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Introduction: Platelet-rich plasma obtained by centrifuging peripheral blood can promote osteogenesis
owing to its abundant growth factors but has drawbacks, including rapid growth factor loss and
inconsistent effects depending on donor factors. To overcome these issues, we were the first in the world
to use freeze-dried human induced pluripotent stem cell-derived megakaryocytes and platelets (S-FD-
iMPs) and found that they have osteogenesis-promoting effects. Since turbulence was found to activate
platelet biogenesis and iPS cell-derived platelets can now be produced on a clinical scale by a device
called VerMES, this study examined the osteogenesis-promoting effect and safety of clinical-scale FD-iMP
(V-FD-iMPs) for future human clinical application.
Method: We administered either S-FD-iMPs, V-FD-iMPs, or saline along with artificial bone to the lumbar
spine of 8-week-old male SpragueeDawley rats (n ¼ 4 each) and evaluated bone formation by computed
tomography (CT) and pathology. Next, we administered V-FD-iMPs or saline along with artificial bone to the
lumber spines of 5-week-oldmaleNewZealandWhite rabbits (n¼ 4 each) and evaluated the bone formation
byCTandpathology.Rats (n¼10)andrabbits (n¼6) that receivedartificialboneandV-FD-iMPs in the lumbar
spine were also observed for 6 months for adverse events, including infection, tumor formation, and death.
Results: Both V-FD-iMPs and S-FD-iMPs significantly enhanced osteogenesis in the lumber spines of rats
in comparison with the controls 8 weeks postoperatively, with no significant differences between them.
Furthermore, V-FD-iMPs vigorously promoted osteogenesis in the lumber spines of rabbits 8 weeks
postoperatively. In rats and rabbits, V-FD-iMPs showed no adverse effects, including infection, tumor
formation, and death, over 6 months.
Conclusion: These results suggest that V-FD-iMPs promote safe osteogenesis.

© 2024 Japanese Society of Regenerative Medicine. Published by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Platelets, abundant in various growth factors, are critical com-
ponents of platelet-rich plasma (PRP) generated from peripheral
blood. PRP is often used for the treatment of knee osteoarthritis,
rotator cuff injuries, lateral epicondylitis, and Achilles tendonitis
[1e4]. It reportedly promoted bone formation and fusion [5e7] and
is expected to be effective for spinal fusion surgery, which requires
early bone fusion.

However, PRP use has some limitations. The major limitation is
that the effectiveness of PRP remains to be established. Some re-
searchers have reported that PRP promotes bone fusion without
immunoreaction or infection [5,8e11], whereas others have re-
ported no positive effect on bone fusion [12e14]. These discrep-
ancies may be due to the heterogeneous quality of PRP derived
from patient blood. The amount of growth factors is variable and
depends on donor characteristics, such as age, sex, and platelet
count [15], as well as collection and processing protocols.

Another disadvantage is that the growth factors in PRP are
unstable and lost within a few days [16]. Thus, PRP should be
administered clinically as soon as it is prepared; however,
this approach requires blood sampling just before surgery, along
with installation of centrifugal separators at each facility,
imposing physical and financial burden on patients and health-
care institutions.

To overcome these issues, we previously validated platelets
derived from human induced pluripotent stem cells (hiPSCs)
for bone regeneration. We established a method to produce a large
number of platelets using immortalized megakaryocyte cell lines
(imMKCLs) derived from hiPSCs [17e19]. We also addressed
the shelf-life limitations of platelets through freeze-drying
technology; we found that freeze-dried PRP stably maintains
cytokine levels during sealed storage for more than 1 month at
room temperature and promotes bone formation in animals,
similar to fresh PRP [20,21].

