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As musculoskeletal (MSK) disorders continue to increase globally, there is an increased need for novel, in vitro
models to efficiently study human bone physiology in the context of both healthy and diseased conditions. For
these models, the inclusion of innate immune cells is critical. Specifically, signaling factors generated from
macrophages play key roles in the pathogenesis of many MSK processes and diseases, including fracture, oste-
oarthritis, infection etc. In this study, we aim to engineer three-dimensional (3D) and macrophage-encapsulated
bone tissues in vitro, to model cell behavior, signaling, and other biological activities in vivo, in comparison to
current two-dimensional models. We first investigated and optimized 3D culture conditions for macrophages, and
then co-cultured macrophages with mesenchymal stem cells (MSCs), which were induced to undergo osteogenic
differentiation to examine the effect of macrophage on new bone formation. Seeded within a 3D hydrogel
scaffold fabricated from photocrosslinked methacrylated gelatin, macrophages maintained high viability and were
polarized toward an M1 or M2 phenotype. In co-cultures of macrophages and human MSCs, MSCs displayed
immunomodulatory activities by suppressing M1 and enhancing M2 macrophage phenotypes. Lastly, addition of
macrophages, regardless of polarization state, increased MSC osteogenic differentiation, compared with MSCs
alone, with proinflammatory M1 macrophages enhancing new bone formation most effectively. In summary, this
study illustrates the important roles that macrophage signaling and inflammation play in bone tissue formation.

Keywords: human mesenchymal stem cells, macrophages, three-dimensional culture, bone health, micro-
physiological system, tissue chip

Impact Statement

There is a lack of in vitro three-dimensional (3D) models that closely recapitulate human musculoskeletal tissues. This study
investigates the interactions between primary macrophages (MO, M1, and M2) and mesenchymal stem cells (MSCs). As far
as we know, this is also the first in vitro 3D study of a direct cell-to-cell culture of primary human macrophages and MSCs
during osteogenesis. Our results suggest that macrophages provide an enhancing role for bone formation, demonstrating the
importance of including innate immune cells in 3D in vitro platforms. This model forms the foundation for future efforts to
engineer a more physiologically relevant bone in vitro model.

Introduction the United States.' Between 2013 and 2016, ~ 54 million

adults in the United States were diagnosed with an arthritic

ARTHRITIS 1s A degenerative condition of a joint that disorder'; it is predicted that by 2040, more than 78 million

causes pain, swelling, and diminished function. Ar- patients will have one or more joints affected by a type of
thritic disorders are the major cause of disability in adults in arthritis (rheumatoid, inflammatory and septic arthritis).>
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Until now, there is no definitive cure for most arthritic
disorders, and the treatment consists of management pro-
tocols focused on pain relief and improvement of joint func-
tion. In an effort to better understand the pathology of these
diseases, two-dimensional (2D) in vitro studies and animal
models have been created; however, they are often costly
and limited in scope and scale. While many of these 2D
models use human cell lines, they do not accurately simulate
the complexity, geometry, and topography found in tissues
in vivo. Furthermore, animal cells do not respond to adverse
stimuli and drugs in the same way as human cells,3 and
animal models are more difficult to use and more costly than
in vitro systems. Thus, there is an urgent need for the de-
velopment of in vitro three-dimensional (3D) models that
represent a more plausible human ex vivo platform to allow
better recapitulation of native tissues.

The 3D tissue-engineered models have recently received
increasing attention due to the growing necessity to simulate
the 3D geometry and topography found in vivo compared
with 2D in vitro models.* Cell behavior, cell shape, prolif-
eration, and secretion levels in these 3D tissues differ sig-
nificantly with respect to the cell characteristics observed
in the 2D models.” These 3D models have been tailored to
the particular tissue to be simulated (healthy or diseased),
to better recreate the intrinsic properties of the tissue
being studied, such as modifications of the extracellular
matrix biochemical and mechanical properties, flow rates,
co-culture with different cell types, and modular tissue
interactions. Moreover, these models facilitate the con-
struction of patient-specific models, opening new doors for
personalized medical strategies, innovations, and treatments
in a cost-effective manner.

In particular, there is a need for reliable and reproducible
models for understanding the biological mechanisms of joint
diseases. To address this need, the engineering of 3D mus-
culoskeletal (MSK) tissues, including bone, cartilage, and
muscle has evoked increasing interest. Despite these efforts,
most of the existing MSK tissue engineering approaches
have not considered the crucial role that the innate immune
system plays in health and disease, such as in osteoarthritis
and rheumatoid arthritis; rather, many of the models have
focused on establishing 3D cultures of tissues derived from
mesenchymal stem cells (MSCs) only, due to the complex-
ity of culturing immune cells.

