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A Three-Dimensional Chondrocyte-Macrophage Coculture
System to Probe Inflammation in Experimental Osteoarthritis

Satyavrata Samavedi, PhD!*? Patricia Diaz-Rodriguez, PhD. Joshua D. Ermndt-Marino, BS
and Mariah S. Hahn, PhD'

The goal of the present study was to develop a fully three-dimensional (3D) coculture system that would allow
for systematic evaluation of the interplay between activated macrophages (AMs) and chondrocytes in osteo-
arthritic disease progression and treatment. Toward this end, our coculture system was first validated against
existing in vitro osteoarthritis models, which have generally cultured healthy normal chondrocytes (NCs)—in
two-dimensional (2D) or 3D—with proinflammatory AMs in 2D. In this work, NCs and AMs were both
encapsulated within poly(ethylene glycol) diacrylate hydrogels to mimic the native 3D environments of both
cell types within the osteoarthritic joint. As with previous studies, increases in matrix metalloproteinases
(MMPs) and proinflammatory cytokines associated with the early stages of osteoarthritis were observed during
NC-AM coculture, as were decreases in protein-level Aggrecan and collagen II. Thereafter, the coculture
system was extended to osteoarthritic chondrocytes (OACs) and AMs to evaluate the potential effects of AMs
on pre-existing osteoarthritic phenotypes. OACs in coculture with AMs expressed significantly higher levels of
MMP-1, MMP-3, MMP-9, MMP-13, IL-1p, TNF-q, IL-6, IL-8, and IFN-y compared to OACs in mono-culture,
indicating that proinflammatory macrophages may intensify the abnormal matrix degradation and cytokine
secretion already associated with OACs. Likewise, AMs cocultured with OACs expressed significantly more
IL-1B and VEGF-A compared to AM mono-culture controls, suggesting that OACs may intensify abnormal
macrophage activation. Finally, OACs cultured in the presence of nonactivated macrophages produced lower
levels of MMP-9 and proinflammatory cytokines IL.-103, TNF-a, and IFN-y compared to OACs in the OAC-AM
system, results that are consistent with anti-inflammatory agents temporarily reducing certain OA symptoms. In
summary, the 3D coculture system developed herein captures several key features of inflammatory OA and may
prove useful in future screening of therapeutic agents and/or assessment of disease progression mechanisms.
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Introduction tors, such as IL-1B, TNF-q, and nitric oxide (NO)6’7 that act

upon chondrocytes in a paracrine manner. In turn, chondrocytes

OSTEOARTHRITIS (OA) is a degenerative disease of cer-
tain joints that is primarily characterized by cartilage
degradation and bony outgrowths at joint margins.! Worldwide,
OA is one of the leading causes of chronic disability,>> affecting
close to 50% of the population over the age of 75.* Although
much attention has been focused on the treatment and man-
agement of OA symptoms, the factors governing disease onset
and progression are still unclear. Over the last several years, the
role of synovial inflammation in contributing to knee OA has
been increasingly recognized.” This inflammation is believed
to result in part from macrophage activation in the synovium.
Activated synovial macrophages secrete proinflammatory fac-

produce excess matrix metalloproteinases (e.g., MMP-3
and MMP-13) and aggrecanases (e.g., ADAMTS-4 and
ADAMTS-5), which result in the degradation of extracellular
matrix (ECM) components such as collagen II (Col-2) and
Aggrecan.* ! Diseased chondrocytes also secrete inflamma-
tory cytokines like IL-1[3, TNF-a, IL-6, and IL-8 that contribute
to the inflammatory environment within the knee.'*'* The
products of ECM degradation and inflammatory cytokines are
believed to stimulate increased synovial inflammation, resulting
in a repeating cycle of inflammation and cartilage degradation.

Thus, current pharmacological treatment options for OA
include the administration of analgesics and nonsteroidal
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anti-inflammatory drugs, which mitigate pain and tempo-
rarily reduce inflammation.'> However, these positive ef-
fects diminish with time, and the medications are also not
tolerated well by certain patient groups. In such cases, visco-
supplementation with intra-articular hyaluronic acid (HA)
injections has been used to promote joint lubrication. HA is
also known to exert an anti-inflammatory effect by sup-
pressing MMPs/ADAMTSs in addition to counteracting the
degenerative effects caused by IL-1p."® However, HA sup-
plementation often requires additional follow-up procedures
and may not provide any significant benefits for patients
over the age of 65 or those with advanced radiographic
OA.""'® Thus, a deeper understanding of inflammation in
OA and insights into the interactions between cartilage and
synovial macrophages may allow for improved development
and screening of OA therapeutic agents.

The goal of the current work was to build and validate a
fully 3D coculture system that can be used to study para-
crine interactions between chondrocytes and macrophages
in the context of OA inflammation. While several previous
OA models have employed 2D monolayers,'®* the litera-
ture reveals that cell behavior in 2D is often not represen-
tative of cell responses observed in physiologically relevant
3D contexts.’*" Indeed, an increasing number of studies
recently reporting in vitro OA models have cultured chon-
drocytes within 3D microenvironments.?®* > However, im-
portant auxiliary cell types such as macrophages have
continued to be cultured in 2D,***'* despite the primary
location of the macrophages in the knee joint being within
the synovial membrane. Moreover, phenotypic changes in
macrophages cocultured with chondrocytes have largely
been unexplored in previous in vitro studies.

Poly(ethylene glycol) diacrylate (PEGDA)-based hydrogels
were used in this study for the establishment of the 3D co-
culture system, due to their widespread use in cartilage tissue
engineering,**>’ their easily tunable mechanical proper-
ties,>®* and their ability to significantly resist cell adhesion
even in serum-containing culture environments relative to
many biomaterials.>****' This latter property permits desired
cell adhesion to be “‘programmed’’ into the PEGDA network
through conjugation of bioactive moieties.**** In the present
work, we have tethered the peptide RGD to the PEGDA net-
work to enable uniform levels of initial cell-matrix interactions
across experimental groups.

