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A B S T R A C T

Polypropylene (PP) implants for the vaginal surgical correction of pelvic organ prolapse (POP) are known for
adverse events, like vaginal or visceral exposures. It is hypothesized that this is a result of a prolonged inflam-
matory response. One of the triggering factors of prolonged inflammation might be bacterial contamination. A
possible solution might lie in an absorbable biomaterial, which provides initial mechanical support while being
gradually replaced by the host tissue.

With this study we aimed to compare the host response, in a subcutaneous mouse implant infection model, to
delayed absorbable poly-4-hydroxybutyrate (P4HB) and a latest generation PP implant. By comparing non-
infected to Staphylococcus aureus infected mice, we assessed how bacterial contamination affects the host
response and its role in the development of complications. Further, we included sham surgery as a control,
mimicking the wound response in native tissue repair.

Despite the higher surface area of the P4HB implants, the clearance of infection was similarly delayed in the
presence of a P4HB or PP implant, as compared to sham. Further, the host response towards P4HB and PP was
quite comparable, yet collagen deposition was significantly increased around infected P4HB implants at early time
points. Adverse event rates were similar, though implant exposures were only seen in infected mice and more
often with PP (11.1%) than P4HB implants (5.6%). Infected mice overall had significantly higher levels of
infiltration of inflammatory cells and lower levels of vascularization and collagen deposition compared to non-
infected mice. Thus, for both P4HB and PP, bacterial contamination negatively affected mesh integration by
increased inflammation and an increased adverse event rate. Altogether, our results from this subcutaneous
mouse implant infection study suggest that P4HB could be a promising degradable alternative to PP, warranting
further research to study its potential as a new surgical solution for women with POP.
1. Introduction

Pelvic organ prolapse (POP) is the descent of one of the pelvic organs
into the vagina or beyond. It can cause a bothersome sensation of bulging
and negatively affects micturition, defecation, and sexual functioning,
resulting in a decreased quality of life [1]. It is a prevalent disorder as the
incidence is as high as 40% [2,3] and the overall life-time risk for pro-
lapse surgery is around 10% [4]. Surgical repair using the patients' own
pelvic support tissues, known as native tissue repair (NTR), has
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disappointing results with reoperation rates of up to 17–29% [4–6]. This
may be explained by the usage of the patients’ own – already weakened –

connective tissue to restore the pelvic floor. Based on the success in
abdominal hernia repair, synthetic permanent implants for transvaginal
POP surgery were introduced as an alternative. While publications on
synthetic mesh use for POP date back to the 1990s, there was a rise in
publications by the end of the 20th and beginning of 21st century [7].
The regulatory framework at that time (510(k)) did not require large
clinical trials demonstrating efficacy and safety, prior to introduction in
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clinical practice [8]. While polypropylene (PP) surgical mesh implants
have been tolerated well for certain applications (e.g. ventral hernia), it
became clear that they can induce a prolonged inflammatory response in
the vagina, which can eventually lead to adverse events [9]. The fact that
mesh-related complications can have disastrous effects that are some-
times irreversible, resulted in several FDA activities over the past years
with worldwide implications [8,10]. In January 2012, the FDA ordered
manufacturers of transvaginal mesh products for POP to conduct
post-market surveillance under Section 522 of the Federal food, drug and
cosmetic act (”522 Studies”) [11]. In January 2016, the FDA issued a
final order to reclassify mesh devices from class II to class III, requiring
extensive clinical studies and manufacturers to submit a premarket
approval (PMA) application henceforth [11,12]. While the first post-
market surveillance study has demonstrated similar effectiveness and
safety of a latest generation PP mesh as compared to NTR, in 2021 the
FDA stated that these implants do not have a favorable benefit-risk
profile [11]. All this, has led to highly restricted use of transvaginal
implants [13] and withdrawal of some products from the market [14,15].

