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Abstract

Poly(ethylene glycol) PEG-based hydrogels are promising for cell encapsulation and tissue
engineering, but are known to elicit a foreign body response (FBR) /n vivo. The goal of this study
was to investigate the impact of the FBR, and specifically the presence of inflammatory
macrophages, on encapsulated cells and their ability to synthesize new extracellular matrix. This
study employed an /n vitro co-culture system with murine macrophages and MC3T3-EL1 pre-
osteoblasts encapsulated in a bone-mimetic hydrogel, which were cultured in transwell inserts, and
exposed to an inflammatory stimulant, lipopolysaccharide (LPS). The co-culture was compared to
mono-cultures of the cell-laden hydrogels alone and with LPS over 28 days. Two macrophage cell
sources, RAW 264.7 and primary derived, were investigated. The presence of LPS-stimulated
primary macrophages led to significant changes in the cell-laden hydrogel by a 5.3-fold increase in
percent apoptotic osteoblasts at day 28, 4.2-fold decrease in alkaline phosphatase activity at day
10, and 7-fold decrease in collagen deposition. The presence of LPS-stimulated RAW
macrophages led to significance changes in the cell-laden hydrogel by 5-fold decrease in alkaline
phosphatase activity at day 10 and 4-fold decrease in collagen deposition. Mineralization, as
measured by von Kossa stain or quantified by calcium content, was not sensitive to macrophages
or LPS. Elevated interleukin-6 and tumor necrosis factor-a secretion were detected in mono-
cultures with LPS and co-cultures. Overall, primary macrophages had a more severe inhibitory
effect on osteoblast differentiation than the macrophage cell line, with greater apoptosis and
collagen I reduction. In summary, this study highlights the detrimental effects of macrophages on
encapsulated cells for bone tissue engineering.
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Introduction

Synthetic hydrogels with their high water content are promising platforms to encapsulate
cells in three-dimensional (3D) scaffolds for tissue engineering. Moreover, extracellular
matrix (ECM) moieties and degradable crosslinks are readily incorporated into synthetic
hydrogels creating highly tunable 3D environments that can be designed to direct cell fate
and promote tissue growth [1-6]. Injection and/or implantation of cell-laden hydrogels has
several benefits over ex vivotissue engineering. These benefits include the presence of local
cues that are native to the tissue environment, improved integration of the engineered tissue
with the host tissue, and removing the need for long-term culture prior to implantation.
However, the /n vivo environment introduces additional complexities, which may affect the
ability of cells to synthesize and deposit tissue. While numerous studies have focused on
hydrogel designs to promote growth of a specific tissue, the impact of the /in vivo
environment is not well understood. This environment, however, will be critical to the /n
vivotranslation of a tissue engineering strategy.

When any cell-laden scaffold is placed in vivo, the process of surgically implanting the
scaffold injures the surrounding tissue and induces an acute inflammatory response. For
non-biological scaffolds, this response will lead to a sustained foreign body response (FBR).
The FBR is a localized innate immune response [7], beginning with immediate non-specific
protein adsorption and resolving in the characteristic persistent presence of macrophages,
chronic inflammation, and fibrous encapsulation [8]. The FBR occurs ubiquitously to nearly
all non-biological materials [9] and is considered a normal, biocompatible response to
implanted scaffolds [10]. More specifically, a FBR marked by fibrosis and prolonged
inflammation has been reported to a wide range of implanted hydrogels that include
crosslinked collagen hydrogels [11], dextran-based hydrogels [12], alginate hydrogels [13],
poly(2-hydroxyethyl methacrylate) hydrogels [10], poly(ethylene glycol) hydrogels [14,15],
poly(lactic acid-b-ethylene glycol-4-lactic acid) hydrogels [16], PEG/sebacic acid-based
hydrogels [15], and poly(propylene fumarate-co-ethylene glycol) [17]. Though often
considered non-fouling due to their hydrophilicity, PEG surfaces have been shown to readily
adsorb proteins [18]. We have extensively characterized the FBR to PEG hydrogels and
reported that /n vitro macrophages readily attach to PEG hydrogels through non-specific
protein adsorption and that /7 vivo macrophages are recruited to the implant site within two
days post-implantation [19-22] and a fibrous capsule forms within four weeks [23]. While
the FBR to hydrogels has been studied extensively, the impact of the FBR on cell-laden
hydrogels has received less attention.

Although many implants (e.g., arterial stents, artificial joints) can function despite the FBR,
tissue engineering strategies, where cells are delivered within the scaffold, require that the
cells themselves function to synthesize and deposit their own tissue. Several studies have
indicated that the events associated with the FBR may have negative consequences for tissue
engineering. For example, we previously reported that inflammatory macrophages seeded
directly on top of a PEG hydrogel with encapsulated fibroblasts adversely affected the
fibroblasts by reducing gene expression of ECM molecules and elevating gene expression
for pro-inflammatory cytokines [24]. In another study, a distinct FBR was noted with
increased macrophage presence concomitant with diminished cartilage regeneration when a
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cell-laden poly(I-lactic acid) scaffold was placed into a cartilage defect of a canine model
[25]. In addition, the presence of a fibrous capsule created a barrier between an
oligo(poly(ethylene glycol) fumarate) hydrogel that was implanted into a rabbit cranial bone
defect and newly formed bone at the perimeter of the defect [26]. Collectively, these studies
and others demonstrate that the events associated with the FBR can impede tissue
regeneration and integration for implanted scaffolds, thus warranting further study.