By integrating these technologies, we developed freeze-dried
megakaryocytes and platelets derived from human induced
pluripotent stem cells (FD-iMPs). FD-iMPs can be prepared as a
powder and dissolved in saline before use. In a previous study, we
found that FD-iMPs promoted bone formation on a rat lumbar
spine using artificial bone as a carrier [22]. However, FD-iMPs used
in the previous experiments were produced on a small experi-
mental scale in a shaking incubator called a “shaker,” and the
number of platelets was insufficient for human clinical applica-
tions. Recently, we found that turbulence plays an essential role in
platelet release from megakaryocytes and established a unique
technique for generating large quantities (in the order of 100
billion; approximately 100 times the number that can be produced
at one time using a shaker) of platelets derived from imMKCLs
using a device called “VerMES” [23]. Moreover, a subsequent study
demonstrated that the platelets produced using this method could
be safely transfused into humans for clinical scenarios [24,25].
Therefore, we attempted to validate whether VerMES-generated
FD-iMPs (V-FD-iMPs) promote bone formation as well as shaker-
generated FD-iMPs (S-FD-iMPs) in rat and rabbit lumbar spines
without causing adverse events, such as infection, tumor forma-
tion, and death.

2. Methods

2.1. Animals

All animal experiments were approved by the Ethics Committee
of Chiba University. All experiments were conducted in accordance
with the National Institutes of Health Guidelines for the
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Management and Use of Laboratory Animals, and this study was
conducted in accordance with the ARRIVE guidelines. Eight-week-
old male SpragueeDawley rats (n ¼ 32; weighing 250e300 g)
(CLEA, Tokyo, Japan) and 5-week-old male New Zealand White
rabbits (n ¼ 20; weighing 0.7e1.0 kg) (CLEA, Tokyo, Japan) were
used in this study. The animals were kept under a 12-:12-h light/
dark cycle at 21�C-23 �C and 45%e65 % humidity. All the animals
were provided water and a standard diet (Oriental Yeast Co., Ltd.,
Tokyo, Japan).

2.2. Production of iMPs

2.2.1. Cell culture and reagents
Similar to a previous study [22], we cultured imMKCLs (MKCL

line 7) [17] in 500 mL of Iscove's modified Dulbecco medium
(Sigma-Aldrich, St. Louis, MO, USA) containing 90mL of fetal bovine
serum (10270e106; Thermo Fisher Scientific, Waltham, MA, USA);
600 mL of L-ascorbic acid (A4544; Sigma-Aldrich); 600 mL of 1-
thioglycerol (M6145; Sigma- Aldrich); 6 mL of a cocktail of 12000
units/mL penicillin, 10000 mcg/mL of streptomycin, and 200 mM L-
glutamine (10378e016; Thermo Fisher Scientific); 6 mL of a cock-
tail of 1 mg/mL human insulin, 0.55 mg/mL human transferrin, and
0.67 mg/mL sodium selenite (41400e045; Thermo Fisher Scientific)
in the presence of 50 ng/mL human stem cell factor (SCF;
193e15513; Wako, Tokyo, Japan), 200 ng/mL TA316 (human
thrombopoietin mimetic small compound, in-house synthesized)
[23], and 100 mg/mL doxycycline (Dox; Clontech, Mountain View,
CA, USA).

2.2.2. Preparation of S-FD-iMPs from hiPSCs
To produce platelets from imMKCLs, a Dox-off medium was

prepared by excluding Dox from the mediummentioned above and
adding 750 mM SR1 (aryl hydrocarbon receptor antagonist; NARD
Institute, Hyogo, Japan), 10 mM Y27632 (Rho-associated protein
kinase inhibitor; Wako Pure Chemicals, Osaka, Japan), and 15 mM
KP457 (inhibitor of GPIba shedding on platelets; Kaken Pharma-
ceutical, Tokyo, Japan). The medium and megakaryocytes were
placed in 125-mL Erlenmeyer cell culture flasks at 1.0 � 105 cells/
mL each and incubated in Lab-Therm shakers (Kuhner, Basel,
Switzerland) at 37 �C under 5 % CO2. After incubating for 5 d, the
contents of all flask cultures were combined and centrifuged at
700�g for 15 min to collect the mixed product of megakaryocytes
and platelets (iMPs).

The cell pellet was suspended in phosphate-buffered saline
(0.5 mL per flask/2 % of the volume of the culture medium), fol-
lowed by the addition of 1 M CaCl2 (10 mL/flask) and 10000 U/mL
thrombin (10 mL/flask) and incubation at 37 �C for 1 h for activation.

The platelet solution was divided into test tubes (1 mL each),
frozen at �60 �C for 24 h, and freeze-dried to powder form. The
powder was dissolved in 1 mL of saline solution and used for the
experiment as S-FD-iMPs (Fig. 1a).

