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To enhance bone regeneration, the use of bone morphogenetic protein (BMP)-2 is an
attractive option. Unfortunately, the dose-dependent side effects prevent its widespread
use. Therefore, a novel osteogenic agent using a different mechanism of action than BMP-
2 is highly desirable. Previous reports demonstrated that prostaglandin E2 receptor 4 (EP4)
agonists have potent osteogenic effects on non-human cells and are one of the potential
alternatives for BMP-2. Here, we investigated the effects of an EP4 agonist (AKDS001) on
human cells with a rat heterotopic xenograft model of human bone. Bone formation in the
xenograft model was significantly enhanced by AKDS001 treatment. Histomorphometric
analysis showed that the mode of bone formation by AKDS001 was minimodeling rather
than remodeling. In cultured human mesenchymal stem cells, AKDS001 enhanced
osteogenic differentiation and mineralization via the cAMP/PKA pathway. In cultured
human preosteoclasts, AKDS001 suppressed bone resorption by inhibiting
differentiation into mature osteoclasts. Thus, we conclude that AKDS001 can enhance
bone formation in grafted autogenous bone by minimodeling while maintaining the volume
of grafted bone. The combined use of an EP4 agonist and autogenous bone grafting may
be a novel treatment option to enhance bone regeneration. However, we should be careful
in interpreting the results because male xenografts were implanted in male rats in the
present study. It remains to be seen whether females can benefit from the positive effects
of AKDS001 MS by using female xenografts implanted in female rats in clinically relevant
animal models.
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1 INTRODUCTION

The gold standard grafting material for large bone defects or spinal
fusion surgeries is autogenous bone (Bauer and Muschler, 2000;
García-Gareta et al., 2015). However, autogenous bone is associated
with several disadvantages, including the amount of bone, donor site
morbidity, and ageing-related deterioration of bone quality (García-
Gareta et al., 2015). To overcome these disadvantages, a multitude of
biomaterials and osteogenic agents to enhance bone regeneration
were developed (Dimitriou et al., 2011; García-Gareta et al., 2015).

Among osteogenic agents, the use of bone morphogenetic
protein (BMP)-2 is most prevalent, especially in spinal fusion
surgeries (Makino et al., 2018; Ukon et al., 2019). However, the
potential side effects related to BMP-2 use, such as soft-tissue
swelling, osteoclastic bone resorption, and unintended ectopic
bone formation, limit its widespread use (James et al., 2016).
Therefore, there is a strong need for the development of a novel
osteogenic agent that acts through a different mechanism of action.

Prostaglandin E2 (PGE2), which is synthesized from
arachidonic acid by cyclooxygenases, is also known to have
potent osteogenic effects (Raisz et al., 1993; Li et al., 2007).
PGE2-sensitive receptors, which are termed EP, have been
subdivided into EP1, EP2, EP3, and EP4. Among these, EP4
receptor is known to be associated with the effects of PGE2 on
bone metabolism (Raisz et al., 1993; Li et al., 2007). Over the past
two decades, several EP4 receptor-selective agonists have been
developed and there is accumulating evidence that EP4 agonists
have therapeutic potential for the treatment of osteoporosis and for
bone healing in preclinical research using animal models or non-
human cells (Toyoda et al., 2005; Ke et al., 2006; Iwaniec et al.,
2007; Nakagawa et al., 2007; Liu et al., 2015). The efficacy of EP4
agonists in human bone tissue, however, has not yet been proven.
Therefore, in this study, we investigated the effects of an EP4
agonist (AKDS001) on human cells and human bone tissue with a
newly established rat heterotopic xenograftmodel and explored the
therapeutic potential of this EP4 agonist as an osteogenic enhancer
in combination with autogenous bone grafting.

2 MATERIALS AND METHODS

2.1 Ethics Statement
All experiments were approved by the institutional review board
(No. 17027-2) and the institutional animal committee of our
institution. Human vertebral laminas were obtained from five

human donors who underwent lumbar decompression surgery
for degenerative spinal disease (Table 1). All donor patients
provided informed consent for the experiments.

2.2 Chemicals
The selective EP4 agonist, AKDS001 (Asahi Kasei Pharma, Tokyo,
Japan), was incorporated into biocompatible and biodegradable
polylactic-co-glycolic acid (PLGA) microspheres (MS) for
sustained drug release (Hua et al., 2021). The ratio of polylactic
acid to polyglycolic acid was 1:1. PLGA MS with AKDS001
(AKDS001 MS) and without AKDS001 (Blank MS) were used
for the following animal experiments. Approximately 70% of
AKDS001 in PLGA MS was released sustainedly over the study
period (4 weeks) (Ukon et al., 2021).

2.3 Animals
Six male 6-week-old F344/Njcl-rnu/rnu rats (CLEA Japan,
Tokyo, Japan), which lack T-cell function, were used. The age
of the rats was decided as per previous reports (Yoshikawa et al.,
1996; Surowiec et al., 2020). Rats were anesthetized with an
intraperitoneal injection of 0.3 mg/kg medetomidine (Nippon
Zenyaku Kogyo, Fukushima, Tokyo, Japan), 4.0 mg/kg
midazolam (Astellas Pharma, Tokyo, Japan), and 5.0 mg/kg
butorphanol (Meiji Seika Pharma, Tokyo, Japan).

