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Abstract

Polypropylene (PPL) mesh is widely used in pelvic floor reconstructive surgery for prolapse and stress
urinary incontinence. However, some women, particularly those women treated using transvaginal PPL
mesh placement for prolapse, experience intractable pain and mesh exposure or extrusion. Explanted
tissue from patients with complications following transvaginal implantation of mesh is typified by a dense
fibrous capsule with an immune-cell rich infiltrate suggesting that the host immune response has a role in
transvaginal PPL. mesh complications through the separate contributions of the host (patient), the
biological niche within which the material is implanted, and biomaterial properties of the mesh. This
immune response might be strongly influenced by both the baseline inflammatory status of the patient,
surgical technique and experience, and the unique hormonal, immune and microbial tissue niche of the
vagina. Mesh porosity, surface area and stiffness also might have an effect on the immune and tissue
response to transvaginal mesh placement. Thus, a regulatory pathway is needed for mesh development
that recognizes the roles of host and biological factors in driving the immune response to mesh alongside
mandatory mesh registries and the longitudinal surveillance of patients.
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[H1] Introduction

Mote than one in ten women will undergo one or more surgeries for pelvic organ prolapse (POP) or
stress urinary incontinence (SUI) during their lifetime.? Symptoms of POP commonly include the
presence of a vaginal lump or bulge and/or the sensation of heaviness or dragging in the vagina and SUI
refers to the involuntary loss of urine associated with exertion.? Historically, a range of native tissue
procedures have been used to treat both conditions, utilising dissolvable sutures and patients’ own tissues
to restore anatomy. Such techniques for POP, for example uterosacral ligament suspension of the vaginal
apex, are often associated with a high rate of failure, with recurrence rates as high as 70% at 5 years.*
Native tissue procedures for SUI, such as autologous fascial sling and colposuspension, are both
associated with the morbidity of open abdominal surgery.> The desire to reduce failure rates of native
tissue POP surgery and avoid the morbidity of native tissue SUI procedures led to the exploration of
utilising biomaterials to augment such pelvic floor reconstructive procedures. The application of these
biomaterials for the treatment of SUI in the form of the synthetic mid-urethral sling has been largely
successful; however, transvaginal placement for prolapse has been more controversial, probable as a
result of the large volume of implant and surgical dissection required to support the vaginal wall
reconstruction.>® Indeed, all mesh augmented procedures for POP and SUI are now recognized as having

morbidity specifically attributable to such biomaterials.

Synthetic biomaterials have received particular attention for their use in the treatment of POP and SUI
owing to their homogenous properties (more uniform chemical composition and more reliable strength
and degradation) and the ability to manipulate their mechanical properties, such as stress and stiffness,
with polypropylene (PPL) mesh being the most commonly used synthetic material.”-? Synthetic mesh
implants have been widely used to support the abdominal wall in abdominal hernia repair since the
196051, and in the 1990s to early 2000s, transvaginally inserted mid-urethral PPL mesh became the gold
standard for the treatment of SUI and POP.". PPL mesh is comprised of non-absorbable monofilament
PPL woven into a mesh structure and its material properties depend on many factors in the
manufacturing process, such as the molecular weight of PPL and the type of weaving which influences
the stress and strain of the mesh.!? Novel materials, such as polyvinylidene difluoride and
polytetrafluoroethylene have emerged as replacements for PPL mesh and are thought to have improved
biocompatibility and be more resistant to degradation, but the available evidence of the outcomes from
surgery using these materials compared with PPL is limited by small participant numbers and short

follow-up duration.!>-15

Synthetic meshes for the treatment of POP are inserted either transvaginally or transabdominally; the
mode of insertion has distinct effects on complication rates and adverse events.!11216-18 Results from
large-scale clinical trials have generally supported the use of mid-urethral PPL mesh for the treatment of

SUI and the transabdominal placement of mesh for the treatment of POP, but the transvaginal placement
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of mesh for the treatment of POP remains contentious with a greater number of women presenting with
severe complications than in those women treated with transabdominal mesh.!”1%-21 Consequently,
uncertainty regarding the use of PPL mesh exists in the medical community, with ongoing litigation and
the involvement of political and regulatory bodies.?2 In response to safety concerns and regulatory
conditions, many mesh products, particularly those used in transvaginal POP repair, have been

discontinued.23-27

A successfully implanted biocompatible biomaterial will induce a regulated host immune response for its
specific application, remain relatively undetected by the immune system, and integrate with the patients’
tissue.® By contrast, an unresolved, chronic inflammatory response can contribute to complications
including pain and tissue damage that occur in some patients following material implantation.?? Mesh
biocompatibility is dependent on the tissue response to the material, therefore, the same material can be
biocompatible in certain applications or even in certain patients, but not in others. The undetlying
mechanisms leading to an adverse host response to PPL mesh in patients, particulatly those undergoing

transvaginal POP repair, are unclear.?0

The host response to mesh in patients with POP has received less research focus than the human host
response to mesh in the abdominal wall or animal host response to mesh in the pelvic floor.3-33 An
understanding of the human host-mesh interaction is necessary to understand the causes and progression
of complications in this patient group. The host response to any implanted material includes factors that
relate to the host, such as their age or body mass index (BMI), the biological niche within which the
material is implanted, as well as biomaterial-specific properties, such as surface degradation or porosity,

that influence the immune response.3

This Review will summarize the understanding of these factors that contribute to inflaimmation and mesh
complications in the pelvic floor, especially in women in whom mesh is implanted transvaginally, as an
improved understanding of mesh complications will enable the future development of mesh with
increased efficacy and safety. Notably, although mesh associated complications are recognized in all
forms of mesh-augmented procedures, they are particularly high in those procedures that involve
transvaginal placement for the treatment of POP, a procedure for which the native tissue alternative
remains largely unsuccessful; consequently, much of this Review focuses on this aspect of mesh

augmented pelvic floor procedures.

[H1] Defining mesh complications

Complication rates in patients who receive mesh for the treatment of POP and SUI vary between 5 and
42%, with a proportion developing serious, life-changing adverse outcomes.!7.19-21.23.25,35-37 The most

common complications include chronic abdomino-pelvic pain and mesh exposure through vaginal tissue
lications include chronic abdomi lvic pain and mesh through vaginal tissue,
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although multiple complications can occur together (Box 1).3 The risk of a substantial complication
requiting reoperation and/or mesh removal following insertion of a PPL mid-urethral sling for SUT is
~2-3%,.20 with the risk in vaginally inserted mesh for the treatment of POP being ~12—-13%.17 When
mesh is inserted abdominally for vaginal vault prolapse the risk is 2—-3%, although some long-term studies
utilising early microporous meshes report rates as high as 10%.% In an attempt to further reduce the risk
of such complications, the past decade has seen the advent of uterine or cervical sparing abdominal mesh
insertion procedures to reduce risk of prolapse. The limited data that are available for such procedures,
such as hysteropexy, suggest that fixating mesh on the uterus rather than the vagina might further reduce

the risk of mesh associated complications, to as low as 0.4%.40

Despite chronic pain being the most common adverse event associated with pelvic floor mesh-associated
complications, the relationship between pelvic floor surgery more generally and chronic pain remains
pootly understood. The aetiology of pain is complex and influenced by factors including genetics,
psychological status, physical trauma and endocrine components.*! Chronic pain that lasts for >6 months
is highly prevalent in the adult population, affecting at least one in five adults.#*2 This high population
prevalence, coupled with the failure to include validated assessments of pain as outcome measures in
studies of pelvic floor procedures, makes it difficult to draw conclusions about the role of mesh in
chronic pain. Indeed, pain and dyspareunia are recognised features of native tissue repair of POP; a meta-
analysis of 11 studies (n=764) reported similar rates between groups both with and without mesh
augmentation (relative risk (RR) 0.92, 95% CI 0.58—1.47).#3 Thus, in the context of mesh, whether pain is
a result of the surgery itself, the presence of the mesh prosthesis, or a pathological process related to the
prosthesis remains unresolved. Proposed mechanisms for pain related to mesh prostheses, in addition to
the direct tissue trauma associated with surgery, include an abnormal immune response and mesh
contraction with associated myofascial disruption.*+*> Fibrosis surrounding mesh has also been directly
associated with pain after mesh placement.* Clinical data show that mesh removal in those patients with
pain might fail to resolve symptoms for some patients, and for others can even exacerbate their
pain.?>3847.48 This finding raises questions as to the role of the mesh prosthesis itself in the aetiology of
the pain as opposed to it being attributable to surgical trauma more generally, and the efficacy and validity

of mesh explantation surgery solely for the resolution of pain symptoms.
[H1] Patient-specific risk factors

Severe mesh complications only occur in a small proportion of patients, suggesting that patient-specific
factors could be an important determinant of the response.’4%50 For transvaginal mesh placement for the
treatment of POP, results from a prospective randomized study (n = 353) found that giving birth to > 2
children (odds ratio (OR) 2.64, 95% CI 1.0—6.51), smoking (OR 3.48, 95% CI 1.18-10.28), aged >65
years (OR 1.04, 95% CI 0.42-2.59), and the presence of an undetlying somatic inflammatory condition

(OR 5.11, 95% CI 1.17-22.23) were all independently associated with mesh extrusion or exposure.!
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Results from one of the few long-term randomized controlled trials of mesh for POP (n = 322), the
Colpopexy and Urinary Reduction Effort (CARE) study, found that concurrent hysterectomy (OR 4.9,
95% CI 1.9-12.4, P = 0.0009) and smoking (OR 5.2, 95% CI 1.7-16.0, P = 0.009) to be significant risk
factors for mesh extrusion or exposutre at the 2-year follow up period.”? Outcomes from the only
systematic review and meta-analysis of risk factors for mesh exposure after pelvic floor surgery (both
POP and SUI) which pooled data from 25 studies including 7,084 patients, found that older patients
(classified as = 60-70 years depending on the study) had a significantly lower risk of mesh erosion (OR
0.96, 95% CI 0.94-0.98, P < 0.001) compared with younger patients, as well as an increased risk
associated with having given birth to >1-2 children (OR 1.27, 95% CI 1.07-1.51, P = 0.006), being
premenopausal or undergoing oestrogen replacement therapy (OR 1.36, 95% CI 1.03-1.79, P = 0.03), the
presence of diabetes mellitus (OR 1.87, 95% CI 1.35-2.57, P < 0.001), and amongst smokers (OR 2.35,
95% CI 1.80-3.08, P < 0.001).5 Results from a retrospective cohort study of women (n = 1439) who
underwent mid-urethral synthetic sling insertion for the treatment of SUI identified several independent
patient-specific risk factors for developing mesh erosion including older age (mean age 50.57 * 8.33 for
those women that developed complications versus 46.69 £ 7.34 for those women without complications)
(P = 0.02) , diabetes (P= 0.033), current smoking (P = 0.0006), body mass index (P = 0.035) and previous
sutgical treatment of POP and/or SUI (OR 0.16, 95% CI 0.06-0.45, P < 0.001); vaginal incision >2cm
was the only surgical risk factor for mesh erosion (OR 0.15, 95% CI 0.08-0.31, P < 0.001.5* Results from
another large (n = 59, 887) retrospective cohort study included patients aged 45—63 years old found age
to be the only patient factor associated with increased risk of developing mesh complications following
SUI repair (hazard ratio (HR) 0.86, 95% CI 0.82-0.90).1% Ageing has been shown to predict poor
outcomes in many biomaterial applications, probably as a result of phenotypic and functional changes in
the immune system and low-grade inflammatory activity that affects the host-implant relationship.3+55
The mechanism underpinning how diabetes and smoking increase mesh complications is thought to be as
a result of increased systemic chronic inflammation, whereas parity is thought to cause direct tissue injury

to the pelvic floor.51.56-58

Reliably determining which patients are at an increased risk of developing complications following PPL
mesh implantation for any use is currently not possible.?® Most studies do not include controls and do not
describe the mesh type used or its properties, making meta-analysis challenging and limiting
generalizability. In order to collect comprehensive evidence about patient factors contributing to
complications, monitored surgical registries are needed to longitudinally follow patients with mesh,
identify meshes used, and link complications to mesh type, as well as other perioperative and patient
characteristics. The Pelvic Floor Disorders Registry from the American Urogynecologic Society, set up in
2016, is an example of such a registry, recently developed to aggregate clinical data on POP, SUI, and
other pelvic floor conditions, potentially yielding real-world data to influence practice in the future.

