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Deciphering the Cell-Specific Effect
of Osteoblast-Macrophage Crosstalk in Periodontitis
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In periodontitis, the bone remodeling process is disrupted by the prevalent involvement of bacteria-induced
proinflammatory macrophage cells and their interaction with osteoblast cells residing within the infected bone
tissue. The complex interaction between the cells needs to be deciphered to understand the dominant player in
tipping the balance from osteogenesis to osteoclastogenesis. Yet, only a few studies have examined the
crosstalk interaction between osteoblasts and macrophages using biomimetic three-dimensional (3D) tissue-like
matrices. In this study, we created a cell-laden 3D tissue analog to study indirect crosstalk between these two
cell types and their direct synergistic effect when cultured on a 3D scaffold. The cell-specific role of osteoclast
differentiation was investigated through osteoblast- and proinflammatory macrophage-specific feedback studies.
The results suggested that when macrophages were exposed to osteoblasts-derived conditioned media from the
mineralized matrix, the M1 macrophages tended to maintain their proinflammatory phenotype.

Further, when osteoblasts were exposed to secretions from proinflammatory macrophages, they demonstrated
elevated receptor activator of nuclear factor-kB ligand (RANKL) expression and decreased alkaline phosphate
(ALP) activities compared to osteoblasts exposed to only osteogenic media. In addition, the upregulation of
tumor necrosis factor-alpha (TNF-o) and c-Fos in proinflammatory macrophages within the 3D matrix indi-
rectly increased the RANKL expression and reduced the ALP activity of osteoblasts, promoting osteoclasto-
genesis. The contact coculturing with osteoblast and proinflammatory macrophages within the 3D matrix
demonstrated that the proinflammatory markers (TNF-o and interleukin-1) expressions were upregulated. In
contrast, anti-inflammatory markers (c-c motif chemokine ligand 18 [CCL18]) were downregulated, and os-
teoclastogenic markers (TNF receptor associated factor 6 [TRAF6] and acid phosphatase 5, tartrate resistant
[ACPS5]) were unchanged. The data suggested that the osteoblasts curbed the osteoclastogenic differentiation of
macrophages while macrophages still preserved their proinflammatory lineages. The osteoblast within the 3D
coculture demonstrated increased ALP activity and did not express RANKL significantly different than the
osteoblast cultured within a 3D collagen matrix without macrophages. Contact coculturing has an anabolic
effect on bone tissue in a bacteria-derived inflammatory environment.
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Impact Statement

JACHO ET AL.

This study investigated the interaction between osteoblasts and proinflammatory macrophages in periodontitis using a three-
dimensional (3D) tissue analog. The results showed that exposure of macrophages to osteoblasts-derived conditioned media
maintained their proinflammatory phenotype. In contrast, exposure of osteoblasts to macrophage secretions decreased
alkaline phosphate (ALP) activity and increased receptor activator of nuclear factor-kB ligand expression, promoting
osteoclastogenesis. Coculturing of osteoblasts and macrophages within the 3D matrix increased ALP activity and had an
anabolic effect on bone tissue. These findings suggest that osteoblasts can curb the osteoclastogenic differentiation of
macrophages, while macrophages preserve their proinflammatory lineages in a bacteria-derived inflammatory environment.

Introduction

NE OF THE MOST PREVALENT chronic inflammatory

diseases in modern dentistry is periodontitis, associated
with destroying the tooth-supporting tissues, eventually
leading to tooth loss.! Macrophages, as innate immune cells,
play a key role in the development and progression of peri-
odontitis. In the early stages of periodontitis, blood circu-
lating monocytes are activated by bacteria in dental plaque,
rushed to the infected area, and turned into the naive mac-
rophages (MO0).>™* Upon extravasating into infected tissue,
MO macrophages differentiate into proinflammatory pheno-
type (M1) and release proinflammatory signaling molecules,
such as tumor necrosis factor-alpha (TNF-a) and interleukin-
1 (IL-1), to remove the bacteria.”~’ However, if the infection
is not resolved, the continued presence of bacteria-induced
M1 activation can lead to the destruction of the supporting
structures of the teeth, including the gums, periodontal lig-
ament, and alveolar bone through starting osteoclastogenesis
and disruptive bone remodeling process.**!

Osteoblasts are responsible for bone formation and re-
modeling within the alveolar bone. They are also activated
by proinflammatory macrophages and the release of proin-
flammatory signaling molecules and prominent osteoclast
markers.*'” Ml-induced activation leads to the synthesis
and secretion of enzymes from osteoblast, such as matrix
metalloproteinases (MMPs), that can break down the ex-
tracellular matrix of bone and lead to the resorption of bone
tissue.'® The in vitro, in vivo, and clinical studies further
demonstrated that the presence of M1 macrophages triggers
osteoblasts to express the receptor activator of nuclear
factor-kB ligand (RANKL), a soluble cytokine essential for
osteoclast differentiation from M1 macrophages.

Mounting evidence suggests that the proinflammatory
macrophages and osteoblasts or mesenchymal stem cells in-
teract and influence each other’s function'®? toward osteo-
genesis. A bidirectional deep and complex crosstalk between
the proinflammatory macrophages and osteoblasts mediates
bone loss. It significantly contributes to the progression of
periodontitis and many inflammatory osteolytic diseases.'’
Yet, it remains relatively unexplored and challenging to de-
cipher the solo effect of each cell type on other’s differentia-
tion and functions using biomimetic culturing models.

