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Abstract

Medical devices and implants made of synthetic materials can induce an immune-mediated
process when implanted in the body called the foreign body response, which results in formation
of a fibrous capsule around the implant. To explore the immune and stromal connections
underpinning the foreign body response, we analyzed fibrotic capsules surrounding surgically
excised h+uman breast implants from 12 individuals. We found increased numbers of interleukin
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17 (IL17)-producing y&* T cells and CD4™ T helper 17 (Tx17) cells as well as senescent stromall
cells in the fibrotic capsules. Further analysis in a murine model demonstrated an early innate 1L17
respon+se to implanted synthetic material (polycaprolactone+) particles that was mediated by
innate lymphoid cells and y&* T cells. This was followed by a chronic adaptive CD4* T17 cell
response that was antigen dependent. Synthetic materials with varying chemical and physical
properties implanted either in injured muscle or sub-cutaneously induced similar IL17 responses
in mice. Mice deficient in IL17 signaling established that IL17 was required for the fibrotic
response to implanted synthetic materials and the development of p16'NK4a senescent cells. 1L6
produced by senescent cells was sufficient for the induction of IL17 expression in T cells.
Treatment with a senolytic agent (navitoclax) that killed senescent cells reduced IL17 expression
and fibrosis in the mouse implant model. Discovery of a feed-forward loop between the T17
immune response and the senescence response to implanted synthetic materials introduces new
targets for therapeutic intervention in the foreign body response.

Abstract

One-sentence summary: Interleukin 17 and senescent cells regulate fibrosis in the foreign
body response to synthetic material implants.

Editor's Summary:

Elucidating the foreign body response: Synthetic materials are the building blocks for medical
devices and implants but can induce a foreign body response after implantation, resulting in
fibrous scar tissue encompassing the implant. Here, Chung et a/. define the role of interleukin 17
(IL17) and cellular senescence in driving the foreign body response. The fibrous capsule from
excised breast implants contained IL17-producing T cells and senescent stromal cells. These
findings were further validated in a murine model, and the authors found that blocking the IL17
path-way or eliminating senescent cells mitigated local fibrosis around the implant. This study
presents new potential therapeutic targets to reduce fibrosis associated with the foreign body
response.

INTRODUCTION

Synthetic materials serve as the building blocks of medical devices and implants. Synthetic
materials were historically selected based on their physical properties such as mechanical
strength and durability while at the same time inciting a minimal host immune response after
implantation. Despite the many advances that medical implants bring to medicine, synthetic
materials induce to varying extents an immune-mediated foreign body response (FBR),
which leads to formation of a capsule of dense fibrous tissue surrounding the implant (1).
Manipulating chemistry and surface properties can mitigate the FBR to a degree, but even a
minor response can lead to device failure over time, which necessitates surgical removal.
Whereas fibrosis may be leveraged to mechanically stabilize some devices such as
orthopedic implants or stents, it can also lead to implant contraction in the case of hernia
meshes and breast implants. Silicone breast implants are widely used in medical practice but
develop fibrotic capsules that can necessitate replacement (2). Further, some recipients
experience breast implant syndrome that includes increased risk of rheumatologic disorders
(3). Recent reports on lymphomas arising around synthetic breast implants designed with a
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surface to enhance fibrotic immobilization further validate the relevance of murine studies
demonstrating the pro-carcinogenic potential of the FBR (4-6).

The classic FBR to synthetic materials was first defined in the 1970s (7-9). It is
characterized by protein adsorption and complement activation followed by migration of
pro-inflammatory innate immune cells, in particular, neutrophils and macrophages.
Macrophages fuse to form foreign body giant cells, and fibroblasts are activated to secrete
extracellular matrix, leading to formation of a fibrous capsule. Macrophages and the innate
immune response are considered central to the FBR and fibrosis around implants; however,
given that the innate and adaptive immune systems are intimately connected, it is possible
that the adaptive immune system is also contributing to the FBR (10). Implantation of a
synthetic material or clinical device may therefore affect immune memory and systemic
immune responses with as yet unexplored clinical consequences.

T cells are a key component of the adaptive immune system and are increasingly recognized
for their role in wound healing and tissue repair. CD4* helper T cells regulate bone, liver,
and muscle repair processes (11-13). The T helper type 2 (TH2) effector cells responding to
pro-regenerative biological scaffolds secrete interleukin 4 (IL4) and direct the function of
macrophages to promote muscle repair (13). The presence of T cells has been recognized in
the FBR in animal models and surrounding clinical implants, but their nature, activation
status, and role in the response is still largely unknown (10, 14). Adaptive responses that
depend on T cells, which conventionally recognize major histocompatibility complex
(MHC)—presented peptide antigens, have not been seriously considered in the response to
synthetic materials despite their increasing association with fibrotic disease (15-17). Beyond
T cells, the influence of other immune cell types such as 6 T cells and innate lymphoid
cells (ILCs) in the regulation of the response to implanted synthetic materials, tissue
damage, and fibrosis remains unexplored.

The connection between the immune response to synthetic materials, fibrosis, and senescent
cells is also unexplored. Senescent cells are characterized by growth arrest but are far from
quiescent. Accumulation of senescent cells is associated with age-related chronic diseases,
but they also regulate development and wound healing (18, 19). Senescent cells exert their
effects through the secretion of a senescence-associated secretory phenotype (SASP). The
SASP includes many immunological cytokines that are associated with specific immune
phenotypes (20). Clearance of senescent cells in transgenic mouse models or using senolytic
drugs that kill senescent cells reduces fibrosis in idiopathic pulmonary fibrosis and reduces
inflammation and disease symptoms in arthritis, diabetes, and cardio- vascular disease (21—
24). Stromal cells such as fibroblasts, endothelial cells, and immune cells have all been
found to undergo senescence in various tissues and disease states (25, 26).

Here, we identified adaptive immune regulators of the FBR to implanted synthetic materials.
ILCs, ¥& * T cells, and CD4" T cells were the primary sources of IL17 that promoted a
fibrotic response to human breast implants and to a variety of implanted synthetic materials
in murine models. We established the interplay between IL17 and senescent cells as a
mechanism linking the chronic immune response to synthetic material implants and
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excessive fibrosis. Therapeutic intervention targeting IL17 and senescence reduced fibrosis
and inflammation in a mouse implant model.