The overall goal for this study was to examine the effects of macrophages, the drivers of
chronic inflammation in the FBR, on the long-term culture of a cell-laden hydrogel for bone
tissue engineering. To achieve this goal, an /n vitro co-culture model system was used.
MC3T3-E1 pre-osteoblastic cells were encapsulated in a degradable bone mimetic hydrogel
and cultured in a transwell configuration in the presence of murine macrophages. This model
enabled paracrine signaling between MC3T3-EL1 cells and macrophages to be investigated.
A photoclickable and degradable PEG hydrogel based on the thiol and norbornene click
reaction was chosen for its promise in tissue engineering [27,28] and for its ease with which
ECM moieties are introduced via the click chemistry [29-32]. Herein, MC3T3-E1 cells were
encapsulated in a bone mimetic hydrogel containing the cell-adhesion peptide, RGD, matrix
metalloproteinase (MMP)-sensitive peptide crosslinks, and hydroxyapatite particles.
Moreover, we have previously confirmed the FBR to MMP-sensitive PEG hydrogels with
the accumulation of inflammatory cells and fibrous encapsulation in a subcutaneous mouse
model over the course of four weeks [21].

The specific objective of this study was to evaluate the cell-laden hydrogels for cell
apoptosis, cellular morphology, osteogenic capabilities, and ECM deposition under /in vitro
simulated FBR conditions by two different macrophage sources. Macrophages (i.e. a murine
macrophage cell line (RAW 264.7) and macrophages derived from murine bone marrow
monocytes [33]), have been shown to differ in their activation /n vitro [34] and therefore
could differentially affect the cell-laden hydrogels. We hypothesized that classically
activated macrophages will inhibit osteogenesis and ECM synthesis of the encapsulated pre-
osteoblasts. Additionally, due to their higher pro-inflammatory cytokine activity [35,36], we
further hypothesize that primary macrophages will have a more pronounced inhibitory effect
on the encapsulated pre-osteoblasts when compared to the RAW 264.7 macrophages.
Hydrogels were subjected to prolonged exposure to induce classically activated
macrophages and simulate the paracrine signals resulting from the persistent macrophage
presence at the implant site /77 vivo. Findings from this study demonstrate that while
MC3T3-EL1 cells are able to secrete bone-like ECM molecules within the bone mimetic
hydrogel, osteogenic capabilities and ECM accumulation are compromised under simulated
FBR conditions, but in a manner that depends on the macrophage source. Findings from this
study further support the idea that the macrophages associated with the FBR can impede
tissue growth in cell-laden synthetic-based hydrogels.

Materials and Methods

Macromer synthesis and hydrogel formation

The macromolecular monomer (macromer), 8-arm poly(ethylene glycol) functionalized with
norbornene, was synthesized following established protocols [29,31]. Briefly, 8-arm PEG-
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NH, (20 kDa, JenKemUSA) was dissolved in dimethylformamide (Sigma) and reacted
overnight with excess 5-norbornene-2-carboxylic acid (Sigma), 2-(1H-7-Azabenzotriazol-1-
y)1,1,3,3-tetramethyl uronium hexafluorophosphate methanaminium (Sigma), and N,N-Di-
isopropylethylamine (Sigma). The product was precipitated in cold diethyl ether, dialyzed
against de-ionized water, and lyophilized. Functionalization of each arm of a PEG molecule
with a norbornene was confirmed to be >95% by IH-NMR.

A precursor solution was prepared with 8% (w/w) 8-arm PEG norbornene, 2.5 mM CRGDS
(Genscript), the bis-cysteine MMP sensitive crosslinker GCVPLS-LYSGCG (Genscript),
which has been shown to be sensitive to MMP-2 [21], at a 0.83 [thiol]:[ene] molar ratio for
the crosslinker to the 8-arm macromer, and 0.05% (w/w) photoinitiator (Irgacure 2959,
BASF) in phosphate buffered saline (PBS, pH 7.4). The precursor solution was sterile
filtered (0.22 um). Hydroxyapatite nanoparticles (HA, Sigma) were sterilized by autoclave
and then combined with the precursor solution at 1% (w/w). This precursor solution was
well mixed and polymerized immediately under 352 nm light at 6 mW/cm? for 6 minutes in
cylindrical molds of ~2 mm height and 4.5 mm diameter. There were no observable signs of
hydroxyapatite nanoparticle settling. All procedures were performed in a biosafety cabinet
following aseptic techniques with sterilized instruments.

2.2 Raman Spectroscopy

Acellular hydrogels containing 0 or 1% (w/w) hydroxyapatite nanoparticles were
lyophilized and Raman spectra were collected using a Horiba LabRAM HR Evolution
Raman spectrometer. The spectrometer was calibrated using the 520 cm-1 Raman peak of
Si. A spatial resolution of ~2um and 29 mW power at the sample surface were achieved by
532nm laser beam focused through a 50x L WD (0.75 NA) objective lens. Spectral
resolution of 4.5 cm-1 full width at half maximum was achieved by a 600 lines/mm grating
with 100 um confocal pinhole. Spectra are displayed as an average of 15 accumulated
spectra collected with a 2 second counting time. Instrumental artifacts were corrected for
and a polynomial baseline was subtracted using LabSpec 6 (Horiba Scientific). The
spectroscopy work was performed at the Raman Microspectroscopy Lab at the University of
Colorado Boulder.

2.3 Characterization of the acellular hydrogel

Acellular hydrogels containing 0 or 1% (w/w) hydroxyapatite nanoparticles were collected
and assessed for compressive modulus and wet and dry weights. Hydrogels were
compressed to 15% strain at 0.5 mm/min by a mechanical tester (MTS Synergie 100) with a
10 N load cell. Compressive modulus was determined by the slope of the linear region
between 10 and 15% strain on the stress-strain curve. Wet weights were measured before
lyophilization and dry weights were measured after lyophilization. The equilibrium mass
swelling ratio was defined as the wet weight divided by the dry weight. The equilibrium
volumetric ratio was determined from the mass swelling ratio, the solvent density assuming
1 g/mL and the polymer density assuming 1.07 g/mL. Hydrogel mesh size was estimated
from Flory-Rehner theory and methods described by Canal and Peppas [37] using polymer-
solvent interaction parameter described in [38]. Hydroxyapatite nanoparticles were assessed
for their size by field emission scanning electron microscopy (FESEM, JEOL JSM-7401F).
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Briefly, a 1 mg/mL solution of HA nanoparticles in diH»0 was dried, sputter coated with a
thin layer of gold (thickness ~ 3-5 nm) and examined. NIH Image J was used to ascertain
particle diameter.