2.2.3. Preparation of V-FD-iMPs from hiPSCs
VerMES can efficiently produce platelets on a large scale by

generating turbulence, which is vital for platelet release from
megakaryocytes. Using the same imMKCL strain as that used for
preparing S-FD-iMPs, we cultured the cells at a concentration of
1.0 � 105 cells/mL for 5 d in 2.4 L of Dox-off mediumwith the same
composition as that used for preparing S-FD-iMPs with VerMES
(Fig. 1b). The harvested mixture of megakaryocytes and platelets
was activated using a procedure similar to that used for S-FD-iMPs.
Subsequently, the solution was divided into 1 mL portions and
freeze-dried, and the powder was dissolved in 1 mL of the saline
solution immediately before use (Fig. 1c).
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2.3. Measurement of growth factors in iMPs

The expression levels of growth factors, including transforming
growth factor (TGF)-b, platelet-derived growth factor (PDGF)-BB,
and basic fibroblast growth factor (bFGF), were quantified using
enzyme-linked immunosorbent assay kits (QuantikineⓇ; R&D Sys-
tems, Minneapolis, MN, USA). Each preparation was dissolved in
1 mL saline solution and used for the cytokine assays. S-FD-iMPs
were tested three times as biological triplicates and V-FD-iMPswere
tested twice as biological duplicates. Each test of V-FD-iMPs included
two technical replicates, resulting in a total of fourmeasurements. In
contrast, S-FD-iMPs had a total of three measurements. All assays
were performed following the manufacturer's instructions. All
growth factor levels were analyzed immediately after freeze-drying.

2.4. Experiments with rats

2.4.1. Artificial bone grafting to rat lumbar spine
Based on previous studies [22,26], all rats were anesthetized

abdominally with an anesthetic mixture consisting of 2.5 mg/kg
butorphanol (Meiji Seika Pharma. Co., Ltd., Tokyo, Japan), 0.15 mg/
kg medetomidine (Nippon Zenyaku Kogyo Co., Ltd., Koriyama,
Japan), 2.0 mg/kg midazolam (Maruishi Pharmaceutical Co., Ltd.,
Osaka, Japan), and 1.45 mL/kg of saline (Otsuka Pharmaceutical Co.,
Ltd., Tokyo, Japan).

The rats were randomly divided into three groups and subjected
to surgical procedures. We shaved the backs of the rats, incised the
skin and fascia, and detached the muscles from the L4-6 spinous
processes to the transverse processes without decortication. Each
group was administered the following materials on the lumbar
spine, and the fascia and skin of the rats were sutured:

Control group (rat-C group): 1 mL of saline and artificial bone
(n ¼ 14).

Shaker group (rat-S group): 1 mL of S-FD-iMPs and artificial
bone (n ¼ 4).

VerMES group (rat-V group): 1 mL of V-FD-iMPs and artificial
bone (n ¼ 14).

The artificial bone was 1 cm3 of a composite of hydroxyapatite
and collagen (Refit©: HOYA Technosurgical Corporation, Tokyo,
Japan) (Fig. 1d).

2.4.2. Radiographic evaluation of the rats
Bone formation over time was monitored in four rats from each

group, which underwent computed tomography (CT) preopera-
tively and 2, 4, 6, and 8 weeks postoperatively. Five consecutive
axial spine images were selected to analyze bone formation be-
tween the L5 and L6 vertebrae at each time point, and their cross-
sectional areas were calculated using the ImageJ software (NIH,
Bethesda, MD, USA). By averaging five slices per time point, we
computed the ratio of preoperative to postoperative values for each
rat. This normalization accounted for individual body size varia-
tions (Fig. 1e). The mean values for each group were compared.

2.4.3. Histopathological evaluation of the rats
After obtaining CT scans 8 weeks postoperatively, only the rats

involved in the radiological evaluation were euthanized. Two rats
were randomly selected from the rat-C and rat-V groups, and their
vertebraewere harvested. These vertebral bodies were subjected to
demineralization using U$I demineralization solution A
(#0005810; U$I Kasei, Amagasaki, Japan) for 3 d, followed by
neutralization with 5 % sodium sulfate overnight.

