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Abstract Cell Sheet Technology was first utilized in a clini-
cal trial for corneal reconstruction in 2003; since then, several
clinical trials have been performed not only in Japan but also
in Europe. The key technology of Cell Sheet is a temperature-
responsive polymer (poly N-isopropylacrylamide), which
characteristics dramatically change from hydrophobic to hy-
drophilic by changing the temperature. This intelligent poly-
mer is covalently grafted onto the surface of cell culture
dishes, where cells can attach and proliferate at 37 °C. Reduc-
ing the temperature below 32 °C causes this surface to hy-
drate; therefore, confluent cells detach from the surface as a
sheet. Cell sheets can be harvested without the use of typical
proteolytic enzymes; thus, intact cell-cell interaction, cell sur-
face proteins, and extracellular matrix proteins are preserved.

Using this technology, we started a clinical trial in 2011 to test
the safety and efficacy of autologous periodontal ligament cell
sheets for periodontal regeneration.
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Introduction

Periodontitis affects patients’ quality of life; therefore, various
regenerative therapies have been attempted since the early
twentieth century. Several procedures, such as bone grafts,
barrier membranes, and cytokine therapies, are performed in
clinics; however, it is difficult to regenerate periodontal tissue
completely. Especially for large defects, there is no standard
therapy to predictably regenerate damaged periodontal tissue.
Thus, cytotherapeutic approaches have been introduced based
on the concept of “Tissue Engineering” proposed by Langer
and Vacanti [1]. Researchers have now commenced studies to
regenerate periodontal tissue using scaffolds, growth factors,
and cells based on this concept [2].

Cell Sheet Transplantation as a Scaffold-Free
Transplantation

Our laboratory has studied a “smart material” which is a
tempera ture- responsive polymer named poly(N -
isopropylacrylamide), and its characteristics dynamically
change by s imple tempera ture change . Poly(N -
isopropylacrylamide) is covalently attached onto the surface
of cell culture dish by electron beam irradiation [3], and the
thickness is controlled to approximately 20 nm. Poly(N-
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isopropylacrylamide) is a nanocoating material, and its toxic-
ity for cell is negligible. This cell culture surface is slightly
hydrophobic under cell culture conditions at 37 °C but dra-
matically changes its characteristics to hydrophilic below its
lower critical solution temperature (LCST), 32 °C. Thus, it is
possible to control the attachment and detachment of cells by
simple temperature change. On this smart surface, cells can
spread and grow in a way similar to that seen on untreated
normal cell culture surfaces at 37 °C. Furthermore, cells can
be detached by reducing temperature below the LCST,
allowing for cell harvest from the culture surfaces. The appli-
cation of this technology enables retrieval of cells as a sheet
without proteolytic enzyme treatment, such as trypsin. There-
fore, cell-cell interactions, cell surface proteins, and extracel-
lular matrix proteins are preserved within a sheet-like struc-
ture. In addition, cell sheets contain intact cell adhesion mol-
ecules, which are working as a natural glue; thus, we can
transplant cell sheets without the need for sutures. This tech-
nology has been applied in clinical trials, such as corneal
reconstruction [4, 5], esophageal regeneration after endoscop-
ic submucosal dissection [6], cardiac regeneration [7], and
cartilage regeneration [8] in Japan and Europe. In 2011, we
commenced a clinical trial named “Periodontal regeneration
with autologous periodontal ligament cell sheets.” In this pa-
per, we describe the translational research of periodontal liga-
ment (PDL) cell sheets and how to create PDL cell sheets.

Before a clinical trial commences, researchers must con-
firm the safety and efficacy of the materials under investiga-
tion with animal studies. In the periodontal field, rats are often
used as the first step, because mice are too small to create
surgical periodontal defects. Large animals such as dogs are
commonly used because their tooth size is similar to human.
Several kinds of defect models have been established, and
comparative analysis with historical studies can be performed
[9]. Recently, some studies have shown that minipigs are a
suitable alternative to evaluate the efficacy of cell transplanta-
tion [10, 11].

The first transplantation of PDL cell sheets was performed
by Hasegawa et al. and published in 2005. Human PDL
(hPDL) cell sheets were successfully created and transplanted
to the periodontal defects of nude rats (athymic rats)
xenogenically [12]. In this study, the cell outgrowth method
was utilized to obtain the primary culture of hPDL cells. The
hPDL cell sheets cultured with ascorbic acid were harvested
from temperature-responsive culture dishes and transplanted
as cell pellets into a mesial dehiscence model in athymic rats.
Four weeks after the transplantation, newly formed PDL-like
structures were observed in all the experimental sites. In con-
trast, such findings were not observed at the control sites.
These results suggested that PDL cell sheets contribute to
the regeneration of PDL. Next, the optimal culture condition
of hPDL cells was investigated. An in vitro study demonstrat-
ed that the osteoinductive medium, which consists of ascorbic

