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Abstract

The use of implantable biomaterials to replace physiological and anatomical functions has been widely investigated in the
clinic. However, the selection of biomaterials is crucial for long-term function, and the implantation of certain biomaterials
can cause inflammatory and fibrotic processes, triggering a foreign body reaction that leads to loss of function and consequent
need for removal. Specifically, the Wnt signaling pathway controls the healing process of the human body, and its dysregulation
can result in inflammation and fibrosis, such as in peritoneal fibrosis. Here, we assessed the effects of daily oral administration
of a Wnt pathway inhibitor complex (CD:LGK974) to reduce the inflammatory, fibrotic, and angiogenic processes caused
by intraperitoneal implants. CD:LGK974 significantly reduced the infiltration of immune cells and release of inflammatory
cytokines in the implant region compared to the control groups. Furthermore, CD:LGK974 inhibited collagen deposition and
reduced the expression of pro-fibrotic a-SMA and TGF-B1, confirming fibrosis reduction. Finally, the CD:LGK974 complex
decreased VEGEF levels and both the number and area of blood vessels formed, suggesting decreased angiogenesis. This work
introduces a potential new application of the Wnt inhibitor complex to reduce peritoneal fibrosis and the rejection of implants
at the intraperitoneal site, possibly allowing for longer-term functionality of existing clinical biomaterials.
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Introduction

The use of implantable biomaterials to replace physiological
and anatomical functions has been widely investigated in the
clinic [1, 2]. According to their function, the biomaterials
P< Pedro Pires Goulart Guimaraes used as implants can be developed from different materials

ppiresgo @reitoria.ufmg.br such as synthetic and natural polymers. Of these, polyethyl-
ene (PE), polyglycolic acid (PGA), polylactic acid (PLA),
poly(lactic acid-co-glycolic acid) (PLGA), and polyether-
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the development of inflammatory and fibrotic processes that
trigger a reaction known as the foreign body reaction [8].

To mimic the inflammatory, fibrogenic, and angiogenic
responses present during typical repair processes, as well
as in the foreign body reaction that biomaterial implanta-
tion can trigger, the polyether-polyurethane synthetic matrix
model can be used [9—11]. This synthetic matrix consists of
an acellular and avascularized polymeric structure, which
allows for the infiltration of inflammatory cells, the forma-
tion of fibrotic tissue, and neovascularization [9]. Since pol-
yurethane is a biomaterial widely used in the clinic—found
in catheters, silicone prostheses, and controlled drug release
systems, among others [12—15] —this implant model can
be used at different sites, such as the intraperitoneal region,
to assess the processes triggered after the implantation of a
biomaterial in the body [9, 16]. One such potential process
to evaluate is peritoneal fibrosis—a common pathological
event found in more than 50% of patients with peritoneal
implants such as dialysis catheters or membranes [17, 23].

Under typical conditions of tissue damage, the immune
system acts to promote repair of the site that has been injured
[18]. Similarly, the implantation of biomaterials, biodevices,
or prostheses can initiate a foreign body reaction, leading
to inflammatory and fibrotic processes [19]. This begins at
the moment of implant, with the local injury triggering a
continuous inflammatory process (acute phase). The next
stage of the fibrosis process (chronic phase) promotes the
encapsulation and isolation of the implant from the rest of
the body, to encourage repair of the injured tissue [19, 20].
This process can damage the integrity of the implant and
result in consequent need for removal [19, 20]. The Wnt
signaling pathway plays a crucial role in tissue repair [21].
However, dysregulation in Wnt signaling can lead to fibrosis
under other non-desirable conditions [21].

The Wnt pathway is divided into two branches: (1)
the canonical (B-catenin-dependent) component, which
primarily regulates cell proliferation and therefore tissue
repair and (2) the non-canonical (f-catenin-independent
and calcium-dependent), which promotes the regulation of
cell polarity and movement [21, 22]. It has been reported
that dysregulation of the Wnt/p-catenin pathway contrib-
utes to fibrosis processes in several tissues [21-24]. Fur-
thermore, it was demonstrated that specific Wnt ligands
are responsible to induce fibrosis in different tissues and
cells [21]. Wntl and Wnt5a are the Wnt family members
upregulated in peritoneal fibrosis [23]. The upregulated
WNT ligands bind to a receptor complex, which is com-
posed of FZD and LRP 5/6 receptors, resulting in B-catenin
accumulation in the cytoplasm. The p-catenin will induce
the transcription of excessive pro-fibrotic genes into
the nucleus, such as transforming growth factor-beta 1
(TGF-B). This process generates an aberrant increase in
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myofibroblast activity as well as abnormal extracellular
matrix deposition in the tissue, which contributes to fibro-
sis [22]. Recent studies show that Wnt signaling inhibition
can prevent the development of the pathological process,
such as tumor progression and fibrosis, via reduction of
inflammation, collagen deposition, and neovascularization
[22]. One Wnt regulator, LGK974, is a small molecule
developed by Novartis, currently in phase II clinical trials
(NCTO01351103) acting as an inhibitor of the porcupine
protein and promoting Wnt ligand maturation [22].

LGK974 is currently administered orally, but has very
poor solubility, limiting its bioavailability and clinical use.
Recently, our group demonstrated that LGK974 complexa-
tion with cyclodextrins (CD) can improve solubility, sta-
bility, and bioavailability of the drug, as well as minimize
toxicity in the gastrointestinal tract [25]. CD are naturally
cyclic oligosaccharides that increase in size according to
the number of glycoside monomers: 6 (a-cyclodextrins),
7 (B-cyclodextrins), and 8 (y-cyclodextrins) [26, 27].
They have a conical shape, a hydrophobic cavity, and a
hydrophilic exterior. Because of these characteristics,
CD can interact with a wide range of substances, form-
ing host—guest inclusion complexes through weak van der
Waals-type interactions between the drug and the hydro-
phobic cavity [26-28].