117 secreted by T cells is associated with fibrosis in tissue surrounding human breast

implants

Breast implants induce fibrosis that can cause capsular contraction that occasionally
necessitates implant removal and replacement. We performed detailed analyses of the
immune cells in multiple tissue samples surrounding implants removed from patients
undergoing breast implant exchange surgery. All implants (total of 12 specimens) had an
exterior silicone shell and were either temporary tissue expanders (8 specimens) filled with
saline (or air) or permanent implants filled with silicone (2 specimens) or saline (2
specimens). Implant samples included those with both normal and textured surface
properties. Most tissue expanders had a textured surface, whereas silicone- or saline-filled
implants had a smooth surface. Peri-implant samples included tissues surrounding implants
with both smooth and textured surface properties. Implants were originally placed adjacent
to either adipose or muscle tissue depending on whether a pre-pectoral or sub-pectoral
implantation technique was used. Average patient age was 56 (range of 41 to 70 years), and
average implant residence time was 41 months (range of 1 to 360 months). For each implant
capsule, we profiled up to four tissue sections including left anterior, left posterior, right
anterior, and right posterior with respect to the anatomical position of the implant (fig. S1A).

Multiparametric flow cytometry of infiltrating CD45* leukocytes revealed the presence of
large numbers of CD3™" T cells in addition to myeloid populations of mononuclear
phagocytes, dendritic cells, eosinophils, and granulocytes (fig. S1, B and C). Intracellular
cytokine staining of CD4" T cells revealed significantly higher numbers of IL17-producing
T cells (Ty17) compared to interferon y (IFN ) (Tyl)—producing T cells and IL4 (Ty2)-
producing T cells in the tissue surrounding the implants (P< 0.001) (Fig. 1A). y&* T cells
(CD45*CD3*y&") represented a high proportion of the total CD3* cells (mean + SD, 16.97
+ 8.98%; fig. S1D) around the implants and expressed IL17 similar to the CD4* T cells.
Immunofluorescence confirmed the presence of IL17 with concomitant nuclear staining of
phosphorylated signal transducer and activator of transcription 3 (pSTAT3) that is essential
for IL17 expression (Fig. 1B and fig. S1E) (27). Overall, these results support a consistent
type 17 immune response (also termed type 3 immunity) (28) to human breast im- plants
independent of the surface properties and implantation site, with both y6* T cells and CD4*
T cells serving as the primary contributors to IL17 production.

To investigate whether the Ty17/IL17 immune signature con- tributed to the fibrosis
observed in human tissue surrounding the breast implants (Fig. 1B), we evaluated mRNA
expression of Collaland Col3al encoding collagen, transforming growth factor—B( 7g/B),
and the fibroblast-specific protein S100a4 (Fig. 1C and fig. S1F) (29-31). Expression of //17
mRNA positively correlated with expression of Co/lal (R2 = 0.5941, P=0.0252) and
Col3al (R? = 0.5776, P=0.0286) mRNAs. The expression of //77 mRNA also correlated
with mRNA expression of the fibrosis-related growth factor 7gf (/2 = 0.7409, P=0.0061)
(Fig. 1C). There was also a significant correlation between //Z7mRNA expression and
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STAT3mRNA expression (R2 = 0.7094, £=0.0087), indicating a STAT3-dependent
mechanism, further supporting the relevance of TH17 T cells in the FBR. Together, these
results suggest that the IL17 produced by y&* and CD4* T cells may contribute to the
regulation of fibrogenesis in response to breast implants.

Innate and adaptive immune responses sequentially contribute to chronic IL17 production
in response to synthetic materials

To further investigate the role of IL17 in implant-associated fibrosis suggested by our
findings from excised breast implants and to understand the mechanism linking the type 17
immune response to the FBR, we implanted synthetic materials into C57BL/6 mice.
Materials were placed both subcutaneously and in a muscle wound to mimic surgical
implantation and tissue trauma (fig. S2A). Poly (caprolactone) (PCL) was used as the
primary model synthetic material because it induces a robust inflammatory response and is
also a component of clinical implants (32). Results were validated with additional clinically
relevant synthetic materials including poly- ethylene (PE), polyethylene glycol (PEG), and
silicone.

Implantation of particulate PCL in surgical dermal and muscle wounds in mice increased
IL17 expression in the tissue compared to wounds with no implant (saline controls) (Fig.
2A). We identified three primary cell sources of IL17 that evolved over time (Fig. 2, A to C).
These were 1L17-producing group 3 ILCs (ILC3s; CD457CD3 Thy1.2*) that respond
quickly to danger-associated molecular patterns (DAMPSs) and produce cytokines
independently of T cell receptor (TCR) signaling; IL17-producing y&* T cells (y8T17) that
recognize non-peptide antigens such as lipids, phosphoantigens, and carbohydrates; and
adaptive CD4* T cells (Tw17) that are activated specifically through the ap TCR receptor
(33).

At 1 week after implantation in the murine model, ILC3s and y&* T17 cells were the
primary source of IL17 (Fig. 2B). CD4+ T cells exhibited no differences between IFNy,
IL4, and IL17 expression 1 week after implantation as shown by intracellular staining (Fig.
2, Ato C, and fig. S2, B and C). After 3 and 6 weeks after implantation, IL17 expression
shifted from ILC3s and y8T17 cells to Ty17 cells. Analysis of the immune response to PCL
in IL17A~green fluorescent protein (GFP) reporter mice confirmed that CD4* T cells were
the primary source of IL17A, and there was minimal IL17A expression in myeloid cells at 3
weeks after surgery (fig. S2D). At 3 weeks after surgery, CD8" T cell responses resolved,
whereas CD4* T cells remained increased and continued to produce I1L17 (fig. S2E). Both
IL17A and IL17F expression significantly increased in T cells (CD3*CD11b"™) sorted from
PCL-associated tissue compared to saline-treated tissue at 1 week after surgery (P < 0.0001)
(fig. S3A). Expression of Rorc (encoding the Ty17 transcription factor RORvyt), //23r, and
Dusp4 also increased in synthetic material-associated T cells, further supporting a Ty17
immune response. Last, gene expression analysis of the homogenized muscle tissue
confirmed up-regulation of //17aexpression in response to PCL implants compared to no
implants (saline controls) over time (fig. S3B). Expression of additional pro-inflammatory
cytokines //1B, tumor necrosis factor-a.( 7nfa), and //23p19also increased in implanted
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muscle tissue (fig. S3B). These pro-inflammatory cytokines could drive immune activation
and chronic inflammation through the dif- ferentiation and activation of Ty17 cells (34).