acid, β-glycerophosphate, and dexamethasone, enhanced
both osteoblastic and periodontal differentiation of hPDL cells
[13]. Therefore, hPDL cell sheets cultured with or without
these osteoinductive supplements were compared in a rat xe-
nogeneic transplantation model [14]. The three-layered hPDL
cell sheets-dentin block constructs induced cementum-like
hard tissue on the surface of the dentin in most cases. Well-
oriented collagen fibers, similar to native Sharpey’s fibers,
were inserted vertically into the newly formed cementum-
like tissue [15]. These results suggested that hPDL cell sheets
cultured with osteoinductive medium contribute to the regen-
eration of both cementum and PDL. From these studies in rats,
we could not observed any bone regeneration; thus, we
thought that bone filler materials should be needed to regen-
erate periodontal tissue.

Based on the successful results from studies in rats, we
progressed to canine periodontal defect models, because ca-
nine models are commonly used to evaluate the safety and
efficacy of biomaterials, and the size of their teeth is similar
to the human clinical situation [16]. From this study, we intro-
duced collagenase/dispase digestion [17] to dissociate PDL
tissue. Dog PDL (dPDL) cells were cultured with
osteoinductive supplements for 5 days. Longer periods of cul-
tivation resulted in spontaneous dPDL cell sheet detachment
from the temperature-responsive culture surfaces. Similar
spontaneous detachment of PDL cell sheets was also observed
for porcine cells. The detachment of cells may be due to the
tension of extracellular matrix proteins, such as type I colla-
gen, because spontaneous detachment is hardly observed
when cells are cultured without ascorbic acid. Three-layered
dPDL cell sheets were stacking with woven polyglycolic acid
(PGA) (Neoveil®, PGA Felt-Sheet Type, 0.15 mm in thick-
ness: Gunze, Tokyo, Japan) and transplanted into the surface
of dental roots containing three-wall periodontal defects
autologously, and bone defects were filled with porous beta-
tricalcium phosphate (β-TCP). Autologous dPDL cell sheets
combined with β-TCP resulted in regeneration of periodontal
tissue almost completely in this canine three-wall periodontal
defect model. On the other hand, limited bone regeneration
without well-oriented PDL was observed in the control group
(β-TCP only), suggesting that PDL cell sheets with β-TCP
can contribute to complete regeneration of periodontal tissues
[13].

Next, we tried a one-wall infrabony defect model [18],
which is a more severe defect model than three-wall model
[19]. In this study, we evaluated the differences of cell sources
for periodontal regeneration. PDL cells, iliac bone marrow-
derived mesenchymal stromal cells, and alveolar periosteal-
derived cells were obtained from each dog, respectively. Then,
three-layered cell sheets were transplanted autologously, and
bone defects were filled with porousβ-TCP, which was mixed
with 3 % type I collagen gel (Koken, Tokyo, Japan) to stabi-
l ize the granule structure. Eight weeks after the
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transplantation, well-oriented PDL fibers and significant new-
ly formed cementum were observed in the PDL cell sheet
group only. These results also suggested that PDL-derived
cells are the most suitable cell source for periodontal regener-
ation and that PDL cell sheets with β-TCP/collagen serve as a
promising tool for large periodontal defects.

Establishment of a culture method for hPDL cells obtained
from a single tooth is essential in performing autologous PDL
cell sheet transplantation. However, optimal methods for the
isolation and expansion of hPDL cells from a single tooth had
not been well investigated. Therefore, various experiments
were performed to determine optimal isolation and expansion
of hPDL cells using 41 teeth [20]. The hPDL cells were suc-
cessfully digested with collagenase/dispase and cultured at
low cell density to allow clonal proliferation and enrichment
of stem cells. Typically, only 10 to 100 colonies of hPDL cells
were obtained from a single tooth. The cells were subcultured
twice a week to keep a low cell density, and the number of
cells usually exceeded one million within 2 weeks. The cells
were then switched to the temperature-responsive dishes to
create cell sheets in the presence of the osteoinductive supple-
ment. hPDL cell sheets were harvested 2 weeks after spread-
ing for subsequent induction of osteoblastic/periodontal dif-
ferentiation. Safety tests and quality control tests were per-
formed before the transplantation.

According to the good clinical practice (GCP) and good
manufacture practice (GMP) guidelines, hPDL cell sheets
were produced at the GMP-grade Cell Processing Center
(CPC) in our university [21] (Fig. 1). Certified reagents and
materials were selected, and “the product” (PDL cell sheets in

this case) was produced to test their safety and efficacy. hPDL
cells were cultured with autologous serum, and cell sheets
were constructed using the temperature-responsive dishes in
the CPC. Quality control tests were performed using conven-
tional tests. The safety of the products was investigated using
the following tests: (1) soft agar colony formation assay, (2)
transplantation into nude mice, and (3) the karyotype test [22].
The safety and efficacy of the cell sheets were assayed by
xenogenic transplantation into SCID mice. All of these tests
confirmed that hPDL cell sheets created in the CPC were safe
and effective for periodontal regeneration.

