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Introduction: For decades, functional primary human osteocyte cultures have
been crucially needed for understanding their role in bone anabolic processes
and in endocrine phosphate regulation via the bone-kidney axis. Mature
osteocyte proteins (sclerostin, DMP1, Phex and FGF23) play a key role in
various systemic diseases and are targeted by successful bone anabolic drugs
(anti-sclerostin antibody and teriparatide (PTH1-34)). However, cell lines
available to study osteocytes produce very little sclerostin and low levels of
mature osteocyte markers. We have developed a primary human 3D organotypic
culture system that replicates the formation of mature osteocytes in bone.

Methods: Primary human osteoblasts were seeded in a fibrinogen / thrombin gel
around 3D-printed hanging posts. Following contraction of the gel around the
posts, cells were cultured in osteogenic media and conditioned media was
collected for analysis of secreted markers of osteocyte formation.

Results: The organoids were viable for at least 6 months, allowing co-culture
with different cell types and testing of bone anabolic drugs. Bulk RNAseq data
displayed the developing marker trajectory of ossification and human primary
osteocyte formation in vitro over an initial 8- week period. Vitamin D3
supplementation increased mineralization and sclerostin secretion, while
hypoxia and PTH1-34 modulated sclerostin. Our culture system also secreted
FGF23, enabling the future development of a bone-kidney-parathyroid-vascular
multi-organoid or organ-on-a-chip system to study disease processes and drug
effects using purely human cells.

Discussion: This 3D organotypic culture system provides a stable, long-lived, and
regulated population of mature human primary osteocytes for a variety of

research applications.
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1 Introduction

Osteocytes are the most abundant cells in bone and are essential for
skeletal function. They reside deep within mineralized bone from
where they regulate bone acquisition during skeletal growth and the
healthy maintenance of the skeleton throughout life. They act by co-
ordinating osteoblast-mediated bone formation and osteoclast-driven
bone resorption, by secreting factors that allow skeletal adaptation to
mechanical and hormonal stimuli. Osteocytes also contribute to the
endocrine functions of bone by secreting hormones that regulate
processes including mineral homeostasis and phosphate
metabolism (1).

Osteocytes differentiate from mature osteoblasts, the
differentiation and survival of both being regulated by Wnt/f-
catenin signaling pathways. Early osteocytes first become
surrounded by unmineralized matrix and then by mineralized bone
as they sequentially express proteins related to dendritic morphology
and canaliculi formation (e.g. MMP14, podoplanin), matrix
mineralization (e.g. PHEX, DMP-1, MEPE), bone resorption (e.g.
RANKL, M-CSF, OPG), inhibition of bone formation (e.g. SOST,
PTHR), and phosphate metabolism (e.g. FGF23, PHEX, DMP1) (1).

Interest in these highly specialized cells was elevated following
the discovery that mutations in sclerostin (SOST), a protein
expressed almost exclusively by mature osteocytes, cause the rare
skeletal bone overgrowth conditions van Buchems disease and
sclerosteosis (2). Dysregulation of sclerostin has since been
implicated in osteoporosis, osteogenesis imperfecta, vascular
calcification and breast cancer while other osteocytic genes play
functional roles in the pathogenesis of conditions such as
hypophosphataemic rickets (DMP1, PHEX, FGF23), chronic
kidney disease (FGF23) and tumor-induced osteomalacia (FGF23)
(3). Antibody therapies targeting the mature osteocyte markers
sclerostin and fibroblast growth factor 23 (FGF23) have emerged as
therapeutic strategies to treat these conditions (4, 5).

Despite these indications, knowledge of osteocyte molecular
mechanisms relevant to health and disease lags behind that of other
cell types due to lack of suitable in vitro research tools. The most widely
used osteocytic cell line, murine MLO-Y4 cells, expresses early
osteocyte markers but only very low levels of mature osteocyte
markers such as sclerostin and FGF23. More recently developed
murine cell lines, including IDG-SW3 and Ocy454 cells (which
exhibit a temperature-sensitive non-proliferative phenotype) and
OmGFP66 and OmGFP10 cells (in which membrane-targeted GFP
is driven by the Dmpl promoter) differentiate into mature osteocytes
expressing SOST and other osteocyte markers, are responsive to
parathyroid hormone (PTH) and mechanical forces, and form 3D
structures with osteocytes buried in mineralized matrix (6-8).

While murine cell lines have advanced our understanding of
osteocyte biology, they still have significant limitations. These
include: (i) continued proliferation in contrast to the post-mitotic
nature of osteocytes themselves; (ii) non-physiological close contact
of osteocytes in culture versus restricted contact via dendrites of
osteocytes confined to their lacunae in vivo and (iii) monolayer
culture that lacks the mechanosensitivity of osteocytes embedded in
a heavily mineralized extracellular matrix (9, 10).
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However, the inability to generate human osteocytes in vitro is
the primary restriction on both our understanding of osteocyte
regulatory mechanisms and our ability to screen for osteocyte-
targeting drugs. To translate basic discoveries into therapeutics it is
important to validate them in human cells before clinical trials.
There is therefore an urgent need to develop novel human 3D
osteocyte models derived from patient material, which will provide
the required platform to translate basic research into clinically
relevant and effective treatments.

