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Abstract

Background: During joint replacement, surgical vacuum suction guarantees a sufficient overview on the situs. We
assume high concentrations of mesenchymal stromal cells (MSCs) on surgical vacuum filters.

We compared the in vitro proliferative and differentiation potency of cells from the following: (i) bone marrow (BM),
(ii) cancellous bone (CB), (iii) vacuum filter (VF), and (iv) cell saver filtrate reservoir (SF) in 32 patients undergoing
elective total hip replacement.

Methods: Mononuclear cells (MNC) were isolated, and cell proliferation and colony-forming units (CFU) were
measured. Adherent cells were characterized by flow cytometry for MSC surface markers. Cells were incubated with
osteogenic, adipogenic, and chondrogenic stimuli. Cells were cytochemically stained and osteoblastic expression
(RUNX-2, ALP, and BMP-2) investigated via gPCR.

Results: Dependent on the source, initial MNC amount as well as CFU number was significantly different whereas
generation time did not vary significantly. CFU numbers from VF were superior to those from SR, BM, and CB. The
resulting amount of MSC from the respective source was highest in the vacuum filter followed by reservoir,
aspirate, and cancellous bone. Cells from all groups could be differentiated into the three mesenchymal lines
demonstrating their stemness nature. However, gene expression of osteoblastic markers did not differ significantly
between the groups.

Conclusion: We conclude that surgical vacuum filters are able to concentrate tissue with relevant amounts of MSCs. A
new potent source of autologous regeneration material with clinical significance is identified. Further clinical studies
have to elucidate the regenerative potential of this material in an autologous setting.
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Background
Besides regulation of the normal skeletal homeostasis in-

Clinical and experimental data suggest several differ-
ent stimuli orchestrating the complex molecular inter-

cluding calcium-phosphate metabolism, hematopoiesis,
and further immunological functions, the adult human
bone marrow contains osteoprogenitor cells that play a
crucial role in fracture healing and osteogenesis [1].
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actions of bone healing. Representative players are the
platelet-rich plasma (PRP) and its contained growth
factors, different cytokines, and fibrin. Besides soluble
agents, the carefully controlled balance between bone
forming (osteoblast), bone resorbing (osteoclast), and
other cell types is essential for physiological bone for-
mation [2—7]. Bone fractures as well as osteotomies are
associated with soft and hard tissue trauma. Especially
in total hip replacement, relevant amounts of the bone
marrow leave the acetabulum and femoral canal during
preparation procedures. Moreover, surgical approaches
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are associated with relevant soft tissue trauma (ruptures
of small vessels, elongation and strain of muscles, and
damage of fat tissue). At least an undefined mixture of
the bone marrow, small cancellous bone fragments, fat,
hematoma, and additional soluble factors occurs at the
bony implant site. In cementless total joint replace-
ment, this “bone stew” gets in direct contact to the im-
plant, binds to its surface, and determinates the
preconditioning protein film (implant proteome) [8].
Together with inflammatory cytokines and nervous
stimuli, this peri-implant microenvironment includes a
strong osteogenic potential, associated with an in-
creased risk for ectopic bone formation (non-hereditary
heterotopic ossification, NHHO) [9-13]. However, rele-
vant amount of this cytokine cocktail in the implant-
side released tissue is removed by surgical suction.

In total joint replacement and other relevant ortho-
pedic interventions, surgical vacuum suckers are fre-
quently used. This technology allows not only a
sufficient overview on the situs, but lowers as well the
need for allogenic blood transfusions and its associated
risks [14—18]. However, when applied intraoperatively,
not only blood or hematoma is aspirated by the sucker
but also other soluble or small tissue components within
the operation site such as the “bone stew” are removed.
Therefore, commercial vacuum suckers are combined
with filters retaining tissue fragments and fibrin clots
and discharge blood components for the downstream
connected cell saver system [19]. Our hypothesis was
that the filter contains relevant amounts of mesenchymal
progenitor cells as well as the downstream cell saver res-
ervoir. We investigated this question experimentally
comparing the in vitro proliferative and differentiation
potency of MSC from bone marrow aspirate (BM-MSC),
cancellous bone-derived MSC (CB-MSC), vacuum filter-
derived MSC (VF-MSC), and MSC from the cell saver
filtrate reservoir (SR-MSCs) in 32 patients undergoing
elective total hip replacement.

