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Figure 3. Representative images of immunofluorescence staining to detect citrullinated histone H3 (Cit-H3). Citrullination of histone
H3, which is a critical enzymatic process to produce NETs through decondensation of chromatin, was visualized in the blood smear samples using
anti-citrullinated histone H3 antibody by immunohistochemistry. Cit-H3 was present in the bloodstream of critically ill patients. The inset in the
merged image is the magnified image of a representative cell (white rectangle) expressing citrullinated histone H3 in the nucleus. Neutrophil
extracellular traps are not recognized here. In the blood smears surveyed in this study, we identified Cit-H3 in 11 patients (11/49, 22.4%). Blue, 4',6-
diamidino-2-phenylindole (DAPI); red, histone H3; green, citrullinated histone H3 (Magnification x400). Scale bar; 50 pm.
doi:10.1371/journal.pone.0111755.g003

in response to various microorganisms and pathogens [14].
McDonald et al reported that NETs ensnare circulating bacteria
and provide intravascular immunity that protects against bacterial

dissemination during septic infection [29]. In this context, the
presence of NETs and/or Cit-H3 in infected patients is to be
expected. By contrast, trauma or heart disease patients were

Table 3. Comparison between patients positive and negative for neutrophil extracellular traps and/or citrullinated histone H3.

NET and/or citrullinated histone H3

Positive Negative P

Number 15 34

Age (years) 67.0 (49.0-78.0) 65.5 (56.8-75.3) .8197
APACHE |l score 20.0 (16.0-23.0) 17.5 (11.8-21.3) 3171
SOFA score 6.0 (5.0-10.0) 5.0 (4.0-8.0) 4062
Survivors (n) 10 (66.7%) 26 (76.5%) 4737
SIRS patients (n) 14 (93.3%) 24 (70.6%) .0786
The presence of bacteria in tracheal aspirate (n) 11 (73.3%) 11 (32.3%) .0079
WBC count (/ul) 12,430 (8310.0-16510.0) 10,835 (8032.5-14307.5) .5654
IL-8 (pg/mL) 57.6 (19.9-143.0) 65.3 (23.3-229.5) 9136
TNF-o (pg/mL) 8.2 (6.2-21.6) 9.0 (4.8-16.3) .9740
cf-DNA (ng/mL) 1038.3 (744.9-1329.7) 1072.7 (828.6-1770.7) .6025
Lactate (mg/mL) 39 (11.0-71.0) 17.5 (12.0-56.3) .5010
HMGB1 (ng/mL) 11.0 (6.8-21.5) 9.7 (5.9-16.3) 5151

Among the factors evaluated to highlight the relation to the presence of NETs or Cit-H3 in the bloodstream, only “the presence of bacteria in tracheal aspirate” differed
significantly between the NET- and/or Cit-H3-positive and -negative groups (p<<.01). The other factors were not significantly related to the presence of NETs and/or Cit-
H3. Continuous variables are presented as the median and IQR unless otherwise noted. The Wilcoxon rank-sum test and Pearson’s chi-square test were used to compare
two patient groups. NETs: neutrophil extracellular traps, Cit-H3: citrullinated histone H3, IQR: interquartile range, APACHE: Acute Physiological And Chronic Health
Evaluation, SOFA: Sequential Organ Failure Assessment, SIRS: systemic inflammatory response syndrome, WBC: white blood cell, IL: interleukin, TNF: tumor necrosis
factor, cf-DNA: circulating free DNA, HMGB1: high mobility group box-1.

doi:10.1371/journal.pone.0111755.t003
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Table 4. Results of single logistic regression analysis.

Variable P

HMGB1 .9439

Logistic regression analysis was performed to identify the factors related to the
presence of NET and Cit-H3 in the bloodstream. Only “the presence of bacteria
in tracheal aspirate” (+) at the time of intubation was a significant factor
associated with the presence of NET and Cit-H3 (p=.0112). NETs: neutrophil
extracellular traps, Cit-H3: citrullinated histone H3, SIRS: systemic inflammatory
response syndrome, cf-DNA: circulating free DNA, WBC: white blood cell, IL:
interleukin, TNF: tumor necrosis factor, HMGB1: high mobility group box-1.
doi:10.1371/journal.pone.0111755.t004

transported to the hospital immediately after the onset of the
condition, and there was no potential risk of infection on
admission; this may explain why NETs and Cit-H3 were not
detected in these patients.