Human bone-derived cells grown in monolayer culture have a
limited capacity to form osteocyte-like cells expressing DMP1 and
sclerostin when cultured in mineralization medium supplemented
with either strontium ranelate or vitamin K (11, 12). More robust
osteocyte formation has been achieved when such cells are seeded
onto 3D structured scaffolds made from materials including
collagen, hydroxyapatite, calcium phosphate and polystyrene (9,
10). Although such engineered 3D scaffolds only partially replicate
the complexity of bone tissue, they do appear to simulate the
physiological responsiveness of osteocytes to mechanical loading.
Human primary osteocytes differentiated on calcium phosphate
microbeads produce an osteoid matrix with osteocyte-like cells
individually embedded in lacunae and expressing osteocytic
markers including DMP1, Phex, SOST, MEPE, FGF23 and
RANKL (13, 14). These cells replicate the mechanotransduction
function of osteocytes in vivo by down-regulating SOST expression
in response to cyclic mechanical loading (14).

Bone itself, in the form of ex vivo organ culture, would have the
additional advantage of maintaining osteocytes in their native
complex matrix environment. Human bone chips release
sclerostin and FGF23 from embedded osteocytes (15, 16).
However, osteocyte viability is reduced to 60% after only 7 days
of culture (16), although this effect can be partially reversed by
mechanical loading of the tissue (17). Decellularized femoral head
micro-trabeculae have been used as scaffolds and seeded with
primary human osteoblastic cells which develop early osteocytic
markers and show sensitivity to fluctuations in gravitational
forces (18).

This study describes the development of a self-assembling, self-
sustaining organotypic model of human bone containing mature,
sclerostin- and FGF23-producing primary osteocytes within a
mineralized matrix. It is demonstrated that these organoids allow
screening for osteocyte-targeting agents via effects on secretion of
sclerostin and, as such, represent a valuable new tool for the detailed
in vitro study of mechanisms of action relevant to osteocyte

mechanisms of disease.

2 Materials and methods

2.1 Materials and ethics

Elephant dentine was obtained from HM Revenue & Customs
(Heathrow Airport, UK). Unless stated, other reagents were from
Merck Life Science (Gillingham, UK). The use of leucocyte cones
for osteoclast differentiation was approved by the London-Fulham
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Research Ethics Committee (11/H0711/7). Human osteoblasts were
obtained by passage from surgical waste tissue obtained either pre-
2009 from patients after informed consent and ethical permission
was obtained for participation in this study (National Research
Ethics Committee Oxfordshire, REC reference number C01.070) or
2009 onwards from the Oxford Musculoskeletal Biobank with
informed donor consent in full compliance with national and
institutional ethical requirements, the United Kingdom Human
Tissue Act, and the Declaration of Helsinki (HTA Licence 12217
and Oxford REC C 09/H0606/11).

2.2 Primary human osteoblasts

Bone fragments were obtained from the trabecular bone of
patients undergoing joint replacement for osteoarthritis. Bone
fragments (approx. 1 mm?®) were washed in PBS then incubated
in 1 mg/ml collagenase at 37°C for 30 min before incubation in a
10 cm dish in osteoblast media (Table 1) in a humidified incubator
at 37°C, 5% CO,. After 2 days, media was replaced and additionally
supplemented with 5 ug/ml L-ascorbic acid 2-phosphate.
Supplemented media was replaced every 3-4 days and outgrowth
osteoblasts were banked in liquid nitrogen after one or more
passages, once confluence was reached. Osteoblasts were used for
osteocyte constructs up to passage 5. Passaging and dissociation for
seeding of osteocyte constructs was performed using TrypLE Select
(ThermoFisher Scientific).

2.3 Human primary osteocyte constructs

2.3.1 Initial 6-well method

In the first tranche of human constructs for RNAseq
experiments, osteoblasts from 4 donors were seeded onto 20
constructs exactly as we described for rat cells (19). Briefly,
calcium phosphate (brushite/B-TCP) posts were pinned into a
Sylgard 184 silicone elastomer (base and curing agent, Dow
Corning Corporation) base layer in 6-well dishes. Cells were
seeded in fibrinogen onto a thrombin gel and subsequently
cultured in 3ml of proliferation media (Table 1) per well until

TABLE 1 Details of culture media.

Medium Components

o-MEM

10% FBS

2 mM Glutamax

50 IU/ml penicillin

50 pg/ml streptomycin sulphate

Osteoblast medium

Proliferation medium osteoblast medium plus
50 pg/ml L-ascorbic acid 2-phosphate

40 pg/ml proline

Osteogenic medium proliferation medium plus
10 mM B-glycerophosphate

10 nM dexamethasone
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cells had fully contracted the gel between the support posts. Week 0
constructs were harvested and snap-frozen at this point with the
remainder transferred to osteogenic media (Table 1) and harvested
at 2, 4, 6 and 8 weeks. RNAseq data is shown for the 0- and 8-week
groups, when osteocyte markers DMP1 and SOST first appeared.

2.3.2 Modified 12-well method

Triplicate 3D-printed scaffolds were designed in-house and
printed by 3D LifePrints (Oxford, UK). Seeding of osteocyte
constructs was a modification of our method for culture of
primary rat osteocytes (19). Sylgard was prepared and 800 ul
used to coat the wells of a 12-well plate. After 4 days curing at
room temperature, Sylgard-coated wells and scaffolds were
sterilized in 70% ethanol, air-dried, and scaffolds were inserted
into the Sylgard wells. Each well was coated with 314 ul of thrombin
solution (10 U/ml thrombin, 20 ug/ml aprotinin, 400 uM
aminohexanoic acid in osteoblast media) before additional mixing
of 126 ul of 20 mg/ml fibrinogen and partial setting at 37°C for
30 min. Primary human osteoblasts (2 x 10° cells in 1 ml osteoblast
media) were then added on top of the gel and incubated for 1 h
before addition of a further 1 ml of media. Cells were subsequently
supplemented with proliferation media twice weekly until the cells/
gel had contracted entirely between the posts (approx. 2-4 weeks).
After this point, constructs were supplemented twice weekly with
osteogenic media for up to 6 months, with additional
supplementation with 1 puM vitamin D3 (25(OH)D3) or 5 uM
FG4592 (Selleckchem, Houston, TX, USA) as required. The ability
of cells to contract the gel between the scaffold posts was quantified
in Image] as ‘area of osteocyte construct/area of well’ from images
taken with a portable camera.