Materials and methods

Patients

Following a prospective design, the patient cohort
consists of 32 patients (22 females, 10 males, mean
age of 67.4+10.1years) with advanced osteoarthritis
qualified for elective total hip replacement. Exclusion
criteria were malignant or infectious diseases and an
age under 18years. Table 1 summarizes the patients’
characteristics. All patients were operated in supine
position using a Bauer-Harding approach.

Cell harvesting methods
During surgery, four tissue samples were harvested and
prepared for further in vitro cultivation (Fig. 1):
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Table 1 Patients’ characteristics and comorbidities

Parameter Number (%)
Patients 32 (100%)
Age (years), mean £+ SD 67 £10.06
Gender female 22 (69.7%)
Comorbidities
Cardiovascular disease 23 (71.9%)
Rheumatoid diseases 6 (18.8%)
Venous diseases 6 (18.8%)
Thyroid disorders 5 (15.6%)
Diabetes mellitus 3 (9.4%)
Renal insufficiency 3 (9.4%)
Osteoporosis 3 (94%)
Chronic obstructive pulmonary disease (COPD) 2 (6.3%)
Time of surgery (min), median [range] 82 [55-140]

1)

2)

3)

4)

Bone marrow (BM): After femoral neck resection,
the femur canal was accessible and a G 20 needle
with a 10-mL syringe (Sterican® G20 x 1 1/2" =
0.90 x 40 mm, B. Braun Melsungen, Germany) was
inserted into the native femoral head before any
probe or rasp were inserted. A volume of 3.3 + 2 mL
of the bone marrow was harvested by vacuum suc-
tion with the syringe and diluted with PBS up to a
volume of 20 mL for Ficoll density gradient
centrifugation.

Cancellous bone (CB) was removed from the
femoral head by a sharp spoon: the spongy material
was removed, weighed, and minced by surgical
scissors and treated by collagenase D (final 1 mU/
mL, Roche/Sigma-Aldrich, Deisenhofen, Germany)
for 15 min at 37 °C and 6% CO,. Afterwards, solid
tissue fragments were removed by rinsing with PBS
using a cell strainer (nylon mesh with pore size

70 pum, Becton Dickinson, BD Bioscience,
Heidelberg, Germany), followed by centrifugation
with 600g for 15 min at RT. The cells were
resuspended in 20 mL PBS for Ficoll density
gradient centrifugation.

Surgical vacuum filter clot (VF): The fibrin clot
adhered to the surface of the surgical vacuum filter
was removed, and 2-3 g of the VF material was
incubated with streptokinase (10,000 U per 5 g,
Sigma-Aldrich, Deisenhofen, Germany) diluted 1:1
with PBS and mixed by a magnetic stirrer with 100
rpm for 15 min at RT for thrombolysis. The mix-
ture was centrifuged at 600g for 10 min at RT, and
the pellet was suspended in 20 mL PBS for density
gradient centrifugation.

Cell saver reservoir (SR) (Dideco [Sorin] Electa
Autotransfusion System Cell Saver, Dideco, Milan,
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Fig. 1 Tissue harvest during surgery. a Mixture of different liquid tissue components (arrow) released during implantation of a cementless
titanium hip stem before aspiration by the surgical vacuum sucker. b Surgical vacuum filter handle: empty and with a vacuum filter clot (VF)
(arrow). ¢ Cell saver filtrate reservoir (SR): empty and with collected liquid (arrow). d Femur head before the removal of cancellous bone

Italy): 2—3 mL of the SR material (filtrate) was
treated as described for VF (streptokinase treatment
and density gradient, see above).

