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Abstract

Introduction: Periprosthetic fibroblast-like cells (PPFs) play an important role in aseptic loosening of arthroplas-
ties. Various studies have examined PPF behavior in monolayer culture systems. However, the periprosthetic tissue

is a three-dimensional (3D) mesh, which allows the cells to interact in a multidirectional way. The expression of

bone remodeling markers of fibroblast-like cells in a multilayer environment changes significantly versus monolayer
cultures without the addition of particles or cytokine stimulation. Gene expression of bone remodeling markers was
therefore compared in fibroblast-like cells from different origins and dermal fibroblasts under transwell culture condi-
tions versus monolayer cultures.

Methods: PPFsfrom periprosthetic tissues (n=12), osteoarthritic (OA) synovial fibroblast-like cells (SFs) (n=6), and
dermal fibroblasts (DFs) were cultured in monolayer (density 5.5 x 10%/cm?) or multilayer cultures (density 8.5 x 10%/
cm?) for 10 or 21 days. Cultures were examined via histology, TRAP staining, immunohistochemistry (anti-S100a4), and
quantitative real-time PCR.

Results: Fibroblast-like cells (PPFs/SFs) and dermal fibroblasts significantly increased the expression of RANKL and
significantly decreased the expression of ALP, COLTAT, and OPG in multilayer cultures. PPFs and SFs in multilayer
cultures further showed a higher expression of cathepsin K, MMP-13, and TNF-a. In multilayer PPF cultures, the mRNA
level of TRAP was also found to be significantly increased.

Conclusion: The multilayer cultures are able to induce significant expression changes in fibroblast-like cells depend-
ing on the nature of cellular origin without the addition of any further stimulus. This system might be a useful tool to
get more in vivo like results regarding fibroblast-like cell cultures.
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Background

Various materials are used in implant applications. How-
ever, the fail of implants always leads to the common
process of periprosthetic osteolysis, which is a multifac-
torial process [1-3]. Osteoclastogenesis is induced due
to an inflammatory response to miscellaneous implant
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in periprosthetic osteolysis, other cellular compounds
have been shown to be involved [5, 6]. The periprosthetic
tissue is lined by a synovium-like interface membrane,
which consists of synovial-like lining cells. The synovial-
like lining cells form the surface of the synovium-like
interface, which consists mainly of periprosthetic fibro-
blast-like cells (PPFs). The PPFs have been shown to play
an active role in periprosthetic osteolysis [7].

PPFs have been shown to play an active role in
periprosthetic osteolysis [7], which is astonishing regard-
ing their fibroblastic nature. PPFs are able to phagocy-
tose many types of particles both in vivo and in vitro [4].
PPFs have been demonstrated to change the molecu-
lar surrounding by expressing under certain conditions
cathepsin K [8], matrix metalloproteinase 13 (MMP-13)
[9], NF-kB-Ligand (RANKL) [4, 6, 8, 10], macrophage
colony-stimulating factor (M-CSF) [4], osteoprotegerin
(OPG) [4, 8], and tumor necrosis factor-a (TNF-a) [11].
Although fibroblast-like cells are less effective than osteo-
blasts, PPFs seem to have the capacity to induce osteo-
clastogenesis [10]. Fibroblast-like cells of various origins
have been considered as therapeutic targets in the treat-
ment of bone destructive diseases [12, 13]. In peripros-
thetic tissue, fibroblast-like cells form a complex fibrous
3D mesh in which the cells are usually surrounded by
extracellular matrix, bone, and endoprosthetic com-
pounds. Transwell cultures are well known to investigate
cellular interactions and have been established for fibro-
blast multilayer cultures [14].

Culturing fibroblasts within a transwell system may
lead to higher cell mass and increased cell numbers [15].
The conglomerates formed within transwell cultures are
partial three-dimensional and multilayered, increasing
the intercellular cell contacts within the cellular struc-
tures. The matrix elasticity of the membrane further
stimulates the differentiation [16]. We showed that PPFs
co-cultured with PBMCs in transwell cultures resulted
in a considerably more osteoclastogenic gene expression
profile, being closer to in vivo findings of periosteolytic
tissues [17].