2.4 In vivo Experiments
2.4.1 Preparation of in Vitro–Cultured Bone Grafts
From human Vertebral Lamina Bone
The overall protocol of the xenograft model is shown in Figure 1A.
Human bones of vertebral laminas were obtained by laminectomy
during lumbar decompression surgery (Figure 1A). Bone from
older adult patients was used because current BMP-2 use for bone
regeneration is targeted at older adults who need spinal fusion.
Human cancellous bones of vertebra laminas were preprocessed
according to the previously published method (Dillon et al., 2012).
In brief, human cancellous bone was isolated by removing the
cortical bone and was then pulverized into small pieces (≤1 mm)
with scissors. The extracted cancellous bone was rinsed with
phosphate-buffered saline (PBS) and was cultured at a density
of 0.3 g of tissue/100-mm-diameter Petri dish with αMEM
containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin, 50 μg/μL ascorbic acid, 10 mM β-glycerol
phosphate, and 100 nM dexamethasone as per previous reports
(Figure 1B) (Yoshikawa et al., 1996; Yoshikawa and Myoui, 2005).
After culturing for 7 days, the medium was changed every 3 days.

TABLE 1 | Detailed information about the xenotransplantation of human vertebral bone.

Donors Recipient
Rats

Number
of implanted samples

Concentration of AKDS001 Analyses

67-year-old man No. 1 12 0 (Blank) and 1.0 mg/ml (n = 6 for each concentration) μCT + histology
68-year-old man No. 2 μCT
79-year-old man No. 3 μCT
70-year-old man No. 4 Histomorphometry
83-year-old man No. 5 0 (Blank), 0.1, 0.3 and 1.0 mg/ml (n = 6 for each concentration) Histomorphometry

No. 6 Histomorphometry
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Human bone cells that migrated from the bone chips were
observed at 7–10 days (Figure 1C). After a total of 14 days of
explant culture, the bone chips in the media were collected and
packed into plastic tubes (diameter: 6 mm, height: 1 mm) for the
xenotransplantation (Figure 1D).

2.4.2 Xenotransplantation of Human Vertebral Lamina
Bone Into Athymic Nude Rats
Six male 6-week-old athymic nude congenic Fischer (F344/Njcl-rnu/
rnu) rats were used for the following experiments: After a posterior

midline skin incision under anesthesia, the xenograft samples
prepared in the manner described above were implanted
underneath the right (n = 6) and left (n = 6) fascia of the dorsal
muscle (a total of 12 samples per rat) (Figure 1E). The experiments
used four rats in which 48 xenograft samples obtained from four
patients were implanted and two rats in which 24 xenograft samples
obtained from one patient were implanted (Table 1). Blank MS or
AKDS001MSwasmixed with the in vitro–cultured bone grafts (n = 6
for each). Fascia and skin were closed with 4-0 nylon. Antibiotics
(penicillin G, 10,000 U/kg) were subcutaneously injected for 3 days

FIGURE 1 | Details of the xenograft model. (A) Scheme showing the protocol of the xenograft model. The square indicates the area where vertebral bone was
obtained (upper left). Bone of vertebral lamina (upper center) was pulverized into small pieces (≤1 mm) (upper right) and pre-cultured for 2 weeks. Twelve xenograft
samples (circles colored in orange) were implanted underneath the dorsal fascia (lower center). Evaluations were performed 4 weeks after implantation. (B) Pre-culture of
pulverized bone in medium. Scale bar, 2 mm. (C) Human cells observed 2 weeks after pre-culture (blue square). Scale bars, 500 μm. B, bone. (D) Pre-cultured
bone filling a plastic tube. The plastic tube and the packed in pre-cultured bone are indicated by arrows. Scale bar, 2 mm. (E) Subfascial transplantation of xenografted
bone. Arrowheads indicate xenografted samples. S, skin; F, fascia.
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after surgery. All rats were euthanized 4 weeks after the surgery
because the sustained release of AKDS001 MS was confirmed up
to 4 weeks. The excised xenograft samples were used for
microcomputed tomography (μCT), histology, and
histomorphometry analyses.

2.4.3 μCT Analysis
Two high-resolution μCT machines (Skyscan 1272, Bruker, Billerica,
MA, United States; and R_mCT, Rigaku, Tokyo, Japan) were used.
Pre- and post-operative samples were scanned by R_mCT and
Skyscan1272, respectively. R_mCT and Skyscan1272 were used at
a resolution of 20 and 5 μm per voxel, respectively. Bone
microstructural analysis of the data from R_mCT was performed
with TRI/3D-BON64 software (RATOC System Engineering, Tokyo,
Japan). The data from Skyscan1272 was analyzed by the CTAn
(Bruker). The newly formed bone (woven bone) area was
extracted from Skyscan1272 data by the analysis processing used
in the previous report (Kodama et al., 2021). Briefly, processing is
based on Hounsfield unit (HU) value. The accuracy of the extracted
new bone area by the analysis processing was validated by matching
the woven bone area on the corresponding histological sections
(Supplementary Figures S1A–E).

2.4.4 Histological and Immunohistochemical Analysis
The excised samples were fixed in formalin, EDTA-decalcified,
embedded in paraffin wax, and cut at 3 μm thickness.
Hematoxylin and eosin (HE) staining, EP4 (Novus Biologicals,
NLS3890), CD31 (Abcam, ab182981), human-vimentin (Abcam,
ab16700), human-osteocalcin (Takara Bio, M184), and rat-
osteocalcin (Takara Bio, M186) immunostaining were
performed with the standard protocols. Immunostaining for
human-vimentin, human-osteocalcin, and rat-osteocalcin was
assessed with human vertebral lamina and rat femur as
controls (Supplementary Figure S2).