In this study, healthy normal chondrocytes (NCs) and
classically activated, proinflammatory (M1) macrophages
(AMs) were first encapsulated within separate PEGDA hy-
drogels and placed in coculture, permitting comparisons
with previously reported in vitro OA models. Thereafter, the
culture system was extended to osteoarthritic chondrocytes
(OACs) and AMs to evaluate the potential effects of AMs in
exacerbating existing osteoarthritic phenotypes. Con-
currently, OACs were cocultured with nonactivated mac-
rophages (NMs) to determine whether the presence of NMs
could influence the diseased phenotype of OACs.

Materials and Methods

Polymer synthesis and functionalization of cell
adhesive peptides

PEGDA, possessing >95% acrylation, was synthesized from
PEG-diol (3.4 kDa, Sigma Aldrich) as reported previously.*’
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NH,-Arg-Gly-Asp-Ser-COOH (RGDS; American Peptide
Company) and 3.4kDa acryoyl-PEG succinimidyl valerate
(ACRL-PEG-SVA; Laysan Bio, Inc.) were reacted a 1:1
molar ratio for 2h in 50 mM sodium bicarbonate buffer (pH
8.5). The product (ACRL-PEG-RGDS) was purified by di-
alysis, lyophilized, and stored at —80°C until further use.

Culture of chondrocytes and activation
of macrophages

Cryopreserved primary human articular NCs (passage 3;
Lonza) and human OACs (passage 2; Cell Applications,
Inc.) were thawed and expanded for 5-7 days in Chondro-
genic Growth Medium (Lonza) within a 37°C—5% CO,
jacketed incubator, after which the cells were transitioned to
regular growth medium: Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum
(Hyclone; Fisher Scientific). Concurrently, mouse RAW
264.7 macrophage cells (ATCC) were expanded in regular
growth medium in a 37°C—5% CO, jacketed incubator and
activated before encapsulation. The RAW 264.7 murine
macrophage cell line is well characterized and is known to not
only respond to stimulation with LPS, IFN-y, and rh IL-10,*
but also express markers of both M1 and M2 macrophage
phenotypes following appropriate stimulation.*’

For activation, macrophages were harvested using a cell
scraper and subsequently seeded within fresh T75 flasks at
6500 cells/cm?. After 24 h in growth medium, the cells were
switched to activation medium (regular growth medium
supplemented with 1 pg/mL lipopolysaccharide (LPS; Sal-
monella enterica serotype enteritidis; Sigma Aldrich)), and
were maintained in this medium for 4 days as per estab-
lished protocols.*® Cells thus activated with LPS were desig-
nated activated macrophages (AM), whereas cells that
continued to receive regular growth medium were designated
nonactivated macrophages (NM). Morphologically, AMs were
larger and well spread, while also extending several lamello-
podia not observed in the NMs. These differences between AM
and NM are consistent with previous literature regorting mac-
rophage polarization upon stimulation with LPS.*

Encapsulation of chondrocytes and macrophages

Before cell encapsulation, hydrogel precursor solutions
were prepared by adding 4 mg of ACRL-PEG-RGDS and
10 puL of a photoinitiator solution (262 mg Irgacure 2959
dissolved in 1 mL of 70% ethanol) to 1 mL of a 10% (w/v)
PEGDA solution in phosphate-buffered saline (PBS). The
precursor solution was then filtered to remove endotoxins
using an Acrodisc Unit with a Mustang E membrane (Fisher
Scientific). NCs (between passages 5 and 6) or OACs (be-
tween passages 4 and 5) were harvested and resuspended at
a concentration of 4 million cells/mL in separate aliquots of
the hydrogel precursor solution. Two hundred microliter
aliquots of the cell suspension were photopolymerized
within a 48-well plate by exposure to long-wave ultraviolet
light (~10mW/cm?; 365nm) for 6min, resulting in cell-
laden hydrogel discs ~1mm in thickness and 10 mm in
diameter. This polymerization process has previously been
demonstrated to be cytocompatible and to result in gels with
homogenously distributed cells.**° The hydrogel discs
were then rinsed in PBS and transferred to 12-well plates
containing regular growth medium supplemented with 1%
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antibiotic/antimycotic (10,000 U/mL penicillin, 10,000 pg/
mL streptomycin, and 25 pg/mL amphotericin; Life Tech-
nologies).

Macrophages were encapsulated within PEGDA hydrogels
in a similar manner. Briefly, NMs or AMs were separately
suspended in the hydrogel precursor solutions at a concen-
tration of 5 million cells/mL. Two hundred microliters of cell
suspension was dispensed into Falcon 12-well cell culture
inserts (pore size: 8 um) and photopolymerized by exposure
to long-wave ultraviolet light. Postfabrication, discs were
washed in PBS and cultured for 24 h in regular growth me-
dium supplemented with 1% antibiotic/antimycotic.

Culture of cell-laden hydrogels

Twenty-four hours postencapsulation, randomly selected
chondrocyte and macrophage discs were flash-frozen in
liquid nitrogen and stored at —80°C to allow for character-
ization of initial cell phenotype before coculture. The re-
maining chondrocyte and macrophage hydrogels were
combined in coculture as depicted in Figure 1A. In-
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dividually cultured chondrocyte and macrophage hydrogels
served as mono-culture controls. All constructs were
maintained in regular growth medium supplemented with
1% antibiotic/antimycotic for the entire duration of the
study. To maintain AMs in a state of activation throughout
the coculture period, AM hydrogels in coculture were re-
placed with fresh hydrogels containing newly activated
AMs every 2 days following the first 24 h of culture. Cor-
respondingly, NM 3D hydrogels were also replaced with
hydrogels containing freshly encapsulated NMs every
2 days. After 6 days of coculture, samples were washed in
PBS for 10min, harvested by flash-freezing in liquid ni-
trogen, and stored at —80°C until further analysis. The time
course of the study is depicted in Figure 1B. An additional
set of samples were formalin-fixed for 10 min followed by
embedding in OCT Compound (Tissue-Tek).