The L5 vertebral body was dissected, and the sections were
processed into paraffin blocks using a dehydration permeation
machine (Tissue-Tek V.I.P 6 AI; Sakura Finetech Japan Co., Ltd.,
Tokyo, Japan). The paraffin used was Parabet 60 GR (#43257; Muto
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Pure Chemicals Co., Ltd., Tokyo, Japan), which melts at 58�C-60 �C.
Thin sections (thickness, approximately 4e5 mm)were cut from the
paraffin blocks using a sliding microtome (LS113; YAMATO-KOHKI
Industrial Co., Ltd., Asaka, Japan). These tissue slices were applied
to glass slides (#5116; Muto Pure Chemicals) coated with 3-amino-
propyltrimethoxysilane (APS). After drying overnight, the sections
were stained with hematoxylin-eosin (HE). The structure of the
trabecular bone in the newly formed area was observed under a
microscope (Fig. 1f).

2.4.4. Long-term safety study of V-FD-iMPs in rats
Ten rats each from the rat-C and rat-V groups, which were not

used for radiological evaluation, were maintained for 6 months.
While CT scans of the lumbar spine were obtained monthly, all rats
were also observed for adverse events such as infection, tumor
formation, and death.

2.5. Experiments with rabbits

2.5.1. Artificial bone grafting to rabbit lumbar spine
Following the literature, all rabbits were anesthetized using

intramuscular injection of an anesthetic mixture of medetomidine
0.15 mg/kg, midazolam 1.0 mg/kg, and butorphanol 1.5 mg/kg [27].

All rabbits were randomly divided into two groups and treated
with reference to previous studies [28e30]. The rabbits’ backs were
shaved, and 5 cm incisions were made along the midline. Only the
fasciae to the right of the L6-7 spinous processes were incised, and
the muscles were detached from the spinous and transverse pro-
cesses without decortication, as in the rats. No procedures were
performed on the left side. The following materials were admin-
istered to the right vertebral arch and transverse processes of
rabbits in each group; the fascia and skin were then sutured.

Control group (rabbit-C group): 1 mL of saline and artificial bone
(n ¼ 10).

VerMES group (rabbit-V group): 1mL of V-FD-iMPs and artificial
bone (n ¼ 10).

As in the rats, 1 cm3 of Refit©, a composite of hydroxyapatite and
collagen, was used as the artificial bone (Fig. 1d).

2.5.2. Radiographic evaluation of the rabbits
We selected four rabbits from each group and observed bone

formation in their vertebrae over time. CT was undertaken preop-
eratively and every 2 weeks postoperatively until 8 weeks. In each of
five consecutive axial images between the L6 and L7 vertebrae, the
vertebral body was divided in the midline, and the areas of the right
and left sides were measured using the ImageJ software [22]. The
ratio of the area on the right side with the implanted artificial bone
to the left side without intervention was calculated and averaged.
The mean values for each group were calculated and compared.

2.5.3. Histopathological evaluation of the rabbits
After CT scans for 8 weeks postoperatively, all rabbits involved in

the radiological evaluation were euthanized. Three rabbits were
randomly selected from each group, and their lumbar vertebral
bodies were extracted. As in the rats, axial sections of L6 vertebrae
were HE stained. The structure of the trabecular bone in the newly
formed area was observed under a microscope.

The bone trabeculae showing new bone formation from the
right transverse process to the spinous process were measured
using the Histometry RT digitizer (System Supply, Ina, Japan) to
determine (1) trabecular bone area (bone volume/tissue volume
[BV/TV], %), (2) trabecular branch number (Tb.N, N/mm), (3)
trabecular thickness (Tb.Th, mm), and (4) trabecular separation
(Tb.Sp, mm) [31,32].