Herein, we investigated the use of the complex
CD:LGK974 to reduce inflammatory, fibrotic, and angio-
genic processes in intraperitoneal implants of polyether-
polyurethane in vivo. The Wnt pathway inhibition complex
is formed by sulfobutyl-ether-f-cyclodextrin-modified
cyclodextrin (BSSBECD) and the insoluble drug LGK974
(CD:LGK974). Thus, we hypothesized that the orally
administered CD:LGK974 complex can reduce the foreign
body reaction and prevent fibrosis formation in intraperi-
toneal implants through inhibition of the Wnt pathway.

Material and methods
Preparation of CD:LGK974 inclusion complex

Inclusion complexes between LGK974 and BSBECD were
obtained by a previously described freeze-drying tech-
nique using a CD:drug molar ratio of 10:1. LGK974 and
BSBECD were dispersed in Mili-Q water, and the suspen-
sion was stirred at room temperature on a magnetic stirrer
(IKA- CMAGHST7), followed by pH adjustment to ~4-5
using a 0.1N HCI solution, or until complete solubiliza-
tion of the mixture. This mixture was kept under stirring
at room temperature for 2—4 h. Next, the solution was lyo-
philized, and the resulting powder was stored in a freezer
at—20 °C [25].
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Two-dimensional nuclear magnetic resonance
spectroscopy (2D-NMR)

All nuclear magnetic resonance spectroscopy (NMR) spec-
tra were recorded at 28 °C on a Bruker® AVANCE III 600
spectrometer, operating at 600.130 MHz for 1H measure-
ments. The complex was dissolved in a solution containing
10% (v:v) D,0 (99.9%) at a final concentration of 3 mg/mL.
The CD:LGK974 complexation was observed via nuclear
Overhauser spectroscopy (NOESY) experiments using a
mixing time of 650 ms. The measurements were acquired
with a spectral width 9615.385 Hz in both dimensions, 1024
complex points in t2, 256 complex points in t1, 48 scans
per increment and relaxation delay 2 s. The spectrum was
processed using TopSpin 4.1.3 (academic free version).
CD:LGK974 complexation and structure was determined
through the correlation of proton cross-peaks observed
between BSBECD (-CH-, 3-4.2 ppm) and LGK974 (aro-
matic -CH-, 7.7-9.2 ppm) [25].

Animal model

Male C57BL/6 mice aged 8 to 12 weeks (25-30 g), obtained
from the Central Animal Facility of UFMG, were used for
this work (total N=68). The animals were kept throughout
the treatment period in the vivarium of the Department of
Physiology, Institute of Biological Sciences (ICB/UFMG),
in-unit cages, ventilated racks with microisolators, under a
12-h light/dark cycle, with feed (NUVILAB CR-1 Brazil)
and water ad libitum for 14 days. The protocols for animal
experimentation were approved by the Ethics Committee
at the Federal University of Minas Gerais (CEUA/UFMG)
(Protocol No. 282/2018). All procedures were performed
following the standards established in the guidelines and
policies of the National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals.

Preparation of sponge discs, implantation,
and treatment

The peritoneal implants used were a synthetic matrix
of polyether-polyurethane (Vitafoam Ltd., Manchester,
UK) in a disk-shape: 5 mm thick and 8 mm in diameter
(Fig. 1A-B). Implants were soaked in 70% (v/v) alcohol
and sterilized in boiling distilled water for 30 min before
implantation [9, 29]. Mice were anesthetized through intra-
peritoneal injection of ketamine (60 mg/kg) and xylazine
(10 mg/kg). After ventral hair removal, aseptic technique
was performed using 70% (v/v) ethanol before surgery.
During the surgery procedure, a 1-cm incision was made
in the midline alba of the abdomen to implant the synthetic
matrix at the intraperitoneal site (Fig. 1B). After surgery,
mice were sutured with non-absorbable nylon thread and

placed in individual boxes. Mice were then divided into
three groups (Control, CD, and CD:LGK974) in a rand-
omized manner. Treatment by oral administration began
24 h after implantation of synthetic matrix and continued
daily for 14 days (60 pL/day): CD:LGK974 complex (dose:
5 mg/kg/day); CD equivalent dose to the complex (dose:
230 mg/kg/day); and Control (saline 0.9%) (Fig. 1C).

Sample and fluid collection

After 14 days of treatment, mice were euthanized and intra-
peritoneal implants were harvested, weighed, and photo-
graphed (Nikon SMZ 445 LED base stereomicroscope) at
0.67 x and 5 X magnification. Liver tissues were harvested
for biochemical and histological analyses. Blood samples
were collected for biochemical analysis.

Histopathological analyses

Harvested implants were fixed in 10% formalin for 48 h and
then processed for paraffin embedding. Sections of 5-pm thick-
ness were prepared and stained with hematoxylin and eosin
(H&E) for morphometric analysis (inflammatory cells, giant
cells, fibroblasts, and vessels) (Fig. S2). To assess the level
of inflammation, sections were evaluated according to the
following score: 0—Absent; 1—Small amount of cells pre-
sent; 2—Normal amount of cells present; 3—Predominantly
neutrophils present; and 4—Predominantly mononuclear cells
present. To assess the level of fibrosis, collagen deposition in
the sections was evaluated following the following score: O:
Absent; 1: Presence of few fine fibers; 2: Accentuated presence
of fine fibers; 3: Presence of fine fibers and thick fibers; and 4:
Predominance of thick collagen fibers [30, 31]. Furthermore,
the number of giant cells and the number of vessels per field
(15 fields per slide) were assessed using conventional micros-
copy (Olympus BX51) at magnification of 40x.