With an aging population, suboptimal results of NTR and restricted
use of current synthetic implants, there is an unmet need for alternative
materials that can be used in pelvic floor surgery to accommodate the
urgent need among patients. As recommended by the Scientific Com-
mittee on Emerging and Newly Identified Health Risks (SCENIHR) of the
European Union in their final opinion published in 2015, further research
should focus on novel materials, particularly degradable implants [16].
Besides the necessity to evaluate new biomaterials in vivo before human
use, there is a demand to study additional variables influencing the host
response, such as bacterial contamination [17]. While inflammation has
been seen in completely sterile settings without infection, it is thought
that a prolonged inflammatory response might be triggered by bacterial
contamination and subsequent subclinical infection. Yet, more basic
research is required to understand the underlying mechanism and to
verify the relationship between infection and clinical complications [18].
As the vagina is a so-called ‘clean-contaminated site’, meaning that
despite infection prophylaxes bacteria naturally reside in the vagina
[19], bacterial contamination during implantation seems unavoidable
[20].

Degradable materials should give initial mechanical support while
providing a scaffold for native tissue ingrowth leading to their gradual
replacement by functional tissue. Furthermore, degradable materials
might be less susceptible to infection as compared to non-degradable
materials, as bacteria might struggle to adhere to a degrading or
eroding surface [21]. Poly-4-hydroxybutyrate (P4HB) is a delayed
absorbable material and has shown promising results in the clinical field
of ventral hernia repair [22]. Besides, we have demonstrated that P4HB
implants have more favorable characteristics in vitro compared to PP
implants, with respect to higher vaginal fibroblast proliferation and
collagen deposition [23]. In addition, P4HB has mechanical properties
compatible with the vaginal tissue [23] and is less susceptible to bacterial
biofilm formation [24]. In vivo, P4HB showed a more favorable host
response as compared to PP and comparable load bearing capacity [25].
Despite its degradable character and significant resorption one year after
implantation, P4HB implants have demonstrated to provide sufficient
mechanical strength [26].

In this study, we aimed to assess the host response to absorbable
P4HB implants in a subcutaneous mouse model and to compare these
results to the host response in current surgical alternatives: either a sham
surgery mimicking the wound healing response in NTR or a non-
absorbable PP implant. Furthermore, we aimed to study the effect of
bacterial contamination on the host response and its role in the devel-
opment of local complications by introducing Staphylococcus aureus, a
common vaginal commensal with pathogenic properties [19], and an
important player in many other biomaterial-associated infections [27].
To evaluate the host response, we (1) monitored mice for the develop-
ment of local complications, (2) assessed the host bacterial clearance
capacity in the presence of P4HB and PP implants and (3) performed
2

detailed histological analyses of acute and chronic inflammation and
tissue remodeling.

2. Materials and methods

2.1. Animals and ethics

For this study, we used an established subcutaneous biomaterial-
associated infection mouse model [28,29] and we adhered to the
ARRIVE guidelines 2.0 (Animal Research: Reporting In Vivo Experiments)
during preparation, execution, and analyses of the experiment [30] and
complied to the ARRIVE Essential 10 checklist [31]. The Animal Welfare
Body of the Amsterdam UMC (location AMC) approved the protocol
(study number: DMB19-8484-1-01). Experiments were performed in
accordance with the European directive 2010/63/EU for animal exper-
iments and the Dutch Experiments on Animals Act (Wod). We studied
two latest generation light-weight monofilament macroporous implants:
P4HB Diamond (49.7 g/m2 with a pore size of 2.22 mm2) manufactured
and provided by Tepha Inc. and PP Restorelle (18.9 g/m2 with a pore size
of 3.10 mm2) manufactured and provided by Coloplast [24] (Fig. S1).
Specific pathogen-free C57BL/6 J OlaHsd immune competent female
mice (Envigo) were used, approximately aged 8–10 weeks and weighing
17–20 g. Mice received two subcutaneous segments of P4HB meshes
(“P4HB mice”) or PP meshes (“PP mice”) or underwent sham surgery on
two sites (“sham mice”). Further, the host response in a sterile setting
(“non-infected mice”) was compared to the response in case of S. aureus
bacterial contamination (“infected mice”). Group sizes for the
non-infected groups were based on our previous research (n ¼ 4 mice).
For the infected groups a power calculation was performed, taking into
account a variation of 20% and <5% unexpected animal loss, the group
size was set at 9 mice [28,29,32]. In total, 117 mice were randomly
divided over the different groups of 4 mice with 2 non-infected wound-
s/implants each (n ¼ 8 samples per group) and groups of 9 mice with 2
infected wounds/implants each (n ¼ 18 samples per group) (Fig. 1).
Randomization was performed by a computer-generated randomization
list [33]. All mice were acclimatized for at least 7 days before surgery and
were provided with sterile food and water ad libitum.

