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Abstract

Synthetic hydrogels, such as poly(ethylene glycol) (PEG), are promising for a range of in vivo
applications. However, like all non-biological biomaterials, synthetic hydrogels including PEG
elicit a foreign body response (FBR). The FBR is thought to be initiated by adsorbed protein that
is recognized by and subsequently activates inflammatory cells, notably macrophages, and
culminates with fibrotic encapsulation. However, the molecular mechanisms that drive the FBR
are not well understood. Toll-like receptors (TLRs) are key receptors that recognize pathogens, but
also recognize altered host proteins that display damage-associated molecular patterns (DAMPS).
Thus TLRs may play a role in the FBR. Here, we investigated myeloid differentiation primary
response gene 88 (MyD88), a signaling adaptor protein that mediates inflammatory cytokine
production induced by most TLRs. An /n vitro model was used consisting of macrophages
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cultured on the surface of synthetic hydrogels, specifically PEG, with pre-adsorbed serum
proteins. Our /n vitro findings demonstrate that MyD88-dependent signaling is the predominant
inflammatory pathway in macrophage activation to synthetic hydrogels. When stimulated with
TLR agonists to mimic additional DAMPs present /n vivo, MyD88-dependent signaling was also
the predominant pathway in macrophage activation. An /n vivo model of PEG hydrogels
implanted subcutaneously in wild-type and MyD88~/~ mice also demonstrated that MyD88 is the
key contributor to the recruitment of inflammatory cells and formation of the fibrous capsule
surrounding the implanted hydrogel. Taken together, findings from this study identify MyD88-
mediated inflammation as being a critical pathway involved not only in the inflammatory
response, but in formation of the fibrous capsule to PEG hydrogels.
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1. Introduction

Synthetic hydrogels are promising in a range of implantable devices including hydrophilic
coatings applied to permanent medical devices, drug depots for controlled release and tissue
engineering [1]. In particular, poly(ethylene glycol) (PEG) hydrogels are being investigated
as coatings for implants [2-4] and as cell carriers for tissue engineering due to their ease
with which to tune their properties and incorporate biological functionality to direct cell fate
and function and/or delivery molecules [5-8]. However, as with all non-biological materials,
the innate immune system recognizes these materials as foreign. This leads to a cascade of
events that make up the foreign body response (FBR) [9,10]. While many implanted devices
function despite a FBR (e.qg., artificial joints), the FBR has limited the advancement of new
implantable devices (e.g., glucose sensors) [11] and has hampered tissue engineering when
synthetic hydrogels are employed /n vivo[12,13]. Although its severity depends on material
chemistry, mechanics, and topography [9], the FBR occurs to all non-biological implanted
materials, including implanted PEG hydrogels [14,15]. However, the mechanisms
underlying this response remain to be elucidated.
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The hallmark of the FBR is formation of an avascular fibrous capsule that walls off the
implant from the host and limits communication with the surrounding tissue [9,16].
Macrophages have long been considered key orchestrators of the FBR [17,18]. However,
how they interact with the implant and how these interactions influence their programming
remains unknown. Moreover, the role of inflammation in mediating the fibrotic response has
yet to be established. Since encapsulation hampers integration of implanted materials into
the host tissue, understanding the role of inflammatory pathways in fibrosis may be critical
to implant success.

Toll-like receptors (TLRs) are conserved membrane receptors that recognize pathogens and
subsequently activate innate immune cells [19]. TLR2 and TLR4 also recognize endogenous
molecules known as damage-associated molecular patterns or DAMPs [20,21]. DAMPs can
arise from tissue damage induced by biomaterial implantation. For example, we identified
over two hundred proteins adsorbed to the surface of implanted poly(ethylene glycol) (PEG)
hydrogels [22]. A subset of these identified proteins signal through TLR2, TLR4, or both
[23] and include components of the extracellular matrix (e.g., fibronectin and fibrinogen)
and cells (e.g., heat shock proteins such as HSP70 and high-mobility group box 1) [24-27].
Endogenous proteins that unfold at a biomaterial surface may also signal as DAMPs [28—
32]. Not all molecules that adsorb to an implant surface lead to the FBR [33], but rather,
those that act as DAMPs may facilitate the FBR [34]. Moreover, protein interaction with
surfaces is highly dynamic [28]. This leads to adsorption and desorption processes where
macrophages can interact with proteins throughout the adsorbed protein layer. Several
studies investigated the FBR in mice deficient in TLR4. At the early stages (i.e., 14 d) of
fibrous encapsulation, one study reported no dependence on TLR4 [35], while another study
showed that if fibrinogen was pre-adsorbed to the implant prior to implantation to exacerbate
the FBR, a partial reduction in fibrous encapsulation was observed in TLR4 deficient mice
[36]. These /n vivo studies suggest that DAMPs acting through pre-adsorbed proteins
mediate fibrous encapsulation and that the level of DAMPs contribute to the temporal
response.

Inflammatory cytokine production induced by stimulation of most TLRs is mediated by the
adaptor protein myeloid differentiation primary response gene 88 (MyD88). The sole
exceptions are TLR3, which is mediated by a second signaling adaptor TRIF, and TLR4,
which is mediated by both MyD88 and TRIF. The MyD88 signaling adaptor also mediates
IL-1 inflammatory responses, including IL-1B, which is a key inflammatory cytokine. Thus,
MyD88 is considered a central signaling molecule that mediates inflammation [37]. MyD88-
dependent inflammation occurs through NF-xB mediated transcription of pro-inflammatory
cytokines [19]. The TRIF-dependent pathway also up-regulates NF-xB activity, although not
to the same extent [19]. Mice deficient in MyD88 have greatly diminished inflammatory
responses induced by multiple TLRs and cytokine signals [38—40]. In the context of the
FBR, studies reported that MyD88 contributes to osteolysis induced by poly(methyl
methacrylate) wear particles /n vivo[41], and contributes to the inflammatory response of
dendritic cells to biomaterials /n vitro [42]. MyD88 has also been shown to induce NF-xB
activation in macrophages /n vitroin response to unpurified alginate containing pathogen-
associated molecular patterns [43]. These studies indicate that MyD88 is an important
mediator of the inflammatory response not only to pathogens but also to sterile biomaterials.
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However, a key question remains as to whether sterile inflammation associated with
biomaterial implantation drives the fibrotic response in the FBR.

