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Abstract: Osteoclasts regulate skeletal development but also drive pathological osteolysis, making
them prime therapeutic targets. Osteoclast research is limited by the heterogeneity of osteoclast
populations generated in vitro, where the mixture of undifferentiated monocytes, binuclear pre-
osteoclasts and multinucleated osteoclasts has by necessity been considered a single osteoclast
population. This study describes the differentiation of primary human CD14+ monocyte-derived
osteoclasts in 3D collagen gels. These osteoclasts remained small (>95% with <5 nuclei) but were
viable and active; when released from the gel with collagenase, they fused rapidly when reseeded onto
solid substrates and resorbed dentine for 2-3 weeks. 3D-generated osteoclasts expressed cell surface
markers of osteoclast differentiation (e.g., CD9, RANK, OSCAR, CD63, CD51/61) which, with their
small size, enabled live cell sorting of highly enriched viable subpopulations of human osteoclasts that
retained full functional resorption capacity. Low-yield osteoclast preparations were strongly enriched
to remove undifferentiated cells (e.g., 13.3% CD51/61+ to 84.2% CD51/61+), and subpopulations of
CD9+CD51/61— early osteoclasts and CD9+CD51/61+ mature cells were distinguished. This novel
approach allows the study of selected populations of differentiating osteoclasts in vitro and opens
the door to in-depth transcriptomic and proteomic analysis of these cells, increasing our ability to
study human osteoclast molecular mechanisms relevant to development, aging and disease.
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1. Introduction

Osteoclasts are large multinucleated cells that resorb bone and play an essential role
in skeletal development and maintenance. However, their over-activation drives patho-
logical osteolysis in conditions including osteoporosis, cancer, rheumatoid arthritis and
other chronic inflammatory conditions, making them a prime target for therapeutic inter-
vention [1]. The limitations of current anti-resorptive strategies, particularly in oncology
and chronic inflammatory disease, drive the need to develop novel osteoclast-targeting
agents [2,3]. However, the necessary use of powerful and sensitive new technologies for in-
depth sequencing and proteomic interrogation of osteoclasts is hampered by the technical
failure of current methods to deliver pure populations of viable cells.

Osteoclasts cannot be directly isolated ex vivo due to their tight adhesion to bone, and
their rarity, except in chickens, rabbits [4] and human pathological conditions such as giant
cell tumour of bone [5]. Osteoclast studies are therefore performed in vitro; precursor cells
are most often obtained from the mixed cell populations of murine bone marrow, or the
peripheral blood mononuclear cell (PBMC) fraction of blood from human donors.

Osteoclasts form by the fusion of CD14+ monocyte or macrophage precursors [6,7], in
the presence of macrophage colony stimulating factor (M-CSF) and receptor activator of
nuclear factor kappa B ligand (RANKL), to produce mature multi-nucleated cells [8-10].
M-CSF induces RANK expression on the surface of precursor cells. This binds to RANKL,
leading to the early activation of nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1),
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a transcription factor which, in turn, sequentially transcribes osteoclast-specific genes such
as tartrate-resistant acid phosphatase (TRAP), pro-fusion DC-STAMP, CD51/61 (xv[33
integrin, vitronectin receptor), calcitonin receptor and cathepsin K [11]. Sequential fusion
is another characteristic of osteoclastogenesis that can be separated from the induction of
osteoclast-specific genes. Initial fusion occurs between two mononuclear cells; however,
the most common fusion event is between the resulting multinucleated cells and other
mononuclear cells. Indeed, different molecular mechanisms of fusion generate small
binuclear pre-osteoclasts and mature (>3 nuclei) osteoclasts; CD47 promotes the fusion of
mononuclear monocytes, whereas syncytin-1 stimulates the generation of larger osteoclasts
via fusion between mononuclear and multinucleated cells [12].