2.4 RNA sequencing

Constructs were snap frozen in liquid nitrogen and stored at -80°
C. RNA was extracted using Trizol in a Cryo-Cup grinder (BioSpec
products, Bartlesville, UK) on dry ice. Total RNA was prepared with
the Direct-Zol RNA miniprep kit and RNA clean and concentrator
(Zymo Research, Cambridge, UK) according to the manufacturer’s
instructions. Libraries were prepared using the NEBNext Poly(A)
mRNA magnetic isolation module (New England Biosystems,
Ipswich, UK) and then the NEBNext ultra-directional RNA library
prep kit was used to create the final library. The sample was
sequenced using 41bp paired end configuration with an Illumina
NextSeq 500 sequencing device. Reads were trimmed using
trimmomatic (20), pseaudoaligned using kallisto (21) with an index
built from the hg38 cDNA fasta reference sequence, and then quality
of the pseudoalignment was assessed using FastQC. Differential gene
expression was performed using the sleuth package. Genes were
considered differentially regulated based on an adjusted p value <
0.01. Differentially expressed genes between two groups (constructs at
0 weeks and after 8 weeks of treatment with osteogenic medium) were
analyzed for enriched terms using GSEA in R. Heatmaps were
generated in R using ggplot2. GO and KEGG (GSEA) analysis was
performed on WebGestalt.
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2.5 Viability assays

2.5.1 Secreted LDH

Conditioned media from osteocyte constructs was diluted 1:100 in
LDH Storage Buffer (200mM Tris-HCl (pH 7.3), 10% glycerol, 1%
BSA), mixed with an equal volume of LDH Detection Reagent and
luminescence was measured after 45 min, according to the
manufacturer’s instructions (LDH-Glo Cytotoxicity Assay; Promega).

2.5.2 Live/dead stain

Osteocyte constructs were stained with a mixture of calcein AM
(live stain) and ethidium homodimer-1 (dead stain) using the
LIVE/DEAD Viability/Cytotoxicity Kit (L-3224; Molecular
Probes). Images were obtained using a Nikon Eclipse TE300
microscope with an QImaging Retig 2000R Fast 1394 camera
(Teledyne Photometrics, Birmingham, UK) and ImagePro Plus
software (Media Cybernetics, Rockville, Maryland, USA).

2.5.3 Alamar blue

Mitochondrial dehydrogenase activity was assessed by exposure to
10% Alamar blue (AbD Serotec) for 3 h, with fluorescence read at ex
540 nm/em 590 nm.

2.6 MicroCT

Mineralization was analyzed using a SkyScan 1172 microCT
scanner (SkyScan, Kontich, Belgium). Constructs were fixed in 10%
formalin and then wrapped in wet absorbent paper to prevent
drying during scanning. The constructs were scanned at an
isotropic pixel size of 10 pm, a voltage of 37 kV and a current of
228 mA, with a 0.5 mm Al filter. Images were reconstructed with
NRecon software (SkyScan 1172). To avoid the high variability in
the amount of mineralization that occurred immediately around the
scaffold posts, bone volume (BV) was calculated using Skyscan CT-
Analyzer software for a tissue volume of interest of 300 sections
around the mid-point of the constructs (threshold 80). Images of
the constructs were produced in Skyscan CT-Volume software.

2.7 Histology and
immunofluorescent staining

Following microCT, constructs were decalcified in 10% EDTA
prior to wax embedding. Tissue sections were baked at 60°C for 1 hour
and heat-mediated antigen retrieval at high pH was performed using an
automated PT Link (Dako). Samples were blocked in 5% normal goat
serum, incubated overnight at 4°C in anti-SOST rabbit polyclonal
antibody (ab85799, 22.5 ig/ml; Abcam, Cambridge, UK) and then with
goat anti-rabbit IgG (H+L) Alexa Fluor 633 secondary antibody (1:200,
ThermoFisher Scientific). Nuclei were visualized with POPO-1 (P3580;
Life Technologies) and autofluorescence was blocked with 0.1% Sudan
Black B. Rabbit IgG was used as a negative control. Sections were
mounted with Vectashield soft mounting medium (H1000). Imaging
was performed on a Zeiss LSM 880 confocal microscope with ZEN
Black software.
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2.8 Osteoblast characteristics in monolayer
culture

2.8.1 Proliferation

Cells were stained with crystal violet, which stains nuclei
independently of cellular metabolic status. Formalin-fixed cells
were incubated with 1% crystal violet for 60 minutes at 37°C, dye
was extracted with 0.2% Triton X-100 and absorbance read
at 550nm.

2.8.2 Osteoblast differentiation (Alkaline
Phosphatase Assay)

Cells were lysed in RIPA buffer with protease inhibitors and the
lysate was reacted with 4-methyl umbelliferyl phosphate disodium
salt for 30 min at 37°C. The reaction was stopped with Na,CO; and
fluorescence measured at excitation 360 nm/emission 450 nm.