Extraction of mRNA and protein

Chondrocytes or macrophages encapsulated within the
hydrogel discs were used for the extraction of mRNA and
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- Hydrogel - - Hydrogel u
T —> Transwell Insert <
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>
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Day 0 Day2 Day 4
Encapsulate Encapsulate Encapsulate
NC, OAC, NM and freshly- NM and freshly-
NM & AM activated AM activated AM
Day 1 Day 3 Day 5 Day 7
Combine Switch out Switch out Harvest all
samplesin NM & AM NM & AM mono-culture
co-culture & with freshly with freshly & co-culture
collect “Day 1" encapsulated encapsulated samples for
controls NM & AM NM & AM analysis

Cells cultured in regular medium with 1% antibiotic/antimycotic

FIG. 1.

(A) Schematic representation of the trans-well coculture system used to investigate paracrine interactions between

chondrocytes and macrophages encapsulated within separate PEGDA hydrogels. (B) Timeline describing the macrophage
activation schedule, the encapsulation of chondrocytes and macrophages within PEGDA hydrogels at day 0, and the coculture of
hydrogel-encapsulated chondrocytes and macrophages for 6 days thereafter. Note that LPS was utilized to induce macrophages to
take on a classically activated phenotype before encapsulation within PEGDA hydrogels. After macrophage encapsulation, LPS
supplementation was removed, as LPS can have detrimental effects on chondrocytes and prolonged LPS stimulation can desensitize
macrophages. However, following LPS removal, AMs are known to slowly lose their proinflammatory phenotype over the course of
7 days. In the present work, AM discs in coculture were therefore replaced with discs containing freshly activated AMs every 2 days.
This process ensured that chondrocytes were exposed to relatively consistent dosing of proinflammatory factors throughout the
6-day coculture period. NC, normal chondrocyte; OAC, osteoarthritic chondrocyte; PEGDA, poly(ethylene glycol) diacrylate.
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TABLE 1. GENES ASSESSED IN EVALUATING SHIFTS IN HUMAN CHONDROCYTE PHENOTYPE

Function

Gene marker (supplier)

Primer sequence

Forward 5°-3 (F), Reverse 5°-3" (R)

Reference gene
Chondrogenic transcription factor

Matrix-degrading enzymes

MMP-3 (Origene)
MMP-13 (Origene)
ADAMTS-5 (Origene)

Matrix building components

Modulators of inflammation

IL-6 (Origene)

RPL-32 (Origene)
Sox-9 (Origene)

MMP-1 (Origene)

Col2A1 (Col-2) (Qiagen)
Aggrecan (Qiagen)
PTGES-2 (Origene)

: ACAAAGCACATGCTGCCCAGTG
: TTCCACGATGGCTTTGCGGTTC

: AGGAAGCTCGCGGACCAGTAC
: GGTGGTCCTTCTTGTGCTGCAC

ATGAAGCAGCCCAGATGTGGAG
: TGGTCCACATCTGCTCTTGGCA
CACTCACAGACCTGACTCGGTT
: AAGCAGGATCACAGTTGGCTGG
CCTTGATGCCATTACCAGTCTCC
: AAACAGCTCCGCATCAACCTGC
CCTGGTCCAAATGCACTTCAGC
: TCGTAGGTCTGTCCTGGGAGTT

Proprietary sequence
Proprietary sequence

F: CCTCTATGAGGCTGCTGACAAG
R: ATCACACGCAGCACGCCATACA
F: AGACAGCCACTCACCTCTTCAG
R: TTCTGCCAGTGCCTCTTTGCTG

ATATATAT T &0

protein. Here, we did not measure proteins released into the
culture medium by the encapsulated cells, because we
wanted to separately assess the contributions of the chon-
drocytes and the macrophages, which would have been
challenging had we evaluated proteins released into the
media. Accordingly, hydrogel discs with cells were trans-
ferred to 1.7mL RNase-free microcentrifuge tubes con-
taining 300puL of the lysis buffer provided with the
Dynabeads mRNA Direct kit (Life Technologies). The
samples were homogenized using plastic RNase-free pestles
(Kimble Chase) and incubated in lysis buffer at room tem-
perature for 10min. Thereafter, the samples were centri-
fuged for 5min at 10,000 rpm and the polyA-mRNA in the
supernatant was extracted using 20 L. of Dynabeads oli-
go(dT) magnetic beads according to the manufacturer’s
protocol. The supernatant was then stored at —20°C until
further DNA and protein analyses. The mRNA-laden Dy-
nabeads were rinsed and transferred to 100 L. of a 10 mM

Tris-HCI buffer, into which the bound polyA-mRNA was
released by heating the beads to 80°C for 2 min. The mRNA
solution was then stored at —80°C until further analysis.