However, most in vitro studies of PPF and other fibro-
blast-like cell behavior have been performed using mon-
olayer cultures, which lack the multilayer component of
the original tissue. To analyze cells in a more natural cel-
lular environment, multilayer cultures using an optimal
medium supply from both sides have been implemented
which enforce intercellular connections and direct cell—
cell contact. In this study, the molecular biology and
expression of bone remodeling markers of fibroblast-
like cells in multilayer cultures was analyzed without the
addition of a further stimulus.
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Materials and methods

Patients

Periprosthetic tissues (PPT) from 12 patients (6 male, 6
female; mean age 68; range 45-86) undergoing revision
surgery of knee (total knee arthroplasty (TKA), n=5)
or hip (total hip arthroplasty (THA), n=7) endopros-
theses due to aseptic loosening were collected. Implan-
tation techniques were various as it was the main aim
to detect new pathways in aseptic loosening of arthro-
plasties [18]. Synovial tissues (ST) were collected from
6 patients (3 male, 3 female; mean age 61; range 45-77)
undergoing hip replacement due to osteoarthritis (OA).
Patients with autoimmune diseases, rheumatoid arthri-
tis, or other inflammatory arthritis were excluded on
the basis of patient history, radiological, and laboratory
data. Septical loosening was excluded by microbiologi-
cal cultures, which were performed at the Department
of Microbiology of the Ludwig-Maximilians-University
of Munich. Tissue samples were immediately incubated
in the operating room in Dulbecco’s Modified eagle
medium (DMEM; Biochrom, Berlin, Germany) with
60 IU/ml penicillin, 60 pg/ml streptomycin (Biochrom),
and 0.25 pg/ml Amphotericin B (Sigma—Aldrich Co., St.
Louis, MO).

Isolation of fibroblast-like cells

Tissue was collected from patients as described above,
washed several times with phosphate-buffered saline
(PBS; Biochrom), cut into small pieces, and digested
with a-Minimal Essential Medium (a-MEM; Biochrom)
containing 1 mg/ml collagenase (Sigma-Aldrich Co.)
for 30 min at 37 °C. Another digestion step of tissue fol-
lowed for 1 h at 37 °C with Versene® (Invitrogen, Darm-
stadt, Germany). The completely digested tissue was
then filtered through a 70 pm cell strainer (BD Biosci-
ence, San Jose, USA). Then, the digested tissue was cen-
trifuged (1500 rcf, 10 min). The pellet was resuspended
in culture medium (a-MEM) supplemented with 60 IU/
ml penicillin, 60 pg/ml streptomycin, 2 mM L-Glutamin
(Biochrom), and 10% foetal bovine serum (FBS; PAA
Laboratories, Célbe, Germany), and cultured in a T75
culture flask (Nunc, Roskilde, Denmark) at 37 °C and 5%
CO,. The medium was changed twice a week. Cells were
passaged at 80-90% confluence by using 0.05% trypsin
(Biochrom) containing 0.02% ethylenediaminetetraacetic
acid (Biochrom). Afterwards, cells were used in passage
four for the following monolayer and transwell culture
experiments. Cultures were also assessed histochemically
for the presence of tartrate-resistant acid phosphatase
(TRAP) using a TRAP detection kit (Sigma-Aldrich Co.)
to exclude the presence of TRAP-positive cells.
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Monolayer culture and transwell culture of fibroblast-like
cells

Fibroblast-like cells (4 x 10°) were seeded in a T75 cul-
ture flash (density 5.5 x 10°/cm?) for monolayer cultures.
For multilayer transwell cultures, 4 x 10° fibroblast-like
cells were pipetted onto a polycarbonate membrane
(density 8.5 x 10°/cm?) with 0.4 um pore size (to inhibit
cellular migration), spun for 5 min with 600 rcf and cul-
tured in a transwell plate (all Nunc). Dermal human
fibroblasts (HFIB-D; Provitro, Berlin, Germany) were
used as control (n=2). Experiments were performed in
6 groups: (1) monolayer SFs; (2) transwell SFs; (3) mon-
olayer PPFs; (4) transwell PPFs; (5) monolayer DFs; (6)
transwell DFs. They were all cultured for 10 and 21 days
in culture medium and the medium change was carried
out at 2-day intervals.