2.8.3 Mineralization

Formalin-fixed cells were stained with 1.5% alizarin red dye
solution (pH 4.1; ScienCell, Carlsbad, CA, USA), washed and air-
dried. Dye was extracted in 10% acetic acid, neutralized with 10%
ammonium hydroxide and absorbance measured at 550 nm.

2.9 ELISAs and western blotting

Human DuoSet ELISA kits against SOST (DY1406), FGF23
(DY2604), VEGF (DY293B), RANKL (DY626) and OPG (DY805)
were used according to the manufacturer’s instructions
(R&D Systems).

Cells were sonicated in lysis buffer (6.2 M urea, 10% glycerol, 5
mM dithiothreitol, 1% sodium dodecyl sulphate, protease
inhibitors) before cell extract was separated by 8% SDS-PAGE
and transferred onto a PVDF membrane. Membranes were
incubated overnight with primary antibodies specific HIF-1o
(clone 54, 1:1000; BD Biosciences, Oxford, UK), GLUT1
(ab14683, 1:2500; Abcam, Cambridge, UK) or B-tubulin (clone
TUB2.1, 1:2500, Sigma-Aldrich, Dorset, UK). Chemiluminescence
was detected using a UVITEC Alliance Q9 gel doc system and
densitometry was performed in ImageJ, normalizing experimental
bands to the corresponding B-tubulin control.

2.10 Osteoclast differentiation and
co-culture with osteocyte constructs

Leucocyte cones were obtained from anonymous donors (NHS
Blood and Transplant). CD14+ monocytes positively selected from
the PBMC fraction (magnetic CD14+ microbeads; Miltenyi
Biotech) were seeded at 2 x 10° cells/well in 12-well plates also
containing 4 mm diameter dentine discs or glass coverslips. Cells
were allowed to adhere overnight in o-MEM containing 10% FBS, 2
mM L-glutamine, 50 IU/ml penicillin and 50 pg/ml
streptomycin sulphate.
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Dexamethasone was removed from the osteogenic media of
osteocyte constructs 1 week prior to co-culture, as this was found
to inhibit osteoclast differentiation. Constructs were moved above
adherent monocytes and osteoclastogenesis was induced by
supplementation with 25 ng/ml M-CSF (R&D Systems, Abingdon,
UK) and 50 ng/ml RANKL (Peprotech, London UK) in o-MEM that
also contained ascorbate, proline and B-glycerophosphate (osteogenic
media without dexamethasone). Media and supplements were
replenished every 3-4 days for 10 days.

2.11 Osteoclast assays

2.11.1 Tartrate-resistant acid
phosphatase staining

Osteoclasts were fixed in formalin. 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 15ml acetate tartrate solution) were incubated on
cells for 3 h at 37°C, then washed and air dried. Photographs were
obtained on a Nikon Eclipse TE300 microscope with an Axiocam
105 camera (Carl Zeiss AG) and ZEN acquisition software (blue
edition; Zeiss). Multi-nucleated cells with three or more nuclei were
considered osteoclasts.

2.11.2 Resorption

Osteoclasts were removed from dentine discs by sonication.
Resorption tracks were visualized with 0.5% toluidine blue in boric
acid. Photographs were obtained on an Olympus BX40 microscope
with ZEN acquisition software (blue edition; Zeiss).

2.12 Statistics

For graphical data, the number of experimental repeats is
represented by the number of data points with error bars
indicating standard deviation. Data was analyzed using GraphPad
Prism (GraphPad Software, La Jolla, CA, USA). Normality tests
were D’Agistono Pearson or Shapiro-Wilk, depending on the
sample size. Statistical analysis comprised one-way or two-way
ANOVA using Dunnett’s or Tukey’s multiple comparison or
Kruskal-Wallis ANOVA with Dunn’s multiple comparison. For
experiments with only two conditions, a T test or Mann-Whitney
test was applied. Results were considered significant at p < 0.05.

3 Results

3.1 Human organotypic bone constructs
express osteocyte marker mRNAs at

8 weeks

Initial rat osteocyte constructs used primary osteoprogenitor cells
seeded into a fibrin/thrombin gel, which contracted around anchor
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posts fixed in the base of 6-well plates (19, 22). As a pilot study to
determine whether the same methodology could be used to generate
human osteocytes, gels were instead seeded with primary human
osteoblasts from 4 different donors and the molecular signature of
the cells within the constructs was assessed over 8 weeks (timeline,
Supplementary Figure 1), focusing on markers of osteoblast and
osteocyte differentiation and maturation (heat map; Supplementary
Figure 2). This timeframe was estimated based on evidence of
mineralization in rat constructs at 2-3 weeks (22). Encouragingly, at
8 weeks “Wnt signaling” was the top over-represented KEGG pathway
(Figure 1A) and “ossification” was the first significant annotation using
over-representation for GO terms in Webgestalt (Figure 1B). There was
a general upregulation of specific markers of both osteoblast
differentiation (Figure 1C; RUNX2, TNFRSF11B [OPG], OSX, ALPL,
OMB, IBSP, BGLAP, SPP1) and osteocyte differentiation (Figure 1D;
DMPI1, MEPE, GJA1, PTHIR, SOST). Mineralization at 8 weeks was
limited to focal spots scattered through the construct and around the
hydroxyapatite post (uXRF; data not shown).

