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Due to their immunomodulatory and regenerative capacity, human bone marrow-derived mesenchymal stem cells (hBMSCs) are
promising in the treatment of patients suﬀering from polytrauma. However, few studies look at the eﬀects of sera from
polytraumatized patients on hBMSCs. The aim of this study was to explore changes in hBMSC properties in response to serum
from polytrauma patients taken at diﬀerent time points after the trauma incident. For this, sera from 84 patients with polytrauma
(collected between 2010 and 2020 in our department) were used. In order to test the diﬀerential inﬂuence on hBMSC, sera from
the 1st (D1), 5th (D5), and 10th day (D10) after polytrauma were pooled, respectively. As a control, sera from three healthy donors
(HS), matched with respect to age and gender to the polytrauma group, were collected. Furthermore, hBMSCs from four healthy
donors were used in the experiments. The pooled sera of HS, D1, D5, and D10 were analyzed by multicytokine array for pro-/antiinﬂammatory cytokines. Furthermore, the inﬂuence of the diﬀerent sera on hBMSCs with respect to cell proliferation, colony
forming unit-ﬁbroblast (CFU-F) assay, cell viability, cytotoxicity, cell migration, and osteogenic and chondrogenic diﬀerentiation
was analyzed. The results showed that D5 serum signiﬁcantly reduced hBMSC cell proliferation capacity compared with HS and
increased the proportion of dead cells compared with D1. However, the frequency of CFU-F was not reduced in polytrauma
groups compared with HS, as well as the other parameters. The serological eﬀect of polytrauma on hBMSCs was related to the
time after trauma. It is disadvantageous to use BMSCs in polytraumatized patients at least until the ﬁfth day after polytrauma as
obvious cytological changes could be found at that time point. However, it is promising to use hBMSCs to treat polytrauma after
ﬁve days, combined with the concept of “Damage Control Orthopedics” (DCO).

1. Introduction
Polytrauma is not a mere addition of multiple injuries;
instead, it has signiﬁcant eﬀects on the entire body function
and changes in pathophysiology. People aﬀected by this kind
of injury often suﬀer from serious disabilities and, in
extreme cases, lose their lives. Therefore, polytrauma is a
leading cause of death and disability worldwide [1, 2]. A
classiﬁcation for polytrauma is important for proper and
accurate benchmarking of care and results [3]. The most
widely accepted classiﬁcation system for polytrauma is the
Injury Severity Score (ISS). For its calculation, ﬁrst, the

Abbreviated Injury Scale (AIS), which classiﬁes each injury
by body region on a 6-point scale, is used. Next, the ISS is
derived from the AIS by calculating the sum of the squares
of the AIS scores of the three most severely injured body
regions [4, 5]. The internationally accepted criterion for serious polytrauma is an ISS ≥ 16 [6, 7]. The new “Berlin deﬁnition” states that polytrauma is deﬁned by an AIS ≥ 3 for two
or more diﬀerent body regions and one or more additional
variables from ﬁve physiologic parameters [8].
Polytrauma induces serious multisite damage and can
even result in multiple organ dysfunction syndrome
(MODS) and sepsis [8, 9]. The nature of polytraumatic
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inﬂammatory response is the body’s physiological immune
response to damage and microorganisms [10–12]. Trauma
triggers the production of diﬀerent inﬂammatory mediators and associated peptides. Tumor necrosis factor-α
(TNF-α), interleukin- (IL-) 1, IL-6, IL-8, and IL-10 can
be secreted from monocytes/macrophages [12, 13]. Inﬂammatory cascade activation plays a major role in the development of immune dysfunction and MODS following
polytrauma [14].
Mesenchymal stem cells (MSCs) are deﬁned as nonhematopoietic multipotent stromal stem cells which are characterized by their ability for self-renewal and to
diﬀerentiate into adipocytes (fat), osteoblasts (bone), and
chondrocytes (cartilage) [15]. Human bone marrowderived mesenchymal stem cells (hBMSCs), as one of the
most studied cells in bone and cartilage tissue engineering,
show good osteogenic and cartilage potential [16]. MSCs
possess immunomodulatory properties that can be activated
by signalling molecules such as interferon gamma (IFN-γ),
TNF-α, and IL-1α/β [17, 18]. Distinctive chemokines induce
MSC migration to the site of injury, for instance, stromal
cell-derived factor 1 α (SDF-1α) [19].
As a defect of bone and cartilage is often a common
complication after trauma [20], MSCs, which can be induced
to diﬀerentiate into osteoblasts and chondrocytes in vitro,
are promising cells to treat these defects [21–23]. Therefore,
a promising solution is called the MSC-based bone regeneration [24], where polymer scaﬀolds seeded with MSCs are
used to induce diﬀerentiation of MSCs into osteoblasts
in vivo. Experimental studies have shown that good results
have already been achieved [24–26]. Chondrocytes can be
obtained by culturing MSCs in a special diﬀerentiation
medium using classic pellet culture methods [27], and cartilage can also be generated with the help of tissue engineering
techniques using 3D cell scaﬀolds (e.g., hydrogels [28] and
electrospun scaﬀolds [29]) in vitro.
Improving the treatment of polytrauma and strengthening posttraumatic care are a diﬃcult challenge for the world.
The rationale for using MSCs in polytrauma patients is their
anti-inﬂammatory immune regulation and tissue regeneration capacity [30]. However, it is known that the complex
changes of serum cytokines after polytrauma [31] exert a
complex impact on the characteristics and properties of
MSCs [30, 32]. Therefore, the eﬀects of inﬂammatory mediators on MSCs present in the blood of multiple trauma
patients at diﬀerent times after trauma should be further
investigated. So far, there have been only a few studies on
this topic [30, 33]; due to our knowledge, no studies using
large number of serum samples exist in which the inﬂuence
of sera from diﬀerent time points posttrauma was investigated on MSC properties. Therefore, the aim of this study
was to ﬁnd out whether serum from diﬀerent days after
polytrauma (D1, D5, and D10) has a negative inﬂuence on
cell survival and the ability of hBMSCs to migrate, proliferate, and diﬀerentiate. In this study, it was hypothesized that
higher cytokine levels in D1 and D5 sera may lead to
reduced proliferation of hBMSCs, which can lead to a
decrease of CFU-F colonies and an obvious migration of
hBMSCs compared with HS and D10 sera. In addition, it
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was postulated that osteogenic and/or chondrogenic diﬀerentiation may be signiﬁcantly inhibited due to the high cytokine levels of D1 or D5 sera.