2.4 MC3T3-E1 cell culture and encapsulation

A murine pre-osteoblast cell line MC3T3-E1 (ATCC, CRL-2593) was expanded in alpha-
MEM media (Gibco) with 10% fetal bovine serum (FBS, Atlanta Biologicals) and 50 U/mL
penicillin, 50 pg/mL streptomycin (1% P/S, Corning). MC3T3-EL1 cells were cultured to
~90% confluency and then collected using 0.05% trypsin/EDTA (Gibco). Cells were
combined at 2x107 cells per mL precursor solution and polymerized as described above.
Cell-laden hydrogels were cultured in 24-well plates as mono-cultures or in a 24-well
transwell inserts with RAW 264.7 or primary murine macrophages (see below) seeded at the
bottom of the well plates as co-cultures. The mono-culture and co-cultures were placed in
osteogenic differentiation media containing alpha-MEM, 10% FBS, 1% P/S, supplemented
with 10 mM B-glycerophosphate (Sigma), 0.1 mM dexamethasone (Sigma), and 50 pg/ml L-
Ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma). The medium was
supplemented or not with 1 pg/mL lipopolysaccharide from E. coli (LPS-EB 0111:B4,
standard purity, Invitrogen).

2.5 RAW 264.7 cell culture

A murine macrophage cell line RAW 264.7 (ATCC, TIB-71) was expanded in DMEM
(Gibco) supplemented with 10% FBS (Atlanta Biologicals) and 1% P/S (Corning) with
0.05% Fungizone (Corning). RAW 264.7 cells were cultured to ~85% confluency and then
collected using a cell scraper. Macrophages were plated at 2,650 cells/cm? in the bottom of
24 well plates and allowed to adhere overnight. At which time, MC3T3-E1-laden hydrogels
were placed into the wells containing macrophages using transwell inserts. The co-culture
system was then cultured in osteogenic differentiation medium with or without LPS as
described above and medium exchanged every two days. Weekly, macrophages were
refreshed by plating new macrophages in a 24 well plate following methods just described
and transferring the MC3T3-E1-laden hydrogels along with the transwell inserts to the new
24 well plates.

2.6 Primary monocyte isolation, differentiation, and culture

Bone marrow derived monocytes were isolated following established protocols [33] from the
long bones of 6-8 week old C57BL/6 mice (Charles River Laboratories) by flushing and
collecting the bone marrow with Iscove’s Modified Dulbecco’s Mediu9m (IMDM, Gibco)
containing 10% FBS, 1% P/S, and 0.5% Fungizone layered with Lympholyte M
(CedarLane). Mononuclear cells were plated on non-tissue culture treated polystyrene and
differentiated for 10 days in media containing IMDM, 20% FBS, 1% P/S, 0.5% Fungizone,
2 mM L-Glutamine, 1.5 ng/mL human macrophage colony stimulating factor (hMCSF,
R&D Systems), and 100 ng/mL huFLT-3 (R&D Systems). After differentiation, cells were
collected by a cell scraper and plated at 2,650 cells/cm? in the bottom of 24 well plates and
allowed to adhere overnight. At which time, MC3T3-E1-laden hydrogels were placed in
transwell inserts and into the 24 well plates with macrophages. Following the same methods
described above for RAW 264.7 macrophages, the co-culture system was cultured in
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osteogenic differentiation medium with or without LPS. Freshly isolated and differentiated
primary macrophages were refreshed weekly. Medium was refreshed every two days.

2.7 Assessment of MC3T3-E1 pre-osteoblast morphology

Cell morphology was visualized by live cellular staining with 4 nM calcein AM (Corning)
immediately after encapsulation and after 10 days of culture in the mono-cultures and co-
cultures. Whole gels (n = 3-4) were cut in half and the cross-section, interior side was
imaged by laser scanning confocal microscopy (Zeiss LSM 150).

2.8 Immunohistochemical and histological analysis

For immunohistochemical and histological analysis, MC3T3-E1-laden hydrogels (n = 3-4)
were collected at days 0 (i.e., one day after encapsulation), 10, and 28 and fixed in neutral-
buffered formalin for four hours at room temperature, then dehydrated and embedded in
paraffin following standard protocols. Sections (10 um) were deparaffinized, hydrated, and
stained for apoptosis, anti-collagen I, or mineralization. Sections were stained for apoptotic
cells using the DeadEnd Fluorometric TUNEL system (Promega) per manufacturer
instructions. Sections were counterstained with DAPI for nuclei. Sections were imaged by
laser scanning confocal microscopy where apoptotic cells were indicated by green
fluorescence and nuclei indicated by blue fluorescence. Four images per hydrogel were
acquired per hydrogel and total nuclei and the number of positively stained apoptotic cells
were counted per image using NIH Image J and the average percent apoptotic cells per
hydrogel was determined. For anti-collagen I, sections were pretreated with 1 mg/mL pepsin
(Sigma) followed by antigen retrieval (Retrievagen, BD Biosciences). After permeabilization
and blocking, sections were incubated with collagen I antibody (1:50, Abcam, ab34710) in
blocking solution overnight at 4°C. Sections were then treated with a secondary antibody;,
AlexaFluor 546 goat anti-rabbit antibody (1:200, Invitrogen), for one hour at room
temperature and nuclei counterstained with DAPI. Collagen type I is indicated by red
fluorescence and nuclei are indicated by blue fluorescence. Four images were acquired per
hydrogel, and analyzed using NIH Image J for average total fluorescence (arbitrary units)
normalized to the number of nuclei in each image to determine the fluorescence per nuclei
per hydrogel. For the TUNEL and collagen I stains, sections were stained at the same time
and imaged, under the same settings, using a laser scanning confocal microscope. Sections
were stained for mineralization following standard protocols for von Kossa staining.
Sections were treated with 1% (w/w) silver nitrate (Sigma) under ultraviolet light for 30
minutes. Unreacted silver was removed by 5% (w/w) sodium thiosulfate (Sigma) for 5
minutes at room temperature. Sections were counterstained with nuclear fast red (RICCA
Chemical Company). Sections were imaged using light microscopy (Axiovert 40 C Zeiss).
Mineralization stains black and nuclei stain pink to red.