The cell population produced by in vitro osteoclast culture methods is highly heteroge-
neous, despite CD14 selection removing cells such as lymphocytes which affect osteoclasto-
genesis and cause significant intra-assay variability [7,13]. Not all of the precursor cell pool
responds to the differentiation cytokines, and both murine [14,15] and human [13,16,17]
osteoclast preparations contain a mixed population of undifferentiated and mononuclear
cells, binuclear pre-osteoclasts and multinucleated osteoclasts at different stages of fusion
(3-20+ nuclei). In some murine preparations <20% of cells are osteoclasts [14]. Even greater
heterogeneity is introduced when inter-individual donor variation is considered; CD14+
monocytes isolated from multiple donors exhibit an up to 12-fold difference in the number
of osteoclasts formed and a >20-fold difference in bone resorption [18,19]. Additionally,
osteoclasts cannot be detached from cell culture substrates using standard cell detachment
reagents such as trypsin, while mechanical detachment results in loss of viability of large
mature osteoclasts [20,21]. These factors combined have necessitated that osteoclast studies
to date consider this heterogeneous mono-/bi-/multi-nucleated mixture of cells to be
effectively a single population of osteoclasts.

Critically, this assumption makes it difficult to assess the extent to which a disease
or drug has an effect on osteoclast formation and/or function. Nevertheless, all work
investigating the regulation of mRNA and protein expression during osteoclastogenesis,
and in response to drug treatments in both murine [22-25] and human [17,19,26-28] cells,
has been performed on such mixed populations. The resulting inclusion of multiple stages
of differentiating osteoclasts, undifferentiated monocytes and ‘non-osteoclast’ cells in these
analyses introduces significant error and severely hampers the ability to distinguish the
transcriptomic and proteomic signatures of different osteoclast stages. It also hinders a
more detailed understanding of the importance of this heterogeneity to osteoclastogenesis
itself. For example, heterogeneity between fusion partners, with respect to factors such as
nuclearity, mobility or expression profile, controls fusion. Additionally, osteoclasts with
different levels of multinucleation have distinct properties with respect to gene expression
and the sensitivity of their bone-resorbing activity to cytokines within the bone microenvi-
ronment [12,29]. The biology of these distinct osteoclast subpopulations is potentially an
important issue in the pathology of bone disease.

Some progress has been reported with the purification of murine osteoclasts, which
can be detached from cell culture plastic using Accutase and FACS-sorted after DAPI- or
Hoechst 33342-staining of the nuclei on the basis of multi-nucleation [14,30]. However,
DAPI-staining requires cell fixation, which prevents further functional analysis [14] and,
although the Hoescht method could enrich the murine osteoclast population, when applied
to human cells there was a substantial reduction in cell viability [30]. Thus, sorting of viable
human osteoclasts has so far not been achieved.

This manuscript describes the culture and characterisation of human CD14+ monocyte-
derived osteoclasts in 3D collagen gels, and the identification of separate stages of osteoclast
development in 3D culture defined by combinations of cell surface markers. This culture
method allows the release and live cell sorting of highly enriched viable human osteoclasts
from 3D culture with demonstration of full functional resorption capacity, opening the door
to precise cell combination experiments as well as in-depth transcriptomic and proteomic
analysis of these cells.
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2. Materials and Methods
2.1. Materials and Ethics

The osteoclastogenic cytokines were M-CSF (R&D Systems, Abingdon, UK) and
RANKL (Peprotech, London, UK). Unless stated, the other reagents were from Merck
Life Science. Use of leucocyte cones for osteoclast differentiation was approved by the
London-Fulham Research Ethics Committee (11/H0711/7).

2.2. Osteoclast Differentiation

Leucocyte cones were obtained from anonymous donors (NHS Blood and Transplant).
CD14+ monocytes were positively selected from the PBMC fraction using magnetic CD14+
microbeads (Miltenyi Biotech, Bisley, UK) according to the manufacturer’s instructions.
Monolayer culture: monocytes were seeded at 1 x 10° cells/well in 24-well plates (Corning,
3526) or onto 4 mm diameter dentine discs in 96-well plates (0.25 x 10° cells/ well) in
x-MEM (without ribonucleosides/deoxyribonucleosides) containing 10% FBS, 2 mM L-
glutamine, 50 IU/mL penicillin and 50 pg/mL streptomycin sulphate. Gel-based 3D
culture: monocytes were pelleted at 1 x 10° cells per well of a 24-well plate, resuspended in
300 uL of 2 mg/mL collagen type I (Corning) and allowed to polymerize in 24-well plates
at 37 °C for 30 min before addition of xMEM. In both culture systems, osteoclastogenesis
was induced after overnight incubation in «MEM by the addition of 25 ng/mL M-CSF
and 50 ng/mL RANKL. Media and cytokines were replenished every 3—4 days for up to
3 weeks.