2.4.5 Histomorphometric Analysis
Double labeling was performed by subcutaneous injection of
tetracycline (20mg/kg) and calcein (10mg/kg) at 5 and 2 days
before euthanasia, respectively. Extracted samples were fixed by
70% ethanol and were treated with Villanueva bone stain, and
then embedded in methacrylate (Wako Pure Chemical Industries,
Kanagawa, Japan). Then, the following histomorphometric
parameters were quantified: newly formed bone volume (NBV),
number of osteoblasts (N.Ob), osteoblast surface (Ob.S), number
of osteoblasts per bone surface (N.Ob/BS), osteoblast surface per bone
surface (Ob.S/BS), mineral apposition rate (MAR), bone formation
rate per bone surface (BFR/BS), number of osteoclasts per bone
surface (N.Oc/BS), and osteoclast surface per bone surface (Oc.S/BS).

2.5 In vitro Experiments
2.5.1 Binding Assay
Affinities and selectivity of AKDS001 for human EP were
evaluated using human embryonic kidney (HEK)-293 cells
stably expressing human EP, as described in a previous report
(Suzawa et al., 2000). In brief, EP cDNAs subcloned into a pCEP4
vector (Invitrogen, San Diego, CA, United States) were
transfected into HEK cells. HEK cells expressing the cDNA

together with the hygromycin resistance gene were selected
and expanded into clonal cell lines. Membranes were prepared
by centrifugation following lysis of the cells by nitrogen
cavitation. Assays were performed in a final incubation
volume of 0.2 ml in 10 mM MES/KOH containing 1 mM
EDTA, 10 mM MgCl2, and [3H] PGE2 (181 Ci/mmol) (1.5 nM
for EP1, 3 nM for EP2, and 0.5 nM for EP3 and EP4). The
reaction was initiated by the addition of membranes
expressing human EP (30 μg for EP1, 20 μg for EP2, 2 μg for
EP3, and 10 μg for EP4) and AKDS001. Non-specific binding was
determined in the presence of non-radioactive PGE2 (10 μM for
EP1, EP2, and EP4, and 1 μM for EP3). Incubations were
conducted for 120 min at room temperature and the assays
were terminated by filtration through a 96-well Unifilter GF/C.
The filters were washed and dried, and the residual radioactivity
was determined by liquid scintillation counting.

2.5.2 Adenosine 3′, 5′-Cyclic Monophosphate (cAMP)
Assay Using Stably Expressing Cells of Human EP
The increasing effect of AKDS001 or PGE2 on cAMP production
was evaluated using Chinese hamster ovary (CHO) cells stably
expressing human EP2, EP4, or IP receptors (Wilson et al., 2004).
In brief, EP2, EP4, or IP receptor cDNAs were subcloned into the
pcDNA3 vector (Invitrogen, Waltham, MA, United States) and
transfected into CHO cells. CHO cells expressing the cDNA
together with the neomycin resistance gene were selected and
expanded into clonal cell lines. Cells were incubated with
AKDS001 or PGE2. The amount of cAMP was assessed by a
homogeneous time-resolved fluorescence assay.

2.5.3 cAMP Assay Using CHO-K1 Cells Transiently
Expressing Human and Rat EP4
CHO-K1 cells were transfected with a human or rat EP4 expression
vector subcloned into the pcDNA3 vector (Invitrogen) using
Lipofectamine 3000 (Invitrogen) and incubated for 16–24 h. Then,
4,000 cells/well of these cells were treated with AKDS001 or PGE2 at
concentrations of 1 × 10–15 to 1 × 10–5 mol/L for 30min in a 384-well
plate. The amount of cAMP was assessed using a LANCETM Ultra
cAMP kit (PerkinElmer, Waltham, MA, United States) according to
the manufacturer’s protocols.

2.5.4 Osteoblastic Differentiation of Human Bone
Marrow-Derived Mesenchymal Stem Cells
The overall protocol of the osteoblastic differentiation assay is
shown in Figure 6A. Human bone marrow–derived
mesenchymal stem cells (hMSCs) from three donors were
purchased from Lonza (Cologne, Germany) and cultured
independently. hMSCs were seeded at 10,000 cells/well on a
48-well Biocoat Collagen I plate and cultured in a growth
medium (MSC Growth Medium 2 and 1% penicillin-
streptomycin) for 3 days. Confluent hMSCs were cultured in
osteogenic differentiation medium (OM) (DMEM containing
10% FBS, 1% penicillin-streptomycin, 50 μg/mL L-ascorbic
acid, 10 mM β-glycerol phosphate, 100 nM dexamethasone,
and 100 ng/ml BMP-2) for 3 days, and then AKDS001 (100
pM–100 nM) or 0.1% dimethyl sulfoxide solution (DMSO)
was added to the OM. The medium was changed every 3–4 days.
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2.5.5 Assay for Alkaline Phosphatase Activity
Alkaline phosphatase (ALP) activity was determined after 7 days of
culture with AKDS001 or DMSO. The cultured cells were washed
once with PBS, solubilized with 0.05% Triton X/PBS solution, frozen,
and then thawed. The cells were subsequently sonicated and
centrifuged, and supernatants were measured for ALP activity
using LaboAssayTM ALP (FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan) according to the manufacturer’s protocol. One unit of
activity was defined as 1 nmol of p-nitrophenol in 1min in a reaction
carried out at pH9.8 and 37°C. The activity was normalized by protein

content assayed with a PierceTM BCA Protein Assay Kit (Thermo
Fisher, Waltham, MA, United States). This assay was performed in
triplicate. ALP activity in the treatment groups (AKDS001
0.1–100 nM) was calculated as the relative value to that of the
control group (AKDS001 0 nM) for each donor, and the effects of
AKDS treatments on ALP activity were investigated.