Targeting MyD88 offers the opportunity to affect nearly all TLRs and thus we chose to
investigate MyD88 for its role in the FBR to PEG hydrogel implants (Fig. 1A). We first
investigated inflammatory responses of macrophages that were derived from wild-type (WT)
and MyD88~/~ mice and cultured on PEG hydrogels. Since the FBR is thought to be
initiated by adsorbed proteins that are recognized by macrophages, hydrogels were pre-
exposed to serum. We next introduced a TLR4 agonist to simulate the presence of DAMPs
in the /n vivo milieu, but which would not be present in serum. To delineate the contribution
of MyD88-independent signaling during TLR4 activation, an agonist for TLR3 was
investigated. Finally, the PEG hydrogels were implanted subcutaneously in WT and
MyD88~/~ mice to study the role of MyD88-mediated inflammation in immune cell
recruitment and fibrous encapsulation. The experimental design for this study is shown in
Fig. 1B. Findings from this study shed new light on the role of inflammation in regulating
fibrous encapsulation to PEG hydrogels. Given the ubiquitous nature of the FBR, this
information is expected to aid in identifying effective strategies that more broadly control
and abrogate fibrous encapsulation to implanted materials by targeting inflammation.

Materials and methods

Hydrogel formation

Poly(ethylene glycol) (PEG) diacrylate macromolecular monomers were synthesized by
reacting PEG (MW 3000, Sigma) with 8M excess acryloyl chloride with trimethylamine in
toluene under nitrogen, in the dark, overnight. The product was recovered by filtration over
aluminum oxide, precipitation. Greater than 90% of the hydroxyls of each PEG molecule
were functionalized with acrylates by TH NMR (Fig. S1). Hydrogels were formed from a
sterile-filtered (0.22 um) solution of 20% (w/w) PEG-dA and 0.05% (w/w) photoinitiator
(Irgacure 2959, BASF) in phosphate buffered saline (PBS) at 352 nm light and ~6 mW/cm?
for 10 minutes. Cylindrical hydrogels of 0.8 mm height and 6 mm diameter were used /n
vitroand of 2 mm height and 4.5 mm diameter were used /n vivo. All procedures were
performed using aseptic techniques. Hydrogels were swollen to equilibrium in sterile PBS
prior to performing any experiments.

2.2 Hydrogel characterization

2.3.

PEG hydrogels were allowed to equilibrate in PBS for 36 hours prior to testing. The
compressive modulus was determined by compression to 15% strain at 0.5mm/min on an
MTS Synergie 100 with a 10N load cell. The compressive modulus was determined by the
slope of the linear region between 10 and 15% strain on the stress-strain curve. The
hydrogels were weighed (wet weight, m,,) then lyophilized to obtain the polymer dry weight
(mg). The equilibrium mass swelling ratio was determined by m,,, m.

In Vitro Assessment of Protein Adsorption

Equilibrium swollen PEG hydrogels 6mm in diameter were placed in 96-well tissue culture
polystyrene (TCPS) plates. Hydrogels and 96-well TCPS plates without hydrogel, which is
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referred to as the reference substrate, were exposed to 100% fetal bovine serum (FBS) for 2
hours, consistent with our previously established protocols [44,45]. The FBS then was
aspirated. Hydrogels were placed in 5% (w/v) sodium dodecyl sulfate (SDS) solution and
SDS solution was added directly to the wells in TCPS reference substrate. After two hours,
the solution was collected, flash frozen in liquid nitrogen, and stored at —70°C. Total protein
mass quantified (bicinchoninic acid, BCA assay, Pierce) was normalized to exposed surface
area. Protein (4 pg/lane, n=4) was loaded onto a 4-20% tris glycine polyacrylamide gel
(BioRad). Protein bands were imaged by silver staining (Pierce) and a \VersaDoc MP 4000
Imager (BioRad).

2.4. Primary macrophage isolation and treatment

2.5.

2.6.

Primary bone marrow derived macrophages were obtained [46] from bone marrow aspirate
collected from femurs and tibiae of 7 week old C57BL/6 mice (Charles River Laboratories)
or B6.129P2(SJL)-MyD88<tm1.1Defr>/J mice (Jackson Laboratories) and placed in
medium containing Iscove’s Modified Dulbecco’s Medium (IMDM), 20% FBS, 100 U/ml
penicillin, 100 U/ml streptomycin and 2.5 pug/ml fungizone (PSF) and layered in Lympholyte
M (Accurate Chemicals). Mononuclear cells were plated on non-TCPS and differentiated
into macrophages in IMDM, 20% FBS, 2 mL-glutamine, in PSF, 1.5 ng/ml human
macrophage colony stimulating factor (R&D systems) and 100 ng/ml human FLT-3 (R&D
systems) for 10 days. Hydrogels and the reference substrate, TCPS, were exposed to FBS for
two hours at room temperature to allow proteins to adsorb; the FBS was then removed by
aspiration. Macrophages were seeded on the surface of equilibrium swollen PEG hydrogels
or on the reference substrate with pre-adsorbed serum proteins at 2,650 macrophages/mm?
under: (a) no treatment, (b) 10 ng/ml lipopolysaccharide (LPS, Sigma), or (c) 1 pg/ml
poly(I:C) (InvivoGen) in medium containing IMDM, 20% FBS, and PSF.