2. Materials and Methods
2.1. Source of Serum and Cells. The serum of polytrauma
patients (ISS ≥ 16) was obtained from the Polytrauma Serum
Bank of the Trauma Department of Hannover Medical
School (year: 2010-2020). The study protocol and sample
donation were approved by the local ethical review committee (Hannover Medical School No. 4980). 84 patients with
polytrauma (median of ISS = 34, interquartile range: 2743.5) were used as donors, and the sera from the 1st day,
5th day, and 10th day after trauma were pooled to ensure sufﬁcient amounts. As control, three healthy donor sera were
matched and pooled (HS) according to the age and gender
ratio of patients with polytrauma. For the experiments, four
healthy hBMSC donors were chosen from our cell bank of
human bone marrow-derived mesenchymal stem cells.
hBMSC donation protocol and sample donation were
approved by the local ethical review committee (Hannover
Medical School No. 2562). BMSC selection was based on
the following criteria: no history of smoking, alcohol, allergies, tumors, and routine medication. Written informed
consent was obtained from all donors prior to inclusion into
the studies, and it was ensured that the study protocol and
process of sample donation for the studies complied with
the Declaration of Helsinki. In Table 1, the age distribution,
gender, and ISS score of polytraumatized patients (PT),
healthy serum donors (HS), and hBMSC donors can be seen.
2.2. Multicytokine Array. Semiquantitative detection of multicytokines was performed by Tebu-bio (Paris, France) using
the Human Cytokine Antibody Array Kit (Ref: AAH-CYTG5-8, RayBio®) [34] with pooled serum as duplicate from
HS, D1, D5, and D10. The change of cytokine concentration
is shown as heat map which was ﬁrst calculated by normalized ﬂuorescence intensity (NFI) and then normalized by
standard score (Z-score) and analyzed by fold change relative to healthy serum (FCRH).
2.3. Cell Culture and Passaging. Stored hBMSCs were
thawed and cultured with hBMSC normal growth medium,
which contained 10% fetal calf serum (FCS, #S0615, Biocell), 1% penicillin/streptomycin (#A2212, Biochrom),
2.5% hydroxyethyl piperazineethanesulfonic (HEPES,
#L1613, Biochrom), 86.5% Dulbecco’s modiﬁed Eagle
medium (DMEM, #FG0415, Bio-cell), and 100 ng/μl
human-ﬁbroblast growth factor-2 (h-FGF-2, #100-18B,
PeproTech) in cell culture ﬂasks at 37°C and 5% CO2.
Upon reaching a conﬂuency of 80-90%, cells were harvested
by using 0.05% Trypsin/EDTA (0.5%/0.2% w/v, #L1825,
Biochrom) solution and counted by ﬂow cytometry (Attune
NxT, Thermo Fisher Scientiﬁc, USA). In order to ensure
that there were enough cells for the experiments, the cells
were expanded and all experiments were performed using
hBMSCs in passage 3 (P3).
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Table 1: List of donors.

Parameters

PT patients

HS volunteers

hBMSC donors

p value

Age (Y)
Gender (M/F)
ISS score

45 (29.5-55)
56/28
34 (27-43.5)

39 (31.5-53)
2/1
n/a

43 (41.5-56.25)
3/1
n/a

0.69
0.94

Note: parameters are given as median (interquartile range) as the data are nonparametric, which was tested by the Shapiro-Wilk test. The age (in years, Y) and
gender (male/female, M/F) were compared by the Kruskal-Wallis test and showed no statistical diﬀerences (p > 0:05).

2.4. Colony Forming Unit-Fibroblast (CFU-F) Assay. 250
cells were seeded in 6-well plates using media corresponding
to each group (10% HS/D1/D5/D10). Total medium change
with corresponding media was performed on day 3 and day
7 after seeding. The CFU-F assay was stopped on day 10 by
ﬁxating the cells with 2 ml cold methanol and staining with
1% aqueous crystal violet at room temperature for 30
minutes before performing macroscopically visible colony
counting. The results are shown as percentage of the number
of colonies per 250 cells seeded.
2.5. Cell Proliferation Experiments and Live and Dead Assay.
30,000 cells were seeded in each well of a six-well plate and
incubated with corresponding media for each group (10%
HS/D1/D5/D10) for 72 hours at 37°C and 5% CO2. After
that, the cells were detached with 0.05% Trypsin/EDTA
and stained with Fixable Viability Dye eFluor™ 450
(#650863, Thermo Fisher Scientiﬁc) and evaluated by ﬂow
cytometry (Attune NxT Flow Cytometer; Thermo Fisher
Scientiﬁc, USA). The total cell number and percentage of
dead cells in each well were calculated by the Invitrogen™
Attune™ NxT Software (Attune; Thermo Fisher Scientiﬁc,
USA) at the same time.
2.6. WST Assay. To assess cell viability/proliferation and
cytotoxicity, a WST assay was performed. WST-1
(#5015944001, Roche) is a tetrazolium salt which forms formazan in the presence of metabolically active cells. 100 μl
hBMSC suspension (8000 cells) was added to each well in
a 96-well plate, and each experimental group was tested in
three replicates. After incubation for 24 hours at 37°C and
5% CO2 with the corresponding media, 10 μl WST-1 reagent
was added to each well. After 30 minutes, 1 hour, 2 hours,
and 4 hours, the absorbance at 450 nm of each well was measured using an Epoch reader (Epoch, USA) and analyzed by
Gen 5™ software (BioTek, Winooski, VT, USA), to quantify
the cell activity. The absorbance at 630 nm was measured for
correction of unspeciﬁc background absorption.
2.7. Transwell Experiments. 600 μl of cell culture medium
containing 10% human serum from one of the serum groups
(HS, D1, D5, and D10) was added into each well of a 24-well
plate (#662160, CellStar) with three duplicates for each
serum group. Then, 1 × 105 cells were resuspended in
100 μl serum-free media and pipetted to the upper chamber
of each tissue culture insert (TC, 24-well plate, pore 8 μm,
Sarstedt, Germany). These TC inserts were then placed into
the wells containing the 10% human serum as lower well.
After cultivation at 37°C and 5% CO2 for 12 hours, the
medium from all upper and lower chambers was discarded.

600 μl 0.05% Trypsin/EDTA solution was pipetted to the
lower well of each TC insert, respectively, and for liquid balance purposes, 100 μl 0.05% Trypsin/EDTA solution was
pipetted to the upper chamber. After 8 minutes of incubation at 37°C and 5% CO2, the cells that migrated to the lower
well were counted separately. The percentage of cells that
had migrated from the upper to the lower chamber was calculated with the following formula:
Migration½% =