Although the degree and nature of the T17 and type 17 immune response varied depending
on synthetic material composition and physical properties, a range of synthetic materials
with diverse chemistry and physical properties activated this pathway in different tissue
environments (Fig. 2, D and E). Flow cytometry and gene expression analysis confirmed the
TH17 response to multiple synthetic material types over 6 weeks of implantation in mice. At
3 weeks after implantation, flow cytometry showed expression of both IL17A and IL17F in
CD4* T cells and ILC3s in response to PCL and PE, with most cells expressing both forms
of the protein (Fig. 2D). At 6 weeks after implantation, gene expression of type 17
immunity—associated genes //1B, Tnfa, /123, and //17aincreased in response to PCL,
silicone, and PEG (Fig. 2E). PCL particles implanted into the sub- cutaneous space with less
tissue disruption or injected directly into muscle without a large wound also activated a type
17 response (fig. S3C). These results, combined with the data from human breast implants,
suggested that the Ty17 response was activated in response to implants of various sizes,
shapes, and textures in different tissue environments.

To determine whether the TH17 response was mediated by TCRs, we generated bone
marrow chimera mice by infusing wild-type CD45.1 and OT11-Rag™~ CD45.2 bone marrow
into wild-type C57BL/6 CD45.2 mice after lethal irradiation (Fig. 2F). The OTII TCR
transgenic Rag™~ CD4* T cells are specific for ovalbumin (OVA), so we tested whether
there was nonspecific activation of OVA-specific T cells in the context of a highly diverse
TCR repertoire of the CD45.1 cells in the muscle wound environment with or without PCL
implantation. We found that both CD45.1* and CD45.2* donor immune cells responded to
PCL implantation after 1 week. In the tissue and draining lymph nodes, CD4* T cells were
primarily from the wild-type CD45.1 donor mice (figs. S3D and S4A). IL17 was expressed
in wild-type CD45.1 CD4* T cells in response to PCL implantation, but was absent in the
CD45.2 OTII-Rag™~ T cells. The capacity of OTII-Rag™" T cells to undergo T17
differentiation was confirmed in vitro, so the failure to produce IL17 in response to synthetic
material implants did not represent an intrinsic defect in their ability to undergo
differentiation to Ty17 cells (fig. S4B). This suggests that the IL17 production by CD4* T
cells in response to PCL implantation was antigen specific. As previously described,
synthetic materials can modulate the T cell response to antigen, thereby acting as an
adjuvant. Splenocytes from OTII mice cultured in vitro with OVA in combination with PCL
or PE for 48 hours showed increased T cell proliferation and cytokine production com-
pared to splenocytes from OTII mice cultured without synthetic materials (Fig. 2G and fig.
S4C). At 6 weeks after surgery, we detected elevated immunoglobulin G1 (IgG1) in the
serum of mice implanted with PCL compared to saline controls, highlighting a B cell
response and antibody class switching with implantation of synthetic materials (fig. S5A).

Given that our data supported engagement of the adaptive immune system in the FBR, we
evaluated whether there was an immune memory response to implantation of synthetic
materials. Mice were implanted with PCL in the muscle and after 1 week were rechallenged
with a second PCL implant in the subcutaneous space on the flank of the mouse. One week
after the subcutaneous implant, expression of //17awas evaluated in animals receiving a first
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implant in the muscle or no previous implant. Previous exposure to a PCL implant (PCL
primed) enhanced //17a expression in the tissue around the subcutaneous implant when
compared to subcutaneous implants in mice that did not receive a previous PCL implant
(that is, animals with saline-treated muscle wounds) (fig. S5B). Treatment with IL6
neutralizing antibodies completely mitigated the increase in IL17A in the subcutaneous
implants regardless of PCL priming status (fig. S5B). We further assessed whether there was
a PCL antigen-specific response capable of inducing immunological memory using a
combination of in vivo and in vitro experiments. Splenocytes were harvested from mice
treated with PCL or saline-treated controls after 3 weeks. After labeling with a dye to detect
cell proliferation, we challenged the splenocytes with PCL in culture. Splenocytes from mice
previously implanted with PCL (primed) showed higher proliferation at 96 hours in culture
compared to cells from mice that did not receive a PCL implant (not primed) (fig. S5C).

Chronic IL17 production in response to synthetic material implants promotes fibrosis

TH17 immune responses are implicated in fibrotic diseases in multiple tissue types including
skin, heart, lung, and liver, although they have not been studied in the context of FBR (35—
38). In wild-type mice that demonstrated a type 17 immune response, the expression of
fibrosis-related genes after surgery changed over time (fig. S5D). Without an implanted
synthetic material, expression of the extra- cellular matrix genes Co/Zal and Col3al initially
increased after surgery and then decreased after 6 weeks as normal healing progressed, and
tissue was repaired (fig. S5D). The presence of the PCL implant increased expression of
Col3al and the fibrosis-associated gene S100a4 after 6 and 12 weeks, respectively (fig.
S5D). Masson’s trichrome stain and immunohistochemistry confirmed increased
collagenous extracellular matrix and a smooth muscle actin protein (¢ SMA) surrounding
the implanted PCL particles (Fig. 3A), features typical of the FBR and fibrotic capsule
formation.

To evaluate whether fibrosis associated with the FBR to synthetic materials was IL17
dependent, we compared the implant response in IL17A™~ and IL17RA ™~ mice with that in
wild-type mice. We found that expression of fibrosis-related genes S100a4, Tgf3, Collal,
and Co/3al decreased in both 1L17A~/~ and IL17RA~/~ knockout mice implanted with PCL
particles compared to wild-type mice (Fig. 3B and fig. S6A). The quantity, composition, and
organization of extracellular matrix visible around the PCL particles decreased in the
knockout animals (Fig. 3A). In addition, a SMA immuno-fluorescence was absent in
knockout mice that lacked IL17 signaling (Fig. 3A). Picrosirius red staining visualized with
a polarized lens produces birefringence that is proportional to collagen fiber diameter; larger
collagen fibers are green to yellow (39). Picrosirius red staining showed reduced collagen
matrix, capsule formation, and thinner fiber diameter in knockout mice that lacked I1L17
signaling compared to wild-type mice at 12 weeks after surgery (Fig. 3C). Tissue repair and
recovery was not impaired in the IL17A-/- and IL17RA-/- mice as assessed by treadmill
testing (fig. S6B). In addition, expression of the inflammasome-associated genes NM/rp3and
/118 was reduced in PCL-implanted IL17RA~~ mice but not in implanted IL17A~~ mice or
wild-type mice (fig. S6C). We also found decreased Smad2, Smad3, and Smad4 gene
expression in IL17RA ™/~ mice with implanted PCL particles compared to implanted wild-
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type mice; this was not observed in implanted 1L17A~~ mice (fig. S6D). These findings
further support the IL17-dependent nature of the FBR to synthetic materials.