3.2 Human organotypic bone constructs
contain viable cells in a mineralized matrix

Although the pilot experiment suggested promising upregulation
of early osteocyte markers, markers of mature osteocytes (e.g. FGF23)
were not detected and mineralization was limited. Detection of new
mineral was complicated by the calcium phosphate posts, which had
been optimized for an earlier ligament model (23). It was therefore
decided to increase the length of the differentiation period and to
design 3D-printed scaffolds comprising triplicate hanging posts for 12-
well dishes (Figure 2A). The new scaffolds would additionally reduce
the scale of the model and increase flexibility (so that constructs could
be moved between wells for e.g. co-culture experiments),

For this adapted model, primary human osteoblasts from six
different donors were seeded into fibrin/thrombin gels which
contracted between the hanging posts after approximately 2 weeks in
proliferation media (timeline, Supplementary Figure 1). Osteogenic
media was subsequently added twice weekly, resulting in visible further
contraction (Figure 2B) and variable donor-dependent mineralization
(Figure 2C) of the constructs by 20 weeks of osteogenic culture.
Negligible cell death occurred over this timeframe as measured by
secreted lactate dehydrogenase (LDH) assessed every 2 weeks
(Figure 2D) and confirmed in 20-week constructs by live/dead
staining (Supplementary Figure 3). Histological staining in the 20-
week constructs revealed cells both aligned along the outer edge of the
construct and buried in internal lacunae, with extensive production of
collagen matrix aligned in the direction of the contractile force between
the hanging posts (Figure 2E).

3.3 Human organotypic bone constructs
contain mature osteocytes that secrete
sclerostin and FGF23

Cells within the 20-week bone constructs produced sclerostin
protein, a marker of mature osteocytes. Most sclerostin-positive

frontiersin.org


https://doi.org/10.3389/fendo.2023.1167734
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Knowles et al.

10.3389/fendo.2023.1167734

A B
Wht-protein binding ossification |
collagen binding extracellular matrix organisation | —
extracellular r:atnx. Stll;"mdl'"e extracellular structure organisation
eparin binding tube morphogenesis
glycosaminoglycan binding tube development
cell atdhztsmnl mOIIECUIIe blc'l?lrtlg enzyme linked receptor signaling
structuralimoleculersctivity circulatory system development
PFOtEIH-C.OUP:]nE comp'l:ex :!"j!ﬂg regulation of cell proliferation
signaling receptor binding cell proliferation
molecular funsction regulator tissue development
° 1 2 3 s ¢ 1 ' 00 [ 10 15 2 2 n 1% “ “
C
RUNX2 GDF5 IBSP SPP1 BGLAP
120- .
® @- p<0.018 p<0.0002 * p<0.001 3 p<0.001
0~
g ® T s “1 . @ 100~
3 . 2 E g ;) Weeks
3 3 3 ¥ o 3 o
g &% H H H g
3 3 3 £ .
;] . & s i & . § 1 .
10- Le s ) L2 - p
.
. 10 PR o ;’ o ;‘,4
- 8 f 6 8 5 H H 8
Weeks Weeks Weeks Weeks. Weeks
TNFRSF11B /OPG ~ TNFSF11 / RANKL OSX ALPL OMD
p<0.015 p<0.0001 @ p<0.012 T p<0.0002 I
co- 3- 10 - 100, .
§ o = 3 . § fo i Weeks
Lo L : X : | w
] i . I I - g L 4
- ; ] .
i { . —3—
o 0 E=ste— == . o
o 8 ) H [ 1) ) 8
Weeks Weeks Woeks Weeks Weeks
D
MEPE SOST DMP1 PHEX
| ’ '
o
3 % 8 3 . 3
4 2 B 8, Wooks
go- & 3 3 #0
2 §oos- § § e
2 é . . L
.
i J]
oo S oo T SR ]
) 8 ) 8 ) 8 6 ]
Wooks Wooks Woaks Waeks
GJA1 PDPN FGF23 PTH1R
p<0.007 gl " « p<0.0003 —3%
400+ - . 150
g p i i H s
g w0 B g::o § #0
H § 8 i g e
& 1 & & & -
200- nj— -
—_— 2 L
100~ . oy g 1
H . 8 ) 8 8 B H
Weeks Weeks Vooks Woeks
FIGURE 1

RNAseq data from human osteocyte constructs after 8 weeks of differentiation. (A, B) Graphs showing top over-represented pathways at 8 weeks
from (A) KEGG pathway analysis and (B) GO terms in Webgestalt. Genes were considered differentially regulated based on an adjusted p value <
0.01. (C, D) Expression levels of selected transcripts at O weeks (red) and 8 weeks (blue) of differentiation related to (C) osteoblast differentiation and
(D) osteocyte differentiation. Where p values are not shown, data is either not significant or p values are unavailable due to lack of detectable

transcript at O weeks.

osteocytes were adjacent to the outer edge of the construct, aligned in
the direction of the axial force, and displayed characteristic dendritic
projections, although some were observed buried deeper within the
tissue (Figure 3A; Supplementary Figure 4). Analysis of sclerostin
secretion revealed an increase from 4 weeks of differentiation that
reached significance at 8 weeks (p < 0.001) and plateaued from
approximately 12 weeks (Figure 3B), indicative of the timecourse of
differentiation of mature human osteocytes within the constructs.
The high variability observed in the secretion of sclerostin was
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primarily due to high donor-to-donor variability in the response of
the osteocytes generated from six different osteoblast donors,
especially at later timepoints where sclerostin secretion by different
donors diverged considerably (Figure 3C). Donor osteoblasts’ ability
to form osteocytes in 3D (sclerostin secretion) did not correlate with
characteristics in monolayer culture such as cell growth and
osteogenic differentiation capacity (alkaline phosphatase,
mineralization) (Supplementary Figure 5). However, the donor
osteoblasts with very poor growth and osteogenic differentiation in

frontiersin.org


https://doi.org/10.3389/fendo.2023.1167734
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Knowles et al.