Number of migrated cells
× 100%:
1 × 105 cells

ð1Þ

2.8. Scratch Assay. 30,000 cells from each group, which were
pretreated for one passage with the corresponding sera (HS,
D1, D5, and D10), were resuspended in 70 μl serum-free
medium. ibidi inserts (#81176, ibidi, Germany) were placed
in a 6-well plate, and the cell suspension was added to corresponding ibidi inserts. The plates were transferred into an
incubator at 37°C and 5% CO2 for 6-8 hours until the seeded
cells formed a monolayer. Then, the ibidi inserts were
removed from the 6-well plates and 2 ml of serum-free
media was added to each well after the cells and media had
been rinsed with PBS. After this, a deﬁned scratch in the
middle of the cells was visible after the removal of the
inserts. Pictures of each scratch were taken at 0, 4, 8, and
24 hours under an optical microscope (CKX41 Olympus,
Tokyo, Japan) with a magniﬁcation of 40x. Photoshop software (version 21.0.2, Adobe Company, USA) was used to
merge the images, and the scale of the crop area size was
set to 2000 pixels × 8000 pixels with a picture resolution of
72 ppi. Microsoft PowerPoint Software (version 16.37,
Microsoft® Oﬃce 365 for MAC, Microsoft Corporation,
Washington, USA) was used to deﬁne and scribe the boundary of cell migration and color the region free of migrated
cells in the gap. Afterwards, the images were analyzed by a
self-written tool from a member of the laboratory relying
on the OpenCV library version 4.1.0 [35] for image processing. The nonmigrated proportion was shown by the percentage of black pixels, and 100% nonmigrated region was
obtained at the initial 0 hour. Then, the cell migration area
ratio at each time point was obtained from the decreased
proportion of the area of interest.
2.9. Osteogenic Diﬀerentiation. 15 × 104 cells were resuspended in 2 ml 10% FCS normal growth media per well in
6-well plates. After cultivation in an incubator at 37°C and
5% CO2 for 24 hours, the media were changed to osteogenic
diﬀerentiation media consisting of DMEM (#FG0415, Biocell), which contained 10% serum (HS, D1, D5, D10, or
FCS) and was supplemented with 20 mM HEPES (#L1613,
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Biochrom), 1% penicillin/streptomycin (#A2212, Biochrom), 100 nM dexamethasone (#D4902, Sigma), 50 μM
ascorbate-2-phosphate (#A8960, Sigma), and 3 mM diNatriumhydrogenphosphat-Dihydrat (#106508, Merck).
The osteogenic diﬀerentiation should be performed over 28
days with medium change every seven days and was stopped
by ﬁxing the cells with 4% formalin solution. Staining was
performed with 0.5% alizarin red solution (pH = 4:5) protected from light for 10 minutes at room temperature.
Pictures at 40x magniﬁcation were taken along the central axis of the wells using a CKX41 Olympus microscope.
The images were analyzed by a self-written tool from a
member of the laboratory relying on the OpenCV library
version 4.1.0 [35]. The calcium deposit proportion was calculated from the percentage of nonblack pixels.
For a second measurement to evaluate the osteogenesis,
the stained cells were incubated in 10% cetylpyridinium
chloride solution (#8400080025, Sigma-Aldrich) adjusted
to a pH of 7 at room temperature for six hours until all
red color had completely dissolved. The relative content of
alizarin red was then measured by determining its light
absorbance at 600 nm using an Epoch reader (Gene 5, BioTek, Winooski, VT, USA).
2.10. Chondrogenic Diﬀerentiation. For each group, 2:5 × 105
cells were resuspended in 2 ml of normal growth media containing 10% FCS in a 15 ml falcon tube (#188271, CellStar)
and centrifuged for 10 minutes at 200 × g and room temperature to form a pellet. With the lid slightly open to allow air circulation, the cell pellet was cultured in an incubator at 37°C
and 5% CO2 for 24 hours, and then, the medium was replaced
by group-speciﬁc chondrogenic diﬀerentiation medium of
DMEM (#FG0435, Bio-cell), which contained 10% serum
(HS, D1, D5, D10, FCS, and serum-free) and was supplemented with 20 mM HEPES (#L1613, Biochrom), 1% penicillin/streptomycin
(#A2212,
Biochrom),
100 nM
dexamethasone (#D4902, Sigma), 170 μM ascorbate-2phosphate (#A8960, Sigma), 1 mM Natriumpyruvat (#L0473,
Biochrom), 350 μM proline (#1713.1, Roth), 10 μl/ml insulin
(#I0516, Sigma), and 1 μl/ml TGF-beta-3 (#100-36E, PeproTech). A medium change was performed every seven days
for planned 28 days. Stopping the experiment was performed
by ﬁxation of the cells with 4% formalin. After ﬁxation, the
chondrogenic pellets were embedded in Tissue-Tek®
O.C.T.™ Compound and wrapped in aluminum foil. The samples were frozen by placing the foil in liquid nitrogen. Afterwards, the pellets were stored at -20°C until further use.
The chondrogenic pellets were cut to slices with a thickness of 5 μm using a microtome cryostat (Microm HM 500
OM, Leica) and placed on microscope slides (SuperFrost Plus,
Thermo Scientiﬁc). The slides were stained by 0.1% safranin O
solution for 15 minutes at room temperature and were embedded with Vitro-Clud® (R. Langenbrinck GmbH) after drying.
Pictures of chondrogenesis were taken using a microscope
(BX41 Olympus) at 40x magniﬁcation. The pictures were analyzed by a self-written tool from a member of the laboratory
relying on the OpenCV library version 4.1.0 [35]. The proportion of the histological specimen containing glycosaminoglycans was calculated from the percentage of nonblack pixels.
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2.11. Data Analysis and Statistics. Statistical data analysis
was performed by using the SPSS Statistics® program (Version 26, IBM SPSS Statistics Corp., New York, NY), while
ﬁgures were created using Prism 8 software (Version 8.4.0
for Mac OS, GraphPad Company, Santiago) and a heat
map was created by Morpheus (Cambridge, Massachusetts,
USA) [36]. First, the Shapiro-Wilk test was used to determine whether each set of data met the normal distribution,
where a p value greater than 0.05 was indicative of normal
distribution. The normally distributed data were analyzed
by one-way ANOVA and the Tukey test, and the nonparametric data were analyzed by the Kruskal-Wallis test with
Bonferroni correction. Descriptive p values or adjusted p
values less than or equal to 0.05 were considered statistically
signiﬁcant.