2.5.6 Quantification of Mineralization
Mineralization by hMSC-derived osteoblasts was assessed after
14 days of culture with AKDS001 or DMSO using a

FIGURE 2 | Histological images of human bone and extracted samples. (A) Representative images of hematoxylin and eosin (HE) staining, and anti-EP4 and IgG
control immunostaining of human vertebral bone. Arrowheads indicate representative anti-EP4 immunostaining-positive osteoblasts. B, Bone; BM, bone marrow. Scale
bars, 1 mm (lowmagnification), 50 μm (mediummagnification), and 50 μm (high magnification). (B) Representative images of HE staining and anti-human vimentin, anti-
rat osteocalcin, anti-human osteocalcin immunostaining. Boundary lines of new bone are drawn on HE staining. Arrowheads indicate representative
immunostaining-positive cells. XB, xenografted bone; NB, new bone; BM, bone marrow (stroma between xenografted bone). Scale bars, 500 μm (low magnification)
and 200 μm (high magnification).
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Mineralization Evaluation Set (PG Research, Tokyo, Japan). The
cultured cells were washed twice with PBS and fixedwith 4%PFA for
20 min. After washing twice with PBS, matrix mineralization was
stained using an alizarin red solution and quantified by measuring
the absorbance at 415 nm according to the manufacturer’s protocol.
This experiment was performed in triplicate. Absorbance of
mineralization in the treatment groups (AKDS001 0.1–100 nM)
was calculated as the relative value to that of the control group
(AKDS001 0 nM) for each donor, and the effects of AKDS
treatments on mineralization were investigated.

2.5.7 Inhibitory Analysis of cAMP Signaling Pathway
H89 (Cayman Chemical, Ann Arbor, MI, United States), the
PKA inhibitor, and wortmannin (FUJIFILM Wako Pure
Chemical Corp.), the PI3K inhibitor, were used. hMSCs
were seeded at 10,000 cells/well on a 48-well Biocoat
Collagen I plate and cultured in a growth medium for
3 days. Confluent hMSCs were cultured in the OM for
3 days and then AKDS001 (100 nM) and H89 (0, 5, 10, and
20 μM) or wortmannin (0, 20, 100, and 500 nM) were added
to the medium. The medium was changed every 3–4 days.

FIGURE 3 | Microcomputed tomography (μCT) analysis of extracted bone. (A) Representative μCT images. Scale bars, 1 mm. The areas circled with red lines
indicate new bone. (B) New bone volume (NBV), NBV/preoperative total bone volume (pre TBV) and NBV/total bone volume (TBV) were calculated for human xenograft
1–3. The 12 xenograft samples prepared from one patient were implanted. BlankMS or AKDS001MSwasmixed with the cultured bone (BlankMS, n = 6; AKDS001MS,
n = 6). Data represent the mean ± SD (error bars). Data were analyzed by two-tailed Student’s t-test (unpaired). *p < 0.05, **p < 0.01.
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FIGURE 4 | Histomorphometric analysis of Blank MS versus AKDS001 MS (1.0 mg/ml) in newly formed bone. (A) Representative images of Villanueva bone
staining of extracted samples. Scale bars, 1 mm (upper) and 100 μm (lower). NB, new bone; XB, xenografted bone; OB, osteoblast; OC osteoclast. In the upper image,
the NB area is painted with pink. In the lower image, the XB area is painted with green; Ob is colored blue (blue arrow); OC is colored pink (pink arrow). (B) New bone
volume (NBV), number of osteoblasts (N.Ob), osteoblast surface (Ob.S), N.Ob/bone surface (BS), and Ob.S/BS on new bone. (C) Representative images of new
bone formation. Villanueva bone staining (upper) and fluorescent image of the same area (lower). Scale bars, 50 μm. In the upper image, non-NB areas are filled with blue.
The boundary between the grafted bone and the new bone is traced by the dotted line. (D) Representative fluorescent images of new bone. Scale bars, 10 μm (upper)
and 100 μm (lower). The width of the double staining area is indicated by arrows (upper) and the double staining area is indicated by curves (lower). (E)Mineral apposition
rate (MAR) and bone formation rate (BFR)/BS on new bone. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by two-tailed Student’s t-test (unpaired).
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ALP activity was determined after 7 days of culture with
AKDS001 or DMSO.

2.5.8 Membrane-Permeable cAMP Analog Assay
Dibutyryl-cAMP (Sigma-Aldrich, Saint Louis, MO,
United States) was used as the membrane-permeable cAMP
analog. hMSCs were seeded at 10,000 cells/well on a 48-well
Biocoat Collagen I plate and cultured in growth medium for
3 days. Confluent hMSCs were cultured in the OM medium for
3 days and then dibutyryl-cAMP (0, 0.5, 1, and 2 mM) was added
to the medium. The medium was changed every 3–4 days. ALP
activity was determined after 7 days of culture with cAMP analog.

2.5.9 cAMP Reactivity Assay of hMSCs to AKDS001
hMSCs were seeded at 10,000 cells/well on 6-well plates and
cultured for 16–24 h. Then, 500 cells/well of these cells were
treated with AKDS001 at concentrations of 1 × 10–11 to 1 ×
10–6 mol/L for 30 min in a 384-well plate and the amount of
cAMP was assessed using a LANCETM Ultra cAMP kit
(PerkinElmer) according to the manufacturer’s protocols.