In vitro assessment of macrophage activation

After treatment for four hours, cells were lysed in TRK lysis buffer (Omega Biotek)
containing p-mercaptoethanol (Sigma) and RNA isolated (E.Z.N.A.® RNA Isolation Kit,
Omega Biotek). Equal amounts of RNA were reverse transcribed into cDNA (High-Capacity
cDNA Reverse Transcription Kit, Thermo Scientific). Quantitative PCR was performed on a
CFX96™ Real-Time PCR Detection System (Biorad) with Fast SYBR Green Master Mix
(Roche). Custom primers were validated and efficiencies [47] listed in Table 1. Data are
presented as expression relative to the housekeeping gene Rp/32 calculated by

“THKG, 5T GOI [47]. Fold-ch Iculated by (RE, RE;epl REef, refis th
Euxa Egor  [47]. Fold-change calculated by (RExygroger— RErep! REres refis the

reference substrate. CT values for Rp/32were consistent across all samples in macrophages
from WT and MyD88~/~ mice. After treatment for 24 hours, media were collected and
assessed for the cytokines tumor necrosis factor alpha (TNF-a) and interleukin-6 (I1L-6) by
standard enzyme-linked immunosorbent assay kits (ELISA, R&D Systems).

Hydrogel implantation

Equilibrium swollen PEG hydrogel disks were implanted into dorsal subcutaneous pockets
of 7-week old male C57BL/6 mice (Charles River Laboratories) or B6.129P2(SJL)-
MyD88<tm1.1Defr>/J mice (Jackson Laboratories) for 2, 7, and 28 days. Four hydrogels
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were implanted per mouse, one over each shoulder and one over each hip, and incisions
were closed with surgical staples. Prior to implantation, hydrogels were confirmed
endotoxin-free (Limulus Amebocyte Lysate test kit, GenScript). Mice were euthanized via
CO», inhalation and subsequent cervical dislocation. Two hydrogels were lost post-
implantation in one WT mice at day 28. All animal protocols were approved by the
University of Colorado at Boulder Institutional Animal Care and Use Committee (IACUC)
and follow the NIH guidelines for animal care.

In vivo assessment and analysis

To monitor cell attachment to implanted hydrogels, hydrogels were explanted at 2 days and
removed from the surrounding tissue. Hydrogel were fixed in 10% neutral buffered formalin
for 30 minutes at room temperature, treated with Alexfluor 488 Phalloidin (1:30) for 30
minutes, counterstained with DAPI, and imaged by laser scanning confocal microscopy
(Zeiss LSM5 Pascal).

To determine leukocyte types surrounding the implants, flow cytometry was performed.
Hydrogels and the surrounding tissue were explanted at 2, 7, and 28 days. To obtain a
sufficient number of cells, four hydrogels were pooled. Tissue and hydrogels were explanted
and immediately minced and digested with liberase TM (Roche) for 30 minutes at 37°C;
tissue digestion was then stopped with 10 mM ethylenediaminetetraacetic acid (EDTA, Bio-
Rad) in Roswell Park Memorial Institute Medium (RPMI, Corning). Cells were filtered (100
um cell strainer) and fixed with 4% paraformaldehyde for 15 minutes on ice. Freshly
isolated cells were stained for 30 min with the following conjugated anti-mouse monoclonal
antibodies: Purified CD16/CD32 (Clone 93, eBioscience 14-0161-85), FITC CD45 (Clone
30-F11, BD Biosciences 5503080), PE-Cy7 CD3e (Clone 145-2C11, eBioscience
25-0031-81), APC-Cy7 CD19 (Clone eBiolD3, eBioscience 47-0193-82), BUV395 CD11b
(Clone M1/70, BD Biosciences 563553), PE Siglec-F (Clone E50-2440, BD Biosciences
552126), Pacific Blue Ly-6G (Clone 1A8, Biolegend 127612), PerCP-Cy5.5 Ly-6C (Clone
HK1.4, eBioscience 45-5932-82), and Alexa Fluor 647 CD64 (Clone X54-5/7.1, BD
Biosciences 558539). Analysis was conducted using the LSR 11 (BD Biosciences) flow
cytometer and FlowJo (Tree Star) software to identify leukocyte populations. Leukocyte
populations were first identified as CD45*. CD3e and CD19 double negative cells were used
in subsequent analyses to identify myeloid populations. Eosinophils were identified by their
double positive Siglec-F and CD11b profile. Neutrophils (Ly-6G™, Siglec-F~, Low SSC),
monocytes (CD64!°-Ni |y-6G™, Ly-6C*, Siglec-F~, Low SSC) and macrophages (CD64!0-Ni,
Ly-6G~, Ly-6C™) were identified.

To monitor the FBR, a set of hydrogels and surrounding tissue was explanted at 2, 7, and 28
days after implantation and fixed in 10% buffered formalin for 4 hours at room temperature.
Following dehydration and embedding in paraffin wax, samples were sectioned into 10 pm
thick slices, and stained with Masson’s Trichrome that uses hematoxylin as a nuclear
counterstain. Samples were imaged with brightfield microscopy (Axiovert 40C Zeiss). The
thickness of inflammatory cells at the surface of the hydrogels was quantified (NIH ImageJ)
by the distance of the layer of purple nuclei from the hydrogel surface to the collagenous
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layer. At day 28, the fibrous capsule thickness was measured as the distance from the end of
the inflammatory cell layer to the subdermal muscle layer.

2.8. Statistical Analysis

In vitro: data are presented as mean (n=6 for hydrogel properties and n=4 for the gene
expression and ELISA data) with standard deviation as error bars or reported parenthetically
in the text. /n vivo: For flow cytometry analysis, four hydrogels from one mouse per strain
per time point were pooled together to obtain sufficient cell numbers for analysis. These
results therefore demonstrate trends in the relative percentage of cell types as statistical
significance was not obtained. For histology, data are the mean of n =8 hydrogels from two
WT mice or n=4 hydrogels from one MyD88~/~ mouse for day 2 and 7, and the mean of n =
6 hydrogels from two WT mice and the mean of n=8 hydrogels from two MyD88 mice for
day 28. Quantification of histology was taken from four measurements at random per
hydrogel sample and averaged for the inflammatory cell thickness and fibrous capsule
thickness. Data are shown as the mean of individual hydrogels with standard deviation as
error bars or reported parenthetically in the text. The relative variability among hydrogels for
a given animal and between animals was similar. For example the coefficient of variance for
the fibrous capsule measurement was 10% between animals and 11% within an animal.
Statistical analysis was performed with Real Statistics and Excel by two-way or three-way
ANOVAs followed by Tukey’s HSD (a=0.05). If three-way interactions were statistically
significant, follow-up analyses were performed for simple two-way interactions and main
effects. Statistical significance was set at p<0.05.