2.9 DNA, Biochemical, and Cytokine Assays

Hydrogels (n = 3) were collected on days 0 (i.e., one day after encapsulation), 10, and 28,
flash frozen with nuclease-free water in liquid nitrogen, and stored at ~70°C. Gels were
homogenized for 5 minutes at 30 Hz using a Qiagen TissueLyser Il. Homogenized samples
were assessed for ALP activity using p-nitrophenol phosphate with p-nitrophenol used as a
positive control and for Calcium content by using the Calcium (CPC) Liquicolor Assay kit
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(Stanbio). DNA was quantified using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen).
Media from each sample were collected and flash frozen on day 10, which represents
conditioned medium from day 8 to day 10, and on day 28, which represents conditioned
medium from day 26 to day 28. Media samples were assessed for cytokines interleukin-6
(IL-6) and tumor necrosis factor alpha (TNF-a) using standard enzyme-linked
immunosorbent assay kits (ELISA, R&D Systems for TNF-a, eBioscience for IL-6).

2.10 Statistical analysis

Data are presented as the mean of hydrogel replicates, sample size given above, with
standard deviation as error bars in all plots and parenthetically in the text. Statistical analysis
was performed using the XLSTAT add-in software for Microsoft Excel ® with a two-way
unbalanced ANOVA (Table 1). Factors were culture time (day 0, 10, 28) and treatment type
(x RAW264.7, + primary macrophage, +LPS). Comparisons were made using a Tukey post-
hoc analysis with a = 0.05. P-values of 0.1 or less are reported to indicate level of
significance with a p < 0.05 considered to be statistically significant.

2.11 IACUC approval
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 care and use
of laboratory animals.

3. Results

An in vitromodel system was designed to study the effects of macrophages on MC3T3-E1
cells encapsulated in a 3D bone mimetic PEG hydrogel containing MMP-sensitive
crosslinks, the cell adhesion peptide, RGD, and hydroxyapatite nanoparticles (Fig. 1A). The
cell-laden hydrogel was cultured under six experimental treatment conditions to simulate the
FBR in vitro, which included mono-culture, co-culture with either RAW 264.7 macrophages
or primary macrophages, and in each condition culture medium supplemented with or
without LPS. Time, treatment, and their interaction were investigated as factors (Table 1).
The experimental set-up is shown in Fig. 1B. Osteogenic medium was chosen for all
cultures. RAW 264.7 macrophages and primary macrophages were refreshed weekly while
LPS was refreshed every 48 hours.

3.1 Characterization of the acellular hydrogel

The hydrogel without cells was characterized with and without the incorporation of
hydroxyapatite nanoparticles. The presence of hydroxyapatite nanoparticles was confirmed
using Raman spectroscopy (Fig. 2A). The characteristic hydroxyapatite peak at 960 cm™1
was absent in hydrogels without hydroxyapatite nanoparticles and clearly present in the
hydrogels with 1% hydroxyapatite nanoparticles. Hydroxyapatite appeared to be well
dispersed within the hydrogel by brightfield microscopy (Supplemental information, Fig.
S1). Further, the incorporation of hydroxyapatite nanoparticles did not significantly alter the
compressive modulus (Fig. 2B) or volumetric equilibrium swelling ratio (Fig. 2C) of the
hydrogels. The size of hydroxyapatite nanoparticles was determined from FESEM and the
distribution of size is shown in Fig. 2D. A representative SEM image is provided in
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supplemental information (Fig. S2). The average hydrogel mesh size of the hydrogel was
determined to be 61.3(4.3) nm. The average size of the hydroxyapatite nanoparticles was
determined to be 97.5(24.6) nm.

3.2 The effect of macrophages on MC3T3-E1 cell apoptosis and DNA content

The effect of LPS, macrophages, and their combination on MC3T3-E1 apoptosis in the 3D
biomimetic hydrogel was assessed with culture time by TUNEL staining (Fig 3A,B).
Though not a holistic characterization of cell viability, TUNEL stain allows for the
visualization of cells that have undergone DNA degradation due to apoptosis. The
percentage of apoptotic cells was affected by time (p < 0.0001) and treatment (o = 0.019)
(Table 1). Initially, fewer than 1% of cells stained positive for apoptosis. Culture with RAW
264.7 macrophages did not lead to significant differences in the percentage of apoptotic
cells. Culture with primary macrophages increased apoptosis by 6% at 10 days (o = 0.04)
and 12% by 28 days (p = 0.002) from the initial time point. LPS stimulation did not
significantly affect the percentage of apoptotic cells, whether alone or in co-culture with
macrophages.

DNA content for the MC3T3-E1 cells in the hydrogels was assessed over time (Fig. 3C).
After 28 days, mono-cultures and co-cultures with primary macrophages, independent of
LPS activation, exhibited increases in DNA content. DNA content in co-cultures with RAW
264.7 macrophages was similar at the time points measured.

3.3 The effect of macrophages on MC3T3-E1 morphology

The morphology of the encapsulated MC3T3-E1 cells in the 3D biomimetic hydrogel was
qualitatively assessed by confocal microscopy as a function of LPS, macrophages, and their
combination (Fig. 4). Initially, the MC3T3-EL1 cells displayed a round morphology. At 10
days of culture, the majority of the MC3T3-EL1 cells within the hydrogels exhibited signs of
cell spreading evident by extended cellular processes. With the addition of LPS, cell
spreading was still evident. However, when cultured in the presence of RAW 264.7
macrophages with or without LPS, MC3T3-EL1 cells retained their rounded morphology with
no observable signs of cell spreading. In the presence of primary macrophages, there were
evidence of cell spreading, as well as rounded cells. When cultured with LPS and in the
presence of primary macrophages, MC3T3-EL1 cell spreading appeared to be reduced, but
not inhibited. These results indicate that while MC3T3-E1 cells are capable of spreading
within the biomimetic hydrogel, the presence of RAW 264.7 macrophages and to a lesser
extent primary macrophages inhibit MC3T3-E1 cell spreading. LPS stimulation appeared to
have minimal effects.