3. Results
3.1. Multicytokine Array. Since the levels of cytokines were
measured twice in pooled serum samples, the results reﬂect
the overall diﬀerence, and no statistical analysis was performed. Only the cytokines related to this experiment are
shown in the main manuscript. Compared with the healthy
serum, the red-colored cytokines showed an increase after
trauma whereas the blue-colored cytokines were decreased
(Figure 1(a)).
3.1.1. Pro- and Anti-Inﬂammatory Cytokines. The level of
the proinﬂammatory factors IL-6 (Figure 1(b)) and IL-8
(Figure 1(c)) as well as the level of the anti-inﬂammatory
cytokine IL-10 (Figure 1(d)) showed a four times fold
short-term increase on the ﬁrst day after polytrauma compared to HS and decreased to two or three times higher
when compared to D5 and D10. Five and ten days after
the trauma incident, the level of IL-6, IL-8, and IL-10 had
declined to the same level that was found in the HS group.
3.1.2. Bone Metabolism. The level of osteopontin
(Figure 1(e)) gradually increased over the ﬁrst ten days after
polytrauma compared to the HS group. Osteoprotegerin
(Figure 1(f)) increased on the ﬁrst day after trauma and
decreased on D5 and D10 back to serum concentration
which was also seen in the HS group. Tissue inhibitor of
metallopeptidase-1 (TIMP-1, Figure 1(g)) concentration
was increased in the ﬁrst ten days after trauma. The serum
concentration of ﬁbroblast growth factor 9 (FGF-9,
Figure 1(h)) decreased directly after trauma, and the concentration remains lower over the ﬁrst 10 days compared to the
HS group.
3.1.3. Chondrogenesis. Among the factors that promote
chondrogenic diﬀerentiation of hBMSCs, the levels of the
transforming growth factor-beta (TGF-β) family members
TGF-β1 (Figure 1(i)) and TGF-β2 (Figure 1(j)) decreased
since D1 after trauma until D10 compared to the HS group.
TGF-b3 (Figure 1(k)) level continued to decrease until D5;
afterwards, at D10, it reached the same serum concentration
as the HS group.
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Figure 1: Results of the multicytokine array. (a) Heat map depicting the changes in cytokine levels in pooled serum from patients at day 1
(D1), day 5 (D5), and day 10 (D10) after polytrauma relative to cytokine levels in serum from healthy controls. The data are normalized by Z
-score (HS = 0) and analyzed by fold change relative to healthy serum (FCRH). A Z-score of 0 is represented by white color, a Z-score of 2.5
by red color, and a Z-score of -2.5 by blue color. Z-scores in between these values are depicted by less saturated colors of the same color
palette. Cluster analysis was performed, and the cytokines were ordered accordingly. Some cytokines have an acute peak on the ﬁrst day
after trauma, and some cytokines peak on the 5th or 10th day after trauma, but compared to HS, more than half of the cytokine levels
decreased after trauma. The proinﬂammatory cytokines (b) interleukin- (IL-) 6 and (c) IL-8 as well as the anti-inﬂammatory cytokine
(d) IL-10 were approximately four times higher at D1 in comparison to HS and two or three times higher when compared to D5 and
D10. (e) Osteopontin was increased in the serum from all time points postpolytrauma as compared to serum from healthy donors. The
increase in D1, D5, and D10 relative to HS was from six to twenty times. (f) Osteoprotegerin was higher only one day after polytrauma
in comparison to HS with a fold change for about three times. (g) Tissue inhibitor of metalloproteinase (TIMP-1) was increased at all
time points after polytrauma in comparison to serum from healthy controls. (h) Fibroblast growth factor 9 (FGF-9) was decreased in the
polytrauma sera as compared to the HS.(i–k) Transforming growth factor-beta 1 (TGF-β1), TGF-β2, and TGF-β3 were all decreased in
polytrauma serum at D1 and D5 as compared to healthy serum (n = 1, pooled samples out of 84 donors).
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Figure 2: Colony forming unit-ﬁbroblast assay (CFU-F assay). (a) Representative images of CFU-F assays from HS, D1, D5, and D10. (b)
Results of the CFU-F assays obtained by seeding 250 cells/well. Calculation was performed using the following formula: CFU‐F% =
colonies/250 × 100%. The colony forming ability of polytrauma groups (D1, D5, and D10) had no signiﬁcant diﬀerence when compared
to the HS group (n = 4).

3.1.4. Growth Factors. Serum concentration of epidermal
growth factor (EGF, Figure S1-a) was four times higher at
D1, two times at D5, and ﬁve time higher at D10 after
polytrauma compared to the HS group. Concentration
level of hepatocyte growth factor (HGF) was more than
eight times higher one day after polytrauma compared to
the HS group, ﬁve times higher on day ﬁve, and seven
times higher on day ten (Figure S1-b). Concentration level
of ﬁbroblast growth factor 4 (FGF-4) was decreased after
polytrauma compared to HS (Figure S1-c). Insulin-like
growth factor-binding protein 4 (IGFBP-4) was more than
two times higher on D1 and D5 after polytrauma
compared to the HS group but had a downward trend at
D10 which is still higher than HS (Figure S1-d).

and met the criteria for homogeneity of variance, and oneway ANOVA and the Tukey test were used for statistical
analysis. Counting of the colonies demonstrated no signiﬁcantly reduced colony forming ability at D1 (10:00 ± 4:35%
), D5 (8:30 ± 5:95%), and D10 (7:50 ± 5:22%) compared to
the HS group (16:30 ± 4:10%, p > 0:05). Also, no signiﬁcant
diﬀerences were found between the polytrauma groups D1,
D5, and D10 (Figure 2(b)). However, the blue staining area
of colonies in polytrauma groups (D1, D5, and D10) was less
than HS in visual (Figure 2(a)).

3.1.5. Migration. Among the factors that can promote chemotactic migration of MSCs, the serum concentration of
insulin-like growth factor 1 (IGF-1, Figure S1-e) and
growth-regulated oncogene-alpha (GRO-α, Figure S1-f)
decreased after polytrauma as compared to the HS group.
In
contrast,
the
concentration
of
monocyte
chemoattractant protein 1 (MCP-1, Figure S1-g) was
increased in the serum of patients with polytrauma on D1
after the incidence. The serum level of vascular endothelial
growth factor (VEGF) showed a one- to twofold increase
from D1 to D10 compared to HS (Figure S1-h). The serum
concentration of platelet-derived growth factor-BB (PDGFBB) was increased in all groups after polytrauma compared
to HS (Figure S1-i).

3.3. Cell Counting and Viability Measurement. After 72
hours of cell proliferation, hBMSCs were stained with Fixable Viability Dye eFluor™ 450 and total cell count as well
as the proportion of dead cells was measured. The experimental data were nonparametric distributed, and the
Kruskal-Wallis test with the Bonferroni correction was used
for statistical analysis. Total cell number in the D5 group
(132,071:67 ± 25,770:13 cells) was signiﬁcantly reduced
compared to that in the HS group (224,842:50 ± 56,999:37
cells; p ≤ 0:01, Figure 3(a)). No signiﬁcant diﬀerences of
the total cell number were observed between D1
(180,436:67 ± 47,868:25 cells, p > 0:05) and D10
(183,839:17 ± 73,674:91 cells, p > 0:05) compared to the HS
group. Furthermore, the D5 group (6:56 ± 2:71%) had a signiﬁcantly higher cell death ratio compared to D1
(3:37 ± 1:27%; p ≤ 0:05) (Figure 3(b)). In summary, the D5
group shows an obvious proliferation inhibition compared
to HS as well as a higher ratio of dead cells compared to D1.

3.2. Colony Forming Unit-Fibroblast Assay. Representative
images of the CFU-F assay from HS, D1, D5, and D10 are
shown in Figure 2(a). The data were normally distributed

3.4. WST Assay. 24 hours after cell seeding, the cell viability
and proliferation capacity were tested by WST assay after an
incubation period of 30 minutes, 1 hour, 2 hours, and 4
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Figure 3: Evaluation of the proliferation capacity and viability of stem cells after cultivation in medium containing diﬀerent sera (HS, D1,
D5, or D10) for 72 hours. (a) Proliferation of hBMSCs treated with HS, D1, D5, or D10 serum. The green, dotted line shows the number of
seeded cells (30,000 cells). Addition of serum from D5 to the culture medium resulted in a signiﬁcantly lower proliferation of hBMSCs after
72 hours compared to HS. (b) Amount of dead cells after treatment with HS, D1, D5, or D10 serum. The D5 group demonstrated a
signiﬁcantly increased ratio of dead cells in comparison to D1. ∗ p ≤ 0:05 (n = 4; N = 3).
3
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3.5. Migration Ability of hBMSCs
3.5.1. Scratch Assay. An example of the repopulation of the
scratch with hBMSCs over diﬀerent time points of the assay
is shown in Figure 5(a), where the black-colored area
demarks the area devoid of cells. The data were normally
distributed and met the criteria for homogeneity of variance,
and one-way ANOVA and Tukey test were used for statistical analysis. No signiﬁcant diﬀerence was observed in the
scratch assay at the diﬀerent time points (4 h, p > 0:05; 8 h,
p > 0:05; 24 h, p > 0:05) between any of the serum groups
(Figure 5(b)).