Macrophages are dynamic and versatile cells of the innate
immune system that are found in practically all MSK tis-
sues, including bone, synovium, muscle, ligament, and ten-
don. Macrophages are essential in maintaining normal tissue
homeostasis and are among the first responders to tissue
injury and infection. In general, macrophages can differen-
tiate into two main phenotypes,® which are mainly charac-
terized by functional parameters. Broadly speaking,
undifferentiated (MO) macrophages in the local tissues and
those derived from circulating monocytes, can differentiate
into M1, or proinflammatory macrophages, which are the
initial responders to traumatic events and adverse stimuli.
M1 macrophages secrete proinflammatory factors, such
as tumor necrosis factor alpha (TNFa), interleukin 1 beta
(IL-1PB), IL-6, inducible nitric oxide, and others. M2 or anti-
inflammatory macrophages are involved in tissue healing,
regeneration, and remodeling, and secrete C—C motif che-
mokine ligand (CCL) 13, CCL17, CCL18, and other factors.’
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Macrophages are essential for initiating the physiological
sequence of fracture healing. Our group and others have
previously shown that macrophages are required for the
recruitment and differentiation of MSCs and other bone-
forming cells during bone regeneration in 2D systems.’
The goal of our study is to develop a 3D system with human
primary macrophages and human mesenchymal stem cells
(hMSCs) to study inflammation and osteogenesis in a direct
co-culture system. For this, we first established the optimal
conditions to culture macrophages in 3D scaffolds and then
studied the differences between 2D and 3D single cultures
of macrophages. In the proposed model, we compared mac-
rophage activation in our 3D system with the standard 2D
culture. Then, to the macrophages in 3D scaffolds, we added
hMSCs, which were induced to undergo osteogenic differ-
entiation, and assessed osteogenesis after 4 weeks of culture.

To our knowledge, this is the first study that took into
consideration human primary macrophages as well as ex-
amined direct cell-to-cell interaction between macrophages
and hMSCs in 3D culture. This study is the first step in
representing in part the complexity of joint tissues in a
controlled manner that is not possible in 2D experiments or
in animal models. We anticipate that our novel 3D culture
system will lead to a better understanding of the patho-
physiology and evaluation of potential treatments for ar-
thritic disorders.

Materials and Methods

Human monocyte isolation and differentiation
to macrophages

Buffy coats from deidentified 20-40-year-old healthy
male donors were obtained from the Stanford Blood Center
with the approval of the local Ethics Committee. Peripheral
blood mononuclear cells (PBMCs) were isolated from buffy
coats using the Ficoll separation method.'” In brief, the
buffy coat was diluted at a 1:1 ratio with 6nM ethylene-
diaminetetraacetic acid (EDTA; Sigma-Aldrich, St. Louis,
MO) in Dulbecco’s phosphate-buffered saline (DPBS;
Thermo Fisher Scientific, Waltham, MA) supplemented
with 2% heat-inactivated fetal bovine serum (FBS; Life
Technologies, Pleasanton, CA), and the solution was care-
fully pipetted into SepMate-50 PBMC isolation tubes (Stem
Cell Technologies, Vancouver, Canada) with 15mL of
Ficoll-Paque PLUS (GE Healthcare, Chicago, IL) in the
SepMate insert.

Then the tubes were centrifuged at 300 g for 20 min. The
PBMC supernatants were aspirated, and the pellets were
washed twice with 1mM EDTA in DPBS supplemented
with 2% FBS and then centrifuged at 300 g for 8 min. The
final pellet was resuspended in EasySep Buffer (Stem Cell
Technologies), and the monocytes were further purified
based on negative selection using the EasySep™ Human
Monocyte Isolation Kit (Stem Cell Technologies).

The monocytes were seeded into 10-cm standard tis-
sue culture plates at a density of 1x10° cells/cm?® in
macrophage-stimulating medium (MSM, Roswell Park
Memorial Institute 1640 Medium [RPMI 1640; Life Tech-
nologies] supplemented with 5% FBS, 1% Gibco antibiotic/
antimycotic solution [Life Technologies], and 100ng/mL
macrophage colony-stimulating factor [M-CSF; PeproTech,
Rocky Hill, NJ]) for 6 days to differentiate the adherent
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monocytes into monocyte-derived macrophages. In detail,
after isolating monocytes, the cells were seeded into 10-cm
standard tissue culture plates at a density of 1 x 10° cells/cm?.
The medium was changed after 3 days of the initial monocyte
culture; therefore, the nonadherent monocytes were removed
and the medium was replenished to the adherent monocytes.

M-CSF was added to the cell culture medium to dif-
ferentiate the adherent monocytes to monocyte-derived
macrophages (henceforth, we will refer to these cells as
macrophages). Only macrophages were activated for this
model. Monocytes and macrophages were characterized by
fluorescence-activated cell sorting (FACS). Freshly isolated
monocytes were washed twice with flow cytometry buffer
(1 mM EDTA with 2% FBS in DPBS) and stained with anti-
bodies against CD14 (a monocyte marker; Stem Cell Tech-
nologies) and CD45 (common leukocyte antigen; Stem Cell
Technologies) according to the manufacturer’s protocols.