Fig. 1. Flow of this experiment and the evaluation method
(a) iMPs fabrication method and animal experiment flow. The megakaryocytes were cultured and differentiated for 5 d using a shaker or VerMES, freeze-dried, dissolved in saline
solution, and implanted into the lumbar vertebrae of the animals along with the artificial bone. (b) Photograph of VerMES. (c) Photograph of freeze-dried iPS cell-derived platelet
product. (d) Evaluation methods for the animal experiments. At each time point, computed tomography (CT) scans of the lumbar spine were obtained for radiological evaluation.
After euthanasia, the vertebrae were pathologically evaluated. (e) Evaluation of the rat CT scans. On the left is a preoperative CT cross-sectional image and on the right is an image of
the same location 8 weeks after surgery. As shown in this example, both images were processed using the ImageJ software, and the preoperative and postoperative area ratios were
calculated. (f) Schematic representation of the pathological evaluation method. We evaluated the structure of the newly formed bone (area highlighted in orange) at the artificial
bone graft site.
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2.5.4. Long-term safety evaluation of V-FD-iMPs in rabbits
As with the rats, six rabbits in each group that were not used for

radiological evaluation were maintained for 6 months. They were
followed up monthly with CT and observed for adverse events.

2.6. Statistical analysis

The rat bone formation results were compared among three
groups using Tukey's test. The other results of the rabbit and in vitro
experiments were evaluated using Student's t-tests in two-group
comparisons. Differences were considered statistically significant
at P < 0.05. For the long-term safety study, KaplaneMeier survival
curves were drawn for the occurrence of adverse events.

3. Results

3.1. Quantification of growth factors

Initially, we measured the growth factors in the clinical-scale V-
FD-iMPs and experimental-scale S-FD-iMPs using enzyme-linked
immunosorbent assay. S-FD-iMPs contained 9.3 ± 1.8 ng/mL
PDGF-BB, 53.7 ± 3.8 ng/mL TGF-b, and 25.4 ± 3.1 ng/mL bFGF,
whereas V-FD-iMPs contained 1.4 ± 0.1 ng/mL PDGF-BB,
167.4 ± 3.6 ng/mL TGF-b, and 38.9 ± 0.8 ng/mL bFGF.

3.2. Radiographic evaluation of rats

We administered V-FD-iMPs (rat-V group), S-FD-iMPs (rat-S
group), or saline (rat-C group) along with artificial bone to the
lumbar spines of rats and compared the amount of new bone for-
mation over time using CT. CT images showed that bone formation
increased over time in all groups. More vigorous bone formation
was observed in the rat-V and rat-S groups than in the rat-C group
(Fig. 2a). At 4, 6, and 8 weeks after surgery, bone formation was
significantly greater in the rat-V and rat-S groups than in the rat-C
group. Bone formation in the rat-V group was not less than that in
the rat-S group (Fig. 2b).

3.3. Histopathological evaluation of rats

Eight weeks postoperatively, the areas of newly formed bone in
the rat-C and rat-V groups were examinedmicroscopically (Fig. 2c).
In both groups, new bone formed on the vertebral arch and the
transverse process, where the artificial bone was implanted. The
boundary with the internal bone tissue was indistinct, suggesting
that remodeling had occurred.

3.4. Long-term safety study in rats

During the 6-month observation period, the rat-C and rat-V
groups showed no adverse events, such as infection, tumor for-
mation, and death (Fig. 2d).

3.5. Radiographic evaluation of rabbits

We then administered V-FD-iMPs (rabbit-V group) or saline
(rabbit-C group) along with artificial bone to the right side of the
lumbar vertebrae of rabbits and compared the amount of new bone
formation. On the CT images, more vigorous bone formation was
observed on the right than on the left side in the rabbit-V group
(Fig. 3a). At 4, 6, and 8 weeks after surgery, the rabbit-V group had a
significantly higher right/left bone volume ratio than the rabbit-C
group (Fig. 3b).
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3.6. Histopathological evaluation of rabbits

We compared the pathology of the newly formed bone trabec-
ulae of the rabbit-V and rabbit-C groups at 8 weeks postoperatively.
In the rabbit-V group, trabecular bone branches appeared to be
formed finely and abundantly (Fig. 3c). Furthermore, the patho-
logical images were quantitatively evaluated based on four pa-
rameters: (1) BV/TV (%), (2) Tb.N (N/mm), (3) Tb.Th (mm), and (4)
Tb.Sp (mm). In the rabbit-V group, BV/TV and Tb.N were signifi-
cantly larger, and Tb.Sp was significantly smaller than those in the
rabbit-C group. Thus, while the width of the trabecular bone was
almost the same in both groups, the number of beams was greater
and the trabecular bone was denser in the rabbit-V group than in
the rabbit-C group (Fig. 3d).