However, as is the case in many countries, the use of the registry remains voluntary and utility might be
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somewhat limited owing to inclusion bias towards centres and clinicians already engaged in high-quality
clinical care and research. Beyond the use of registries, biochemical analyses might also identify
differences at a local vaginal level that could predispose some women to complications. Moreover,
underlying pro-inflammatory conditions, such as obesity, diabetes, smoking, and ageing contribute to
complications in other biomaterial applications, such as breast or orthopaedic implants®!62, but have not

been investigated specifically in POP or SUI mesh complications.>:63

[H1] Surgical risk factors

Surgical risk factors, such as the experience of the surgeon and surgical technique, have been linked to
rates of mesh complications following pelvic floor reconstructive surgery.'®5 Some clinical studies
demonstrate that avoiding a vaginal incision suture line being in direct contact with the mesh material
could decrease mesh exposure.046> Additionally, patients who have had multiple mesh implant procedures
have been associated with an increased rate of complications: in a retrospective cohort study of 59, 887
women that underwent mesh procedures for SUI, 1,252 women (2.1%) had multiple mesh sling implant
procedures (of whom 1,191 (95.1%) had 2 and 61 (4.9%) had =3). In this group of women who had had
multiple mesh procedures, the absolute risk for mesh removal or revision was 4.87% (95%CI 3.86—
6.06%).18 These women had a 4.73-fold increased hazard of this complication (95% CI 3.62-6.17, P <
0.01) and an absolute risk increase of 2.8% (95% CI 1.7%—4.1%).18

Concomitant procedures have also been implicated in influencing rates of mesh complications. A meta-
analysis of three studies containing 835 patients undergoing concomitant POP surgery at the same time as
SUI surgery demonstrated a significantly lower risk of developing mesh erosion after surgery than in

patients who did not have concomitant POP surgery (OR 0.37, 95% CI 0.16-0.84, P = 0.02) without

heterogeneity (12 = 49%, P = 0.14), although there were too few studies included to conclude whether
concomitant POP could be a protective factor.? In the meta-analysis of eight studies comparing
concomitant SUI surgery at the same time as POP surgery compared with POP alone, results
demonstrated no significant difference in mesh erosion.’®> A meta-analysis of 18 studies investigated
whether concomitant hysterectomy with POP and/or SUT affected the risk of mesh erosion. Results from

this analysis demonstrated that hysterectomy increased the risk of mesh erosion after surgery (OR 1.40,

95% CI 1.03-2.07, P = 0.04) with slight heterogeneity (12 = 45%, P = 0.02), with no significant difference
between POP, SUI or POP and SUIL53

Surgical experience is one of the most consistent surgical risk factors for developing mesh complications.
In a retrospective cohort study of 59, 887 women who underwent mesh-based procedures for SUI,

patients of low-volume surgeons (low-volume defined as being in the bottom 25% percentile for mesh
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implants for SUI) had a 37% (95% CI 17-49%, P < 0.01) higher RR and a 0.63% (95% CI 0.36-0.92%)
increased absolute risk for mesh removal or revision than in patients treated by high-volume surgeons
(HR, 0.73 95% CI 0.65-0.83).18 No difference was found in SUI outcomes between urologists and
gynaecologists with the same experience, which suggests that procedure-specific knowledge and
experience is important for treating SUI, rather than a specific type of operative training.'® Similatly,
results from a meta-analysis of six studies showed that patients operated upon by a senior surgeon had a
significantly lower risk of mesh erosion after surgery than those operated upon by junior surgeons (OR
0.42, 95% CI 0.30-0.58, P<0.001) without heterogeneity (I>? = 46%, P=0.10).>> However, only one of the
six studies specified how senior versus junior surgeons were defined, namely that senior surgeons were
consultants and junior surgeons were fellows, but even then, the relative case load or years of experience

were not specitied.®

Taken together, these findings suggest that surgical technique and surgeon experience has a role in the
rate of mesh complications after POP and SUI procedures. In particular, the number of mesh-based
procedures, concomitant hysterectomy, and being operated on by a less experienced surgeon seem to

increase the rate of mesh complications after pelvic floor reconstructive surgery.

[H1] The host immune response to mesh

Implanting any material during surgery causes tissue injury and induces a host immune response to both
the injury itself and the implanted material. The host response to the material if often termed the foreign
body response (FBR). 6768 The acute phase of the FBR initiates immediately upon surgical implantation
with the adsorption of blood proteins to the material surface.®®” In the following minutes and hours,
innate immune cells including neutrophils and monocytes are recruited in response to chemotactic cues,
attach and can infiltrate porous materials (Figure 1). Adaptive, innate lymphoid, and stromal cells
including fibroblasts and endothelial cells interact to orchestrate the chronic phase of the FBR in the days
and weeks after implantation.”! These multiple cell populations that can respond adaptively to the
biological and mechanical cues in their environment, act in temporal concert to drive phenotypic shifts in
cell behaviour, leading to the transition from acute to chronic inflammation, and tissue remodelling. The
FBR culminates in the fusion of macrophages to produce foreign body giant cells (FBGCs) and the
formation of a collagen-rich fibrous capsule that acts to isolate the material from the host (Figure 1).72 In
some instances, the response to a material implantation can lead to unresolved inflammation owing to the
inability to phagocytose the foreign body, which can drive capsule overgrowth, scarring, and tissue

contraction, which might contribute to mesh complications including pain and implant extrusion.!!.73.74

Importantly, the FBR is an inherent biological response following insertion of any material into the body

that can enable both tolerance (the absence of negative patient outcomes) and integration (efficacious
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effects of the implant through restoration of tissue and patient function).’*737> Modifying the FBR can,
therefore, reduce capsule formation and enhance implant integration.”> However, both tolerance and
integration are in sharp clinical contrast to the response experienced by some patients with PPL meshes
for the treatment of POP and SUI who suffer complications that are probably driven by a persistent,
disrupted, and unresolved inflammatory FBR between host and material.3#75 This chronic inflammatory
response initiated by mesh insertion will be modulated by patient risk factors and surgical technique

alongside the biomaterial properties of the mesh itself.7677

[H2] The FBR to PPI. mesh

A chronic FBR has historically been attributed to the persistence of M1 macrophages and extensive
FBGC formation, but the presence of these cells alone is not indicative of an adverse FBR .7578 Within
the abdominal tissue niche, excisional tissue from patients without complications after abdominal hernia
repair with PPL mesh has substantial fibrosis, FBGC presence, and infiltration of predominantly M1
macrophages alongside low levels of lymphocytes and M2 macrophages. This suggests that presence of
M1 macrophages and FBGCs alone does not result in an adverse FBR to PPL mesh.”.%8 In breast
implants excised for exchange or replacement surgery, I1L-17 secreting CD4+ T cells and y3-T cells and
stromal cell senescence are associated with extensive fibrosis typical of the FBR.31.6880 Inhibition of either
IL-17 signalling or stromal cell senescence prevents this fibrotic response when synthetic materials are
implanted in mice. Although the role of senescent cells and 1L-17 has not been interrogated for PPL nor
within the pelvic floor niche, this finding indicates the complex interplay of both immune and stromal
cells in biomaterial performance and the FBR, even in the absence of an adverse tissue response.’
Materials that reach a steady state of tolerance within the adjacent host tissue are classically associated
with a predominantly M2 macrophage response, minimal scarring or capsule formation and a quiescent
population of resident inflammatory cells. This finding is in contrast to the postulated excessive fibrosis

and immune activation seen in patients with adverse responses to implanted materials.31:68.80

Biological analysis of pelvic floor tissues and PPL meshes removed from patients with complications
from POP repair can provide crucial insights to the mechanisms that lead to unresolved inflaimmation
and mesh complications. Work in this area is limited, with no studies comparing PPL meshes that were
tolerated compared with those meshes inducing an adverse response in patients with POP or SUL
However, some studies have examined explanted PPL mesh and vaginal tissue from patients treated for
POP or SUI who had mesh removal because of pain or exposure.2:46.6381-84 These studies often combine
patients with SUI and POP, so understanding how responses differ between biological niches is not
always possible. Typical of the FBR, a fibrous capsule and a dense cellular infiltrate of predominantly
macrophages has been observed around the excised tissues (Figure 1). Higher levels of both M1 and M2
macrophages have been observed in the tissues from patients with PPL mesh complications than in
vaginal biopsy specimens from women who underwent benign gynaecological surgery without mesh, as

well as associated increased levels of the pro-inflammatory chemokine C-X-C motif chemokine 10

9
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(CXCL10), the cytokine tumour necrosis factor a (INFa) and the pro-remodelling chemokine C-C motif
chemokine 17 (CCL17).2 Consistent with the literature in abdominal hernia PPL mesh?3, the ratio of
M1:M2 macrophages has been suggested as an important driver in developing a pro-inflammatory or anti-
inflammatory tissue phenotype?-8385 . Explantation of pelvic floor PPL mesh in the majority of studies
discussed is as a result of complications arising 1-144 months after initial implantation, suggesting the
onset of an adverse FBR can occur anywhere from a few weeks to several years after surgery, which could

indicate different types of FBR and consequent complications.

Patients with complications from transvaginal PPL mesh for the treatment of POP can present with pain
or exposure, but most studies in the mesh literature examine explanted mesh and tissue from patients
who had mesh removed because of a primary complaint of either pain or exposure; thus, these symptoms
do not always occur together.8¢ Mesh-tissue complexes from patients in either pain or exposure groups
have demonstrated similar histological properties (such as extent and location of fibrotic tissue), but
studies examining immune cell populations suggest that these two symptoms could represent different
pathophysiological responses to mesh.#:03 In PPL mesh and tissue explanted from women with a primary
report of pain following pelvic surgery, a progressive fibrotic response has been observed, characterised
by a high proportion of collagen type 1 and III fibres and high levels of transforming growth factor §
(T'GERB).24663 The percentage of profibrotic and/or remodelling M2 macrophages was found to
positively correlate with the amount of interleukin 4 (IL-4) and interleukin 10 (IL-10) in these patients,
consistent with tissue deposition and encapsulation.?? Patients who had mesh removed for either pain
(n=17) or exposure (n=20), had higher levels of helper T cells and regulatory T cells, compared with
controls (n=21), P<0.001. However CD8+ cytotoxic T cells were only more abundant in patients with

exposure compared with controls (P=0.032), and compared with those patients with pain (P=0.034).63

A hypothesis for the aetiology of pain in some patients is contraction or shrinkage of the mesh implant,
owing to mechanical loading and fibroblast-induced contraction as part of the FBR.83 However, in
patients with pain after mesh implantation, conservative management or mesh removal does not resolve
symptoms in 15-49% of patients.8687 A reduction in T regulatory cells and an increase in TGFS have
been associated with persistent pain following mesh removal,*® which highlights that inflaimmation and
active fibrosis can be sustained even in the absence of mesh. Future longitudinal studies that interrogate
patient factors that might drive refractory cases of pain and the immune and cellular responses that

characterise the FBR will be important to effectively treat these patients.