We next assessed the myeloid response associated with PCL implantation in the IL17A™/~
and IL17RA™~ knockout mice. The number of neutrophils and macrophages increased in
muscle tissue implanted with synthetic materials (fig. S7C). Macrophages sorted from tissue
implanted with PCL particles expressed higher amounts of profibrotic stimulating factors
that directly activate fibroblasts including 79/, platelet-derived growth factor a (Padgfa.),
and vascular endothelial growth factor a (Vegfa) (fig. S7TA). Whereas the number of
monocytes in the IL17A™~ and IL17RA ™~ implanted mice did not change, the proportion of
MHC class Il (MHCII)N9N_expressing and MHCI1'%"-expressing macrophages was altered.
MHCIIN9N macro- phage numbers in the implanted IL17RA™~ mice were similar to those in
the wild-type control mice without implants. MHCI1'®" macrophage numbers significantly
decreased in implanted 1L17A~"~ and IL17RA~/~ mice compared to implanted wild-type
control mice (P< 0.005) (fig. S7, B and C). Neutrophils (CD11b*Ly6c*Ly6g*) and
macrophages (CD11b*F4/80*) decreased in the IL17A™~ and IL17RA™~ implanted mice
compared to implanted wild-type mice 12 weeks after surgery (fig. S7, B to D). Flow
cytometry and immuno- fluorescence confirmed fewer neutrophils in the IL17A™/~ and
IL17RA~~ mice implanted with PCL particles compared to implanted wild-type mice (fig.
S7C).

Results from the IL17A~/~ and IL17RA-/- knockout mice suggested that blocking 1L17
signaling may reduce FBR-associated fibrosis without negatively affecting healing. We
therefore sought to determine the therapeutic potential of blocking IL17 on fibrosis. Given
that IL17A and IL17F were both produced in response to the implanted synthetic material
and the IL17RA~'~ mice showed a greater reduction in fibrosis compared to IL17A~~ mice,
we evaluated delivery of neutralizing antibodies against IL17A and IL17F to test the impact
of functional neutralization of IL17 signaling on fibrosis. Mice were treated with
neutralizing antibodies against IL17A and IL17F 4 weeks after synthetic material
implantation, with dosing every other day for 1 week for a total of five injections. One week
after neutralizing antibody treatment, /L 17and /L6 mRNA expression decreased; expression
of fibrosis-associated genes 7g/fB and Collal also decreased (Fig. 3D). Immunofluorescence
staining of a SMA also decreased, further suggesting that there was a reduction in fibrosis
(Fig. 3C). Histologically, collagen density and fiber organization decreased after treatment
with neutralizing antibody compared to isotype control antibody (Fig. 3C). Picrosirius red
staining and quantification demonstrated that neutralizing antibodies against IL17A and
IL17F modulated extracellular matrix organization and reduced fibrosis in a manner similar
to that seen in the IL17A~~ and IL17RA-/- knockout animals.

p16/NK4a senescent cells develop during FBR, and senolytic drugs reduce fibrosis

IL6 is a critical mediator contributing to the differentiation of T17 cells. Given that IL6 is
associated with the SASP produced by senescent cells, we investigated whether senescent
cells were a potential source of IL6 contributing to chronic IL17 production and fibrosis
(18). Senescent cells are characterized by expression of p16/NK4a, p21, and SASP factors
(40-42). Consistent with the kinetics of fibrosis devel- opment, p16/VK42 expression
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significantly increased from 6 to 12 weeks after PCL implantation in mice compared to
control animals receiving saline (P< 0.0001 at 6 weeks; P< 0.01 at 12 weeks) (Fig. 4A).
p16/NK4a_positive cells were localized to the peri-implant region and exhibited a fibroblastic
morphology with a single nucleus (Fig. 4B and figs. STE and S8A). Fibroblasts sorted by
flow cytometry from PCL-implanted tissue expressed significantly higher p16/VK42 com-
pared with fibroblasts from control mice treated with saline, whereas sorted macrophages
did not express p16/NK4a (P < 0.001) (figs. STA and S8B). Senescent cell development was
abrogated in both the IL17A~~ and ILL7RA™~ mice, where p16/VK4a expression in PCL-
implanted tissue was similar to that of tissue from control mice without implants at 12
weeks, demonstrating that senescent cell development depended on IL17 (Fig. 4C). All
synthetic materials tested induced p16"VK42 expression to varying degrees, suggesting that
the response was materials independent (Fig. 4D). To further validate and define relevance
for the association of senescent cells with fibrosis and the FBR, we evaluated patient tissue
from breast implant exchange surgery. A large number of p16/NK4a_positive cells were
present in the tissue surrounding the breast implants (Fig. 4E). Gene expression analysis of
tissue surrounding the implants also showed a positive correlation between expression of
/117and p16/NK4a (R2 = 0.7636, P= 0.0046) and //17and p21 (R = 0.8253, P=0.0018;
Fig. 4E).

To further study the role of senescence in regulation of the FBR, we injected y-irradiated
senescent fibroblasts locally together with PCL particles into wounded muscle in a
volumetric muscle loss mouse model. Addition of senescent fibroblasts to implanted PCL
particles resulted in increased //Z7a mRNA expression compared to mice that received
normal (non-irradiated) fibroblasts with implanted PCL particles (fig. S8C). To determine
the role of IL6 secreted by the transplanted senescent cells, we injected senescent fibroblasts
into a local injury site in IL6™~ mice that had received PCL implants. In this model, the
source of IL6 was limited to the injected senescent cells and was not produced by host
senescent cells that were found around the implanted PCL particles. Mice that received
senescent cells along with the implanted PCL particles showed up-regulated //Z7a mRNA
expression (fig. S8D). However, treatment with IL6 neutralizing antibody diminished //17a
MRNA expression to base- line levels (fig. S8D). This observation suggested that senescent
cells may be key drivers of the IL17 response through their SASP and specifically IL6. To
determine whether clearance of senescent cells associated with the FBR could reduce
fibrosis, we administered the senolytic agent navitoclax (ABT-263) that selectively kills
senescent cells (25, 43). The senolytic drug navitoclax was administered alone and in
combination with neutralizing antibodies against IL17A and IL17F 4 weeks after synthetic
material implantation. This time point for treatment was selected as it coincided with the
peak in p16"NK4a expression in PCL-implanted mice compared to saline control mice (Fig.
4A). A reduction in aSMA immunofluorescence staining around implanted PCL particles
suggested reduced fibrosis activity after senolytic drug treatment (Fig. 4F). One week after
navitoclax treatment (6 weeks after PCL implantation), expression of p16"VK4a decreased,
confirming senolysis and clearance of senescent cells (£ < 0.0001) (Fig. 4G). Concomitant
with p16'NK4a and a SMA reduction, //17a, 116, Tgf3, S100a4, Colla, and Col3a MRNA
expression was decreased after navitoclax treatment. Expression of these genes decreased
even further when the senolytic drug was co-administered with neutralizing antibodies
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against IL17A and IL17F (Fig. 4G). Altogether, these findings suggest that cellular
senescence sustains excess fibrosis and connects chronic IL17 production and fibrogenesis
during the FBR.