3. Results

3.1. Macrophage activation by synthetic hydrogels in vitro is mediated by MyD88

signaling

Synthetic PEG hydrogels were investigated due to their promise in drug delivery, cell
encapsulation and tissue engineering. Tissue culture polystyrene (TCPS) was used as a
reference substrate. PEG hydrogels were formed with 20% PEGdA resulting in a
compressive modulus of 164 kPa and an equilibrium swelling ratio of 9.2 (Fig. 2A). An /n
vitro model was used where serum proteins from fetal bovine serum were pre-adsorbed to
the hydrogel and to the reference substrate to mimic the initial /n7 vivo events of the FBR.
The amount of pre-adsorbed protein was ~2.5-fold higher on PEG hydrogels when
compared to the reference substrate (Fig. 2B). The protein signature, however, was similar,
with the majority of proteins being larger than 50 kDa (Fig. 2C). Due to the tight mesh of
the hydrogel, these proteins will be restricted to the hydrogel surface [48].

Bone marrow-derived macrophages were differentiated from mononuclear cell isolates
obtained from WT and MyD88~/~ mice. Macrophages were seeded on top of PEG hydrogels
and onto the reference substrate TCPS, with pre-adsorbed serum proteins, which could act as
DAMPs (Fig. 3A). After 4 h, macrophage activation was assessed by quantitative RT-PCR
for expression of tumor necrosis factor-a ( 7n/3), interleukin-6 (//6), and interleukin-1f
(//1b), which are all regulated by NF-xB. Macrophage interrogation of the hydrogel led to
significant increases in expression of all three genes (Fig. 3B). In MyD88~/~ macrophages,
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expression levels of the pro-inflammatory cytokines were reduced to baseline levels of WT
macrophages on the reference substrate. The difference in cytokine expression levels in
MyD88~/~ from WT macrophages on the reference substrate was not statistically significant.
Accumulation of TNF-a and IL-6 in the culture medium after 24 h was below the sensitivity
of the ELISA (<~8 pg/ml), which may be attributed to the absence of strong DAMPs in
serum. Overall, these results indicate a hydrogel-induced inflammatory response that is
dependent on MyD88 and suggests that adsorbed proteins and/or the underlying substrate
chemistry induce macrophage activation in a manner that was not observed with the
reference substrate.

3.2. Macrophage activation to synthetic hydrogels in the presence of a DAMP-mimetic is
largely mediated by MyD88 signaling in vitro

The inflammatory response that is induced as part of the FBR by implanted materials /n vivo
is a sterile response and is thought to be mediated by DAMPs present in the post-
implantation microenvironment. We therefore next used our /n vitro model to assess
macrophage activation in the presence of the hydrogel, pre-adsorbed serum proteins, and a
DAMP-mimetic. Since many DAMPs bind to TLRs, we chose lipopolysaccharide (LPS), a
TLR4 agonist, as the DAMP-mimetic. LPS induces a response mediated by a MyD88-
dependent and a MyD88-independent pathway, both of which initiate NF-xB transcriptional
upregulation of pro-inflammatory cytokines (Fig. 4A) [19].

Using the /n vitro model in Fig. 1B co-stimulated with LPS, macrophage pro-inflammatory
responses were assessed at the mRNA and protein levels. LPS was added to the culture
medium at the time of macrophage seeding. With LPS stimulation, mRNA levels of the pro-
inflammatory cytokines 7nfa, /16, and //16 increased significantly after 4 h for the reference
substrate and the hydrogel (Fig. 4B). Moreover, Tnfa expression was significantly higher for
the hydrogel and LPS than when exposed to either hydrogel or LPS alone (Fig. 4B). Among
all three genes, the fold-change in mRNA levels due to the hydrogel was more pronounced
in the absence of LPS (i.e., 4-11-fold) when compared to LPS stimulation (i.e., <2-fold)
(Fig. 4C). MyD88~/~ macrophages had significantly reduced pro-inflammatory cytokine
expression compared to WT macrophages after 4 h on the hydrogel and the reference
substrate under LPS stimulation (Fig. 4B). The fold-change in mRNA levels due to the
hydrogel in MyD88~/~ macrophages was lower than in WT macrophages without LPS, but
was not affected under LPS stimulation (Fig. 4C). Lastly, approximately 300 pg/ml TNF-a
and 850-900 pg/ml IL-6 had accumulated after 24 h with LPS stimulation, but there was no
significant difference with the hydrogel (Fig. 4D). There was significantly less TNF-a and
IL-6 in the medium with MyD88~/~ macrophages. These results indicate that the hydrogel
contributes to the overall macrophage response, although to a lesser extent in the presence of
a strong DAMP-mimetic, and that the overall response is largely through MyD88-dependent
signaling.

3.3. Macrophage activation to synthetic hydrogels in the presence of an agonist for
MyD88-independent signaling is partially mediated by MyD88 signaling in vitro.

The response to the DAMP-mimetic (/.e., LPS), the hydrogel, and the combination is largely
dependent on MyD88 signaling (Fig. 3,4). To better delineate the interaction between the
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hydrogel and MyD88-dependent signaling in response to TLR4 activation, we exposed
macrophages to a combination of hydrogel and poly(l:C). Poly(l:C) is sensed by TLR3,
which activates the MyD88-independent TRIF pathway that can also induce NF-xB-
mediated transcription of pro-inflammatory cytokines (Fig. 5A) [19]. Poly(I:C) was added to
the culture medium at the time of seeding using the same /n vitro model outlined in Fig. 1B.