[H2] Biological niche-specific responses

Complication rates for pelvic floor applications of mesh are substantially higher in transvaginal than
transabdominal placement.!? These contrasting outcomes could be attributed to the distinct tissue niches

of the abdomen and vagina. In patients undergoing PPL mesh implantation for abdominal hernia repair,
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the gold-standard sublay technique has reduced complication rates.®38 The sublay technique implants the
mesh under the rectus muscle and over the peritoneal fat and posterior sheath of the rectus muscle. The
greater distance from the skin by using the sublay technique than in other techniques minimises tissue
damage and risk of seroma.”Thus, the extent of tissue damaged during surgery might considerably affect

patient outcomes following mesh implantation in other areas.

Transvaginal insertion of mesh uses an incision to place the mesh in direct contact with anterior and
posterior external vaginal adventitia, which can induce tissue injury response.”'Additionally, placement of
the inserted mesh in contact with the external vaginal adventitia might further influence the local cellular
environment through altering the mechanical properties of the wall and through interactions of native
tissue with the mesh itself, potentially leading to prolonged alteration in the tissue properties and cell
behaviour of the vagina.>¢ By contrast, transabdominal surgical insertion for the repair of POP avoids
surgical disruption of the vagina as mesh placement is within the extraperitoneal space with reduced or no
contact with external vaginal adventitia. The vaginal walls present a unique biological niche: distinct
mucosal tissue with a considerable immune and stromal cell population that can contribute to the FBR.92-
%% Vaginal-resident immune cells include macrophages, natural killer (NK) cells, T cells and plasma cells,
with a bias towards immunoglobulin G (IgG) secretion when compated with extra-vaginal mucosal
epithelia.”>5% A vagina-specific resident lymphocyte population of cervical langerhans cells, CD14+
dendritic cells. CD14- dendritic cells and CD14+ macrophages further define the vaginal niche.”® These
epithelial and sub-epithelial lamina propria resident antigen presenting cells all drive CD4+ T cell
activation towards secretion of Thl cytokines, enabling an adaptive innate response against stimuli.”® In
premenopausal women, the vaginal environment is subject to hormonal changes during the menstrual
cycle and pregnancy, with oestradiol levels correlated with number of T regulatory cells.7%8 In post-
menopausal women (who more commonly suffer from POP), the number of T regulatory cells is
reduced, and is comparable with pre-menopausal women in the luteal phase of the menstrual cycle,
suggesting increased immune activation in the vagina.”® Hormonal effects on abdominal niches are less
likely to be as important in patients with transabdominal hernia repair or transabdominally inserted mesh
for POP. Immune and stromal cell response to the tissue injury after transvaginal mesh insertion might
further be altered by the acidic environment of the vagina with its unique lactobacillus-dominated
microbiome, with one study reporting alterations in relative amounts of lactobacillus, streptococcus,
staphylococcus and gardenerella species between controls and patients with PPL mesh for POP
exposure.?1%0 The distinct innate and adaptive immune activity in the vagina compared with the tissues
disrupted by transabdominal POP and abdominal hernia repair could, therefore, contribute to the

complications associated in some patients with POP treated with transvaginal PPL mesh.

Transabdominal or transvaginal PPL meshes for the repair of POP are implanted within a damaged tissue

environment that will be biologically distinct from that of patients undergoing transvaginal treatment for
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SUIL Even comparing transvaginal insertion of mesh for POP and SUI, POP involves a larger incision
throughout the vagina, increased tissue dissection, higher mesh volume overall, and a higher mesh
volume in contact with the vaginal environment than in mesh placement for the treatment of SUL5¢.
Furthermore, factors such as age, increased parity, BMI and grade of prolapse are thought to increase the
risk of developing complications in response to PPL mesh implantation, as they are associated with local
and systemic changes in the immune and stromal cell environment.!-101-103 Most patients with POP are
peri-menopausal or post-menopausal at the time of initial surgery, therefore, the majority of patients
(even those patients who do not develop complications) will be subject to inflammaging, which is a low-
grade, chronic, systemic inflaimmation established during physiological ageing.194195 Notably, CD4+ T
cells from 60 year olds compared with 30 year olds, preferentially activate towards a Th17 associated
profile, with the associated increase in IL.-17 that can increase the FBR to synthetic materials and might,
therefore, affect the response to PPL mesh.!% The effect of age on propensity to suffer complications
following PPL mesh insertion for POP and SUI is inconsistent, with studies showing both increased and
decreased likelihood of adverse events with ageing. However, ageing probably affects interactions
between mesh and the mechanical, cellular, cytokine and lipid mediator environment at the implant site.
107,108 ‘The effects of age on the FBR remain to be delineated, but recruitment of macrophages to PPL

mesh is delayed in young adult compared with aged mice, suggesting temporal changes in the FBR.10

The process of inflammaging is also associated with changes in tissue architecture, increased tissue
stiffness, low-grade chronic inflaimmation, increased cell senescence, and a reduction in macrophage
efferocytosis. 105110111 Pelvic tissues from patients with POP also show increased senescence, consistent
with inflammaging, and infiltration of mast cells and neutrophils, compared with patients without POP,
although studies across the severity of mesh-related POP complications are lacking. However, these
studies suggest that the pelvic environment is already inflamed even prior to mesh exposure and this may
impact tissue response to PPL mesh.!12113 Given the role of tissue remodelling, stromal cell senescence
and immune cells in the FBR, and the effect of host characteristics including mode of tissue damage, age
and BMI on local and systemic inflammation, considering these factors when evaluating current and

future uses of biomaterials for the treatment of POP is important.

The FBR exists on a spectrum that spans integration, tolerance and adverse responses that can lead to
implant complications. To prevent adverse responses to PPL in the treatment of POP, an understanding
of the drivers of the extreme and polarized negative response experienced by a subset of patients is
crucial. However, the ability to assess the host and niche factors driving negative patient outcomes in
some, but not all patients, will rely not only on excisional tissue from patients with complications, but also
from those patients with successful outcomes to understand the biology of the healthy pelvic floor. In an
ideal control group, a tissue biopsy would be performed before mesh implantation and followed

longitudinally, to ascertain baseline drivers of tissue response in women that develop complications and
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those women that do not. Investigating mesh removed from patients with and without adverse responses
(for example, pain and/or exposure) is important to determine to what degree these complications exist
on the same pathophysiological spectrum. Adoption of well-controlled studies using multimodal cellular
analysis alongside clinical surveillance would enable substantial improvements in mesh evaluation and

development.

[H1] Influence of biomaterial properties

The host response to a biomaterial is influenced by material properties (Figure 2). Surface material
properties (for example, surface degradation and local mechanical properties) as well as bulk material
properties (for example, porosity and surface area) are influenced by the chemistry of PPL mesh. These
properties directly affect how cells interact with mesh and the degree of integration between host tissue

and mesh.

H2] Oxidative stress

Oxidative stress occurs when the production of reactive oxygen species (ROS) surpasses the antioxidant
capacity of cells and tissues.!''* ROS contribute to the recruitment and the function of leukocytes and
macrophages, highlichting the importance of oxidative stress in the orchestration of inflaimmation and
fibrosis.!5 The role of PPL surface degradation contributing to oxidative stress and its effect on the host
response to mesh is an area of interest, although the evidence is currently limited.!211¢ A relationship
between oxidation of PPL and surface degradation might exist, but ROS can also directly act as chemo-
attractants and signalling molecules to influence the immune response to the material (Figure 2, part
a).45:55,72,114116,117 Notably, oxidative stress can occur independently of material processes, for example

through macrophage production.®!14

Surface degradation implies that a loss of material occurs on the surface of the mesh, but its tensile
strength remains largely intact.!'® Surface degradation of PPL mesh by oxidation has been shown in
vitro!'!? and in vivo#*>!116120 and is thought to be exacerbated by movement-induced friction between the
mesh and tissue.!?! Explanted mesh implants have been shown to have extensive surface cracks,
thickening of the outer layer of degrading PPL, and entrapment of inflammatory cells and matrix in the
cracks.!’® However, a potential major confounding factor in studies of explanted mesh is the use of
formalin fixation prior to analysis, as the cracked layer that has been identified as degraded polymer has
also been shown to be an adsorbed protein-formaldehyde coating.'?2 Moreover, merely the adsorption of
proteins to the PPL surface could account for some reports of mesh cracking in which surface
irregularities are observed.!'’” Adsorption of proteins to biomaterials by the Vroman effect provides

additional biological, chemical and topographical cues to cells. The composition of the adsorbed proteins
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and the orientation and conformation of individual proteins has been reported to alter immune and
stromal cell attachment and gene expression, therefore, acting to regulate the FBR.9%:123124 The chemistry
of a biomaterial influences the composition and conformation of the adsorbed protein layer.1?> Thus, the
evidence is unclear as to whether these observed cracks are merely adsorbed proteins or formaldehyde
causing surface irregularities, or whether the adsorbed protein layer indeed influences biomaterial surface

degradation by changing the accessibility of biomaterial-resident functional groups.