Immunofluorescence

Implants were harvested to prepare cryosections of 5-um
thickness. Samples were stained with CD31 (1:100,
ThermoFisher) and CD68 (1:1000, ABCAM) overnight
at 4 °C. Nuclei were stained with DAPI (ThermoFisher)
and mounted in Dako fluorescence mounting medium
(Dako, Santa Clara, CA) before images were taken using
Zeiss—ApoTome.2 microscope (Oberkochen, Germany),
with 40 X objective and a filter-based PE (594 nm) chan-
nel at the Center for Acquisition and Processing of Images
(CAPI-UFMG). Quantitative analysis was performed using
Imagel software.
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Fig. 1 Schematic of inclusion complex, synthetic matrix implantation,
and CD:LGK974 treatment. A Top: stages of foreign body reaction
developed by the implantation of the polyether-polyurethane matrix.
Bottom: schematic overview of the daily treatment with CD:LGK974
by oral gavage for 14 days. B Top: macroscopic image of the synthetic

Collagen deposition evaluation

Collagen production was assessed using picrosirius red stain
[32]. This method allows differentiation between thick/
mature collagen (red and orange to yellow birefringence)
and thin/immature collagen (greenish birefringence) under
polarized light, according to the degree of matrix deposition
and maturity [32]. Briefly, samples were fixed in a 10% neu-
tral buffered formalin solution for 48 h and then processed
for paraffin inclusion. After cross section to 10 pm thick-
ness, a deparaffinization step was performed in xylene and
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ethanol, followed by hydration in a series of graded alcohols
until distilled water, followed by incubation with a Sirius red
(Sigma) solution diluted in 0.1% saturated picric acid. After
45 min at room temperature, samples were rinsed with dis-
tilled water. Sections were examined by polarization micros-
copy (Olympus, CX41). To quantify each collagen area
type, a threshold algorithm was used to determine the red
(red > green +blue X 1.2) and green (green > red +blue X 0.7)
pixels (the multiplication factor in the formulae was deter-
mined empirically for the current image set). Then, the red
and green pixels were counted to determine the tight and
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thin collagen areas, respectively. To obtain the tissue area,
the brightfield image was transformed into a grayscale image
and binarized [33]. To segment the tissue of interest and
avoid artifacts and segmentations outside of the region of
interest, a combination of the Canny edge detector and mor-
phological operations (dilation and erosion) was used [34].
The total tissue area was quantified by counting the num-
ber of white pixels in the region of interest of the binarized
image. Once each collagen type and tissue pixel area were
obtained, the collagen content was calculated as a percentage
of the area tissue.

Determination of cytokines (TNF-a, VEGF, TGF-B1)
at the implants

To evaluate the level of cytokines tumor necrosis factor
alpha (TNF-a), vascular endothelial growth factor (VEGF),
and TGF-f1 at the implants, an ELISA immunoassay was
performed. Briefly, implants were homogenized in PBS
(pH 7.4), and centrifuged at 10,000 x g for 30 min at 4 °C.
Cytokines were measured in 100 pL of the supernatant using
immunoassay kits (R & D Systems, USA), according to the
manufacturer’s protocol. The supernatant was then added
to the ELISA plate, which was previously sensitized with
a murine monoclonal antibody specific for the cytokine of
interest, followed by a second polyclonal antibody conju-
gated to horseradish peroxidase (HRP). Following, the plate
was washed to remove unbound antibody-enzyme reagents,
and a colorimetric substrate solution (50 uL of a 1:1 solu-
tion of hydrogen peroxide and tetramethylbenzidine (10 mg/
mL) in dimethylsulfoxide (DMSO)) was added to the wells.
After 20 min of incubation, the colorimetric reaction was
stopped by adding 2N H,SO, (50 uL), and the color inten-
sity was measured at 540 nm in a spectrophotometer (Ther-
moplate Tekmar). The standards used for the calibration
curve (recombinant murine cytokines at 0.5-"°210 dilutions)
varied from 7.5 to 1000 pg/mL (100 pL). The results were
expressed as pg cytokine/mg wet tissue.

Western blotting

The evaluation of protein expression at the implants was per-
formed by western blotting. Briefly, implants were homog-
enized on ice for 20 min in lysis buffer (NaCl, 100 mM;
Tris-base, 50 mM; EDTA-2Na, 5 mM; Na,P,0,x 10 H,0,
50 mM; MgCl,, 1 mM; pH 8.0) with detergents (Nonidet
P40 1%, Triton x-100 0.3% and sodium deoxycholate 0.5%),
containing protease inhibitors (Phenylmethylsulfonyl fluo-
ride (PMSF) 200 mM; benzamidine 15.7 mg/mL; pepstatin
10 mM; aprotinin 10 mg/mL) and phosphatase inhibitors
(NaF 20 mM; Na; VO, 1 mM). Following tissue homogeni-
zation, samples were centrifuged for 12 min at 8000 rpm at
4 °C, and the supernatant was collected and stored at— 80 °C