Intriguingly, a high percentage (62.5%) of patients with CPA
exhibited circulating NETs and/or Cit-H3. Acute poisoning, brain
stroke, and heat stroke are clinical conditions that can cause
disturbance of consciousness, which may induce aspiration. Adnet
and Baud demonstrated that the risk of aspiration increases with
the degree of unconsciousness (as measured by the Glasgow Coma
Scale [GCS]) [32]. In the present study population, the GGS score
on admission was significantly lower in the BTA (+) group than in
the BTA (—) group (4 [IQR, 3-10.75] vs 13 [IQR, 7-14]; p<<.01).
Except for the infected patient group, the patients who exhibited
NETs and/or Cit-H3 in their blood had a significantly lower GCS
score on admission (p =.0418). We therefore investigated whether
“the presence of bacteria in tracheal aspirate”, which was
represented as part of aspiration and as the presumable preclinical
stage of manifested infection, was associated with the presence of
NETs and/or Cit-H3, and found a significant association {odds
ratio for aspiration, 5.750) (Tables 3-5). Bacteria drawn into the
respiratory tract can induce epithelial injury, which provides an
opportunity for bacterial translocation as well as leukocyte
transmigration until completion of epithelial repair [33,34].
Concomitance of acid aspiration under impaired consciousness
additionally enhances bacterial adherence to the epithelium [35].
Injured airway epithelium produces cytokines including IL-8 and
alarmins such as HMGBI, both of which are representative
inducers for NETs [36-39]. Next, bacteria and inflammatory

and/or citrullinated histone H3.
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mediators infiltrating into the interstitial space secondary to
epithelial injury will affect the endothelial integrity [40]. The
presence of NETs in sputum following aspiration, a phenomenon
that we reported previously [24], suggests breakdown of the
epithelial barrier that is induced by local inflammation through
direct contact between aspirated bacteria and epithelium or
through activation of resident immune cells such as macrophages
in the respiratory tract [41]. Such epithelial breakdown would
allow influx of pathogens, pathogen-associated molecular patterns,
cytokines, chemokines, and alarmins from the lumen of the
respiratory tract into the circulation. These materials might
stimulate the production of NETs intravenously to inhibit systemic
invasion of bacteria. We assumed that NETs are induced in the
respiratory tract to suppress bacterial dissemination leading to
pneumonia and in the vessels to inhibit bacteremia against the
invasion of bacteria into the blood and that even such colonization
of bacteria in the respiratory tract could trigger citrullination of
histone H3 to produce NETs in blood. Single logistic regression
analyses of whether infection and/or BTA (+) were associated with
the presence of NETs and/or Cit-H3 produced an odds ratio of
7.312 (Table S3). These results suggest that induction of NETs
systemically through the citrullination of histone H3 in blood
maybe an initial response for protection against bacterial
dissemination from latent respiratory infection.

Some researchers consider cf-DNA to be equivalent to NETs in
the blood [15,16]. However, our results showed that the
occurrence rate of NETs and/or Cit-H3 was not significantly
associated with cf-DNA concentration (p=.6025) (Table 3).
Although the number of patients was different due to sample
limitations, additional analysis by MPO-DNA ELISA (Data S1)
was also performed. As a result, there was no difference in the
values between the group positive for (0.076 [IQR, 0.067-0.100];
n=38) and the group negative for NET and/or citrullinated
histone H3 (0.078 [1QR, 0.070-0.111]; n=26). We reported
recently that in patients with an acute respiratory infection, NET's
became fragmented during recovery from infection [24], suggest-
ing that NETs should also be digested in the blood with time. Our
method using blood smear samples cannot detect NETs that
harbor inside vessels or that are already degraded, whereas the
method based on MPO-DNA ELISA might also measure
neutrophil DNA fragments derived from necrosis or apoptosis
and cannot detect NET's that are not truncated from the cell body.
We consider that at the early phase of critical illness, i.e., when the
production of NETs is just starting, the morphological approach
has an advantage in being able to detect NETs that are still
anchored to the cell body, in conjunction with the merit that
identification of citrullination of histone H3 is possible at a stage
prior to the release of NETs.

HMGBI is a nuclear protein present in the nucleus of all
nucleated cells. HMGBI binds to DNA and acts as an
inflammatory mediator once it is released extracellularly [42,43].
In this study, HMGBI1 was significantly higher in SIRS patients

Table 5. Results of multiple logistic regression analysis of factors associated with the presence of neutrophil extracellular traps

doi:10.1371/journal.pone.0111755.t005
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Coeff (§) P OR

Lower Upper

Two methods of multiple regression analysis, backward and forward regression, yielded similar models. “The presence of bacteria in tracheal aspirate” was the only
factor that was significantly related to the presence of neutrophil extracellular traps and/or citrullinated histone H3 in the bloodstream. The odds ratio for aspiration was
5.750. Coeff (B): coefficient; OR: odds ratio, Lower: lower level of 95% confidence interval, Upper: upper level of 95% confidence interval.
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than in non-SIRS patients (Table 52). Unexpectedly, however,
HMGB! was not a significant factor associated with the presence
of NETs and/or Cit-H3 (Tables 3--5). NETs contain HMGBI
[44], and one possibility is that HMGBI binding to NETs is not
reflected in the amount of circulating HMGB! measured by
ELISA.

