lack these three markers [3, 

13, 98, 206], which makes it possible to immunophenotypically distinguish blood 

circulating MSC from MOMP and PSC. Very small embryonic-like stem cells (VSEL) had 

also previously been detected in human bone marrow as a pluripotent stem cell subset 

[145]. They are very small and express CD34, CD133 and CXCR184 [145]. Endothelial 

progenitor cells (EPC) are mobilized from the bone marrow into circulation upon trauma, 

inflammation and ischemic injury and carry CD34, CD133 and VEGF receptor 2 [60, 109, 

205]. Endothelial cells entering the blood stream upon vascular injury hold CD146 and 

CD34, both of which are reported to occur on native MSC as well [32, 88, 185]. The 

postulation that MSC are CD34 negative by Domini et al. primarily applies to cultured 

MSC as reviewed by Lin et al. [39, 115]. Pericytes isolated from human adult and fetal 

blood vessels in different tissues were found to expand in vitro and to give rise to MSC 

marked by a multilineage differentiation potential in vitro and myogenic differentiation in 
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vivo [27]. Since pericytes also migrated towards degraded extracellular matrix components 

in chemotaxis experiments, they are suggested to migrate out of the vasculature towards a 

site of injury [27]. The marker set to identify pericytes used by Crisan et al. is CD45-, 

CD34-, CD56- and CD146+ [27]. 

 

In summary, the surface marker profiles between MSC, VSEL, EPC, endothelial cells and 

pericytes in the peripheral blood overlap. Further distinction might be accomplished with a 

flow cytometer that can discern more than four surface markers. Moreover, sorting and 

inducing their differentiation into various subtypes on single cell level in vitro or in vivo 

will also help to decisively evaluate the character of these MSC marker positive cells in the 

blood of PT patients. Depending of the differentiation potential, one can possibly 

discriminate between VSEL, MSC, ESC and pericytes. Investigations of their 

immunomodulatory and migratory capacity will further help to resolve their possible MSC 

character.  

4.2 Impact of PT-associated cytokines and complements factors on 

MSC in vitro  

As in vitro expanded MSC injected into the circulation have often been reported to exert 

regenerative and immunomodulatory effects in various disease models, the systemic 

application of MSC to PT patients is suggested to constitute a possible therapeutic option 

in order to prevent the development of SIRS [22, 33, 51, 106, 137, 148, 209]. Hence, this 

study tried to elucidate the effect of a predominantly sterile, PT-like inflammatory 

environment on human MSC in vitro in order to be able to assess their in vivo response and 

make suggestions for their in vivo application. Published measurements of factors in the 

plasma or serum of multiply injured patients with the aim of finding a correlation between 

their concentration, the severity of trauma and outcome were evaluated to compose a 

cocktail mimicking the sterile inflammatory environment after a PT [17, 25, 65, 71, 84, 

111, 121, 171, 222]. Even though other factors than the ones chosen for the PTC increase 

in PT patients as well, the cocktail was limited to five, namely IL1B (0.2 ng/ml), IL6 (0.5 

ng/ml), IL8 (0.15 ng/ml), C3a (500 ng/ml) and C5a (100 ng/ml), in order to identify the 

single constituent’s effects. Hence, when making references between the in vitro response 
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of MSC under the PTC to the in vivo situation, one has to be aware of the limitation of the 

cocktail, e.g. its static composition or the lack of other factors also rising during the first 24 

h after a PT such as endogenous alarmins, acute phase proteins and others. Nonetheless, 

the PTC is considered as a valuable possibility by the author to study the response of MSC 

in a more complex inflammatory situation. The proliferation, osteogenic differentiation, 

migration and expression of MMP as well as inflammatory and immunomodulatory factors 

of MSC under the influence of cytokines and complements factors, which systemically 

arise during the early phase of a PT, alone or in conjunction, was therefore investigated.  

4.2.1 Migration and MMP expression  

Studies in murine non-injury and myocardial infarction models using various methods to 

trace MSC in vivo have shown that, upon intravenous administration, MSC initially 

accumulate in the lung and then gradually transfer to sites of injury or to the liver, kidney 

spleen and bone marrow [58, 95, 106, 215]. In respect to the systemic application of MSC 

to PT patients and their potential homing to injured tissues as well as in terms of a possible 

mobilization of endogenous MSC after a PT, the question arose if and how these PT-

associated cytokines and complement factors affect the migration of MSC in vitro.  

 

Therefore, the chemoattractivity of IL10, TNF, C3a, C5a, IL1B, IL6, IL8 and the PTC, 

whose pathophysiological abundances in PT situations are explained in section 2.2.8, was 

investigated in a concentration-dependent manner on MSC as well as their effect on the 

chemoattractivity of PDGFBB, a known chemoattractant for MSC [47] released upon blot 

clot formation. The influence of these cytokines and complement factors and the PTC on 

the expression of MMP1, -2 and -9 as well as TIMP1 and -2 was studied as well, since 

migration in and out of tissues necessitates differential MMP activity. 

 

In summary, none of the single cytokines and complement factors (IL10, TNF, C3a, C5a, 

IL1B, IL6 and IL8) nor the PTC inhibited the strong chemotactic response of MSC to 

PDGFBB, as observed for IL1B in osteoblasts and chondrogenic progenitor cells and for 

TNF in chondrogenic progenitor cells [69, 87]. A specific chemoattractive effect was 

shown for the PTC, for C3a in the pathophysiological dose of 500 ng/ml and above and for 
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C5a in a supraphysiological concentration of 1000 ng/ml, whereas IL10, TNF, IL1B, IL6 

and IL8 did not exhibit any migration-stimulating or –inhibitory properties in any of the 

concentrations employed [70]. The following will compare these findings to published data 

and discuss their significance, albeit most of these studies utilized cytokine concentrations 

that far exceed pathophysiologically relevant concentrations.  

 

For IL10, no supporting or contradictory reports on its missing chemotactic effect on MSC 

reported in this study could be found. Results on the chemoattractivity of TNF on MSC 

have, however, been published.  Zhang et al. and Fu et al. found that TNF induces the 

directed migration of human and rat MSC at concentrations of 25-100 ng/ml in a p38 

MAPK dependent manner [55, 217]. Ries et al. reported a chemotactic response of MSC to 

25 ng/ml TNF through a layer of ECM components after 48 h, which could be inhibited 

through a MMP broad-spectrum inhibitor [165]. As stated before, this study observed that 

TNF does not exert a chemoattractant effect on MSC, neither at 0.2 ng/ml, 1 and 10 ng/ml 

TNF. Reasons for these differential results could be the higher concentrations of TNF 

employed by all of the three previous studies, the rat source of MSC used by Fu et al., the 

different time span of 24 h for the chemotaxis applied by Zhang et al. or the ECM 

components, which implicate a different adherence of MSC [55, 165, 217]. The finding 

that TNF and IL1B do not influence the migration of MSC towards the homodimer 

PDGFBB is partly supported by Ponte and coworkers, who reported that pre-stimulation of 

MSC with TNF or IL1B does not disturb MSC migration towards the heterodimer 

PDGFAB or FCS, which naturally contains PDGFBB [136, 152].  