H2]| ILocal mechanical properties

As PPL meshes used for POP repair have been repurposed from hernia applications they have not been
specifically designed for the mechanical environment of the pelvic floor.!? PPL meshes are considerably
stiffer than the vaginal tissue they ate in contact with.120.127 Stiffness — the ability to resist deformation
under load — is an important property for meshes to sustain physiological loading. However, if the mesh
is much stiffer than the surrounding tissue, the mesh bears the majority of the load and shields the tissue,
a process known as stress shielding (Figure 2, part b).1?8 In human studies of vaginal mesh explanted
because of complications, teardrop-shaped fibromatas encapsulated mesh fibres.®3 The shape of this
response is thought to be the result of repeated micromotion of a stiffer mesh against a softer vagina that
results in injury, inflaimmation, and tissue remodelling.> Alongside mediating mechanical effects including
micromotion, matetial stiffness can have direct effects on cell behaviour. Effects of stiffness are material-
dependent, although increased stiffness can alter macrophage polarisation, driving pro-inflammatory
cytokine release from immune and stromal cells.!?%13Results from animal studies have demonstrated that
stiffer materials increase the thickness of the fibrous capsule in the minimally-loaded subcutaneous sites
in mice, suggesting both a biological and mechanical effect of material stiffness on host response.!3!
Without adequate loading, vaginal tissue in non-human primates undergoes a maladaptive remodelling
response, characterized by a defective extracellular matrix and poor inflammatory resolution, which could

help explain why exposure and extrusion occurs in some patients.!26:127

Most of the understanding of mechanical properties of the pelvic floor is based on animal studies or small
tissue biopsies of humans, neither of which recapitulate the complex biomechanical environment of the
human vagina.!? Studies suggest that the tensile properties of mesh permanently change under loading,
raising questions about the biomechanical suitability of some meshes to vaginal placement.8 Commercially
available vaginal meshes have been shown to be vulnerable to mechanical failure after 3 days of dynamic
loading.!3? This irreversible deformation under dynamic loading could influence mesh exposure or
extrusion and result in chronic inflammation and fibrosis.!33-135 In addition, surgical attachment of mesh
to vaginal tissue using sutures provides discrete points of attachment to the vagina and points of
increased load.® These point regions (mesh-tissue-suture interface) with high force transmission are

thought to contribute to a host maladaptive remodelling response, potentially forming a site of exposure
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or extrusion.®136 By contrast, areas of mesh that are under less tension undergo mesh wrinkling or
buckling and associated pore collapse, resulting in a mechanically inferior tissue with concentrated regions

of inflammatory cells, which could predispose to mesh exposure 8136137

[H2] Mesh porosity

The porous area of mesh setves as a scaffold for the subsequent ingrowth of fibrous tissue.!3® The overall
porosity of mesh and pore size are factors that have been shown to influence the extent of tissue
ingrowth into mesh, vascular ingrowth, collagen deposition, infiltrated cell types, and the extent of
scarring 812126139 Biomaterial porosity is a potent regulator of immune and stromal cell activation and
differentiation. Mesh porosity is often described using the Amid classification, which is a widely used

classification system for the physical properties of biomaterials for abdominal wall hernia repair.'40

In hernia repair, if the mesh pores have a small diameter (<10um), bacteria can infiltrate but macrophages
and neutrophils cannot enter the pores, leading to higher rates of surgical infection.!*0 Meshes with pore
diameters >1000um enable effective tissue integration (characterized by the quality of tissue around mesh
fibres). Pore diameters < 1000um are also associated with increased fibrotic responses.!#141 In the pelvic
floor, if the pores between the fibres are too small (although it is unclear what diameter is too small), the
surface of the fibres can become encased by a granulomatous inflammatory reaction as part of the
FBR.142143 Highly fibrosed tissue over mesh probably contributes to contracture and pain, and can

complicate the removal of mesh; leading to permanent damage of the surrounding tissue.

PPL meshes are manufactured with a range of overall porosities and pore diameters, although how the
pores change under physiological loading must be considered. Meshes used for transvaginal applications
can be loaded in a uniaxial direction, which can cause pore collapse leading to mesh deformation and
problems with tissue integration.82%126139 Thus, although pore diameter has a role in mesh-tissue

interactions, how pores change under physiological loading must also be considered (Figure 2).

[H2] Mesh surface area

Evidence from the vaginal and hernia mesh literature suggests that mesh surface area (the volume of
mesh polymer in contact with tissue) could be proportional to the magnitude and type of the FBR
generated.! Both animal and human studies have shown that reducing the volume of mesh implanted
reduces the risk of extrusion or exposure.2%137.144145 This finding could help explain the worse outcomes
of transvaginal mesh for the repair of POP, where a higher volume of mesh is used than that for the
treatment of SUL In a rat abdominal hernia repair model, the M1:M2 macrophage ratio was increased

with high-weight meshes with small pore diameter compared with with lightweight meshes with large
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pore diameter.'#> In humans with PPL mesh removed for a primary complaint of mesh exposure (n=15)
or pain in the absence of exposure (n=12), there was a two-fold increase in M1 macrophages (P=0.003)
and a 2.27-fold increase in M2 macrophages (P<0.001) around areas of mesh knot compared with areas
with a single mesh fibre. 2% In a retrospective case-control study including 133 cases and 261 controls with
PPL mesh for POP, mesh volume was also found to be an independent predictor of mesh exposure (OR

6.73, 95% CI 1.12-40.63).137

[H1] Potential issues in mesh development

Device design and development is an iterative process and regulatory guidance facilitates the development
of safe and effective devices; however, ultimately the responsibility for the device lies with the
manufacturer. To retrospectively pinpoint specific failings that lead to device failure and recall is
challenging, but some inadequate regulatory processes around device indications for use, methods of
preclinical testing and post-market surveillance might have enabled unsuitable devices to reach the

market. Notably, regulatory guidance differs based on location of intended sale.
H2]| Changing mesh indications

Different FBRs to mesh in the abdominal wall and pelvic floor highlight the importance of using
materials that are designed for the target environment. Transvaginal PPL meshes for the treatment of
POP were mostly classified as moderate-risk devices and received regulatory approval via the US FDA
510k route, by proving substantial equivalence to a predicate device already on the market (PPL meshes
used for hernia repair and later PPL mid urethral slings for the treatment of SUI).!4¢ This change in
indication for use, although appearing minor, means that meshes used for POP repair were not
specifically designed with the target tissue in mind; leaving the use of the device open to unperceived risks
from unanticipated host tissue-material interactions. The 510k route is widely criticised by the institute of
medicine and the media, partially because proving equivalence is loosely defined:!47-148 Manufacturers are
required to provide product information, such as thickness of material, pore size, tensile strength, suture
pull-out strength, tear resistance, and mesh stiffness and demonstrate that it is comparable with the
predicate device. However, several studies have demonstrated that PPL. meshes approved by the 510k
route are substantially different from their predicate device.!*-1>'Meshes that were approved by the FDA
based on equivalence have substantially different pore sizes and surface areas compared with their
predicate device. 15! Predicate creep with mesh submissions has also been observed, where numerous
small changes over a period of time have led to the development of a device very different from the
original predicate device.!4%150 When 61 meshes were traced back through a chain of equivalence claims,
only two unique devices (approved in 1985 and 1996) were found.!>> Neither of these devices had
supporting clinical trial data at time of approval and empirical evidence from randomized trials was only

available on average 5 years after approval. In response to concerns about lenient mesh regulation, the
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FDA and European Union regulatory bodies in 2016 changed the classification of mesh to higher-risk

devices, which are subject to more rigorous preclinical testing than moderate-risk devices.!53.154

[H2] Unspecific pre-clinical testing

Before approval by a regulatory body, a biomaterial must undergo a risk-based exercise to evaluate the
biological status of the device. Where unknowns and/or tisks are still present following a review of the
biological evaluation, the manufacturer might consult the International Organization for Standardization
(ISO) guidance to help select a series of preclinical tests to evaluate the gaps identified. Key guidance for
the evaluation of biological safety of medical devices is the ISO 10993 series (Box 2), which describes a
range of in vitro and in vivo testing options that can be utilised to help provide evidence for device safety

and efficacy.

Appropriate testing would typically be carried out by an outsourced contract research organisation with
good laboratory practice (GLP) certification.’® These measures ensure that the outcomes of device
testing can be appropriately controlled and compared, that test results can be widely understood and that
the conditions of the test and underpinning documentation can be trusted. However, in striving for
standardization in preclinical testing, much of the specificity relating to the intended clinical use of the
device can be lost. For example, during cytotoxicity testing ISO 10993-5), standardized cell lines with
well characterized cytotoxicity responses are used. These tests are useful as a pilot test for toxicity and as a
tool to reduce the burden of animal studies for some devices, but these cell lines reveal very little about
how the device will respond within the native tissue of the implantation site.!> In the case of mesh for
the treatment of POP, many of the differences in cell-material response between the abdominal and
vaginal niche would be missed by using these standardized cell lines. In addition, depending on the device
structure, testing is commonly performed in an indirect manner (via liquid extract or indirect contact),
rather than culturing cells directly on the device itself, further removing the test from the biological
environment in which the device will be used. These generic in vitro tests can ensure that a device is not
grossly unsafe, but have limited ability to predict in vivo outcomes.’>¢ In the case of mesh, a lack of
specific preclinical testing for use in the repair of POP in relevant vaginal environments could have

contributed to their unsafe repurposing from abdominal hernia applications.

In vivo evaluations (where required) are covered largely by ISO 10993-6 (Biological evaluation of medical
devices — Part 6: Tests for local effects after implantation) and ISO 10993-11 (Biological evaluation of
medical devices — Part 11: Tests for systemic toxicity).15%158 For permanent implantable devices such as
PPL meshes for the treatment of POP, in vivo biocompatibility testing responsibility is placed on the

device manufacturer to justify the selected in vivo animal model. The choice of which animal is generally
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limited to the availability of standard models provided by GLP testing facilities, which can reduce clinical
relevance of the model. Most laboratory animals are quadrupeds and subject their tissues to different
magnitudes of loading from humans.’> Moreover, the placement of materials at the intended site of
clinical implantation is not required in animal models, confounding the ability to make direct compatisons
with humans as mesh-tissue constructs in the vagina are exposed to highly specific mechanical forces and
biological niche.3%:1¢0 Thus, animal studies are not true studies of biocompatibility. An important area of
future work is the development of more relevant preclinical tests that can be used to predict in vivo
outcomes:!¢! for example, the effect that cyclical loading has on pore diameter and surface stiffness, or
how the acidic vaginal environment impacts the surface properties of PPL mesh and what cells are
exposed to, are relevant questions to improve decision making about mesh safety and predictions about

clinical outcomes.

H2]| Post-marketing surveillance

The limitations of using predicate devices illustrates the need for post-marketing surveillance including
mandatory registries for meshes. Without adequate long-term monitoring, no substantial evidence is
available to show that the devices will truly perform effectively and safely. Some patients require mesh
removal as a result of severe complications years after implantation;2:46.63.81-84 although patients can report
adverse events to regulatory agencies, most patients do not know what type of mesh they have, meaning
their report cannot be linked to a specific device.?>162163A patient mesh registry that would enable long-
term surveillance of meshes would be helpful to gather wuseful information about mesh
outcomes.!*1¢Implant registries have been set up for other medical devices with histories of
complications, such as hip!® and breast!® implants. Denmark has had a mesh database (the Danish
Urogynaecological Database (known as the DugaBase)) since 2007 that mandates the entry of implanted
prosthesis in addition to further clinical data such as patient characteristics and prior surgical history.!67
The Australian government has pledged funding for an Australasian mesh-specific registry, similar to pre-
existing National Clinical Quality Registries that are used for orthopaedic and breast implants!'é8, and the
New Zealand government has explored funding an equivalent.!®® Such prospective registries might
enable comprehensive data collection about adverse event profiles of prostheses, linking specific devices
to patient outcomes to prevent the retrospective identification of high-risk devices observed with the

gynaecological mesh controversy.

[H1] Conclusions
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The use of transvaginal PPL mesh for the treatment of both POP and SUI has caused debilitating
complications in some women, including chronic pain and vaginal exposure and extrusion. Patients that
experience complications often exhibit a chronic host inflammatory response to mesh. In some instances,
the FBR can lead to unresolved inflammation contributing to the ongoing complications experienced by

patients.

The mechanism leading to inflaimmation and mesh complications is not clear but will be influenced by
the interaction between the patient (host factors), surgeon, tissue niche, and mesh material properties
(Figure 3). Not enough information is available to determine which patients are at increased risk of
developing complications; however, some evidence supports that patients with underlying pro-
inflammatory conditions such as diabetes, smoking and ageing are at increased likelihood of developing
adverse outcomes following mesh implantation. Surgical factors, such as a less experienced surgeon,
concomitant hysterectomy, and the patient having a large number of previous mesh-based procedures,
increase the rate of mesh complications. Future longitudinal studies from the time of surgery would
enable identification of host and surgical factors that might be predictive of complications or an adverse

response to mesh implantation.

