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Abstract

Pelvic organs prolapse (POP) can be treated surgically with native tissue or by placing mesh implants in the pelvic floor
and vaginal wall. Mesh implants are manufactured from different materials. We previously demonstrated that titanised
polypropylene meshes induced different macrophage polarization compared to pure polypropylene meshes. However,
these differences were only observed in cell cultures where the meshes were encapsulated by human dermal fibroblasts
(NHDF). In this study, we co-cultivated titanised and non-titanised polypropylene meshes with NHDF alone to analyze
the immune response of NHDF against different mesh materials. Concentration of proteins in cell culture supernatants
were analyzed using multiplex ELISA. We identified a significant increase of VEGF and VEGF-C (p=0.001) for both
meshes, and the polypropylene meshes induced significant (p<0.001) upregulation of sFlt-1, a vascularization inhibitor.
Titanised meshes significantly downregulated (p=0.034) the pro-inflammatory cytokine IL-16, whereas polypropylene
meshes showed no effect on IL-16. Polypropylene meshes significantly reduced (»p=0.011) the anti-inflammatory cytokine
IL-4, while titanised meshes had no effect on IL-4. Polypropylene meshes induce an anti-angiogenic (sFlt-1 upregula-
tion) and pro-inflammatory response. Titanised coating of polypropylene implants reduced proinflammatory cytokines and
promoted angiogenesis. These findings have important clinical implications for the postoperative period where fibroblasts
play a key role.
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Introduction

Pelvic organ prolapse (POP) represents the protrusion of
one or more vaginal walls (anterior or posterior), the uterus
(cervix) or the vaginal apex (including the vaginal vault or
hysterectomy cuff scar). While POP can remain asymptom-
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Currently, prolapse management encompasses both,
conservative and operative approaches. Conservative man-
agement includes pelvic floor muscle training (PFMT)
and mechanical devices such as vaginal pessaries[10,11].
Although PFMT positively impacts prolapse symptoms
and severity, research suggests it may be more effective as
a preventive measure [12,13]. Nevertheless, conservative
approaches offer the notable advantage of fewer adverse
effects and complications compared to surgical interven-
tions [14].

When conservative measures fail, affected women
require surgical treatment options with low recurrence and
complication rates [15]. Surgical methods vary in approach
(abdominal or vaginal), including different techniques, fixa-
tion points, and the decision of mesh utilization or native
tissue alone to repair damaged anatomical structures [16].
At the University Hospital of Augsburg, the refined and
optimized titanised polypropylene mesh TiILOOP® PRO A
has demonstrated a significant improvement in quality-of-
life following implantation for surgical correction of cys-
tocele [17]. Previously, the PROLIFT™ gsystem was also
extensively utilised in our clinic [17]. The PROLIFT™
mesh contains nonabsorbable monofilament of polypropyl-
ene without titanium coating. Patients with titanium-coated
polypropylene (pfmmedical, titanised by PACVD process)
mesh reported improved foreign body sensation [18] Sys-
tematic reviews indicate that reducing the material load of
titanised mesh from 35 to 16 g/m? further improves biocom-
patibility [19]. In pelvic organ prolapse surgery specifically,
laparoscopic sacrocolpopexy with light titanium-coated
polypropylene mesh demonstrated low complication rates
[20].

Initially, mesh implant use was associated with vari-
ous complications and adverse outcomes, including ero-
sion, implant failure with accompanied pain, dyspareunia,
and delayed-onset infections [21]. Therefore, recent ani-
mal studies with modified polypropylene meshes were
performed to reduce complication rates [22]. The authors
demonstrated that nanofibrous membrane-coated PP mesh
effectively reduced the surgical implantation complications
and improved the compatibility of PP mesh [22]. Another
animal study utilised novel bacterial cellulose (BC) mesh
to reduce complications in pelvic floor reconstruction [23].
However, the authors concluded that BC mesh could not
represent a promising biomaterial [23]. Very recently, a new
rat model was developed to mimic sacrocolpopexy for POP
treatment and biomaterials testing [24]. The authors used
pure polypropylene (PP) meshes and PP mesh collagen
complexes. No significant differences were found between
these two mesh complexes [24].