 

Support for the missing chemotactic effect of IL1B at doses of 0.2 ng/ml IL1B, 2 ng/ml 

and 20 ng/ml IL1B comes from a study, which reported an inhibitory effect of IL1B on 

human osteoblasts, but neither found a chemotactic nor inhibitory effect on MSC at a 

concentration of 0.1 ng/ml IL1B [69]. Two other studies, however, noted 25 ng/ml IL1B to 

significantly increase human MSC migration and adhesion to matrix proteins such as 

fibronectin, collagen type IV and laminin [21, 165]. Responsible for this discrepancy could 

be the higher concentrations of IL1B or the coating of filters with the ECM components 

fibronectin, collagen or laminin and over night incubation [21, 165].  
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Different concentrations of IL6, longer incubation times, the addition of FCS and the 

coating of filters with matrigel might also be the reason for the differences in the 

chemoattractity of IL6 on MSC measured by this study and others [162, 177]. While in this 

study IL6 (0.5, 5, 50 ng/ml) did not exhibit any chemoattractive effect, IL6 induced the 

migration of MSC at 10 ng/ml in the presence of 20 % FCS after 8 h, at 100 ng/ml IL6 

after 18 h and at 250 ng/ml after 24 h, when filters were coated with matrigel [162, 177]. 

As MSC are known not only to carry IL6R on their surface, but also to secrete the soluble 

IL6R [117, 151, 176], which in complex with IL6 binds to the ubiquitously expressed 

glycoprotein (gp) 130, one could imagine that MSC responses to IL6 might improve upon 

long incubation times due to generally higher levels of soluble IL6R. The IL8 application 

in chemotaxis experiments with MSC gives similar conflicting results. While Mishima et 

al. could demonstrate that high concentrations of IL8 (50 ng/ml) induce the migration of 

MSC after 24 h of incubation in the Boyden chamber with a fibrin coated filter [132], this 

study found neither 0.15, 1.5 nor 15 ng/ml IL8 to be effective in the induction of MSC 

migration, probably again due to the differences in the experimental setups.  

 

For C3a and C5a, the chemotaxis results from this study mostly confer with published 

outcomes. While this study detected a chemoattractive effect of C5a on MSC at 1000 

ng/ml, but not at 10 or 100 ng/ml, two other groups reported the directed migration of 

MSC at concentrations of 100-1,000 ng/ml [78, 179]. Chemotaxis of MSC towards C3a at 

500 ng/ml noticed in this study is assisted by the findings of one of the groups, who also 

found C5a to be a chemotactic agent, as they could demonstrate a chemotactic effect of 

C3a on MSC at 100 ng/ml as well [179]. Since C3a mediated migration was completely 

inhibited in the presence of the C3aR antagonist SB290157 and since C3a addition to both 

the upper and lower wells of the modified Boyden chamber did not enhance MSC 

migration compared to controls, a true directed migration of MSC towards C3a is assumed 

[70].  Even though Mathieu et al. state an agonist function of SB290157 in cell lines with 

high C3aR density, SB290157 is reported to exhibit full antagonist activity in cells with 

low C3aR expression [126]. As C3aR was expressed by more than 86 % of the MSC used 

in this study, but absolute C3aR levels on the cell were noticed to be rather low, SB290157 

was expected to act as antagonist. Moreover, no specific subpopulation responding to C3a 
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was assumed [70]. The finding that the basal migration of MSC did not increase in the 

presence of the SB290157 also adds to the notion that SB290157 does not exert an 

agonistic function on MSC in terms of migration. Further support for the antagonistic 

action of SB290157 on MSC comes from the work by Schraufstatter et al., who described 

an inhibition of C3a mediated migration in MSC with this small molecule [179].    

 

In accordance with the chemoattractive effect of C3a, the PTC, which contains 500 ng/ml 

C3a, was shown to also stimulate the migration of MSC with the same effectiveness as C3a 

at 500 ng/ml. As IL1B, IL6, IL8 and C5a at the respective concentration of the PTC failed 

to induce the directed migration of MSC and since the chemotaxis towards the PTC was 

completely abolished by the C3aR antagonist SB290157, it is concluded that C3a is the 

major chemotactic agent of the PTC [70]. Comparisons between the PTC and other 

cytokine or complement factor cocktails cannot be made, as chemotactic effects of 

cytokines and complement factors in a cocktail such as the PTC have not been published 

so far.   

 

Since C3a robustly stimulated the directed migration of MSC in vitro, both alone and in the 

context of the PTC, and since C3a is known to be highly abundant in severely traumatized 

patients within the first 24 h [17, 65, 222], one could suggest C3a to play an active role in 

the recruitment of MSC from their stem cell niche or from the circulation to peripheral 

sites of injury in vivo. The MSC marker positive cells observed to peak in the blood within 

the first 24 h after a PT as discussed above might actually imply an early recruitment of 

MSC-like cells through C3a. As C5a was found in this and two other studies to induce the 

migration of MSC at least at higher concentrations than systemically measured [17, 78, 

179], it might contribute to MSC recruitment as well, since locally released C5a at sites of 

injury might reach such concentrations. If IL1B, IL6, IL8 and TNF contribute to MSC 

recruitment cannot ultimately be clarified due to the divergent results explained above. 

Moreover, chemotaxis findings seem to largely depend on the chemotaxis system 

employed as well as on other conditions such as incubation time, pre-incubation, coating of 

filters and others. References to the in vivo situation should therefore be carefully 
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considered and backed up with additional experiments. In the tissue, the differential MMP 

expression comes to mind influencing the migration of cells towards a chemotactic factor.  

 

The findings from the MMP and TIMP expression analysis suggest that IL6, IL8, C3a, C5a 

and IL10 do not impact the gene expression of MMP1, -2, -9 or TIMP1 and -2. In 

accordance with these findings, Tondreau et al. also reported no regulation of MMP1, 2, 

13, TIMP1 and -2 gene expression and MMP2 protein when exposing MSC to 250 ng/ml 

IL6 [197]. For IL8, C3a, C5a and IL10, no positive or negative regulation of MMP1, -2 

and -9 or TIMP1 and -2 expression could be found in recent literature.  

 

The low constitutive protein expression of MMP9 and the upregulation of MMP9 gene 

expression upon IL1B, TNF or PTC exposure is assisted by Ries et al., as they noted the 

same low general expression of MMP9 and an increased MMP 9 transcription, when MSC 

were stimulated with 50 ng/ml IL1B or TNF [165]. Their discovery of enhanced MMP9 

protein levels and activity with zymographic analyses under the influence of IL1B and 

TNF, however, is opposed by unchanged MMP9 activity upon stimulation with lower 

concentrations of IL1B, TNF or the PTC in this study [165]. Regarding the MMP2 

expression, this study and the work by Ries et al. concur that MMP2 expression is 

constitutively high in MSC, but they partly differ on the level of MMP2 regulation [165]. 