3.4 The effects of macrophages on collagen | deposition by MC3T3-E1 cells

MC3T3-E1 cell-laden biomimetic hydrogels were assessed for collagen I deposition initially
and after 10 and 28 days in culture as a function of LPS, macrophages, and their
combination (Fig. 5). Representative confocal microscopy images are shown in Fig. 5A
along with quantitative analysis in Fig. 5B. Initially, the MC3T3-E1 cells stained for
collagen I, but the staining was largely localized in what appeared to be the intracellular
regions. At day 10, MC3T3-E1 cells deposited collagen | that formed an interconnected
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matrix within aggregates of cells. Similar results were observed at day 28. With the addition
of LPS, aggregates of cells with an interconnected matrix of collagen | were evident, but the
staining was not as pronounced. In the presence of RAW 264.7 macrophages, collagen |
staining was evident, but it was localized the pericellular region at day 10 and remained
localized at day 28. Treatment with LPS did not appear to affect the spatial organization of
collagen 1. Similar results were observed with primary macrophages. Fluorescence intensity
of the collagen | stain per nuclei was quantified as a measure of collagen | content. Collagen
| was affected by time (p < 0.0001) and treatment (p < 0.0001) (Table 1). In mono-culture
without LPS stimulation, collagen | increased (p = 0.0004) from day 0 to day 10 and then
remained constant at day 28. With LPS stimulation, collagen | increased but not to the same
extent at day 10, but by day 28 was similar regardless of LPS. In co-culture with RAW 264.7
macrophages regardless of LPS stimulation, collagen | was lower (p < 0.0001 without LPS
and p =0.0004 with LPS) at day 28 when compared to the unstimulated mono-cultures. In
co-culture with primary macrophages, collagen | increased (p = 0.003) by day 28 without
LPS, but was slightly lower (p = 0.053) than unstimulated mono-cultures. However, with
LPS, collagen | was not different from day 0 and lower (p <0.001) when compared to
unstimulated mono-cultures. Large standard deviations at later time points (day 28) are
attributed to heterogeneities that form as the hydrogel degrades and neotissue is deposited,
which have been reported previously [39]. Overall, the presence of RAW 264.7 or primary
macrophages with LPS inhibited collagen I deposition by the MC3T3-E1 cells at 28 day.

3.5 The effects of macrophages on ALP activity and mineralization in MC3T3-E1-laden
biomimetic hydrogels

MC3T3-EL1 cell-laden biomimetic hydrogels were assessed for alkaline phosphatase (ALP)
activity (Fig. 6A), total calcium content (Fig. 6B), and spatial organization of mineral
deposition (Fig. 6C) as a function of LPS, macrophages, and their combination. ALP activity
was affected by time (p=0.012) and treatment (p < 0.0001) (Table 1). At day 10, the
unstimulated mono-cultures of the MC3T3-E1 cells in the hydrogels had the highest (p <
0.0001) ALP activity compared to all other treatments at the same timepoint, and was
approximately threefold higher (p < 0.0001) when compared to the initial time point. For all
other treatment conditions at day 10, ALP activity was not different to the initial time point.
At day 28, ALP activity in the mono-cultures returned to initial levels. In the co-culture with
RAW 264.7 macrophages at day 28, stimulated with LPS or not, MC3T3-EL1 cells had the
higher (p < 0.0001) ALP activity when compared to the mono-culture of the MC3T3-E1
cell-laden hydrogels without LPS. However, in co-culture with primary macrophages,
stimulated with LPS or not, ALP activity was similar to initial levels.

Mineralization was assessed by total calcium and von Kossa staining. Total calcium content
per hydrogel was affected by time (p < 0.0001), but not by treatment (Table 1). The initial
time point represents calcium that is from the entrapped hydroxyapatite nanoparticles and
any residual calcium from the culture medium. Any increase in calcium content is attributed
to mineral deposition that occurred during culture. Total calcium content increased (p <
0.0001) from day 0 to day 10. There was no significant change in total calcium content from
day 10 to day 28. Spatial organization of mineral deposition was qualitatively assessed
through von Kossa staining. At day 0, minimal mineral deposition was detected.

Acta Biomater. Author manuscript; available in PMC 2020 November 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saleh et al.

Page 10

Qualitatively, mineral deposition was apparent by day 10 and present in all treatment
conditions. At day 10, MC3T3-E1 cell-laden hydrogels cultured with RAW 264.7
macrophages, regardless of LPS, appeared to show more elaborate mineral deposition
throughout the construct when compared to the mono-culture and the co-culture with
primary macrophages. At day 28, mineral deposition was pronounced throughout all of the
hydrogels with no observable differences among treatment conditions.

3.6 Cytokine secretion from the in vitro co-culture model

To characterize the inflammatory environment in the co-culture model, secretion of
interleukin-6 (IL-6) (Fig. 7A) and tumor necrosis factor-alpha (TNF-a) (Fig. 7B) into the
culture medium was quantified by ELISA at select time points of day 10 and day 28, which
corresponded to all of the other assessments of the hydrogel. The media at day 10 represents
conditioned media from day 8-10, and the media at day 28 represents conditioned media
from day 26-28. Monitoring of the temporal changes in cytokine secretion beyond these
discrete time points was not assessed. IL-6 was not affected by time or treatment
independently, but there was a crossover interaction (Table 1). At day 10 in the absence of
LPS stimulation, 1L-6 levels were undetectable in the mono-culture and co-culture with
RAW 264.7 and primary macrophages. At day 10 with LPS stimulation, there was
pronounced IL-6 levels in the mono-culture and co-culture with RAW 264.7 and primary
macrophages. At day 28, IL-6 levels were detectable in the mono-culture and in the co-
culture with primary macrophages without LPS. With LPS, IL-6 levels were detectable, but
lower (p=0.01 for mono-culture; p < 0.001 for co-culture) when compared to their
respective treatment without LPS. The co-culture with RAW 264.7 macrophages did not
have detectable levels of IL-6 at day 28.