2.3. Release of Osteoclasts from Monolayer and 3D Culture

Osteoclasts were released from the monolayer culture using Accutase. Media was
removed from the monolayer and cells were washed with PBS and then incubated in
Accutase at 37 °C for up to 45 min. Osteoclasts were released from collagen gels by
digestion with 0.2 mg/mL collagenase type I at 37 °C for 30 min. Cells released from both
systems were centrifuged, washed and either resuspended in «-MEM for reseeding for
further culture, or in FACS buffer for protein expression analysis or sorting.

2.4. Staining for Osteoclast Formation and Activity

TRAP staining: Formalin-fixed osteoclasts were stained for tartrate-resistant acid
phosphatase (TRAP) using naphthol AS-BI phosphate as a substrate with reaction of the
product with fast violet B. Equal volumes of solution A (10 mg naphthol AS-BI phosphate,
0.5 mL DMSO in 15 mL acetate-tartrate solution [0.2 M acetic acid, 0.2 M sodium acetate,
10 mM sodium tartrate, pH5]) and solution B (20 mg fast violet B salt, 0.5 mL DMSO in
15 mL acetate tartrate solution) were mixed and incubated on fixed cells for 3 h at 37 °C in
the dark, prior to washing and air drying. Photographs were obtained on a Nikon Eclipse
TE300 microscope with an Axiocam 105 camera (Carl Zeiss AG, Cambridge, UK) and ZEN
acquisition software (blue edition; Zeiss). Multinucleated cells with three or more nuclei
were considered osteoclasts. CD51/61 staining: immunostaining for osteoclast-specific
CD51/61 used an anti-CD51/61 antibody (clone 23C6, 1:400; BioRad, Oxford, UK) and
standard DAB immunohistochemistry techniques. Resorption: Sonication was used to
remove osteoclasts from dentine discs. Resorption tracks were then visualised by staining
with 0.5% toluidine blue in boric acid. Dentines were photographed on an Olympus BX40
microscope with ZEN (blue edition) acquisition software. For quantification, resorption
tracks were highlighted in Adobe Photoshop and the relative resorbed area was measured
using Image] software (Fiji; National Institutes of Health, Bethesda, USA.

2.5. Flow Cytometry of Formalin-Fixed Osteoclasts

Cells released from monolayer or 3D culture were centrifuged at 350 g for 5 min,
resuspended in FACS staining buffer (PBS, 0.5% BSA, 2 mM EDTA) at 1 x 107 cells/mL
and then incubated with Fixable Viability Dye eFluor 780 (VWR International) and FACS
antibodies in the dark for 30 min at 4°C. FACS antibodies were as follows: anti-CD51/61-
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FITC (clone 23C6, 1:20, Biolegend, London, UK), anti-CD9-PE/Cy7 (clone HI9a, 1:20,
Biolegend), anti-CD14-PE (clone M5E2, 1:20, Biolegend), anti-CD63-BV711 (clone H5C6,
1:20, Biolegend), anti-RANK-PECy7 (clone 9A725, 1:200, Novusbio, Centennial, CO, USA)
and anti-OSCAR (clone REA494, 1:100, Miltenyi Biotech). Cells were washed twice with
FACS staining buffer, fixed in 4% formalin for 20 min on ice, washed, and resuspended in
FACS staining buffer for analysis. When DAPI staining, fixed cells were incubated with
a 1 in 10 volume of DAPI staining solution (10 ug/mL, Miltenyi Biotech) for 15 min at
room temperature, then stored at 4 °C in the dark for up to 1 week before analysis. Flow
cytometry was performed on a BD Fortessa calibrated with calibration and tracking beads.
Forward and side scatter were set to 40 V (FSC) and 210 V (SSC) to enable visualisation of
mature osteoclasts within the graphed area, with 10,000 events recorded per sample using
FACS Diva software (BD Biosciences). Data were analysed using Flow]o software (Flow]o
10.8.1; BD Biosciences, Wokingham, UK).