While this study only detected donor-dependent upregulations of MMP2 transcription in 

MSC after treatment with IL1B, TNF or the PTC, which could not be ascertained with 

zymographic analyses, Ries. and coworkers asserted an enhanced proMMP2 activity in 

MSC after IL1B treatment and demonstrated a two-fold downregulation of MMP2 gene 

and protein expression and activity upon TNF exposure [165]. Both studies again coincide 

on the missing regulation of TIMP1 and -2 gene expression upon stimulation with IL1B as 

well as on the absent regulation of TIMP1 after TNF treatment [165].  The downregulation 

of TIMP2 gene expression under the impact of TNF noticed in this study is, however, 

again opposed by a stable TIMP2 expression after TNF exposure reported by Ries et al. 

[165]. Reason for these differences in MMP and TIMP regulation could be that Ries et al. 

used five and 250 times higher concentrations of IL1B and TNF than the patho- and 

supraphysiological concentrations of IL1B and TNF employed in this study, which might 
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be necessary for a differential MMP2 and MMP9 expression also recorded on protein and 

activity level [165]. The question if the differential MMP2 and -9 expressions through such 

high concentrations of IL1B and TNF represents an authentic biological effect remains to 

be elucidated in vivo. 

 

Moreover, this study could demonstrate a significant upregulation of proMMP1 protein 

through stimulation with the PTC, IL1B or TNF [70]. The upregulation of MMP1 gene 

expression by IL1B is supported by a study by Carrero et al., which found a 164-fold 

upregulation of MMP1 transcription upon stimulation of MSC with 25 ng/ml IL1B [21]. 

The high values of MMP1 gene expression upregulation caused by PTC, IL1B or TNF 

treatment found in this study probably overestimate the real level of transcription 

upregulation as the MMP1 target could not be amplified in unstimulated MSC and the Ct 

value was therefore set to 40. Since the study by Carrero et al. found the same robust 

upward directed regulation of MMP1 gene expression and since all upregulations of 

MMP1 gene expression stimulated by the PTC, 0.2 and 10 ng/ml IL1B and 0.2 and 10 

ng/ml TNF in this study were reassured on protein level by the detection of proMMP1 in 

the cell culture supernatants, the upward directed regulation of MMP1 is assumed to be 

true.  Even the two-fold higher upregulation of MMP1 gene expression after treatment with 

10 ng/ml TNF compared to treatment with 0.2 ng/ml is reflected on proMMP1 level in 

supernatants. The fact, that only proMMP1, but not active MMP1 was detectable in 

supernatants after treatment with the PTC, IL1B or TNF, can possibly be explained by the 

early time point of 24 h, at which supernatants were taken for MMP1 analysis. The serum-

free conditions, under which MSC were held to study the influence of the cytokines and 

complement factors on MMP expression, might also affect the activation of MMP1, as 

serum contains proteases.  

 

Another observation worth explaining is that, when comparing the PTC with the single 

IL1B stimulation in the respective PTC concentration, no significant differences in the 

expression rate of MMP1, -2, -9 and TIMP1 and -2 were observed. Since IL6, IL8, C3a 

and C5a as single factors failed to induce an upregulation of MMP1 transcription and since 

the respective effects of the PTC could be reduced by blocking the IL1RI, one can 
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conclude that IL1B plays a major role in the context of the PTC in terms of MMP1 

regulation [70]. Possibly, the systemic presence of IL1B in PT patients induces an 

upregulation of MMP1 and facilitates the cleavage of interstitial collagen types I, II and III 

as well as other extracellular matrix components in vivo [203]. This would assist MSC 

from the bone marrow niche, intravenously administered MSC or locally recruited MSC to 

migrate through tissue to sites of injury along chemotactic gradients. How MSC cross the 

endothelial barrier cannot entirely be elucidated by this study, as upon exposure to PT like 

conditions such as the PTC in vitro, no robust protein proof of enhanced MMP 2 and 9 

levels could be detected, both of which are known to degrade the main components of the 

basement membrane collagen type IV and laminin [89, 203]. One could, however, suggest 

that the constitutively high expression and secretion of MMP2 by MSC is sufficient to 

enable MSC from the bone marrow niche and systemically administered MSC to also 

migrate in and out of the circulatory system through the endothelial barrier. How the 

reported in vitro up-regulation of MMP 9 and 14 (membrane type 1 MMP) upon exposure 

of MSC to very high concentrations of IL1B and TNF by Ries and coworkers adds to the 

migration of MSC in vivo, where locally such high concentrations are possibly present, 

remains to be determined [165].  

 

In order to finally conclude if and how the cytokines and complement factors investigated 

in this study or any other factor contribute to the recruitment and homing of MSC in vivo,  

tracking of intravenously administered MSC together with systemic and local 

measurements of cytokines in a PT animal model will have to be performed. In vitro 

migration and analysis of MMP and adhesion protein expression in modern 3D systems 

with the PTC and other complex mixes of cytokines, complement and trophic factors 

combined would further help to understand the multifaceted process of migration in vivo. 

4.2.2 Proliferation and osteogenic differentiation 

Various studies have recorded the regenerative effects of MSC in vivo [24, 75, 76, 158, 

187]. In the PT setting, in which the systemic administration of MSC is a potential 

therapeutic option, MSC should be able to proliferate and differentiate along various 

lineages. Therefore, the rate of proliferation and osteogenic differentiation of MSC under 
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the influence of cytokines and complement factors naturally occurring after a PT were 

investigated. In summary, this study found that none of the cytokines and complement 

factors inhibited these two functions in MSC. Moreover, it became apparent that the PTC 

and either concentration of IL1B significantly enhanced the proliferation and osteogenic 

differentiation of MSC, while TNF could only give boosts at the higher, supraphysiologic 

concentration.  

 

Published results on the proliferation of MSC under exposure to C3a, C5a, IL8, TNF and 

IL10 were not found. A proliferative effect of IL6 (25 ng/ml), but not IL1B (20 ng/ml) was 

reported by Carrero et al. for human MSC and stands in contrast to the findings of this 

study, which found the exact opposite for both the pathophysiological and 

supraphysiological concentrations IL1B and IL6 [21]. The difference might be explained 

by the fact that Carrero et al. seeded ten times more MSC per cm2 as employed in this 

study for the MTT test and measured proliferation after only one day, which this study 

discovered to be an unreliable and short time span for proliferation.  

 

Pricola and coworkers seeded three times as many MSC as in this study and found IL6 at a 

concentration of 10 ng/ml to induce human MSC to proliferate more as well [154]. They 

even suggested IL6 to be responsible for maintaining MSC stemness due to an unchanged 

osteogenic differentiation under IL6 exposure, while in this study 10 ng/ml IL6 seemed to 

enhance the osteogenic differentiation, although not significantly [154]. Data from this 

study proposing that C3a and C5a do not affect the osteogenic differentiation of MSC is 

supported by a study by Ignatius et al. [79], while osteogenic differentiation of MSC when 

stimulated with IL8 or IL10 has not been described so far.  