Isolation of mesenchymal stromal cells

The isolation of MSC followed a standardized protocol
based on Ficoll (Ficoll Paque™ Plus, density 1.078 g/mL,
GE Healthcare, Freiburg, Germany) density gradient
centrifugation as reported previously [20]. 10x 10°
mononucleated cells (MNC) of each probe were culti-
vated in T75 tissue flasks in low-glucose DMEM (Gibco,
Life Technologies, Darmstadt, Germany) culture media
containing 10% (v/v) fetal calf serum (FCS; Biochrome,
Berlin, Germany), 100U/mL penicillin, 0.1 mg/mL
streptomycin, 2 mM-glutamax, and 1 mM sodium pyru-
vate (all from Sigma-Aldrich).

Following the International Society for Cellular
Therapy’s (ISCT) minimal criteria to define mesen-
chymal stromal cells (MSCs), we choose plastic
adherence, as well as appropriate surface marker ex-
pression and trilineage differentiation for MSC
characterization [21-25].

Generation time

The adherent cells were split and seeded in a density of
6.5+2.5x10% cells per cm? in flasks (passage 1). After
reaching a confluency of about 90%, cells were detached
and counted (passage 2). The time it took the cells to
double in number was determined.

Flow cytometry

After the second passage (cultivation period of app. 3
weeks), cells were detached by accutase (600 U/mL,
Gibco/Life Technologies) from the tissue flasks, centri-
fuged at 460g for 5 min at RT, and resuspended in 50 pL
PBS containing 3% (v/v) FCS. Aliquots of 1 x 10° cells
were incubated with antibodies against CD45 (V500,
leukocyte common antigen, clone: HI30, Becton Dickin-
son), CD34 Class III (FITC, Myl0, clone: 581, Invitro-
gen, Thermo Fisher), CD73 (PerCP-eFlour-710, ecto-5-
NT, SH4, clone: AD2, BD Bioscience), CD90 (Brilliant
Violet 421, Thy-1, clone: 5E10, Bio Legend, Fell,
Germany), and CD105 (PE-Cy7, Endoglin/TGF1-b3 re-
ceptor, clone: 43A3, Bio Legend) for 30 min on ice as de-
scribed before [20, 26]. Isotype controls at the same
concentration as the specific antibodies were used to
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determine nonspecific signals. FACS analysis was per-
formed with a FACSCanto II flow cytometer (BD Bio-
science) and Diva Software 6.0.

Colony-forming unit (CFU) assay

2 x 10° MNC of each group (BM, CB, VF, SR) were
cultivated in a T25 tissue flask (cell density 4 x 10°
MNC/cm?). The medium was changed after 3 days. At
day 7, cells were washed with PBS, fixed and incu-
bated in 5% Giemsa solution (Merck, Darmstadt,
Germany) for 5min followed by rinsing with aqua
dest. The colony-forming units were identified and
counted using a stereomicroscope (Stemi 305, Zeiss,
Jena, Germany). Colonies were defined as cell circular
arrangement of more than 50 stained cells indicating
that one viable cell gave rise to a colony through
replication.

Differentiation into the three lines

Mesenchymal multipotency was approved by applying
typical in vitro stimulation protocols with the respective
media followed by representative cytochemical staining
as described before [4, 27]. In all groups, unstimulated
cells served as control.

a) Osteogenic differentiation: 1.8 x 10* cells were
cultivated in a six-well dish in an osteogenic
medium. After 21 days, mineralization of the extra-
cellular matrix was stained by Alizarin red.

b) Chondrogenic differentiation: A cell pellet
containing 3 x 10* cells was made by centrifugation
at 360g for 5 min and cultured in chondrogenic
media in 96-well plates. After 21 days, the cell pellet
was rinsed with PBS, overlayed with cooling-
freezing media, and snap frozen in liquid nitrogen.
Specimens were cut and stained with Alcian blue
for glycosaminoglycans.

c¢) Adipogenic differentiation: 1.8 x 10* cells were
cultivated in a six-well dish in adipogenic medium.
After 21 days, adipocytes were detected by Oil Red
O staining.