2.6. Osteoclast Live Cell Sorting

Cells were washed and stained as above. When staining nuclei, two drops of Hoechst
33342 Ready Flow Reagent (Invitrogen, Paisley, UK) were added to 1 x 10° cells in 1 mL
media and incubated at 37 °C for 60 min, per the manufacturer’s instructions. Cells were
not fixed in formalin, but were resuspended in FACS staining buffer at 0.5 mL/1 x 10° cells
and sorted immediately on a Sony SH800 Cell Sorter calibrated with Automatic Set-up
Beads, using SH800 software. Sorting was performed with a 100 um sorting chip at an
event rate of 400 and in purity mode, with cells collected in PBS. Data were analysed using
Flow]o software. The purity of the enriched osteoclast population was checked by flow
cytometry of a sample of the sorted cells.

2.7. Statistics

Graphical results are presented with the number of experimental repeats indicated by
the number of data points. Error bars indicate standard deviation. Data were analysed using
GraphPad Prism (v9.4.1; GraphPad Software, La Jolla, CA, USA). D" Agistono—Pearson or
Shapiro-Wilk were used to test for normality, depending on the sample size. Statistical
analysis comprised one-way or two-way ANOVA using Dunnett’s or Tukey’s multiple
comparison as a post hoc test. For experiments with only two conditions, a t-test was
applied. Results were considered significant at p < 0.05.

3. Results
3.1. Cellular Comparison of Monolayer and 3D-Generated Human Osteoclasts

Standard differentiation of human osteoclasts from CD14+ monocyte precursors in
monolayer culture (on cell culture plastic, glass coverslips or dentine discs), using M-CSF
and RANKL, produced mature CD51/61-positive bone-resorbing osteoclasts by day 9
of differentiation (Figure 1A). The osteoclast preparations were highly heterogeneous,
containing a mixture of TRAP-positive mononuclear cells, binuclear pre-osteoclasts and
multinucleated osteoclasts at different stages of fusion (3-20+ nuclei) (Figure 1B). When
the differentiation period was extended to 24 days, there was no increase in total osteoclast
number (Figure 1C); however, fusion continued throughout this period, and the proportion
of medium-sized (6-9 nuclei) and large (>10 nuclei) osteoclasts increased (Figure 1D,E).

We have previously described the differentiation of human osteoclasts in 3D collagen
gels [16,31]. To characterise these populations, cells were released from the gel with
collagenase and reseeded onto cell culture plates. Cells were fixed 4 h after reseeding, a
period that was found to allow cell adhesion but to be too early for further cell fusion to
occur. In comparison with monolayer cells, 3D-generated osteoclasts fused more slowly,
with the maximum number of osteoclasts being achieved on day 21 of differentiation
(Figure 1F). TRAP-positive mononuclear cells and binuclear pre-osteoclasts were also
present, as with monolayer culture; however, most osteoclasts remained small (3-5 nuclei)
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resulting in greater homogeneity of the osteoclast population than was observed with cells
differentiated in monolayer (Figure 1G,H).
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Figure 1. Human osteoclasts differentiated in 3D form a more homogeneous cell population than
monolayer cells. (A-E) Monolayer osteoclasts: (A) Representative images of staining for CD51/61
(top) and visualisation of resorption tracks (bottom, scale bars = 200 um) and (B) TRAP staining
of osteoclasts from 4 independent donors (scale bar = 200 um) on day 9 of differentiation showing
heterogeneity of the populations; (insert) monocytes (red arrow), binuclear pre-osteoclasts (blue
arrow) and mature osteoclasts (green arrow). (C) Rate of formation of monolayer osteoclasts (TRAP-
positive cells with >3 nuclei) and (D) the size distribution of these osteoclasts; small (3-5 nuclei),
medium (6-9 nuclei) or large (>10 nuclei). (E) Representative TRAP-stained images of the time
course of osteoclast differentiation in monolayer culture (scale bar = 100 um). (F-H) 3D-generated
osteoclasts: Cells were fixed for analysis 4 h after reseeding onto cell culture plates (F) Rate of formation
of 3D-generated osteoclasts (TRAP-positive cells with >3 nuclei) and (G) the size distribution of
these osteoclasts; small (3-5 nuclei), medium (6-9 nuclei) or large (>10 nuclei). (H) Representative
TRAP-stained images of the time course of osteoclast differentiation in 3D (scale bar = 100 um).
*,p <0.05;**, p <0.01; ***, p < 0.001.