 

Results on the osteogenic differentiation of MSC under the influence of IL1B and TNF 

vary. In this study, an increased mineralization as a mean of an escalated osteogenic 

differentiation was observed, when MSC were exposed to the PTC, IL1B and TNF.  In 

murine MSC, both IL1B and TNF administered in the nanogram range inhibited the 

osteogenic differentiation, evidenced by a lower ALP activity and significantly reduced 
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gene expression levels of the early osteogenic markers [101]. In human MSC, however, 20 

ng/ml TNF are reported to promote the proliferation and osteogenic differentiation in an 

NFKB dependent manner demonstrated by an up-regulation of mineralization and 

expression osteogenic proteins [74]. In a different study, ALP activity and calcification 

were also significantly augmented by stimulation of MSC with concentrations of IL1B as 

low as 0.1 ng/ml and of TNF as low as 1 ng/ml, although the gene expression of osteogenic 

differentiation markers was markedly reduced [36]. The authors therefore denoted a partly 

defective osteogenic differentiation process under the influence of inflammatory cytokines 

[36].  

In summary, the findings that the PTC, IL1B and TNF increase the osteogenic 

differentiation of human MSC coincide with published results. Since the proliferation of 

MSC increased upon exposure to the PTC, IL1B or TNF, one could also argue that MSC 

exposed to these factors reach confluency more rapidly than untreated MSC and therefore 

start the osteogenic differentiation process much sooner. All in all, one could suggest the 

cytokines and complement factors augmented after a PT and investigated in this study do 

not negatively influence the proliferation and osteogenic differentiation of MSC.  

4.2.3 Immunomodulation  

As explained earlier, one potential therapeutic option to avoid late death after a PT due to 

SIRS is speculated to arise from the intravenous administration of MSC and subsequent 

control of excess inflammatory responses. This notion comes from studies reporting MSC 

to exert immunomodulatory effects in vivo and in vitro. While much is known about the 

immunomodulatory behavior of MSC under the influence of IFNG, TNF or LPS, few 

studies have studied the outcome of a sterile, PT-like inflammatory environment, which 

does not necessarily contain LPS or IFNG, on human MSC in vitro [1, 26, 35, 42, 43, 137, 

191, 198]. This study therefore tried to elucidate the immunomodulatory potential of MSC 

when exposed to PT associated cytokines and complement factors in vitro.  

 

In order to identify proinflammatory factors potentially expressed by MSC in a PT 

mimicked environment in vitro, a respective real-time PCR array was performed.  
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Treatment of MSC with 10 ng/ml TNF in this study was compared with other studies in 

order to derive conclusions on the validity of the array. When shortly recapitulating the 10 

ng/ml TNF stimulation, significantly upregulated genes were IL8, CCL2, C3, IL6, CXCL2, 

CSF1, TLR3, RIP2K, NFKB1, TNF, TLR2, IL1B, IL1A, C3aR1, CCL3, FLT3LG, TLR1, 

LTB and IL23. Ponte et al. administered 1 ng/ml TNF and detected increased gene 

expression levels of CCL2, CCL3, CCL5, CXCL1, CXCL2 and CXCL5 in their MSC as 

well [152]. Crop et al. mixed 20 ng/ml TNF with 50 ng/ml IFNG and 10 ng/ml IL6 and 

found enhanced gene expression levels of CCL7, CCL8, CXCL6, CXCL9 and IL8 in 

adipose tissue-derived MSC going in line with the finding of the study at hand that these 

genes are upregulated by TNF [28]. Obviously, one has to be aware of the different MSC 

sources and the cytokine mix of TNF with IL6 and IFN, which may be accounted for the 

opposing regulation of CCL13, CXCL3, CXCL5 and IL6 gene expression in this study and 

the study by Crop et al. [28]. The finding that MSC used in this study did not enhance 

CXCR4 gene expression upon TNF stimulation is opposed by Ponte et al. and supported 

by Wynn et al., who noted MSC to express high levels of CXCR4 only in the bone 

marrow, but not under culture conditions [210]. Taken together, the factors in the array 

upregulated by 10 ng/ml TNF are largely supported by the mentioned studies and prove its 

validity. The results of the stimulation with 0.2 ng/ml TNF, the PTC and either 

concentration of IL1B are therefore regarded as reliable.  

 

The following will now evaluate the function of the factors upregulated by either 0.2 ng/ml 

IL1B, the PTC or both. These included IL8, CXCL6, C3, CXCL3, CXCL1, CXCL5, IL6, 

CXCL2, CCL2, CCL5, IL1B, CCL7, CCL8, CSF1, IL1A, TLR3, RIPK2, CEBPB and 

NFKB1. As reviewed by Zlotnik et al., CCL2, -5, -7 and -8 as well as CXCL1, -3, -5 and -

6, -8 (IL8) all belong to a group of chemokines, which are primarily upregulated under 

inflammatory conditions and whose main function is the recruitment of leukocytes [223]. 

CXCL1-3, -5 and -6 and IL8 furthermore contain a Glu-Leu-Arg motif in front of their first 

cysteine residue, which mediates an angiogenic function via the binding to CXCR1 and -2 

[223]. The function of C3a, the split product of C3, is known to attract neutrophils and 

monocytes [178]. Besides that, an increase in CSF1 gene expression was revealed, whose 

function is the induction of monocyte to phagocyte maturation [193]. The increase in 
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IL1A, IL1B and IL6 gene expression is likely to further enhance the effects of the 

stimulation with IL1B or the PTC on MSC directly. RIPK2 is an activator of NFKB1, 

which are probably both responsible for the enhanced expression of inflammatory 

cytokines by MSC upon stimulation with the PTC or IL1B [129]. CEBPB belongs to the 

CEBP transcription factor family and has its binding sequences in the regulatory regions of 

genes of the acute-phase reaction, inflammatory responses and hematopoiesis as reviewed 

by Tsukada et al. [199]. The TLR3 recognizes dsRNA, its function on MSC in the context 

of a PT might not be as important, since viruses, the main producers of dsRNA, are not 

necessarily present after a PT [2].  

 

Although the array results will have to be confirmed on protein level, some conclusions 

can be drawn from it. In summary, a gene expression upregulation of chemokine 

responsible for the recruitment of leukocytes and the induction of angiogenesis was found, 

when MSC were exposed to PT like conditions. Moreover, gene expression of factors 

accountable for further boosting the inflammatory signal such as IL1A, IL1B, IL6, 

CEBPB, RIPK2 and NFKB were enhanced as well, which stands in contrast to the 

simultaneous expression of anti-inflammatory factors explained below.  