Reverse transcription quantitative PCR (RT qPCR)

RNA was isolated from osteogenically stimulated cells
after 7 and 21days of culture with the RNeasy Mini
Kit Plus (Qiagen, Hilden, Germany), which was ap-
plied according to the manufacturer’s protocol. Un-
stimulated cells served as controls. The concentration
and purity of RNA was measured spectrophotometric-
ally (NanoDrop™ Thermo Fisher). RNA was reversely
transcribed to cDNA using a ¢cDNA Synthesis Kit and
Oligo (dT) primers according to the manufacturer’s
protocol (Qiagen). Quantitative PCR (qPCR) was per-
formed using SybrGreen, the DNA kit (Qiagen), and
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the iQ™ Cycler (Bio-Rad, Miinchen, Germany). All
samples were analyzed as duplicates and had to show
a clear melting curve including a characteristic peak.
The target genes were normalized to the reference
gene GAPDH using the der AA t method with ACt =
Ct test gene - Ct reference gene (GAPDH) and
AACt=ACt sample - ACt calibrator (unstimulated
cells). The relative quantification (RQ) is the -fold
change compared to the calibrator and was calculated
as 2% A RQ of 10 means that this gene is 10
times more expressed in sample x than in the calibra-
tor sample. We considered a RQ significant when
there was a minimum of twofold change.

Statistics

Statistical analysis was performed using Graph Pad
Prism software V8 (GraphPad Prism Software, Inc.
San Diego, CA). Continuous variables (patients’ age,
sample weight, MNC, number) are presented as
mean * standard deviation and categorical variables
(gender, comorbidities) as frequency and percentage.
Ordinal parameters (CFU number) and continuous
parameters (MNC and MSC number, generation time)
are expressed as mean with the interquartile range
(25th percentile-75th percentile). Analysis of normal
distribution of each continuous variable was per-
formed by the Kolmogorov-Smirnov test before further
statistical testing. Accordingly, the Kruskal-Wallis test
by ranks was used for the comparison of nonparamet-
ric values between the four study groups. Differences
were considered significant at p < 0.05.

Results

Yield of mononuclear cells

The average weight of the different tissue samples har-
vested in 32 patients was as follows: bone marrow aspir-
ate 34g+19g [0.5-9.1], cancellous bone 3.3g+6.6¢g
[0.3-28.5], surgical vacuum filter clot 14.3+6.0g [7.8—
31.5], and cell saver reservoir 26.0 +14.3 g [9.3-69.1].
From all 32 patients, MNC could be isolated and cul-
tured from all four groups (Table 2). Figure 2 a shows
the total amount of harvested mononuclear cells (MNC)
from the tissues, whereas b documents the MNC per
gram tissue sample. Referring to the total amount of the
isolated MNC, both groups of the surgical vacuum
sucker (VF and SR) were superior to BM (p <0.0001)
and CB (p <0.0001) (Fig. 2a). Moreover, the MNC num-
ber from VF and SR showed a smaller variance. Regard-
ing the amount of MNC per gram tissue, the highest
MNC concentration was found in VF, which was signifi-
cantly higher than CB (p = 0.0096), BM (p = 0.0007), and
SR (p =0.0005) (Fig. 2b).
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Fig. 2 Mononuclear cell (MNC) yield of the different tissue sources. a Total number of harvested MNC of the different tissues. b The number of
MNC per gram tissue sample. The figure shows the single values of n=32 patients as symbols with the median as line. BM bone marrow, CB
cancellous bone, VF vacuum filter, SF cell saver filtrate reservoir. Significant differences (Kruskal-Wallis test) are indicated with ****» < 0.0001,
**¥p <0.001, and **p < 0.01

Proliferation potential

The proliferation potential determined as generation
time was slightly lower for both groups of the surgical
vacuum sucker (VF and SR) with 7.8 days for VF and
8.3 days for SR compared to 9.8 days for BM and 10.7
days for CB, but they were not statistically different
(Table 3 and Fig. 3).