3.2. Osteoclasts Generated in 3D Retain Viability when Re-Seeded Following Release from Culture

Accutase can be used to viably release murine osteoclasts from monolayer culture [14,30].
Accutase treatment released a variable proportion of human osteoclasts from monolayer
culture on cell culture plastic; substantial numbers of osteoclasts remained adherent even
after 45 min incubation (Figure 2A). The reseeded monolayer osteoclasts exhibited bone
resorption activity for at least 7 days, despite visibly reduced viability from 14-21 days post
re-seed (Figure 2B-D). Despite the restraint on fusion in 3D culture, 3D-generated osteoclasts
released with collagenase fused rapidly once reseeded onto a solid substrate, showing a 7.8-
fold increase in the proportion of osteoclasts with >5 nuclei between 4 and 24 h (Figure 2E F).
They exhibited a strong capacity for bone resorption, remaining active for at least 3 weeks
(Figure 2G,H) and with visibly reduced viability only 21 days post re-seed. It should be noted
that when monolayer and 3D-generated cells were released from culture and immediately
fixed for flow cytometry, viability was similar and unaffected by the duration of differentiation
pre-release (Figure S1). This suggests that the reduced lifespan of the monolayer osteoclasts
that do re-adhere is not due to immediate loss of viability following exposure to Accutase, but
that previously adherent cells undergo cell death more rapidly following reattachment.
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Figure 2. Rapid fusion and prolonged resorption by 3D osteoclasts reseeded onto solid substrates.
(A-D) Monolayer osteoclasts: (A) TRAP-staining of monolayer osteoclasts after treatment with Accutase
either (left) remaining adherent to the original cell culture well or (middle, right) reseeded into clean
cell culture wells for 4 h or 24 h (scale bar = 200 pm), quantified (B) as the percentage of osteoclasts
with 5 or more nuclei. (C) TRAP-staining (top) and toluidine blue-stained resorption pits on dentine
(bottom) of monolayer osteoclasts reseeded on day 15 of differentiation, shown 7-21 days post-reseed.
Scale bars = 200 pm. (D) Quantification of area of bone resorbed. (E-H) 3D-generated osteoclasts:
(E) Phase contrast image of 3D-generated osteoclasts in a collagen gel (left panel, arrows indicate
osteoclasts), TRAP staining of cells 4 h after collagenase release and reseeding (middle panel, scale
bar = 200 um) and 24 h after reseeding (right panel, scale bar = 200 um), quantified (F) as the
percentage of osteoclasts with 5 or more nuclei. (G) TRAP-staining (top) and toluidine blue-stained
resorption pits on dentine (bottom) of 3D-generated osteoclasts reseeded on day 15 of differentiation,
shown 7-21 days post-reseed. Scale bars = 200 um. (H) Quantification of area of bone resorbed.
*,p<0.05

3.3. FACS Analysis of Cell Surface Marker Proteins Distinguishes Osteoclast Subpopulations
Following Differentiation in 3D

We first sought to compare the expression of osteoclast cell surface marker proteins in
formalin-fixed monolayer and 3D-generated cells by flow cytometry. The observed scatter
pattern was similar to that reported for murine osteoclasts [30], with scatter increasing on
both axes as monocytes fused and differentiated into osteoclasts (Figure 3A). Expression of
osteoclast surface marker proteins was compared in 3D versus monolayer culture using
monocytes from the same donor that were differentiated into osteoclasts and stained and
fixed daily for FACS. There was generally good concordance in expression of monocyte
markers (CD14), proteins related to early osteoclast differentiation and fusion (RANK,
CD9) and markers of more mature osteoclasts (CD51/61, OSCAR, CD63) (Figure 3B),
suggesting that cells in 3D collagen gels were differentiating at approximately the same rate
as those in standard monolayer culture with respect to osteoclast marker proteins, despite
reduced fusion.
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Figure 3. Cell surface markers in monolayer and 3D osteoclasts. (A) FACS scatter graphs showing
increasing cell size and complexity during differentiation from CD14+ monocytes to osteoclasts
in 3D culture. (B) Representative data from cells from one donor showing variation in osteoclast
surface markers over 24 days of differentiation. Black = monolayer cells, red = 3D-generated cells.
(C,D) Comparison of expression of (C) CD9 (n = 3) and (D) CD51/61 (n = 5) during 3D differentiation
of osteoclasts from different monocyte donors. (E) Double staining of 3D-generated osteoclasts on day
15 of differentiation for CD9 and CD51/61 distinguishes two osteoclast subpopulations. (F) Scatter
graph of CD9+CD51/61—cells showing small early/pre-osteoclasts (left panel) with CD9+CD51/61+
cells being larger mature osteoclasts (right panel). ***, p < 0.001.