 

CFH potently inhibits complement activation by suppressing the assembly of the C3/C5 

convertase, inducing its disintegration and inactivating C3b and C4b along with factor I. 

MSC were found to increase their CFH gene expression upon stimulation with 10 ng/ml 

IL1B or TNF, but not in the context of PT associated concentrations of these cytokines or 

the PTC. Tu et al. support this finding, as their MSC constitutively expressed CFH and 

boosted their production upon TNF or IFNG treatment [201]. To my knowledge, the rise in 

CFH expression upon exposure of MSC to supraphysiological levels of IL1B is new, 

which of course demands further proof on protein level as well. If a CFH expression by 

MSC could play a systemic role in vivo, remains to be elucidated, as systemic 

concentrations of cytokines occurring after a PT could not evoke an enhanced CFH 

expression. The missing effect of IL6, IL8, C3a, C5a and IL10 on the CFH gene 

expression cannot be confirmed or debated by current literature reports. 
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The constitutive gene and protein expression of IL1RN by MSC was found to be very low 

in this study. In addition, stimulation of MSC with the PTC, either concentration of IL1B 

or 10 ng/ml TNF, although leading to heightened IL1RN gene expression levels, did not 

cause measurable amounts of secreted IL1RN [70]. When reviewing the literature on 

IL1RN expression by MSC, it becomes apparent that the constitutive IL1RN expression by 

MSC is fairly low or only found in a subpopulation of MSC [29, 139, 142, 221]. However, 

its beneficial immunosuppressive effect has been repeatedly demonstrated [29, 139, 142, 

221]. Oh et al. showed that the immunosuppressive function of murine MSC can be 

enhanced, when MSC are enriched for a quiescent undifferentiated MSC population by 5-

fluorouracil, as they secreted augmented levels of IL1RN in addition to PGE2 and IL10 

[139]. In a murine model of bleomycin-induced lung injury by Ortiz at al., injection of an 

IL1RN expressing enriched MSC subpopulation from murine bone marrow augmented the 

numbers of macrophages, reduced neutrophil counts as well as IL1RN protein expression 

in the bronchoalveolar lavage and diminished gene expression of IL1A and IL1RN in the 

lung [142]. In vitro, this IL1RN expressing subpopulation of murine MSC was able to 

partially reduce the production of TNF by LPS and silica activated RAW-264.7 cells, 

which is a murine leukemic monocyte macrophage cell line [142]. Rat amniotic fluid 

derived MSC were found not to express IL1RN either, yet upon transfection with IL1RN 

containing plasmid vectors, these amniotic fluid-derived MSC expressed high levels of 

IL1RN and ameliorated hepatic liver failure in rats [221]. Since only 5 % of human MSC 

express IL1RN compared to 24% in murine MSC, it remains to be elucidated if and how 

IL1RN expression by human MSC could affect inflammatory conditions [142]. Even 

though Danchuk et al. discovered increased levels of IL1RN gene expression in human 

MSC in the inflammatory milieu of LPS exposed lungs in vivo, they did not validate this 

IL1RN production on protein level [29]. As MSC in this study failed to show measurable 

amounts of IL1RN secretion after exposure to PT associated cytokines and complement 

factors, it is assumed that MSC will not release any substantial amounts of IL1RN protein 

either, when encountering the sterile, inflammatory milieu after a PT. Even a priming of 

MSC with supraphysiological concentrations such as 10 ng/ml of IL1B or TNF before their 

intravenous administration to PT patients is not expected to further enhance the 

competence of MSC to express IL1RN in vivo. 
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Like IL1RN, the constitutive expression of IL10 was noticed to be very low or below 

detectable levels in MSC in this study as well. In a study by Levy et al., human MSC from 

the bone marrow did not natively express IL10 either, only upon transfection with IL10 

mRNA with the goal of a targeted delivery of IL10 to sites of inflammation did IL10 levels 

rise [110]. Bustos et al. found levels of IL10 secretion by native MSC to be rather low too, 

depending on the type and donor of the MSC, with an increase of IL10 production upon 

exposure of MSC to serum from acute respiratory distress syndrome (ARDS) patients [18]. 

As the IL10 gene expression in this study did not rise upon stimulation with 

physiologically relevant concentrations of PT associated cytokines or complement factors 

such as the IL1B, IL6, IL8, C3a, C5a, TNF, IL10 or the PTC, the induction of IL10 by 

MSC upon encountering the inflammatory milieu of a PT seems to be rather unlikely. The 

MSC and macrophage co-culture experiments, furthermore, support the lack of IL10 

expression by MSC, as in the supernatants of MSC cultured alone no IL10 protein could be 

detected, regardless of the stimulation with the PTC in combination with HMGB1 or LPS. 

Since a study by Li et al. discovered an upregulation of IL10 expression, when MSC were 

exposed to hypoxia and serum deprivation in vitro, one could suggest the hypoxic 

conditions after a PT to induce an IL10 expression by MSC upon their intravenous 

administration [112].  

 

Amable et al. compared the expression profiles of MSC from different sources and 

reported human MSC from the bone marrow to constitutively express fairly high levels of 

TGFB, which corresponds to the high expression of TGFB1 in native MSC seen in this 

study [4]. Research reporting a TGFB1 release by MSC in MLR, which is responsible for 

the inhibition of T cell proliferation and regulatory T cell induction, supports the stable 

TGFB1 expression by MSC [35, 43]. As PT associated cytokines and complement factors 

neither heightened nor inhibited the generally high gene expression of TGFB1, one could 

propose TGB1 to be a basal contributor of MSC immunomodulation in a PT like 

environment.  

 

Various in vitro studies have postulated MSC to influence macrophage biology via PGE2. 

In a murine sepsis model, systemically administered MSC generally migrated to the lung, 
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where they were encircled by lung macrophages and attenuated the sepsis through a 

reprogramming of macrophages to secrete more IL10 via the release of PGE2 [137]. 

Maggini et al.  found LPS exposed MSC to release PGE2 and turn macrophages into a 

regulatory-like type with augmented phagocytotic capacity, diminished levels of MHC 

class II surface expression and enhanced secretion of IL10 and IL12p40 [120]. In this 

study, PTC or IL1B stimulated MSC augmented their COX2 and PTGES gene expressions 

and increased their PGE2 production as well. Since both the gene expression of COX2 and 

PTGES and the metabolite PGE2 rose simultaneously upon stimulation with IL1B in a 

concentration-dependent way, this movement is assumed to be authentic. Interestingly, 

when IL1B was applied in the pathophysiologically relevant concentration of 0.2 ng/ml 

IL1B alone or in the context of the PTC, the PGE2 release was only consistently enhanced 

in MSC seeded at a high cell density, while under the supraphysiological dose of 10 ng/ml 

IL1B, their PGE2 production occurred independent of the cell density. One could therefore 

suggest the PGE2 production by MSC to be triggered by both IL1B and cell-cell contacts 

[70]. Support for this notion comes from a study by Bartosh et al., who found the 

compaction of MSC into spheres to self-activate IL1 signaling, which in turn induced the 

release of the immunomodulatory factors PGE2, TSG6 as well as stanniocalcin 1, a 

calcium/phosphate regulating protein, which decreases reactive oxygen species [8]. The 

finding that the IL1RI antibody was able to completely abolish the PTC and IL1B 

mediated upregulations of COX2, PTGES and PGE2 adds to the notion that IL1B is 

capable of switching on the COX2 and PTGES gene expression in MSC and represents the 

crucial mediator in controlling the PGE2 secretion in the context of the PTC [70]. Hence, 

immunomodulation by MSC in a sterile inflammatory environment such as after a PT is 

suggested to include an IL1B mediated PGE2 secretion without the need for a priming of 

MSC with LPS. Absence of PGE2 regulation by MSC upon stimulation with TNF or any 

of the other factors singly employed in this study (IL6, IL8, C3a, C5a, IL10) cannot be 

debated, as no current literature is available.  