According to the guidelines of both GCP and GMP, we
prepared documents detailing the protocol and submitted it
to the Ministry of Health, Labour and Welfare in Japan. Our
clinical trial named Periodontal regeneration with autologous
periodontal ligament cell sheets was approved and com-
menced in January 2011. Inclusion criteria included the fol-
lowing: (1) infrabony defects with a probing depth of more
than 4 mm after the initial therapy, (2) radiographic evidence
of infrabony defects, and (3) a redundant tooth that contains
healthy periodontal tissue as a cell source. All patients provid-
ed written informed consent according to the GCP. Exclusion
criteria included the following: (1) relevant medical condi-
tions contraindicating surgical interventions (e.g., diabetes
mellitus; cardiovascular, kidney, liver, or lung disease; or
compromised immune system), (2) pregnancy or lactation,
and (3) heavy tobacco smoking (more than 11 cigarettes a
day). The primary endpoint of this trial was to confirm the
safety of autologous PDL cell sheets. This clinical trial fin-
ished in 2014, and there were no reported complications in all
of the subjects. Observations and recordings of clinical, labo-
ratory, and radiographic outcomes of the patients showed no
serious transplant-related adverse event. In the completed
cases, reduction of pocket probing depth and clinical attach-
ment gain were observed.

Recent reports have shown that ascorbic acid can assist in
the harvesting of PDL cell sheet harvest without the use of
temperature-responsive dishes, because of their spontaneous
contractions [11, 23, 24].

Regulation in Japan

In Japan, two laws, “The Act on the Safety of Regenerative
Medicine” and the “Pharmaceuticals, Medical Devices and
Other Therapeutic Products Act,” came into effect on Novem-
ber 25, 2014 [25, 26].

The Act on the Safety of Regenerative Medicine

This Act covers all kinds of medical technologies using proc-
essed cells whose safety and efficacy have not yet been
established. All cytotherapies must be registered to the

Fig. 1 The procedure of clinical trial titled BPeriodontal Regeneration
with Autologous Periodontal Ligament Cell Sheets.^ PDL cells are
processed in Cell Processing Center (CPC) of our university, where a
clean environment is validated. Patient’s PDL cells are proliferated with
autologous serum for 2 weeks; then, the cells are spread on the
temperature-responsive culture dishes and cultured with osteoinductive
medium for additional 2 weeks. Triple-layered PDL cell sheets are con-
structed and transplanted to the root, and bony defects are filled with
porous beta-tricalcium phosphate (β-TCP)
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Ministry of Health, Labour and Welfare (MHLW) and ap-
proved by the special committee based on the potential risk
to human health. This Act also stipulates that culturing and
processing of cells can be outsourced to the companies whose
facilities are inspected by the Pharmaceuticals and Medical
Devices Agency (PMDA) to check adherence to the require-
ments, the usage of GMP-type facilities/equipment, and the
quality control requirements for cell processing facilities.
Thus, enterprises can participate in the cell processing industry,
and they may activate cytotherapeutic regenerative medicine.

Pharmaceuticals, Medical Devices and Other Therapeutic
Products Act (PMD Act)

In this Act, a regenerative medical product is defined as a
distinct product from both pharmaceuticals and medical de-
vices, because it is difficult to demand uniform characteristics
for regenerative medical products, especially autologous cel-
lular products. Under this Act, regenerative medical products
can be approved with conditions and a limited term, but the
safety and efficacy of the products need to be confirmed con-
tinuously in conjunction with postmarketing safety measures.
The approval review process will adopt a 9-month target for
regulatory review time, which is consistent with the US Food
and Drug Administration’s accelerated approval scheme for
serious or life-threatening illness.

Conclusion

Cell Sheet technology is beginning to be used in clinical
settings not only for outside of human body but also for
inside, because the stability of cell sheets at the transplan-
tation site is relatively high compared to the injection of
cells. Although the thickness of cell sheets is less than
50 μm, multilayering technology of cell sheets may allow
production of a sufficient bulk and strength to be of clin-
ical value. In fact, prevascularized tissue has been suc-
cessfully created in vitro [27, 28]. Thus, indications and
clinical trials of cell sheet technology will be increasing
based on the governmental promotion in Japan. Although
there is a limitation of cell source, embryonic stem cells
and induced pluripotent stem cells have a potential to
overcome the problem of supply of sufficient cell num-
bers for regenerative procedures.
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