Osteoclasts expressing specific combinations of cell surface markers represent distinct
subpopulations of human osteoclasts at different stages of differentiation. For example,
CD9 is an early regulator of cell fusion during osteoclastogenesis [32]. Analysis of CD9
expression in 3D-generated osteoclast populations from multiple independent donors
confirmed that it is reproducibly upregulated, so that >50% of cells express CD9 by day 6
of differentiation and >80% of cells are CD9+ from day 8 (Figure 3C). Analysis of CD51/61
expression (a marker of mature osteoclasts that is not expressed in either mononuclear cells
or pre-osteoclasts [33]) showed that it is consistently upregulated by 2 weeks of differentia-
tion in 3D-generated osteoclasts (Figure 3D). However, the proportion of CD51/61+ cells in
these populations was highly variable (9.78-80.2% CD51/61-positive at 15 days), highlight-
ing the inherent heterogeneity both within and between osteoclast populations, especially
regarding late markers of differentiation. By using these cell surface markers it is possible to
distinguish three subpopulations of cells in a population of differentiating osteoclasts: fully
mature CD9+CD51/61+ osteoclasts, undifferentiated CD9—CD51/61— monocytes and
CD9+CD51/61— cells that can be considered as pre-/early osteoclasts (Figure 3E,F). Given
the heterogeneity between donors (Figure 3D), the ability to sort selected subpopulations of
viable human osteoclasts would greatly increase the reproducibility of experiments using
multiple donors.

3.4. Live Cell Sorting of Viable, Mature Human Osteoclasts from 3D Culture

Although live cell sorting is a standard procedure for many cell types, it has not
been achieved with human osteoclasts. CD51/61 was selected as the cell surface marker
to optimise osteoclast sorting, as the proportion of CD51/61+ cells in the population of
3D-generated osteoclasts was highly variable and frequently low (Figure 3D). After 2 weeks
of differentiation, 3D osteoclasts were released from the gel with collagenase, stained for
CD51/61 and sorted by flow cytometry, resulting in a highly enriched population of mature
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osteoclasts. As an example, a 3D osteoclast population containing only 13.3% mature
CD51/61+ osteoclasts (Figure 4A) was enriched to 84.2% CD51/61+ cells (Figure 4B). Cru-
cially, sorted osteoclasts retained bone resorption activity when re-plated onto dentine discs
(Figure 4C), verifying the ability of osteoclasts generated in 3D to be sorted into selected
populations of viable and active human osteoclasts. As an extension of this methodology,
both CD9+CD51/61— and CD9+CD51/61+ cells were selected from a younger population
of 3D-generated osteoclasts on day 9 of differentiation. Intermediate CD9+CD51/61— im-
mature osteoclasts were enriched from 51.5% to 82.0% and contained cells with only one
nucleus (Figure 4D,E). Mature CD9+CD51/61+ cells comprising only 1.51% of the popula-
tion were highly enriched to 60.0% of CD9+CD51/61+ osteoclasts, the majority of which
were osteoclasts with two or three nuclei (Figure 4D,E).
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Figure 4. Live cell sorting of primary human osteoclasts. (A) Flow cytometry of live 3D-generated
human osteoclasts stained for CD51/61. (B) Following cell sorting, the population of CD51/61+
cells increased from 13.3% to 84.2%. (C) Cells re-seeded into monolayer culture after live cell sorting
and analysed for the presence of osteoclasts (TRAP stain, 24 h post re-seed, scale bar = 100 pm)
and resorption activity (resorption tracks on dentine, 7 days post re-seed, scale bar = 200 um). Top
panel: CD51/61-positive cells from 3D culture. Middle panel: CD51/61-negative cells from 3D
culture. Bottom panel: CD51/61-positive cells from monolayer culture. (D) Flow cytometry of live
3D-generated human osteoclasts stained for CD9 and CD51/61. CD9+CD51/61- and CD9+CD51/61+
cells were re-seeded into monolayer culture after live cell sorting and analysed for the presence of
osteoclasts 24 h post re-seed (TRAP stain, scale bar = 100 um), quantified (E) as the number of nuclei
per cell in these selected populations. (F) Area of bone resorbed by monolayer and 3D-generated
osteoclasts selected for CD51/61. Black = monolayer cells, red = 3D-generated cells. ***, p < 0.001.