 

In a murine model of zymosan-induced peritonitis, human MSC were found to ameliorate 

the outcome via the secretion of TSG6 [26]. In fact, TNF stimulated MSC were found to 

secrete TSG6, which binds to CD44 on tissue resident macrophages and decreases their 
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TLR2/NFKB signaling and subsequent TNF production [26]. Qi et al. could demonstrate 

that TSG6 released through MSC improves wound healing [156]. In their LPS activated 

co-culture of human MSC with murine macrophages or upon injection of human MSC into 

skin wounds of mice, MSC released TSG6, which was shown to limit macrophage 

activation and TNF secretion, to improve wound healing and to diminish fibrosis [156]. In 

a murine model of LPS-induced acute lung injury, MSC were shown to attenuate lung 

injury and inflammation evidenced through a reduction in pulmonary edema, expression of 

proinflammatory cytokines and chemokines, neutrophil counts and total protein in the 

bronchoalveolar lavage [29]. In this study, the observed release of TSG6 by MSC upon 

TNF stimulation can be seen as proof of principle. Moreover, it showed that the TNF 

induced release of TSG6 by MSC is concentration dependent and that even 

pathophysiologically relevant concentrations of TNF achieved a substantial TSG6 

secretion by MSC. This study, furthermore, demonstrated that IL1B is also capable of 

inducing MSC to produce TSG6, both alone and in the context of the PTC. Gene 

expression as well as protein levels of TSG6 increased after exposure of MSC to the PTC 

and to different concentrations of IL1B. As IL1 could stimulate the TSG6 secretion 

independent of the cell contact, one could speculate that after a PT, when IL1B is 

systemically present, the aggregation of MSC in the lung, which occurs after a systemic 

application, not to further boost the TSG6 secretion by MSC as suggested by Bartosh et al. 

[8]. Since the IL1RI directed antibody was able to completely reverse the PTC and IL1B 

induced increases in TSG6 expression, one can assume them to be reliable observations 

and IL1B to be the crucial mediator of TSG6 production by MSC in the context of the 

PTC, which contains no TNF [70].  

 

Another interesting point to be addressed is the concentration-dependent effects of TNF 

and IL1B. In summary, gene expressions of MMP1, MMP9, TIMP2, IL1RN, CFH, TSG6, 

C3a, C3aR1, CCL11, CCL2, CCL3, CCL5, CCL8, CD40, CSF1, CXCL10, CXCL3, 

CXCL5, CXCL9, IL1A, IL1B, IL6, IL8, RIP2k, TLR2, TLR3 and TNF, protein expression 

of MMP1 and TSG6 as well as the rate of proliferation and osteogenic differentiation were 

differentially regulated by 0.2 and 10 ng/ml TNF, either in trend or significantly. For IL1B, 

significant or trends of differential regulation were only observed for gene expressions of 
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CFH, IL10, PTGES, TSG6, CCL3, CCL5, IL1A, IL1B, IL6 and IL8, protein expression of 

TSG6, levels of PGE2 as well as the osteogenic differentiation. With this in mind, 

stimulations of MSC and possibly other cell types with supraphysiologic concentrations of 

IL1B and especially TNF described in the literature are suggested to be carefully 

evaluated, especially when making conclusions from in vitro experiments to the in vivo 

situation, in which such doses, at least systemically, may not occur. When comparing the 

PTC with the single 0.2 ng/ml IL1B stimulation, it became apparent that the increase in 

proliferation, osteogenic differentiation and expression of MMP, pro and anti-

inflammatory factors as well as chemokines in MSC did not significantly differ between 

the two. Since IL6, IL8, C3a and C5a as single factors in the concentration of the PTC 

mostly failed to regulate these defined factors and the increase in MMP1, PGE2 and TSG6 

expression induced after exposure of MSC to the PTC or the respective IL1B concentration 

could be reduced or completely inhibited by blocking the IL1RI, another conclusion from 

this study could be, that IL1B is the main mediator of the PTC in terms of proliferation, 

osteogenic differentiation and expression of MMP and immunmodulatory factors. 

Moreover, no subpopulation of MSC particularly responding to IL1B is assumed, as IL1RI 

was homogenously expressed on the surface of the MSC used in this study.  

4.2.4 Co-culture of MSC and macrophages  

Upon a PT, macrophages become activated and secrete high amounts of cytokines such as 

IL1B, IL6, IL8 and TNF, chemokines, growth factors, NO and eicosanoids [14, 200]. 

Activation of macrophages occurs through binding of endogenous alarmins released from 

necrotic cells or in response to cell injury and PAMP, although not essential for the 

induction of PT-associated immune responses, they may appear through bacterial infection, 

to TLR and RAGE. In the co-culture experiments of MSC with macrophages under the 

influence of the PTC, the endogenous alarmin HMGB1 was chosen for the activation of 

macrophages in order to mimic a sterile inflammatory environment such as after a PT, as it 

is reported to highly escalate in PT patients  [111]. HMGB1 is a DNA binding protein 

released upon tissue injury or actively secreted by macrophages and other cell types [213]. 

Depending on the redox state of HMGB1, it binds to TLR4 and activates leukocytes or 

binds to RAGE to stimulate their chemotaxis [202, 213]. Therefore, an HMGB1 with the 
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appropriate redox state to stimulate TNF secretion by macrophages was applied in all 

experiments [202]. In order to also make comparisons to other studies and within this study 

between the sterile inflammatory conditions mimicked by the PTC and HMGB1 and the 

bacterial inflammatory condition mimicked by the PTC and LPS, LPS was also utilized.  