TNF- a was affected by time (p=0.023) and treatment (p < 0.0001) and there was a
significant interaction between time and treatment (Table 1). Secretion of TNF-a. was not
detected in the mono-culture without LPS at day 10 nor at day 28, but was detectable at day
28 with LPS. In the co-culture with RAW 264.7 macrophages, TNF-a levels were ~60 pg/ml
and increased (p = 0.002) by 10-fold with LPS at day 10. At day 28, TNF-a was not
detectable in the co-culture with RAW 264.7 macrophages without LPS, but was detectable
with LPS stimulation. In the co-culture with primary macrophages, TNF-a was not
detectable in the culture without LPS at day 10, but was detected at ~40 pg/ml with LPS at
day 10. At day 28, TNF-a levels in co-culture with primary macrophages were detected at
~46 pg/mL without LPS and were higher (o= 0.03) with LPS.

4. Discussion

Though PEG hydrogels are promising cell delivery vehicles for tissue engineering [40], their
induction of a FBR /n vivoraises questions for in vivo tissue engineering. This study
identified that macrophages elevated MC3T3-EL1 cell apoptosis, reduced cell spreading,
delayed or inhibited alkaline phosphatase activity, and decreased collagen elaboration, but
did not affect mineralization. Although both macrophages sources had a negative effect on
the MC3T3-E1 cells, primary macrophages were more potent. Collectively, this study
demonstrates that while MC3T3-E1 cells are capable of differentiating and depositing bone-
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like ECM in the presence of macrophages and the inflammatory stimulant LPS, this process
is significantly impaired.

The biomimetic hydrogel with hydroxyapatite nanoparticles supported MC3T3-E1
differentiation and deposition of bone ECM in the absence of macrophages and LPS.
MC3T3-EL1 cell spreading was evident within the hydrogel, which is attributed to the
combined presence of RGD and MMP-sensitive crosslinks [21]. Osteogenic differentiation
was confirmed by increased ALP activity, a known early marker of osteogenesis. Bone ECM
deposition was evident by collagen | and mineralized matrix present throughout the hydrogel
construct. The cells also secreted IL-6, but no measurable TNF-a.. IL-6 has been linked to
osteoblast differentiation and maturation [43,44]. Overall, these results confirm that the
bone-mimetic hydrogel is promising for bone tissue engineering and thus is a suitable
system to assess the effects of a simulated FBR on the encapsulated cells and their ability to
synthesize ECM.

Chronic inflammation, which is a part of the FBR, is known to induce programmed cell
death and contribute to tissue injury [45]. Overall the percentage apoptotic MC3T3-EL1 cells
remained below ~15% during the 28 day culture regardless of condition. Primary
macrophages had the most significant effect on MC3T3-E1 apoptosis over the untreated
hydrogels. LPS did not have any additional effect, suggesting that macrophages on their own
are capable of inducing apoptosis. Long-term exposure of the MC3T3-EL1 cells to LPS alone
did not induce apoptosis, which is contrary to other studies [46,47]. This difference is
attributed to the 3D culture, where these previous studies were done in 2D cultures. These
findings demonstrate that macrophages in the absence of LPS stimulation are able to induce
MC3T3-E1 apoptosis, albeit at low levels, in the /n vitro co-culture model.

The biomimetic hydrogel created an environment whereby encapsulated MC3T3-E1 cells
locally degraded the hydrogel enabling extension of their cellular processes and cell
spreading. The presence of macrophages reduced or inhibited MC3T3-E1 cell spreading,
which was most pronounced in the presence of RAW 264.7 macrophages. Studies with
osteogenically differentiating MC3T3-E1 cells have reported increased expression MMP-2
[48]. Thus, it is possible that an inhibition in osteogenesis, due to the simulated FBR
environment with macrophages, led to the reduction in MMP activity and a subsequent
reduction in cell spreading, which may further slow differentiation [49,50]. We have
previously reported that macrophages /n7 vitro do not rapidly degrade this MMP-sensitive
crosslinker in a PEG hydrogel, whether by direct culture or through conditioned medium,
nor does the hydrogel undergo rapid degradation /n vivo [21]. Additional studies are needed
to identify the exact mechanism(s) that contributed to the observed reduction of cell
spreading.

Osteogenic differentiation of the MC3T3-EL1 cells, as measured by ALP activity, was
affected by LPS, macrophages and their combination. An inflammatory environment has
been shown to be detrimental to osteogenesis [51]. At 10 days, ALP activity was inhibited
under all inflammatory conditions. LPS and pro-inflammatory cytokines (e.g., TNF- a) act
by up-regulating NF-xB signaling [52], which has been shown to inhibit ALP activity in
osteoblast-like cells [53]. Interestingly, an increase in ALP activity was observed by day 28
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in MC3T3-E1 cells, but only in those cultured with RAW 264.7 macrophages. Because ALP
activity generally peaks between ~7-14 days in culture [54], this result suggests a delay in
osteogenic differentiation. This finding was not observed with the primary macrophages, but
it is possible that a peak in ALP activity was not captured due to the selected time points.
Nonetheless, these data indicate that the inflammatory environment, resulting from LPS
and/or macrophages, delays or inhibits osteogenic differentiation in the bone-mimetic
hydrogels.

The in vitro simulated FBR differentially affected ECM deposition by the MC3T3-EL1 cells
in the bone-mimetic hydrogel. At day 10, collagen deposition was present under all
inflammatory conditions, but substantially reduced when compared to the untreated
condition. Collagen synthesis has been shown to be highly susceptible to the presence of
pro-inflammatory cytokines [55]. In this study, macrophages had the most significant
negative effect on collagen | deposition, indicating that their secreted factors are more potent
over LPS alone. The observed reduction in collagen | deposition is attributed to an inhibition
in collagen synthesis. Since the hydrogel, which is susceptible to similar MMPs as collagen,
did not undergo rapid degradation, it is unlikely that the reduced collagen was due to its
degradation. Moreover, the reduced cell spreading and ALP activity point to a delay in
osteogenesis, which would also explain the delay in collagen synthesis.