Quantitative reverse transcription polymerase
chain reaction

To compare gene expression across the various experi-
mental groups, quantitative reverse transcription polymerase
chain reaction (QRT-PCR) was performed using a StepOne
Real-Time PCR system (Life Technologies) and the Super-
Script III Platinum One-Step qRT-PCR kit (Life Technolo-
gies) according to the manufacturer’s instructions. Validated
gRT-PCR human primers for genes related to chondrocyte
phenotype (Table 1) and validated qRT-PCR mouse primers
for genes related to macrophage polarization (Table 2) were
obtained from Origene or Qiagen. Approximately 3—6ng of
polyA-mRNA was mixed with 5 pL. of 1 uM primer solution,

TABLE 2. GENES ASSESSED IN EVALUATING SHIFTS IN MOUSE MACROPHAGE PHENOTYPE

Association

Gene marker (supplier)

Primer sequence

Forward 5'-3 (F), Reverse 5°-3’ (R)

Reference gene RPL-32 (Origene)

Classical activation markers IL-1PB (Origene)

IL-12p (Origene)
NOS-2 (Origene)
“Wound healing” marker
Proangiogenic marker VEGF-A (Operon)

Anti-inflammatory marker IL-10 (Origene)

Arginase-1 (Operon)

: ATCAGGCACCAGTCAGACCGAT
: GTTGCTCCCATAACCGATGTTGG
: TGGACCTTCCAGGATGAGGACA
: GTTCATCTCGGAGCCTGTAGTG
: TTGAACTGGCGTTGGAAGCACG
: CCACCTGTGAGTTCTTCAAAGGC
: GAGACAGGGAAGTCTGAAGCAC
: CCAGCAGTAGTTGCTCCTCTTC
TGTGTCATTTGGGTGGATGCT
TGGTACATCTGGGAACTTTCC
CCTGTGTGCCGCTGATG

: CGCATGATCTGCATGGTGAT
CGGGAAGACAATAACTGCACCC
: CGGTTAGCAGTATGTTGTCCAGC

el ol kol ole b ok
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12 uLL of 2xSYBR Green master mix and 0.5 plL of Super-
script III-Taq polymerase mix in a total reaction volume of
25 pL. Each reaction was monitored over 40 cycles by mea-
suring the change in SYBR Green fluorescence, with ROX dye
serving as a passive reference. The threshold fluorescence
value in the exponential phase of amplification was internally
set, and a threshold cycle (C,) was determined for each sample.
Gene expression was normalized to a reference gene (RPL-32)
and the AAC, method®" was used for the estimation of sample
gene expression relative to a selected reference control.
Melting temperature analysis was performed for each reaction
to verify the amplification product.

Western blotting

Supernatant from the mRNA extraction process was uti-
lized for western blot analysis to semi-quantitatively com-
pare protein expression among the different experimental
groups. Briefly, DNA levels in each sample homogenate
were measured using the PicoGreen assay kit (Life Tech-
nologies). Thereafter, sample homogenate volumes re-
presenting 8000ng DNA (for chondrocytes) or 2500ng
DNA (for macrophages) were concentrated using 3000
MWCO Amicon filter units (Millipore), followed by the
addition of B-mercaptoethanol and heat treatment at 95°C
for 10min. The concentrated protein lysates were loaded
into separate wells of either an 8§-15% gradient (for chon-
drocytes) or a 12% (for macrophages) sodium dodecyl sul-
fate polyacrylamide gel and separated using electrophoresis.
Subsequently, the proteins were transferred to nitrocellulose
membranes and the membranes were blocked with a 5%
bovine serum albumin (BSA; Fisher Scientific) solution in
TBST/NaN3 (25 mM Tris-HCI, pH 7.5, 137 mM NacCl, 0.1%
Tween 20, and 0.05% NaN3) for 1 h at room temperature.

Primary antibodies for Sox-9 (Clone E-9; Santa Cruz
Biotechnology), MMP-1 (Clone N-17-R; Santa Cruz Bio-
technology), and PTGES-2 (ab96189; Abcam) were diluted
in 5% BSA solution in TBST/NaNj. The diluted antibodies
were applied to the membranes overnight at 4°C with con-
stant shaking. Bound primary antibodies were detected by
the application of appropriate horseradish peroxidase-
conjugated or alkaline phosphatase-conjugated secondary
antibodies (Jackson ImmunoResearch) for 1h at room
temperature, followed by the application of Luminol (Santa
Cruz Biotechnology) or Novex chemiluminescent substrate
(Life Technologies), respectively, for the development of
signal. Chemiluminescence was detected using a Chemi-
Doc™ XRS™ System equipped with Image Lab™ Software
(Bio-Rad Laboratories), with exposure time controlled to
avoid signal saturation. Band optical density was quantified
using Adobe Photoshop and normalized to the correspond-
ing amount of loaded DNA based on a DNA content esti-
mation from the PicoGreen assay.

Multiplex protein assays

The levels of TNF-o, IL-1, IFN-y, IL-6, IL-8, MCP-1,
MMP-3, MMP-9, and MMP-13 produced by chondrocytes
were analyzed using Luminex xMAP technology (Lumi-
nex). Protein expression was assessed by multiplex assay kits
(R&D Systems and EMD Millipore) using the previously
extracted supernatants and as per manufacturer instructions.
Briefly, samples were diluted 1:1 in the kit-provided buffer
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and dispensed into a 96-well plate, after which magnetic bead
suspensions, detection antibodies, and streptavidin—phy-
coerythrin were added to sample wells. Sample concentra-
tions for each analyte were obtained on the basis of a median
fluorescence intensity relative to standards. Subsequently,
resulting measures were normalized to DNA content in each
sample.

Similarly, the levels of IL-1B, IL-12B, TNF-a, IL-6,
VEGEF, and IL-10 produced by macrophages were analyzed
using the mouse cytokine array multiplex kit (EMD Milli-
pore) according to manufacturer’s protocol and normalized
to sample DNA content.

Immunohistochemical analyses

Hyaline cartilage ECM proteins collagen II (Col-2) and
Aggrecan were also analyzed using a standard immunohisto-
chemical technique. Briefly, 30 um sections were cut from
each embedded histological sample (n =3—4 per group) using a
cryomicrotome (Zeiss). Rehydrated sections were blocked
with peroxidase for 10min, followed by 10 min exposure to
Terminator (Biocare Medical). Primary antibodies for Col-2
(Clone M-2139; Santa Cruz Biotechnology) and Aggrecan
(Clone D-20; Santa Cruz Biotechnology) were diluted in PBS
containing 3% BSA and then applied to the sections for 1h.
Bound primary antibody was detected using appropriate al-
kaline phosphatase-conjugated secondary antibodies (Jackson
ImmunoResearch) followed by application of chromogen
Ferangi Blue (Biocare Medical). Stained sections were imaged
using a Zeiss Axiovert microscope, and cell counts were car-
ried out on sections from each sample to semi-quantitatively
evaluate immunostaining results. These counting assessments
were conducted according to established methods.***>* For
each cell, i, in a given section, a staining intensity, d;, was
recorded on a scale of 0-3 (with 0= no staining” and
3="highest intensity among all formulations for that anti-
body”’) by a single observer blinded to outcome. The cumu-
lative staining intensity, d, for a given antibody in a particular
section was calculated using the following equation: d=
(. dp/(total cell number).