Recent research has demonstrated that the adaptive
immune system plays a regulatory role in the foreign body
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response to mesh implants, with regulatory T cells (Tregs)
influencing macrophage polarization and inhibiting CD8+
effector T cell activity [25]. Additionally, in our previ-
ous studies we demonstrated that macrophage and cancer
cell derived CCL22 can attract FoxP3-positive Treg cells
[26,27]. Macrophages are key players in orchestrating local
immune responses and tissue reactions [17,28,29]. Our
recent study demonstrated that macrophage polarization
positive for CD68 and CD163 and expression of immune
checkpoint molecules PD-1 and PD-L1 were significantly
up- or down-regulated only in inserts where pure polypro-
pylene meshes and titanised polypropylene meshes were
co-cultured not only with monocytes but also with fibro-
blasts [17]. Therefore, we hypothesised that mesh coloniza-
tion by fibroblasts is necessary to induce different immune
responses, according to our recent in vitro approach [17].

CD68- and CD163-positive macrophages play a key role
in inducing immunologic tolerance [30,31]. The haemoglo-
bin-haptoglobin complex induces immunosuppressive func-
tion of macrophages by activating the CD163 —HO-1 axis
[32] and CD163-positive macrophages in the tumour stroma
are associated with worse clinical course [33]. Simultane-
ously, PD-1 and PD-L1 proteins function as immune check-
point inhibitors, regulating the immune system by providing
immune tolerance and downregulating T cell proliferation
[34,35]. M1 classically activated macrophages secrete pro-
inflammatory cytokines and chemokines like IL-16 and
express the general marker CD68 [36]. M2 alternatively
activated macrophages associated with anti-inflammatory
effect due to IL-4 cytokine and CD163 marker activation
[36]. In addition, essential growth factors such as epider-
mal growth factor (EGF) and vascularisation marker such
as VEGF are expressed in normal human dermal fibroblasts
(NHDF) [37,38], therefore these cells could act as a fibro-
blast model in our research approach.

Extensive research has demonstrated that fibroblast-mesh
interactions are crucial for biocompatibility assessment.
Previous studies have shown that surface-modified polypro-
pylene meshes provide better adhesion, growth, metabolic
activity, proliferation, and viability of fibroblasts compared
to pure polypropylene meshes alone [39]. Additionally,
polypropylene mesh scaffold with adipose-derived stem
cells exhibit excellent cellular compatibility, with enhanced
cellular adhesion and viability of fibroblast cells, demon-
strating reduced inflammatory responses and improved bio-
compatibility [40].

Based on these data and the established importance of
fibroblast-mesh interactions for biocompatibility, we per-
formed in vitro experiments to examine protein and cyto-
kine expression for each mesh co-cultured with normal
human dermal fibroblasts (NHDF) and compared the cyto-
kine/vascularisation marker response.
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Materials and Methods
Fibroblast Cultivation

For cultivation of fibroblasts with two different mesh mate-
rials and subsequent determination of proteins in the cell
culture supernatants we used the cell line “NHDF” (Pro-
mocell, Heidelberg, Germany, adult donor, cryopreserved).
According to the supplier information, the cells are pooled
and isolated from adult skin from different locations (face,
breast, abdomen, and thighs). For the experiments, one
vial was obtained from Promocell and multiplied. Twenty
thousand NHDF cells (4th passage), in 500 pl medium were
seeded in each well of a 24-well-plate, using DMEM (PAN-
Biotech, Germany) with 10% FCS (Bio&Sell, Germany)
and 1% penicillin-streptomycin-amphotericin (PAN-Bio-
tech, Germany) as cell culture medium.

For the experiments two different mesh materials were
used: titanised polypropylene mesh (pfmmedical, titanised
by PACVD process; 35 g/m?, 1 mm pore size) and polypro-
pylene mesh without titanium coating (pfmmedical; 35 g/
m?, | mm pore size).