for later use. Proteins were quantified according to the Brad-
ford method. Then, proteins (40 pg) were separated in a 10%
SDS-PAGE gel, followed by western blotting. The runs were
performed with fixed voltage at 120 V and variant amperage
for 1 h and 40 min. Transfer to polyvinylidene difluoride
(PVDF) membrane was performed using the semi-dry
apparatus (BioRad), with fixed voltage at 20 V and vari-
ant amperage for 45 min. Immediately after, the membranes
were washed in tris buffered saline with Tween (TBS-T)
solution (in mmol/L: NaCl, 150; Tris, 25; and 0.05% Tween
20, pH 8.0). Blocking was performed in TBS-T solution with
5% milk for 1 h at room temperature. The membranes were
incubated overnight at 4 °C with primary antibody diluted in
1% milk solution in TBS-T. The following antibodies were
used: B-catenin (1:1000, Invitrogen), Smooth muscle alpha-
actin (a-SMA) (1:1000, ABCAM), and TGF-p1 (1:1000,
ABCAM). After incubation with the primary antibody, the
membranes were washed with TBS-T for 30 min under agi-
tation (3 times, 10 min) and incubated with the HRP second-
ary antibody for 1 h. The following secondary antibodies
were used: anti-mouse (1:15,000, Sigma-Aldrich) and anti-
goat (1:15,000, Sigma-Aldrich). After this period, the mem-
branes were washed again with TBS-T for 30 min (3 times of
10 min). Immunodetection was performed using enhanced
chemiluminescence detected with LAS 4000 equipment (GE
Healthcare Life Science). Protein levels were expressed as
a ratio of optical densities by analysis in ImageQuant TL®.
HSP90 (1:3000, Santa Cruz Biotechnology) was used to nor-
malize protein expression.

Immunophenotypic and functional features
of infiltrating leukocytes

The migration of myeloid lineage cells was evaluated by
immunophenotyping using flow cytometry. Harvested
implants were macerated in 0.2% collagenase and then incu-
bated at 37 °C for 30 min. Cells were centrifuged, and the
resulting pellet was incubated in 0.25% trypsin for 5 min
at 37 °C, after which the reaction was stopped with 10%
PBS-SBF. Samples were filtered using cell strainer (40 pm),
centrifuged, and red blood cells (RBC) were lysed. Sam-
ples were resuspended in FACS buffer (PBS 1X, 0.1% BSA
2 mM azide). To assess cell viability and block nonspecific
binding, cells were incubated with Live/Dead stain (Invit-
rogen) containing FcBlock (Invitrogen) for 15 min at room
temperature and centrifuged at 2500 rpm for 3 min at 4 °C.
Next, to perform extracellular labeling, cells were incubated
with an antibody mix, described in supplementary materials
(Table S1), for 20 min at room temperature. Samples were
then centrifuged at 2500 rpm for 3 min at 4 °C and incubated
with streptavidin for 15 min at room temperature. Subse-
quently, samples were centrifuged at 2500 rpm for 3 min
at 4 °C, and the supernatant was discarded. Next, the cells
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were resuspended in 200 pL of FACS buffer and transferred
to cytometry tubes. Sample acquisition was performed on
a LSR Fortessa cytometer (BD), and results were analyzed
using FlowJo 10 software (TreeStar).

Determination of liver toxicity

To assess liver toxicity, liver transaminases serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
were quantified on serum and liver samples. Liver samples
were homogenized in 2 mL of PBS (pH 7.4). The enzymes
AST and ALT were measured in the liver and serum samples
using a Bioclin Kit (Copyright © 2012 Bioclin/Quibasa),
following the manufacturer’s protocol information, adapted
for 96-well plate.

Statistical analysis

The study results are presented as mean + S.E.M. Analysis
of statistical normality of the data was performed using
GraphPad Prism 8.0 software, using One-Way ANOVA
and Tukey’s multiple comparison post-test. For non-
parametric data, the Kruskal-Wallis test and Dunn’s mul-
tiple comparison post-test were used. Values of P <0.05
were considered significant.

Results

Synthesis and characterization of the CD:LGK974
inclusion complex

To characterize the host—guest interaction and CD:LGK974
complex formation (Fig. 1A), 2D NOESY-NMR was per-
formed. The 2D correlation provides an effective inter-
pretation of the interaction and site to characterize the
complexation, considering that interactions are weak and
accompanied by small chemical shift variation [35]. The set
of resonances was observed indicating that the complexation
occurs under fast exchange conditions relative to the NMR
time scale. The 2D NOESY NMR confirmed the formation
of the CD:LGK974 complex by intense cross-peaks found
between the signals at 3.7 ppm of CD and 8.2-8.7 ppm of
LGK974 (Fig. S1). These cross-peaks suggest that one type
of complex is formed and that LGK974 might be forming
inclusion complexes with CD.

Inhibition of Wnt signaling by CD:LGK974 complex
reduced the inflammatory response

Twenty-four hours after implantation of the synthetic matrix

at the intraperitoneal site, mice were treated with saline
0.9% (Control), BSBECD (CD), or CD:LLGK974 for 14 days
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(Fig. 1A). On day 14 of treatment, mice were euthanized and
intraperitoneal implants were harvested.

First, we performed macroscopic analysis of the implants
from mice treated with CD:LGK974. As shown in Fig. 2A-B,
implants from CD:LGK974-treated mice showed less fibrotic
tissue and fewer microvessels, compared to the Control and
CD-treated groups. To assess the inflammation score, the
infiltration of immune cells, such as neutrophils, monocytes,
and macrophages was analyzed in sections of the implants
stained with H&E. The level of pro-inflammatory cytokine
TNF-a was also analyzed. Mice treated with CD:LGK974
presented reduced inflammatory infiltrate, resulting in a
decrease of inflammatory score compared to the Control and
CD groups (Fig. 2C-F; Fig. S2). Furthermore, mice treated
with CD:LGK974 showed a reduction in the release of pro-
inflammatory cytokine TNF-o compared to the Control and
CD groups (Fig. 2G).