DISCUSSION

Medical implants derived from synthetic materials can be associated with the FBR that not
only impairs implant function and longevity but may also affect the host. There are
anecdotal reports of systemic illnesses associated with orthopedic and soft tissue implants,
most notably breast implant syndrome (44, 45). With only local inflammatory components
considered relevant to the FBR, direct correlation of implant responses with systemic
immune pathologies has been difficult to connect. Preclinical and clinical observations have
noted the presence of T cells around implants, but their relevance to the fibrotic
inflammatory response has been unclear (14, 46). Here, we present evidence of an IL17
inflammatory response and cellular senescence in the FBR to implanted synthetic materials
and implicate them in the associated fibrotic response.

T cells are increasingly recognized for their role in determining repair pathways after tissue
damage. We observed a TH17 response to implanted synthetic materials with multiple
chemistries in different anatomical locations in mice. B cells and their antibody production
have already been associated with tissue damage and more recently with synthetic materials
(47-49). For example, a B cell response to synthetic materials was discovered after
implantation in the intraperitoneal cavity of mice. Moreover, the response was independent
of the chemistry and physical properties of the implanted material (49). In our studies, we
used particles of different synthetic materials that are used in devices and implants clinically.
These particulates had different sizes, textures, and surface properties and could activate
rapid, inflammasome-mediated innate immune responses (50). Mechanical forces created by
implants and the related mechano- transduction of those signals can regulate cellular
behavior, which may be particularly relevant for larger clinical implants (51). Synthetic
material properties such as stiffness, size, and surface topography can influence cell
behavior and cytokine production (52-54). Mechanical strain can also modulate fibroblast
proliferation and gene expression and may therefore be an important factor in promoting
IL17 production and senescence in the FBR. Further studies may elucidate unique aspects of
the IL17 immune response with different synthetic materials and implant designs.

The induction of IL17-mediated inflammation has been implicated in tissue fibrosis. For
example, IL17 is a central contributor to pathogenic lung and liver fibrosis (55, 56). Whereas
TH17 responses are a mechanism to combat extracellular pathogens, they are also associated
with autoimmune diseases. For example, Ty17 cells are implicated in rheumatoid arthritis
and Sjogren’s syndrome, and therapies inhibiting IL17 ameliorate disease symptoms.
Induction of a Ty17 immune response to synthetic materials is supported by the chronic
neutrophil response to synthetic materials, as IL17 induces chronic neutrophilia. Multiple
studies have now demonstrated a negligible impact of neutrophil depletion on fibrosis
around implanted synthetic materials, suggesting that they are not inducing fibrosis (49, 57).
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Our finding of senescent cells in the FBR presents a mechanism for the sustained type 17
inflammation and fibrosis around implants and suggests a new therapeutic target. Senolytic
compounds are being developed to treat many age-related diseases including arthritis,
cardio-vascular disease, and Alzheimer’s disease (58, 59). Clinical studies testing senolytic
drugs in idiopathic pulmonary fibrosis are already showing efficacy, and more clinical
studies are ongoing (60, 61). The SASP secreted by senescent cells includes cytokines
associated with a Ty17 immune response including IL6 and IL1p. The loss of senescent
cells in the IL17A~/~ and IL17RA ™/~ knockout mouse models further supports the
connection between 1L17 production and senescent cell formation. It is possible that the
Tw17 response is being driven locally by synthetic material antigens, possibly facilitated by
the senescent cells, as appears to be the case in post-traumatic osteoarthritis (62). The
morphology of the p16'NK4a_positive cells found around the implants in mice and surgically
removed breast implants from people appeared to be fibroblastic. Sorted fibroblasts from
mice expressed higher p16!/NK4a syggesting that stromal fibroblasts are a mediator of
senescence in the FBR. Other, as yet unidentified, cell types may become senescent during
the FBR. Further studies using new genetic tools will help to elucidate the source and
phenotype of senescent cells along with possible connections to myofibroblasts.

Canonical activation of T cells requires presentation of antigen and costimulatory factors.
The lack of CD4* T cell responses to implanted PCL in the chimeric OT1I-Rag™~ T cells
confirms that the Ty17 implant response is antigen dependent. One explanation for an
antigen-specific T cell response to implanted synthetic materials that do not contain protein
is a low-level chemical derivatization of self-protein by components of the synthetic material
such that they now appear as “non-self.” The finding of 1gG in response to implantation of a
synthetic material in mice supports this hypothesis, as haptenization of proteins is necessary
for the T cell help required for antibody switching in activated hapten-specific B cells (63,
64). Combinations of a synthetic material with host proteins can activate T cells as has been
reported for titanium implant debris that creates a metal-protein complex that can elicit T
cell responses (65). Addition of an implant in the context of tissue damage may modulate
the natural adaptive immune response by modifying self-antigens or affecting antigen
presentation. Last, there is evidence that T cells can specifically respond to non-peptidic
repeating structures such as sugars and lipids and thus may recognize repeating polymer
structures (66, 67). Regardless of the antigen or combination of antigens, the type 17
immune response is activated during the FBR and directs key aspects of the FBR, suggesting
that targeting this pathway may have therapeutic benefits.

There are several limitations to our study. Although correlations were made between human
breast implants and mouse models, the murine models used here cannot fully recapitulate
the impact of device implantation in people. The mechanism of activation and specific
antigens that led to the differentiation of CD4* T cells toward a type 17 adaptive immune
response, as well as the details of the y&* T cell response, remain to be elucidated. Synthetic
materials can be manipulated in many ways to modulate their activity in vivo, including
surface chemistry and topography, size, and mechanical properties. However, our study did
not systematically evaluate the impact of these variables. For better clinical understanding,
future studies will need to investigate how multiple immunomodulatory environmental
factors can affect the T17 and senescence responses to synthetic material implants.
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MATERIALS AND METHODS

Study design

We aimed to investigate senescence and IL17-driven FBR in response to synthetic material
implants in people and to study in detail the mechanisms of the FBR in mice. We performed
detailed analysis of the immune cells in multiple tissue samples surrounding breast implants
removed from patients undergoing breast implant exchange surgery using flow cytometry
and immunofluorescence staining. To further investigate the role of IL17 in implant-
associated fibrosis, we implanted synthetic materials into C57BL/6 mice using a volumetric
muscle loss model. Synthetic materials in particulate form were placed both subcutaneously
and in a muscle wound to mimic surgical implantation and tissue trauma. PCL, PEG, and
silicone were used as implant materials. To evaluate whether fibrosis associated with the
FBR to the implanted materials was dependent on IL17 production, we compared the
implant response in IL17A-/- and IL17RA-/- knockout mice with that in wild-type mice.
Researchers were not blinded to delivery of synthetic material implants because of the
obvious appearance of the materials before and after implantation. All experiments were
performed using 6- to 8-week-old female mice (7= 3 to 9 as indicated in figure legends). We
did not exclude any outliers from the analysis.