2.5.10 Osteoclastic Differentiation Assay
Osteoclast precursors were isolated from human peripheral blood
obtained from 38- and 57-year-old healthy male volunteers.
Mononuclear cells were obtained by Ficoll-Hypaque centrifugation
and CD14+ monocytes were isolated as human osteoclast precursors
using MACS (Miltenyi Biotec, Bergisch, Germany). The cells were
cultured in an αMEM medium containing 10% FBS, 25 ng/mL
M-CSF, and 100 ng/ml receptor activator of NF-κB ligand
(RANKL medium) on 96-well plates, and then AKDS001
(100 pM–1 μM) or 0.1% DMSO was added to the RANKL
medium. After 5 days culture, multinucleated cells of three or

more nuclei stained with an Acid phosphatase Leukocyte (TRAP)
Kit (Sigma-Aldrich) were counted under a light microscope.

2.5.11 Osteoclastic Activity Assay
The CD14-positive monocytes were cultured in the RANKL
medium on 6-well plates for 5 days for the osteoclastogenesis.
Multinucleated cells were detached and seeded in RANKLmedium
containing AKDS001 (100 pM–1 μM) or 0.1%DMSO on a 96-well
plastic plate and a 96-well plate with a mineral matrix (Corning
osteoassay surface 96-well multiple well plate, Corning, NY,
United States), respectively. After 48 h in the plastic plate, cells
were stained for TRAP, and the number of mature osteoclasts
(TRAP-positive cells with 3 or more nuclei) was counted by light
microscopy in each well. In the plate coated with the mineral
matrix, cells were lysed, and the extent of resorbed areas was
quantified using software dedicated to image analysis. Results are
expressed in percent of resorption per 100 osteoclasts. Microscopic
image acquisitionwas performed using aNikon Eclipse 80i (Tokyo,
Japan). Reconstruction of images and determination of the extent
of resorbed areas were performed using Nikon NIS-D software.
The extent of the white areas corresponding to the area of mineral
matrix resorbed by mature osteoclasts was determined manually.

2.6 Statistical Analysis
Statistical analysis was performed using GraphPad Prism
version 8.4.1 for Windows (GraphPad Software, San Diego,
California, United States). Two groups were compared by an
unpaired Student’s t- or Mann–Whitney U test; and more
than three groups were compared by one-way analysis of
variance and Dunnett’s multiple comparison. The values are
presented as the mean ± SD. A p-value < 0.05 was considered
statistically significant.

FIGURE 5 | Histomorphometric analysis of Blank MS versus AKDS001 MS (1.0 mg/ml) on the surface of xenografted bone. (A) Representative Villanueva bone
staining of xenografted bone. XB, xenografted bone. Scale bars, 20 μm. Osteoclast area is filled with pink and pointed by red arrows. (B) Number of osteoclasts (N.Oc)/
BS and osteoclast surface (Oc.S)/BS on xenografted bone. Blank MS, n = 6; AKDS001 MS, n = 6. Data represent the mean ± SD (error bars). **p < 0.01, ***p < 0.001 by
two-tailed Student’s t-test (unpaired).
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3 RESULTS

3.1 Human Osteoblasts Express EP4
Receptor
We investigated whether EP4 receptor is expressed in human
bone tissue by immunostaining with EP4 antibody. The
expression of EP4 was detected on osteoblasts of human
vertebral bone. This result indicates that the implanted
human bone tissue expressed the receptor that AKDS001
binds to (Figure 2A).

3.2 AKDS001 Promoted New Bone
Formation by Human Osteoblasts in a
Xenograft Model
Next, we evaluated the effects of AKDS001 on in vivo bone
regeneration using a xenograft model. The histological
evaluation of the explanted sample at 4 weeks post-
operation showed woven bone formation on the grafted
bone (Figure 2B). A similar amount of vascularization was
observed at the center of the xenografts in both the Blank MS
group and the AKDS001 MS group (Supplementary Figure S3).
The immunostaining with an anti-human-specific vimentin
antibody demonstrated the survival of human cells around the
xenografted bone in both the Blank MS group and the AKDS001
MS group (Supplementary Figure S2B). These cells were
distributed on the surface of the newly formed woven bone.
Next, to clarify the origin of the osteoblasts, immunostaining
with antibodies specifically binding to human or rat osteocalcin
was performed. The cross-species specificity of each antibody was
confirmed using rat femur (Supplementary Figure S2). In both
treatment groups, osteoblasts expressing human osteocalcin were
predominant. These results suggest that the woven bone was
predominantly formed by human osteoblasts. Extraction of the
woven bone area based on the HU value of μCT data
(Supplementary Figure S1E) showed that new bone formation
increased in the AKDS001 MS group compared to the Blank MS
group (Figures 3A,B). These results suggest that AKDS001 MS
enhances new bone formation by human osteoblasts originating
from the grafted bone.

3.3 AKDS001 MS Showed Bone Formation
by Minimodeling
To clarify how AKDS001 MS increases new bone formation in the
xenograft model, histomorphometric analysis on the area of newly
formed bone was performed. Osteoblasts were more numerous and
widely distributed in the AKDS001MS group (Figures 4A,B). In the
Blank MS group, most of the new bone formation was observed on
scalloping cement lines created by osteoclastic bone resorption. In
contrast, in the AKDS001 MS group, new bone was formed on
smooth cement lines (Figure 4C). New bone formation on smooth
cement lines is characteristic of bone minimodeling, in contrast to
bone remodeling in which bone resorption by osteoclasts precedes
bone formation by osteoblasts (Jee et al., 2007). Thus, the mode of

osteogenesis caused by AKDS001 MS was shown to be
minimodeling rather than remodeling.