Studies that have examined explanted transvaginal mesh and tissue from women with complications
following mesh treatment for SUI and POP have shown regulated inflammation with a fibrous capsule
and a dense cellular infiltrate of predominantly macrophages. However, future studies must be powered
to discern between SUI and POP treatments, and between mode of mesh insertion in POP. Differences
in the abdominal and vaginal biological niche, in particular the distinct immune and stromal cell
environment and microbiome, probably contributes to differences in the innate and adaptive immune
activity in these tissues, and the extent to which mesh can integrate successfully with the tissue. The
ability to assess host and niche factors driving negative outcomes in some patient groups will rely on
analysing explanted tissue from patients both with complications and those patients with successful
outcomes. Mesh surface and bulk material properties are further modulators of the FBR. Meshes with
large pore diameters, low surface area, and low local stiffness could be less likely to induce an adverse
FBR, but these factors have not yet been evaluated in a longitudinal controlled study. The effect of PPL
oxidation on the host immune response and movement-induced friction in the pelvic floor niche also

warrants further investigation.

Finally, limited preclinical evidence in the pelvic floor, despite its unique biological environment, and lack
of long-term surveillance atre issues that have contributed to a poor understanding of transvaginal mesh
complications. Changes in indications for mesh use, without transparent preclinical and clinical testing,
have further clouded the reasons for poor outcomes in some patient populations. Preclinical tests that

could improve prediction of in vivo outcomes in the pelvic floor are needed, such as tests that are
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relevant to the biological environment of the vagina and the mechanical loading environment of the
pelvic floor. Many patients show signs of chronic inflammation years after implantation, and so the
routine use of mandatory mesh registries would enable longitudinal surveillance of meshes. These
registries would produce prospective data and link outcomes to patient characteristics and mesh type, in
order to determine who is most likely to benefit from mesh and conversely who is at risk of
complications. This information could also inform the development of improved materials and better

strategies for their evaluation and use.

20



681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731

References

1.

10.

11.

12.

13.

14.

15.

Wu, J. M., Matthews, C. A., Conover, M. M., Pate, V. & Jonsson Funk, M. Lifetime Risk
of Stress Urinary Incontinence or Pelvic Organ Prolapse Surgery. Obster. Gynecol. 123,
1201-1206 (2014).

Smith, F. J., Holman, C. D. J., Moorin, R. E. & Tsokos, N. Lifetime risk of undergoing
surgery for pelvic organ prolapse. Obstet. Gynecol. 116, 1096—100 (2010).

Haylen, B. T. ¢f al. An international urogynecological association IUGA)/international
continence society (ICS) joint report on the terminology for female pelvic floor
dysfunction. Nezxrourol. Urodyn. 29, 4-20 (2010).

Jelovsek, J. E. ef al. Effect of Uterosacral Ligament Suspension vs Sacrospinous Ligament
Fixation With or Without Perioperative Behavioral Therapy for Pelvic Organ Vaginal
Prolapse on Surgical Outcomes and Prolapse Symptoms at 5 Years in the OPTIMAL
Randomized Clinical Trial. [AMA 319, 1554 (2018).

Lapitan, M. C. M., Cody, J. D. & Mashayekhi, A. Open retropubic colposuspension for
urinary incontinence in women. Cochrane Database Syst. Rev. (2017).
doi:10.1002/14651858.CD002912.pub7

Joint Report on Terminology for Surgical Procedures to Treat Pelvic Organ Prolapse.
(2020). doi:10.1097 /SPV.0000000000000846

Chapple, C. R. ¢ al. Consensus Statement of the European Urology Association and the
European Urogynaecological Association on the Use of Implanted Materials for Treating
Pelvic Organ Prolapse and Stress Urinary Incontinence. Eur. Urol. 72, 424-431 (2017).
Barone, W. R., Abramowitch, S. D. & Moalli, P. A. Host Response to Biomaterials for
Pelvic Floor Reconstruction. in Host Response to Biomaterials (ed. Badylak, S. F.) 375-423
(Elsevier, 2015).

Chu, C. C. 11 — Materials for absorbable and nonabsorbable surgical sutures. in Biofextiles
As Medical Implants 275-334 (2013). doi:10.1533/9780857095602.2.275

Brown, C. & Finch, J. Which mesh for hernia repair? Ann. R. Coll. Surg. Engl. 92, 272-278
(2010).

Mangir, N., Roman, S., Chapple, C. R. & MacNeil, S. Complications related to use of
mesh implants in surgical treatment of stress urinary incontinence and pelvic organ
prolapse: infection or inflammation? Worid |. Urel. 38, 73—80 (2020).

Mangir, N., Aldemir Dikici, B., Chapple, C. R. & MacNeil, S. Landmarks in vaginal mesh
development: polypropylene mesh for treatment of SUI and POP. Nat. Rev. Urol. 16, 675~
689 (2019).

Balsamo, R. ¢7 a/. Sacrocolpopexy with polyvinylidene fluoride mesh for pelvic organ
prolapse: Mid term comparative outcomes with polypropylene mesh. Eur. J. Obstet.
Gynecol. Reprod. Biol. 220, 74-78 (2018).

Barski, D. e# al. Transvaginal PVDF-mesh for cystocele repair: A cohort study. Inz. J. Surg.
39, 249-254 (2017).

Kawaguchi, S. ¢f a/. Transvaginal polytetrafluoroethylene mesh surgery for pelvic organ

21



732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
7
778
779
780
781
782

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

206.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

prolapse: 1-year clinical outcomes. Inz. |. Urol. iju.14444 (2020). doi:10.1111/iju.14444
Ford, A. A, Rogerson, L., Cody, J. D., Aluko, P. & Ogah, J. A. Mid-urethral sling
operations for stress urinary incontinence in women. Cochrane Database Syst. Rev. 1,
CD006375 (2017).

Glazener, C. M. ez al. Mesh, graft, or standard repair for women having primary
transvaginal anterior or posterior compartment prolapse surgery: two parallel-group,
multicentre, randomised, controlled trials (PROSPECT). Lancer 389, 381-392 (2017).
Welk, B., Al-Hothi, H. & Winick-Ng, J. Removal or Revision of Vaginal Mesh Used for
the Treatment of Stress Urinary Incontinence. LAMA Surg. 150, 1167 (2015).

Mortling, J. R. ¢t al. Adverse events after first, single, mesh and non-mesh surgical
procedures for stress urinary incontinence and pelvic organ prolapse in Scotland, 1997—
2016: a population-based cohort study. Lancer 389, 629—640 (2017).

Keltie, K. ¢t al. Complications following vaginal mesh procedures for stress urinary
incontinence: an 8 year study of 92,246 women. S¢. Rep. 7, 12015 (2017).

Maher, C. ¢f al. Surgery for women with apical vaginal prolapse. Cochrane Database Syst. Rev.
(2016). doi:10.1002/14651858.CD012376

Mucowski, S. J., Jurnalov, C. & Phelps, J. Y. Use of vaginal mesh in the face of recent
FDA warnings and litigation. 4. |. Obstet. Gynecol. 203, 103.e1-103.e4 (2010).

Food and Drug Administration. Serious Complications Associated with Transvaginal Placement of
Surgical Mesh for Pelvic Organ Prolapse: FDA Safety Communication. (2011).

Sedrakyan, A., Chughtai, B. & Mao, J. Regulatory Warnings and Use of Surgical Mesh in
Pelvic Organ Prolapse. JAMA Intern. Med. 176, 275 (2010).

Review, S. 1. Scottish Independent Review of the use, safety and efficacy of transvaginal mesh implants in
the treatment of stress urinary incontinence and pelvic organ prolapse in women. (2017).

Wall, L. L. & Brown, D. The perils of commercially driven surgical innovation. Aw. J.
Obstet. Gynecol. 202, 30.e1-4 (2010).

Withdrawal of vaginal mesh. Danish Medicines Agency Available at:

https:/ /laegemiddelstyrelsen.dk/en/news/2019/withdrawal-of-vaginal-mesh/. (Accessed:
11th July 2021)

Gardner, A. B, Lee, S. K. C., Woods, E. C. & Acharya, A. P. Biomaterials-Based
Modulation of the Immune System. Biomed Res. Int. 2013, 1-7 (2013).

Nolfi, A. L. et al. Host response to synthetic mesh in women with mesh complications.
Am. J. Obstet. Gynecol. 215, 206.€1-206.e8 (2016).

Kelly, M., Macdougall, K., Olabisi, O. & McGuire, N. In vivo response to polypropylene
following implantation in animal models: a review of biocompatibility. In#. Urogynecol. ]. 28,
171-180 (2017).

Brown, B. N. & Badylak, S. F. Expanded applications, shifting paradigms and an
improved understanding of host—biomaterial interactions. .Acta Biomater. 9, 4948—4955
(2013).

de Almeida, S. H. M., Rodrigues, M. A. F., Gregério, E., Crespigio, J. & Moreira, H. A.
Influence of sling material on inflammation and collagen deposit in an animal model. In#.
J. Urol. 14, 1040-1043 (2007).

Faulk, D. M. ¢t a/. ECM hydrogel coating mitigates the chronic inflammatory response to
polypropylene mesh. Biomaterials 35, 8585-8595 (2014).

Mariani, E., Lisignoli, G., Borzi, R. M. & Pulsatelli, L. Biomaterials: Foreign Bodies or
Tuners for the Immune Response? Iz |. Mol. Sci. 20, 636 (2019).

Abed, H. ¢t al. Incidence and management of graft erosion, wound granulation, and
dyspareunia following vaginal prolapse repair with graft materials: a systematic review. [n.
Urogynecol. J. 22, 789-798 (2011).

Olsen, A., Smith, V., Bergstrom, J., Colling, J. & Clark, A. Epidemiology of Surgically
Managed Pelvic Organ Prolapse and Urinary Incontinence. Obstet. Gynecol. 89, (1997).

22



783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Milani, A. L., Damoiseaux, A., IntHout, J., Kluivers, K. B. & Withagen, M. I. J. Long-
term outcome of vaginal mesh or native tissue in recurrent prolapse: a randomized
controlled trial. Inz. Urogynecol. J. 29, 847-858 (2018).

MacDonald, S., Terlecki, R., Costantini, E. & Badlani, G. Complications of Transvaginal
Mesh for Pelvic Organ Prolapse and Stress Urinary Incontinence: Tips for Prevention,
Recognition, and Management. Eur. Urol. Focus 2, 260-267 (2010).

Nygaard, L. ¢z al. Long-term outcomes following abdominal sacrocolpopexy for pelvic
organ prolapse. [ANMA 309, 2016-24 (2013).

Izett-Kay, M. L. ¢f al. Long-term mesh complications and reoperation after laparoscopic
mesh sacrohysteropexy: a cross-sectional study. Inz. Urogynecol. J. 1-8 (2020).
doi:10.1007/500192-020-04396-0

Fall, M. ¢ al. Guidelines-Pelvic Pain EAU Guidelines on Chronic Pelvic Pain.
doi:10.1016/j.eururo.2009.08.020

Breivik, H., Collett, B., Ventafridda, V., Cohen, R. & Gallacher, D. Survey of chronic pain
in Burope: prevalence, impact on daily life, and treatment. Eur. J. Pain 10, 287-333 (2000).
Mabher, C. e al. Transvaginal mesh or grafts compared with native tissue repair for vaginal
prolapse. Cochrane database Syst. Rev. 2, CD012079 (2016).