In this respect, most in vitro, macrophage/osteoblast co-
culture models use two-dimensional (2D) indirect co-
culturing using a transwells system or direct coculturing
using contact culturing in a culture dish.**~> These cocul-
ture models are convenient since they provide a controlled
environment to study cell-to—cell interaction and the influ-
ence of these cells on each other’s function. However,
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current macrophage/osteoblast coculturing models have been
unable to identify the cell-specific effect on bone remodeling
and detrimental osteoclastogenesis. Specifically, it is un-
known whether osteoclastogenesis results from inflammatory
cytokine secreted by M1 macrophages and the stimulatory
effect of osteoblast-induced osteoclastogenic markers, un-
derstanding the dominant cell type in macrophage/osteoblast
crosstalk toward osteoclastogenesis.

To address these issues, a well-defined 3D in vitro condi-
tioned media platform and contact coculturing within a 3D
matrix can be beneficial to investigate the role of individual
cell type and their synergistic effect in osteolytic bone dis-
eases, including periodontitis. To this end, this study is aimed
to understand the respective roles of M1 macrophages and
osteoblast in macrophage differentiation and osteoblast func-
tion toward osteoclastogenesis. We utilized a biomimetic-
conditioned media model and 3D contact culturing to study
which cell type was responsible for phenotypic changes in
proinflammatory macrophages toward osteoclast.

Materials and Methods

Cell culturing and 3D cell-laden collagen
scaffold synthesis

Before preparing 3D cell-laden collagen scaffolds, the
human fetal osteoblast cells (hFOB; ATCC, USA), hFOB-
green fluorescence protein (GFP) tagged, and human blood-
derived U937 monocytes (U937; ATCC) were populated
separately. The hFOB osteoblast cells were populated in
Ham’s F12 medium Dulbecco’s modified Eagle’s medium
(DMEM; ATCC) supplemented with 10% fetal bovine se-
rum (FBS), 0.3 mg/mL G418, and 50 pg/mL ascorbic acid at
34°C and 5% CO, for 2 weeks. The U937 monocytes (U937,
ATCC) were populated in Roswell Park Memorial Institute
(RPMI) media supplemented with 10% FBS and 1%
penicillin-streptomycin at 37°C and 5% CO, before being
differentiated into naive macrophages via incubation with
100ng/mL PMA for 24h. After phorbol 12-myristate 13-
acetate (PMA) treatment, naive macrophages were differ-
entiated into M1 (proinflammatory) via incubation with
100 ng/mL lipopolysaccharide (LPS) and 20 ng/mL interferon-
gamma for 24 h.

The 3D scaffolds were synthesized using collagen type-1.
The neutralized collagen solution was prepared from
8.9mg/mL collagen type-I solution (Corning, USA) with a
pH of ~3.4 through mixing with 1M sodium hydroxide,
phosphate buffer solution (PBS), and cell in media suspen-
sion to a final collagen concentration of 3 mg/mL, using our
well-established protocols.1$ Then, human osteoblast or M1
macrophages were plated in a petri dish or encapsulated
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within the 3D collagen scaffolds at a 10° cells/mL cell
density depending on the experimental set-ups and incubated
at 37°C and 5% CO,. The size of the 3D collagen scaffolds
was 0.5mL across all groups, and the scaffolds were incu-
bated in 6-well plates. Additionally, the same number of
cells as in scaffolds were seeded per petri dish for all the 2D
cultures (Fig. 1).

Conditioned media (indirect) and direct
coculturing platform

Following the synthesis and incubation of 3D scaffolds,
indirect coculture between both cell lines was completed via
media transfer. The 0.5 mL 3D scaffolds were synthesized with
either hFOB or M1 macrophages at a 10° cells/mL cell density
in a six-well plate (n=3). Each 3D collagen scaffold was
cultivated with DMEM or RPMI for osteoblast or M1 mac-
rophages, respectively. On day 4, three 3D hFOB scaffolds
were characterized for scanning electron microscopy (SEM),
alkaline phosphate (ALP) activity, and histology staining.

Then, the media from either 3D hFOB or 3D M1 scaffolds
was collected daily for 7 days, mixed with complete fresh
media (1:1), and transferred to the opposite cell line growing
on a petri dish. In addition, complete fresh media was re-
placed on the scaffolds every 3 days to allow cells to be
refurbished with nutrients. For the direct coculture, hFOB-
GFP and M1 cells were encapsulated in 0.5 mL scaffolds at a
1:1 ratio (10° cells/mL cell density) and incubated for 7 days
at 37°C and 5% CO,. During direct coculture, the media
used for cultivation was a 1:1 mixture of complete DMEM
and RPMI medium. The medium was replaced every 3 days.

Alkaline phosphate activity

The ALP activity of the 2D samples and 3D scaffolds was
evaluated using a fluorometric ALP assay kit (Abcam,
USA). ALP cleaves the phosphate group of the nonfluo-
rescent 4-methylymbelliferyl phosphate disodium salt
(MUP) substrate resulting in an intense fluorescent signal.
Before ALP analysis, the samples were washed, encapsu-
lated cells within the scaffolds were liberated by snap
freezing the scaffolds, cells were counted, and a concen-
tration of 0.5M cells per solution was homogenized on the
ALP assay buffer. The samples were centrifuged, and the
supernatant was collected for assay. The MUP (5 mM)
substrate and assay buffer were added to the supernatant in a
96-well plate, and the solutions were incubated for 30 min
at 25°C, protected from light. A stop solution was used,
and the 4-methylumbelliferone (4-MU) production was
determined by measuring E./E,,=360/440nm using a mi-
croplate reader (SOFTmax Pro). A standard curve was estab-
lished using a serial dilution of the ALP enzyme to convert the
measured absorbance to a MU value. Results were normalized
to the ALP 4-MU standard curve following the manufacturer’s
protocol and the ALP 4-MU standard curve.