Flow cytometry was used to assess the infiltration of
myeloid lineage cells into the implant. Cells of the myeloid
lineage—such as neutrophils, monocytes, macrophages
pro-inflammatory or pro-fibrotic (expressing the mannose
receptor CD206), and dendritic cells—are directly involved
in the inflammatory response in the chronic/persistent phase
of foreign-body reaction [36, 37]. Therefore, the presence or
absence of myeloid cells can be used to evaluate the level of
foreign-body reaction occurring. To determine the boolean
gate for flow cytometry analysis, doublets were eliminated
using a combination of forward scatter area (FSC-A) vs
forward scatter height (FSC-H), debris of fluorochromes
were discarded, and cells were gated as a function of time
versus FSC-A to prevent potential interference from flow
interruptions. CD45 +live cells were used for myeloid
panel analysis, and within that, a gate was performed for
the analysis of CD11b + (myeloid cells), dendritic cells
(CD11c+), and activated dendritic cells (CD11 +IA-IE+).
CD206 proportion was defined on macrophages
(CD11b + F4/80 + Gr-1 +), neutrophils (CD11b + F4/80-
Gr-1+), and monocytes (CD11b + F4/80highGr-1 —). The
mice group treated with CD:LGK974 exhibited signifi-
cantly decreased infiltration of these immune cells to the
implant compared to Control and CD groups, which high-
lights its anti-inflammatory potential (Fig. 3A-B). Further-
more, the pro-fibrotic phenotype (CD206 +), an important
component of the chronic/persistent phase of the inflamma-
tion and fibrosis process, was evaluated in these cells. The
CD:LGK974 treated-group exhibited reduced infiltration of
cells expressing CD206 (mannose receptor). Together, these
results demonstrate that CD:LGK974 decreased expression
of pro-inflammatory cytokines and consequently reduced
the infiltration of both pro-inflammatory and pro-fibrotic
myeloid immune cells to the implant.

Giant cells are composed of macrophage clusters
which combine to form multinucleated cells with greater
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Fig.2 CD:LGK974 complex treatment reduced inflammation in the
polyether-polyurethane implant. A Representative images of implants
treated with Control: saline, CD, and CD:LGK974 (from top to
bottom) for 14 days, 6.7 xXmagnification. B Representative images
of implants were focused at 5 X magnification. Scale bar, 1 mm. C—
E Representative histological sections of implants stained with H&E
after 14 days of oral treatment (portions of implant matrix indicated

phagocytosis capacity. These giant cells accumulate during
the end-stage response of the foreign-body reaction, working
to surround and isolate the foreign body, such as implants at
the intraperitoneal site [36]. Mice treated with CD:LGK974
complex showed a significantly decreased number of CD68
positive giant cells formed at the implant compared to Con-
trol and CD groups (Fig. 4A-H).

Inhibition of Wnt signaling with CD:LGK974 complex
decreased implant fibrosis

To investigate the occurrence of fibrosis at the implant, we
analyzed the fibrosis score in histological sections of the
implant, as well as the production of pro-fibrotic cytokines,
expression of fibrosis-related proteins, and collagen depo-
sition. The fibrotic score was determined by the level of
fibrotic tissue deposition at the implant matrix. Mice treated
with CD:LGK974 demonstrated a significant reduction—
compared to Control and CD—in the deposition of implant-
associated fibrotic tissue (Fig. 5A-D), the release of the
pro-fibrotic cytokine TGF-B1 (Fig. SE), and the expression

Control

m

N W A~ o

Inflammation score

Control CD CD:LGK974

- -
o ()
(=} o

TNF-o. (pg/mg wet tissue)
wm
o

o

CD CD:LGK974

Control

by *). C Control: saline; D CD; E CD:LGK974 (dose: 5 mg/kg/
day). Scale bar, 50 um. F CD:LGK974-treated group decreased
implant-induced inflammatory infiltration compared to Control and
CD groups. G CD:LGK974-treated group decreased release of pro-
inflammatory cytokine TNF-a compared to Control and CD groups.
Data are expressed as mean+ S.E.M.; One-way ANOVA *P <0.05

of p-catenin protein, a nuclear transcription cofactor of the
Wnt pathway (Fig. 5G). CD:LGK974 treated-group also
decreased a-SMA and TGF-f1 expression compared to
Control and CD (Fig. SH-I). These results all suggest that
inhibition of the Wnt pathway was effective in reducing pro-
fibrotic factors as well as extracellular matrix deposition at
the implants (Fig. SF-I; Fig. S3).

Fibrosis is characterized by persistent inflammation to
repair tissue in a delayed manner or through cicatrization—
scar formation—by which normal tissue is replaced with
connective tissue through the exacerbated deposition of
extracellular matrix such as collagen [19, 36]. The collagen
deposited during the fibrosis process consists of collagen
type III (thinnest)—the first collagen to be deposited—
and collagen type I (thickest). To assess the deposition of
type I (red/orange) and type III (green) collagen, we ana-
lyzed stained sections with picrosirius by using polarized
light (Fig. S4). Mice treated with CD:LGK974 complex
significantly decreased total collagen and type I collagen
deposition compared to the Control and CD groups, which
indicated a considerable reduction of fibrosis formation at
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«Fig.3 Inhibition of Wnt signaling by CD:LGK974 complex modu-
lates myeloid cell infiltration. A Representative large dot image of
the gating strategy used to obtain myeloid cell records. B Number of
myeloid cells at the implant. Neutrophils (CD11b+,F4/80—,Gr-1+),
CD206+ neutrophils (F4/80—,Gr-1+,CD206+), monocytes (CD11b
+,F4/80high,Gr-1 —), and CD206 + monocytes (F4/80high,Gr-1—,
CD206 +), macrophages (CD11b+ ,F4/80+ ,Gr-1+), CD206 + mac-
rophages (F4/80+ ,Gr-14,CD206+), dendritic cells (CDl1lc+),
activated dendritic cells (CD11c+,IA-IE+). In all conditions,
CD:LGK974 significantly decreased cell infiltration to the implant
compared to Control group and CD groups. Data are mean+S.E.M.;
One-way ANOVA; *P<0.05; **P<0.01