Immunohistochemistry
For labeling fibroblast-like cells, the polyclonal antibody
antiS100a4 ab27957 (Abcam, Cambridge, UK) was used.
Transwell cultures were embedded after 10 and
21 days in Tissue-Tek (Sakura, Zoeterwoude, The Neth-
erlands) and frozen at —20 °C. Samples were cut into
10 pum serial-sections, mounted on superfrost glass slides
(Menzel, Braunschweig, Germany), fixed in acetone, and
dried at room temperature. After re-hydrating with 0.2%
Tween (Merck, Darmstadt, Germany) in PBS sections
were incubated for 1 h at RT with ABO-Serum (Biotest,
Dreieich, Germany) mixed with horse serum (both 1:20
in PBS with 3% Bovine Serum Albumin (BSA; Sigma-
Aldrich Co.) to block unspecific binding sites. Incubation
with the first antibody (AB) anti-S100A4 (Abcam) (1:100
in AB dilution buffer (DCS Innovative, Hamburg, Ger-
many)) for 1 h at RT was performed. After washing, incu-
bation with the biotinylated goat anti-rabbit AB (Vector
Laboratories, Burlingame, USA) (1:200 dilution with AB
dilution solution) was performed for 30 min at RT. After
washing, the sections were treated with avidin—bio-
tin—peroxidase complex (ABC; Vector Laboratories) for
30 min at RT. Then, the sections were washed. Staining
was developed using 3-Amino-9-Ethyl Carbazol (Sigma-
Aldrich Co.) and counterstained with hemalaun. The
sections were then embedded in Aquamount (Merck,
Darmstadt, Germany).

Quantitative real-time PCR (qRT-PCR)

For RNA isolation, transwell cultures were disrupted
under frozen conditions at 3000 rpm by a Micro-Dis-
membrator S (Sartorius, Gottingen, Germany). In mon-
olayer cultures cells were lysed with 2-mercaptoethanol
(Sigma-Aldrich Co.). For transwell and monolayer cul-
tures, RNeasy Mini Kit (Qiagen, Venlo, The Netherlands)
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was used for RNA isolation. 0.1-0.5 ug RNA was syn-
thesized with the QuantiTect® reverse transcription kit
(Qiagen). For qRT-PCR, a Light Cycler® (Roche, Indian-
apolis, USA) was used. Gene expression analysis of the
following markers was performed: M-CSF [19], TNF-a
[19], RANKL [19], OPG [19], cathepsin K [20], MMP-13
[21], ALP [22], collagen type 1 (COL1A1) [19], and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) were
used as housekeeping gene [23]. Sequences are shown in
Table 1. The amplification reactions were performed with
the Light cycler® Fast Start Essential DNA Master Kit
(Roche). Time, temperature, and concentration of each
primer are shown in Table 1. For qRT-PCR, 2.5 pL of
diluted samples were used. Reactions were performed in
triplicates. For the relative quantification, the delta—delta
CP (224€?) method was used, with day 0 as the reference
sample [24].

Statistical analysis

Graph Pad Prism 5.01 (GraphPad Software, La Jolla,
CA, USA) was utilized to analyze the data. The non-
parametric Mann—Whitney U test was used to deter-
mine significant differences between the cohorts. For
time-dependent analysis of PPFs and SFs, the Wilcoxon
signed-rank test was used. p value <0.05 was considered
significant.

Ethical approval and consent to participate

The study was approved by the responsible Ludwig-Max-
imilians-University medical center ethics committee.
Based on the study design using disposable material, no
patient consent was required.

Results
Immunohistochemistry
All monolayer cultures were continuously screened
histomorphologically and a spindle-shaped morphology
of cells was observed. SFs, PPFs, and DFs did not stain
positive for TRAP in monolayer cultures during the
whole culture period (Fig. 1).

In transwell cultures, all cells stained positive for the
S100A4 marker after 10 and 21 days (Fig. 2).

Molecular analysis

PPFs in transwell cultures showed significantly higher
expressions for RANKL (both timepoints p <0.001), cath-
epsin K (both p<0.001), MMP-13 (both p<0.001) on d10
and d21 (Fig. 3d, g, and h), and for TNF-a (p=0.0445)
on d21 (Fig. 3b) in comparison to monolayer cultures.
For OPG (d10 p=0.0281, d21 p=0.0162), and COL1A1
(d10 p=0.0034, d21 p=0.0036), significantly lower
expressions were observed in transwell cultures com-
pared to monolayer cultures on d10 and d21 (Fig. 3c and
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Table 1 Primer, sequences, and protocols for quantitative real-time polymerase chain reaction

Primer Sequenzen (5’-3) Primer Amplification Efficiency

concentration (nM) (E=10"Y
slope)