Matrix organization and mineral mapping

The morphological and mineral content changes due to in
situ mineralization were examined using SEM (Hitachi, USA).
Briefly, on characterization day, the 3D scaffolds were cut and
fixed with 4% paraformaldehyde in PBS for 30 min. After
fixation, the samples were dehydrated first in sequential ethanol

solutions with increasing concentrations from 30% to 100% for
15 min each. Dehydration was then continued by submerging
samples into sequential ethanol/hexamethyldisilane solutions
from 30% to 100% for 10min each for image quality en-
hancement. The samples were then air-dried overnight. The
dried samples were then gold sputter coated for visualization
and mineral content measurement through energy dispersive
X-ray spectroscopy (EDS).

Histological analysis

The cellular content and encapsulated cells within the 3D
scaffolds were visualized using histological analysis. On
characterization day (day 7), the scaffolds were removed
and washed with PBS for 10 min. Then, samples were in-
cubated in 10% formalin overnight, dehydrated using an
ethanol gradient, and cleared with xylene before embedding
in paraffin. The paraffin-embedded samples were sectioned
at 5 pum thickness using a microtome and mounted on mi-
croscope slides. Hematoxylin and eosin (H&E) and Mas-
son’s trichrome were used to visualize the cells and collagen
fibers, respectively.

Gene expression analysis

To analyze the specific phenotypic changes in osteoblasts
and M1 macrophages during indirect and direct culture, we
analyzed gene expression using quantitative real-time
polymerase chain reaction (RT-qPCR). In brief, on the
characterization day, the 2D samples or 3D scaffolds were
mechanically disrupted, and RNA extraction was performed
using TRIzol reagent (ThermoFisher, USA). For direct co-
culture, the 3D scaffolds were disturbed, and cells were
released using collagenase type IV (ThermoFisher). Subse-
quently, the resulting solution was prepared for
fluorescence-activated cell sorting (FACS). Cell populations
were gated on the BD FACSAria™ Fusion Sorter based on
viability and a positive signal for ATTO-488. Each cell line
was directly collected in TRIzol reagent.

The isolated RNA was then reverse-transcribed into
complementary DNA using the Superscript IV kit (Invitro-
gen, USA) following the manufacturer’s protocols. RT-PCR
was carried out using TagMan SYBR (Bio-Rad, USA) in the
iCycler iQ detection system (Bio-Rad). The relative gene
expression, indicating the fold difference between treated
and control samples, was determined using the AACt
method. Glyceraldehyde-3-phosphate dehydrogenase was
the housekeeping gene to normalize the data. The primer
sequences for each gene were designed using the NCBI
primer blast software and synthesized by Integrated DNA
Technologies (USA). The complete list of genes and their
corresponding primer sequences can be found in Table 1.

Immunofluorescence and immunohistochemistry

Immunofluorescence and immunohistochemistry staining
assays were performed on both the control and conditioned
media (Macrophages) and the 3D scaffold samples to verify
the gene expression data at the protein level. On character-
ization day, the slides were extracted from the wells, fixed in
4% paraformaldehyde, quenched with an ammonium chlo-
ride solution, and then permeabilized with Triton X-100.
Samples were washed and blocked in 2.5% goat serum and
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TABLE 1. FORWARD AND REVERSE PRIMERS FOR REAL-TIME POLYMERASE CHAIN REACTION

Gene Forward primer Reverse primer References
RANKL TCCATGTTCGTGGCCCTCCT TGCAGTGAGTGCCATCTTCTG 18
ACP5 CGACGGCAGGGACTGAAGG TCCATCCAGGGGGAGACACA 4
TRAF6 AGAGTTTGCCGTCCAAGCAG GCACACAAAGAAAGCTGGGTCC 19
NF-xB GGGGCTGTGCCGGTTGAAA AGATGTCCTCCTGCGTCTCG 19
ALPL CTATCCTGGCTCCGTGCTCC GCCACGTTGGTGTTGAGCTT 4
IL-1p AGCCATGGCAGAAGTACCTG CCTGGAAGGAGCACTTCATCT 20
TNF-o AGAGGGAAGAGTTCCCCAGGGAC TGAGTCGGTCACCCTTCTCCAG 4, 20
CDI163 TCTGTTGGCCATTTTCGTCG TGGTGGACTAAGTTCTCTCCTCTTGA 20
CCLIS8 AAGAGCTCTGCTGCCTCGTCTA CCCTCAGGCATTCAGCTTAC 20
MMP3 CAGCCAACTGTGATCCTGCT CTTCATATGCGGCATCCACG 20
GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC 20
c-FOS CTTTGCAGACCGAGATTGCC ATCAGGGATCTTGCAGGCAG 53

ACPS5, acid phosphatase 5, tartrate resistant; ALPL, alkaline phosphatase, biomineralization associated; CCLI8, c-c motif chemokine
ligand 18 fos proto-oncogene; GAPDH, glyceraldehyde 3-phophate dehydrogenase; IL-1§, interleukin-103; MMP3, matrix metalloproteinase
3; NF-kB, nuclear factor kappa B; RANKL, receptor activator of nuclear factor-«B ligand; TNF-o, tumor necrosis factor-alpha; TRAF6,

TNF receptor associated factor 6.