3.4 AKDS001MS Promoted Bone Formation
by Increasing Mature Osteoblasts on New
Bone
Bone formation parameters (MAR and BFR/BS) of the AKDS001MS
group were significantly increased on the surface of new bone
compared with the Blank MS group (Figures 4D,E). Taken
together, these results indicate that AKDS001 MS increased the
number of mature osteoblasts and enhanced new bone formation.

3.5 AKDS001 MS Suppressed Resorption of
Grafted Bone by Reducing Mature
Osteoclasts
To confirm the effect of AKDS001 MS on the resorption of
xenografted bone, we performed histomorphometric analysis
on the surface of xenografted bone, but not on the surface of new
bone. Interestingly, the administration of AKDS001MS reduced
the absorption area, erosion area, and osteoclast number on the
surface of xenografted bone (Figures 5A,B). These results
suggest that AKDS001 MS suppresses the resorption of
xenografted bone.

3.6 AKDS001MS Promoted Bone Formation
by Minimodeling in a
Concentration-Dependent Manner
Next, the concentration response by AKDS001 MS (0.1, 0.3, and
1.0mg/ml) was evaluated by histomorphometric analysis using the
xenograft model. At the highest concentration of AKDS001 MS
(1.0mg/ml), N.Ob significantly increased and NBV, Ob.S showed
an increasing trend (Figure 6A), similar to the result of the preceding
experiment (Blank MS vs. AKDS001 MS 1.0mg/ml) (Figure 4B).
N.Ob/BS, Ob.S/BS, MAR, and BFR/BS significantly increased even in
the lowest concentration of AKDS001 MS (0.1mg/ml) (Figure 6B).
Also, N.Ob/BS, Ob.S/BS, MAR, and BFR/BS showed an increasing
trend in all concentrations of AKDS001 MS (0.1, 0.3, and 1.0mg/ml)
(Figure 6B). Irrespective of the concentration, AKDS001MS (0.1, 0.3,
or 1.0mg/ml) induced bone formation with a high density of
osteoblasts and a high bone formation rate. As for the bone
resorption parameters on the area without new bone formation,
N.Oc/BS and Oc.S/BS decreased in a concentration-dependent
manner (Figure 6B). Taken together, AKDS001 MS changed the
characteristics of bone formation from remodeling to minimodeling,
irrespective of the concentration, andAKDS001MS led to the increase
of new bone volume in a concentration-dependent manner.

3.7 AKDS001 Bound to Human EP4 With
High Selectivity and Affinity
Next, we investigated the effect of AKDS001 on human cells in
in vitro experiments. The human EP4 selectivity of AKDS001 was
evaluated. AKDS001 showed Ki values of 6.0 × 10–11 mol/L for
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the EP4 receptor. EP4 selectivity values to EP1, EP2, and EP3
were 8,500-fold (Ki = 5.1 × 10–7 mol/L), 580-fold (Ki = 3.5 ×
10–8 mol/L), and >167,000-fold (Ki = >1.0 × 10–5 mol/L),
respectively. The efficacy of AKDS001 (EC50) for EP4-
stimulated increase in intracellular cAMP concentrations was

4.2 × 10–10 mol/L, which was comparable to PGE2 (EC50 = 1.4 ×
10–9 mol/L) and considerably higher than 5.7 × 10–6 mol/L and
1.3 × 10–6 mol/L of EC50 for EP2 and prostacyclin IP receptors,
respectively (>3,000-fold). Furthermore, high specificity of
AKDS001, up to 1 μmol/L, was demonstrated in safety

FIGURE 6 | Histomorphometric analysis of Blank MS versus AKDS001 MS (0.1, 0.3, 1.0 mg/ml). (A) New bone volume (NBV), number of osteoblasts (N.Ob) and
osteoblast surface (Ob.S). (B)N.Ob/bone surface (BS), Ob.S/BS, mineral apposition rate (MAR) and bone formation rate (BFR)/BS on new bone. Number of osteoclasts
(N.Oc)/BS and osteoclast surface (Oc.S)/BS on xenografted bone. Blank MS, n = 6; AKDS001 MS 0.1 mg/ml, n = 6; AKDS001 MS 0.3 mg/ml, n = 6; AKDS001 MS
1.0 mg/ml, n = 6. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Dunnett’s test.
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screening for 87 off-targets (Supplementary Figures S4, S5).
These results support the notion that AKDS001 is a highly potent
and selective EP4 receptor agonist.

3.8 Functional Activity of AKDS001 on
Human EP4 was Comparable to Its Activity
in Rats
The effectiveness of AKDS001 was also investigated using CHO-
K1 cells expressing EP4 in humans and rats. The EC50 of human
and rat EP4 for PGE2 was 0.95 and 1.04 nM, respectively. The
EC50 of that for AKDS001 was 0.92 and 1.27 nM, respectively.
These results suggest that AKDS001 exerts similar functional
activity between humans and rats.

3.9 AKDS001 Promoted Osteoblastic
Differentiation of hMSC Through the cAMP/
PKA Pathway
To evaluate the effect of AKDS001 on osteoblastic differentiation,
ALP activity and matrix mineralization were measured
(Figure 7A). AKDS001 increased ALP activity and
mineralization in a concentration-dependent manner from 1
to 100 nM (Figures 7B,C). These results showed that
AKDS001 enhances the differentiation from hMSCs to
osteoblasts. The major signal pathways downstream of EP4 are
the cAMP/PKA pathway and the PI3K/β-catenin pathway
(Yokoyama et al., 2013). To identify the responsible signal

pathway for the enhancement of osteoblastic differentiation by
AKDS001, an inhibition assay was performed using H89, a PKA
inhibitor, and wortmannin, a PI3K inhibitor. The enhanced ALP
activity by AKDS001 was suppressed by H89 in a concentration-
dependent manner, but not by wortmannin (Supplementary
Figures S6A, S3B). These results suggest that AKDS001
increases ALP activity through PKA. As PKA is activated by
cAMP, the effect of cAMP on ALP activity was evaluated using
dibutyryl (db) cAMP. ALP activity of hMSCs was increased
through db cAMP (Supplementary Figure S6C). cAMP assay
of hMSC revealed that AKDS001 increases cAMP production.
The EC50 of cAMP production of AKDS001 was 28 nM. These
results indicate that AKDS001 facilitates osteoblastic
differentiation through the cAMP/PKA pathway.