ALP TCAAGGGTCAGCTCCACCACA 300 95°C105,60°C 105,72 °C30s for45 cycles 2.01
ATTGGCCTTCACCCCACACA

Collagen 1A1 GCTTCCCTGGTCTTCCTG 500 95°C105,65°C105s,72°C 15 s for40 cycles 2.01
TCTCACCACGGTCACCCT

GAPDH TGCACCACCAACTGCTTAGC 300 95°C105,60°C105s,72°C 15 s for 40 cycles 2.04
GGCATGGACTGTGGTCATGAG

Cathepsin K TTCCCGCAGTAATGACACC 500 95°C10s,63°C105s,72°C 20 s for 40 cycles 1.83
TTTCCCCAGTTTTCTCCCC

M-CSF CCGAGGAGGTGTCGGAGTAC 300 95°C105,60°C105s,72°C 15 s for 40 cycles 2.01
AATTTGGCACGAGGTCTCCAT

MMP 13 GACTTCACGATGGCATTGCTG 300 95°C10s,62°C 105,72 °C 20 s for 40 cycles 1.90
GCATCAACCTGCTGAGGATGC

OPG CTGCGCGCTCGTGTTTC 300 95°C305,60°C605s,72°C 15 s for 40 cycles 1.99
ACAGCTGATGAGAGGTTTCTTCGT

RANK-L CATCCCATCTGGTTCCCATAA 300 95°C105,60°C105s,72°C 15 s for 40 cycles 207
GCCCAACCCCGATCATG

TNF a CCCAGGGACCTCTCTCTAATC 300 95°C305,60°C605s,72°C 15 s for 40 cycles 197

GCTTGAGGGTTTGCTACAACATG

shape with a blue stained nucleus. Scale bar=100 um

Fig. 1 TRAP staining of PPFs (a) and SFs (b) cultivated in monolayer culture. No TRAP-positive cells are seen. The cells show a fibroblast-like, fusiform

f). For ALP (p=0.0096), a significantly lower expression
in transwell cultures was observed on d21 (Fig. 3e). No
significant change of expression level for M-CSF of PPFs
in transwell cultures compared to monolayer culture was
noted (Fig. 3a).

SFs expressed significantly higher amounts of RANKL
(d10 p<0.001, d21 p=0.0306) and MMP-13 (d10

p=0.0012, d21 p<0.001) in transwell cultures on d10 and
d21 (Fig. 4d and h), of cathepsin K (p=0.0004) on d10
(Fig. 4g) and of TNF-a (p=0.0458) on d21 (Fig. 4b) com-
pared to monolayer cultures. The expression of OPG (d10
p=0.0029, d21 p=0.003) and COL1A1 (d10 p=0.0018,
d21 p=0.0033) was found to be significantly lower in SF
transwell cultures than in monolayer cultures on d10 and
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Fig. 2 Immunostaining with the fibroblast marker S100A4 of
multilayer cultures of PPFs (a and b) and SFs (c and d) on day 10 (a
and ¢) and 21 (b and d). Scare bar=20 um

d21 (Fig. 4c and f) and for M-CSF (p=0.0004) and ALP
(p=0.0002) on d21 (Fig. 4a and e).

The main difference of expression changes between
PPF and SF cultures was the lack of increased expression
of cathepsin K (d21) and the decrease of M-CSF (d21)
from monolayer to transwell culture in SFs.

When comparing expression levels over time, PPFs
showed a significant decrease of COL1A1l (monolayer
p=0.0279, transwell p=0.0152) expression from d10
to d21 (Fig. 3f) in both monolayer and transwell cul-
tures and a significant increase of MCS-F (p<0.001) and
cathepsin K (p<0.001) in monolayer cultures (Fig. 3a
and g). SFs presented a significant increase of M-CSF
(»p=0.0304), RANKL (p=0.0101), and cathepsin K
(p=0.0208) (Fig. 4a, d and g) in monolayer cultures.
In transwell cultures, SFs show a significant increase of
ALP (p=0.0026) and decrease of MMP-13 (p=0.0304)
(Fig. 4e and h) from d10 to d21.