To characterize macrophage differentiation, the cells
were stained with antibodies against CD14, CD71, and
CCRS (BioLegend, San Diego, CA) after culturing in MSM
for 6 days according to the manufacturer’s protocols. Flow
cytometry was performed in a BD LSRII flow cytometry
(BD Biosciences, Franklin Lakes, NJ) analyzer at the
Stanford Shared FACS Facility. The data collected were
analyzed with the FlowJo software (Ashland, OR).

Macrophage culture

Macrophages were plated in a six-well culture plate at a
density of 800,000 cells per well (10 cm?/well) in MSM for
the 2D study. Figure 2A shows the 3D macrophage encap-
sulation protocol. In brief, macrophages were mixed in
50 uL of 15% methacrylated gelatin (GelMA) solution at
800,000 cells/scaffold. The cell/gel solution was added to a
silicone mold (5mm diameter X2 mm height) and photo-
crosslinked with UV light (395 nm) for 2 min, forming a 3D
scaffold. The scaffolds were placed in a 24-well plate and
cultured in MSM, and the medium was refreshed every other
day."' The fabrication method is consistent and the scaffold
sizes were found to be comparable among replicates.

Macrophage cell viability

Scaffolds with macrophages were cultured in MSM and
collected at days 0, 7, and 14. Cell viability was analyzed
using fluorescent live/dead staining (Invitrogen, Carlsbad,
CA) and the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen). Scaffolds were incubated in live/dead dyes
for 12h and then imaged by an inverted microscope
(Observer.Z1; Carl Zeiss, Jena, Germany). For the Quant-iT
PicoGreen dsDNA Assay, cellular DNA was released from
scaffolds digested by papain (Sigma-Aldrich) in digestion
buffer (0.1 M sodium acetate, 0.01 cysteine HCI, 0.05M
EDTA) (1:50) at 60°C overnight. After digestion, the scaffold
was stained with PicoGreen according to the manufacturer’s
protocol and measured at 480/520 nm wavelength in a plate
reader (SpectraMax M?2e Microplate Reader; Molecular
Devices, San Jose, CA). The data from days 7 to 14 were
normalized by the DNA amount of the scaffolds at day 0.

Macrophage hematoxylin and eosin staining

The scaffolds were collected at day 14, fixed in 4%
paraformaldehyde (PFA) for 1h, washed twice with DPBS,
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incubated for 24 h in optimal cutting temperature (OCT)
compound (Fisher Healthcare, Houston, TX), and flash fro-
zen in liquid nitrogen. The scaffolds were sectioned in
10-pum-thick slices using a LEICA CM 3050-S Cryostat
(Wetzlar, Germany); the sections were washed in DPBS for
10min and stained with Mayer’s Hematoxylin (Sigma-
Aldrich) solution for 3min. The slides were washed in
running tap water for 5min, stained with Eosin-Y (Sigma-
Aldrich) solution for 30s and washed with 75%, 95%,
100% EtOH for 1 min each wash, then in Xylene solution,
and finally covered by a cover glass with mounting media
(Vector Laboratories, Burlingame, CA). The sections were
imaged in a standard optical microscope at 40X and
100 x magnification.

Macrophage immunofluorescence

The scaffold sections were washed in DPBS once and
blocked with 5% bovine serum albumin (BSA) in DPBS
with 0.3% Triton X-100 for 20 min. Then, the antibodies
(CD68, CCRS5, CD71) were added directly to the scaffold
sections (1:100) in 5% BSA in DPBS with 0.3% Triton X-100
and incubated in the dark for 1h. The sections were washed
in DPBS three times for 5 min. Secondary antibodies were
added (Alexa 488, 584) at 1:500 in 5% BSA in DPBS for 1 h.
Finally, 4’,6-diamidino-2-phenylindole-containing mounting
dye was added to the top of the scaffold sections, and a cover
slide was put on top of the sections.

Macrophage polarization from MO to M1 and M2 types

A summary of the experimental steps is described in
Figure 3A. Undifferentiated MO macrophages seeded in the
3D cultures were polarized at days 1, 7, and 14 after initial
culture with 20 ng/mL interferon gamma (IFNYy; PeproTech)
and 10 ng/mL of lipopolysaccharide (LPS; Sigma-Aldrich) for
48 h for the proinflammatory M1 phenotype; 20 ng/mL IL-4
(PeproTech) was used to polarize MO to the anti-inflammatory
M2 phenotype. RNA and supernatants from the scaffolds were
collected for either 2D or 3D cultures after 48 h of polariza-
tion, that is, at days 3, 9, and 16 after the initial culture.