LDH
100+ -

N Wi D

o oo © ©

1 1L 1 1
1

-
o
1

LDH (% max luminescence)

L asin?sl

2 4 6 8 10 12 14 16 18 20 +ve
Time (weeks)

o

FIGURE 2

10.3389/fendo.2023.1167734

Human osteocyte constructs mineralize and are highly viable at 20 weeks. (A) Design of the 3D-printed scaffolds for use in 12-well dishes. (B)
Human osteoblasts seeded into fibrin/thrombin gels contracted the gel between the posts and visibly thickened over time. (C) Representative
reconstructed microCT images from two donors after 20 weeks of differentiation in osteogenic media. (D) Secreted LDH expressed as a percentage
of the maximum LDH release control (+ve) obtained by treating constructs with 10% Triton-X100. (E) Histological staining of the constructs from
panel (C) H&E staining (left panel); Masson'’s trichrome stain (right panel), Scale bars = 100 um. * p<0.05.

monolayer culture did not efficiently contract the gel between the
scaffold posts in 3D (Supplementary Figure 5).

FGF23, another secreted marker of mature osteocytes, was
generally undetectable after 24 weeks of culture. However,
constructs from two donors did secrete detectable FGF23 and,
using only the FGF23-positive donors, FGF23 secretion was seen
to increase further between 26 and 30 weeks of differentiation,
indicative of continuing osteocyte differentiation and maturation
during this period (Figure 3D). This increase was potentiated by
removal of B-glycerophosphate from the differentiation media
(Figure 3D). Removal of both B-glycerophosphate and
dexamethasone (i.e. culture in proliferation media instead of
osteogenic media) resulted in reduced metabolic activity and a
reduction and/or delay in the secretion of mature osteocyte markers
from the constructs (Supplementary Figure 6).

To assess whether sclerostin secretion by the human osteocyte
constructs could be used to screen for osteocyte-targeting agents,
constructs were exposed to the bone anabolic drug PTH1-34
(Teriparatide) which prevents osteocytic repression of bone
formation by inhibiting sclerostin production (24). Treatment with
10 nM PTHI1-34 reduced secretion of SOST1 (Figure 3E, 45.9%
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inhibition), secretion of which returned to baseline levels after
removal of PTH1-34, without impacting cell viability (Figure 3F).

3.4 Vitamin D3 and hypoxia enhance
mineralization and secretion of SOST1

In an effort to improve the extent and reliability of
mineralization, constructs were differentiated with the 25(OH)D3
metabolite of vitamin D3 which potentiates osteoblast
differentiation and mineralization (25) (timeline, Supplementary
Figure 1). Differentiation with 1 uM 25(OH)D3 increased osteoblast
differentiation and mineralization in monolayer culture
(Supplementary Figure 7) and increased mineralization in 3D
osteocyte constructs from 4 out of 5 donors (Figures 4A, B). This
was accompanied by a 1.4- to 5.2-fold increase in sclerostin
secretion by 24 weeks of differentiation in 3D (Figure 4C,
p<0.01), indicative of increased osteocyte activity.

As osteocytes are buried deep within mineralized bone, the
hypoxic tissue microenvironment is central to osteocyte biology.
Secretion of hypoxia-responsive vascular endothelial growth factor
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(VEGF) did not increase during the second half of the
differentiation period during which mineralization occurs, despite
an initial decrease when osteoblast proliferation was replaced by
differentiation, suggesting that the constructs are not hypoxic
(Figure 4D). The hypoxia-inducible factor (HIF) transcription
factor regulates bone formation in vivo (26-28) and the HIF-
prolyl hydroxylase inhibitor FG4592 (Roxadustat) stabilizes HIF-
Lot (29, 30). In primary human osteoblasts in monolayer culture, 5
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UM FG4592 stabilized HIF-1o protein and increased expression of
HIF-regulated Glut-1. However, the same dose inhibited osteoblast
differentiation and mineralization (Supplementary Figure 7), as
seen with other hypoxia mimetics (31). FG4592 was therefore
only added to 3D osteocyte constructs from week 8 of
differentiation, to avoid potential inhibitory effects on osteoblast
differentiation (timeline, Supplementary Figure 1). Constructs
treated with 5 UM FG4592 showed an immediate and sustained
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increase in secretion of both VEGF (Figure 4E) and sclerostin  production of osteoclast-activating receptor activator of nuclear
(Figure 4F), indicative of increased osteocyte activity, while  factor kappa-B ligand (RANKL) and the RANKL decoy receptor
avoiding inhibitory effects on mineralization (Figure 4G). osteoprotegerin (OPG) (32). As a test of the flexibility of our
osteocyte model in allowing co-culture with other cell types,

constructs were co-cultured for up to 10 days suspended above

3.5 Co-culture with osteocyte constructs primary human CD14+ monocytes that were induced to
inhibits osteoclast differentiation differentiate into osteoclasts by addition of exogenous macrophage
colony stimulating factor (M-CSF) and RANKL (Figure 5A). Effects