Caquant, F. ¢f al. Safety of Trans Vaginal Mesh procedure: retrospective study of 684
patients. J. Obstet. Gynaecol. Res. 34, 449-56 (2008).

Clavé, A. et al. Polypropylene as a reinforcement in pelvic surgery is not inert: comparative
analysis of 100 explants. Int. Urggynecol. J. 21, 261-270 (2010).

Artsen, A. M. ¢f al. Mesh induced fibrosis: The protective role of T regulatory cells. Acza
Biomater. 96, 203-210 (2019).

Goodall, E. J., Cartwright, R., Stratta, E. C., Jackson, S. R. & Price, N. Outcomes after
laparoscopic removal of retropubic midurethral slings for chronic pain. Inz. Urggynecol. J.
30, 1323-1328 (2019).

Barski, D. & Deng, D. Y. Management of Mesh Complications after SUI and POP
Repair: Review and Analysis of the Current Literature. Biomed Res. Int. (2015).
doi:10.1155/2015/831285

Javadian, P. & O’Leary, D. Vaginally Placed Meshes: A Review of Their Complications,
Risk Factors, and Management. Curr. Obstet. Gynecol. Rep. 4, 96-101 (2015).

Sitls, L. T. ez al. Exploring Predictors of Mesh Exposure After Vaginal Prolapse Repair.
Female Pelvic Med. Reconstr. Surg. 19, 206209 (2013).

Elmér, C. e al. Risk factors for mesh complications after trocar guided transvaginal mesh
kit repair of anterior vaginal wall prolapse. Newrourol. Urodyn. 31, 1165-1169 (2012).
Cundiff, G. W. ¢ al. Risk factors for mesh/suture erosion following sacral colpopexy. An.
J. Obstet. Gynecol. 199, 688.¢1-688.e5 (2008).

Deng, T., Liao, B., Luo, D., Shen, H. & Wang, K. Risk factors for mesh erosion after
female pelvic floor reconstructive surgery: a systematic review and meta-analysis. BJU Inz.
117, 323-343 (2010).

Kokanali, M. K. ¢z /. Risk factors for mesh erosion after vaginal sling procedures for
urinary incontinence. Eur. |. Obstet. Gynecol. Reprod. Biol. 177, 146—-150 (2014).

Rao, A., Avula, M. & Grainger, D. Aging and the host reponse to implanted biomaterials.
in Host Response to Biomaterials 269-313 (2015).

Hotamisligil, G. S. Inflaimmation and metabolic disorders. Nazure 444, 860-867 (2000).
Wilkins, J., Ghosh, P., Vivar, J., Chakraborty, B. & Ghosh, S. Exploring the associations
between systemic inflammation, obesity and healthy days: a health related quality of life
(HRQOL) analysis of NHANES 2005-2008. BMC Obes. 5, 21 (2018).

Patnam, R. ¢z a/. Effect of BMI on clinical outcomes following minimally invasive
sacrocolpopexy. J. Robot. Surg. 15, 63—68 (2021).

Davila, G. W., Baessler, K., Cosson, M. & Cardozo, L. Selection of patients in whom

23



834
835
836
837
838
839
840
841
842
843

845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

vaginal graft use may be appropriate. Inz. Urogynecol. J. 23, 7-14 (2012).

Bradley, C. S., Visco, A. G., Weber LeBrun, E. E. & Barber, M. D. The Pelvic Floor
Disorders Registry: Purpose and Development. Female Pelvic Med. Reconstr. Surg. 22, 77-82
(2010).

Silva, M. M. ¢7 al. Systemic Inflammatory Reaction After Silicone Breast Implant.
doi:10.1007/500266-011-9688-x

Yao, Z., Lin, T.-H., Pajarinen, J., Sato, T. & Goodman, S. Host Response to Orthopedic
Implants (Metals and Plastics). Hos? Response to Biomater. 315-373 (2015).
doi:10.1016/B978-0-12-800196-7.00012-8

Tennyson, L. ¢ al. Characterization of the T-cell response to polypropylene mesh in
women with complications. Am. J. Obstet. Gynecol. 220, 187.¢1-187.e8 (2019).

Robichaud, A. ¢f al. Avoidance of the vaginal incision site for mesh placement in vaginal
wall prolapse surgery: A prospective study. Eur. |. Obstet. Gynecol. Reprod. Biol. 217, 131—
136 (2017).

Leanza, V., Zanghi, G., Vecchio, R. & Leanza, G. How to prevent mesh erosion in
transobturator Tension-Free Incontinence Cystocoele Treatment (TICT): a comparative
survey. G. Chir. 36, 21-5 (2015).

Achtari, C., Hiscock, R., OReilly, B. A., Schietlitz, L.. & Dwyer, P. L. Risk factors for
mesh erosion after transvaginal surgery using polypropylene (Atrium) or composite
polypropylene/polyglactin 910 (Vypro II) mesh. Inz. Urggynecol. J. 16, 389-394 (2005).
Chung, L., Maestas Jr, D., Housseau, F. & Elisseeff, . Key players in the immune
response to biomaterial scaffolds for regenerative medicine. Ady. Drug Deliv. Rev. 114,
184-192 (2017).

Londono, R. & Badylak, S. Factors which affect the host response to biomaterials. in Host
Response to Biomaterials 1-12 (Elsevier, 2015).

Swartzlander, M. D. ¢z a/. Linking the foreign body response and protein adsorption to
PEG-based hydrogels using proteomics. Biomaterials 41, 26-36 (2015).

Horbett, T. A. Chapter 13 Principles underlying the role of adsorbed plasma proteins in
blood interactions with foreign materials. Cardiovasc. Pathol. 2, 137-148 (1993).
Al-Maawi, S., Orlowska, A., Sader, R., James Kirkpatrick, C. & Ghanaati, S. In vivo
cellular reactions to different biomaterials—Physiological and pathological aspects and
their consequences. Sewin. Immunol. 29, 49-61 (2017).

Anderson, J. M., Rodriguez, A. & Chang, D. T. Foreign body reaction to biomaterials.
Semin. Immunol. 20, 86—100 (2008).

Gurevich, D. B. ¢# a/. Live imaging the Foreign Body Response reveals how dampening
inflammation reduces fibrosis. J. Ce// Sez. 133, (2019).

Chung, L. ¢f a/. Interleukin 17 and senescent cells regulate the foreign body response to
synthetic material implants in mice and humans. S¢. Transl. Med. 12, (2020).

Veiseh, O. & Vegas, A. J. Domesticating the foreign body response: Recent advances and
applications. Ady. Drug Delip. Rev. 144, 148-161 (2019).

Hachim, D. ¢f a/. Effects of aging upon the host response to implants. J. Biomed. Mater.
Res. 4105, 1281-1292 (2017).

Sadtler, K. ez a/. Design, clinical translation and immunological response of biomaterials in
regenerative medicine. Nat. Rev. Mater. 1, 16040 (2016).

Duluc, D. ¢t al. Functional diversity of human vaginal APC subsets in directing T-cell
responses. Mucosal Immunol. 6, 62638 (2013).

Heymann, F. ¢t al. Polypropylene mesh implantation for hernia repair causes myeloid cell-
driven persistent inflammation. JCI insight 4, (2019).

Mosser, D. M. & Edwards, J. P. Exploring the full spectrum of macrophage activation.
Nat. Rev. Immunol. 8, 958-969 (2008).

Wang, A. C, Lee, L.-Y., Lin, C.-T. & Chen, J.-R. A histologic and immunohistochemical

24



885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

analysis of defective vaginal healing after continence taping procedures: A prospective
case-controlled pilot study. Aw. |. Obstet. Gynecol. 191, 1868—1874 (2004).

Wang, A., Lin, C.-T., Ko, Y.-S. & Lin, Y.-H. Effector mechanisms of the site specific graft rejection
after intravaginal mesh implantation--1 long-term prospective case-controlled study. Nenronrology and
Urodynamics (2010).

Kavvadias, T., Kaemmer, D., Klinge, U., Kuschel, S. & Schuessler, B. Foreign body
reaction in vaginally eroded and noneroded polypropylene suburethral slings in the
female: a case series. Int. Urogynecol. ]. Pelvic Floor Dysfunct. 20, 1473-1476 (2009).

Smith, T. M. ¢z a/. Pathologic Evaluation of Explanted Vaginal Mesh. Female Pelvic Med.
Reconstr. Surg. 19, 238-241 (2013).

Elmer, C., Blomgren, B., Falconer, C., Zhang, A. & Altman, D. Histological Inflammatory
Response to Transvaginal Polypropylene Mesh for Pelvic Reconstructive Surgery. J. Urvl.
181, 1189-1195 (2009).

Shi, C. ¢z al. Clinical analysis of pain after transvaginal mesh surgery in patients with pelvic
organ prolapse. BMC Womens. Health 21, 46 (2021).

Crosby, E. C. ¢t al. Symptom resolution after operative management of complications
from transvaginal mesh. Obstet. Gynecol. 123, 134-139 (2014).

Holihan, J. L. ¢f al. Mesh Location in Open Ventral Hernia Repair: A Systematic Review
and Network Meta-analysis. World |. Surg. 40, 89-99 (20106).

Wise, J. Hernia mesh complications may have affected up to 170 000 patients,
investigation finds. BMJ 362, k4104 (2018).

Seving, B., Okus, A., Ay, S., Aksoy, N. & Karahan, O. Randomized prospective
comparison of long-term results of onlay and sublay mesh repair techniques for incisional
hernia. Turkish J. Surg. 34, 17-20 (2018).

de Landsheere, L. ¢ al. Surgical intervention after transvaginal Prolift mesh repair:
retrospective single-center study including 524 patients with 3 years’ median follow-up.
Am. ]. Obstet. Gynecol. 206, 83.¢1-83.¢7 (2012).

Wang, Y. e al. Vaginal type-1I mucosa is an inductive site for primary CD8+ T-cell
mucosal immunity. Naz. Commun. 6, 6100 (2015).

Mselle, T. F. e al. Unique characteristics of NK cells throughout the human female
reproductive tract. Clin. Immunol. 124, 6976 (2007).

Johansson, E. L., Rudin, A., Wassén, L. & Holmgtren, J. Distribution of lymphocytes and
adhesion molecules in human cervix and vagina. Immunology 96, 272—7 (1999).

Usala, S. J., Usala, F. O., Haciski, R., Holt, J. A. & Schumacher, G. F. IgG and IgA
content of vaginal fluid during the menstrual cycle. J. Reprod. Med. 34, 2924 (1989).
Zhou, J. Z., Way, S. S. & Chen, K. Immunology of the Uterine and Vaginal Mucosae.
Trends Immunol. 39, 302-314 (2018).

Ghosh, M., Rodriguez-Garcia, M. & Wira, C. R. The immune system in menopause: pros
and cons of hormone therapy. J. Steroid Biochem. Mol. Biol. 142, 171-5 (2014).

Arruvito, L., Sanz, M., Banham, A. H. & Fainboim, L. Expansion of CD4+CD25+and
FOXP3+ regulatory T cells during the follicular phase of the menstrual cycle: implications
for human reproduction. J. Immunol. 178, 2572—8 (2007).