the implant. Furthermore, there was no difference in type
III collagen deposition between the groups (Fig. 6A-B).
Collectively, these results indicate that mice treated with
CD:LGK974 have reduced deposition of both type I and
total collagen at the implant.

CD:LGK974 treatment alters the angiogenic profile
of implants

The formation of fibrovascular tissue is a result of the
inflammatory process triggered by the implant and leads
to the release of pro-angiogenic factors such as VEGF and
PDGEF (platelet-derived growth factor). These factors have
a crucial role in the formation of new vessels, which will
feed the surrounding tissue and allow for the infiltration
of inflammatory cells which encapsulate and isolate the
biomaterial [9, 10, 19, 38]. To investigate the angiogenesis
process that occurs after implant, we assessed the number
of vessels, their area, and the production of pro-angiogenic
factor VEGF. The evaluation of new vessels formation was
performed through morphometric analysis of the H&E-
stained sections and immunofluorescence analysis, count-
ing the number of vessels per field and their area (15 fields
per slide—40 X). Treatment with CD:LGK974 reduced
both the number and area of vessels compared to Control
and CD groups (Fig. 7A-H). Moreover, mice treated with
CD:LGK974 exhibited decreased production of the pro-
angiogenic cytokine VEGF compared to other groups, sup-
porting the general findings of a reduced foreign body reac-
tion after treatment with CD:LGK974 (Fig. 71).

Liver transaminases measurement

Liver transaminases are essential biomarkers of liver damage
that, when elevated, may indicate a damaging process in the
liver [39]. To assess whether treatment with the CD:LGK974
complex induces liver toxicity, levels of alanine aminotrans-
ferases (ALT) and aspartate aminotransferases (AST)
enzymes were measured. The levels of AST and ALT were
evaluated in serum and liver fragments of animals from each
experimental group. There was no difference in the levels of

AST or ALT between mice treated with CD:LGK974 com-
pared to Control and CD groups, indicating no liver toxicity
due to CD:LGK974 treatment (Fig. S5).

Discussion

The application of biomaterials in clinical practice is
extremely broad, including cell transplantation, controlled
drug release, replacement of anatomical structures, moni-
toring of physiological conditions, and tissue regeneration
[7, 40]. However, the performance of these biomateri-
als, including implants, depends on their interaction with
immune system components [7], beginning at the moment
of implantation, which causes injury to the local tissue. At
first, this injury causes inflammation—to repair the injured
tissue—but over time, this reaction can become persistent,
triggering a process known as foreign body reaction. This
can damage the implant through the encapsulation of the
biomaterial by fibrotic tissue, causing loss of function, pain,
and discomfort to the patient [7, 8].

The implantation site greatly influences the inflamma-
tory reactions triggered by the implanted biomaterial. The
intraperitoneal site has great inflammatory potential due to
the extensive vascularization and the presence of peritoneal
fluid, enabling the rapid recruitment of large quantities of
inflammatory cells such as macrophages and lymphocytes
to the site of inflammation [16]. Moreover, implants can be
extensively adhered to the adjacent visceral organs, which
may promote the infiltration of not only inflammatory
cells but also of fibroblasts [16]. The implantation of the
polyether-polyurethane matrix at intraperitoneal site can be
used to mimic the inflammatory response and stages of tis-
sue repair that typically affect an implant [9, 29]. Here, the
polyether-polyurethane matrix was implanted at the intra-
peritoneal site of mice to mimic the development of the
foreign body reaction. Inflammation at the intraperitoneal
space is highly relevant in cases such as peritoneal fibro-
sis, a deleterious pathologic event that is quite common in
patients with peritoneal dialysis. When peritoneal fibrosis
occurs, it causes failure and discontinuation of this other-
wise lifesaving treatment. Infectious peritonitis is another
condition which induces angiogenesis and fibrosis and is
a major cause of morbidity and mortality in patients with
peritoneal dialysis [17]. If these inflammatory events could
be slowed or stopped entirely, the lifetime of these biomate-
rials could be extended, in turn, extending the usage of these
vital treatments.