RNA isolation and quantitative reverse transcription/
polymerase chain reaction

RNA from the collected scaffolds was obtained by ho-
mogenizing them in 550 pL of TRIzol with an RNase-Free
Disposable Pellet Pestle (Fisherbrand, Waltham, MA) and
vortexed for Smin. One hundred thirty-seven microliters
of chloroform was added, vortexed for 15s, incubated for
5min at room temperature, and centrifuged at 12,000 g for
15min at 4°C. The aqueous phase was separated from the
TRIzol layer, and the RNeasy Micro RNA Purification Kit
(QIAGEN, Venlo, Limburg, Netherlands) protocol was
followed. The RNA concentration and quality were checked
by NanoDrop (Thermo Fisher Scientific).

RNA (200ng) from each sample was reverse transcribed
into complementary DNA with the iScript Reverse Tran-
scription Supermix for reverse transcription/quantitative
polymerase chain reaction (RT-qPCR; Bio-Rad, Hercu-
les, CA). qPCR was performed with TagMan (Applied
Biosystems, Foster City, CA) chemistry in an ABI7900 HT
Sequencing Detection System (Thermo Fisher Scientific)



1102

using the probes for genes TNFo, IL-1f, and IL-6 for M1
macrophages, CCLI7, CCLI8, and CD206 (mannose re-
ceptor C type 1) for M2 macrophages, and GAPDH as the
internal control. The results were quantified by the —AACt
method to determine gene expression, and the data were
normalized with respect to MO gene expression at the re-
spective day (3, 9, or 16).

Enzyme-linked immunosorbent assay

The conditioned media of the polarization experiments
were collected, as indicated above. The secretion of cyto-
kines TNFa, IL-6, and IL-1B by M1 macrophages was con-
firmed using the respective Enzyme-Linked Immunosorbent
Assay (ELISA) Kits. TNFo ELISA Kit was purchased from
Invitrogen, and IL-6 and IL-1f ELISA Kits were purchased
from R&D Systems (Minneapolis, MN). M2 macrophage
cytokine secretion of CCL17 and CCL22 (thymus and
activation-regulated chemokine) were also assessed by their
correspondent ELISA Kits (R&D Systems). ELISA assays
were performed in accordance with the manufacturer’s
protocols. Finally, the optical absorbance at 450 nm was
determined with a plate reader.

Human mesenchymal stem cell 2D culture
and expansion

Human bone marrow-derived MSCs were isolated from
the femoral heads of patients undergoing total hip arth-
roplasty with Institutional Review Board approval (Uni-
versity of Washington and University of Pittsburgh). hMSCs
were grown in standard tissue culture plates at a density of
5.7x10* cells/em® in Gibco Dulbecco’s modified Eagle’s
medium (DMEM) high glucose (Life Technologies) sup-
plemented with 10% hMSC certified FBS (Invitrogen), an-
tibiotic/antimycotic solution and fibroblast growth factor 2
(RayBiotech, Norcross, GA). hMSCs were cultured until
reaching 80% confluency, and then the cells were harvested
and counted for either passaging or 3D culture. hMSCs used
in this study were pooled cells from 10 male and 10 female
donors with ages ranging from 30 to 86 years. Cells from
passages 4 to 6 were used for the experiments.

Osteogenesis culture

hMSCs (250,000 cells) only were cultured in scaffolds in
osteogenic differentiation medium (DMEM, 10% FBS, 1%
antibiotic and antimycotic solution, 50 uM L-ascorbic acid
[Sigma-Aldrich], 100nM dexamethasone [Sigma-Aldrich;
from day 1 to 14 only], 10mM B-glycerophosphate [MP
Biomedicals], 100mM Vitamin D3 [Sigma-Aldrich], and
100 ng/mL bone morphogenetic protein 7 [BMP-7; Pepro-
Tech]) for 4 weeks.

Osteogenesis co-culture

A detailed outline is presented in Figure 5A. Undiffer-
entiated (M0), M1, and M2 macrophages were co-cultured
with hMSCs at a ratio of 5:1 (1,250,000 cells:250,000 cells)
in GelMA as described above. The 5:1 ratio was found to be
the optimal ratio in our previous studies.®* hMSC (250,000
cells) monocultures were seeded in scaffolds as a negative
control.
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The scaffolds were cultured in a co-culture medium
(DMEM, 10% FBS, 1% antibiotic and antimycotic solution,
50uM rL-ascorbic acid [Sigma-Aldrich], 100nM dexa-
methasone [Sigma-Aldrich, added from day O to 14], 10 mM
B-glycerophosphate [MP Biomedicals], 100mM Vitamin
D3 [Sigma-Aldrich], 100 ng/mL BMP-7 [PeproTech], and
50 ng/mL of M-CSF) for 4 weeks.

Evaluation of osteogenesis

Alkaline phosphatase assay. The co-culture scaffolds
were collected after 2 weeks of culture. The scaffolds were
homogenized in 200 pL of the alkaline phosphatase (ALP)
buffer (ABCAM, Burlingame, CA) with a pestle, and then
the mixture (scaffold-buffer) was centrifuged at 10,000 g for
15 min at 4°C. Then, the ALP Kit protocol was followed.
The monocultures of hMSCs in growth and co-culture me-
dium were considered as the negative and positive controls,
respectively.