3.10 AKDS001 SuppressedDifferentiation of
Human Osteoclast Precursors Into Mature
Osteoclasts
To investigate the effect of AKDS001 on osteoclast lineage, an
osteoclastic differentiation assay and an osteoclast resorption
assay were performed. Multinucleated osteoclast numbers
decreased depending on the concentrations of AKDS001
(Figures 8A,B). In contrast, no effect on the bone resorption
capacity by osteoclasts was observed (Figure 8C). These results
suggest that AKDS001 suppresses bone resorption by regulating
the differentiation of osteoclast precursors into mature
osteoclasts.

FIGURE 7 | Effect of AKDS001 on human mesenchymal stem cells (hMSCs). (A) Scheme showing the protocol of osteoblastic differentiation. (B) ALP activity of
hMSCs treated with osteogenic medium (OM) and AKDS001 (0–100 nM). ALP activity in the treatment group was expressed relative to that of the control group
(AKDS001 0 nM). n = 3 per group. (C) Mineral apposition of hMSCs with OM and AKDS001 (0–100 nM). Mineral apposition in the treatment group was expressed
relative to that of the control group (AKDS001 0 nM). n = 3 per group. *p < 0.05, ***p < 0.001 by Dunnett’s test.
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4 DISCUSSION

EP4 receptors have been identified as promising targets for
osteoporosis treatment and bone regeneration in both in vitro

(Suzawa et al., 2000; Nakagawa et al., 2007; Downey et al., 2009;
Minamizaki et al., 2009; Kanayama et al., 2018) and in vivo
(Tanaka et al., 2004; Toyoda et al., 2005; Iwaniec et al., 2007;
Downey et al., 2009; Kanayama et al., 2018) preclinical studies
using a variety of animal species. However, the clinical therapeutic
effect of EP4 receptor agonists on human bone tissue has not yet
been proven. To address the clinical therapeutic effects of an EP4
agonist, we established a novel rat xenograft model using patient-
derived bone tissue harvested during lumbar decompression
surgery for degenerative spinal disease. In this study, we
demonstrated for the first time that local sustained release of an
EP4 agonist from MS mixed with xenograft bone tissue
significantly stimulated the osteogenic response of human bone
graft in a concentration-dependent manner. The process of bone
formation by AKDS001 MS was shown to be minimodeling, in
which bone formation occurs without preceding bone resorption
rather than remodeling (Figure 9). The results of the xenograft
model of human bone suggest that AKDS001 MS has the potential
to be a novel osteogenic enhancer in combination with autogenous
bone grafting.

The human bone xenograft model used in this study has the
advantage of yielding homogeneous and stable human bone

FIGURE 8 | Effect of AKDS001 on human osteoclast precursors. (A) Number of osteoclasts after the induction of osteoclastic differentiation with or without
AKDS001 (0.1–1000 nM). n = 4 per group. (B) Representative images of osteoclasts after the induction of osteoclastic differentiation with or without AKDS001
(0.1–1000 nM). (C) Resorption area by 100 osteoclasts induced by osteoclastic differentiation with or without AKDS001 (0.1–1000 nM). n = 4 per group. ****p < 0.0001
by Dunnett’s test.

FIGURE 9 | Schemas showing the osteogenic mechanisms induced by
AKDS001 MS. AKDS001 promotes osteoblast differentiation and inhibits
osteoclast maturation, resulting in new bone formation by minimodeling. MS,
microsphere; MSC, mesenchymal stem cell; OB, osteoblast; OC,
osteoclast.
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formation. The establishment of a stable human bone xenograft
model is important because such a model could produce useful
data in preclinical evaluations of medicines (Chong et al., 2016).
Several previous reports have evaluated human cell–derived bone
formation through the combined use of cultured cells such as
MSCs and artificial scaffolds (Yoshikawa et al., 1996; Yoshikawa
and Myoui, 2005; Wang et al., 2011; Liu et al., 2018). Bone
formation by cultured cells is homogeneous and stable, but
different from human bone formation in vivo because there is
no bone tissue to act as a scaffold. To reproduce human bone
formation in vivo, xenografting of the human bone itself is an
important step to predict the effects in humans. Surowiec et al.
xenografted patient bone typically discarded as surgical waste into
athymic mice in order to evaluate the effect of sclerostin antibodies
in pediatric osteogenesis imperfecta patients (Surowiec et al., 2020).
They roughly trimmed the xenografted bone immediately after
excision, and confirmed the survival of human cells until 12 weeks
after xenografting (Surowiec et al., 2020). The results were
heterogeneous from sample to sample and the amount of newly
formed bone was very small, however (Surowiec et al., 2020). To
ensure the uniformity of grafting samples and enhance human
bone formation by increasing the surface area of the grafting bone,
we established a novel human xenograft model by pulverizing
trimmed cancellous bone into small pieces and pre-culturing
human bone before implanting and confirmed its reproducibility.