The process of fibrosis has been correlated with dys-
regulation of the Wnt pathway in several tissues [21]. The
Wnt pathway plays a key role in proliferation, cell differ-
entiation, and tissue repair [41, 42]. To limit the develop-
ment of foreign body reaction in intraperitoneal implants,
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we assessed the effects of Wnt pathway inhibition. In this
work, Wnt inhibition was achieved via daily oral treatment
with CD:LGK974 complex. LGK974 is a blocker of the
canonical component of the Wnt pathway, which reduces
the accumulation of pB-catenin in the cytoplasm and causes
decreased nuclear translocation and expression of pro-
fibrotic genes. However, due to its strong hydrophobicity,
LGKO974 has low solubility in aqueous solvents, which lim-
its its clinical use. Toxic body effects after oral administra-
tion have also been reported [25, 41]. To overcome these
limitations, we used a previously reported CD:LGK974
complex, which is a supramolecular compound using CD

A Control B cD C

Fig.5 Fibrosis in implants is decreased by oral treatment of »
CD:LGK974 complex. A—C Representative histological sections of
implants after 14 days of oral treatment, stained by H&E (portions
of the implant matrix are indicated by *). A Control: saline; B CD;
C CD:LGK974 (dose: 5 mg/kg/day). Scale bar, 50 um. D Treatment
with CD:LGK974 significantly decreased fibrosis at the implants
compared to Control and CD groups. E CD:LGK974 significantly
reduced pro-fibrotic cytokine TGF-f1 compared to Control and CD
groups. F Representative images of semiquantitative analysis by
western blotting of B-catenin, a-SMA, and TGF-B1 in intraperitoneal
implants normalized by HSP90. G-I Treatment with CD:LGK974
complex decreased B-catenin and pro-fibrotic a-SMA and TGF-B1 in
intraperitoneal implants. Data are mean+S.E.M.; One-way ANOVA
with Dunnett correction for multiple comparisons; *P <0.05
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Fig.4 Giant cell formation is reduced after CD:LGK974 treatment.
A-C Representative histological sections of implants 14 days after
oral treatment (portions of implant matrix are indicated by *). A Con-
trol: saline; B CD; C CD:LGK974 (dose: 5 mg/kg/day). D Morpho-
metric analysis of giant cells/field (indicated by arrows) showed that
CD:LGK974 had a significantly decreased number of giant cells formed
at the implant compared to Control and CD groups. E-G Representative
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immunofluorescence of CD68 at the implants 14 days after oral treat-
ment. E Control: saline; F CD; G CD:LGK974 (dose: 5 mg/kg/day).
Scale bar, 50 um. H Fluorescence quantification of CD68+cells/
field (indicated by arrows) showed that CD:LGK974 had a signifi-
cantly decreased CD68+cell number at the implant compared to Con-
trol and CD groups. Data are mean+S.E.M.; One-way ANOVA;
**P<0.01;%**P<0.001
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Fig.6 CD:LGK974 treatment A
decreased collagen deposition
at the implants. A Representa-
tive histological sections of
picrosirius-red stained implants
for collagen deposition quan-
tification (total, type I, and
type III) using polarized light
after 14 days of oral treatment.
Inserts show zoomed images
of type I collagen fibers (red/
orange) and type III collagen
fibers (green) in each group.
Scale bar, ] mm. B Morpho-
metric analysis of collagen
deposition showed a significant
decrease in total and type I col-
lagen deposition in mice treated
with CD:LGK974 compared to
Control and CD groups. Data
are mean + S.E.M.; One-way
ANOVA; *P <0.05

Total Collagen

Control

Zoom In

as a carrier. CD increases solubility, facilitates transport
across biological barriers, improves bioavailability, and
reduces the toxicity of extremely insoluble drugs [25, 26,
43]. Previously, our group characterized the CD:LGK974
complex formation and demonstrated that this complex
improves the solubility and bioavailability of LGK974
when administered orally. Because of the improved bio-
availability of LGK974 when complexed with BSBECD, a
dose of 5 mg/kg/day was used in the present work instead
of the usual dose of 10 mg/kg/day, which also reduces the
possibility of toxicity caused by LGK974 [25, 41].
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The efficacy of treatment with the CD:LGK974 complex
was evaluated by observing the development of the foreign
body reaction and its components between the Control, CD,
and CD:LGK974 groups. Upon arrival at the site, neutro-
phils adhere to the temporary extracellular matrix around
the implant, releasing pro-inflammatory factors such as
cytokines (TNF-a, IFN-y), reactive oxygen species (ROS),
and proteolytic enzymes[19]. These cytokines promote the
recruitment of dendritic cells and monocytes, triggering
differentiation into pro-inflammatory macrophages (M1).
Following, the resident macrophages initiate the release of
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A Control B cDh

Fig.7 CD:LGK974 treatment decreased the number of vessels and
levels of pro-angiogenic factors. A—C Representative H&E sections
of implants 14 days after oral treatment (arrows indicate blood ves-
sels). Scale bar, 50 um. D Mice treated with CD:LGK974 showed
decreased number of vessels formed at the implant compared to Con-
trol and CD groups. E-G Representative immunofluorescence of
implants 14 days after oral treatment (arrows indicate blood vessels).

additional inflammatory factors such as TNF-« and interleu-
kins (IL-1, IL-6, and IL-8) to recruit even more macrophages
[19, 44]. Pro-fibrotic macrophages (M2) promote the release
of TGF-B1, which recruits fibroblasts that will adhere to the
site and promote extracellular matrix deposition, thus pro-
moting fibrosis and encapsulation of the foreign body [19,
45]. In this way, CD:LGK974 decreased the release of pro-
inflammatory cytokines, which reduced the infiltration of
immune cells. Furthermore, CD:LGK974 decreased the infil-
tration of pro-inflammatory and pro-fibrotic (CD206 +) neu-
trophils, monocytes, macrophages, and also dendritic cells
(CD11c¢c+), and activated dendritic cells (CD11c+IA-IE+),
compared to the other groups. Pro-fibrotic cells were labeled
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E Control: saline; F CD; G CD:LGK974 (dose: 5 mg/kg/day). Scale
bar, 100 pm. H Fluorescence quantification of CD31 showed that
mice treated with CD:LGK974 showed reduced area of vessels at the
implant compared to Control and CD groups. I CD:LGK974-treated
group exhibited decreased levels of VEGF at the implant compared to
Control and CD groups. Data are mean + S.E.M.; One-way ANOVA;
*P<0.05; ¥*¥*P <0.001; ****P <(0.0001

with the mannose receptor CD206, usually overexpressed
in cell of this type [46]. Therefore, our findings using flow
cytometry indicate the ability of the complex to reduce the
inflammatory process caused by the implantation of the
implant at the intraperitoneal site.