On the other hand, mineralization in the bone-mimetic hydrogels was not sensitive to the /n
vitro simulated FBR. Mineralization requires mineral precursors and nucleation sites [56],
which can be found in matrix vesicles [42]. Upon their breakdown, these mineral precursors
are then exposed to ECM (e.g., collagen), where mineralization is regulated [57]. By
incorporating hydroxyapatite particles directly into the bone-mimetic hydrogel, it is possible
to “bypass” the phosphatase-controlled vesicle phase of mineralization. Alternatively, it has
been reported that pro-inflammatory cytokines induce a mineralizing phenotype in bone
marrow-derived mesenchymal stem cells [58]. This mineralization pathway still necessitates
ALP activity, but the threshold is much lower for mineralization to occur [58]. While we
reported high levels of ALP only in the untreated hydrogels cultures, it is possible that since
the MC3T3-E1 cells are initially pre-osteoblasts, they may display basal levels of ALP
activity that are above the threshold to induce inflammation-mediated mineralization. Thus,
mineralization may occur even if differentiation is inhibited. The presence of mineral, which
is known to be osteoinductive, may help to overcome the initial negative effects of the
inflammatory environment and thus could explain the observed delay in differentiation.

Towards characterizing the inflammatory environment in the co-culture system, pro-
inflammatory cytokines IL-6 and TNF-a were investigated. Pro-inflammatory cytokine
secretion is known to direct cross talk and differentiation between macrophages and other
cells [59,60]. IL-6 is a multifunctional cytokine that regulates a diverse range of functions
from inflammation to homeostasis [61]. In bone, the role of IL-6 is primarily understood as a
promotor of osteoclastogenesis and important to bone regeneration, but studies on its role in
osteoblast differentiation have been conflicting [62—64]. The role of TNF-a in bone
homeostasis is more well-defined, where studies have reported inhibition of osteoblast
differentiation and activity by TNF-a [64]. LPS stimulation leads to NF-xB induced
expression of IL-6 and TNF-a, which has been shown in macrophages and mature
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osteoblasts [52,68,69]. At day 10, IL-6 was only detectable in the LPS stimulated
conditions, which points to LPS-mediated induction of IL-6 by both MC3T3-EL1 cells and
macrophages. Interestingly, only co-culture with primary macrophages and LPS led to
detectable amounts of both cytokines at the two time points investigated. This condition
correlated with significant apoptosis, inhibition in ALP activity, and reduction in collagen
deposition. Taken together, these findings confirm that with LPS and/or macrophages, TNF-
a is secreted at some point during the culture period and thus may contribute to the adverse
effects in the MC3T3-E1 cells in the bone mimetic hydrogel.

We investigated two murine macrophage sources, the commonly used cell line, RAW 264.7,
and bone marrow-derived macrophages. Several studies have reported that macrophage
phenotype differs depending on the cell source [34,70], despite their often interchangeable
use in in vitro studies. Importantly, our results indicate that both macrophage sources have a
negative impact on the MC3T3-E1 cells in the bone-mimetic hydrogel. However, primary
macrophages stimulated with LPS appeared to have the greatest adverse effect on the
MC3T3-EL1 cells leading to significantly higher apoptosis, reduced collagen | deposition,
low ALP activity, and had measurable levels of both IL-6 and TNF-a at the time points
investigated. This result is consistent with other studies which have shown that macrophage
cell lines have been noted to exhibit lower pro-inflammatory cytokine secretion than primary
macrophages [35,36]. Either RAW?264.7 or primary macrophages can serve as a useful
macrophage source in this /n vitro model. However, findings from this study suggest primary
macrophages are a better choice for simulating the FBR /n vitro given that they are more
potent and provide a more “direct” comparison to the /n vivo environment.

There are several limitations of this work. This study focused on the effects that
macrophages have on MC3T3-EL1 cells in a biomimetic PEG hydrogel system. However, we
have previously shown that crosstalk between encapsulated cells and macrophages can
influence macrophage activation [24]. Thus, it is possible that the crosstalk between
MC3T3-E1 cells and osteoblasts may have activated macrophages in the absence of LPS.
Future studies will need to assess the effect that MC3T3-E1 cells have on macrophage
activation to understand the full extent of the crosstalk. Additionally, the scope of this study
focused on paracrine signaling between macrophages and the encapsulated cells. The
synergistic effect of the biomaterial and juxtacrine signaling will need to be investigated in
the future. A culture medium optimized for the MC3T3-E1 cells was chosen to assess their
differentiation and ECM synthesis. Because macrophages are migratory and found in all
tissues in the body, we expect that the readily adapt to different environments; however, the
media was not optimized for macrophages. Another limitation was that the assessment of the
cytokines levels was limited to two discrete time points that corresponded to the assessment
of differentiation and ECM deposition. Further experiments are required to characterize the
full spectrum of paracrine factors and identify the factors that led to the adverse effects on
the pre-osteoblast cells. Finally, culture times beyond four weeks will be needed to
determine the long-term impact of macrophages and an inflammatory environment on tissue
growth both /n vitroand in vivo.
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5. Conclusions

Our /n vitro studies show that inflammatory macrophages can impact osteoblastic cells,
leading to decreased cell spreading within MMP-sensitive PEG hydrogels, reduced alkaline
phosphatase activity, and lower collagen I deposition. Importantly, our findings implicate
that the FBR, as shown here through /n vitro simulated conditions, can delay osteogenesis
and slow bone ECM deposition. Future work will need to determine how the in vivo
scenario and the FBR, which is more complex than the /n vitro experiments, affects tissue
growth. Further, given that many cell types are sensitive to an inflammatory environment
[71,72], macrophages may have a detrimental effect on other cell types and biomaterials for
tissue regeneration and warrant further study. In summary, the FBR to non-biological
scaffolds may have a negative effect on the ability of the embedded cells to synthesize and
deposit new tissue. Thus, biomaterial designs that reduce the FBR may be critical to
improving tissue regeneration capabilities of encapsulated cells.
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Statement of Significance