2
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4h

Figure 4: WST assay. Results were observed after cultivation of
cells for 24 hours in medium containing diﬀerent sera (HS, D1,
D5, or D10 serum). No signiﬁcant diﬀerences were observed
between any of the groups at any of the time points analyzed (30
minutes, 1 hour, 2 hours, and 4 hours) (n = 4; N = 3).

hours (Figure 4). The experimental data were nonparametric
distributed, and the Kruskal-Wallis test with the Bonferroni
correction was used for statistical analysis. No signiﬁcant
diﬀerences in WST assay were observed among the groups
at the observation point of 30 minutes (HS: 0:47 ± 0:09,
D1: 0:47 ± 0:09, D5: 0:49 ± 0:10, D10: 0:51 ± 0:10, p > 0:05),
1 hour (HS: 0:65 ± 0:13, D1: 0:66 ± 0:12, D5: 0:67 ± 0:13,
D10: 0:71 ± 0:15, p > 0:05), 2 hours (HS: 1:04 ± 0:21, D1:
1:07 ± 0:20, D5: 1:06 ± 0:19, D10: 1:19 ± 0:25, p > 0:05), and
4 hours (HS: 1:87 ± 0:36, D1: 1:93 ± 0:33, D5: 1:88 ± 0:31,
D10: 2:14 ± 0:40, p > 0:05).

3.5.2. Transwell Migration Assay. The transwell migration
assay data were nonparametric distributed, and the
Kruskal-Wallis test with the Bonferroni correction was used
for statistical analysis. Cell culture media containing the different sera from patients on D1 (60:04 ± 9:36%), D5
(60:17 ± 12:14%), and D10 (66:73 ± 7:36%) after polytrauma
had no diﬀerential eﬀect on the migration behavior of the
hBMSCs in comparison to culture medium containing
serum from healthy donors (67:18 ± 10:18%) and neither
among groups (p > 0:05) (Figure 5(c)).
3.6. Osteogenic Diﬀerentiation. The addition of fetal calf
serum (FCS) served as a positive control for the groups
HS, D1, D5, or D10 for the osteogenic diﬀerentiation assay.
As preliminary experiments showed that the cells detached
in the presence of human serum after 21 days (data not
shown), the osteogenic diﬀerentiation was stopped at day
14 instead of day 28. The experimental data were nonparametric distributed, and the Kruskal-Wallis test with the Bonferroni correction was used for statistical analysis.
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Figure 5: Scratch and transwell migration assay indicating the hBMSC repopulation ability. (a) Representative pictures of the migration and
repopulation ability of hBMSCs over 24 hours treated with HS, D1, D5, and D10 sera in a scratch assay. The black area represents the
scratched area. As time goes by, the injured area is gradually reduced and dispersed along with the migration of cells. (b) After 4, 8, and
24 hours, no signiﬁcant increase in migration of the D1, D5, and D10 groups was found compared to the HS group (n = 4; N = 2). (c) In
transwell migration assay, no signiﬁcant diﬀerences in the ratio of migration were observed between the HS, D1, D5, and D10 groups 12
hours after seeding (n = 4; N = 3).

The result of the osteogenic diﬀerentiation was ﬁrst
quantiﬁed by image analysis stained with alizarin red
(Figure 6(a)). Standardized analysis of the pictures
showed that group D1 (64:35 ± 4:95%, p ≤ 0:01) had a
higher osteogenic diﬀerentiation ability compared to the
FCS group (7:52 ± 3:49%), with exception of HS
(57:20 ± 16:43%, p > 0:05), D5 (46:74 ± 8:59%, p > 0:05),
and D10 (55:87 ± 12:94%, p > 0:05). However, no signiﬁcant diﬀerence was found between the D5 group compared to any of the other serum groups (p > 0:05)
(Figure 6(b)).

Analysis of the alizarin red staining quantiﬁed by extraction and measurement of absorption at 600 nm revealed signiﬁcant elevated levels of calcium deposits in all groups
containing human serum except serum from D5 (HS: 2:44
± 0:27, p ≤ 0:01; D1: 2:62 ± 0:46, p ≤ 0:01; D5: 2:17 ± 0:54,
p > 0:05; D10: 2:53 ± 0:35, p ≤ 0:01) compared to the FCS
group (1:30 ± 0:38, Figure 6(b)). No statistically signiﬁcant
diﬀerence between the osteogenic diﬀerentiations of
hBMSCs cultured with human serum from polytrauma
patients or with human serum from healthy controls was
found (p > 0:05, Figure 6(c)).
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Figure 6: Osteogenic diﬀerentiation potential. (a) Alizarin red staining showed calcium deposits as red staining after culturing hBMSCs in
osteogenic diﬀerentiation medium containing 10% serum from HS, D1, D5, D10, or FCS for 14 days. (a1) Macroscopic image of alizarin red
staining. (a2) Cells prior to alizarin red staining at 40x magniﬁcation. (a3) Images showing the hBMSCs at a 40x magniﬁcation after staining
with alizarin red. (a4) Analysis of alizarin red staining of calcium deposits using a tool based on OpenCV library (version 4.1.0). Areas
without staining were color isolated as black areas. The pixel ratio of the area of interest (nonblack area) in comparison to the black area was
obtained. In the groups containing human serum (HS, D1, D5, and D10), a larger area of the 6-well was positive for alizarin red staining
than in the FCS group (n = 4). (b) Quantitative analysis of the amount of alizarin red staining quantiﬁed using a software tool to compare the
relative areas positive for staining. D1 showed signiﬁcantly more area of alizarin red staining when compared to the FCS group. ∗ p ≤ 0:05
(n = 4). (c) Analysis of alizarin red staining indicative of osteogenic diﬀerentiation with higher concentrations of calcium deposition after 14
days of culture. HS, D1, and D10 showed signiﬁcantly higher absorbance as compared to the FCS group. ∗ p ≤ 0:05 (n = 4).

3.7. Chondrogenic Diﬀerentiation. Chondrogenic diﬀerentiation
with serum-free medium served as positive control in this
experiment. The experimental data were nonparametric distributed, and the Kruskal-Wallis test with the Bonferroni correction
was used for statistical analysis. All serum groups showed comparable levels of glycosaminoglycans in the extracellular matrix
(Figure 7(a)). In the healthy serum group (19:38 ± 11:86%), as
well as in D1 (14:61 ± 10:31%), D5 (19:36 ± 10:67%), and D10
(14:36 ± 6:39%), no signiﬁcant diﬀerence in chondrogenic dif-

ferentiation was seen compared to the FCS group
(20:65 ± 13:78%; Figure 7(b)). The same is true for the positive
control group (40:46 ± 21:92%) which was serum-free
(p > 0:05, Figure 7(b)).