The chronification of inflammation—due to a fail-
ure to repair the tissue and an increased recruitment of
macrophages—results in the fusion of macrophages and the
formation of giant cells. The presence of giant cells is one of
the characteristics of the foreign body reaction. Giant cells
are multinucleated cells with the ability to phagocytize much
larger particles (> 10 pm) than a normal phagocyte [19].
Thus, to evaluate the progress of foreign body reaction, we
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assessed the number of giant cells in H&E-stained sections
and immunofluorescence. Mice treated with CD:LGK974
showed a significantly reduced number of giant cells, formed
by macrophages (CD68 +) fusion, compared to the Control
and CD groups. This corroborated the data about decreased
infiltration of inflammatory cells via flow cytometry, espe-
cially macrophages.

Furthermore, the chronification of inflammation trig-
gered by the implant also leads to the phenotype change
of pro-inflammatory macrophages (M1) to profibrotic
macrophages (M2), which stimulates collagen deposition
and fibrosis [19]. The progression of fibrosis is related
to the upregulation of Wnt signaling, such as the accu-
mulation of B-catenin and consequently increased expres-
sion of pro-fibrotic genes and factors such as TGF-f1 [19,
21]. Thus, to correlate the upregulation of Wnt signaling
with increased fibrosis in implants, we dosed some factors
directly involved in fibrosis formation via western blot,
such as TGF-B1, p-catenin, and a-SMA protein. Treat-
ment with CD:LGK974 complex significantly decreased
B-catenin compared to Control and CD groups, which indi-
cates the inhibition of the Wnt pathway. In addition, treat-
ment with CD:LGK974 complex decreased TGF-B1 and
a-SMA compared to Control and CD groups. Decreased
TGF-P1 levels indicate a lower recruitment and activation
of fibroblasts to the implants, which in turn reduces the
deposition of extracellular matrix and, consequently, fibro-
sis [20]. Although the reduction of a-SMA and TGF-f1
was not statistically significant, the decreasing trend sug-
gests that the inhibition of the Wnt pathway was effective
and the reduction of these factors could be enhanced by
increasing the complex dose.

We also demonstrated that mice treated with CD:LGK974
had decreased collagen deposition and fibrosis formation
at the implant, measured via histological evaluation and
fibrotic score. Through these analyses, decreased collagen
fiber deposition was found at the implant of mice treated
with CD:LGK974 complex. We also demonstrated, quan-
titatively, that CD:LGK974 reduced total collagen and
type I collagen deposition at the implant compared to other
groups. The reduced deposition of type III and I collagen
at the implants suggests a decreased chronic inflammatory
process as well as fibroblast recruitment and activation [19,
47, 48]. Together, our results provide important evidence
that CD:LGK974 complex reduces fibrosis in implants at the
intraperitoneal site, highlighting its potential as a promising
strategy for the treatment of peritoneal fibrosis.

Beyond inflammation, the formation of fibrovascular
tissue triggered by the implant also induces the release of
pro-angiogenic factors, such as VEGF [9, 10]. These newly
formed vessels have the function of nourishing the sur-
rounding tissue and allowing the infiltration of inflamma-
tory cells, which contribute to the encapsulation process
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and the complete isolation of the biomaterial [9, 10, 19, 38].
Angiogenic parameters were assessed due to their impor-
tance in the resolution of inflammation and fibrosis. Treat-
ment with CD:LGK974 reduced not only VEGF levels but
also the number and area of vessels compared to Control
and CD groups. Together, these findings suggest that our
treatment resulted in a decrease in anoxic stimuli, leading
to a reduction in the release of pro-angiogenic factors and
as well as the formation of new vessels around the implant.

Here, we confirmed our initial hypothesis that the inhi-
bition of Wnt signaling via CD:LGK974 complex would
decrease foreign body reaction and formation of fibrotic
tissue over the implant.

Conclusion

In this work, we successfully used a polyether-polyurethane
matrix as a model implant to assess the inflammatory, fibro-
genic, and angiogenic responses at the intraperitoneal site.
These responses were examined in typical (Control) situ-
ations, as well as after treatment with CD:LGK974 com-
plex, which acts to limit the progression of the foreign body
reaction by inhibiting the Wnt pathway. We demonstrated
that oral treatment with CD:LGK974 complex every day for
14 days significantly reduced the inflammatory process that
triggers the foreign body reaction at the implanted biomate-
rial, with the treatment group showing reduced inflamma-
tion scores and reduced cytokine levels at the implant site.
In addition, treatment with CD:LGK974 complex decreased
fibrosis and angiogenesis at the implant, shown by a reduced
amount of collagen deposition, a reduced number and area of
blood vessels, and reduced levels of VEGF at the implant
site. Thus, this work introduces a potentially new application
of the Wnt inhibitor complex to limit the negative response
to biomaterial implants, reducing peritoneal fibrosis and ulti-
mately reducing rejection of implants at the intraperitoneal
site. With this daily oral treatment, biomaterials already used
clinically could have improved compatibilities, allowing life-
saving therapies to continue past their current lifetimes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13346-023-01303-0.
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