Differentiation potential: cell characterization by flow
cytometry

The occurrence of MSC was controlled by typical ex-
pression markers via flow cytometry. Here, all samples
showed a significant expression of the mesenchymal
stromal cell markers (CD105", CD73", CD 90%) (Fig. 4).
In contrast, cells expressed no hematopoietic markers
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Table 2 Total number of MNC of the respective tissue source
and number of MNC per gram tissue/fluid of n =32 patients.
Values are listed as mean + SD and as median and interquartile
range (IQR) calculated as the difference between 75th and 25th
percentiles

MNC x 10° MNC x 10%g
Mean + SD Mean + SD
Median (IQR) Median (IQR)
BM 293+256 124+160
19.7 (38.6) 9.1 (11.3)
B 413+716 181+£316
16.4 (43.5) 11.3 (18.6)
VF 2730+ 1499 2381160
2225 (220) 194 (26.5)
SR 1884+110.2 102+£11.1
166.8 (154.9) 8.1 (8.0)

(CD347, CD457). There were no differences of the ex-
pression type between the different groups.

Differentiation potential: differentiation into osteoblasts,
chondroblasts, and adipoblasts

No qualitative differences could be found in the
lineage-specific differentiation between the different
cell origins as could be shown by the characteristic cy-
tochemical staining of calcium in the extracellular
matrix components with Alizarin red (osteoblasts) or
glycosaminoglycans with Alcian blue (chondroblasts) or
intracellular neutral triglycerides with Oil Red (adipo-
blasts) (Fig. 5).

Stemness character and MSC yield

A CFU assay was performed with mononuclear cells of
each group (BM, CB, VF, and SR). We found the highest
values in CFU for MNC harvested from the surgical vac-
uum sucker (VF and SR) compared to the bone marrow
aspirate and cancellous bone. Especially, the cells culti-
vated from VF showed a higher number of CFU per 10°
MNC compared to SR (32.1 £ 15.0 vs. 21.7 £ 11.6) and a

Table 3 Generation time of passage 1 and passage 2 of the
adherent cells of the respective tissue source of at least n=27
patients. Values are listed in days as mean + SD and also as
median, interquartile range (IQR) calculated as the difference
between 75th and 25th percentiles and range

Number Mean + SD Median (IQR)

[range]

BM 27 9.80 + 7.81 78 (89)
[23-324]

B 29 10.74 + 832 7.5 (1045)
[2.1-334]

VF 28 831 + 643 54 (10.1)
[1.5-245]

SR 27 781 £ 620 49 (6.1)
[1.6-25.7]
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significantly higher one compared to CB (7.2+7.3; p<
0.0001) and to BM (4.7 £3.4; p<0.0001), respectively.
Figure 6 documents the number of CFU after a cultiva-
tion period of 7 days.

From the CFU assay results, the number of MSC in
1 x10° MNC was determined and used for calculating
the number of MSC in the different tissue samples
(Table 4). The resulting total amount of MSC is
shown in Fig. 7a, whereas Fig. 7b documents the
number of MSC per gram tissue sample. With regard
to the number of calculated MSC vyield, we found the
highest amount of MSC in the cell saver filtrate and
the cell saver reservoir. Both VF and SR were super-
jor to BM (p<0.0001) and CB (p<0.0001) (Fig. 7a).
Moreover, MSC number from VF and SR showed a
smaller variance. The highest tissue concentration of
MSC was present in the vacuum filter, which was sig-
nificantly higher compared to SR (p =0.0034) vs. BM
(p <0.0001) and vs. CB (p <0.0001) (Fig. 7b). Regard-
ing the ratio of MSC per MNC, the values were
0.05%0 for BM, 0.07%o for CB, 3.8% for VF, and
2.1%o for SR.