The meshes were laser cut under sterile conditions to
a diameter of 5mm. Eight independent experiments were
conducted for each experimental group with two samples
measured within each group (Fig. 1). In total, 16 measure-
ments were included for the analysis. One independent
experiment corresponds to a complete biological experi-
mental run performed under identical conditions. For each
experiment, supernatant samples were collected from two
spatially distinct locations within each well, as a homo-
geneous distribution of analytes across the well cannot be
assumed. Consequently, these samples were considered

Fig. 1 Samples of each culture during co-cul-
tivation in a 24-Well plate: A1-D2 fibroblasts
with ceramic beads (white balls), A3-D4
fibroblasts and ceramic beads with titanised
meshes, A5-D6 fibroblasts and ceramic beads
with polypropylene meshes. Mesh material
in columns 3-6 is clearly visible under the
ceramic beads

independent observations rather than technical replicates,
and each was included as a separate data point in the anal-
ysis (n=16 per group; 8 experiments %2 spatially distinct
samples). NHDF with a ceramic bead served as the control
group, whilst the subsequent wells contained additionally
two cuts of titanised mesh or polypropylene mesh respec-
tively. The ceramic beads were used to anchor the meshes
to the bottom of the wells and prevent them from floating at
the surface. A control group consisting of NHDFs alone was
not included, as ceramic beads may also influence fibroblast
behaviour, and the experimental design was intentionally
kept as simple as possible. In our initial publication, mono-
cytes were co-cultured with fibroblasts and meshes for 5
days, as macrophages began to die beyond this time point.
To maintain consistency in experimental setup and condi-
tions, fibroblasts in the present study were also incubated
with meshes for 5 days at 37 °C and 5% CO,. Subsequently,
cell culture supernatants were collected and stored at —80 °C
for further examinations.

Protein Determination

For measurement of cytokines, chemokines and proteins in
the collected cell culture supernatants (one measurement
for each vial), commercial multi-array immunoassays were
used.

ELISA Description

U-Plex Biomarker Groupl (IL-4, IL-16) (MSD;
Nr.K15067M-1;Lot: 488032), and Angiogenesis Panel 1
V-PLEX assay platform (Meso Scale Discovery, Rockville,
MD), based on electrochemiluminescence detection of
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Angiogenesis Panel 1_V-Plex Custom Biomarkers (VEGF,
VEGF-C, Flt-1, bFGF) - MSD; Nr. K151A9H-1 Lot:
470233; A151A6H-1; Lot: K0082250)) containing multi-
array 96-well plates.

ELISA Validation

Each assay within the panel was individually validated
for specificity by testing single calibrators alongside indi-
vidual detection antibodies. Non-specific binding remained
below 0.5% across all assays. The multi-array plates were
pre-coated with capture antibodies targeting the proteins of
interest, immobilized on distinct and well-defined spots.

Sample Preparation

For the angiogenesis panel, the well-plate was initially
treated with a blocking solution for 1 h. After a washing step
in washing buffer, appropriate calibrators and cell culture
supernatants were added to the well-plates and incubated
for 2 h for the angiogenesis panel or 1h for biomarker group
1. Both plates were washed subsequently. The respective
detection-antibody solutions conjugated with electro chemi-
luminescent labels were then applied for the same incuba-
tion times as described for the calibrators and supernatants,
followed by an additional washing step. Finally, read buffers
were added and the plates were read in the MSD instrument
(MESO QuickPlex SQ 120MM). During this process, volt-
age was applied to the plate electrodes, inducing the cap-
tured labels to emit light. The intensity of this emitted signal
served as a quantitative indicator of the target protein con-
centration within the sample [41,42].

Calibration and Concentration Determination

The calibration curves used to calculate analyte concentra-
tions were established by fitting the signals from the calibra-
tors to a 4-parameter logistic (or sigmoidal dose-response)
model with a 1/y*> weighting. The weighting function pro-
vides a better fitting of data over a wide dynamic range,
particularly at the low end of the calibration curve. Analyte
concentrations were determined from the ECL signals by
back-fitting to the calibration curve. These assays possess a
wide dynamic range (4 logs), which allows accurate quan-
tification of samples without requiring multiple dilutions
or repeated testing. The calculations to establish calibra-
tion curves and determine concentrations were performed
using the MSD DISCOVERY WORKBENCH® analysis
software. Optimal quantification of unknown samples was
achieved by generating a calibration curve for each plate
using a minimum of two replicates at each calibrator level.
Median Low Limit of Detection and Detection Range for
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each analyte tested is shown in Suppl. Table 1. Intra Assay
and Intra Lot Variation for each analyte tested is shown in
Suppl. Table 2. (see homepage: www.mesoscale.com) [43].