2.2. Bacterial inoculum preparation

S. aureus ATCC 49230 is a clinical isolate and has a biofilm forming
capacity [24,29,34]. Bacteria were stored at �80 �C and re-cultured on a
blood agar plate overnight at 37 �C. From a single colony, a
mid-logarithmic culture was obtained in tryptic soy broth (TSB; BD
Difco) and diluted in saline to an inoculum suspension containing 4� 107

colony forming units (CFU)/ml, based on the optical density at 620 nm.

2.3. Surgical procedure

Thirty minutes prior to surgery the mice received a subcutaneous
injection with 0.05mg/kg buprenorphine (Vetergesic, Multidose 0.3 mg/
ml, Ecuphar) for pain relief. The mice were anesthetized with 1.5–2%
isoflurane in oxygen and the back of the mice was shaved and disinfected
with 70% ethanol. Working under sterile conditions in a laminar flow
cabinet, two 0.5 cm horizontal incisions were made, 1 cm lateral to the
spine at the level of the scapulae. With blunt cover glass forceps a sub-
cutaneous pocket was created and a 10 � 7 mm implant was inserted at
both sides in the implant groups. In the shammice the same pockets were
created with the forceps, but no biomaterial was implanted. The incisions
were closed with Vicryl 6.0 sutures (Ethicon), followed by injection of 25
μl saline (non-infected groups) or 25 μl saline containing 1 � 106 CFU
S. aureus bacteria (infected groups) along the implant (Stepper, repetitive
dispensing pipette, Tridak). Mice were housed alone in individually
ventilated cages until complete wound closure for a maximum of one
week, thereafter mice were housed in groups of two or three. In the first
week after surgery mice were weighed on a daily basis and after this first



Fig. 1. Study procedure and experimental groups In total, 117 mice were randomly divided over 18 experimental groups: P4HB, PP and sham non-infection at 4, 9 and
60 days (all n ¼ 4 mice with 8 samples per group) and P4HB, PP and sham infection at 4, 9 and 60 days (all n ¼ 9 mice with 18 samples per group). Mice were scored
for clinical complications and at sacrifice the mesh tissue complex (MTC) was cut into 3 parts for further analysis: half was used for histology and a quarter was used
for quantitative culture of bacteria and storage of the lysate. The remaining quarter was used for storage for future RNA analysis.
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week on indication. Mice were scored for adverse events per implant site
after 4 and 7 days and prior to sacrifice and investigators were blinded for
the groups. Clinical signs of infection were defined as local redness,
swelling, edema and/or pus formation per implant side. Implant expo-
sure was defined as an implant erosion through the intact skin, so adja-
cent to the incision area, or through a fully healed surgical incision.

2.4. Sample collection

Mice were anesthetized, as described above for implantation, and the
mesh-tissue complex (MTC) was harvested after 4, 9 or 60 days. The MTC
was cut into 3 parts for further analysis (Fig. 1). Half of the MTCwas used
for histology and one quarter of the MTC was used for quantitative cul-
ture of bacteria and the remaining homogenate was stored to allow
further analyses. The remaining quarter of the MTC was stored in RNA
stabilization solution (RNAlater, Invitrogen) and incubated overnight at
4 �C. After removal of the RNA stabilization solution, the sample was
stored at – 80 �C to allow future RNA analysis.

2.5. Bacterial quantification

Samples were collected in 2 ml tubes containing 0.5 ml saline with 5
sterilized zirconium beads (Ø 2 mm, BioSpec Products) and stored on ice.
To neutralize mouse endogenous antimicrobial peptide (AMP) activity,
50 μl of a 0.05% (v/v) sodium polyanethole sulfonate (SPS; Sigma) so-
lution was added to the samples [35]. Due to technical issues, no SPS was
added to samples from the P4HB, PP and sham non-infected mice at 9
days and samples from the sham infected mice at 9 days. Samples were
homogenized with 3 cycles of 30 s at 7000 rpmwith 30 s cooling on ice in
between the cycles (MagNA Lyser, Roche). Of this homogenate, 100 μl
3

was ten-fold serially diluted in phosphate buffered saline (PBS) and
five-fold 10 μl aliquots of the sample and the dilutions were spotted on
blood agar plates. After overnight incubation, colonies were counted and
converted to log CFU per homogenized biopsy. Morphologically distinct
colonies were selected for species determination (MALDI Biotyper, Sirius
System, Bruker) to rule out contamination. In case of bacterial contam-
ination other than S. aureus, these colonies were not included in the CFU
counts.
2.6. Histology