Alizarin Red staining. In brief, after 4 weeks of culture,
the scaffolds were collected, fixed in 2% PFA for 1h, and
washed twice with DPBS.

Section staining. The scaffolds were incubated for 24 h in
OCT compound and frozen in liquid nitrogen. The scaffolds
were sectioned into 10-pum-thick slices in a LEICA CM
3050-S Cryostat (Wetzlar, Germany); then the sections were
washed in DPBS for 2 min, and stained with 40 mM Alizarin
Red (Sigma-Aldrich) solution (with a pH of 4.1-4.3) in
deionized water (DI H,O) for 3 min. The slides were washed
three times with DI H,O for 5 min each. The sections were
imaged in an inverted microscope at 100 X magnification.

Scaffold staining. The scaffolds were stained with 40 mM
(pH 4.1-4.3) Alizarin Red (Sigma-Aldrich) solution in DI
H,O for 15 min and washed five times in DI H,O for 10 min
each. Ten percent cetylpyridinium chloride was used to
destain the scaffolds, 100 pL aliquots of the destain super-
natant of each scaffold were transferred to a 96-well plate,
and absorbance was measured at 562 nm.

Micro-computerized tomography

Fixed scaffolds were imaged in a SkyScan 1276 micro-
computerized tomography (LCT) machine (Bruker Scien-
tific Instruments, Billerica, MA) at a resolution of 18 um
with a binning of 1008 X672 and an average of three im-
ages per scan. The image analysis was done using CTAN
(Billerica, MA) with 210 as the lower threshold and 255 as
the upper threshold.

Statistical analysis

One-way analysis of variance with Tukey comparisons
and student’s #-test were conducted using PRISM 7
(GraphPad Software, San Diego, CA). All experiments were
done in triplicates. All the data were graphed as meanzt
standard deviation, and the statistical significance threshold
was set as *p<0.05, **p<0.01, and ***p <0.001.
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Results

Characterization of isolated monocytes
and macrophages

The immunophenotype of the isolated cells was confir-
med by FACS (Fig. 1A), with a CD45-positive population of
99.7%, indicating that almost all of the cells were mono-
nuclear leukocytes. In addition, the CD14-positive popula-
tion represented more than 90% of the total isolated cells,
confirming that the isolated cells were mostly monocytes
with few leukocytes of other types.

After 6 days of culture of the monocytes in macrophage-
stimulating medium (MSM), changes in cell morphology
were observed, passing from round shape to spindle mor-
phology (Fig. 1B). FACS data verified that the monocytes
differentiated into mature macrophages, as the expression of
CCR5 (MIP-1a receptor) and CD71 (transferrin receptor
protein 1) macrophage markers were higher in the mono-
cytes cultured in MSM for 6 days in comparison to the
freshly isolated monocyte population (Fig. 1C, left). The
overall percentage of CCRS5- and CD71-positive cells after
6 days of monocyte culture in MSM was ~89% (Fig. 1C,
right), indicating that 89% of the initial monocyte popula-
tion differentiated into macrophages.

Macrophage viability decreased slightly after 2 weeks
of culture in the 3D scaffolds

Live/Dead staining showed that the majority of the cells
were viable at days 7 and 14 (Fig. 2B), indicating that most
of the cells in the scaffold survived for at least 2 weeks. A
quantitative analysis of the live cell percentage is shown in
Figure 2C. We observed a cell survival rate of 82.90% *
2.53% (with respect to the initial culture) at day 7, and
74.87% +2.52% at day 14 of macrophages in 3D culture.
These data suggest that macrophages displayed minimal
proliferation in the 3D scaffold; however, they were able
to secrete the cytokines associated with the macrophage
phenotypes (as shown below).

Macrophage morphology and distribution in the scaffold
was assessed by hematoxylin and eosin staining (Fig. 2D
and Supplementary Fig. S1) and immunofluorescence de-
tection of CCRS and CD71 (Fig. 2E), as well as CCRS5 and
CD68 (an intracellular maker for macrophages; Fig. 2F).
The staining results showed that macrophages were homo-
genously distributed throughout the scaffold.

Macrophages were successfully polarized
in the 3D scaffolds

Macrophages were polarized to either M1 or M2 pheno-
type in the 2D and 3D cultures. Their activation was as-
sessed by analyzing the changes in gene expression and
secretory profiles in the two cell-culture settings.