With poly(l:C) stimulation, mRNA expression of all three genes was significantly higher
when compared to the unstimulated condition; likewise, mRNA levels for these three
cytokines were increased in the presence of the hydrogel compared to the reference substrate
(Fig. 5B). The mRNA production, however, was lower when compared to the LPS
stimulated condition for the hydrogel and the reference substrate (compare Fig. 5B to Fig.
4B). For example, 7nfaexpression was 3.5-fold lower while //1b expression was 21.6-fold
lower on the hydrogel with poly(l:C) compared to LPS. The contribution of the hydrogel
was more evident under poly(l:C) stimulation (i.e., 3—4-fold) than LPS stimulation (i.e., <2-
fold) (compare Fig. 5C to Fig. 4C). In MyD88~/~ macrophages that were stimulated with
poly(l:C), the production of cytokine mMRNA was reduced, but the levels were still higher
than in unstimulated MyD88~/~ macrophages (Fig. 5B). Moreover, expression for all three
genes was significantly higher in MyD88~/~ macrophages on the hydrogel compared to the
reference substrate under poly(l:C) stimulation (Fig. 5B). The fold-change in mRNA levels
due to the hydrogel under poly(l:C) stimulation was reduced in MyD88~~ macrophages
compared to WT macrophages for //1b expression, which is contrary to LPS stimulation
where no difference was observed. However, the fold-change due to the hydrogel was not
different between MyD88~/~ and WT macrophages for 7nfaand //6 expression; a finding
similar to LPS simulation. Lastly, approximately 50-70 pg/ml TNF-a and 40-50 pg/ml IL-6
had accumulated in the cultures after 24 h with poly(I:C) stimulation, but there was no
significant difference due to the hydrogel (Fig. 5D). In MyD88~~ macrophages, TNF-a and
IL-6 protein levels were strongly diminished. Contrary to LPS, these findings demonstrate
that the hydrogel had a significant contribution to the mMRNA production of pro-
inflammatory cytokines in macrophages under poly(1:C) activation. Moreover, these results
show that MyD88 partly mediates macrophage activation under poly(l:C) stimulation on the
reference substrate and to a greater extent on the hydrogel. Because the initial response to
poly(I:C) is MyD88-independent, this suggests a feedback mechanism, possibly involving
IL-1B production that stimulates MyD88-dependent signaling, but also suggests that the
hydrogel and/or its adsorbed proteins may be contributing to the MyD88-dependent
signaling.

Inflammatory cell accumulation and fibrous capsule formation in response to

implanted synthetic hydrogels are diminished in MyD88~/~ Mice.

To investigate the effects of MyD88 on the FBR /n vivo, hydrogels were implanted in
subcutaneous pockets of WT and MyD88~/~ mice (Fig. 6A). We first investigated the
infiltration of cells to the implant site, where recruitment of inflammatory cells occurs in the
initial stages of the FBR. Within 2 d post-implantation, cells had infiltrated to the implant
and attached to the hydrogel surface (Fig. 6B). This occurred without any adhesion moieties
incorporated into the hydrogels. Fewer cells were attached to the hydrogel surface in
MyD88~/~ mice (Fig. 6B). To identify the types of inflammatory cells that accumulated at
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the implant site, hydrogels and the tissue immediately surrounding them were removed,
enzymatically digested, and assessed with flow cytometry (Fig. 6C, D). In WT mice, almost
half of the leukocytes were neutrophils (Fig. 4E). The remainder was comprised of
macrophages, monocytes, and eosinophils. Lymphocytes (assessed with CD3 and CD19)
were not detected (data not shown). In comparison, in MyD88~~ mice the relative frequency
of neutrophils trended lower (<20%), and the majority of leukocytes were macrophages and
monocytes. It is important to note that because the samples analyzed by flow cytometry were
pooled to achieve sufficient numbers of cells, the results are intended to indicate the cell
types present and are limited to trends in the relative frequency of the cell types. This finding
is concomitant with an overall lower number of inflammatory cells in the MyD88~/~ mice as
shown in Fig. 7.

As a next step, the kinetics of inflammatory cell infiltration and fibrous capsule formation
were evaluated (Fig. 7A). Explants were assessed histologically 2, 7, and 28 d post-
implantation for inflammatory cells and fibrous encapsulation (Fig. 7B). The layer of
inflammatory cells was quantified by measuring the distance between implant and dermis
(Fig. 7C). In WT mice, a characteristic inflammatory response was observed, with several
layers of inflammatory cells at the hydrogel surface as early as 2 d and persisting to 28 d.
The thickness of the inflammatory cell layer was lower in MyD88~/~ mice across all time
points; for example decreasing 5.5-fold from 50 (20) um in WT to 6 (4) um in MyD88~/~
mice at 2 d. To identify the kinetics of inflammatory cells accumulating around the implants,
flow cytometry was again performed using the gating strategy outlined in Fig. 4. The
following trends were observed. In WT mice, neutrophils continued to be highly abundant
through to 28 d (Fig. 5D). Macrophages accounted for almost half of the peri-implant
leukocytes at 2 d. On day 7 and 28, macrophages were relatively less frequent than on 2 d.
However, the thickness of the inflammatory cell layer increased at these time points. Hence,
the total number of macrophages may not have changed substantially. Lastly, there was a
detectable influx of monocytes into the inflammatory layer in WT mice. In MyD88~/~ mice,
macrophages accounted for over half of the inflammatory cells surrounding the implant at
all time points; although the total number of inflammatory cells was far lower. Neutrophils
and monocytes were less frequent. A collagenous fibrous capsule was evident surrounding
the hydrogels in WT mice with an average thickness of 90 um (Fig. 7B and 7E). There was
evidence of vascularization in the fibrous capsule in WT mice (Fig. 7B). In MyD88~/~ mice,
the fibrous capsule was significantly reduced by 3-fold. The capsule remained dense with
vascularization less apparent, which is attributed to the thinner capsule. Taken as a whole,
these data suggest that recruitment of inflammatory cells to the implant is markedly
impaired in MyD88~/~ mice. This corresponds to reduced fibrous capsule formation.