DFs showed significant lower expression levels of
M-CSF (p=0.0091), ALP (p=0.0091), and COL1A1l
(p=0.0273) on day 10 and of OPG (both days p =0.0091)
and cathepsin K (both days p=0.0091) on days 10 and 21
in multilayer compared to monolayer cultures (Fig. 5a,
¢, e—g). The gene expression of RANKL (d10 p=0.0045,
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d21 p=0.0091) was significantly upregulated in DF mul-
tilayer cultures on d10 and d21 (Fig. 5d). Over time the
expression values of RANKL (p=0.0035) and cathepsin
K (p=0.0002) significantly increased, while the expres-
sion of COL1Al (p=0.0073) decreased in monolayer
cultures for DFs (Fig. 5d, g and f).

Regarding RANKL/OPG Ratios, PPFs as well as SFs
and DFs showed all a significant increase when cul-
tured on Transwell membranes on days 10 (p<0.0001,
p<0.0001, and p=0.0091) and 21 (p<0.0001, p =0.0008
and p=0.0091), resulting in a more pro-osteoclastogenic
environment (Fig. 6a—c).

Discussion

Fibroblast-like cells from periprosthetic and from syno-
vial tissue and dermal fibroblasts significantly increased
the expression of RANKL, and significantly decreased
the expression of ALP, COL1A1, and OPG in multilayer
cultures without the addition of titanium, hydroxyapatite,
or polyethylene particles or cytokine stimulation.

Regarding literature, suitable multilayer models for
fibroblast-like cells from periprosthetic tissue and syno-
vial tissue are scanty. We, therefore, mostly compared our
findings to results from monolayer cultures.

There is lots of evidence that the function of fibro-
blast-like cells is far beyond creating a supporting tissue.
Expression of RANKL, the final effector of osteoclas-
togenesis and bone resorption, has been shown to be
increased in periprosthetic tissues [25]. It has been
demonstrated that prostaglandin E2 (PGE2) signaling
upregulates RANKL expression in PPFs [26]. PPFs can
respond directly to wear debris, possibly via phagocytosis
of titanium particles [4], stimulating RANKL expression
by upregulating cyclooxygenase-2 (COX-2) expression
through an oxidative stress-induced, calpain-dependent
NE-kB-pathway [6]. Within this study the expression of
RANKL was significantly increased in transwell cultures
of all fibroblast-like cells and dermal fibroblasts without
any further stimulus. It may be assumed that fibroblast-
like cells are able to autoregulate RANKL expression by
other mechanisms in multilayer cultures.

Fibroblast-like cells also express OP@G, the decoy recep-
tor that binds RANKL. OPG has been described to be
upregulated in PPFs after titanium particle treatment in
monolayer cultures [4] or by stimulation with TNF-a [8].
In multilayer cultures, a reduced OPG expression has
been demonstrated for PPFs, SFs, and DFs. As peripros-
thetic tissues mostly are present with constantly very low
OPG expression levels [25, 27, 28], it is of interest that an
OPG reduction is obtained without the addition of fur-
ther stimuli besides transwell culturing. We assume that
OPG reduction, which is a pathomechanism in aseptic
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loosening, might be triggered by altered differentiation of
fibroblast-like cells in transwell cultures [15].

The significant reduction of OPG combined with an
increase in RANKL expression, resulted in a signifi-
cant increase of the RANKL/OPG ratio within PPFs as

well as SFs and DFs in transwell cultures. It showed a
more pro-osteoclastogenic environment in all tran-
swell cultures, independent of cell type. These findings
match our previous results, where periprosthetic tissue
(from which PPFs were isolated) was analyzed [25]. The
multilayer aggregates seem to present an interesting



Hartmann et al. Eur J Med Res (2020) 25:52

approach to analyze fibroblasts within a cell-culture
system mimicking in vivo situations more closely.

Cathepsin K and MMP-13 are known to be able to
degrade the bone matrix [29-31] and are expressed by
fibroblast-like cells. Cathepsin K has been demonstrated
to be upregulated in PPFs after 1a,25-(OH), vitamin D,
stimulation [8] and is produced by synovial fibroblasts
in rheumatoid arthritis [32, 33]. MMP-13 has been
described to be highly expressed in periprosthetic tis-
sues [34] by fibroblast-like cells which are often located
in close vicinity to osteoclasts [35]. Both proteinases were
significantly elevated in transwell cultures of PPFs and
SFs, but did not show any changes in DF cultures. The
cell-specific upregulation is an indicator for a cell-type
specific enzymatic activity within multilayer cultures,
which renders unspecific effects due to solely increased
cell density unlikely.