The macrophages polarized with LPS + IFNy were suc-
cessfully activated to M1 macrophages, as shown by the up-
regulated gene expression and increased cytokine secretion
of M1-associated genes/cytokines (TNFa, IL-6, and IL-f) at
days 1, 7, and 14 in 2D and 3D cultures (Fig. 3B), in
comparison to the MO macrophages (p<0.05). Gene ex-
pression increase was higher in the 2D culture than in the 3D
culture, and decreased with time in both cases. A similar
trend was observed in the ELISA data, where the cytokine

1103

secretion profiles reached higher concentrations in the 2D
than in 3D cultures, and the concentrations diminished over
time (Fig. 3C and Supplementary Fig. S2).

Similarly, the macrophages stimulated with IL-4 showed
significantly increased CD206, CCL17, CCLI8 gene ex-
pression (Fig. 4A) in the 2D than in the 3D culture. How-
ever, contrary to the M1 gene expression profile, the
expression of the M2 associated genes increased with time
in both the 2D and the 3D cultures with respect to MO
macrophages. Secretion of the M2-associated cytokines
(CCL17, CCL18, and CCL22) was also higher in the 2D
than in the 3D culture (Fig. 4B and Supplementary Fig. S3).
The M2 cytokine secretions from the 2D culture were al-
most double those observed in the 3D culture, and the
concentrations decreased during subsequent days. Overall,
these results suggest that macrophages embedded in the 3D
scaffold were able to polarize into M1 and M2 phenotype
after 48 h of stimulation at 1, 7, and 14 days in culture.

Cell viability in 3D co-culture

Images of live/dead staining of hMSCs in culture alone and
in co-culture with macrophages are shown in Figure 5B and C
respectively. The majority of cells in both conditions survived
after 4 weeks of culture. It is noteworthy that PicoGreen DNA
assay-based assessment of cell viability might not reliably
differentiate between live hMSCs and live macrophages, be-
cause of the different DNA content in each cell type.

hMSCs polarized M1 and M2 macrophages toward
an anti-inflammatory phenotype

To determine the effects of hMSCs on macrophages, we
compared the cytokine production profile of macrophages
monoculture with the macrophage co-culture with hMSCs.
The ELISA data presented in Figure 5 showed that a
substantial decrease in M1-cytokine secretion (TNFa and
IL-1B; Fig. 5D) in the co-cultures compared with the M1
macrophage monoculture (p<0.05). In addition, when M2
macrophages were co-cultured with hMSCs, the secretion of
anti-inflammatory cytokines (CCL17, CCL22; Fig. SE)
significantly increased in comparison to M2 cultures alone.

Macrophages co-cultured with hMSCs enhances
hMSC osteogenic differentiation

After 2 weeks in culture, hMSC 3D cultures were har-
vested for ALP activity assay. The hMSC constructs con-
taining co-cultured MO, M1, or M2 macrophages displayed
higher ALP activity than the control group of hMSCs cul-
tured alone (Supplementary Fig. S4). In particular, the co-
cultures with M1 macrophages showed the highest ALP
levels (p<0.01) of all tested groups.

Osteogenesis was further assessed by examining matrix
calcification with Alizarin Red staining (Fig. 6A) and pCT
(Fig. 6B). The results from these two methods showed
similar trends to those from ALP activity assay, namely
greater calcium deposition and mineralization was seen
in the co-culture constructs than in hMSC monoculture.
Moreover, the M1 co-culture scaffolds had the highest cal-
cium deposition and matrix mineralization compared with
the other macrophage co-culture phenotypes (Fig. 6C, D),
suggesting a potential enhancement effect of macrophages
in the M1 cell state on early bone formation.
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Macrophage characterization

FIG. 1. Monocyte and macrophage characterization by FACS. (A) Monocyte characterization by FACS. Approximately
99.7% of the isolated cells were leucocytes and 90% of those cells expressed the monocyte-specific marker CD14. (B) (left)
Monocyte morphology at day 1 after cell isolation; (right) monocytes cultured in macrophage-stimulating medium after
6 days (scale bar=200 um). (C) Monocyte to macrophage differentiation was confirmed by FACS, as indicated by upre-
gulation of macrophage markers CCRS and CD71 in monocytes after 6 days of culture in macrophage-stimulating medium.
FACS, fluorescence-activated cell sorting. Color images are available online.
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FIG. 3. Macrophage polarization in 2D and 3D cultures to M1. (A) Procedure for macrophage polarization in 2D and
3D cultures. Macrophages in the 3D scaffolds were polarized to either M1 or M2 phenotypes at 1, 7, and 14 days.
(B) Expression levels of TNF-o, IL-6, and IL-1f5 genes in M0, M1, and M2 macrophages to validate macrophage M1
polarization under 2D (top) or 3D (bottom) culture at days 1, 7, and 14. (C) TNFa concentration in the conditioned medium
by MO, M1, and M2 on days 1, 7, and 14 under 2D (left) and 3D (right) cultures, which was determined by ELISA. Each
value represents the mean =+ SD. *p <0.05, **p <0.01, and ***p <0.001, compared with either 2D MO or 3D MO cultures.
2D, two-dimensional; TNFa, tumor necrosis factor alpha; IL, interleukin; ELISA, enzyme-linked immunosorbent assay.