0.2% Tween in PBS for 10 min, followed by 20 min blocking in
0.4% bovine serum albumin (BSA) and 0.2% Tween in PBS.
After blocking, slides were incubated overnight at 4°C in
mouse anti-CD80 (1:100) (Invitrogen; TA501575). The next
day, slides were washed thrice with PBS and 0.2% Tween
solution for 30 min and blocked in 0.4% BSA and 0.2%
Tween solution for 20 min at room temperature (RT). After
blocking, samples were incubated for 2-3h at RT with
Alexa Flour 594-goat anti-mouse IgG (1:100) (A32730;
ThermoFisher), Alexa Flour 647-goat anti-rabbit IgG
(1:100) (A31634, Thermofisher), and Alexa Flour 488
Phalloidin (1:50) (ThermoFisher; A12379). 4’,6-Diamidino-
2-phenylindole (DAPI) dye (1:1000) was used to stain for
nuclei. Slides were washed with 0.2% Tween and mounted
in Permount mounting media (Permount, USA). The sam-
ples were left in the dark overnight at 4°C before imaging.
Using a microtome, a similar staining protocol was used for
3D-scaffold samples after sectioning at 40 um thickness.
Samples were imaged using a 63 xoil or 20 Xxairy ob-
jective with a Leica Stellaris 5 confocal system equipped
with HyD detectors and the LASX software. The confocal
images obtained were then processed and analyzed using
ImageJ and CellProfiler. Briefly, confocal images from at
least three independent studies were processed to measure
each cell’s filamentous actin (F-actin) and CD80 intensity.
The segmentation of cells was achieved on CellProfiler us-
ing both signals (Hoescht and F-actin), and the pipeline
obtained was used to measure the F-actin and CD80 inten-
sity. The relative mean intensity was obtained from Cell-
Profiler and imaged using a bell-shaped image in RStudio.

Statistical analysis

Statistical analysis was conducted using RStudio. Statis-
tical significance was analyzed using one-way analysis of
variance and post-hoc analysis (Tukey test) or Student’s
t-test where appropriate. Data were analyzed for normali-
zation using RStudio, and proper statistical analysis was
selected. The data are reported as the mean+ SE. Symbols
on top of each bar profile summarize Tukey’s post hoc
analysis of at least three independent studies (p <0.05). IRB
protocol #500086.

Results

Osteoblast-specific feedback
on macrophage differentiation

To understand the osteoblast-specific effect on macro-
phage differentiation, the macrophages were cultured with
conditioned media from the osteoblast-laden 3D mineral-
ized matrix (3D hFOB) for 7 days (Fig. 1). Before col-
lecting conditioned media from 3D hFOB culturing, it was
crucial to prove that human osteoblasts (hFOBs) residing
within the 3D matrix were healthy and depositing calcium
into the matrix. Overall, the data in Figure 2 validated the
mineralized matrix formation within the osteoblast-laden
3D matrix. Figure 2A shows the representative SEM image
of the 3D hFOB. The EDS analysis was conducted on SEM
images to identify the mineral contents within the 3D hFOB
matrix. The EDS spectral graph (Fig. 2B) demonstrates a
pronounced peak at 3.50-3.70keV corresponding calcium,
indicating dominant calcium presence within the 3D hFOB
matrix. The calcium mineral mapping (Fig. 2C) also dem-
onstrated the calcium mineral deposition within the 3D
hFOB matrix by encapsulated osteoblast cells. The spectral
analysis data were further confirmed with ALP activity
assessment and von Kossa staining of the 3D hFOB matrix
(Fig. 2D-F).

The ALP data demonstrated that on the same character-
ization day, hFOB within a 3D matrix had a statistically
significant (p <0.05) ALP activity compared to hFOB cul-
tured within a 2D surface using the same osteogenic media
(Fig. 2D). The histological images further demonstrated the
calcium mineral deposits as brown/dark spots, while the
hFOB nuclei were counterstained with red and their cyto-
plasm in pink (Fig. 2E, F). The yellow arrows (Fig. 2F)
indicate the representative cells and calcium deposits in the
von Kossa-stained slides. In addition, Figure 2G-K presents
the SEM, EDS, and calcium mapping results of acellular
scaffolds treated with conditioned media. The Ca mapping
clearly illustrates that the media contains calcium; however,
the observed amounts are significantly lower than the 3D
hFOB matrix, which contains cells.

It is well established that osteoblast-derived cytokines,
including nuclear factor kappa B (NF-xkB) and RANKL,
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Osteoblast-specific feedback on macrophages differentiation
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modulate the macrophage differentiation toward osteoclast
precursor cells and initiate osteoclastogenesis.>®*” Thus, the
RANKL and NF-kxB mRNA expressions from the osteo-
blasts within the mineralized 3D hFOB matrix were as-
sessed upon confirming the mineralized matrix formation.
Figure 3 demonstrates that while NF-kB expression was
significantly upregulated for the osteoblast within the 3D
hFOB matrix compared to counterparts cultured on a 2D
surface, the RANKL expression was not changed.

Next, the effect of osteoblast-derived conditioned media
on phenotypic changes in inflammatory macrophages was
assessed. Figure 4 demonstrates the mRNA expression of
pro- and anti-inflammatory markers, osteoclast markers, and
immunohistochemistry (IHC) staining of macrophages cul-
tured in regular complete media (M1) and macrophages
cultured in osteoblast-derived conditioned media (M1 CM).

The gene expression analysis demonstrated that there were
no statistical differences in proinflammatory (TNF-o and IL-
1B) and anti-inflammatory markers (c-c motif chemokine li-
gand 18 [CCL18]) expressions between macrophages cultured
in regular complete media (M1) and macrophages cultured in
osteoblast-derived conditioned media (M1 CM) (Fig. 4A). The
gene expression result indicated that osteoblast-derived con-

ditioned media preserve the proinflammatory phenotype of M1
macrophages rather than differentiating them to the anti-
inflammatory phenotype (M2). This was further confirmed
with IHC staining (Fig. 4B) of CD80, a prototypical and widely
accepted M1 marker.®® The immunofluorescence images
(Fig. 4B) and relative fluorescence intensity analysis (Fig. 4C)
demonstrated no statistically significant differences in surface
expressions of CD80 and F-actin stress fibers between mac-
rophages cultured in regular media (M1) and osteoblast-
derived conditioned media (M1 CM). The osteoblast-derived
conditioned media preserved the proinflammatory lineage of
macrophages.