Stimulation with titanium particles has neither led to
an upregulation of TNF-a in PPFs nor in SFs in mon-
olayer cultures [4], whereas the addition of substance P
[11] or hydroxyapatite particles [36] increased the TNF-a
production in PPFs. TNF-a showed an upregulation of
expression for PPFs and SFs in the transwell system on
day 21. As TNF-a plays a prominent role in regulat-
ing RANKL and OPG production [4, 8], the increase of
TNEF-a within multilayer cultures of fibroblast-like cells
is another finding, which makes a cell-type specific effect
more likely.

Another cytokine, M-CSF, had shown an upregulation
in PPFs due to stimulation with TNF-« or titanium par-
ticles 12 h after stimulation. The expression, however, re-
decreased after 48 h [4]. M-CSF was hardly regulated by
transwell culturing. The constant expression of M-CSF
might not be displaying early events of M-CSF regulation
and should, therefore, be re-examined in the early hours
after treatment.

A general problem of studies working with fibroblast-
like cells is to characterize the cells and exclude con-
tamination with other cell types. A standard protocol
was used within this study [10], and PPFs and SFs were
characterized by positive staining for S100A4. To get
a positive fibroblast control, we used standard DFs in
mono- and multilayer cultures. Regarding the limitations
of this study, a contamination with osteoblastic and oste-
oclastic cells cannot be excluded. The osteoblast marker
ALP, which can also be expressed to a small extent by
fibroblasts [37, 38], was found to be expressed by PPFs,
SFs, and DFs. However, ALP expression stayed at very
low levels or was downregulated in multilayer cultures.
The downregulation of ALP combined with an upregu-
lation of MMP-13, which is not expressed by osteoblasts
[9], renders a strong contamination with osteoblastic cells
unlikely. We cannot completely exclude a contamination
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within the PPF and SF cultures. This also applies to a con-
tamination with osteoclasts and osteoclast precursors,
but the TRAP staining was negative and, therefore, con-
tamination is unlikely.

Transwell cultures have already been reported to
improve differentiation of 3T3L1 immortalized fibro-
blasts [15]. Within this study, multilayer cultures of
fibroblast-like cells and DFs showed a significant down-
regulation of the extracellular matrix protein, COL1Al.
We assume that multilayer cultures specifically change
differentiation potentials and lower the expression of
supporting extracellular matrix proteins like COL1A1.

One factor to induce the change of differentiation
might be the high cell density in the multilayer cultures
which enforces intercellular connections and direct
cell-to-cell contacts in the style of an organ culture on a
substratum [39]. The pores of the transwell culture sys-
tem provide more access for cells to the culture medium
within this conglomerate. Another factor might be the
composition and matrix elasticity of the substratum,
which can play a role in developing differentiation prop-
erties of cells [16]. Focal adhesion might also be changed
in transwell cultures and allow the fibroblast-like cells,
depending on their origin, to develop invadopodia, which
contain proteases [24]. Transwell cultures have also been
described to induce hypoxic conditions [40]. Hypoxia in
multilayer cultures, which has been discussed to be pre-
sent in periprosthetic tissues [41], might be a further rea-
son for the change of differentiation. Whether viability
of cells is concerned has to be elucidated. Hypoxia might
also be a trigger factor which stimulates the expression
of MMPs and osteoclastogenic factors [12]. It is of major
interest that multilayer cultures do neither need the addi-
tion of particle nor cytokine stimulation to substantially
change the expression of markers in fibroblast-like cells.

Conclusion

We conclude that transwell cultures significantly changed
the expression of bone remodeling markers in PPFs, SFs,
and DFs without any further stimulus. In transwell cul-
tures, the expression of RANKL was significantly upreg-
ulated, whereas the expression of ALP, COL1A1, and
OPG was significantly decreased in fibroblast-like cells
and dermal fibroblasts. For cathepsin K, MMP-13 and
TNF-a expression changes in transwell cultures were
only observed for PPFs and SFs. Fibroblast-like cells and
fibroblasts change differentiation when transferred from
monolayer into a multilayer environment and this might
play an essential role in understanding bone remode-
ling processes. The transwell system needs to be further
examined as it might be a useful tool to mimic in vivo like
results regarding molecular answers on implant appli-
cations by fibroblast-like cell cultures. The clinical and
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scientific aspect to gain further understanding of pro-
cesses within periprosthetic tissues might be enhanced
using multilayer transwell systems instead of monolayer
cultures.
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