Clinical samples

Tissue was acquired from patients undergoing breast implant exchange or replacement
surgeries (7= 12, Johns Hopkins University Institutional Review Board exemption
IRB00088842); the breast implants were surgical discards that were deidentified. For each
patient, up to four tissue sections were profiled, including the left anterior, left posterior,
right anterior, and right posterior with respect to the anatomical position of the implant (fig.
S1A). Each section was weighed, and 0.25 g of tissue was dissected for histology.
Remaining tissue was analyzed depending on the available quantity; quantitative real-time
polymerase chain reaction (QRT-PCR) assay (<1 g), flow cytometry (1 to 2 g), or both (>2
g). In this study, eight samples were used for qRT-PCR, and five samples were used for flow
cytometry from different individuals (n = 12). Peri-implant samples included tissues
surrounding implants with both smooth and textured surface properties. All implants had a
silicone shell and were either temporary tissue expanders filled with saline or air or
permanent implants filled with silicone or saline. Average patient age was 56 years old
(range of 41 to 70 years old), and the average implant residence time was 41 months (range
of 1 to 360 months).

Surgical procedures and implantation

All animal procedures were performed in accordance with an approved Johns Hopkins
University Institutional Animal Care and Use Committee protocol. Female mice were aged 6
to 8 weeks old. Several strains were used, including wild-type C57BL/6j (The Jackson
Laboratory, stock #00064), Rag2/OTII (Taconic, stock #11490), and IL17A™~ and IL17RA
~I= knockout mice (courtesy of Y. Iwakura, University of Tokyo, Tokyo, Japan and T.
Mustelin, Amgen, Seattle, respectively). Defects in muscle for material implantation were
created as previously described (68). The resulting bilateral muscle defects were filled with
30 mg of a synthetic material.
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Synthetic materials tested included PCL (particulate, M, = 50,000 g/mol; mean particle size,
<600 um; Polysciences), ultrahigh molecular weight PE (particulate, M, = 5,000,000 g/mol;
mean particle size, 150 um; Goodfellow), medical-grade silicone (sheet, Summit Medical),
and PEG hydrogels. PEG hydrogels were made with PEG-diacrylate (PEG-DA; M, = 3400).
PEG-DA (Polysciences) in phosphate-buffered saline (PBS) at 10% (w/v) concentration was
mixed with photoinitiator [Irgacure 2959 solubilized to 10% (w/v) in 70% ethanol] to a final
concentration of 0.05%. A 50-ul volume solution was cast onto each well of a flat-bottom
96-well plate. The solution was photocrosslinked via ultraviolet (UV) light for 30 min to
form a hydrogel sheet. Both silicone and PEG hydrogels were morselized into particles with
a scalpel and placed into the defect. Control implants were injected with 50 ul of PBS (as a
no-implant control). All materials were UV-sterilized before use. Directly after surgery, mice
were given subcutaneous carprofen (Rimadyl, Zoetis) at 5 mg/kg for pain relief. Mice were
euthanized, and their implants were extracted at different time points: 1, 3, 6, or 12 weeks
after surgery. Additional modes of implantation were subcutaneous and intramuscular
injection. Briefly, synthetic materials were implanted subcutaneously (30 mg) on both flanks
of the mice or injected directly into the quadriceps muscles through a 16-gauge syringe (5
mg of materials).

gRT-PCR assay

Total RNA was isolated from whole tissue using TRIzol reagent and Qiagen’s RNeasy Kkits.
gRT-PCR was performed using Power SYBR Green Master Mix (Applied Biosystems) or
TagMan Gene Expression Master Mix (Applied Biosystems) according to the
manufacturer’s instructions. Briefly, 2 pg of total RNA was used to synthesize
complementary DNA (cDNA) using SuperScript IV VILO Master Mix (Thermo Fisher
Scientific). The cDNA concentration was set to 50 ng per well (in a total volume of 20-ul
PCR). The gRT-PCRs were performed on the StepOne Plus Real-Time PCR System
(Thermo Fisher Scientific) using the manufacturer’s recommended settings for quantitative
and relative expression. Primers used for gRT-PCR are listed in tables S1 to S3.

Flow cytometry

Tissue samples were obtained by cutting the quadriceps femoris muscle from the hip to the
knee. Tissues were finely diced and digested for 45 min at 37°C with 1.67 Wiinsch U/ml
Liberase TL (Roche Diagnostics) and deoxyribonuclease I (0.2 mg/ml; Roche Diagnostics)
in RPMI 1640 medium (Gibco). The digested tissues were ground through 100-um cell
strainers (Thermo Fisher Scientific) with excess RPMI and then washed twice with 1x
DPBS (Dulbecco’s phosphate-buffered saline). Percoll (GE Healthcare) density gradient
centrifugation was used to enrich the leukocyte fraction and remove debris from the muscle
samples. For intracellular staining, cells were stimulated for 4 hours with Cell Stimulation
Cocktail (plus protein transport inhibitors) (eBioscience) diluted in complete culture media
[IMDM (Iscove’s modified Dulbecco’s medium) supplemented with 5% fetal bovine
serum]. Cells were washed and surface-stained, followed by fixation/permeabilization
(Cytofix/ Cytoperm, BD), and then stained for intracellular markers. Flow cytometry was
performed using Attune NxT Flow Cytometer (Thermo Fisher Scientific). The enriched cells
were washed and stained with the antibody panels listed in tables S4 and S5.
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Immunofluorescence

IL17 and p16 were stained using tyramide signal amplification method with Opal-570
(PerkinElmer, catalog no. FP1488001KT) and Opal-650 (PerkinElmer, catalog no.
FP1496001KT), respectively. Briefly, after blocking with bovine serum albumin, the first
primary antibody was incubated at room temperature for 30 min, followed by 10 min of
incubation with horseradish peroxidase (HRP) polymer-conjugated secondary antibody, and
10 min of Opal-650. Unbound antibodies were stripped by microwaving in citrate buffer for
15 min to allow introduction of the next primary antibody (with different Opal dyes). Slides
were then counterstained with 4”,6-diamidino-2-phenylindole (DAPI) for 5 min before being
mounted using DAKO mounting medium (Agilent, catalog no. S302380-2). Imaging of the
histological samples was performed on a Zeiss Axio Imager A2 and Zeiss AxioVision
software version 4.2. Subsequent images were stitched together using ImageJ2 software.