In this respect, the expression of osteoclastogenic markers
following osteogenic-conditioned media culturing was fur-
ther investigated to understand whether osteoblast-derived
conditioned media promoted the osteoclastogenic differen-
tiation of M1 macrophages.

Figure 5 demonstrates the gene expressions of osteo-
clastogenic markers of macrophages cultured in regular
media (M1) and osteoblast-derived conditioned media (M1
CM). The prominent osteoclast markers MMP3 and TNF
receptor associated factor 6 (TRAF6) were significantly
(p<0.05) upregulated for M1 CM macrophages, while no
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FIG. 2. Structural, spectral, and biological analyses of 3D hFOB mineralized matrix and acellular matrix. (A) SEM image
of osteoblast within 3D matrix, scale bar=10pum. (B) EDS spectral analysis of 3D hFOB mineralized matrix.
(C) Distribution maps of calcium minerals (red dots) within 3D hFOB matrix, scale bar=40 um. (D) ALP activity of hFOB
within 3D matrix; the symbol ““*”* indicates significant difference with p <0.05 (n=3). (E) Von Kossa staining of 3D hFOB
matrix histological slides, scale bar=20 um. (F) Magnified images of calcium deposition (yellow arrows) from von Kossa
staining of 3D hFOB matrix histological slides, scale bar=20 um. (G) SEM image of acellular scaffold, scale bar=10 pm.
(H) Distribution maps of calcium minerals (red dots) of acellular scaffold treated with M1 media. (I) Distribution maps of
calcium minerals (red dots) of acellular scaffold treated with hFOB media. (J) EDS spectral analysis of acellular matrix.
(K) Distribution maps of calcium minerals (red dots) of acellular scaffold treated with 1:1 mix media, scale bar=100 um.
ALP, alkaline phosphate; EDS, energy dispersive X-ray spectroscopy; hFOB, human fetal osteoblast cells; SEM, scanning
electron microscopy. Color images are available online.
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significant difference with respect to osteoblast cells with osteogenic media with p<0.05 (n=3). NF-«xB, nuclear factor
kappa B; RANKL, receptor activator of nuclear factor-xB ligand. Color images are available online.
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Color images are available online.

statistical differences in acid phosphatase 5, tartrate resistant
(ACPS) expression between M1 and M1 CM macrophages.
This is significant in terms of potential preosteoclast dif-
ferentiation of macrophages due to osteoblast-derived con-
ditioned media exposure because it is known that TRAF6 is
particularly essential for osteoclast differentiation and
maturation.> !

Macrophage-specific feedback on mature osteoblast

To understand the M1 macrophage-specific effect on
mature osteoblasts, the osteoblasts were cultured with con-
ditioned media from the M1 macrophage-laden 3D matrix
(3D M1) for 7 days (Fig. 1). Before starting to collect
conditioned media from 3D M1 culturing, the LPS-induced
M1 polarization from naive macrophages (MO) was con-
firmed using immunohistochemistry (Fig. 6A). The cell
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FIG. 6. (A) IHC staining for M1
marker CD80, cell nucleus with
Hoechst (DAPI), and F-actin with
phalloidin of naive and proin-
flammatory macrophages.

(B) Gene expressions of osteoclas-
togenic markers, TNF-a and
c-FOS. Representative of 3
images/group (scale bar=10 pum).
The symbol ““**” indicates signifi-
cant difference with p<0.001
(n=35). c-FOS, AP-1 transcription
factor subunit; DAPI, 4’,6-diami-

PROINFLAMMATORY
MACROPHAGE
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dino-2-phenylindole; TNF-a, B

tumor necrosis factor-alpha. Color
images are available online.

nuclei, F-actin, and proinflammatory surface markers were
tagged using DAPI, phalloidin, and CD80 antibody, respec-
tively. Figure 6 demonstrated that proinflammatory CD80
expressed predominantly for M1 macrophages, which proved
that proinflammatory macrophages were successfully differ-
entiated from naive macrophages (MO) using LPS.

Upon confirming the LPS-induced M1 differentiation, M1
macrophages were incorporated within the 3D collagen
matrix to mimic the state of M1 after extravasating into the
3D matrix. Since TNF-a and c-FOS are the key transcription
factors in RANKL-induced osteoclastogenesis,**** the TNF-
o and c-Fos expressions from the M1 within the 3D matrix (3D
M1) were assessed and compared with naive macrophages
within a 3D collagen matrix. Figure 6B demonstrates that both
TNF-oo and c-Fos expressions were statistically significant
(p<0.0001) upregulated for M1 macrophages within the 3D
matrix compared to naive macrophages (MO).

PHALLOIDIN CcDso

[ m3DM0 m3DM1

100

)
7/

Relative Fold Change
L)

|
1

TNF-a c-Fos



Downloaded by Eda Yildirim-Ayan from www.liebertpub.com at 10/19/23. For personal use only.