Statistical Analysis

The statistical analysis was performed by the SPSS 26.0
program (IBM Corp., Armonk, NY, USA). The results
obtained were recorded and entered the SPSS database. Due
to the small sample size and the characteristics of biologi-
cal cell culture data, a non-parametric approach was chosen.
Wilcoxon signed-rank test for related samples was used,
as these test does not require normality assumptions and is
more robust for biological data with potentially heteroge-
neous cellular responses. The significance level was main-
tained at p=0.05 to ensure adequate statistical power given
the small sample size.

We evaluated the association between cytokine expres-
sion and vascular factor expression in between matched
groups (titanised mesh/polypropylene mesh/control group).
Violin plots of 16 measurements in eight individual experi-
ments contain the median and distribution, representing the
expression of concentrations in height and frequency of
each concentration by chart width. To compare controls and
mesh co-cultured fibroblasts a Wilcoxon test was used.

Results

Normal human dermal fibroblasts (NHDF) were co-culti-
vated in a 24-well plate for 5 days with inserts containing
fibroblasts with ceramic beads (used as a control), polypro-
pylene meshes covered with fibroblasts under the ceramic
beads, and titanised meshes covered with fibroblasts under
the ceramic beads. Subsequently, the concentration of cyto-
kines, chemokines and proteins in the collected cell culture
supernatants from the eight independent experiments were
measured. For each experimental group values were mea-
sured in two samples using commercial multi-array immu-
noassays (U-Plex Biomarker Groupl and Angiogenesis
Panel 1), containing multi-array 96-well plates.

VEGF concentration significantly increased from
34.04 pg/ml (median) in controls with only fibroblasts under
the ceramic beads, to 65.64 pg/ml (median) in cell cultures
of polypropylene meshes covered with fibroblasts under
ceramic beads (p=0.001) and to 61.22pg/ml (median) in
cell cultures of titanised meshes covered with fibroblasts
under ceramic beads (p=0.001). In addition, fibroblasts cul-
tured with polypropylene meshes compared to fibroblasts
cultured with titanised meshes showed significant differ-
ences (p=0.008) (Fig. 2).
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Fig. 2 Both cell cultures of polypropylene and titanised meshes
covered with fibroblasts under ceramic beads, presenting signifi-
cantly increased concentration of VEGF from Median=34.04pg/
ml to Median=65.64pg/ml for polypropylene meshes (p=0.001),
and Median=34.04pg/ml to Median=61.22pg/ml for titanised
meshes(marked with an asterisk; p=0.001), in comparison to controls
in 16 measurements (8 independent experiments measured in two
samples)
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Fig. 3 The concentration of the VEGF-C angiogenesis factor signifi-
cantly increased from Median=38.91pg/ml to Median=69.47 pg/
ml in cell cultures of polypropylene meshes covered with fibro-
blasts under ceramic beads (p=0.001), as well as in cell cultures of
titanised meshes covered with fibroblasts under ceramic beads from
Median=38.91 pg/ml in controls to Median=77.24 pg/ml(p=0.001)
in comparison to controls in 16 measurements (8 independent experi-
ments measured in two samples)

VEGF-C concentrations significantly increased from
median=38.91 pg/ml in controls with only fibroblasts under
ceramic beads, to median=69.47pg/ml in cell cultures of
polypropylene meshes (p=0.001) and to median="77.24 pg/
ml in inserts with titanised meshes covered with fibroblasts
under ceramic beads (p=0.001). In addition, also fibroblasts
cultured with polypropylene meshes compared to fibro-
blasts cultured with titanised meshes showed significant dif-
ferences (p=0.015) (Fig. 3).

Cell cultures of polypropylene mesh covered with fibro-
blasts under ceramic beads presented high significantly
increased concentration of sFIt-1 from median=0.45pg/
ml in control groups to median=0.63 pg/ml (p<0.001).
Whereas inserts of titanised meshes covered with fibroblasts
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Fig. 4 Cell cultures of polypropylene mesh covered with fibroblasts
under ceramic beads, presenting increased concentration of anti-
angiogenesis factor sFlt-1 from Median=0.45 pg/ml in control groups
to Median=0.63 pg/ml (p<0.001), whereas inserts of titanised meshes
covered with fibroblasts under ceramic beads had no influence on the
sFlt-1(Median=0.37pg/ml vs. Median=0.45pg/ml) expression of
fibroblasts in comparison to controls but showed lower sFIt-1 expres-
sion (p<0.001) in comparison to polypropylene meshes
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Fig. 5 Cytokine IL-16 concentration was downregulated from
Median=2.19 pg/ml to Median=1.82 pg/ml (p=0.034) in cell cultures
of titanised meshes covered with fibroblasts under ceramic beads. The
cell cultures of polypropylene mesh covered with fibroblasts under
ceramic beads presented no effect on the expression of cytokine IL-16
(Median=1.93 pg/ml vs. Median=2.19 pg/ml) in comparison to con-
trols in 16 measurements (8 independent experiments measured in two
samples)