 

As expected from previous reports, HMGB1 elicited a TNF secretion by macrophages 

[202, 213]. In the setting of the co-culture experiments, the TNF production by 

macrophages arose depending on the stimulation: the PTC had the lowest effect, with the 

PTC/HMGB1 and the PTC/LPS combinations following. MSC were able to decrease this 

secretion of TNF by macrophages even in the presence of LPS, which is supported by Choi 

et al. and Qi et al. and adds to the reliability of the co-culture experiment [26, 156]. The 

finding that MSC are able to lessen TNF levels in PTC and PTC/HMGB1 stimulated co-

cultures gives a hint that anti-inflammatory effects of MSC in a PT-like environment could 

preponderate, at least in the context of macrophage biology. Interestingly, HMGB1 alone 

did not affect MSC in the gene expression of immunomodulatory factors such as COX2, 

PTGES, TSG6, IL10, IL1RN, TGFB and CFH, although MSC used in this study expressed 

TLR4 RNA and MSC are generally known to carry TLR4 [140]. Reason for this could be a 

lower expression level of TLR4 or a lower susceptibility to TLR4 stimulation in MSC than 

in macrophages. Binding of HMGB1 to RAGE, probably using a different HMGB1 redox 

form than applied in this study, is known to promote migration of MSC and to inhibit their 

proliferation [131]. 

 

Interestingly, an MSC induced IL10 secretion by macrophages as reported by Nemeth et 

al. could only be found, when LPS was present [137]. Macrophages stimulated with the 

PTC alone or with the PTC and HMGB1 did not secrete any IL10, not even when they 

were co-cultured with MSC. Hence, it could be assumed that in a primarily sterile 

inflammatory milieu as in the early phase after a PT, in which such a strong stimulus as 

LPS may not necessarily be present, MSC are not able to induce macrophages to secrete 

IL10. The effect of this lack of IL10 secretion remains to be elucidated, probably best in an 

animal model of PT and subsequent MSC delivery.  
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One of the factors known to negatively influence TNF secretion by macrophages is TSG6 

as explained above. In this study, TSG6 levels rose in MSC, when they were stimulated 

with the PTC; HMGB1 or LPS did not add to this increase. However, when MSC were co-

cultured with macrophages and stimulated with the PTC/LPS combination, the TSG6 

production further increased to almost two-fold higher levels than the summed up single 

levels of MSC and macrophages. Under the influence of LPS, one could thus suggest the 

co-culture of MSC with macrophages to have a synergistic effect on the TSG6 secretion by 

these cells. Another interesting finding was that the PGE2 levels all multiply escalated in 

the co-cultures independent of the stimulus. The 3.5-6.7 times higher concentrations of 

PGE2 in the co-cultures than the summed up levels in the single MSC and macrophage 

cultures can lead to the assumption that, irrespective of the stimulus, the co-culture 

synergistically affects the PGE production by MSC and macrophages as well. From the 

MSC single cultures mentioned earlier, in which TSG6 could be measured irrespective of 

the cell density, while PGE2 levels seemed to depend on a cell-cell contact, one could have 

assumed TSG6 to be more robust in the induction and to play a more important role in 

immunosuppressive function of MSC. This finding now, that the PGE2 production by 

MSC potentially underlies a synergistic regulation, irrespective of the stimulus, when in 

co-culture with macrophages, could possibly dismiss this notion. One could argue that both 

PGE2 and TSG6 seem to play important roles in the immune regulation of macrophages by 

MSC, in the primary sterile stimulation with the PTC and HMGB1 as well as in the 

bacterial pyrogenic stimulation with the PTC and LPS. Another report, however, argues 

TSG6 to be the main mediator in the suppression of sterile inflammation, even claiming 

TSG6 to be a biomarker for the ability of MSC to modulate sterile inflammation [107]. In a 

model of toxic shock syndrome caused by the staphylococcal enterotoxin B, neither 

systemic application of MSC nor TSG6 could rescue the mice [93]. A final evaluation of 

the importance of PGE2 and TSG6 in the PTC/HMGB1 context could be obtained in future 

experiments through siRNA or antibodies against these factors. Moreover, cytokines and 

cellular activation markers could be studied to further evaluate the characteristics of the 

MSC modulated macrophages under sterile inflammatory conditions.  

 



Discussion 

  

137 

The set of immunomodulatory factors investigated in this study is not complete. Other 

factors regulating macrophage biology could be IL6 and GMCSF, which have previously 

been shown to be released by unstimulated gingiva derived MSC and to turn macrophages 

into an anti-inflammatory M2-type [219]. In this setting, COX2 activity and subsequent 

PGE2 release was found to only play a minor role in the MSC derived immunomodulation 

of macrophages, which upregulated the M2 marker CD206 and their phagocytotic activity 

and secreted less TNF and more IL10 and IL6 after co-culture [219]. Factors involved in 

the regulation of T cell immunity such as IDO, HGF, NO and HLA are secreted by MSC 

upon stimulation with the PTC, were not investigated, as the adaptive immune response 

was not considered to play such an important role in the first phase after a PT, when SIRS 

constitutes a major risk for survival. However, future co-culture studies should further 

investigate how MSC affect neutrophil biology, as neutrophils are besides monocytes and 

macrophages major constituents of the early innate immune response after a PT and play 

an important role in the development of SIRS. Besides an IL6-mediated down-regulation 

of neutrophil apoptosis through MSC, little is known how MSC affect neutrophil biology 

[160].  

4.3 Conclusion 

Taken together, this study could show that blood circulating CD45 negative, MSC marker 

positive cells occur and increase after a PT. As the different marker combinations for 

identifying MSC marker positive cells exhibited a peak at varying time points, a CD45-, 

CD9+, SSEA4+ and CD73+ population is assumed. Moreover, the CD45-, CD29+, 

CD166+ and MSCA1+ cells, CD45-, CD90+, CD73+ and STRO1+ cells, CD45-, CD105+, 

CD73+ and MSCA1+ cells and CD45-, CD105+, CD166+ cells are suggested to belong to 

four subpopulations, which partially overlap. Another possibility is that they belong to one 

population carrying varying amounts of CD90, CD29, CD105, CD73, CD166, MSCA1 and 

STRO1. Even though their stem cell character and function remains to be determined, one 

could think of these cells as endogenously recruited MSC from the bone marrow or other 

origins traveling to sites of injury.  
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The in vitro experiments aimed at elucidating the effects of a PT like environment 

mimicked by the PTC, a cocktail of PT associated cytokines and complement factors, on 

bone marrow derived MSC to draw some conclusions for the in vivo situation, when 

endogenously recruited or systemically administered MSC encounter a PT.  First of all, the 

highly abundant anaphylotoxin C3a found in PT patients proved to be a potent 

chemoattractant and the main mediator of chemotaxis in the context of the PTC [70]. 