UNDERSTANDING CROSSTALK OF OSTEOBLAST AND MACROPHAGES 9

A 0.0030
0.0025 [ .
3 0.0020
- E
£ 0.0015
= o
2 0.0010 |
- 2
0.0005 F
0.0000 £
hFOB hFOB CM
B 2 alrL 30 RANKL *
@ o 25| :
€15} g
S 520
T T
o 1r S 15 +
Q Q
2 210+
Sost * 5
& ) € s}
hFOB hFOB CM hFOB hFOB CM

FIG. 7. Effect of macrophage-conditioned media on osteoblast cells. (A) ALP activity of osteoblast cells after conditioned
media treatment. (B) Gene expression of ALPL and RANKL in osteoblast cells after conditioned media. The symbol ““**
indicates significant difference with respect to osteoblast cells with p<0.05 (n=3). ALPL, alkaline phosphatase, biomi-

neralization associated. Color images are available online.

Next, the effect of 3D M1-derived conditioned media on
mature osteoblast was assessed regarding how secretome
from M1 macrophages after extravasating into the 3D ma-
trix affect the osteogenic activity of mature osteoblast.
Specifically, the ALP activity and secretion of a vital os-
teoclastogenesis marker, transmembrane RANKL, by oste-
oblast cells were assessed. Figure 7 shows the ALP activity
changes and gene expression of RANKL and alkaline
phosphatase, biomineralization associated (ALPL) of ma-
ture osteoblasts when cultured with only osteogenic or
macrophagic-conditioned media (CM).

The ALPL expression and ALP activity of osteoblasts
exposed to 3D MIl-conditioned media attenuated signifi-
cantly compared to the osteoblast cultured with osteogenic
media (Fig. 7B). On the other hand, the RANKL expression
of osteoblast cultured with 3D MI1-conditioned media in-
creased significantly by almost 30-fold compared to coun-
terparts from osteoblast cultured in regular osteogenic media
(Fig. 7B). This significant increase (p<0.05) in RANKL
expression would promote osteoclast differentiation of
macrophages in close contact with mature osteoblast se-
cretome since RANKL secreted by osteoblasts is essential
for osteoclast formation and differentiation.*>*’

The effect of macrophages and osteoblast contact
coculturing on individual cell type

To understand the effect of direct contact culturing of
mature osteoblast and M1 macrophages on each cell type,
the cells were encapsulated with the 3D collagen matrix and
cultured for 7 days (Fig. 1). Before starting comprehensive
biological characterization, the proximity of M1 and oste-
oblast within the 3D collagen matrix was confirmed using

histological analysis. Figure 8 shows the H&E (Fig. 8A) and
Masson’s trichrome (Fig. 8B) stained slides with M1 and
osteoblasts. The histology images demonstrated two cell
types with two distant morphologies. While the M1 mac-
rophages exhibited a dot-like morphology (red circles in
Fig. 8), osteoblasts showed a spread morphology (yellow
arrows in Fig. 8). The osteoblasts and M1 macrophages
were in close contact with the 3D collagen matrix.

Upon confirming close contact of M1 and osteoblast cells,
the effect of coculturing on M1 macrophages and osteoblast
was investigated. Contact coculturing upregulated the macro-
phage’s IL-1P (a pro-inflammatory cytokine) mRNA expres-
sion while decreasing the CCL18 (anti-inflammatory marker)
statistically significantly compared to macrophages cultured in
a 3D matrix alone (Fig. 9A). There was no statistical upregu-
lation in TNF-o between the cocultured macrophages and solo
macrophage culturing groups. This suggested that M1 macro-
phages preserved their proinflammatory phenotype.

The THC data (Fig. 9B) collected from proinflammatory
surface protein CDS8O0 further confirmed the gene expression
results. The CD80 staining suggested that M1 macrophages
still synthesized proinflammatory surface protein even
though cocultured with osteoblast cells. Regarding the effect
of co-culturing on osteoclast markers expression, the M1
macrophages within the coculture did not significantly ex-
press prominent osteoclastogenic markers (TRAF6 and
ACPS5), while MMP3 expression was downregulated. The
data in Figure 9 implied that close contact with osteoblasts
within the 3D matrix helped M1 macrophages preserve their
phenotype without differentiating into osteoclast.

Coculturing with macrophages and osteoblast positively
affected the encapsulated osteoblast’s ALP activity.
Figure 10A demonstrated that osteoblasts cultured with
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FIG. 8. Histology images of os-
teoblasts and macrophages within a
3D matrix. (A) Representative he-
matoxylin and eosin staining of
osteoblast and M1 macrophage
cells within 3D matrix (300 % and
500 x magnification).

(B) Representative Masson’s tri-
chrome staining of osteoblast and
M1 macrophage cells within 3D
matrix (300X and 500 x magnifica-
tion). Dashed red circles point out
macrophages, while yellow arrows
point out the osteoblast cells. Color
images are available online.
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FIG. 9. Effect of direct coculturing of macrophage and osteoblast within 3D matrix on macrophages. (A) Gene expression
of pro- and anti-inflammatory markers. The symbol “*” indicates significant difference with p<0.05 (n=3). (B) CD80
(red) and F-actin immunostaining (green), and nucleus staining (blue). Scale bar represents 10 pm. (C) Gene expressions of
osteoclastic markers. The symbol ““*”” indicates significant difference with p<0.05 (n=3). Color images are available
online.
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macrophages with the 3D matrix had an enhanced ALP ac-
tivity compared to counterparts cultured in the 3D matrix
alone. There was no statistical upregulation in RANKL ex-
pression between the cocultured osteoblasts and osteoblasts
cultured alone in the 3D matrix (Fig. 10B). The coculturing
data suggested that contact culturing of M1 macrophages and
osteoblast created an anabolic effect on osteogenesis.