Discussion

Macrophages play a critical role not only in normal bone
tissue homeostasis and bone regeneration, but also in vari-
ous pathological conditions impacting bone and surrounding
tissues. To this end, we have established, using a photo-
crosslinked GeIMA hydrogel scaffold, an in vitro 3D culture

model of macrophages, as well as co-cultured macrophages
and hMSCs, to investigate the biological interactions be-
tween the innate immune system and MSCs undergoing
osteogenic differentiation.

We first analyzed the effect of 3D culturing on macro-
phage behavior. Macrophages displayed good survival to at
least 2 weeks in the 3D culture, and maintained surface
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FIG. 4. Macrophage polarization in 2D and 3D cultures to

M2. (A) Expression levels of CD-206, CCL17, and CCL18

genes in MO, M1, and M2 macrophages, respectively, to validate macrophage M2 polarization in 2D (top) and 3D (bottom)
cultures at days 1, 7, and 14. (B) CCL17 concentration in the conditioned medium by M0, M1, and M2 at days 1, 7, and 14
under 2D (leff) and 3D (right) cultures, which was determined by ELISA. Each value represents the mean+SD. *p <0.05,
**p <0.01, and ***p <0.001, compared with either 2D MO or 3D MO cultures. CCL, C—C motif chemokine ligand.

marker expression as well as the ability to polarize to M1
and M2 phenotypes. However, lower levels of both pro- and
anti-inflammatory gene expression and cytokine secretion
were seen in 3D culture compared with 2D cultures.

Some research groups have tried to expound upon these
2D versus 3D cytokine secretion differences in cell behavior
using other cell types and materials. Donaldson et al. and
other groups demonstrated a similar trend of lower
proinflammatory gene expression and cytokine secretion of
monocytes grown in 3D than in 2D cultures using GelMA
gels.">'* Their data showed that a percentage of proin-
flammatory stimuli, such as LPS, as well as secreted cyto-
kines (TNFa, IL-1f, and IL-6), were trapped by the gel itself.

It is thought that the gelatin amino acid structure en-
hances cytokine (particularly proinflammatory cytokines)

binding to GeIMA'? but more studies need to be done to
better understand the interaction between cytokines and
gelatin. This “mop-up’ or sequestering effect limits the
availability of the stimuli factors for cells to respond to,
causing a decrease in gene expression and cytokine secre-
tion, while also reducing the total detected protein secretion
in the supernatant as compared with the 2D culture. Of note,
this might also be the case in vivo, where various extracel-
lular matrix components could bind cytokines and other
signaling molecules, limiting their immediate effects.
Another possible explanation of the differences observed
between our 2D and 3D macrophage systems might be at-
tributed to the intrinsic mechanical and chemical properties
of the 3D system itself, such as porosity, stiffness, and
adhesion sites. For example, podosomes are specialized



A
After 4 weeks:
\

Macrophages MSCs = Determine:
after 6 days of culture %% s ——  -ELISA (M1 (TNFa, IL-1pB)
Polarize macrophages — ; an(.:l MIZ [CC!-1_7: CD22))
— exscaffold (for 48 hours): 1,250,000 M® with -Alizarin staining

-MO 250,000 MSCs/ scaffold -uCT
-20ng IFNy + 10ng LPS (M1)
- 20ng IL-4 (M2)

B MSCs single culture

C M® + MSCs co-culture

D TNFo ELISA ik IL-1p
oy - & - V1
500 "
400- = M1+MSCs
300 40
— 200{ M - E
E L -] _‘g'n
Ets-- . g e
1.04
0.5
Undetectable
0<0' T T T
S )
NAT
E ceL17 CCL22
1500~ 201
;. M2
s 154 - e M2+MSCs
1000+ - - %
— £
£ = 104
-:ﬁ 2 35 Eﬂ 10
o T o
500 S
5_ -
_  Undetectable il %
0- 0-
. A, 2 ¥ s W oY AP
& & P F P PP

FIG. 5. Effects of hMSCs on macrophage polarization after 4 weeks of co-culture in 3D scaffolds. (A) hMSCs and
macrophage co-culture strategy. Macrophages were first polarized to either M1 or M2, and then mixed with hMSCs in
GelMA for the co-culture experiment. No polarization medium was used in the co-culture. (B) Live (green)/Dead (red)
staining of hMSCs only culture. (C) Live (blue)/Dead (red) staining of hMSCs (green) co-cultured with MO macrophages.
(D) Secretion profile of M1-associated cytokines TNFa and IL-6 in M1 monocultures and in M1 + hMSC co-cultures and
M1 macrophages in osteogenic medium. (E) Secretion profile of M2-associated cytokines CCL22 and CCL17 of M2
monocultures and M2 + hMSC co-cultures in osteogenic medium. hMSCs secretion was depreciable in all the cytokine
profiles. Each value represents the meant SD. **p <0.01 compared with either 3D M1 or 3D M2 monocultures. hMSC,
human mesenchymal stem cell. Color images are available online.
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contact cell structures between the cell and the extracellular
matrix,'> and the distribution of podosomes in macrophages
differs in 2D versus 3D.'¢