Statistical analysis

Data are reported as mean + standard deviation for n=3-4
samples per experimental group. Sample means were com-
pared using a two-tailed, independent sample Student’s
t-test (SPSS; IBM), with a p-value <0.05 considered statis-
tically significant.

Results

Initial chondrocyte and macrophage phenotype
before coculture

To evaluate the initial phenotypic state of hydrogel-
encapsulated cells, cell-laden 3D hydrogel discs were ana-
lyzed 1 day after encapsulation but before the initiation of
coculture.

Phenotypic assessment of hydrogel-encapsulated chon-
drocytes before coculture.  Although the gene expression
levels of Aggrecan, Sox-9, and MMP-1 were not significantly
different between NCs and OACs, the diseased chondrocytes
expressed significantly higher levels of MMP-3 (p=0.003),
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MMP-13 (p=0.012), and PTGES-2 (p=0.032) mRNA com-
pared to NCs (Supplementary Fig. S1A; Supplementary Data
are available online at www.liebertpub.com/tea), consistent
with previous reports of OAC expression profiles.>>*> At the
protein level, when compared to NCs, OACs produced sig-
nificantly higher levels of MMP-9 and certain inflammatory
cytokines (IL-1p, IL-8, MCP-1, VEGF, and IL-13) (Supple-
mentary Fig. S1B). Each of these enzymes and inflamma-
tory cytokines has been shown to be increased in OA.>'*%%
These results demonstrate significant initial phenotypic dif-
ferences between the NCs and OACs before coculture with
macrophages.

Phenotypic assessment of hydrogel-encapsulated mac-
rophages before coculture. AMs initially expressed higher
levels of NOS-2 mRNA (~4-fold; p=0.019) and TNF-o
mRNA (~2.7-fold; p=0.007) compared to NMs, consistent
with classical activation®® (Supplementary Fig. S2A). AMs also
initially produced significantly higher amounts of VEGF-A
mRNA (p=0.001) relative to NMs, in agreement with previous
literature describing the production of VEGF by RAW 264.7
cells upon LPS stimulation.” At the protein level, AMs pro-
duced significantly greater amounts of TNF-a (~5.3-fold;
p<0.001) and IL-6 (~8.6-fold; p <0.001) and significantly less
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IL-10 (~2-fold; p=0.020) relative to NMs (Supplementary
Fig. S2B). Collectively, these results indicate that stimulation
with LPS in our model system is generating proinflammatory
macrophages, as anticipated.

Validation of the 3D coculture system:
NC-AM coculture

In the first set of studies, we cocultured NCs and AMs to
allow for comparisons of our 3D coculture system with
established in vitro OA-inflammation models, which have
generally used NCs.

Effect of coculture on NCs. Before assessing NC gene
and protein expression, chondrocyte viability within the
PEGDA hydrogels was evaluated. Measures of DNA were
used to assess viability, as they are considered standard
indicators of net cell proliferation and death within hydrogel
networks.* ’ Chondrocyte and macrophage DNA measures at
the endpoint were ~ 73% of their initial values at the time of
encapsulation (Supplementary Fig. S3), consistent with PEG
hydrogel literature.*!-3261-64

Following 7 days of culture, a variety of chondrocytic
anabolic, catabolic, and inflammatory markers were analyzed
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MMP-13 PTGES-2

IL-1B TNF-a IL-8 IFN-y MCP-1

(A) Relative gene expression by NCs cocultured with AMs as assessed by qRT-PCR. RPL-32 served as the

reference gene, and the data are normalized to the NC mono-culture control. (B) Protein level production of Col-2 and
aggrecan by NCs cocultured with AMs relative to NCs in mono-culture as assessed by semi-quantitative immunostaining.
(C) Relative protein expression of the transcription factor Sox-9 and various MMPs and cytokines as assessed by western
blot or multiplex assays. Data are normalized to the DNA content in each sample and further normalized to the NC mono-
culture control. In each panel, significant differences between the coculture and mono-culture groups are indicated either by
an asterisk (p <0.05) or a pound symbol (p <0.01). At least three samples per culture group were analyzed per assessment
technique. qRT-PCR, quantitative reverse transcription polymerase chain reaction.
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by qRT-PCR, western blot, multiplex protein assays, and/or
immunostaining. Representative western blot and immuno-
staining images are shown in Supplementary Figures S4-S6.
Expression of matrix-building Aggrecan mRNA (~7.5-fold;
p<0.001) and the chondrogenic transcription factor Sox-9
mRNA (~3.2-fold; p=0.013) by NCs in coculture was sig-
nificantly higher compared to NCs in mono-culture (Fig. 2A).
At the protein level, while Sox-9 expression by NCs in the
two groups (Fig. 2C) (~1.4-fold difference; p=0.019) re-
flected the trend observed at the mRNA level, NCs in the NC-
AM group produced significantly lower levels of Col-2
(~2.5-fold; p<0.001) and Aggrecan (~2-fold; p<0.001)
relative to NC mono-culture (Fig. 2B).