Discussion

Evidence suggests that macrophages and osteoblasts in-
teract and influence each other’s function during osteolytic
diseases. The osteoblasts have been shown to secrete various
factors, such as RANKL and macrophage colony-stimulating
factor, which can stimulate the differentiation of macrophages
into osteoclasts. Similarly, proinflammatory macrophages
modulate osteogenic activities, including ALP synthesis and
mineralization. Thus, the complex and multifaceted crosstalk
between M1 macrophages and osteoblast modulates the bal-
ance between osteogenesis and osteoclastogenesis.

In osteoblast-macrophage interaction studies, a tremendous
effort has been put into understanding the effects of macro-
phages on osteoblasts in response to abrasive prosthetic wear
particles exposure and bacterial infection, and mediators re-
leased by osteoblasts to act on macrophages using 2D in vitro
platforms including transwell plate and petri dish cultur-
ing.>>*%%° The three-dimensionality of the extracellular en-
vironment circulating the macrophages and osteoblasts and its
effect on the macrophage-osteoblast interaction should be
addressed. Yet, it is well established that osteoblast and
macrophage function (proliferation, differentiation, migra-
tion, etc.) entirel(j\{ differently in a 3D microenvironment than
in 2D surfaces.”*>?

In this study, the proinflammatory macrophage and os-
teoblast interaction was investigated with contact cocultur-
ing and contact-independent (conditioned media) culturing
using 3D collagen matrix with extravasated macrophages
and 3D mineralized matrix with residing osteoblasts and 3D
matrix with proinflammatory macrophages and osteoblasts.
The comprehensive biomimetic approach has helped us to
decipher cell-specific effects on osteogenesis and osteo-
clastogenesis during osteolytic pathological conditions, in-
cluding periodontitis.>*

To understand the osteoblast (hFOB)-specific effect on
proinflammatory macrophages, the conditioned media from
an osteoblast-laden 3D mineralized matrix was utilized for
culturing proinflammatory macrophages (Fig. 1). First, the
mineralized matrix formation within the 3D hFOB-laden
matrix was confirmed using structural, spectral, and bio-
logical analyses (Fig. 2) before starting the conditioned
media experiment. The calcium deposition and mineraliza-
tion within the 3D matrix by encapsulated osteoblasts were
observed by increased calcium peaks in spectral analysis
(Fig. 2B), calcium mapping within the 3D matrix (Fig. 2C),
and von Kossa-stained histological slides (Fig. 2E, F). The
osteoblast ALP activity (Fig. 2D) within the 3D matrix also
increased compared to the control (osteoblast cultured on a
2D surface). The results in Figure 2 overall convinced that
the 3D in vitro platform could mimic the osteoblast-laden
mineralized matrix.

The 3D osteoblast-laden matrix (3D hFOB) was used in
further analysis to identify the solo effect of osteoblast’s in-
direct interaction on macrophages and to understand whether
osteoblast-derived secretome from the mineralized matrix
would change the phenotypic commitment of proin-
flammatory macrophages. While the osteoblast-derived con-
ditioned media was collected for macrophage culturing, the
expression of prominent osteoclastogenic markers from en-
capsulated osteoblasts was analyzed. The NF-xB modulates
the differentiation or activity of osteoclasts and proin-
flammatory macrophages,*>* and the RANKL expression
from osteoblast is necessary for macrophage differentiation
toward preosteoclast.*****>!5 Figure 3 demonstrated that
while NF-kB expressions increased for osteoblast cells within
the mineralized matrix, the RANKL expressions did not sig-
nificantly change. This result was reflected in the phenotypic
changes in macrophages cultured with osteoblast-derived
conditioned media (M1 CM).

Although the phenotypic commitment of macrophages is
transient depending on the circulating environment,”*>® the
macrophages cultured with osteoblast-derived conditioned
media preserved their proinflammatory phenotype. Figure 4A
demonstrated that the expression of proinflammatory (TNF-o
and IL-1PB) and anti-inflammatory markers (CCL18) did not
significantly change for M1 CM groups compared to macro-
phages cultured with regular complete media (M1). This data
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was further confirmed with the THC images (Fig. 4B, C) of
CD80 cell surface protein expressed by proinflammatory cells.
The amount of CD80 protein was not different for macro-
phages cultured with osteoblast-conditioned media (M1 CM)
than the counterparts cultured with the complete media (M1).
The expressions of osteoclastogenic markers (TRAF and
ACPS) also did not change between the M1 CM and M1
groups. This can be attributed to osteoblasts’ NF-kB and
RANKL expressions within the mineralized matrix (3D
hFOB) (Fig. 3). The RANKL is essential for initiating osteo-
clastogenesis, yet the RANKL expression did not upregulate
for 3D hFOB. Thus, it was expected to have no significant
changes in the expression of osteoclastogenic markers (TRAF
and ACP5) from macrophages cultured with the conditioned
media collected from these cells. It can be concluded that the
indirect interaction of osteoblasts within the mineralized ma-
trix does not differentiate the proinflammatory macrophages
from anti-inflammatory lineage or preosteoclast through
paracrine factors. Instead, it helps proinflammatory macro-
phages to maintain the status quo regarding the proin-
flammatory phenotype.

To understand the proinflammatory macrophage-specific
effect on osteoblast, the conditioned media from a proin-
flammatory macrophage-laden 3D collagen matrix was uti-
lized for culturing osteoblast (Fig. 1). The bacteria-induced
proinflammatory macrophages were encapsulated within the
3D collagen matrix to mimic the state of macrophages after
extravasating within the tissue and differentiate into proin-
flammatory phenotypes. First, we confirmed the bacteria-
induced differentiation of naive macrophages (MO) toward
proinflammatory macrophages (M1). Figure 6A demonstrated
the enhanced proinflammatory cell surface protein CD80
synthesis for M1 macrophages compared to MO macrophages,
which proved that the macrophages encapsulated within the
3D collagen matrix had a proinflammatory phenotype. Then,
the TNF-o and c-FOS expression from encapsulated proin-
flammatory macrophages were studied before starting the
conditioned media experiment.