In the xenograft bone model, AKDS001 MS reduced the
absorption of grafted bone and promoted new bone formation
by minimodeling. Normally, new bone is formed by remodeling,
in which bone resorption by osteoclasts precedes bone formation
by osteoblasts (Langdahl et al., 2016). AKDS001 MS changed the
mode of bone formation from remodeling to minimodeling, by
which new bone is formed without preceding bone resorption
(Figure 9) (Langdahl et al., 2016). AKDS001 MS promoted the
recruitment of mature osteoblasts, enhanced the bone formation
rate, and suppressed the recruitment of mature osteoclasts. The
effect of AKDS001MS to increase osteoblasts and bone formation
is similar to the effects of the other EP4 agonists (Ito et al., 2006;
Ke et al., 2006; Iwaniec et al., 2007). However, unlike AKDS001,
some EP4 agonists are reported to increase osteoclast recruitment
(Ito et al., 2006; Iwaniec et al., 2007). Taken together, when
AKDS001 is combined with autogenous bone grafting, AKDS001
MS is expected to preserve autogenous bone as a scaffold for bone
formation by suppressing bone resorption and is expected to
increase the osteogenic activity of autogenous bone by enhancing
osteoblast activity. Autogenous bone grafting is widely used in
surgery for large bone defects and spinal fusion (Bauer and
Muschler, 2000; Dimitriou et al., 2011; Makino et al., 2018).
The number of patients undergoing surgery, spinal fusion
surgeries in particular, is increasing as a result of the ageing
population. In these patients, the quality of autogenous bone
deteriorates in terms of bone volume and osteogenic activity
(Infante and Rodríguez, 2018). The combined use of AKDS001
MS and autogenous bone (biologically enhanced autograft) has
the potential to enhance the osteogenic capacity in autogenous
bone grafting in older adults.

This study has several limitations. First, the xenograft
implantation in this study was performed at a

subcutaneous lesion (ectopic model) instead of at bony
sites (orthotopic model). We chose subcutaneous
implantation because osteoblastic cell migration from
surrounding bone tissue makes it difficult to show the
effects of AKDS001 on the implanted human cells and
tissues. Further study using preclinical models is needed.
Second, xenografts were pre-cultured for 2 weeks before
implantation. Without pre-culture, the results vary from
sample to sample (Surowiec et al., 2020) and pre-culture
increases the osteogenic activity of cells in vivo (Yoshikawa
et al., 1996). Pre-culture was needed to stabilize the number of
viable cells and to increase the bone formation in this study
because autogenous bone is affected by storage conditions
after sampling (Surowiec et al., 2020) and the subcutaneous
environment is unfavorable for bone formation. To overcome
this gap between the model and clinical practice, a rat model
spinal fusion was conducted using allografts without pre-
culture and this confirmed the enhancement of bone
regeneration by ADKS001 MS (Okada et al., 2021). Also,
we are currently investigating the effects of AKDS001 MS
at load-bearing locations (spine and lower limbs). We hope
that these experiments will further validate the therapeutic
value of AKDS001 on bone regeneration.

5 CONCLUSION

We established a novel xenograft model of human bone and
demonstrated the osteogenic effects of AKDS001 on human
cells and human bone in vivo (Figure 9). The mode of new
bone formation by AKDS001 MS was minimodeling in which
the volume of grafted bone is preserved (Figure 9). The
combined use of an EP4 agonist and autogenous bone
(biologically enhanced autograft) may be a novel option for
bone grafting surgery. However, we should be careful in
interpreting the results because the results because male
xenografts were implanted in male rats in the present
study. It remains to be seen whether females can benefit
from the positive effects of AKDS001 MS by using female
xenografts implanted in female rats in clinically relevant
animal models.
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Supplementary Figure S1 | Extraction of new bone formation area Representative
images of xenografted bone in the AKDS001 MS group. (A) HE staining. (B) Original
microcomputed tomography (CT) image. (C) Color map CT image based on
Hounsfield unit values. (D) Extracted new bone formation area by analysis
processing. Scale bars, 100 μm. (E) Color map CT image (upper) and new bone
formation area (lower) of Figure 3A. Scale bars, 1 mm.

Supplementary Figure S2 | Representative images of immunostaining using anti-
human vimentin, anti-human osteocalcin, anti-rat osteocalcin for rat femur and
human vertebral lamina. Scale bars, 200 μm.

Supplementary Figure S3 | Vascularization in xenografts Hematoxylin and eosin
(HE) staining at low magnification (upper) and high magnification (center), and CD31
immunostaining at highmagnification (lower). Scale bars, 500 μm (lowmagnification)
and 100 μm (high magnification).

Supplementary Figure S4 | Off-targets of AKDS001 (1) Off-target effects on G
protein-coupled receptor, transporters, ion channels, and nuclear receptors by
AKDS001.

Supplementary Figure S5 | Off-targets of AKDS001 (2) Off-target effects on
kinases, other non-kinase enzymes by AKDS001.

Supplementary Figure S6 | Evaluation of pathways involved in the osteogenic
effects of AKDS001 (A) ALP activity of hMSCs treated with or without AKDS001
(100 nM) and PKA inhibitor, H89 (5, 10, 20 μM). n = 3 per group. (B) ALP activity of
hMSCs treated with or without AKDS001 (100 nM) and PI3K inhibitor, wortmannin
(20, 100, 500 nM). n = 3 per group. (C) ALP activity of hMSCs treated with or without
dibutyryl-cAMP (db cAMP) (0.5, 1, 2 mM). n = 3 per group. *p < 0.05, **p < 0.01 by
Dunnett’s test. ns: not statistically significant.
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