Gene expression levels of catabolic matrix-degrading
enzymes such as MMP-1 (~13-fold; p=0.023), MMP-3
(~323-fold; p=0.005), and ADAMTS-5 (~4.8-fold; p=
0.001) were markedly increased upon coculturing NCs with
AMs (Fig. 2A), trends that were also reflected in protein
production of MMP-1 (~1.4-fold; p=0.040) and MMP-3
(~127-fold; p=0.027) (Fig. 2C). While the increase in the
expression of MMP-13 mRNA by NCs in the coculture
group was not significantly higher than in the mono-culture
control (p=0.057) (Fig. 2A), the increase at the protein
level was statistically significant (~9.2-fold; p=0.018)
(Fig. 2C). When cocultured with AMs, NCs also expressed
significantly higher amounts of PTGES-2 mRNA (~1.4-
fold; p=0.014) and IL-6 mRNA (~322-fold; p<0.001)
(Fig. 2A), both of which are associated with OA inflam-
mation.®>% At the protein level, however, only the increase
in IL-6 (~366-fold; p=0.002) expression was statistically
significant (Fig. 2C). Lastly, NCs in coculture demonstrated
significantly increased production of proinflammatory cy-
tokines IL-1B (~5.3-fold; p=0.013), TNF-a (~5.3-fold;
p=0.020), IL-8 (~108-fold; p=0.018), IFN-y (~3.4-fold;
p=0.017), and MCP-1 (~4.6-fold; p=0.023) relative to
NGCs in the control group (Fig. 2C).

It is important to note here that the differences observed
between the present gene and protein expression profiles are
not unusual, 7 and could be related to a host of complex
factors including post-transcriptional and post-translational
modifications and the fact that both the gene and protein
expression data were measured at the same time point.
Nevertheless, the NC protein production trends largely re-
flect the trends noted for gene expression. In addition, our
results from the NC-AM system generally agree with cell
responses observed in prior in vitro studies of NCs cultured
under inflammatory conditions. For example, the expression
trends for Aggrecan, Sox-9, and the MMPs are similar to
previous reports by Sun et al.,”® who treated 3D encapsu-
lated human chondrocytes with conditioned media obtained
from differentiated THP-1 cells, and Peck et al.,33 who
cocultured scaffold-free 3D cartilage with 2D RAW 264.7
macrophages in a trans-well setup. Similarly, the cytokine
expression data are also similar to two previous reports—
one in which healthy human chondrocytes were treated with
the synovial fluid of OA patients,’® and another wherein
healthy cartilage explants were cocultured with synovium
from OA patients.*’

Effect of coculture on AMs. In addition to NC response,
we also investigated the phenotypic shift of AMs cocultured
with NCs, which has generally remained unexplored in the
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literature. As AM hydrogel discs in coculture were replaced
with fresh hydrogels containing newly activated AMs every
2 days following the first 24 h of culture (Fig. 1), we chose
to conduct analyses of AMs cocultured with NCs from days
5 to 7 of the 7 day culture period. Thus, the AM data re-
ported herein reflect shifts in AM polarization after 2 days of
coculture with NCs that had previously been conditioned by
AM paracrine signals.

The gene expression analyses revealed that mRNA for IL-
1B—a marker strongly associated with OA inflammation—
was significantly increased (~3-fold; p=0.006) in AMs co-
cultured with NCs previously been stimulated with AMs
(Fig. 3A). Interestingly, Arginase-1 (~3.6-fold; p=0.004) and
VEGF-A mRNA (~2.3-fold; p=0.006) were also significantly
elevated in NC-AM coculture compared to AM mono-culture
controls. Increases in VEGF-A or Arginase-1 levels are gen-
erally associated with an M2 macrophage phenotype.*®°
Overall, these gene expression results are indicative of the
emergence of mixed M1/M2 phenotypes in AMs exposed to
previously stimulated NCs. However protein level data
showed no change in any cytokine investigated (Fig. 3B), in-
dicating that an M1 macrophage phenotype was being main-
tained despite shifts in the macrophage transcriptional profile.

Collectively, these results indicate that our coculture
system allows the investigation of paracrine interactions
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between the two cell types. The presence of AMs appears
to drive the NCs toward overexpressing matrix-degrading
enzymes and proinflammatory cytokines both at the gene
and protein level, while the presence of the phenotypically
evolving NCs appears to trigger the evolution of a mixed
phenotype in macrophages at the transcriptional level but
not at the protein level.

Establishment of an in vitro 3D OA model: Coculture
of OAC and AM

Having confirmed the sensitivity of our system using NCs
and the effects of conditioned NCs on AMs, we next ex-
amined the impact of AM paracrine factors on chondrocytes
derived from osteoarthritic cartilage (OACs). Toward this
end, OACs and activated AMs were cocultured and the
expression of various markers was examined at the gene and
protein levels.

Effect of coculture on OACs. Both at the gene and pro-
tein levels, OACs cultured in the presence of AMs secreted
higher levels of matrix-degrading enzymes and proin-
flammatory mediators (Fig. 4A, C). In terms of anabolic
chondrogenic makers, OACs cocultured with AMs demon-
strated significantly higher mRNA expression of Aggrecan

SAMAVEDI ET AL.

(~3.9-fold; p=0.010) and Sox-9 (~4.2-fold; p=0.001)
compared to OAC mono-culture controls (Fig. 4A). However,
at the protein level, no significant differences in Sox-9 or
Aggrecan were noted between the two experimental groups
(Fig. 4B, C). Similarly, no significant differences in Col 2
levels were observed at the mRNA or protein level.

The mRNA levels of four key matrix-degrading enzymes,
namely MMP-1 (~11.5-fold; p=0.018), MMP-3 (~534-
fold; p=0.001), MMP-13 (~10-fold; p=0.040), and
ADAMTS-5 (~4.1-fold; p=0.050) were significantly ele-
vated in OAC-AM coculture relative to OAC mono-culture
(Fig. 4A), and these increases were also reflected at the
protein level for MMP-1 (~1.7-fold; p=0.035), MMP-3
(~115-fold; p=0.022) and MMP-13 (~3.6-fold; p=0.011)
(Fig. 4C). In addition, MMP-9 protein expression by OACs
in the coculture group was significantly higher than in the
mono-culture group (1.8-fold; p<0.001) (Fig. 4C).