MTC samples were immediately fixed in 4% paraformaldehyde and
stored at 4 �C. After 24 h, the samples were transferred to 70% ethanol
which was refreshed after 2 h, and samples were stored at 4 �C until
further processing. The fixed MTCs were dehydrated using an automatic
tissue processor (ASP300, Leica), embedded in a clean filtered paraffin
mixture (Paraplast, Leica) and cut in 5 μm sections (RM2255, Leica).
After deparaffinization and rehydration of the sections, staining was
performed with Mayer's Hematoxylin and Eosin (H&E) and Masson's
Trichrome (MT). Slides were scanned using the IntelliSite UltraFast
Scanner (Philips Digital Pathology Solutions). Semi-quantitative assess-
ments were performed at a 40 � magnification by two independent re-
searchers blinded to the different groups, using an ordinal grading scale
as previously described [36,37]. Five randomly chosen fields per slide
were selected at the mesh tissue interface. Vascularization and foreign
body giant cells (FBGCs) were scored on a scale of 0–3 (0¼ none, 1¼ 1 to
5 vessels/FBGCs, 2 ¼ 6 to 10 vessels/FBGCs, 3 ¼ more than 10 ves-
sels/FBGCs) in the H&E staining. Infiltration of inflammatory cells
(predominant polymorphonuclear cells) was scored in the H&E staining
and collagen formation in the MT staining on a scale of 0–3 based on the



K.W.J. Verhorstert et al. Materials Today Bio 15 (2022) 100268
appearance (0 ¼ none, 1 ¼ mild, 2 ¼ moderate, 3 ¼ severe/abundant)
(Fig. S2). All histological scores were averaged, in case the difference was
>0.5, a senior researcher was consulted for a third opinion.

2.7. Statistical analysis

Adverse event rates were reported as frequencies and groups were
compared in SPSS statistics version 26.0 (IBM) using a Chi-square test.
All other analyses were performed in GraphPad Prism version 9.1.0 for
Windows (GraphPad Software). Weights were reported as mean with
standard deviation and compared with an unpaired t-test. Bacterial
quantification and histological data were reported as median with
interquartile range (IQR), quartile 1 and 3. Two sample comparisons
were made using a Mann-Whitney-U test and multiple sample compari-
sons were made using the Kruskal-Wallis test. In case of a significant
difference, the Kruskal-Wallis test was followed by a Dunn's post-hoc test
to correct for multiple testing. A p-value of <0.05 was considered to
indicate a statistically significant difference. Graphs were created in
GraphPad Prism.

3. Results

3.1. Post-operative recovery and weights

All mice survived the surgical procedure. Three mice from the
infected groups had to be terminated before the end of the study due to
severe discomfort or excessive weight loss (>15% weight loss as
compared to the highest weight) and were left out of the bacterial
quantification and histologic evaluation. One mouse from the P4HB 4
day group was sacrificed after two days because of 17% weight loss and
signs of discomfort, one mouse from the PP 60 day group after 8 days
because of a severe mesh exposure and corresponding discomfort, and
one mouse from the P4HB 60 day group after 52 days because of 11%
weight loss combined with signs of discomfort.

The mean weight of the animals at baseline was 19.35 � 0.86 g
(Fig. S3). On average, mice from all groups lost weight in the first 24 h
after surgery. The group mean percentage of weight change compared to
the weight at baseline was calculated on day 1 and 4, and day 7 and 60 (if
applicable). At day 1, infected mice on average lost significantly more
weight than non-infected mice (�7.7% vs. �2.8%, p < 0.001) and
infected mice with implants lost significantly more weight than infected
sham mice (P4HB �9.1% vs. sham �5.5% p < 0.001 and PP -8.5% vs.
sham �5.5% p ¼ 0.002). There were no significant differences between
the P4HB and PP mice. On day 4, the weight of most animals was again
above baseline and increased during the course of the study.
Table 1
Incidence of adverse events (macroscopic morphology) The incidence is reported per i
three mice which had to be terminated before the end of the experiment, to not und