TNF-o and ¢-FOS are important osteoclastogenic-related
markers, which promote macrophage polarization to osteo-
clast and stimulate osteoblast cells to express RANKL,
which push gpreosteoclast differentiation of macro-
phages.****>5? Figure 6B shows that the mRNA expres-
sion of osteoclastogenic markers, c-Fos, and TNF-a
upregulated 180-fold and 80-fold for proinflammatory
macrophages within the 3D collagen (3D MI1) matrix
compared to naive macrophages within the collagen matrix
(3D MO). This means that the conditioned media from 3D
M1 used for osteoblast culturing could start a vicious cycle
promoting RANKL expression from osteoblasts, further
promoting the differentiation of macrophages toward oste-
oclasts. Figure 7 further confirmed the fact that the ALPL
expression at the molecular level and the ALP activity of
osteoblasts cultured with macrophage-derived conditioned
media (hFOB CM) dropped significantly (p<0.05) com-
pared to counterparts cultured with complete media (hFOB).
At the same time, the RANKL expression increased more
than 25-fold for hFOB CM groups.

Overall, secretome from the proinflammatory macrophage-
laden 3D collagen matrix culturing promotes osteoclastogen-
esis. The proinflammatory macrophage-derived conditioned
media demonstrated how proinflammatory macrophages, upon
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extravasating into 3D tissue, may create indirect interaction
with osteoblast through paracrine factor and promote osteo-
clastogenesis through themselves not only expressing osteo-
clastogenic markers but also stimulating osteoblast cells to
express RANKL which promotes further osteoclastogenic
differentiation of macrophages through RANKL/RANK axis.**

From osteoblast-derived and inflammatory macrophage-
derived conditioned media studies, it was demonstrated that
while macrophages are dominant players in osteoclasto-
genesis by increasing osteoclastogenic markers for osteo-
blasts and macrophages and reducing the osteoblastic
activities (ALP activity), the osteoblasts did not promote
osteoclast differentiation. The next obvious question was
whether osteoblast would curb the osteoclastogenic effect of
macrophages when they are both in cell-to—cell contact
culturing. To address this question, the proinflammatory
macrophages and osteoblasts are encapsulated within a 3D
collagen matrix in a 1:1 ratio and cultured together (Fig. 1).

After we confirmed that proinflammatory macrophages
and osteoblast cells were grown in close physical proximity
within the 3D collagen matrix (Fig. 8), the effect of contact
culturing on proinflammatory macrophages and osteoblasts
was investigated. The results were quite exciting. For M1
macrophages within the 3D coculture, the TNF-ot and IL-1§
(proinflammatory markers) expressions were upregulated,
while CCL18 mRNA expressions were downregulated when
osteoclastogenic markers (TRAF6 and ACPS) were not
changed (Fig. 9). The data suggested that the osteoblasts
curbed the osteoclastogenic differentiation of macrophages
while macrophages still preserved their proinflammatory
lineages. The osteoblast within the 3D coculture demon-
strated increased ALP activity and did not express RANKL
significantly different than the osteoblast cultured within a
3D collagen matrix without macrophages (Fig. 10) which
was an improvement compared to osteoblast cultured with
macrophage-derived conditioned media (Fig. 6). Based on
these findings, it can be inferred that the interaction between
osteoblasts and proinflammatory macrophages within the 3D
matrix may positively impact bone tissue.

It is essential to conduct further comprehensive investi-
gations involving a wider range of cells to fully elucidate the
underlying mechanisms and confirm the extent of this effect.
The complex interplay between osteoblasts and proin-
flammatory macrophages within the 3D matrix warrants
further study to understand better their potential contribu-
tions to bone tissue homeostasis and regeneration.

In addition, although it was not the study’s primary goal,
we have also proved how osteoblasts behave differently on
the 2D surface than when encapsulated within the 3D matrix
when osteoclast cultured on a 2D surface served as a control
(Figs. 2D and 3). This finding further proved the importance
of the 3D biomimetic approach in vitro modeling in
macrophage-osteoblast interaction studies.

In periodontitis, the destruction in bone remodeling to-
ward bone resorption is due to the differentiation of
bacteria-derived proinflammatory macrophages into osteo-
clasts. We have used periodontitis as a case study. Yet, the
study’s outcome can be applied to osteolytic diseases in
which bacteria-derived macrophages and osteoblast cross-
talk. Overall, the role of interaction between bacteria-
induced proinflammatory macrophages and osteoblast in
periodontitis is complex and multifaceted, and further
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mechanistic studies are needed to fully understand the
mechanisms by which these cells contribute to the devel-
opment and progression of the disease.

Conclusion

While animal models are a great platform to study the
complex and multifaceted interaction between the proin-
flammatory macrophage and osteoblast in their native en-
vironment, the animals demonstrate different metabolic
responses leading to variation in results. In contrast, well-
defined and controlled biomimetic 3D in vitro models can be
used to understand the cell-specific and synergetic effect of
pro-inflammatory macrophage and osteoblasts in osteolytic
diseases. The current study sheds light on understanding the
dominant players in direct and indirect macrophage-
osteoblast interaction using biomimetic 3D cell-laden ma-
trices. While M1 macrophage-derived conditioned media
had a catabolic effect on osteoclastogenesis, osteoblast-
derived conditioned media helped M1 macrophages
preserve their inflammatory phenotype without enhancing
osteoclastogenic marker expressions. In contact coculturing,
osteoblast curbed the pro-osteoclastogenic potential of
macrophage differentiation.
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