IL17 neutralization, IL6 blocking antibody, and senolytic treatment

Mice received 100-pl intraperitoneal injections of anti-1L17A (100 pg/ml, catalog no.
P13705.15) and anti-IL17F (100 pg/ml, catalog no. P56220.17) (provided by Amgen) or
isotype control (rat IgG2a, Thermo Fisher Scientific, catalog no. 02-9688) every other day
for a week. IL6 blocking antibody was administrated at 100 pg/ml (BioXCell, clone MP5-
20F3) per mouse per day for five consecutive days. For senolytic treatment, mice received
intra-peritoneal and intramuscular injections of navitoclax (100 mg/kg; Selleckchem, catalog
no. HY-10087) for five consecutive days or vehicle control [5% dimethyl sulfoxide (DMSO)
and 3% Tween 80 in PBS]. Co-administration of anti-IL17A/F and senolytic treatment was
also evaluated. All mice received treatments at 4 weeks after surgery for a total of five
injections (one injection per day per mouse) and were harvested in the following 2 weeks.

Bone marrow chimera mice

Three million bone marrow cells from each donor mouse [CD45.1 wild-type mice (The
Jackson Laboratory, stock #002014) and CD45.2 OTI1-RagKO mice (Taconic, stock
#11490)] were injected intra-venously into lethally irradiated (1200 cGy: twice at 600 cGy
at 4-hour intervals) 6-week-old recipients. Bone marrow reconstituted mice were rested for 3
months before the VML (volumetric muscle loss) procedure.

Histopathology

Tissues were harvested and fixed in 10% neutral buffered formalin for 24 hours before
stepwise dehydration in EtOH, cleared with xylenes, and embedded in paraffin. Samples
were sectioned as 7 um slices using a Leica RM2255 microtome. Samples were stained for
histopathological examination using Masson’s trichrome (Sigma-Aldrich), hematoxylin and
eosin (Sigma-Aldrich), and pi-crosirius red (Abcam) stains according to standard
manufacturer protocols.

Treadmill testing

Before testing, mice were trained on a treadmill apparatus at 5 m/min for 5 min. Mice were
run to exhaustion starting at the speed of 5 m/min, with 1 m/min speed increase every
minute. Exhaustion was determined when the mouse stopped running and stayed on the
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pulsed shock grid for a continuous 30 s. All mice were evaluated at 3, 6, and 12 weeks after
injury.

Antibody titer

PCL particles were dissolved in chloroform to coat the bottom of 96-well plates (20 mg/ml).
Sera collected 3, 6, and 12 weeks after injury were serially diluted (in the range of 1:50 to
1:102,400) in ELISA Assay Diluent (BioLegend, catalog no. 421203). Before loading, the
PCL-coated plate was blocked with the assay diluent for 1 hour.

After blocking, each dilution of the serum sample was loaded into the plate and incubated
for 2 hours. After washing, biotin anti-mouse 1gG1 or IgM or IgA was added to capture the
bound antibody for 1 hour, followed by washing. Streptavidin solution was added to the
wells and incubated for 30 min. Trimethylboron substrate was used for HRP detection and
stopped with H,SO4. Absorbance was read at 450 and 570 nm (background control).

TH17 in vitro skewing assay

Naive CD4+ T cells were isolated from mouse spleens and lymph nodes using the Miltenyi
Biotec Naive CD4* Isolation Kit according to the manufacturer’s protocol. Cells were
differentiated using the CellXVivo Mouse Ty17 Cell Differentiation Kit (R&D Systems,
catalog no. CDKO017) according to the manufacturer’s protocol. Cells were cultured for 5
days (refreshed the differentiation media at day 3). On day 5, cells were stimulated with Cell
Stimulation Cocktail for 4 hours before cytokine staining and examined using flow
cytometry.

Cell proliferation assays

Primary splenocytes were isolated from OTII transgenic mice. Cells were labeled with Cell
Trace Violet Cell Proliferation Kit (Invitrogen) according to the manufacturer’s protocol.
Three million cells per well were seeded into six-well plates and grown in RPMI
supplemented with 10% fetal calf serum (Gibco), nonessential amino acids, sodium pyruvate
(Invitrogen), and penicillin-streptomycin (Invitrogen). At the same time, OVA and
biomaterials (PCL or PE, 10 mg per well) were introduced into culture. After 48 hours, cells
were harvested and analyzed using flow cytometry.

Rechallenge experiments

Mice were given an initial challenge of PCL or saline control treatment, locally delivered
into the VML injury space (priming). The mice were then challenged/rechallenged with PCL
by subcutaneous implant 1 week after the initial injury and treatment. In brief, following
anesthesia, both flanks of mice were shaved and disinfected with 70% ethanol. A sterile
blade was used to make a 5-mm incision through the skin only. Sterile forceps were used to
separate the skin to create about 4 cm x 4 cm subcutaneous pocket. About 10 mg of PCL
materials was placed inside the pocket on each side. The skin was then apposed and stapled.
At 2 weeks after VML, we harvested the cells infiltrating the SubQ implants and assessed
their gene expression by qRT-PCR.
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Statistical analysis

The nCounter differential gene expression system was used to assess readable transcripts via
the nanoStringPanCancerlmmune Profiling Panel. We used thenSolver software (version 3.0,
nanoString Technologies Inc.). All analyses of gRT-PCR data used the Livak method,
wherein AAG values are calculated, and then reported as relative quantification values
calculated by 272AC (69). Treatment data points are normalized to either healthy or saline-
treated controls. B2M was used as the reference gene. In the flow cytometry analyses, the
total number of cytokine-secreting cells was computed using FlowJo software and displayed
as the mean = SD. Two-way analyses of variance (ANOVAs) were performed using
GraphPad Prism v6, with statistical significance designated at £< 0.05. Linear regression
was used for the analysis of association between gene expression in human tissue samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IL17 is secreted by 8" T cells and CD4™ T cells in tissue around human breast implants
and correlates with expression of fibrosis markers.