under ceramic beads had no influence on the sFIt-1 expres-
sion of fibroblasts compared with controls (median=0.37 pg/
ml vs. median=0.45 pg/ml) (Fig. 4).

IL-16 concentration was modestly but statistically sig-
nificant downregulated from median=2.19pg/ml in con-
trols, to median=1.82pg/ml in cell cultures with titanised
meshes covered with fibroblasts under ceramic beads
(»=0.034). Cell cultures of polypropylene mesh covered
with fibroblasts under ceramic beads showed no effect on
cytokine IL-16 expression compared to the control group
(median=1.93 pg/ml vs. median=2.19 pg/ml) (Fig. 5).

The expression of cytokine IL-4 was modestly but statis-
tically significant down-regulated from median=0.0171pg/
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ml in cell cultures with polypropylene meshes covered
with fibroblasts under ceramic beads in comparison to
median=0.0222 pg/ml in cell cultures with titanised meshes
covered with fibroblasts under the ceramic beads (p=0.011)

(Fig. 6).

Discussion

In this study, we evaluated the expression and regulation of
angiogenesis factors VEGF, VEGF-C, and sFlt-1 in inserts
with different meshes. We identified significant increases of
VEGF and VEGF-C vascular angiogenesis factors for both
meshes, while cell cultures with pure polypropylene meshes
demonstrated significant upregulation of sFIt-1.

Additionally, we also analyzed the expression of pro- and
anti-inflammatory cytokines. Titanised meshes were signifi-
cantly downregulated the concentration of pro-inflamma-
tory cytokine IL-16, whereas polypropylene meshes had no
effect on the IL-16 cytokine fibroblast expression. Polypro-
pylene meshes significantly reduced the expression of the
anti-inflammatory cytokine IL-4, while titanised meshes
had no effect on IL-4 production by fibroblasts.

Surface Modification Effects of Titanised Meshes

Titanised meshes offer the advantage of modifying the sur-
face of the polypropylene scaffold [44]. Recent research
demonstrates that TiO2 nanostructures have excellent bioac-
tivity, stimulating adhesion, proliferation of fibroblasts and
enhancing cell attachment to implant surfaces [45]. TiO:
coatings significantly change surface hydrophilicity, making
them biologically active and improving cellular responses
[41]. Studies show that different crystalline phases of TiO:
(anatase and rutile) provide favourable templates for bio-
medical implants, with enhanced fibroblast viability, adhe-
sion, and proliferation [42]. The biocompatibility of titanium
alloys used as implant material is markedly enhanced by
TiO2 modifications, which promote cellular adhesion and
viability while reducing inflammatory responses[42].

Angiogenic Response Differences

Taking together, our results on angiogenesis factors sug-
gest that pure polypropylene meshes cancel or diminish the
vascularization induction by upregulating sFIt-1, whereas
titanised meshes show only stimulation of vascular angio-
genesis factors. Vascular endothelial growth factors (VEGF)
not only drive pro-angiogenic processes but also exert mito-
genic and anti-apoptotic effects on endothelial cells, enhanc-
ing vascular permeability, promoting cellular migration, and
supporting other key cellular functions [46,47].
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Fig. 6 Inserts of polypropylene meshes covered with fibroblasts
under ceramic beads downregulate the expression of cytokine IL-
4(Median=0.0171pg/ml) compared with inserts of titanised meshes
covered with fibroblasts under ceramic beads(Median=0.0222 pg/
ml) (p=0.011), whereas cell cultures of titanised meshes covered
with fibroblasts under ceramic beads did not present an effect on the
cytokine IL-4 fibroblasts production in comparison to controls in 16
measurements (8 independent experiments measured in two samples)