Similarly, OACs in coculture expressed significantly
higher levels of IL-6 (~370-fold, p<0.001) and PTGES-2
(~1.3-fold, p=0.042) mRNA compared to OAC controls
(Fig. 4A). At the protein level, OACs cocultured with AMs
produced significantly higher levels of the inflammatory
cytokines IL-6 (~1800-fold; p<0.001), IL-1p (~2.9-fold;
p=0.001), TNF-a (~3.3-fold; p=0.003), IL-8 (~181-fold;
p=0.011), IFN-y (~2.2-fold; p=0.001), and MCP-1 (~4.5-
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fold; p=0.011) relative to the OAC mono-culture control
(Fig. 4C). As for the NC-AM system, the protein production
trends largely reflected the trends noted for gene expression,
and indicate that AMs can exacerbate the diseased condition
of OACs.

Effect of coculture on AMs. In assessing AM responses
to OACs, we analyzed AM hydrogel discs cocultured with
OACs from days 5 to 7 of the 7-day culture. AMs in co-
culture were significantly influenced by the presence of
OACs compared to the AM mono-culture controls (Fig. 5).
While the expression of IL-13 mRNA by AMs was in-
creased in coculture (~2.8-fold; p=0.017), the expression
of IL-12B—another marker associated with inflamma-
tion’°—was reduced (~3.3-fold; p=0.024) upon coculture
with OACs (Fig. 5A). Additionally, Arginase-1 (~5.4-fold;
p=0.023) and VEGF-A (~2.2-fold; p<0.001) mRNA were
elevated in the OAC-AM coculture system (Fig. SA). Fur-
thermore, at the protein level, AMs cocultured with OACs
produced significantly elevated levels of the proin-
flammatory cytokine IL-1B (~1.7-fold; p=0.038) and
VEGF (~1.6-fold; p=0.045) (Fig. 5B). These results sug-
gest the emergence of mixed M1/M2 phenotypes at both the
transcriptional and protein levels in AMs exposed to OACs,
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which is consistent with previously reported mixed macro-
phage subsets isolated from the synovium of OA patients.”'

Toward modulating inflammation: Comparison
of OAC-AM and OAC-NM

In the final set of experiments, we evaluated the effect of
culturing OAC:s in the presence of NMs to determine whether
this coculture mode resulted in a general decrease in the ex-
pression of matrix-degrading enzymes and proinflammatory
cytokines compared to the OAC-AM system. A consistent
decrease in the mRNA expression of almost all the analyzed
markers was observed in the OAC-NM group relative to
the OAC-AM group at both the gene and protein levels
(Fig. 6). Specifically, the expression of Aggrecan (~2.8-fold,;
p=0.018) and Sox-9 (~2.2-fold; p=0.005) mRNA by OACs
was significantly lower in the OAC-NM group compared to the
OAC-AM group (Fig. 6A). Likewise, MMP-1 (~4.6-fold,
p=0.03), MMP-3 (~13.8-fold, p=0.001), and IL-6 (~12.8-
fold, p=0.001) mRNA were also markedly lower in the OAC-
NM group (Fig. 6A). At the protein level, OACs cocultured
with NM produced significantly lower levels of MMP-9
(~1.6-fold; p=0.031), IL-1B (~1.8-fold; p=0.024), TNF-o
(~2.4-fold; p=0.019), IL-6 (~9.1-fold; p=0.012), and
IFN-y (~1.6-fold; p=0.021) relative to OACs cocultured
with AM (Fig. 6B). Although MMP-3 and IL-8 appeared to
be lower in the OAC-NM group relative to OAC-AM, these
differences fell below statistical significance with p values
of 0.072 and 0.051, respectively.

Overall, the qRT-PCR and protein data suggest that
OACs cocultured with NMs express significantly lower
amounts of matrix-degrading enzymes and certain proin-
flammatory cytokines. These results are in line with certain
anti-inflammatory agents moderately reducing certain OA
symptoms.'>’* However, more detailed studies over longer
time periods will be required to understand the mechanisms
through which OAC-NM interactions differ from OAC-AM
interactions.

Discussion

Recent literature indicates that inflammation plays a criti-
cal role in the onset and progression of knee OA.> In vitro
models that recapitulate key alterations associated with OA
may enable the controlled investigation of cell-cell interac-
tions and signaling mechanisms involved in OA, potentially
allowing for improved understanding of OA disease pro-
gression at the cellular level and for the development of new
therapeutics.”” Toward this eventual goal, we developed a
fully 3D in vitro hydrogel-based system (Fig. 1A) that per-
mits the independent evaluation of chondrocyte and macro-
phage phenotype in coculture, while concurrently allowing us
to probe paracrine signaling between the two cell types. The
culture of both chondrocytes and macrophages in 3D repre-
sents a significant difference between the present study and
much of the previous in vitro work on OA and inflammation.
As the primary location of the macrophages in the OA joint is
within the synovial membrane, it is anticipated that 3D cul-
ture of macrophages and chondrocytes will more accurately
reflect the in vivo environment.