As well as regulating osteoblast function by secreting sclerostin,  of co-culture with immature (2-week; containing mostly osteoblasts)
osteocytes regulate the formation and activity of osteoclasts via  and mature (18-week; containing mature osteocytes) constructs from
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Effect of co-culture with osteocyte constructs on osteoclast differentiation and bone resorption. (A) Schematic showing co-culture of suspended
osteocyte construct above CD14+ monocytes seeded on either glass coverslips (brown) or dentine discs (blue) on the base of the well. (B) Human
osteocyte constructs are visibly thicker and more mineralized after 18 weeks in osteogenic media. (C) TRAP staining (arrows indicate osteoclasts,
scale bar = 100 um) and (D) quantification of the number of osteoclasts formed on coverslips after 9 days co-culture with 2-week or 18-week
osteocyte constructs, or with a no-construct (osteoclast only) control, in the presence of M-CSF and RANKL. (E-G) Following 2 days co-culture of
mature osteoclasts with 2-week or 18-week osteocyte constructs, or with a no-construct (osteoclast only) control, in the presence of M-CSF and
RANKL; (E) quantification of the number of osteoclasts, (F) toluidine blue staining showing resorption pits on dentine discs (scale bar = 200 um) and
(G) quantification of the area of dentine resorbed per osteoclast. (H) OPG secretion measured at 2 weeks and 18 weeks of differentiation in
osteogenic media, prior to co-culture experiments. *p<0.05, **p<0.01, ***p<0.001.
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matched donors (Figure 5B) were assessed on human osteoclast
formation and bone resorption activity (timeline, Supplementary
Figure 1). Co-culture with either 2-week or 18-week constructs
inhibited osteoclast differentiation (Figures 5C, D). Acute co-
culture of mature osteoclasts with either 2-week or 18-week
osteocyte constructs for 2 days also resulted in fewer osteoclasts
(Figure 5E); however, osteoclasts cultured with 2-week constructs had
a 2.7-fold increase in bone resorption capacity (Figures 5F, G).

Such effects could be due to differences in the ratio of secreted
RANKL : OPG from 2-week and 18-week constructs. In initial 8-
week constructs, both mRNAs were detected with a RANKL : OPG
ratio of 1:18 (Figure 1B). Analysis of secreted proteins revealed no
detectable RANKL at any stage of differentiation (data not shown),
suggesting that all expressed RANKL is in the membrane-bound
form as in murine primary osteocytes (33). 18-week constructs
secreted more OPG than 2-week constructs (Figure 5H), but this
does not explain the increase in resorption during co-culture with 2-
week constructs.

4 Discussion

This 3D organotypic model of human osteocyte formation
demonstrates continuing sequential maturation of primary
human osteocytes over a six-month period; mRNA for early
osteocyte markers was present at 8 weeks, increasing secretion of
sclerostin plateaued from 12 weeks, and FGF23 secretion increased
from 24 weeks.

Osteocyte constructs displayed alignment of both matrix
components and cell bodies in the direction of the contractile
force that naturally arises between the hanging posts of
the scaffolds (23). Grover et al. measured interface strength in the
original ligament model using a custom-built tensile tester and the
construct withstood load of up to 59 mN with the shape E posts
used in our study. Mechanical stress caused failure at the interface at
9.5 kPa after 7 days in culture and around 20 kPa after 4 weeks (23).
This contractile force, visible as a linear tightening of the constructs
between the posts, is likely to expose the embedded cells to
continuous moderate loading; this could represent a more
physiological simulation of the mechanical environment
experienced by osteocytes in vivo than standard monolayer or 3D
models that are unloaded in their resting state (14, 34). Indeed,
long-term mechanical loading is essential for osteocyte
differentiation, lacunar-canalicular network formation, collagen I
maturation and high organoid mineral density of human
mesenchymal stem cells seeded on graphene oxide composite
scaffolds (35). In addition to static load, constructs were removed
from the incubator and fed twice weekly, providing a regular
mechanical agitation that may also contribute to experienced
load. Our constructs also have the advantage that they replicate
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the physiological spacing of osteocytes in vivo, with scattered cells in
mineralized regions confined to their lacunae (1).

Although human osteocytes formed in the absence of
osteogenic media, as reported in other 3D models (13), the
differentiation process, assessed by secretion of sclerostin and
FGF23, was significantly faster with osteogenic media. As
demonstrated by the reversible anabolic repression of sclerostin
by PTH1-34, our organoids allow screening for osteocyte-targeting
agents via effects on secretion of sclerostin. It is therefore
experimentally preferable to achieve measurable sclerostin levels
as soon as possible and, for this reason, differentiation in osteogenic
media was preferred with stable secretion of sclerostin from
12 weeks.

It is interesting to speculate whether the continuous moderate
loading experienced in our model might be downregulating the
amount of sclerostin secreted by the osteocyte constructs. Sclerostin
mRNA and protein levels are dramatically reduced in response to
loading in vivo (36), with areas of the bone receiving a greater
mechanical strain intensity being associated with a greater
reduction in both sclerostin staining intensity and percentage of
sclerostin-positive osteocytes, with no positive cells in areas
experiencing greater than 150ue (37, 38). The same basic
response occurs in primary human osteocytes in vitro; Sun et al.
found that cyclic compressive pressure loading decreases SOST
mRNA expression 30-fold in human primary osteocytes
differentiated on calcium phosphate microbeads and reduces the
percentage and intensity of staining of sclerostin-positive cells (14).
It will be of interest to measure and adjust the strain intensity in our
system in the future, to identify the effect of changes in strain
intensity on sclerostin secretion over time.

Considerable inter-individual variation was evident between
donors with respect to expression of osteocytic mRNAs, the
extent of construct mineralization, and the amount of sclerostin
and FGF23 that was secreted. Indeed, constructs failed from a small
number of donors due to either insufficient ability to contract the
gel between the posts or too great a contractility, in which case the
constructs snapped (data not shown). Future development of this
human 3D organoid model to compare the osteocyte response of
bone cells taken from patients at different anatomical sites (e.g. with
differing load-bearing) or of different age or gender will need to take
such variation into account.