sFLT-1, conversely, is recognized as an early marker for
preeclampsia in pregnancy and contributes to endothelial
dysfunction [48-52]. Additionally, sFlt-1 serves as nega-
tive prognostic biomarker in patients with acute coronary
syndrome [53]. Importantly, sFlt-1 functions as a potent
antagonist of VEGF bioactivity through direct reversible
sequestration of VEGF ligands and dominant-negative het-
erodimerization with surface VEGF receptor monomers
[54]. Research demonstrates that soluble VEGF receptors
can inhibit angiogenic effects, and while VEGF function
is essential for optimal wound angiogenesis, adenovirus-
mediated gene transfer of soluble VEGF receptors sig-
nificantly decreases wound angiogenesis without grossly
delaying wound closure [55]. These findings indicate that
the upregulation of sFlt-1 observed with polypropylene
meshes may adversely affect the vascularization required
for optimal tissue integration without necessarily compro-
mising fundamental wound-healing processes.

In tissue repair contexts, elevated sFlt-1 levels are associ-
ated with impaired neovascularisation. For instance, aged
ischaemic muscle exhibited reduced expression of pro-
angiogenic factors alongside elevated sFIt-1 levels, with
increased infiltration of inflammatory cells and heightened
matrix metalloproteinase activity. Immunofluorescence
analysis revealed that Flt-1 co-localised with macrophages
in aged ischaemic muscles, thereby contributing to endothe-
lial dysfunction [56,57].

Inflammatory Cytokine Modulation
Pro-inflammatory IL-16 and anti-inflammatory IL-4 cyto-

kine expressions were analysed in this study after co-cul-
tivation with different mesh materials. Pro-inflammatory
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cytokine IL-16 likely plays a key role in postoperative
complications such as erosion, infection, chronic pain and
implant rejection [58-60]. A recent study by Fava et al
demonstrated that IL-16 could play a pivotal role in driving
inflammation by recruiting immune cells, including neu-
trophils and monocytes and facilitating crescent formation
[61].

Regarding macrophages, Wen et al found that IL-16
enhances anti-tumour immune responses by establishing
a Thl cell-macrophage cross talk through reprogramming
glutamine metabolism in mice [62]. Additionally, IL-16
regulates macrophage polarization as a target gene of mir-
145-3p [63]. Finally, a research group found that IL-16
aggravates dextran sulphate sodium-induced mouse inflam-
matory bowel disease by promoting M1 polarization of
macrophages [64]. Although nothing is known in literature
about IL-16 and polypropylene meshes, a recent publica-
tion showed that Interleukin-16 rs4072111 polymorphism
is associated with the risk of peri-Implantitis in the Chinese
population [65].

Degranulation of neutrophils or monocytes can directly
damage the endothelium and contribute to extracellular
matrix remodelling [61]. In individuals with hidradenitis
suppurativa, a chronic inflammatory condition marked by
painful, deep-seated nodules, abscesses, and draining tun-
nels in skin areas such as the axilla, inguinal region, ano-
genital area, or inframammary folds, IL-16 levels were also
found to be elevated [66]. Proinflammatory cytokine IL-16
is already recognized for its involvement in chronic inflam-
matory diseases. Allergic individuals have higher IL-16
amounts in their nasal secretions as compared to non-aller-
gic individuals [67]. Therefore, upregulation of IL-16 as we
observed in co-cultures of fibroblasts with polypropylene
meshes can be associated with acute, chronic and allergic
immune responses.

Simultaneously, anti-inflammatory cytokine IL-4 plays a
central role in modulating immune responses by orchestrat-
ing diverse functions such as immune regulation, antibody
synthesis, and promotion of tissue repair processes [68].
IL-4 is integral to tissue repair through two main pathways:
first, it suppresses initial inflammatory responses to injury,
and second, it regulates extracellular matrix modifications
and rebuilding for effective repair [69]. However, the role of
IL-4 in wound healing is complex and context-dependent.