4. Discussion

The FBR to implanted biomaterials is a complex process involving many cell types, with
macrophages implicated as the primary orchestrator [10,49]. However, the signaling
pathways regulating macrophage function in the context of the FBR are not well understood.
Findings from this study demonstrate that the adaptor protein MyD88, which is a central
mediator of inflammation and leads to NF-xB activation, is required for the FBR to PEG
hydrogels. The /n vitro studies show that MyD88-dependent pathways are the dominant
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mechanisms that lead to inflammatory responses in macrophages induced by PEG
hydrogels. The /n vivo studies show that MyD88 is involved in inflammatory cell
recruitment to the surface of implanted PEG hydrogels and contributes significantly to
fibrous encapsulation. Taken together, findings from this work demonstrate that
inflammation mediated by MyD88 plays a significant role in the fibrotic response of the
FBR to implanted PEG hydrogels.

Macrophages are highly sensitive to the substrate to which they are attached, affecting how
they respond to DAMPs in the surrounding milieu. Our /n vitro data demonstrate that the
PEG hydrogel when compared to the reference substrate of TCPS induced a MyD88-
dependent inflammatory response in macrophages that contributed to the overall
inflammatory response in the presence of a soluble DAMP-mimetic. Macrophages interact
with the hydrogel through pre-adsorbed proteins and/or the underlying material surface.
Although the signature of the adsorbed proteins on the hydrogel was similar to the reference
substrate, there were differences. The higher amount of adsorbed protein on PEG hydrogels
can be attributed to the nature by which water interacts and entraps proteins at hydrophilic
and neutral surfaces [50]. While proteins may diffuse into the hydrogel due to its crosslinked
network, the recovered adsorbed serum proteins were ~50 kDa or larger and therefore are
expected to be restricted to the surface of the hydrogel. Studies have reported that bovine
serum albumin, the most abundant protein in serum with a molecular weight of 67 kDa [51],
does not readily diffuse into PEG hydrogels of similar or more loosely crosslinked hydrogels
[48]. Although smaller proteins that were not detectable could have diffused into the
hydrogel and subsequently been released from the hydrogel, we believe that these proteins
are likely not leading to the difference between the two substrates as they would be present
in the serum during macrophage culture. Differences in the type and/or conformation of the
adsorbed proteins are likely due to differences in material chemistry. Though hydrophobic
surfaces are known to mediate protein unfolding, studies have reported that neutral
hydrophilic surfaces can also induce protein unfolding [28,52]. Thus, it is possible that
unfolded endogenous proteins interacting with PEG hydrogels may act as DAMPs, which
subsequently induce an inflammatory response that is not observed on the reference
substrate.

We have reported that proteins loosely adsorb on to PEG hydrogels [22] and thus it is
reasonable to postulate that macrophages interact with the PEG surface through the layer of
adsorbed proteins, the PEG surface itself, or both. Other studies have also reported leukocyte
attachment on PEG-terminated self-assembled monolayers (SAMs) with pre-adsorbed
plasma and interestingly attachment was higher than on methyl-terminated SAMs [53]. It is
worth noting that macrophages express a range of integrins that facilitates their diverse
functions /n vivo [54]. As a result, macrophages have the ability to interact with proteins,
such as albumin [55] to which many cell types (e.g., contractile adherent cells such as
fibroblasts) lack integrins [56]. Moreover, we found that macrophages attach to the PEG
hydrogel and TCPS without exogenous proteins, suggesting that macrophages have cell
surface molecules capable of interacting with different material chemistries (e.g., hydrogen
bonding with PEG or charge-charge interactions with TCPS). Although the exact
mechanism remains to be determined, macrophage interactions with the PEG hydrogel or its
adsorbed proteins up-regulated pro-inflammatory cytokine expression via MyD88-dependent
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signaling. Other studies have reported that hydroxyl-terminated SAMs induced macrophage
fusion to a greater extent than methyl-terminated or carboxylic acid-terminated SAMs [57],
further suggesting the neutral, hydrophilic surfaces contribute to macrophage activation and
fusion. Our /n vitro findings also indicate the cytokines that are produced by a MyD88-
independent pathway can lead to a feedback mechanism that initiates MyD88-dependent
signaling, perhaps one that involves production and autocrine response to IL-1f. Overall
these in vitro findings implicate cell-surface receptor recognition, that may include TLRs
followed by subsequent IL-1p signaling, which leads to a hydrogel-induced inflammatory
response.

In vivo, the temporal progression of the FBR to implanted biomaterials involves the initial
recruitment of inflammatory cells. In WT mice, the presence of neutrophils and to a lesser
extent monocytes on day 2 at the PEG hydrogel surface is consistent with an acute
inflammatory response. Their persistent presence throughout the 28 d study is however
indicative of a sustained and chronic inflammatory response. Due to the short lifespan of
neutrophils, their presence in the FBR has traditionally been thought to be limited to the
early stages of the FBR [58]. However, recent studies have shown that neutrophils are
continuously recruited from circulation [59] and persist longer than previously thought. For
example, neutrophils were present two weeks post implantation of alginate and poly(lactic
acid-co-glycolic acid) microcapsules in the peritoneal cavity [18,60] and were present 30
days after delivery of titanium dioxide microparticles to the lung [61]. The FBR may
therefore be indicative of a non-resolving inflammatory reaction [62], which is distinctly
different from inflammation associated with wound healing or infection that eventually
resolves. Macrophages were also present as early as 2 d. Peri-implant macrophages originate
from blood monocytes or tissue-resident macrophage. We surmise that the initial infiltration
of macrophages are tissue-resident macrophages, but at later times they are accompanied by
monocytes that have differentiated into macrophages. Eosinophils were also detected at all
time points, but at relatively low percentages (<4% of the total myeloid cell population); this
is similar to reports that tissue-resident eosinophils comprise ~6% of the total myeloid cell
population in naive skin [63]. When MyD88 was mutated, the number of inflammatory cells
accumulating at the implant surface was dramatically reduced. The relative ratios in myeloid
subtypes also differed with far fewer neutrophils relative to monocytes and macrophages.
The overall decrease in inflammatory cell numbers and the relative decrease in the
percentage of neutrophils present during the FBR in MyD88~/~ mice implicate MyD88 in
the inflammatory response to implanted PEG hydrogels.