4. Discussion
Trauma is one of today’s major causes of human death and
disabilities [37], and young adults are the largest
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Figure 7: Chondrogenic diﬀerentiation potential. (a) Chondrogenic diﬀerentiation after 21 days of culture in chondrogenic induction
medium containing either HS, D1, D5, D10 serum, FCS, or serum-free (positive control). Images were taken at a magniﬁcation of 40x.
Glycosaminoglycan content is depicted in orange. Demarcation of areas not stained positively for glycosaminoglycans in black using
visual analysis software (based on OpenCV library version 4.1.0). Standard parameters were used in the analysis of each image. (b)
Quantitative analysis of the glycosaminoglycan content of the chondrogenic pellet showed no signiﬁcant diﬀerences between diﬀerent
groups (p > 0:05, n = 4, N = 2).

demographic, correlated with social interactions and exposure to labor [38, 39], which made it a heavy burden for
the society [40, 41]. As been deﬁned in terms of a high ISS
score (≥16) and described as a condition of “severely
injured” or “multiple traumata,” polytrauma has a high mortality rate and a high incidence of impairment.
A dysfunctional immune system caused by polytrauma
often results in death from sepsis and septic shock or MODS
[42–44] by breaking the balance between the systemic
inﬂammatory response syndrome (SIRS) and the compensatory anti-inﬂammatory response syndrome (CARS) [43, 45,
46]. This imbalance in turn can develop into persistent
inﬂammatory, immunosuppressed, catabolic syndrome
(PICS) [47] in the late stage after trauma. Trauma triggers