Non-infection

Infection Exposure Incisional eros

P4HB 4 d 0/8 0/8 0/8
P4HB 9 d 0/8 0/8 1/8
P4HB 60 d 0/8 0/8 2/8
Total P4HB 0/24 0/24 3/24
PP 4 d 0/8 0/8 0/8
PP 9 d 0/8 0/8 0/8
PP 60 d 0/8 0/8 2/8
Total PP 0/24 0/24 2/24
Sham 4 d 0/8 NA NA
Sham 9 d 0/8 NA NA
Sham 60 d 0/8 NA NA
Total Sham 0/24 NA NA

4

3.2. Macroscopic observations

All mice were scored for clinical signs of infection and implant
exposure (as defined in methods), for each implant site (Table 1). Since
we also observed (unexpected) implant erosions through the original
incision site before healing of the surgical wound, these were scored
separately and defined as ‘incisional erosion’ (Fig. 2C). Only mice from
the infected groups demonstrated clinical signs of infection within the
first 14 days at one or both of their implant sites, i.e. 9.3% (5/54) of the
implants of the P4HB mice and 5.6% (3/54) of those the PP mice (not
significantly different (NS)) compared to 1.9% (1/54) of the sham sur-
gery sites in the sham mice (NS). Mesh exposures, defined as mesh ex-
posures through the intact skin (adjacent to the surgical incision or
through a fully healed wound) (Fig. 2B), only occurred in mice with
bacterial infection: in 5.6% (3/54) of the implants of the P4HB mice
compared to 11.1% (6/54) of those of the PP mice (NS). Incisional ero-
sions were seen twice as often with the implants of infected mice (P4HB:
20.4% (11/54): PP: 22.2% (12/54)) as compared with the implants of
non-infected mice (P4HB: 12.5% (3/24); PP: 8.3% (2/24)), but the fre-
quencies were not significantly different between P4HB and PP implants.
3.3. Bacterial quantification

All colonies were identified as S. aureus, except single colonies on 5
out of 232 bacterial culture plates, which were either identified as
Enterococcus gallinarum or Enterococcus hirae. These counts were left out
of the analysis. Both species are intestinal microbiota, E. gallinarum in
humans and mice [38] and E. hirae in different animals [39] and in this
case were presumably part of the mouse microflora. The median log
numbers of CFU per implant (log CFU) for all non-infection groups was
0 (IQR¼ 0-0). In all infected mice, after 4 days the log CFU were high but
not significantly different between the P4HB, PP and sham mice (Fig. 3).
Only in sham mice a rapid and significant clearance of infection was
observed as the log CFU after 9 days decreased to undetectable levels (p
< 0.001), and was significantly lower than in the P4HB and PP mice
(both p < 0.001). Infections were resolving after 60 days in both the
P4HB (p¼ 0.005) and PP mice (p < 0.001), with only for the P4HB mice
the number of bacteria (1.35 log CFU (0–4.48)) remaining significantly
higher than for the sham mice (0 log CFU (0-0)) (p ¼ 0.002). There were
no statistically significant differences in log CFU retrieved from the P4HB
and PP mice at any of the three time points (Fig. 3). As mentioned in the
methods section, no SPS was added to the samples of the P4HB, PP and
sham non-infected mice and sham infected mice at 9 days. This could
possibly have yielded an underestimation of the true bacterial numbers in
situ due to the residual AMP activity of the homogenates.

In the majority (65%) of the mice with adverse events, the numbers of
CFU retrieved from affected implants had log CFU higher than the me-
dian of their groups (Table S1), especially in case of signs of infection (8/
mplant or sham site, each mouse had two implants or sham sites. We included the
erestimate the results. NA ¼ non-applicable.

Infection

ion Infection Exposure Incisional erosion

5/18 0/18 0/18
0/18 1/18 3/18
0/18 2/18 8/18
5/54 3/54 11/54
0/18 0/18 0/18
3/18 1/18 5/18
0/18 5/18 7/18
3/54 6/54 12/54
1/18 NA NA
0/18 NA NA
0/18 NA NA
1/54 NA NA



Fig. 2. Mesh exposure and incisional erosion Mice at 9 days after implantation. (A) P4HB infection: example of normal wound healing, (B) P4HB infection: mesh
exposure, this was seen earliest after 7 days, (C) PP infection: besides a mesh exposure, on both sides incisional erosions were observed.