Comparison of osteoblastic marker expression

The quantitative detection of the gene expression of
osteoblastic markers RUNX-2, ALP, and BMP-2 was
expressed as relative quantification (RQ) (=fold change
compared to the calibrator = unstimulated cells) (Fig. 8).
A RQ of 10 means that this gene is 10 times more
expressed in sample x than in the calibrator sample.
These markers were more expressed in the stimulated
cells compared to the unstimulated cells at day 7 but not
at day 21. There were no significant differences between
the groups at day 7 nor at day 21.

Discussion

This study clearly demonstrates that surgical vacuum
filters are able to concentrate tissue with relevant
amounts of MSCs. Compared to the other tissue
sources (bone marrow aspirate and cancellous bone),
more MNC and MSC per gram tissue were found in
the cell saver system (vacuum suction handle, reser-
voir), but also the inter-individual variation in these
samples was lower compared to the other tissues. The
number of CFU per gram harvested tissue was also
significantly higher in the surgical vacuum filter de-
vices but showed a higher SD.

One limitation of this study is that we were not able to
allocate the individual source of the MSC in the filter
device. So, it remains unknown which tissue type is
mainly responsible for the high number of the vacuum
sucker-collected MSC. However, it is well known that
adult stem cell niche is not limited to the bone marrow
but varies in nature and location on the tissue type. Also,
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Fig. 5 Characteristic cytochemical staining. Upper row: osteoblast differentiation: staining of calcium in the extracellular matrix components with
Alizarin red. The calibration bar indicates 200 um. Middle row: adipoblast differentiation: staining of intracellular neutral triglycerides with Qil Red.
Calibration bar indicates 200 um. Lower row: chondroblast differentiation: staining of glycosaminoglycans with Alcian blue. The calibration bar
indicates 50 um

the technique of obtaining MSC by suction is not new. In our study, the source of the surgical vacuum sucker
MSC derived by abdominal fat liposuction [26, 27] and  was a mixture of the bone marrow, bone, blood, fat, and
MSC harvested by reamer-irrigator aspiration (RIA) [28]  soft tissue (skeletal muscle, connective tissue). In con-
of human bone marrow from the iliac crest are typical trast to liposuction or RIA, it was obtained under a clin-

examples for these techniques. ical in situ scenario (total hip implantation) without any
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Table 4 Total number of MSC resulting from MNC of the
respective tissue source and number of MSC resulting from
MNC per gram tissue/fluid of n =32 patients. Values are listed as
mean + SD and as median and interquartile range (IQR)
calculated as the difference between 75th and 25th percentiles

MSC MSC/g
Mean + SD Mean + SD
Median (IQR) Median (IQR)
BM 167.1+324 59.2+93.7
574 (2285) 31.5 (62.7)
CB 2039+317.5 1254+ 2355
52.8 (208.5) 23.0 (122.5)
VF 10,892 + 11,152 899.2 +870.7
6697 (9786) 650.5 (898.7)
SR 3791+ 3273 2166 +264.3
2643 (3985) 116.0 (241.0)

additional invasive manipulation. Moreover, this mixture
of different tissue component represents the composite
which is initially adhering onto implant surface during
total hip implantation [8].

But is a simple surgical vacuum suction handle really
the best opportunity to collect or accumulate MSCs? In
the present study, the yield in MNC and MSC of the dif-
ferent tissue sources was compared. For this, the fibrin
clot adhered to the surface of the surgical vacuum filter
was removed and had to be lysed. For this thrombolysis,
an enzyme treatment with streptokinase was necessary.
One limitation of this study is that this lysis was only
performed in the cell saver system groups and not for
the aspirate or cancellous bone group. We do not expect
a negative influence of this treatment since we got the
best yield in MSC for the cell saver system groups filter
and reservoir. We controlled this issue and added the
streptokinase incubation step into the isolation proced-
ure of MSC from the cancellous bone (as described in
list item 2 of the “Cell harvesting methods” section). We
could not detect any difference in the number and via-
bility of the MNC (n = 3). According to a previous study,
systemic streptokinase administration had no significant
effect on the number CD34/CXCR4+ stem cells [29]. In
vitro studies revealed that the addition of 2000 IE/mL
streptokinase prevented a decrease in the viability of
cells in a mature (14 days) dissociated culture from the
neocortex of rat pups induced by transfer of the cultures
to medium lacking serum proteins [30]. When added to
the culture of sensitive and sympathetic ganglia, strepto-
kinase increased the proliferation of Schwann cells [31].
Therefore, it is unlikely that streptokinase treatment of
surgical vacuum sucker groups (VF and SR) affected the
cells in our system. However, even MSCs seem to be
one key piece of the puzzle, it is not the only factor in
tissue regeneration. Soluble factors such as cytokines
and growth factors, nutrients, salts, and components of
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Amount of MSC per gram tissue weight resulting from the initial
MNC number per gram tissue weight. The figure shows the single
values of n =32 patients as symbols with the median as line. BM
bone marrow, CB cancellous bone, VF vacuum filter, SF cell saver
filtrate reservoir. Significant differences (Kruskal-Wallis test) are
indicated with ***p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05