To potentially reduce this donor-to-donor variability, two
physiological stimuli were assessed as methods of increasing
osteocyte differentiation and activity; application of vitamin D3
and activation of hypoxia-regulated pathways. Serum
concentrations of 25(OH)D3 strongly correlate with clinical
parameters of bone health (39, 40). Bone cells convert 25(OH)D3
to 1,25(OH)2D3 using the lo-hydroxylase enzyme CYP27B1 (41,
42). As well as promoting osteoblast mineralization (25), 1,25(OH)
2D3 induces expression of key osteocyte genes including the mature
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osteocyte markers sclerostin and FGF23 (43, 44). In accordance
with this literature, osteocyte constructs differentiated in the
presence of 25(OH)D3 demonstrated enhanced mineralization
and increased secretion of sclerostin, but without any apparent
reduction in inter-individual variability in donor responses.

The oxygen tension of normal bone is 54.9-71.4 mmHg (6.6-
8.6% O,) (45, 46). Osteoblasts reside on the bone surface adjacent to
vascularized bone marrow, whereas osteocytes are buried in a
relatively hypoxic microenvironment deep within mineralized
bone. Hypoxia inhibits osteoblast differentiation and
mineralization (47-49) but increases osteocyte differentiation and
the expression and/or production of the mature osteocyte marker
sclerostin, especially when either murine MC3T3-E1 cells (49) or
primary human osteocytic cells (50) are grown in 3D culture. In our
3D organotypic culture system, delayed application of roxadustat
caused a >3-fold increase in secretion of HIF-regulated VEGF and a
2- to 4-fold increase in secretion of sclerostin, supporting the ability
of our model to mimic the known effects of hypoxia to increase
osteocyte differentiation.

Dysregulation of FGF23 is linked with disorders of phosphate
metabolism including hypophosphataemic rickets, chronic kidney
disease and tumor-induced osteomalacia (3). Burosumab, an anti-
FGF23 monoclonal antibody, has recently been approved as a
therapeutic agent to treat these conditions (5). Osteocytes govern
phosphate homeostasis through the production of FGF23, which
lowers serum phosphate levels by increasing renal phosphate
excretion and also inhibits mineralization (51, 52). The
production of FGF23 in osteocytes is regulated by various local
and systemic factors including phosphate; dietary phosphate
loading increases serum FGF23 in vivo (53-55) and high
phosphate increases FGF23 production in vitro (56). Our
osteocyte constructs exhibited increasing secretion of FGF23
between 24 and 30 weeks of differentiation that was further
elevated by removal of B-glycerophosphate from the osteogenic
media. This finding is unexpected, however the regulation of FGF23
production is complex and multi-factorial (57). For example,
Michigami et al. recently treated osteocytes derived from old and
young mice with high phosphate and showed that, while FGF23
production increases in the osteocytes from the old mice, no effect is
seen in those from the younger animals (56). The ability to
manipulate production of FGF23 in our constructs enables future
use of this organoid system for detailed molecular analysis of
mechanisms associated with the bone-kidney interaction,
including in co-culture studies.

Co-culture with CD14+ monocytes during monocyte-osteoclast
differentiation was used as an illustration of the utility of the
osteocyte organoid model in co-culture systems, with organoids
and monocytes/osteoclasts being successfully maintained in co-
culture for at least 10 days. Co-culture reduced osteoclast
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differentiation to 8.9-64.3% of control levels, with no difference
observed in response between the immature and mature constructs.
However, co-culture of mature osteoclasts with the immature
constructs caused a 2.7-fold increase in bone resorption per
osteoclast that was not observed during co-culture with the
mature osteocyte constructs.

General inhibition of osteoclastogenesis could be due to the low
ratio of RANKL : OPG evident at both the mRNA and protein level.
Osteocytic RANKL is predominantly membrane-bound (33),
meaning that osteocyte-monocyte co-culture can only promote
osteoclast formation when cells are in direct contact in co-culture
systems (33, 58, 59). Osteocyte-derived RANKL is a key contributor
to disuse-induced bone loss, at least partially due to regulation of
RANKL expression by mechanosensing and mechanotransduction
(60). Using osteoblastic Saos-2 cells, for example, Galea et al.
showed that exposure to strain by four-point bending
downregulates expression of RANKL through a mechanosensitive
epigenetic loop involving BRD2 (61). The continuous moderate
loading experienced in our model might therefore contribute to the
low RANKL : OPG ratio.

The physical separation of the cell types in our system resulted
in effects of co-culture on osteoclast formation being dominated by
high levels of secreted OPG. Unexpectedly, these high levels of OPG
did not reduce bone resorption under co-culture conditions; bone
resorption was even elevated by co-culture with immature
constructs. This implies that osteocyte constructs might secrete a
RANKL-independent factor that activates osteoclast bone
resorption, but does not affect osteoclastogenesis, secretion of
which is reduced as constructs mature (32, 62, 63); an avenue of
research that will be of interest to pursue further.

In summary, we have developed a human 3D organotypic culture
that replicates the processes of osteocyte burial in mineralizing osteoid
through to the formation of mature osteocytes that secrete sclerostin
and FGF23. Secreted sclerostin could be modulated reversibly by
PTHI-34, demonstrating utility for bone anabolic drug discovery.
Detectable FGF23 secretion will enable future development of a
bone-kidney-parathyroid-vascular multi-organoid or organ-on-a-chip
system to study disease processes and drug effects using purely human
cells. This flexible, long-lived and versatile organotypic culture system
provides a stable and regulated population of mature human primary
osteocytes for a wide range of research applications.
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