Most significantly, our data demonstrate that the fibrous capsule formation was largely
mediated by MyD88. While this result is consistent with other studies investigating MyD88
in the development of fibrotic diseases including lung injury models [64,65], such a link has
not previously been established in the FBR. Macrophages have been long implicated as the
primary driver in fibrous encapsulation, and recent mouse studies confirmed that ablating all
macrophages, but not neutrophils, prevents fibrous encapsulation [18]. In the MyD88~/~
mice, the continual recruitment of neutrophils and monocytes suggest that other less potent
inflammatory signals (e.g., via TRIF-signaling) may be sufficient to maintain an
inflammatory response in the absence of MyD88 and drive fibrosis albeit at a much lower
level.
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While this study focused on the mechanisms that lead to the FBR to a singular PEG
hydrogel, the FBR is considered a ubiquitous response. Studies have reported that a
poly(ethylene oxide) coating applied to a fluorinated ethylene propylene copolymer induced
a FBR similar to the copolymer without the coating [53]. However, a separate study reported
that when polypropylene particles with different surface functionalities were implanted
subcutaneously for two weeks, the implants led to a fibrous capsule, but the thickness of the
capsule depended on the surface chemistry [66]. Notably, hydroxyl and amine surface
chemistries led to a fibrous capsule that was thicker than methyl surface chemistries and
carboxyl surface groups led to the thinnest capsule. This /n vivo finding supports our in vitro
results where the reference substrate of TCPS, which is decorated with carboxyl groups,
exhibited lower macrophage activation when compared to the PEG hydrogels. Overall, the
FBR reported herein to PEG hydrogels in WT mice is consistent with the FBR to other types
of materials implanted subcutaneously. For example, poly(ether imide) films after 28 days
implanted subcutaneously had positive staining for macrophages surrounding the implant
and was encased in a fibrous capsule [67]. Poly(2-hydroxyethyl methacrylate) hydrogels led
to the accumulation of a dense layer of inflammatory cells surrounded by a fibrous capsule
after 21 days [68]. Crosslinked gelatin hydrogels also led to the accumulation of
inflammatory cells at the implant surface and fibrous encapsulation after 21 days [69]. It is
worth noting that although these studies confirmed the presence of macrophages by
immunohistochemistry, the presence of neutrophils was not probed.

There are several limitations of this study. In the /n vitro studies, culture medium containing
serum proteins was used, and therefore, a direct substrate effect (i.e., PEG vs TCPS) was not
determined. Instead, the macrophage response represents a combined substrate effect (i.e.,
chemistry and property) and substrate-induced effect (i.e., type and/or confirmation of
surface adsorbed proteins). This study was limited to one formulation of PEG hydrogels and
future research will need to investigate a broader spectrum of hydrogel stiffness and
formulations to confirm MyD88-mediated fibrous encapsulation. We identified the presence
of neutrophils by flow cytometry, but future studies will need to confirm their presence and
location by immunohistochemistry. We were not able to identify foreign body giant cells at
the hydrogel surface; the timing of the appearance of these cells has been correlated with the
onset of the fibrous capsule [10]. Thus, the role of MyD88 in their formation remains to be
determined. Finally, we chose to study stable PEG hydrogels in this study to minimize
confounding factors with degradation. However, we previously reported that the FBR was
similar to non-degradable PEG hydrogels and PEG hydrogels containing matrix-
metalloproteinase sensitive crosslinks [70]. Despite these limitations, our results provide
evidence that MyD88-inflammation drives the subsequent events that lead to fibrous
encapsulation in response to implanted PEG hydrogels.

5. Conclusions

Our /n vitrofindings demonstrate the importance of MyD88 in the PEG hydrogel-mediated
induction of pro-inflammatory cytokines. Moreover, the results /77 vitro indicate that
recognition of material chemistry and/or the adsorbed proteins is responsible for
macrophage activation and that this occurs primarily through MyD88-dependent signaling
pathways, implicating TLRs followed by IL-1p signaling. The /n vivo findings show that
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MyD88 significantly contributes to neutrophil and macrophage accumulation and the
subsequent events that lead to fibrous encapsulation to implanted synthetic hydrogels.
Overall, this work provides evidence for the role of inflammation in mediating the FBR to
PEG hydrogels and specifically the formation of the fibrous capsule by activating MyD88-
dependent signaling. With a better understanding of the pathways underlying the FBR, our
future work aims to design PEG hydrogels that can evade the FBR.
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Statement of Significance

Synthetic hydrogels are promising for /n vivo applications but, like all non-biological
biomaterials, synthetic hydrogels elicit a foreign body response (FBR). The molecular
mechanisms that drive the FBR are not well understood. This work identifies the myeloid
differentiation primary response gene 88 (MyD88) as a central mediator to macrophage
activation in response to a poly(ethylene glycol) hydrogel with pre-adsorbed proteins /n
vitro. Moreover, MyD88 was also central to the recruitment of inflammatory cells, which
included neutrophils, monocytes, and macrophages, to implanted PEG hydrogels and to
fibrous encapsulation. These findings demonstrate that MyD88-mediated inflammation is
responsible in part for the formation of the fibrous capsule of the FBR.
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A) MyD88-mediated signaling induced by TLRs lead to NF-xB transcription of
proinflammatory cytokines. Host proteins acting as damage-associated molecular patterns
(DAMPs) such as unfolded proteins can bind to TLRs (e.g., TLR 2 and TLR4) to induce
MyD88-mediated signaling. B) Experimental set-up: PEG hydrogels were formed from PEG
diacrylate macromers by photopolymerization to form hydrogels that have polyacrylate
kinetic chains crosslinked with PEG chains. Experimental approach for in vitro studies
consisted of characterization of hydrogel properties and protein adsorption and activation of
bone-marrow macrophages derived from wildtype (WT) or MyD88_,— mice. Experimental
approach for /n vivo studies consisted of characterization of PEG hydrogels that were
implanted subcutaneously in WT or MyD88_,_ mice.
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Fig. 2.