the extracellular matrix play also an important role in
bone repair and tissue regeneration. It is conceivable
that small pieces of local tissue combined with adsorbed
proteins, growth factors, and other components might
present a well-balanced and stronger regenerative tool
than a cell therapeutic only. Although we found no cor-
relation between patient-related factors (age, sex, comor-
bidities) and the evaluated in vitro parameters, we
cannot exclude that individual factors might have an im-
pact for the outcome.
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In this context, it is unclear if streptokinase treatment
might have an influence on the regenerative potential
when applied not only to cells but to human tissue.

Regarding the gene expression described as RQ values,
we detected the expression of osteoblastic markers also

in the unstimulated controls after 21 days although no
mineralization could be detected histologically. This
striking fact that MSCs undergo in vitro mainly osteo-
genic differentiation through a well-defined pathway has
been described before [32]. The group of Hernigou et al.
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analyzed MSC amplification (P1) in media without dif-
ferentiation agents and the osteoblastic gene expression
by quantitative RT-PCR [33]. They showed that the ex-
pression of ALP, bone sialoprotein, osteoprotegerin, and
BMP-2 was spontaneously induced and significantly up-
regulated in cells cultured in platelet lysate compared to
those in FCS at day 21. Interestingly, at the same time,
no mineralization was detected without osteogenic stim-
uli [33]. This is in line with our data for the negative
controls.

Looking at the yield of MSC from the bone marrow
aspirate, Hernigou et al. evaluated the number and con-
centration of progenitor cells, which were transplanted
for the treatment of nonunion [34]. After 4 months,
callus volume obtained and the clinical healing rate were
determined [34]. While their average yield was 612 + 134
progenitor cells/mL, for bone union, about 55,000 pro-
genitors were injected [34]. The authors could show a
significant positive correlation between the volume of
mineralized callus at 4 months and the number and con-
centration of fibroblast colony-forming units in the graft
[34]. In the present study, the number of progenitor cells
was 60 MSC/g for the bone marrow, 125 MSC/g for the
cortical bone, and 217 MSC/g the filter reservoir. The
vacuum filter provided about 900 MSC/g tissue, even
more than that described for the bone marrow by Herni-
gou et al. [34].

Pettine et al. reported an average of 121 Mill total nu-
cleated cells per milliliter bone marrow aspirate with
2713 CFU-F/mL (2.2%0) [35]. Patients receiving more
than 2000 CFU-F/mL experienced a significant reduction
in lumbar discogenic pain determined via disability
index and visual analog scale [35]. Compared to these
data, less mononucleated cells (10-23 Mill) were har-
vested per gram tissue but with a comparable ratio of
MSC to MNC especially within the vacuum filter system
(3.8%0 for VF and 2.1%o for SR). This ratio seems to be
higher when using bone marrow aspirate concentration
systems: Scarpone et al. compared three different sys-
tems in 30 patients and calculated a MSC to MNC ratio
of about 8.2%o depending on donor age [36].