In 2D cultures, macrophages’ podosomes are distributed
throughout the entire cell surface that is in contact with the
culture plate. However, the development of cell podosomes in
3D cultures is contingent on the availability of cell adhesion
sites throughout the extracellular matrix, which also dictates
changes in cell morphology for different geometries.'” This
heterogeneity in the substrate will also impede cell—cell con-
tacts between macrophages, as fewer podosomes form per cell
and the decreased intercellular interaction will result in an
attenuated pro- or anti-inflammatory response, since macro-
phages depend on cell-cell communication.

Interestingly, we observed marked crosstalk between
hMSCs and macrophages in 3D culture. While the secretion
of proinflammatory cytokines by M1 macrophages was
reduced in the presence of hMSCs, the secretion of anti-
inflammatory cytokines increased in M2 macrophage co-
culture with hMSCs. These immunomodulatory effects of
hMSCs on macropha%es are consistent with previous reports
in vitro and in vivo."” '

Moreover, we demonstrated that the co-culture of MO,
M1, or M2 macrophages with hMSCs enhanced osteogen-
esis in 3D gels. The ALP, uCT, and Alizarin Red results
showed that matrix mineralization increased significantly
more in hMSCs co-cultured with macrophages than hMSCs
monocultures. Specifically, the co-culture of hMSCs with
M1 phenotype exhibited the highest calcium deposition
compared with hMSCs only. These results suggest that the
stage of acute inflammation (M1 polarization) is necessary
to “prime”’ the local milieu for optimal recovery and bone
healing, as observed in a previous study.® However, our
previous work used murine cells in a 2D format; the current
study continues to expand upon these paradigms and uses
human primary cells in a 3D format to further approximate
in vivo physiology.

Our results highlight the importance of crosstalk between
macrophages and MSCs during osteogenesis in 3D cultures.
There have been attempts by other groups to incorporate
monocytes or macrophages into 3D tissue systems.”> >’
Nevertheless, the results are controversial; while some groups
have shown a similar synergistic effect in bone formation
when hMSCs are co-cultured with macrophages,> %’ others
have observed the opposite effect of macrophages on bone
formation.”** It is important to acknowledge that these
co-culture studies differ from the current one in cell species
type (murine vs. human), monocyte or macrophage type,
hMSC origin, and scaffold material.

Because of the complexity of the immune cell culture
system, most of the innate immune cells and MSCs co-
culture studies have used established cell lines of monocytes
or macrophages (Raw 274.6, a murine macrophage cell line
or THP-1, a human monocyte cell line), or systems with no
direct cell—cell contact of macrophages and MSCs in the
cultures, that is, macrophages placed on top of the gel in-
stead of mixed together with MSCs in the 3D hydrogel, as
we have shown in the present study. While established cell
lines, such as THP-1 cells, avoid the cellular variability
observed among patients, the secretory gene, and prolifer-
ation profiles differ significantly from those of the average
healthy human primary macrophages.?®

ROMERO-LOPEZ ET AL.

Furthermore, the use of human primary cells allows the
study of specific genders, ages, or health states of donors
and, with this, the potential of future translational applica-
tions. Investigation of the different 3D in vitro models is
limited, and further studies are needed to establish an ideal
platform for engineering bone tissue.

There are some limitations in our study that will need to
be assessed. GelMA was selected as the scaffold of choice
for our engineered bone tissue. This gelatin-derived material
was selected because its structure offers more control of its
physical (e.g., stiffness) and chemical properties compared
with other natural scaffolds such as collagen or gelatin itself,
making it a useful surrogate for bone tissue engineering.?*~>°
However, Donaldson and others'? observed that the viability
of macrophages in 15% GelMA decreased with time, which
could be related to the density of the matrix.

Further studies are needed to optimize the characteristics
of the scaffold so that it is able to support macrophage
proliferation without limiting bone formation. Importantly,
it is noteworthy that 3D scaffolds allow greater potential to
manipulate matrix geometries and architectures to achieve a
more physiologically relevant microenvironment that mim-
ics that of tissues, such as bone, in vivo.

In conclusion, we have described and tested a novel 3D
model for investigating the interactions between macro-
phages (M0, M1, and M2) and hMSCs during osteogenesis.
Our results provide evidence that macrophages enhance
MSC-mediated bone formation in 3D GelMA matrices, es-
pecially under the proinflammatory phenotype. This obser-
vation has direct significance in bone tissue engineering and
in the development of novel cell-based bone graft substi-
tutes. The present study forms the foundation for our future
efforts to engineer a physiologically relevant in vitro model
to simulate healthy and diseased MSK tissues.
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