the production of diﬀerent inﬂammatory mediators and
associated peptides. TNF-α, IL-1, IL-6, IL-8, and IL-10 can
be secreted from monocytes/macrophages [12, 13], whereby
inﬂammatory cascade activation [10] plays a major role in
the development of immune dysfunction and multiple organ
dysfunction following polytrauma.
MSC can be triggered by a signal to exhibit immunomodulatory properties, and the most powerful promoters
are IFN-γ, TNF-α, and IL-1β [17, 18]. Various adhesion
molecules including integrins and selectins are expressed
by MSC to regulate the adhesion of the cells to the target tissue’s extracellular matrix (ECM) [19, 48]. It is known that
MSC can be induced to diﬀerentiate into osteoblasts
in vitro [21] and chondrocytes [22, 23] by culturing in a
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special diﬀerentiation media in vitro using classic pellet culture methods. Therefore, the hBMSCs are promising in the
treatment of patients suﬀering from polytrauma, but as it
is known that the complex changes of serum cytokines after
polytrauma [31] exert a various impact on the characteristics
and properties of MSCs [30, 32], it is necessary to explore
the cytological eﬀects on hBMSCs at diﬀerent time points
postpolytrauma. Such a study could lead to more knowledge
of whether the factor polytrauma has a negative eﬀect on
hBMSCs and at which time points hBMSCs should be used
to treat polytrauma. Other studies [32, 49] used a single
cytokine or stimulated cocktail including multiple factors
to answer this question, but these in vitro cocktails cannot
completely show the serological eﬀects of polytrauma.
Therefore, in our study, real serum from patients with polytrauma at D1, D5, and D10 compared to healthy serum was
used.
Analysis of the serum cytokine concentration in our
study showed that the proinﬂammatory factors IL-6 and
IL-8 and the anti-inﬂammatory IL-10 were increased on
D1 after the induction of trauma. In contrast, other proinﬂammatory (e.g., IL-1β, IL-12, TNF-α, and IFN-γ) and
anti-inﬂammatory factors (e.g., IL-4, IL-5, and IL-13) were
decreased after trauma induction at all time points compared to the serum from healthy controls and with concentrations that slightly recovered from D1 to D10. To sum up
these ﬁndings, a sharp increase in speciﬁc cytokine concentrations was seen after acute traumatic stress as reﬂected by
the D1 group, which decreased close to normal levels following D5 and D10 after polytrauma. In the subsequent D5 and
D10 groups, proinﬂammatory and anti-inﬂammatory factors are in a relatively balanced state, as their concentrations
are comparable to the HS group and showed a ﬂuctuation
trend after trauma to maintain a long-term balance which
is in line with the theory of SIRS/CARS balancing, as well
as the latest PICS theory [50]. A comparable study was carried out by Halbgebauer et al. [51] which conducted a cytokine analysis from seven polytrauma patients (ISS ≥ 32, six
males and one female) four hours and one and ﬁve days
posttrauma and treated the whole blood with or without
lipopolysaccharide (LPS). In the results of Halbgebauer
et al., the proinﬂammatory factors IL-12 and IFN-γ were
downregulated after trauma in D1 when compared with
the healthy group, and an upward trend was discovered
from D1 to D10. The anti-inﬂammatory IL-10 was dramatically increased after trauma in D1 in comparison to the
healthy group and decreased to a level which was slightly
higher than the healthy group in D5, with a rising trend in
D10. Upon these cytokines, the results were in line with
the ﬁndings of this study. However, for IL-4, IL-5, and IL13, Halbgebauer et al. observed an upregulation in D1 and
D5 relative to the healthy group while these cytokines were
downregulated in this experiment when compared with
HS. Volpin et al. [52] detected the serum cytokines in 58
severe trauma patients (AIS: 3:44 ± 0:5, 35 males, 23
females) several hours after trauma compared to a healthy
control group. In the results of Volpin et al., it showed that
IL-4 was decreased and IL-6 and IL-8 were increased compared to healthy control as in this study, but it showed a dif-
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ferent trend as IL-1β, IL-12, and IFN-γ were increased when
compared with the healthy control, and in this study, a
decreased trend was shown for these cytokines compared
to HS. Diﬀerences in the results from the study by Halbgebauer et al. and Volpin et al. to this study could be explained
by diﬀerent patient groups (age, gender) and the severity of
the trauma. At the same time, the half-life of some cytokines
is relatively short. For example, TNF-α has a half-life of less
than 20 minutes and IL-1 only 6 minutes [31]. Therefore,
the choice of cytokine detection time point also determines
the diﬀerence in cytokine changes.
In this study, the proliferation capacities of hBMSCs
incubated with serum from D5 polytrauma patients were
signiﬁcantly reduced in comparison to cells incubated with
serum from healthy controls. And when using serum from
D10, however, the proliferation capacity of hBMSCs was
comparable to the control. In accordance with this, the proportion of dead cells upon culture with serum from D5 was
signiﬁcantly higher than that of cells cultured with D1
serum. Based on the results of the cytokine analysis, it could
be hypothesized that these eﬀects might be caused by the
combined action of multiple cytokines. Among the factors
that promote cell proliferation and inhibit apoptosis, EGF
can promote the proliferation and migration of MSCs [53,
54], short-term exposure to HGF can improve the survival
rate of MSCs [55], and FGF-4 has mitotic activity and can
eﬀectively promote the proliferation of MSCs [56]. PDGFBB can protect cells from apoptosis and is known to regulate
cell proliferation [57, 58], and it also has the eﬀect of promoting MSC osteogenic diﬀerentiation [59], while IGFBP4 promotes senescence and apoptosis in MSCs [60]. Most
of the above-mentioned factors that promote cell proliferation were signiﬁcantly reduced in D5 serum, especially
FGF-4, while IGFBP-4, which promotes cell senescence
and apoptosis, was the highest in serum from D5. EGF and
HGF might have a positive eﬀect on proliferation and migration of hBMSCs because their concentrations were higher in
serum from polytrauma patients than in the serum from
healthy controls. The fact that concentrations of these cytokines were lower in D5 than D1 or D10 might explain the
decreased proliferation rate and increased proportion of
dead hBMSCs after culture with the respective serum.
Therefore, the increase in the concentration of cytokines that
can promote cell proliferation and viability is not enough to
oﬀset the eﬀects of some cytokines that inhibit cell proliferation and promote cell apoptosis. This may also cause the
decreased proliferation and viability.
Amann et al. [32] conducted an experiment where the eﬀect
of selected trauma-related factors to the eﬀect of polytrauma
serum on the inﬂammatory response of hBMSCs was compared. Serum from four polytrauma patients was obtained at
0, 4, 12, 24, 48, 120, and 240 hours after their admission to
the clinic. The serum of ﬁve patients was used to make a
medium with a 20% serum concentration to investigate the
in vitro proliferation of human MSCs after seven days in culture. Proliferation of MSCs was decreased after treatment with
serum samples from polytrauma starting after 12 hours up to
240 hours. Compared to this study, the same reduction in the
proliferation ability after 72 hours of cultivation time with
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serum taken at D5 (120 hours) was found. Importantly, Amann
et al. determined that diﬀerent mixtures of cytokines together
with serum from healthy controls were not able to induce a similar eﬀect on hBMSC properties as serum from polytrauma
patients. This suggests that the eﬀect of polytrauma serum on
the proliferation, vitality, and cytotoxicity of MSCs cannot be
mimicked by the inﬂuence of a single cytokine or even the combination of a few cytokines.
In the CFU-F assay of this study, the results showed that the
CFU-F number was not reduced when culturing hBMSCs with
polytrauma serum (D1, D5, and D10) as compared to HS.
However, the blue staining area of colonies in the polytrauma
groups (D1, D5, and D10) was less than that in HS
(Figure 2(a)) in visual, especially in the D5 group. With reference to the results of cell proliferation experiments, on the 5th
day after trauma, the total number of cells decreased and the
proportion of cell death increased, but the ability of colony
forming was not reduced, which might lead to less area of staining of CFU-F. The eﬀects of cytokines diﬀerentially inﬂuencing
cell proliferation, cell survival rate, and cell apoptosis are integrated and together mediate the changes in MSCs. And the
reduction of factors that promote cell proliferation and the promotion of cell senescence and apoptosis may be related to this
result.
The polytrauma serum has no obvious eﬀect on the viability and cytotoxicity of MSC within 24 hours detected by
WST assay. Possibly, 24-hour cultivation was not long
enough to induce a reduction in cell viability, since a significant increased rate of dead cells was observed after 72 hours
of cultivation by using total cell counting and live and dead
assay.
Moreover, it was found in this study that there was no
signiﬁcant inﬂuence of the diﬀerent sera on the migration
properties of hBMSCs in a transwell migration assay. IGF1, GRO, and MCP-1 can eﬀectively promote the migration
of MSCs [61, 62]. In this study, it was found that the levels
of IGF-1 and GRO decreased in the sera from all polytrauma
groups. However, the level of MCP-1 was found to be
increased, which might result in the zero net eﬀect of the
polytrauma sera on the migration properties of hBMSCs.
In diﬀerence, Hengartner et al. [49] found a promigratory
eﬀect of a polytrauma cocktail on MSCs. The method Hengartner et al. used was similar to the transwell assay in this
study, and the diﬀerence was Hengartner et al. used a mixture of cytokines (cocktail). Combined with the suggestions
from the study of Amann et al. [32], these diﬀerences
strengthen the hypothesis of this study that a mixture of
cytokines may not adequately reﬂect the complex inﬂuence
of real polytrauma serum on MSCs.
In this study, no signiﬁcant diﬀerences were found in the
scratch assay between diﬀerent groups and diﬀerent time
points. The application of serum-free medium not only