Fig. 3. Bacterial quantification of the mesh-tissue complexBacterial quantification of the mesh-tissue complex on day 4, 9 and 60 for the three infection groups (P4HB,
PP and sham). Data are represented as median log CFU/sample with interquartile ranges. The brackets represent the comparisons between P4HB, PP and sham at the
given time point. The straight lines represent the comparisons between the different time points for the given implant or sham group.
The non-infection groups all had a median of 0 and are therefore not shown in this figure.**p < 0.01, ***p < 0.001.
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9 mice) and exposure (7/8 evaluable mice (one mouse with an exposure
could not be evaluated because of premature termination due to the
humane endpoint of severe mesh exposure)).

3.4. Histological evaluation

3.4.1. Host response in sham mice
To understand the normal wound healing response and influence of

bacterial contamination, we included sham groups (no implant) without
and with infection. Of all groups, infiltration of inflammatory cells was
the lowest in the non-infected sham mice and decreased over time
(Fig. 4). In sham mice, vascularization was also rather low but constant
over time. Neither infiltration nor vascularization changed under the
influence of bacterial contamination in the sham mice. Collagen depo-
sition at day 4 was highest in the non-infected sham mice and was
significantly reduced due to the infection at day 4 (p < 0.001), 9 (p ¼
0.04), and 60 (p ¼ 0.009). As was to be expected, FBGCs were low in
sham mice. Thus the inflammatory response in the sham mice was mild
and rapidly resolved to wound healing, in both the presence and absence
of infection (Fig. 5).
5

3.4.2. Host response in the P4HB and PP implanted mice in absence of
bacterial infection

When compared to the sham mice, non-infected mice with implants
showed significantly higher levels of infiltration of inflammatory cells: in
the PP mice at day 4 (p¼ 0.03), and in the P4HB as well as in the PP mice
at day 9 (p ¼ 0.008 and p < 0.001, respectively) and day 60 (p ¼ 0.001
and p¼ 0.01, respectively) (Fig. 4, left). Vascularization was significantly
higher in the P4HB mice as compared to the sham mice at day 60 (p ¼
0.007) and early collagen deposition at day 4 was significantly lower (p
< 0.001). FBGC formation was increased in both the P4HB and PP mice
at day 9 and 60. So, the presence of an implant induced a higher and
prolonged inflammatory response and delayed wound healing. No sig-
nificant differences were found between the P4HB and PP mice, except
for less collagen deposition in the P4HBmice at day 9 (p¼ 0.005), which
did not remain until day 60. So the tissue response to both materials over
time was similar, with a potential temporary delay in the progression of
wound healing around P4HB (Fig. 5).

3.4.3. Host response in the P4HB and PP implanted mice in the presence of
S. aureus infection

In the S. aureus infected groups, infiltration was higher in the P4HB



Fig. 4. Histological evaluation of non-infected and
infected miceHistological scoring of infiltration of in-
flammatory cells, vascularization, collagen deposition
and foreign body giant cell (FBGC) formation, results
are reported as median and interquartile ranges. The
brackets represent the comparisons between P4HB, PP
and sham at the given time point. The straight lines
represent the comparisons between non-infected and
infected mice, for that given time point and implant
group. Only significant difference are shown. *p <

0.05, **p < 0.01, ***p < 0.001.
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and PP mice as compared to the infected sham mice: at day 4 in the PP
mice (p ¼ 0.04) and at 9 and 60 days in both the P4HB and PP mice (all p
< 0.001) (Fig. 4, right). Vascularization was significantly higher in the
P4HB mice at day 9 (p ¼ 0.04) and in both the P4HB and PP mice at day
60 (p ¼ 0.001 and p < 0.001, respectively). Collagen deposition was
significantly higher in the infected P4HB mice than in the infected sham
mice at all time points (4 days p < 0.001, 9 days p ¼ 0.01 and 60 days p
¼ 0.04). Finally, also FBGC formation was increased in the P4HB and PP
infected groups at 9 and 60 days. When comparing the P4HB to the PP
infected mice, vascularization was significantly higher in the PP mice as
compared to the P4HB mice at day 4 (p ¼ 0.01). Further, collagen
deposition was higher in the P4HB mice as compared to the PP mice at
both day 4 and day 9 (both p < 0.001).