A)gProperties of the PEG Hydrogel used in this study. B) Total amount of adsorbed protein
following a 2 h incubation in fetal bovine serum for PEG hydrogels and the reference
substrate (tissue culture polystyrene, TCPS). C) Protein signature of adsorbed proteins on
PEG hydrogels (+Hydrogel) and the reference substrate (~Hydrogel) via silver stained SDS-
PAGE are shown for four replicates of each condition along with a molecular weight (MW)
ladder standard. MWs of each band in the ladder are denoted to the left of the protein gel.
Data are presented as mean with standard deviation as error bars (n=4) and with p-values
from pairwise comparisons (** p<0.01).
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Fig. 3.
Macrophage activation on PEG hydrogels is mediated by MyD88. A) Schematic of MyD88-

dependent and MyD88-independent signaling by pre-adsorbed proteins. B) mRNA
production of the pro-inflammatory cytokine genes 7nfa, 1/6, and //1b relative to the
housekeeping gene, Rp/32for WT (black bars) and MyD88_,- (gray bars) macrophages 4 h
postseeding.

Data are presented as mean with standard deviation as error bars (n=4) and with pvalues
from pairwise comparisons (* p<0.05; *** p<0.001).
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Fig. 4.
Macrophage activation on PEG hydrogels induced by the DAMP-mimetic, LPS, is mediated

by MyD88. A) Schematic depicting the LPS-induced signaling for NF-xB via MyD88-
dependent and MyD88-independent up-regulation of pro-inflammatory cytokines.
Experimental setup is similar to Fig. 1A, but with the addition of LPS. B) mRNA expression
of the proinflammatory cytokines, 7nfa, /16, and //1b, relative to the housekeeping gene,
Rp/32 for WT (black bars) and MyD88_,_ (gray bars) macrophages with and without LPS
stimulation. The unstimulated condition is the same data in Fig. 1C,D) Hydrogel-induced
fold change in mMRNA production for each cytokine is represented by relative mMRNA
production on the hydrogel condition normalized to that on the reference substrate for WT
(black bars) and MyD88._,- (gray bars) macrophages. For both B&C panels, mRNA
expression was analyzed 4 h after the exposures were started. D) Pro-inflammatory cytokine
protein concentrations in the culture medium for WT (black bars) and MyD88_,_ (gray bars)
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macrophages with LPS stimulation after 24 h. All data are presented as mean with standard
deviation as error bars (n=4) and with pvalues from pairwise comparisons (* p<0.05, **
p<0.01, and *** p<0.001).
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Fig. 5.

Macrophage activation on PEG hydrogels induced by the DAMP-mimetic, Poly(l:C), is
moderately mediated by MyD88. A) Schematic depicting poly(l:C)-induced signaling for
NF-xB via MyD88-independent up-regulation of pro-inflammatory cytokines. Experimental
setup is similar to Fig. 1A, but with the addition of poly(l:C). B) mRNA production of the
proinflammatory cytokines 7nfa, 1/6, and //1b6relative to the housekeeping gene Rp/32 for
WT (black bars) and MyD88_,_ (gray bars) macrophages in response to stimulation with
poly(l:C). The unstimulated condition is the same data in Fig. 1D,C) Hydrogel-induced fold
change in MRNA production for each cytokine is represented by relative mMRNA production
on the hydrogel condition normalized to that on the reference substrate for WT (black bars)
and MyD88_,_ (gray bars) macrophages. For both B&C panels, mRNA expression was
analyzed 4 h post-seeding. D) Pro-inflammatory cytokine concentrations in the culture
medium for WT (black bars) and MyD88_,_ (gray bars) macrophages with LPS stimulation
after 24 h. All data are presented as mean with standard deviation as error bars (n=4) with ~
values shown for pairwise comparisons (* p<0.05; ** p<0.01; *** p<0.001).
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Fig. 6.

lngvivo assessment of the FBR and the cells that interrogate the implant surface at 2 d. A)
Schematic depicting implantation and subsequent analysis. B) Representative confocal
microscopy images of hydrogels explanted after 2 d showing cell attachment to the surface.
Cells were strained with F-actin (green) and counterstained with DAPI for cell nuclei (blue);
scale bar is 50 um. C, D) Flow cytometry assessment of leukocytes in and around the
implant after 2 d. Hydrogels and surrounding tissue were explanted and enzymatically
digested. Cell suspensions were stained with monoclonal antibodies and leukocytes assessed
with flow cytometry. Four hydrogel implants were pooled to achieve sufficient cell numbers
to perform flow cytometry. Gating strategies and representative dot plots are shown for WT
(C) and MyD88_,- mice (D). E) Relative frequency of each leukocyte subset.
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Fig. 7.

Inflammation and fibrosis of the FBR to implanted synthetic hydrogels is mediated by
MyD88. A) Schematic depicting implantation and subsequent analysis. B) Hydrogels
explanted after 2, 7, and 28 d from WT (top) and MyD88_,_ (bottom) mice were stained
with Masson’s Trichrome. Orange arrows indicate the location of inflammatory cells at the
surface of the hydrogels. At 28 d, yellow arrows indicate the fibrous capsule and red arrows
indicate blood vessels. C) Quantification of the inflammatory cell thickness at the surface of
implanted hydrogels at 2, 7 and 28 d in WT (black bars) and MyD88_,- (gray bars) mice. D)
Relative percentages of inflammatory cells surrounding implants in WT and MyD88_,_ mice
from four hydrogel implants that were pooled to achieve sufficient cell numbers to perform
flow cytometry. E) Quantification of the fibrous capsule thickness surrounding implants at
28 d in WT (black bars) and MyD88_,_ (gray bars) mice. Data are presented as mean with
standard deviation as error bars (n=4-8) with * p<0.05 and ** p<0.01.
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Table 1 -
Primer Sequences used for gRT-PCR
Gene of Interest  Primer Sequence Efficiency
Rpl32 F: CCATCTGTTTTACGGCATCATG 212
R: TGAACTTCTTGGTCCTCTTTTTGA
Tnfa F: CACCGTCAGCCGATTTGC 1.99

16

b

R: TTGACGGCAGAGAGGAGGTT

F: T CGGAGGCTTAATTACACAT GTTC  2.00
R: TGCCATTGCACAACTCTTTTCT

F: CAGGTCGCTCAGGGTCACA 2.06
R: TCAGAGGCAAGGAGGAAAACA
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