Secondly, IL1B gave proof to be the crucial mediator of the PTC in terms of inducing 

MMP1, which might hint at a facilitated migration of MSC through collagen containing 

tissue under PT like conditions [70].  Thirdly, IL1B was responsible for the increased 

secretion of PGE2 and TSG6 and augmented gene expression of chemokines accounted for 

leukocyte recruitment and induction of angiogenesis in the context of the PTC [70]. As 

MSC turned out to dampen macrophages’ TNF release in the co-culture upon stimulation 

with the PTC and HMGB1, bone marrow recruited or systemically administered MSC after 

a PT are hypothesized to affect recruited or local macrophages additionally activated by 

endogenous alarmins such as HMGB1 to secrete less TNF via the release of TSG6 and/or 

PGE2. Basal TGFB1 expression, which did not respond to stimulation of MSC with IL1B 

or the PTC in vitro, could also help to reduce inflammation by MSC. All in all, MSC in 

this study seemed to have an anti-inflammatory effect on macrophages under the sterile 

inflammatory condition of the PTC and HMGB1.  

 

Of course, how MSC influences macrophage biology or any other cell type such as 

neutrophils and the beneficial effect of MSC to prevent SIRS have to be validated in vivo. 

A complex PT model as recently described could be used to evaluate the function and 

effects of systemically administrated MSC in vivo [207]. In a rat model of femur fracture 

and hemorrhagic shock, the systemic transplantation of MSC was proposed to have 

positive therapeutic effects [97]. As IL1B was very effective at inducing MSC to release 

PGE2 as well as TSG6, one could suggest “in vitro priming” of MSC through IL1B to 

accelerate and enhance the immunomodulatory effects of MSC upon in vivo administration 

[70].  
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As time after a PT is not sufficient to grow autologous MSC, the use of allogeneic MSC is 

necessary. The systemic application of allogeneic MSC to patients with refractory systemic 

lupus erythematosus in a clinical trial was reported not to cause any severe adverse effects, 

rather to ameliorate disease activity, serological markers and renal function [113]. 

Moreover, donor-independent administration of in vitro expanded MSC proved to be 

efficient in the therapy of steroid-resistant, acute GVHD [105]. Therefore, it is proposed 

that cryo-preserved, GMP-conform allogeneic MSC from blood banks could be thawed 

and primed with IL1B upon the call from the emergency room [70]. If these are expanded 

in advance, they would need no further expansion and could be administrated within the 

first day after PT [70]. In this time frame, they might be able to prevent the full 

development or progression of SIRS [70]. Optimal culture conditions for the expansion of 

MSC, the minimal time needed for potential in vitro priming, time points of systemic 

administration and the general therapeutic effects will have to be carefully examined in 

future studies of PT models in animals in order to assess the risks and chances of a clinical 

application of MSC to PT patients more precisely [70].  
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5 Summary 

Through heavy tissue injury in a polytrauma (PT), massive amounts of endogenous 

alarmins are released and induce the secretion of many cytokines, complement factors, 

proteins of the acute phase reaction, the coagulation system and others. This complex 

response can develop into a systemic inflammatory response syndrome (SIRS) with the 

risk of a multi-organ dysfunction syndrome and multi-organ failure. Upon injury, levels of 

blood circulating multipotent mesenchymal stromal cells (MSC) increase. The first aim of 

this study, therefore, was to determine via flow cytometry, if numbers of MSC also 

augment in the circulation of PT patients. Since in vitro expanded and systemically 

administrated MSC are known to exert various regenerative and immunomodulatory 

effects in vivo and in vitro, the systemic application of allogeneic MSC to PT patients 

could be a potential therapeutic option. Hence, the second aim of this study was to examine 

the effect of a predominantly sterile, PT-like inflammatory environment on human bone 

marrow derived MSC in vitro. MSC were exposed to PT-associated cytokines and 

complement factors, alone or in a cocktail to mimic a more complex PT-like environment, 

in order to study their effect on proliferation, osteogenic differentiation, migration and 

expression of matrix metallopeptidase (MMP) as well as inflammatory and 

immunomodulatory factors. The immunomodulatory effect of MSC under those PT-

mimicked conditions was further examined in an in vitro co-culture model with sterile 

activated peripheral blood-derived macrophages. Methods for this in vitro study included 

isolation and culture of primary MSC and monocytes, the differentiation of the latter into 

macrophages, reverse transcription real-time PCR, MTT assay, differentiation assays, 

histological, immunohisto- and immunocytochemical methods, various enzyme 

immunoassays, zymography and a chemotaxis assay in a modified Boyden chamber. In 

summary, different populations of blood circulating cluster of differentiation (CD) 45 

negative, MSC marker positive cell populations were found to increase upon a PT and to 

peak between 12 and 48 h thereafter. Even though their stem cell character and function 

remains to be determined, one could think of these cells as endogenously recruited MSC 

from the bone marrow or other origins traveling to sites of injury. Published records of 
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cytokines and complement factors in the blood of multiply injured patients were used to 

define PT associated, pathophysiological concentrations and the PT cocktail (PTC), which 

contained interleukin (IL) 1B, IL6, IL8, complement factor (C) 3a and C5a for the in vitro 

study. C3a proved to be a potent chemoattractant for MSC and represented the main 

mediator of chemotaxis in the context of the PTC, since the other constituents failed to 

induce the migration of MSC in the respective concentration of the PTC. IL1B, both alone 

and within the PTC, upregulated the proliferation and osteogenic differentiation of MSC 

and seemed to be solely responsible for the augmented gene and protein expression of 

MMP 1, which might imply a facilitated migration of MSC through collagen containing 

tissue under PT associated conditions. MSC expression of MMP2 and -9 as well as TIMP 

inhibitor of metallopeptidase (TIMP) 1 and 2 did not markedly respond to stimulation with 

the cytokines and complement factors of the PTC. However, IL1B was also the crucial 

mediator of the PTC for the augmented release of the immunomodulatory factors 

prostaglandin (PG) E2 and tumor necrosis factor-inducible gene 6 protein (TSG) 6 and the 

increased gene expression levels of chemokines responsible for leukocyte recruitment and 

induction of angiogenesis. Since MSC were able to downregulate the tumor necrosis factor 

alpha (TNF) release by macrophages in the PTC and high mobility group box protein 

(HMGB) 1 stimulated co-culture, it is suggested that endogenously recruited or 

systemically administered MSC after a PT can affect sterile activated macrophages to 

secrete less TNF through the secretion of TSG6 and/or PGE2. A high constitutive 

expression of transforming growth factor beta (TGFB) 1 expression, though not responding 

to treatment with IL1B or the PTC in vitro, might also add to the anti-inflammatory effect 

of MSC, while expression of the anti-inflammatory factors IL10 and IL1 receptor 

antagonist (IL1RN) was rather low in MSC. In summary, MSC are suggested to possess a 

strong anti-inflammatory effect, at least on macrophages, under the sterile inflammatory 

conditions of the PTC and HMGB1 in vitro. As IL1B proved to be very efficient in 

inducing MSC to release PGE2 and TSG6, an in vitro priming of MSC prior to their 

systemic administration might enhance their immunomodulatory effects in vivo. Future in 

vivo studies in animal models of PT will have to evaluate the overall therapeutic effect of 

MSC to prevent SIRS, the time needed for in vitro priming and the best timing for their 

administration in order to assess the safety of a clinical MSC application to PT patients.
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