Moreover, it is evident that not only the number of
cells applied to the patient might have an impact of the
healing potency but the plating density itself should be
considered to be a critical factor for the enrichment of
“primitive” cells from heterogeneous sources. Especially,
Sox 2 seems to orchestrate fine line between differenti-
ation and proliferation [37, 38].

But are MSCs and its progenitors really useful for clin-
ical application? One of the major challenges is a lack of
standardization in MSC manufacturing for clinical appli-
cation. A recent multicenter study showed that differ-
ences in manufacturing affect the characteristics and
functions of human bone marrow stromal cells [39]. In
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that context, our approach meets the consensus recom-
mendation of the AAOS/NIH for minimally manipulated
autologous cell preparations (MMACP) [40].

The initial cellularity of the samples is an important
factor [41]. In bone tissue engineering, BM-MSCs have
often been isolated and expanded in vitro to obtain the
desired cell number for seeding on scaffolds [42]. The
cells were differentiated using appropriate chemical
stimuli aimed at enhancing the mineralized ECM forma-
tion [43]. However, as soon as the cells are seeded
in vitro, they are exposed to a completely unknown en-
vironment which exhibits a complex architecture as well
as differentiating stimuli that are distinct to their native
conditions [41]. Such a method may reveal to be effect-
ive in terms of final mineral matrix deposition, but it is
still far from mimicking any physiological bone forma-
tion [44]. Researchers have started to investigate the key
role exerted by the native ECM molecules and neighbor-
ing tissue population. They report that the microenvir-
onment, also known as cell dynamic biomimetic
osteogenic niche, consists of cell-secreted extracellular
matrix (ECM) molecules. In this niche, a broad spectrum
of cells exists, which cross talks, interacts, and affects the
MSC fate in different ways [41].

Moreover, it is evident for clinical application that
progenitor cells may have less immunogenic potency
than fully differentiated cells. The risk for auto-
immunity is lower if undifferentiated cells are used
for cell therapy [45].

Taking together the ethical and medico-legal issues as
well as clinical aspects such as the patient’s safety, feasi-
bility, and costs, we believe that an autologous, non-
invasive generated tissue regenerate has a strong poten-
tial for clinical application in the next future. The rea-
sons for this are primarily that it represents loco-typical
cells and tissue components, it is located at the patient’s
situs, and it is protected in a closed sterile system min-
imizing the infection risk. Transplanting different tissue
components including characteristic cells, cytokines, and
extracellular matrix components could create a healthy
paracrine environment, providing additional support to
promote functionality of transplanted cells. Especially,
the combination of these tissue components with osteo-
conductive material such as synthetic bone graft might
be an innovative and prospective technology. On the
basis of the “tissue-flow” concept, we (M], MaH, AB) re-
cently designed an innovative sucker handle made of
PMMA including a removable TCP filter (BoneFlo’,
granted by the EU). This tool considers recent medico-
legal and as well as clinical aspects. It prevents further
manipulation of the harvested tissue and provides a
ready-to-use tool for the treatment of local bone defects
(Fig. 9). However, clinical trials have to prove that this
strategy is effective in bone regeneration.
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Fig. 9 As an outlook for potential clinical application, an innovative surgical sucker handle was designed (EU/EFRE grant 1803su003). It includes a
removable filter of beta-tricalcium-phosphate qualified for bone substitution and a biocompatible cylindric handle system with a connector and

Embarking on a strategy of minimal manipulation in
autologous tissue engineering, it was shown in a ran-
domized controlled clinical trial that the injection of au-
tologous micro-fragmented adipose tissue is a safe and a
valid therapeutic option improving healing rate in dia-
betic feet [46].

To date, it is not clear how regenerative medicine
in orthopedics will develop in the future. As what
happened in the past, uncharacterized cell products
should not be declared and marketed as “stem cells”
leading to a widespread clinical use of unproven bio-
logic therapies [47, 48].

Conclusion

We conclude that surgical vacuum filters are able to
concentrate tissue with relevant amounts of MSCs. A
new potent source of autologous MSC is identified. Fur-
ther clinical studies have to elucidate the regenerative
potential of these cells in an autologous setting.
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