Considering the success of this methodology, we investigated whether osteoclasts
differentiated in monolayer culture and lifted with Accutase could also be viably sorted
using cell surface markers. CD14+ monocytes from the same donor were differentiated in
monolayer and 3D culture. An equal number of cells released from each culture system were
sorted to obtain CD51/61+ cells, which were seeded onto the same area of cell culture plastic
or dentine. Fewer CD51/61+ osteoclasts were obtained from the monolayer population
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and less bone was resorbed compared with 3D-generated osteoclasts (Figure 4C,F). This
comparison emphasises the importance of using smaller 3D-generated osteoclasts for
maintaining viability and resorption capacity following live cell-sorting.

4. Discussion

The development of novel osteoclast-targeting strategies is currently hindered by the
technical inability to obtain pure and distinct populations of viable human osteoclasts for
research. This study shows for the first time that human osteoclasts can be sorted and
selected using cell surface markers, and that they can be viably re-seeded retaining full
bone-resorption capacity. The data also show that, while this is possible with monolayer
osteoclasts to a limited extent, osteoclasts differentiated in 3D culture can be viably sorted
in much greater numbers and with extended subsequent viability and function, offering a
valuable new approach to dissecting osteoclast biology.

With monolayer osteoclasts, the low numbers of cells obtained and the loss of viability
following cell sorting is likely due to a combination of factors including: (i) retained
adhesion to cell culture plastic of a large proportion of osteoclasts following incubation with
Accutase, (ii) potential further loss of large osteoclasts during cell sorting and (iii) reduced
viability of monolayer osteoclasts after re-plating. It is possible that use of Accutase
versus collagenase could have affected the viability of monolayer osteoclasts after sorting,
despite having shown that immediate viability post-release is not different. However, as
neither type of osteoclast can be detached using the reagent for the other, this comparison
cannot be performed directly. However, our sorting of monolayer osteoclasts was still an
improvement on that of Madel et al., who were unable to sort viable human osteoclasts
on the basis of multinucleation by staining with Hoechst 33342, despite the success of
this technique with murine cells [30]. Our attempts to sort human osteoclasts using
Hoescht 33342 were also unsuccessful; whether using monolayer- or 3D-generated cells,
all subsequent cultures failed (data not shown), suggesting that Hoescht 33342 is toxic to
human osteoclasts.

Human osteoclasts cultured on hydrophobic dishes remain viable and produce resorp-
tion pits when re-seeded onto dentine discs, although the reseeding process can require
application of a detachment reagent such as Accutase [34,35]. We therefore hypothesised
that reduced adhesion and/or reduced polarisation of differentiating osteoclasts could aid
retention of cell viability and resorption activity upon reseeding; this led us to investigate
the advantages of differentiating osteoclasts in 3D collagen gels. As hypothesised, osteo-
clasts released from 3D culture remained viable and active for 2-3 weeks after reseeding
onto dentine discs.

Osteoclasts differentiated in 3D collagen gels remained small (3-5 nuclei) even after
three weeks of differentiation. This did not apparently alter the rate of production of
differentiation-related proteins in a direct comparison of monolayer and 3D-generated cells.
It is possible that, despite monolayer osteoclasts being morphologically more mature, simi-
lar expression of differentiation markers was seen in monolayer versus 3D culture because
Accutase preferentially released a higher proportion of undifferentiated and immature
osteoclasts from cell culture plastic. However, this limitation on the comparison cannot
be addressed until improved methods of detaching osteoclasts from monolayer culture
are developed.