Veit-Rubin, N. ¢# a/. Abnormal vaginal microbiome associated with vaginal mesh
complications. Newurourol. Urodyn. 38, 2255-2263 (2019).

Miller, E. A., Beasley, D. E., Dunn, R. R. & Archie, E. A. Lactobacilli Dominance and
Vaginal pH: Why Is the Human Vaginal Microbiome Unique? Front. Microbiol. 7, 1936
(2010).

Diez-Itza, 1., Aizpitarte, I. & Becerro, A. Risk factors for the recurrence of pelvic organ
prolapse after vaginal surgery: a review at 5 years after surgery. Int. Urogynecol. ]. Pelvic Floor
Dysfunct. 18, 131724 (2007).

Whiteside, J. L., Weber, A. M., Meyn, L. A. & Walters, M. D. Risk factors for prolapse

25



936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

recurrence after vaginal repair. Am. |. Obstet. Gynecol. 191, 15338 (2004).

Alperin, M., Cook, M., Tuttle, L. J., Esparza, M. C. & Lieber, R. L. Impact of vaginal
parity and aging on the architectural design of pelvic floor muscles. Aw. J. Obstet. Gynecol.
215, 312.e1-9 (2010).

Franceschi, C., Garagnani, P., Parini, P., Giuliani, C. & Santoro, A. Inflammaging: a new
immune-metabolic viewpoint for age-related diseases. Nat. Rev. Endocrinol. 14, 576590
(2018).

Ferrucci, L. & Fabbri, E. Inflammageing: chronic inflammation in ageing, cardiovascular
disease, and frailty. Nat. Rev. Cardiol. 15, 505-522 (2018).

Bharath, L. P. ¢f a/. Metformin Enhances Autophagy and Normalizes Mitochondrial
Function to Alleviate Aging-Associated Inflammation. Ce// Metab. 32, 44-55.¢6 (2020).
Geller, E. ., Babb, E., Nackley, A. G. & Zolnoun, D. Incidence and Risk Factors for
Pelvic Pain After Mesh Implant Surgery for the Treatment of Pelvic Floor Disorders. J.
Minim. Invasive Gynecol. 24, 6773 (2017).

Kasyan, G., Abramyan, K., Popov, A. A., Gvozdev, M. & Pushkar, D. Mesh-related and
intraoperative complications of pelvic organ prolapse repair. Cent. Eur. . Urol. 67, 296—
301 (2014).

Hachim, D. ¢f a/. Effects of aging upon the host response to implants. J. Biomed. Mater.
Res. 4105, 1281-1292 (2017).

Sendama, W. The effect of ageing on the resolution of inflammation. Ageing Res. Rev. 57,
101000 (2020).

Sebastian-Valverde, M. & Pasinetti, G. M. The NLRP3 Inflammasome as a Critical Actor
in the Inflammaging Process. Ce/ls 9, (2020).

Khadzhieva, M. B., Kolobkov, D. S., Kamoeva, S. V & Salnikova, L. E. Expression
changes in pelvic organ prolapse: a systematic review and in silico study. S¢ Rep. 7, 7668
(2017).

Zhao, Y., Xia, Z., Lin, T. & Yin, Y. Significance of hub genes and immune cell infiltration
identified by bioinformatics analysis in pelvic organ prolapse. Peer] 8, ¢9773 (2020).
Mouthuy, P.-A. ¢# al. Biocompatibility of implantable materials: An oxidative stress
viewpoint. Biomaterials 109, 55—68 (2016).

Wattamwar, P. P. & Dziubla, T. D. Modulation of the Wound Healing Response Through
Oxidation Active Materials. in Engineering Biomaterials for Regenerative Medicine 161-192
(Springer New York, 2012). doi:10.1007/978-1-4614-1080-5_7

Iakovlev, V. V., Guelcher, S. A. & Bendavid, R. Degradation of polypropylene in vivo: A
microscopic analysis of meshes explanted from patients. J. Biomed. Mater. Res. Part B _App!.
Biomater. 105, 237-248 (2017).

Cochran, D. & Dziubla, T. D. Antioxidant Polymers for Tuning Biomaterial
Biocompatibility: From Drug Delivery to Tissue Engineering. in Antioxidant Polymers 459—
484 (John Wiley & Sons, Inc., 2012). doi:10.1002/9781118445440.ch15

Davison, N. L., Barrére-de Groot, F. & Grijpma, D. W. Degradation of Biomaterials. in
Tissue Engineering 177-215 (Academic Press, 2014). doi:10.1016/B978-0-12-420145-
3.00006-7

Talley, A. D., Rogers, B. R,, Iakovlev, V., Dunn, R. F. & Guelcher, S. A. Oxidation and
degradation of polypropylene transvaginal mesh. |. Biomater. Sci. Polym. Ed. 28, 444458
(2017).

Costello, C. R., Bachman, S. L., Ramshaw, B. J. & Grant, S. A. Materials characterization
of explanted polypropylene hernia meshes. J. Biomed. Mater. Res. B. Appl. Biomater. 83, 44-9
(2007).

Gopferich, A. Mechanisms of polymer degradation and erosion. Biomaterials 17, 103—114
(1990).

Thames, S. F., White, J. B. & Ong, K. L. The myth: in vivo degradation of polypropylene-

26



987

988

989

990

991

992

993

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

based meshes. Int. Urogynecol. J. 28, 285-297 (2017).

Milleret, V. ¢7 al. Protein adsorption steers blood contact activation on engineered cobalt
chromium alloy oxide layers. Acta Biomater. 24, 34351 (2015).

Serpooshan, V. e al. Protein Corona Influences Cell-Biomaterial Interactions in
Nanostructured Tissue Engineering Scaffolds. Adp. Funct. Mater. 25, 4379—4389 (2015).
Meder, F., Brandes, C., Treccani, L. & Rezwan, K. Controlling protein—particle
adsorption by surface tailoring colloidal alumina particles with sulfonate groups. Aca
Biomater. 9, 5780-5787 (2013).

Feola, A. ¢t al. Deterioration in biomechanical properties of the vagina following
implantation of a high-stiffness prolapse mesh. BJOG An Int. |. Obstet. Gynaecol. 120, 224—
232 (2013).

Liang, R. ¢t al. Vaginal degeneration following implantation of synthetic mesh with
increased stiffness. BJOG An Int. |. Obstet. Gynaecol. 120, 233-243 (2013).

Sumner, D. R. & Galante, J. O. Determinants of Stress Shielding. C/in. Orthop. Relat. Res.
274, 202-212 (1992).

Sridharan, R., Cavanagh, B., Cameron, A. R., Kelly, D. J. & O’Brien, I. ]J. Material
stiffness influences the polarization state, function and migration mode of macrophages.
Acta Biomater. 89, 47-59 (2019).

Ji, Y. et al. Substrate stiffness affects the immunosuppressive and trophic function of
hMSCs via modulating cytoskeletal polymerization and tension. Biomater. Sci. 7, 5292—5300
(2019).

Blakney, A. K., Swartzlander, M. D. & Bryant, S. J. The effects of substrate stiffness on
the in vitro activation of macrophages and in vivo host response to poly(ethylene glycol)-
based hydrogels. |. Biomed. Mater. Res. 4100, 1375-86 (2012).

Roman, S. ¢7 al. Use of a simple in vitro fatigue test to assess materials used in the surgical
treatment of stress urinary incontinence and pelvic organ prolapse. Newrourol. Urodyn. 38,
107-115 (2019).

Kruger, J. A., Yan, X,, Li, X., Nielsen, P. M. F. & Nash, M. P. Applications of Pelvic
Floor Modeling and Simulation. Biomech. Female Pelvic Floor 367-382 (2016).
doi:10.1016/B978-0-12-803228-2.00018-0

Kruger, J., Hayward, L., Nielsen, P., Loiselle, D. & Kirton, R. Design and development of
a novel intra-vaginal pressure sensor. Int. Urogynecol. J. 24, 1715-1721 (2013).
Velayudhan, S., Martin, D. & Cooper-White, J. Evaluation of dynamic creep properties of
surgical mesh prostheses-Uniaxial fatigue. J. Biomed. Mater. Res. Part B Appl. Biomater. 91B,
287-296 (2009).

Liang, R., Knight, K., Abramowitch, S. & Moalli, P. A. Exploring the basic science of
prolapse meshes. Curr. Opin. Obstet. Gynecol. 28, 413-9 (2016).

Durst, P. J. & Heit, M. H. Polypropylene Mesh Predicts Mesh/Suture Exposure After
Sacrocolpopexy Independent of Known Risk Factors: A Retrospective Case-Control
Study. Female Pelvic Med. Reconstr. Surg. 24, (2018).

Goldstein, H. S. Selecting the right mesh. Hernia 0999, (Springer-Verlag, 1999).

Barone, W. R., Moalli, P. A. & Abramowitch, S. D. Textile properties of synthetic
prolapse mesh in response to uniaxial loading. Am. |. Obstet. Gynecol. 215, 326.e1-326.€9
(2010).

Amid, P. K. Classification of biomaterials and their related complications in abdominal
wall hernia surgery. Hemia 1, 15-21 (1997).

Klinge, U. & Klosterhalfen, B. Modified classification of surgical meshes for hernia repair
based on the analyses of 1,000 explanted meshes. Hemria 16, 251-258 (2012).

Otto, J., Kaldenhoff, E., Kirschner-Hermanns, R., Mihl, T. & Klinge, U. Elongation of
textile pelvic floor implants under load is related to complete loss of effective porosity,
thereby favoring incorporation in scar plates. J. Biomed. Mater. Res. Part A 102, 1079-1084

27



1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.
154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

(2014).

Junge, K. ¢f al. Mesh biocompatibility: effects of cellular inflammation and tissue
remodelling. Langenbeck’s Arch. Surg. 397, 255-270 (2012).

Manodoro, S. ez al. Graft-related complications and biaxial tensiometry following
experimental vaginal implantation of flat mesh of variable dimensions. BJOG An Int. ].
Obstet. Gynaecol. 120, 244-250 (2013).

Klinge, U. ¢# al. Impact of Polymer Pore Size on the Interface Scar Formation in a Rat
Model. J. Surg. Res. 103, 208-214 (2002).

U.S Food and Drug Administration. 510(k) Clearances - Search the Releasable 510(k)
Database. Available at:
http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures /Device Approvals
andClearances/510kClearances/ucm089319.htm.

Medicine, 1. of. Medical Devices and the Public’s Health. (National Academies Press, 2011).
doi:10.17226/13150

Medical Devices Harm Patients Worldwide As Governments Fail On Safety. International
consortinm of investigative journalists (2018). Available at:

https:/ /www.icij.org/investigations/implant-files/medical-devices-harm-patients-
wotldwide-as-governments-fail-on-safety/. (Accessed: 20th July 2021)

Heneghan, C. ¢f al. Transvaginal mesh failure: lessons for regulation of implantable
devices. BM] 359, j5515 (2017).

Zargar, N. & Carr, A. The regulatory ancestral network of surgical meshes. PLoS One 13,
(2018).

Ostergard, D. R. Vaginal mesh grafts and the Food and Drug Administration. In#.
Urogynecol. J. 21, 1181-3 (2010).

Heneghan, C. ¢f a/. Trials of transvaginal mesh devices for pelvic organ prolapse: a
systematic database review of the US FDA approval process. BM] Open 7, (2017).
Barber, S. Surgical mesh implants: House of Commons Library. (2018).