ensures that all cells used in the experiment were in P3 but
also avoids the inﬂuence of cell proliferation on migration.
It is known that VEGF parasecreted by MSC can promote
the migration to repair vascular endothelium; both VEGF
[63] and PDGF-BB [64] have the ability to migrate and
repair the wounded tissue. In the results of this experiment,
the ability of migration in scratch assay did not change
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according to the trend of cytokines. However, as the scratch
assay is an in vitro surrogate marker for migration to repair,
the actual migration-wound healing ability of hBMSCs
in vivo may change. Therefore, further exploration in vivo
is needed.
In vitro bone formation in this study was evaluated with
alizarin red staining of calcium deposits [65] as well as with
alizarin red absorbance measurement at 600 nm [66]. Comparable results were obtained with both methods, and no
signiﬁcant diﬀerence in osteogenic diﬀerentiation ability of
hBMSCs was observed between the HS and polytrauma
groups.
Interestingly, in the results of alizarin red absorbance
measurement at 600 nm except for the D5 group, all groups
containing human serum had a signiﬁcant higher osteogenic
capacity than the FCS group. Perhaps, this is related to the
fact that human serum contains more proteins or growth
factors [67], and the use of allogeneic human serum MSC
culture has a higher beneﬁcial inﬂuence on cell proliferation
than FCS [68]. In this study, increased serum concentrations
of osteopontin, osteoprotegerin, and FGF-9 as well as
decreased TIMP-1 concentration were observed. Osteoprotegerin, osteopontin, and FGF-9 play a positive regulatory
role in promoting osteogenic diﬀerentiation. While osteopontin can eﬀectively promote MSC osteoblastic diﬀerentiation [69] and osteoprotegerin inhibits bone resorption [70],
FGF-9 eﬀectively increases bone diﬀerentiation [71] and is
indispensable in long bone repair. In contrast to this,
TIMP-1 negatively regulates osteogenic diﬀerentiation by
attenuating the expression of Runx2 during bone diﬀerentiation and also inhibits cell proliferation [72]. This may
explain why no negative impact of the polytrauma sera on
osteogenic diﬀerentiation of hBMSCs was found.
In contrast to the results of this study, Thaweesapphithak et al. [68] conducted osteogenic diﬀerentiation
experiments of human placenta and umbilical cord-derived
MSCs using osteogenic diﬀerentiation medium containing
human serum for four weeks and found that osteogenic differentiation was not diﬀerentially inﬂuenced by human
serum in comparison to FCS. Popov et al. [73] conducted
research on hBMSCs to compare osteogenic diﬀerentiation
medium containing FCS and human serum, over a diﬀerentiation time of 21 days. In the study of Popov et al., human
serum was only added to the diﬀerentiation medium during
the ﬁrst ﬁve days, because Popov et al. found in prior experiments that using human serum resulted only for ﬁve days in
a better osteogenic diﬀerentiation in contrast to the continuous supplementation with human serum. Popov et al. concluded that, in comparison to FCS, the use of human
serum enhanced the osteogenic diﬀerentiation ability of
MSCs and the results are in line with the results obtained
in this study.
Glycosaminoglycan staining by safranin O is a reliable
method for the quantiﬁcation of cartilage tissue [74] which
was used in this study. The results showed that the chondrogenic diﬀerentiation ability of the positive control group
(serum-free) was higher than that of the other experimental
groups (10% serum added), although there were no signiﬁcant diﬀerences between the experimental groups, indicating
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that polytrauma serum from all time points had no signiﬁcant eﬀect on the chondrogenic diﬀerentiation of hBMSCs.
Proteins from the TGF-β family can promote chondrogenic
diﬀerentiation in MSCs [75, 76]. TGF-β1 cooperates with
IGF-1 to promote MSC migration and chondrogenic diﬀerentiation [77, 78], while IL-1β [79] can inhibit chondrogenic
diﬀerentiation. In the multicytokine array, polytrauma
caused decreased concentrations of TGF-β1, TGF-β2, and
TGF-β3, especially one day after the trauma, but this was
not reﬂected by a negative inﬂuence of the sera on chondrogenic diﬀerentiation of hBMSCs in vitro. Since TGF-β3 was
added to the chondrogenic diﬀerentiation medium in this
experiment, the slight decline of TGF in polytrauma sera
might be overruled by the general addition of TGF-β3 to
the diﬀerentiation medium, thereby hiding a possible eﬀect
of this reduction.
The following limitations were present in this study. The
results were obtained using hBMSCs from only four diﬀerent donors. Therefore, future studies using hBMSCs from
more donors should be conducted to conﬁrm the results
found here. Furthermore, pooled sera from patients with
polytrauma were used to provide enough volume to perform
the experiments. A disadvantage to use pooled serum is that
a statistical analysis to prove the diﬀerence between groups
cannot be performed. However, the most important advantage of using serum from more than 80 polytrauma patients
is that individual diﬀerences with respect to cytokine
changes in serum will likely be zeroed out, and it showed
the real concentration change of the cytokines. Furthermore,
the polytrauma pooled serum and the pooled serum from
healthy donors were matched with respect to age and gender
to reduce the inﬂuence of these two factors. Additionally,
allogeneic serum was used on hBMSCs in this study, and this
may lead to proliferation stagnation and death.
At present, many clinical trials using MSCs to treat
human diseases can be found on clinicaltrials.gov [80], but
the application of MSC to treat human polytrauma is still
in the early stage of development. In studies concerning
bones and joints, a combination of MSCs and biomaterial
scaﬀolds has been used locally, and its eﬀectiveness has been
veriﬁed in animal experiments [24–26, 28, 29]. In this study,
considering the reconstruction of surgical functions in
patients with polytrauma after the basic vital signs have stabilized, the local application of MSCs is a point of interest,
for instance, to add BMSC locally into the fracture gap during the ﬁnal reconstruction of bones and cartilage postpolytrauma, and the inﬂuence of serology on MSCs still needs to
be considered.
The central idea of the “Damage Control Orthopedics
(DCO)” [81] is to implement life-saving procedures early,
temporarily stabilize damaged tissues, and ﬁnally deal with
fracture ﬁxation and osteochondral treatment related to the
injury. Because of the imbalance of the SIRS/CARS system,
the “ﬁrst hit” caused by trauma is likely to make the patient
face the potential risk of deterioration after the “second hit”
of the operation [82, 83]. According to reports, the deﬁnitive
osteosynthesis on the second to fourth day after trauma
increases the chance of MODS [84], and it is beneﬁcial to
perform the ﬁnal ﬁxation within 15 days after trauma to
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avoid infection of temporary external ﬁxation [85], especially during the 5th to 10th days posttrauma which period
has been deﬁned as “window of opportunity” [86]. Based
on this knowledge and the results of this study, it could be
very promising to add hBMSCs locally into the fracture
gap of bones and cartilage during the ﬁnal reconstructive
operation in the “window of opportunity” due to the
“DCO” concept. However, a systemic application of MSCs
after polytrauma is also conceivable in some studies. In an
animal experiment of systemic application of MSCs, Tanrıverdi et al. [87] used allogeneic MSCs which signiﬁcantly
improved the healing ability of the liver and bone in rats
after polytrauma. Furthermore, Amann et al. [88] showed
that allogeneic MSCs signiﬁcantly reduced injury score 24
hours after severe blunt chest trauma (TxT). However, previous studies also have shown that systemic application of
MSCs, such as systemic intravenous injection, tends to accumulate in the lungs [89] or distribute in other organs, such
as the liver, kidneys, long bones, and spleen, 24-48 hours
after injection [90]. In addition, it is not easy to detect the
donor’s MSCs in the whole body after 8-10 days of injection
[91]. Furthermore, a study by von Bahr et al. showed that the
ability of MSCs to enter the bone marrow was very limited
by intravenous injection of MSCs [92]. Therefore, a local
administration of MSCs seems more promising to us than
a systemic injection.
Altogether, the results indicate that hBMSCs may be useful in the treatment of fractures and cartilage defects of
patients suﬀering from polytrauma, since the in vitro regenerative potential of hBMSCs is not negatively aﬀected by
cytokines present in serum one, ﬁve, or ten days after polytrauma. The best time point for the application of hBMSCs
might be at least after ﬁve days of polytrauma to overcome
the negative eﬀect of polytrauma serum on hBMSCs which
were seen at D5. This setup would be in line with the
“DCO” concept which consisted of the provisional immobilization of long bone fractures to achieve the advantages of
early treatment and minimization of complication risks,
such as fat embolism, pathological inﬂammatory response
or severe hemorrhage triggering the lethal triad, and the
traumatic eﬀects of major surgery on a patient who is
already traumatized (the “second hit” eﬀect) [93].
This study tried to mimic the eﬀects of polytrauma on
hBMSCs in vitro, but it must be kept in mind that the
in vivo environment is much more complex, and the
in vitro conditions might have diﬀerent eﬀects on the cells
than in vivo. Therefore, although the results of this study
have a certain reference value for clinical applications, further in vivo veriﬁcation is necessary.

5. Conclusions
The composition of polytrauma serum changes over time
after the trauma incident. Therefore, the eﬀect on hBMSC
biology is diﬀerentially aﬀected by sera obtained from polytrauma patients at diﬀerent time intervals after trauma. Prolonged exposure to polytrauma serum collected on D5 exerts
a negative eﬀect on hBMSCs with reduced proliferation ability and a higher cell death ratio. Polytrauma serum did not
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signiﬁcantly aﬀect the colony forming ability, cells’ migration, and scratch healing ability, and no signiﬁcant eﬀects
on the ability to diﬀerentiate into bone and cartilage tissues
were found.
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