First, we cultured NCs in the presence of proinflammatory
AMs, which allowed us to compare our results with existing
in vitro models of OA inflammation. The increased gene
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expression of Aggrecan and Sox-9 by NCs in coculture
(Fig. 2A) is consistent with previously reported gene expres-
sion trends for stage 1 or early OA.>*"*"> This increased ex-
pression of matrix-building genes may also be related to the
NCs trying to compensate for the loss in normal matrix pro-
teins’® (Fig. 2B) due to the elevated expression of matrix-
degrading enzymes (Fig. 2A, C). Our NC-AM ECM formation
and degradation (i.e., Aggrecan MMPs) gene expression data
are also consistent with previous in vitro results from several
groups who reported increased expression of Aggrecan, MMP-
1, and MMP-3 mRNA by 3D cartilage explants following
either coculture with mouse macrophages or media condi-
tioned by THP-1 cells.***** Similarly, our inflammatory
cytokine data showing significantly increased production of
IL-1pB, TNF-a, IL-8, IFN-y, and MCP-1 also matches well with
other groups who focused on chondrocyte-produced inflam-
matory markers. These studies have demonstrated the en-
hanced production of key inflammatory mediators from
chondrocytes exposed to OA synovial fluid or the synovium
itself, which m%y act to further stimulate macrophage in-
flammation.'>3%"6%%9 Cumulatively, our results agree well
with changes seen in early OA and with similar in vitro model
systems using NCs.

The use of diseased rather than normal chondrocytes may
enable modeling of the later stages of OA progression, and

therefore may be more appropriate for testing potential
therapeutics than OA models employing NCs. Thus, we next
extended our coculture system to examine the impact of
proinflammatory macrophages on OACs to evaluate the
potential effects of AMs in exacerbating existing osteoar-
thritic phenotypes (Fig. 4). When comparing the chondrocyte
response in the NC-AM coculture and OAC-AM coculture
systems, many of the fold increases in gene and protein ex-
pression appeared to be similar (Fig. 2 vs. Fig. 4). However,
two major differences between these culture systems were
revealed. First, in the NC-AM system, significant decreases in
Aggrecan and Col-2 protein levels were noticed upon co-
culture with AM (in contrast to the gene expression data,
Fig. 2B), but no differences in these two proteins were ap-
parent in the OAC-AM system (Fig. 4B). Second, the in-
creases in IL-6 and IL-8 proteins were notably greater in the
OAC-AM system compared to the NC-AM system (Fig. 2C
vs. Fig. 4C).

In terms of the stages of human disease, Aggrecan and
Col-2 protein levels have previously been demonstrated to
decrease in early OA, whereas they may slightly increase
or decrease at the final stages of disease.””"’® It is therefore
possible that, at some point, the chondrocyte response
switches from catabolism to anabolism, and we are cap-
turing this transition with our OAC-AM system. Although
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we did not observe significant differences between the
OAC-AM and the NC-AM groups for most of the major
cytokines and MMPs examined, several reports have sug-
gested that MMP profiles and the ‘““major’ cytokines such
as TNF-o and IL-1 are not reliable delineators of various
stages of OA.”7®! In contrast, the two cytokines for which
we observed differences between the OAC-AM and NC-
AM group - namely IL-6 and IL-8 - have been demon-
strated to increase in late versus early shoulder OA.*
Combined, these points of comparison of NC-AM to OAC-
AM to human disease suggest that our OAC-AM system
may be serving as a disease mimic for later stage OA than
the NC-AM system.

In addition to evaluating the chondrocyte response, we
investigated the phenotypic evolution of macrophages in the
final stages of coculture to assess the effect of NCs and OACs
on AMs (Figs. 3 and 5). The macrophage response to either
normal or diseased chondrocytes has remained largely un-
characterized in previous in vitro OA models.?®>* Interest-
ingly, our gene expression data revealed that both NCs and
OACs induce similar gene expression profiles in AMs and
indicate the emergence mixed M1/M2 macrophage pheno-
types (Fig. 3A and Fig. 5A), in line with the presence of
mixed M1/M2 phenotypes in the synovium of OA patients.”’
In particular, the proinflammatory marker IL-1p and wound
healing markers Arginase-1 and VEGF-A mRNA were all
significantly elevated in cocultured AMs regardless of
chondrocyte disease state (i.e., cocultured with NCs or
OAC:sS). Interestingly, however, protein level analyses sug-
gested that only OACs resulted in actual shifts in macrophage
activation (Fig. 3B vs. Fig. 5B). In particular, IL-1B and
VEGF protein levels were significantly elevated in AMs co-
cultured with OACs relative to AM mono-culture controls, a
phenomenon that did not occur in the presence of NCs. The
increased IL-1P protein production by AMs in the coculture
group is potentially significant due to the known involvement
of IL-1p in promoting inflammation in OA.® Similarly, the
increase in VEGF protein is potentially significant because it
has been previously been shown to be enhanced in OA,*?
with angiogenesis tightly linked to inflammation.®*

OA progression represents a complex set of processes
that are mediated by a number of factors. While the cur-
rent work examined only a limited subset of the interac-
tions believed to contribute to OA, examining the
contribution of other cell types, the contribution of the
various native ECM components, and the precise mecha-
nisms aiding OA progression are beyond the scope of this
study. In addition, the use of cells from two separate
species (human chondrocytes vs. mouse macrophages)
likely reduced the efficacy of chondrocyte-macrophage
crosstalk. However, the cumulative ECM and phenotypic
data indicate that proinflammatory macrophage paracrine
signaling promotes abnormal chondrocyte phenotypes. It
is also important to note that a number of studies have
analyzed the response of human cells to murine RAW
264.7 cells, with results that frequently replicate key fea-
tures of disease pathology.®>~** Future studies will use
primary human macrophages to further develop this co-
culture system. Eventual testing of new therapeutics,
particularly those targeting macrophage activation, using
our developed coculture system will also be a key focus of
future work.
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Conclusions

In this study, the progression of inflammation in OA was
studied by coculturing normal and diseased chondrocytes in
the presence of classically activated, proinflammatory mac-
rophages. Chondrocyte and macrophage responses to cocul-
ture were assessed by analyzing the expression of markers
associated with ECM anabolism, matrix degradation, in-
flammation, and angiogenesis. The current results indicate
that this coculture system recapitulates several key features of
OA at the cellular level (in terms of expression profiles) and
can potentially be used for studying the interplay between
macrophages and chondrocytes in OA disease progression.
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