In general, S. aureus infection caused a significant increase in infil-
tration of inflammatory cells and a decrease in vascularization and FBGC
formation when comping the infected mice to the non-infected mice
(Fig. 4). Collagen deposition was affected by infection in all groups, but
differed depending on the biomaterial implanted. A decrease in collagen
deposition upon infection was seen for the PP mice at day 4 (p ¼ 0.008)
and day 9 (p < 0.001), while in the P4HB mice an increase was seen at
these time points, day 4 (p < 0.001) and day 9 (p ¼ 0.01) (Fig. 5).
6

4. Discussion

Our study showed that adverse events were as common in mice with
P4HB as in mice with PP implants. However, implant exposures only
occurred in mice with S. aureus infection and more often in the PP mice
(11.1% of implants) than in the P4HB mice (5.6% of implants). In the
presence of a P4HB or PP implant, S. aureus clearance was similarly
delayed relative to the clearance in the sham mice. Further, there were
minor differences in the different phases of the host response as observed
in histology between P4HB and PP, but these differences were transient
and did not exist anymore at 60 days after implantation.

The delayed clearance of S. aureus in our P4HB and PP mice dem-
onstrates that P4HB and PP do not form an exception to the general
contention that a foreign body predisposes for infection. This is likely due
to a combination of adherence of bacteria to the biomaterial and subse-
quent biofilm formation, and reduced efficacy or evasion of the local
immune response [40]. No significant differences in the log CFU
retrieved from the P4HB and PP implants were observed at any of the
time points investigated. Interestingly, P4HB implants were thicker, had
smaller pores and a higher areal density than the PP implants, designed
to induce an appropriate initial host response to compensate for the



Fig. 5. Histological sections of non-infected and infected miceHistological sections of mice with P4HB or PP implants or sham surgery, over time for both the non-
infected groups (left) and infected groups (right). Infiltration of inflammatory cells (Hematoxylin and Eosin, upper panel) was lower in the sham mice than in the P4HB
and PP mice, no differences were found between P4HB and PP. An increase in infiltration was seen in the P4HB and PP mice by S. aureus infection. Collagen deposition
(Masson's Trichrome, lower panel) in P4HB mice increased by infection while it decreased in the PP and sham mice.The asterisk shows an example of the mesh. The
scale bar in the lower left corner represents 100 μm.
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degradation of P4HB on the long term. Although this larger P4HB
implant surface might have provided the bacteria more surface to adhere
to and form a biofilm, this apparently did not lead to higher levels of
bacterial colonization than on PP. In contrast to our mouse study, results
in a subcutaneous rat model showed a higher resistance of P4HB to
S. aureus bacterial challenge as compared to PP [41]. This contrasting
finding may be related to the different time point (14 days), the different
animal species and differences in bacterial strain and inoculum concen-
trations used, but also to the use of P4HB and PP construct designs
differing from the ones used in our study.

Extensive histological analysis revealed higher levels of inflammatory
cell infiltration, vascularization, and FBGC formation in mice with a
biomaterial as compared to shammice, confirming previous observations
[42–46]. It is known that denser implants with smaller pores induce a
more pronounced or prolonged inflammatory response as compared to
lighter implants with larger pores [47]. Although both types of constructs
are light-weight, macroporous and monofilament, the P4HB construct
studied had less beneficial physical characteristics than the PP construct,
i.e. thicker fibers, smaller pore size and higher density. Despite this,
inflammation and vascularization in the respective mice did not signifi-
cantly differ. Previous research in other animal models showed varying
results. In a sheep model P4HB demonstrated increased inflammation
and decreased vascularization as compared to PP at 60 and 180 days
[25], whereas in a rabbit model no significant differences were found
after 3 and 9 months for inflammation, neovascularization and elastin
and collagen deposition around both materials [48].

However, in the presence of S. aureus infection of the implant, we
observed increased vascularization, starting earlier around PP than
7

around P4HB implants. As the differences resolved over time, already at
day 9, most likely these are not of clinical relevance. Whereas collagen
deposition in the non-infected P4HB mice was delayed compared to non-
infected PP mice, in the infected P4HB mice collagen deposition was
significantly higher at 4 and 9 days than in the infected PP mice. This
difference was the result of an increase in collagen deposition observed in
P4HB mice after S. aureus infection, while a decrease in collagen depo-
sition was seen in PP mice. S. aureus infection can cause upregulation of
matrix-metalloproteinase 2 (MMP2), thereby impairing collagen forma-
tion and eventually compromising the biomechanical properties of the
tissue [49]. Even though our culture results did not show significant
differences, P4HB has shown to be less susceptible to S. aureus adhesion
[24]. However, no significant differences remained after 60 days, indi-
cating that neither P4HB or PP, nor S. aureus infection differentially
influenced the final tissue regeneration.