Tissue samples surrounding 12 surgically removed breast implants were evaluated by flow
cytometry and gene expression analysis. (A) Flow cytometry analysis measuring different
cytokines produced by T helper cells (CD45+Thy1.2*CD3*CD4%) and y&* T cells
(CD45*Thy1.2*CD3*y&") from breast implant—associated tissue. Samples from individual
patients are designated with different shapes. (B) (Left) Immunofluorescence staining for
pSTAT3 (green) and IL17 (red) in the fibrous capsule surrounding excised breast implants.
(Right) Staining of the fibrous capsule with hematoxylin and eosin and with Masson’s
trichrome stain for collagen. (C) gRT-PCR analysis shows //Z7a mRNA expression and its
correlation with mRNA expression for the fibrosis-associated proteins collagen type |
(Collal), collagen type Il (Col3al), and TgfB. In addition, correlations between //17a and
Stat3 mRNA expression were evaluated. Data are mean £ SD, 7=5 (A), n=8 (C). ****p<
0.0001, ***P< 0.001, **P< 0.01, and *P< 0.05 by analysis of variance (ANOVA) (A) or
linear regression (C).
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Fig. 2. Implanted synthetic materials induce an IL17 immune response in mice.

(A) C57BL/6 mice received an injury to their quadriceps muscle and were subsequently
implanted with PCL or PE synthetic material particles or saline as a control. Numbers of T
cells secreting IFNvy, 1L4, and IL17A were quantified at different time points by flow
cytometry at 1, 3, or 6 weeks after surgery. (B) Kinetics of IL17A expression by different
cell types, including innate lymphoid cells (ILCs), y&* T cells, and CD4* T helper cells over
time since surgery. (C) Representative flow cytometry plots of IL17A production by CD4+
T cells at 3 and 6 weeks after surgery. (D) IL17A and IL17F cytokines were quantified in
ILCs and T17 cells by flow cytometry in muscles implanted with PCL or PE particles at 3
weeks after surgery. (E) gRT-PCR analysis of mRNA expression for //17aand other
inflammatory genes such as //1B, //23, and Tnfa in tissue surrounding implanted PCL, PEG,
or silicone particles 6 weeks after implantation. (F) Experi- mental overview of the bone
marrow (BM) chimera studies. The total number of immune cells and Ty17 cells from
CD45.1 (wild-type donor) and CD45.2 (OTII-Rag™~ donor) bone marrow chimera mice 1
and 3 weeks after volumetric muscle loss and synthetic material implantation was measured.
The percentage of CD45.1 and CD45.2 immune cells that were Ty17 cells was calculated.
(G) Splenocytes from OTII transgenic mice were cultured with different materials (PCL or
PE) and OVA antigen. Production of IL17A was quantified by intracellular staining. Data are
displayed as relative quantification (RQ) to healthy unimplanted mouse tissue for (E). Data
are mean + SD, n=41t0 12 (A and B), 7=4 (D and E), n= 3 (G). ****P< 0.0001, ***P<
0.001, **P<0.01, and *P < 0.05 by ANOVA for data in (A), (B), and (D) to (G).
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Fig. 3. IL17 inhibition reduces the fibrotic response to synthetic materials.
PCL was implanted in knockout mice that lacked either IL17A or the IL17RA receptor.(A)

Histochemical staining of implants for collagen (Masson’s trichrome stain, top row) and
immunofluorescence staining for the macrophage marker F4/80 and fibrosis- associated

protein aSMA (bottom row) were performed at 12 weeks after surgery. (B) gRT-PCR

MRNA expression of fibrotic markers including TGF, S100a4, and collagen Il was
analyzed in wild-type, IL17A™~, and IL17RA-/- mice at 6 weeks after surgery. (C) Co-
administration of IL17A and IL17F neutralizing antibodies (100 Oug/ml each) or isotype
antibody control (mouse IgG1) was introduced intraperitoneally for mice with PCL
implanted 4 weeks previously. To evaluate the degree of fibrosis, tissues were harvested 6

weeks after surgery for histological assessment. (Left) Immunofluorescence staining showed

reduced expression of aSMA in mice given the antibody treatment compared to those

Isotype  Anti-IL17A/F

receiving the isotype antibody control. (Right) Picrosirius red stain showed the spectrum of
color (green to red) relative to the degree of collagen density (thinnest to thickest,
respectively); green to red illuminant was quantified by CIELAB (right images). Thickness
of the fibrous capsule in wild-type and IL17-deficient mice was also measured in Masson

Trichrome images. (D) gRT-PCR mRNA expression of //17a, 116, TgB, and Collalin

tissues of mice treated with neutralizing antibodies against IL17A and IL17F compared to
tissues from mice treated with isotype antibody control at 6 weeks after surgery. Data are
displayed as relative quantification to a saline control in (B) and (D). Data are mean + SD, n

Sci Transl Med. Author manuscript; available in PMC 2020 May 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chung et al.

Page 24

=9 (wild-type mice), n=4 (IL17-deficient mice). ****P < 0.0001, ***P< 0.001, **P<
0.01, and *P< 0.05 by ANOVA for data in (B) to (D).
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Fig. 4. p16!NK4a senescent cell development is abrogated in IL17A™" and IL17RA™™ mice

implanted with synthetic materials.

(A) qRT-PCR mRNA expression of p16"VK4a gver time since surgical implantation of a
synthetic material or saline normalized to a naive tissue control (no surgery). (B)
Immunofluorescence staining of p16/NK42 (red) in tissue surrounding implants from wild-
type mice, IL17A~/~ mice, and IL17RA~/~ mice. (C) qRT-PCR analyses of p16'NK42 mRNA
expression in tissue surrounding PCL implants from wild-type mice, IL17A™"mice, and
IL17RA~~ mice at 12 weeks after injury. (D) qRT-PCR mRNA expression for p16!NK4a
comparing tissue surrounding different synthetic materials (PCL, PE, and silicone) at 6
weeks after surgery. (E) Immunohistochemistry images of p16/NK42 expression in cells in
the fibrotic capsule surrounding human breast implants. Linear regression shows the
correlation between //17a mRNA expression and p16"VK42 and p21 mRNA expression.
Dotted lines indicated the 95% confidence intervals (CI) of the fitted line. (F) Navitoclax
(ABT-263) was administrated to mice 4 weeks after surgery to eliminate senescent cells.
Muscles were harvested at 6 weeks after surgery for histological staining.
Immunofluorescent images of aSMA expression in tissue surrounding implants from mice
treated with navitoclax or DMSO vehicle control are shown. Quantification of Picrosirius
red staining to measure collagen density is shown. (G) Implanted mice received navitoclax
treatment alone or in combination with neutralizing antibodies against IL17A and IL17F at 4
weeks after surgery. Tissue was harvested at 6 weeks after surgery to evaluate mRNA
expression of p16/INK4a, 11174, 116, 114, TgB, S100a4, Collal, and Col3al. Data are mean +
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SD, n=3t05 (A, CtoE, and G), n=8 (F). ****P< 0.0001, ***P< 0.001, **P< 0.01, and
*P<0.05 by ANOVA for data in (A), (C) to (E), and (G) and by linear regression for data in
(F).
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