The size restriction affecting 3D-generated osteoclasts produced a more homogeneous
osteoclast population in terms of multi-nucleation than for monolayer cells. It is of interest
that the fusion process requires heterogeneity, including differences in the differentiation
state and number of nuclei of fusion partners, as well as in the mobility of the fusion precur-
sors [12,36]. The new potential to distinguish and select multiple populations of osteoclasts
at different stages of differentiation from this 3D population opens the door to specific
cell-based studies into both the mechanism(s) of fusion between different combinations
of fusion precursors, and the properties of osteoclasts at different stages of differentiation.
This offers the opportunity to build a more detailed picture of osteoclastogenesis than
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has previously been possible and, crucially, would enable the first complete experimental
separation of the effects of a treatment or co-culture on osteoclast formation versus mature
osteoclast function.

It is interesting to speculate whether monolayer or 3D-generated osteoclasts are more
physiologically relevant. We have previously used RNAseq to show distinct clustering of
the gene expression profile of monolayer osteoclasts differentiated on either cell culture
plastic, acellular cartilage or dentine [19]. It could be presumed that 3D-generated osteo-
clasts would show a similarly distinct profile. However, osteoclasts in vivo are located
adjacent to and actively resorbing bone and cartilage, as well as being found distant from
either substrate in conditions such as primary bone cancer and rheumatoid arthritis. These
osteoclasts in vivo are likely to also have distinct expression profiles. The main advantage
of the 3D-generated osteoclasts is the ability to sort these cells without loss of viability. As
we have also shown a more limited capacity to sort monolayer osteoclasts, the combina-
tion of differentiation methods and osteoclast sorting expands the repertoire of possible
experiments that can be used to compare with in vivo osteoclast profiles, tissue and clinical
outcomes. While the current methodology would require some optimisation to improve
the final purity of the desired osteoclast subpopulation(s), especially where the starting
population is small, it should be noted that 40-fold enrichment of a 1.51% subpopulation
has already been achieved, and that the sorted purity of the final selected subpopulations
generally exceeds 80%.

Osteoclasts generated in 3D might also be used to understand the processes that mod-
ify osteoclast formation or bone resorption activity in pathologies ranging from osteopetro-
sis to osteoporosis, and from chronic inflammation to cancer, using sorted subpopulations
for in-depth sequencing and proteomics studies, as well as for functional assays. While
single-cell RNA sequencing has been applied to osteoclast precursor cells, identifying the
specific macrophage subpopulation that differentiates into pathological mature osteoclasts
in inflammatory arthritis [37], our methodology now offers avenues by which to explore
in detail the nature of the different populations of immature and mature osteoclasts that
are subsequently formed. For example, osteoclasts are a specific subtype of macrophage
polykaryon, currently distinguished only by osteoclasts” expression of the calcitonin recep-
tor and ability to resorb bone [38]. Separation of the two populations would allow detailed
analysis of possible additional distinguishing markers.

Osteoclast cell sorting also offers opportunities to study the interaction of specific os-
teoclast subsets within the tumour microenvironment, including expanding recent research
into their role in the modulation of T cell activation towards either immune suppression
or inflammation [39,40]. The ability to distinguish and select mature or differentiating
osteoclast populations will also allow improved understanding of effects of the microenvi-
ronment. The role of the mechanical environment and stiffness versus softness in osteoclas-
togenesis would be of interest and tractable to study. Additional examples include whether
components of human calcified atherosclerotic plaques, such as high levels of inorganic
phosphate [41,42], inhibit the resorption activity of mature cells or just affect the process of
osteoclast differentiation [43]. Mature osteoclasts actively reduce the mineral load of pre-
calcified aortic elastin in vitro [44], suggesting that direct introduction of mature osteoclasts
might one day lead to autologous cell therapies to resorb calcified vascular lesions.

5. Conclusions

The combination of differentiating primary human osteoclasts in 3D with live cell-
sorting using cell surface markers allows the release from culture and significant enrichment
of viable human osteoclasts, which retain full resorption capacity. Differentiation in 3D
collagen gels offers new opportunities to manipulate and purify human osteoclasts, opening
the door to in-depth transcriptomic and proteomic analysis of selected subpopulations
of these cells that will greatly increase our ability to study human osteoclast molecular
mechanisms relevant to development, aging and disease.
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