Women with a vaginal exposure of the mesh often have positive
bacteriological cultures [50]. However, the question is whether the
contaminating bacteria are the cause of the exposure or secondary to the
exposure. Our study suggests that bacterial contamination increases the
risk to develop implant exposure, since exposures only occurred in the
mice challenged with S. aureus. Also, adverse events were more common
in mice with the highest bacterial counts at explantation. Such correla-
tion between contamination and adverse events has also been observed
in an abdominal hernia mesh rat model, where increased contraction of
the MTC was observed after contamination with 106 CFU Escherichia coli
[51]. Moreover, our infected mice overall had significantly higher scores
for infiltration of inflammatory cells and lower scores for vascularization
and collagen deposition, except infected P4HB mice. After implantation,
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bacteria might win ‘the race for the surface’which may lead to a decrease
in host cell attachment [52]. This negatively affects mesh integration and
acceptance, ultimately leading to complications such as mesh exposure.
While infections were (non-significantly) more common in P4HB mice,
implant exposures were more common in PP mice. One explanation may
lie in the biomechanical properties of both materials, as P4HB is more
biomechanically compliant as it has mechanical properties close to native
tissue and a lower stiffness than PP [25]. The higher stiffness of PP might
create friction between the implant and its surrounding tissue, which
could make particularly infected tissue more vulnerable to implant
exposures.

Mice are not a generally used model in POP research, because im-
plants cannot be easily tested functionally. However, the subcutaneous
mouse implant model is a well-recognized biomaterial-interaction and
infection model, allowing comparison of the host response and suscep-
tibility to infection of different biomaterials [28,53–55]. Like all animal
models, this model has some limitations. Firstly, the influence of me-
chanical loading and its effect on the host response could not be taken
into account as in vaginal models. Because of the small size of the im-
plants, we could not assess the mechanical properties of explanted MTC.
Secondly, due the delayed degradable nature of P4HB the follow-up of 60
days was too short to study full implant degradation. Degradation of
P4HB is reflected by a steady loss of molecular weight without a reduc-
tion in fiber size. However, in vivo by 60 days P4HB has demonstrated a
molecular weight decrease of 28% [25]. Thirdly, we used relatively high
doses and amonoculture of S. aureus bacteria whereas the vaginal flora in
women is multimicrobial and also contains non-pathogenic commensals.
And finally, the host response is also dependent on the site of implan-
tation because this response has been shown to significantly differ in the
vagina as compared to the abdomen [46], so this should be taken into
account when interpreting these results.

Considering that ultimately P4HB will be fully degraded, our results
are promising as under the influence of infection collagen deposition
around P4HB was not negatively affected. However, no significant dif-
ferences remained compared to PP after 60 days and this model is not
valid to study anatomical nor biomechanical outcomes. To assess the
possibilities, future studies should focus on the long-term host response
to P4HB in larger animal models, e.g. sheep [56–58], including the effect
of mesh degradation and mechanical properties. Finally, as bacterial
contamination significantly affects the host response, we would recom-
mend future studies to take into account the effect of the vaginal
microflora on mesh acceptance and integration.

5. Conclusion

This study indicates an increased level of inflammation and a delayed
progression of the foreign body response due to S. aureus infection. This
supports the hypothesis that bacterial contamination negatively affects
mesh integration and contributes to the development of local complica-
tions such as implant exposure. Interestingly, early collagen deposition
was not affected by infection around P4HB implants, as opposed to
collagen deposition around PP. Further, despite the higher surface area of
P4HB, only minor differences were found between the host response to
P4HB and PP. As we compared P4HB to the latest generation PP implant
(a monofilament, lightweight, macroporous implant), P4HB could be a
promising fully absorbable alternative for the correction of POP. How-
ever, longer follow-up studies in a large (vaginal) animal model
encountering mechanical loads and native microbial flora, should be
performed prior to introducing vaginal P4HB implants clinically in
women.
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