3.7. Long-term safety study in rabbits

During the 6-month observation period, no adverse events were
observed in the rabbit-C and rabbit-V groups (Fig. 3e).

4. Discussion

To our knowledge, this is the first study to examine the osteo-
genic effects of iPS cell-derived platelets produced on a clinical
scale. Recently, we found that turbulence is crucial for releasing
platelets frommegakaryocytes. The development of VerMES, which
recapitulates this turbulence in vitro, has made it possible to pro-
duce platelets in sufficient numbers for clinical use. Platelets pro-
duced via imMKCL derived from hiPSCs are larger than normal
platelets, but their functions are comparable. They have been
transfused in clinical trials with no adverse effects [23,24]. Our
previous studies have shown that S-FD-iMPs contain various
growth factors, mainly TGF-b and PDGF-BB [22], and that they
promote bone formation when administered with artificial bone to
rat spines.

In this study, we compared the osteogenic potential of FD-iMPs
produced at a clinical scale (V-FD-iMPs) with that of FD-iMPs
produced at a laboratory scale (S-FD-iMPs). In addition, we inves-
tigated the long-term safety of the V-FD-iMP preparations. First, we
examined the difference between V-FD-iMPs and S-FD-iMPs. Both
V-FD-iMPs and S-FD-iMPs contained comparable levels of major
cytokines. We then examined the osteogenic potential of both
preparations and found that they significantly promotedmore bone
formation than the control group and had comparable effects.
These results suggest that both preparations contain enough
growth factors for in vivo bone formation. In addition, the rat-V and
rat-C groups showed no adverse effects such as infection, tumor
formation, and death, for at least 6 months. Therefore, we
concluded that V-FD-iMPs promote bone formation as well as S-FD-
iMPs without any adverse effects. Second, we examined the oste-
ogenic effects and long-term safety of the V-FD-iMP preparation in
medium-sized animals in anticipation of future clinical trials. We
found that V-FD-iMPs promoted bone formation in a rabbit lumbar
spine without causing adverse effects. We also discovered that V-
FD-iMPs promoted higher density and better-quality bone forma-
tion in the same model in a quantitative pathological evaluation.
These experiments showed that V-FD-iMPs also have a favorable
osteogenesis-promoting effect.

Here, we discuss the mechanism by which iMP preparations
promote bone formation. PRP has been reported to stimulate bone
formation, and the mechanism is thought to involve multiple cy-
tokines such as PDGF, TGF-b, and insulin growth factor. Although
simple comparisons are difficult because PRP preparation methods
and platelet volume vary among studies, it has been reported that
PRP contains approximately 3 ng/mL PDGF, 15 ng/mL TGF-b, and



Fig. 2. Rat experiment results
(a) Computed tomography axial images of the rat lumbar spine at 8 weeks after surgery. White arrowheads indicate areas of new bone formation. (b) Graph showing the ratio of
bone volume to preoperative bone volume at each time point. The bone volume ratios in the VerMES and shaker groups were significantly larger than those in the control group at
4, 6, and 8 weeks after the operation. No significant differences were observed between the VerMES and shaker groups; *p < 0.05 for the comparison between the control and
VerMES groups, and yp < 0.05 for the comparison between the control and shaker groups. (c) Hematoxylin and eosin-stained images of the spines of the control and VerMES groups
at 8 weeks postoperatively. In both groups, the transplanted artificial bone ossified on the existing bone cortex of the vertebral arch, forming a new thick bone cortex. The border
with the internal trabecular bone also became unclear, indicating that high-quality remodeling occurred. (d) Survival curves drawn using the KaplaneMeier method for the
occurrence of adverse events in the control and VerMES groups. No adverse events, including death, were observed in either group.
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10 ng/mL bFGF [15]. This study revealed that the levels of growth
factors in S-FD-iMPs and V-FD-iMPs were not less than those in
PRP. Despite the differences in growth factor levels, no significant
difference was observed in bone formation in rats between the V-
FD-iMP and S-FD-iMP groups. The mechanisms underlying these
findings are currently unclear. One hypothesis is that other factors
such as extracellular vesicles released from platelets, which are
known to be important for tissue repair in PRP [33,34], may have as
855
great an effect on bone formation as the cytokines. However,
further research is required to confirm these hypotheses.