Recent research reveals that IL-4 can both promote and
impair wound healing depending on the circumstances.
While IL-4 stimulates extracellular matrix synthesis and
promotes collagen production [70], studies show that IL-4
can impair wound healing potential by repressing fibronec-
tin expression in keratinocytes [71]. Fibronectin is a critical
component of the extracellular matrix expressed at high lev-
els in wound sites and is essential for wound repair through

mechanisms including growth factor binding stability and
cell survival. In experimental models, the topical applica-
tion of IL-4 to wounds resulted in rapid enhancement of
granulated tissue formation, but chronic IL-4 stimulation
can lead to delayed re-epithelialisation [71].

Regarding macrophages and gynaecological prob-
lems, IL-4 induces M2 macrophage polarisation and can
inhibit fibrosis in endometrial stromal cells [72]. IL-4 is
also expressed on M2-polarized macrophages [73],and IL-
4-treated human macrophages promote epithelial wound
recovery and suppress inflammatory responses [74].

A recent study on IL-4 coated polypropylene mesh and
its in vivo transplantation into living mice showed that IL-4
diminished the formation of fibrotic capsule surrounding the
implant and improved tissue integration [75]. In addition,
macrophage polarisation was influenced in an implant pro-
tective manner, clearly showing the positive effect of IL-4 in
mesh tolerance [75]. Impaired regulation of Type 2 immune
responses during wound healing can lead to fibrosis and
scarring, with IL-4—a hallmark of Type 2 immune cells—
playing a critical role in modulating this process [68,76,77].
The pleiotropic cytokine IL-4 can activate connective tis-
sue cells and promote accumulation of extracellular matrix
components. Therefore, downregulation of IL-4 in poly-
propylene meshes covered with fibroblasts could lead to
impaired tissue repair processes and/or increased inflam-
matory responses, contrasting with the beneficial effects
observed in titanised meshes.

In murine models, IL-4 signalling affects tissue repair in
a context-dependent manner. While IL-4 can enhance gran-
ulation tissue formation when applied topically to experi-
mental wounds (Salmon-Ehr, Implication of interleukin-4
in wound healing, 2000) [70], it can also suppress neutro-
phil spreading and migration by counteracting granulocyte
colony-stimulating factor signaling pathways [78]. The
context-dependent effects of IL-4 suggest that its downreg-
ulation by polypropylene meshes may have varying conse-
quences depending on the healing environment and timing
of mesh integration.

Clinical Relevance and Previous Findings

In a recent study, we investigated the relationship between
the in vivo and in vitro results of macrophage polarisation
and immune checkpoint expression regarding different
mesh material [17]. In particular, a massive influx of mac-
rophages, accompanied by specific macrophage polariza-
tion, was observed in the non-titanised mesh surrounding
patients in whom the mesh had been removed following
complications related to a POP surgery.

As differential immune responses were observed only
when mesh materials were covered with fibroblasts, this
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study focused on evaluating the effects of fibroblast (NHDF)
coverage on the various mesh types. Consistent with our
initial findings, polypropylene meshes elicited a more pro-
nounced proinflammatory and antiangiogenic response,
including increased sFIt-1 expression in NHDF cultures,
thereby corroborating and extending the results of our pre-
vious study [17]. Additionally, these results may be of inter-
est for further in vitro but also in vivo studies [79-82].

The experiments conducted in this study contribute to a
better understanding of immune responses following mesh
implantation and provides insights into the biological inter-
actions between host tissue and different mesh materials.
These findings may help inform future research and support
evidence-based decision-making regarding mesh selection
for POP treatment. However, determining the most appro-
priate material requires consideration of multiple clinical
factors, including patient characteristics, surgical technique,
and long-term outcomes, rather than relying on material
properties alone. The latter point represents the major limi-
tation of this study.

Conclusion

Our in vitro findings appear to suggest that titanised poly-
propylene meshes could offer certain advantages over
non-titanised polypropylene meshes in pelvic organ pro-
lapse surgery. In particular, titanised meshes were associated
with (1) lower expression of the proinflammatory cytokine
IL-16, which may be linked to a reduced risk of chronic
inflammation, infection, or implant-related complications;
(2) preservation of anti-inflammatory IL-4 levels, which
could support tissue integration and wound healing; and (3)
a more proangiogenic profile, without the sFlt-1 upregula-
tion observed with pure polypropylene meshes, potentially
facilitating improved vascularization and long-term implant
integration.

Further validation in multicellular systems and clinically
relevant in vivo models would further strengthen the results
of our hypothesis-generating observations that require con-
firmation in more complex biological models.
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