Poly(ethylene glycol) (PEG)-based hydrogels are promising for cell encapsulation and
tissue engineering, but are known to elicit a foreign body response (FBR) /n vivo. The
impact of the FBR on encapsulated cells and their ability to synthesize tissue has not
been well studied. This study utilizes thiol-ene click chemistry to create a biomimetic,
enzymatically degradable hydrogel system with which to encapsulate MC3T3-E1 pre-
osteoblasts. The osteogenic capabilities and differentiation of these cells were studied in
co-culture with macrophages, known drivers of the FBR. This study demonstrates that
macrophages reduce osteogenic capabilities of encapsulated cells /n vitro and suggest
that the FBR should be considered for /n vivo tissue engineering.
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Figure 1 —.

Experimental setup. A) Schematic of the bone-mimetic hydrogel formation. B) Schematic of
the experimental co-culture setup in this study, wherein macrophages were refreshed weekly
and lipopolysaccharide (LPS) in the media was refreshed every 48 hours.
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Characterization of the acellular hydrogel. A) Raman spectroscopy of hydrogels with 0 and
1% hydroxyapatite (HA), showing the indicative hydroxyapatite peak at 960 cm™2. B)
Compressive modulus and C) volumetric equilibrium swelling ratio of hydrogels with 0 and
1% hydroxyapatite hydrogels. Data are shown as mean (n=3) with standard deviation as
error bars. D) Histogram of hydroxyapatite nanoparticle diameter, determined by FESEM.

Acta Biomater. Author manuscript; available in PMC 2020 November 08.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saleh et al.

Page 22

Day 10 Day 28
+ RAW MO +1° MO

Initial

+ RAW MO +1° MO

- LPS
- LPS

+ LPS
+ LPS

30
B C p=0.012
20000 p <0.0001
#& — p <0.0001
O p =0.0002
g = 2 p<00001
@ 20 »
O %.) g15000
(®)
= 8 § # &
° <
o Z 10000
o) ZnN
Q.10 (]
=< 2
X
S5 I I 5000
o=, AR I |l| A 1 Ill 1] I
- + LPS
Injge - RAW M@ Inltlal - +LPS
e DT e ::TT;+ _:TT;;lRA“VALM“
Day 10 Day 28 Day 10 Day 28
Figure 3 -

The effects of macrophages on MC3T3-E1 cell apoptosis. A) Representative confocal
microscopy images of hydrogels immediately after encapsulation and after 10 and 28 days
of culture. Cells were stained for apoptosis (green) and counterstained with DAPI for cell
nuclei (blue). Scale bar = 50 um. B) Semi-quantification of the percent of apoptotic cells,
normalized to number of nuclei in hydrogels after 0, 10, or 28 days of culture. C) DNA
content per construct over time. Data are shown as mean (n=3-4) with standard deviation as
error bars. “#” denotes statistical significance (p < 0.05) over day 0, “&” denotes statistical
significance (p < 0.05) over day 10.
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Figure 4 —.

Tk?e effects of macrophages on MC3T3-E1 cell morphology. Representative confocal
microscopy images of hydrogels immediately after encapsulation and after 10 days of
culture. Cells were stained using calcein AM to visualize morphology. Red box indicates
region of interest, white box shows ROI at 2x magnification. Scale bar = 100 um.
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Figure 5 —.

Tr?e effect of macrophages on collagen I deposition by MC3T3-E1 cells. A) Representative
confocal microscopy images of hydrogels after 0, 10, and 28 days of culture. Sections were
stained for anti-collagen I (red) and counterstained with DAPI for cell nuclei (blue). Scale
bar = 50 um. B) Semi-quantification of the fluorescence (arbitrary units) normalized to the
number of nuclei per image. Data are shown as mean (n=3-4) with standard deviation as
error bars. P-values displayed are for pairwise comparisons between the unstimulated mono-
culture and each treatment condition at each time point. “#” denotes statistical significance
(p<0.05) as compared to day 0, “&” denotes statistical significance (p < 0.05) as compared
to corresponding condition at day 10.
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Initial

A

The effects of macrophages on ALP activity and mineralization in MC3T3-E1-laden PEG
hydrogels. A) ALP activity after 0, 10, and 28 days of culture. B) Total calcium content in
hydrogels after 0, 10, and 28 days of culture. Blue dashed line indicates the mean calcium
level at day 0, which provides a baseline for comparison. Data for A and B shown as mean
(n = 3) with standard deviation as error bars. “#” denotes statistical significance (p < 0.05) as
compared to day 0. C) Representative microscopy images of hydrogels fixed after 0, 10, and
28 days of culture and stained for von Kossa mineralization (black) and counterstained with

nuclear fast red for nuclei (pink). Scale bar = 100 pm.
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Cytokine secretion from the in vitro co-culture model. A) Interleukin-6 (IL-6) and B) tumor
necrosis factor alpha (TNF-a) secretion in the media on day 10 and 28 as assessed by
enzyme-linked immunosorbent assay (ELISA). Data are shown as mean (n=3-4) with
standard deviation as error bars. Double dagger denotes undetectable levels.
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Table 1.

2-way ANOVA Statistical Analysis

Time Treatment

Time*Treatment

TUNEL apoptosis
Collagen I

ALP activity
Calcium content
IL-6

TNF-a

p<0.0001 p=0.019
p<0.0001 p<0.0001
p=0.012 p<0.0001
p<0.0001 p=0.943
p=0581  p=0.095
p=0023 p<0.0001

p=0014
p < 0.0001
p <0.0001
p=0.139

p < 0.0001
p <0.0001
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