Administration of V-FD-iMPs to rats and rabbits had no adverse
events, including severe inflammatory reactions and tumor for-
mation at the administration site, suggesting that V-FD-iMPs are
safe for animal models. One of the risks associated with using iPS
cell-derived preparations is tumorigenesis. However, no live cells
remain after freeze-drying treatment. Indeed, no tumor formation



Fig. 3. Rabbit experiment results
(a) Computed tomography axial images of the rabbit lumbar spine at 8 weeks after surgery. White arrowheads indicate areas of new bone formation. (b) Graph showing the ratio of
the bone volume of the operated side to that of the non-operated side at each time point. The VerMES group showed significantly greater bone volume ratios than the control group
at 4, 6, and 8 weeks after the operation; *p < 0.05 for the comparison between the control and VerMES groups. (c) Hematoxylin and eosin-stained images of the new bone formation
area in the control and VerMES groups 8 weeks postoperatively. The black arrow shows the typical trabecular bone branches. The VerMES group showed more abundantly formed
trabecular bone branches than the control group. (d) BV/TV and Tb.N were significantly higher and Tb.Sp was significantly lower in the VerMES group than in the control group. (e)
Survival curves drawn using the KaplaneMeier method for the occurrence of adverse events in the control and VerMES groups. No adverse events, including death, were observed
in either group.

T. Arai, Y. Shiga, M. Mukai et al. Regenerative Therapy 26 (2024) 850e858
was observed in this experiment. In addition, iPSC-derived platelets
can be genetically engineered to lack HLA class I [35], potentially
reducing immune reactions. Therefore, we believe that the V-FD-
iMP preparation has excellent potential for clinical applications in
the future.

One limitation of this study is that bone union and strength
should have been evaluated. Our previous study on S-FD-iMPs did
not show bone fusion at 8 weeks [22]. Nevertheless, a study with
856
Refit© and rat PRP in a rat anterior lumbar fusion model reported
40 % bone fusion at 8 weeks and 100 % fusion at 12 weeks [36]. We
mainly use hydroxyapatite in animal studies because it is easier to
manipulate. As for other bone materials, demineralized bone ma-
trix already contains growth factors because it is derived from
human bone, and b-tricalcium phosphate is not easily absorbed;
therefore, it is difficult to see differences in effect. Hydroxyapatite
does not have these disadvantages, but it is easily absorbed and
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sometimes does not lead to bone fusion. Therefore, the 8-week
assessment in our study may have been too short, and the use of
other bone materials could be considered in the future.

The optimal iMP dosage must also be determined. Low platelet
concentrations in PRP have been reported to have little effect on
bone formation, whereas high platelet concentrations are detri-
mental to osteoblasts, possibly due to the amount of growth factors
present in PRP [37]. As rabbits weigh approximately four times as
much as rats, we administered iMPs bilaterally between two
vertebrae in rats and unilaterally in one vertebra in rabbits. The
difference in local cytokine concentrations may have affected bone
formation. Additional studies are necessary to determine the
optimal amount needed for osteoblast proliferation and bone dif-
ferentiation. Furthermore, while this study primarily focused on
the efficacy of iMPs, we acknowledge that a direct comparison
between the osteogenic effects of human peripheral blood platelets
and iMPs has not yet been performed. This comparison is crucial to
fully understand the relative bone-promoting abilities of each, and
will be an important focus of future investigations.

5. Conclusions

In conclusion, the efficacy of V-FD-iMPs produced on a clinical
scale in promoting bone formation in rats was comparable to that of
S-FD-iMPs produced on an experimental scale, with no adverse
events. Moreover, the V-FD-iMPs significantly promoted bone for-
mation in rabbits without causing adverse events, yielding
trabecular bone branches of similar thickness to those of the con-
trol group but with a denser construction. These findings suggest
that this clinical-scale formulation safely and effectively promotes
bone formation.
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