Obstetrical and Gynecological Devices; Reclassification of Surgical Mesh for Transvaginal
Pelvic Organ Prolapse Repair; Final Order. Fed. Regist. 81, 353-361 (2010).

CER - Code of Federal Regulations Title 21. (2019).

Hartung, T. & Daston, G. Are In Vitro Tests Suitable for Regulatory Use? Toxicol. Sci. 111,
233-237 (2009).

ISO 10993-6:2016 - Biological evaluation of medical devices — Part 6: Tests for local
effects after implantation. Available at: https://www.iso.org/standard/61089.html.
(Accessed: 21st September 2020)

ISO 10993-11:2006(en), Biological evaluation of medical devices — Part 11: Tests for
systemic toxicity. Available at: https://www.iso.otg/obp/ui/#iso:std:is0:10993:-11:ed-
2:vl:en. (Accessed: 21st September 2020)

Hast, M. W., Zuskov, A. & Soslowsky, L. J. The role of animal models in tendon research.
Bone Joint Res. 3, 193202 (2014).

Pierce, L. M. ¢t al. Long-term histologic response to synthetic and biologic graft materials
implanted in the vagina and abdomen of a rabbit model. Aw. J. Obstet. Gynecol. 200,
5406.e1-546.e8 (2009).

Ostergard, D. R. Degradation, infection and heat effects on polypropylene mesh for
pelvic implantation: what was known and when it was known. Inz. Urogynecol. J. 22, 771—4
(2011).

Yellow Card Scheme. Medicines and Healtheare products Regulatory Agency Available at:
https://yellowcard.mhra.gov.uk/.

MAUDE - Manufacturer and User Facility Device Experience. Food and Drug
Adpministration Available at:
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfmaude/search.cfm.

28



1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111

1114
i

pa
21

164. Rimmer, A. Vaginal mesh procedures need compulsory register, says royal college. BM]
360, k586 (2018).

165. National Joint Registry. Department of Health Available at:
http:/ /www.njrcentre.org.uk/njrcentre/.

166.  Breast and Cosmetic Implant Registry. National Health Service Available at:
https://digital.nhs.uk/data-and-information/ clinical-audits-and-registries /breast-and-
cosmetic-implant-registry.

167. Hansen, U. D., Gradel, K. O. & Larsen, M. D. Danish Urogynaecological Database. C/in.
Epideniol. 8, 709-712 (2010).

168. Daly, J. O., Ahern, S., Herkes, R. & O’Connell, H. E. The Australasian Pelvic Floor
Procedure Registry: Not before time. Awust. New Zeal. |. Obstet. Gynaecol. 59, 473—476
(2019).

169.  Ministry of Health. Surgical mesh registry: cost benefit analysis. (2018).

170. Bako, A. & Dhar, R. Review of synthetic mesh-related complications in pelvic floor
reconstructive surgery. Inz. Urggynecol. J. 20, 103—111 (2009).

171.  IASP Terminology - IASP. Available at: https://www.iasp-
pain.org/Education/Content.aspx?ltemNumber=1698#Pain. (Accessed: 17th September
2020)

172.  Haylen, B. ¢f a/. An International Urogynecological Association (IUGA)/International
Continence Society (ICS) Joint Terminology and Classification of the Complications
Related Directly to the Insertion of Prostheses (Meshes, Implants, Tapes) and Grafts in
Female Pelvic Floor Surgery. Neurourol. Urodyn. 30, (2011).

Author contributions
R.E. A, H.L. M. and S. S. researched data for the article, R. E. A., M. I, R. C. and S. S. made substantial contributions to the discussion of the content of the article, R.
E. A, M. I, H. L. M. and S. S. wrote the article, R. E. A., M. I, H. L. M., R. C. and S. S. reviewed/ edited the manuscript before submission

Competing interests
The authors declare no competing interests.

Peer review information
Nature Reviews Urology thanks [S. Takahashi], [P. Moalli] and the other, anonymous, reviewer for their contribution to the peer review of this work.

29



Key points

- Current evidence suggests that risk factors for developing complications following transvaginal
mesh placement include pro-inflammatory conditions such as patient age, smoking, and diabetes,
as well as surgical technique and experience.

- Explanted mesh following transvaginal POP repair from women with complications shows
pootly regulated inflaimmation with a fibrous capsule and a dense cellular infiltrate of
predominantly macrophages.

- Differences in the abdominal and vaginal biological niche probably contribute to dissimilar
immune responses to PPL mesh and consequently the extent to which mesh can integrate.

- Mesh with large pore diameters, low surface area, and low local stiffness might be less likely to
induce an adverse foreign body response, but this supposition has not been evaluated
longitudinally.

- A lack of transparency in pelvic floor preclinical testing and post-marketing surveillance are
regulatory failings that have probably contributed to the inappropriate repurposing of meshes for
some patient groups.

- The ability to assess factors driving negative outcomes will rely on longitudinal studies to
ascertain baseline drivers of tissue response in women that develop complications and those
women that do not.
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Figures

Figure 1: The host immune response to polypropylene (PPL) mesh cumulating in a foreign body
reaction.

Upon surgical implantation, blood proteins are adsorbed to the surface of the mesh. Innate immune cells
from the blood, including neutrophils and monocytes, are recruited in the minutes, hours and days
following implantation and these cells attach and infiltrate into porous PPL mesh. Monocytes can
differentiate into macrophages in the days and weeks following implantation and tissue-resident
macrophages and stromal cells alongside lymphoid cells are recruited in response to chemotactic cues and
further contribute to the chronic immune response. The foreign body response culminates in fusion of
macrophages to form foreign body giant cells and the formation of a fibrous capsule that isolates the
mesh from the host. In some cases, unresolved inflammation, capsule overgrowth, and tissue contraction
can contribute to implant complications.

IL, interleukin; IFN, interferon; TGF, transforming growth factor; CD8*, cytotoxic T cells; CD4*, helper
T cells; CD25%, regulatory T cells; MMP = matrix metalloproteinase; col, collagen; CTGF, connective
tissue growth factor; TNF, tumour necrosis factor; CCL/CXCL, chemokine ligands.

Figure 1 adapted with permission from Mariani et al
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Figure 2: Polypropylene material properties and processes that could influence the host immune
response. (Part a) Oxidative stress can influence the immune response to the mesh.5>!7 Immune cell
activation can cause oxidative stress, but reactive oxygen species (ROS) can also directly act as
chemoattractants and signalling molecules to influence the FBR. Limited evidence supports the role of
surface degradation contributing to oxidative stress. (Part b) Stiffness mismatch between mesh and
vaginal tissue could drive stress shielding; repeated micromotions between the materials could contribute
to mesh deformation and poor inflammatory resolution. (Part ¢) Large pore diameters with low surface
area could be favourable for effective inflammatory cell infiltration, but pore collapse under loading could
inhibit cells from infiltrating into the material.
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Figure 3: Regulated inflammation and mesh complications are influenced by the complex
interaction between the patient (host factors), tissue niche, and mesh material properties. The
foreign body response to mesh, and extent to which the mesh will integrate with the native tissue, is
influenced by factors that relate to the host, the biological niche within which the material is implanted, as
well as biomaterial-specific properties.
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Boxes

Box 1|Common polypropylene mesh complications following surgery for transvaginal repair of pelvic
organ prolapse (POP), transabdominal POP, and transvaginal treatment of stress urinary incontinence
The most commonly reported complications are pelvic pain, mesh exposure and/or extrusion,
dyspareunia, and infection.?$48170 Transvaginally placed mesh for the repair of POP has the highest
complication rates.!”

[bH1] Definitions

[bH2] Pain

An unpleasant sensory and emotional experience associated with, or resembling that associated with,
actual or potential tissue damage.!”!

[b1] Chronic pelvic pain

[b2] Chronic or persistent pain perceived in structures related to the pelvis; often associated with negative
cognitive, behavioural, sexual and emotional consequences and symptoms suggestive of lower urinary
tract, sexual, bowel, pelvic floor or gynaecological dysfunction.!

[bH2] Vaginal exposure?

A condition of displaying or revealing mesh (for example, mesh visualised through vaginal epithelium). 172

[bH2] Vaginal or urinary tract extrusion?

A condition in which mesh gradually passes out of a body structure!”? (that is mesh protruding into the
vaginal cavity or urinary tract).

[bH2] Dyspareunia
Persistent pain during sexual intercourse. 172
[bH2] Infection

Multiplication of microorganisms and reaction of host tissues to the infectious agents and the toxins they
produce.!!

[b1] Can present with pain, local tenderness, redness, and purulent discharge.
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112 Some studies report mesh erosion. Based on the International Urogynaecological Association and International
Continence Society guidelines, erosion is replaced by a term that is more clinically specific, such as exposure or
extrusion.!”?

Box 2| International Organisation for Standardization (ISO) 10993 Biological Evaluation Preclinical
Testing — Manufacturers approach offers guidance for the evaluation of biological safety of medical
devices 161,162

The ISO 10993 guidance does not specify what testing is to be performed, rather the onus is on the
manufacturer to observe the guidance and, taking a risk-based approach, justify what testing is and is not
relevant for the device in question.

[bH1] Preclinical Testing for biological evaluation:
[b1] Perform a Biological Evaluation Review (BER) of the device.

[b2] Consider the effect of raw materials, manufacturing processes, manufacturing environment and
contact materials such as packaging.

[b2] Throughout the BER consider risks to the patient and end users from a biological, chemical and
physical perspective, specifically for the intended defined use.

[b1] Results from the BER will form the basis of the Biological Evaluation Plan by which relevant testing
can be identified to mediate the risks elucidated from the BER, and also answer the technical
competencies outlined in the Design Inputs.

[b1] Perform the testing.

[b2] For a permanent implantable device (such as mesh), testing will involve cytotoxicity testing, in-vivo
testing (to assess local effects and systemic toxicity), chemical analysis, degradation studies and tests for
residuals (from manufacturing process and/or sterilization).

[b1] Following the testing, a biological evaluation report will be prepared to summarize the risks identified

and how the testing has proven this risk is mitigated for the device. Any residual risk remaining at the end
of this process must be highlighted and further reduced or justified.
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Glossary

Biocompatible: Biocompatibility is the ability of a material to perform its intended function with an
appropriate host immune response for a specific application.

Microporous meshes: According to the widely used Amid classification, microporous mesh refers to
mesh that contains pores that are < 10 microns in size.

510k route: Refers to a premarket submission process made to the FDA, demonstrating that the device
that is to be marketed is as safe and effective (that is, substantially equivalent) to a legally marketed device.

Predicate device: A medical device that is used as a point of comparison for new medical devices seeking
approval through the FDA’s 510k premarket clearance pathway.

M1 macrophages: classically activated macrophages typically associated with pro-inflammatory responses
in in vitro studies

M2 macrophages: alternatively activated macrophages that typically induce pro-resolving and anti-
inflammatory responses in in vitro studies.

Th1 cytokines: For example, IFNy and TNFa are typically associated with pro-inflaimmatory responses
driving immune cell activation and maturation.

Vroman effect: The sequence in which serum proteins adsorb to a surface; proteins that adsorb earlier are
competitively displaced by other proteins with stronger binding affinities.

Mesh knot: Refers to a dense area of mesh fibres immediately adjacent to each other
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