Although IL-8 and TNF-o are considered stimulatory factors
that induce NET formation [14,39,45], they were not associated
with the presence of NETs and/or Cit-H3 in this study (Tables 3-
5). This negative result suggest the presence of an unknown
complex regulatory mechanism for the production of NETSs in
vivo.

As limitations of this study, first, the sample size was small,
and the patients were very heterogencous. Second, we
evaluated the presence of NETs and Cit-H3 and the associated
factors in the bloodstream of critically ill patients only at
admission. It should be investigated in the future how NET's are
processed after the induction of NETosis in the circulation. It is
presumable that NETs could be degraded by DNase, and the
fragments would contribute partially to the formation of cf-
DNA. Third, we did not rigorously quantify the amount of
NETs and Cit-H3. The possibility of the degradation of NETs
and the difficulty in detecting NETSs, which are anchored in the
vessels, might lead to underestimation of the presence of NET's
in our method using blood smear samples. Further study is
required to establish finer methods of quantification. We hope
that future clucidation of the biological significance of NET's
will lead to new strategics to treat critical illness by monitoring
NET formation in blood.

Conclusions

The presence of NETs and Cit-H3 identified
immunocytochemically in the bloodstrcam of a subset of
critically ill patients. “The presence of bacteria in tracheal
aspirate’” may be one important factor related to the presence
of circulating NETs. NETs may play a pivotal role in
biological defense in the bloodstream of infected and
potentially infected patients.

were

Supporting Information

Figure S1 Representative images of immunostaining of
isolated neutrophils that underwent drying and freezing
steps before fixation. We tricd to evaluate the influence of
drying and freezing steps preceding paraformaldehyde fixation on
the induction of NETs or citrullination of histone H3 in smear
samples. For this, neutrophils separated by density gradient
centrifugation from whole blood of a healthy donor were smeared
on glass slides, dried, and frozen before fixation. At least through
this method, the presence of NETs or citrullinated histone H3 was
not identified in immunostaining. Blue, Hoechst 33342; Red,
histone H3; Green, citrullinated histone H3 (left panels) or
neutrophil elastase (right panels) (Magnification x400). Scale bar;
50 pm.

(TIF)

Figure S2 Representative images of immunostaining
for the negative control study using isotype control
antibodies. To ensure accuracy for the immunoreactivity of
primary antibodies against blood smear samples, whole mouse and
rabbit IgG were used instead of primary antibodies in the
immunostaining procedure. This control study resulted in negative
signals for histone H3 and citrullinated histone H3. Blue, 4',6-
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diamidino-2-phenylindole  (DAPI); Red, histone H3; Green,
citrullinated histone H3. (Magnification x200). Scale bar; 50 pm.
(T1E)

Figure 83 Representative images of immunostaining to
detect citrullinated histone H3 (left panels) and neutro-
phil extracellular traps (NETs) (right panels) in the
neutrophils from a healthy donor stimulated by phorbol
myristate acetate. Neutrophils were isolated by density
gradient centrifugation from the whole blood of a healthy donor
and stimulated by phorbol myristate acetate. Citrullinated histone
H3 and NETs were detected by immunohistochemistry using the
same antibodies that were used against the smear samples
collected from the critically ill patients. Blue, Hoechst 33342;
Red, histone H3; Green, citrullinated histone H3 (left panels) or
neutrophil elastase (right panels). (Magnification x400). Scale bar;
50 pm.

(TIF)

Figure S4 Representative images of immunostaining to
detect neutrophil extracellular traps (NETs) in the
blood smear from a critically ill patient. The presence
of circulating NETs was confirmed by immunohistochemistry
using anti-neutrophil elastase antibody. String-like structures
extending from the cell body (arrowhcads) were composed of
DNA and histone, and they contained neutrophil elastase. Blue,
4 6-diamidino-2-phenylindole (DAPI); Red, histone H1; Green,
Neutrophil elastase. (Magnification x400). Scale bar; 50 um.

(T1E)

Figure S5 Diff-Quik staining of a blood smear sample
from the critically ill patient. Difl-Quik staining confirmed a
subpopulation of cells other than neutrophils. (Magnification
x400). Scale bar; 50 um.

(TIF)

Table 81 Comparison between patients presenting
with and without ‘“the presence of bacteria in tracheal
aspirate’’. In patients classified into two groups based on the
presence or absence of bacteria in tracheal aspirate, the rate of
occurrence of NETs and/or Cit-H3 was significantly higher in
“the presence of bacteria in tracheal aspirate” group (11/22,
50.0%) than in “the absence of bacteria in tracheal aspirate”
group (4727, 14.8%) (p<.01). Continuous variables are
presented as the median and IQR unless otherwise noted.
The Wilcoxon rank-sum test and Pecarson’s chi-square test were
used to compare the two patient groups. NETs: neutrophil
extracellular traps, Cit-H3: citrullinated histone H3, IQR:
interquartile range, APACHE: Acute Physiological And
Chronic Health Evaluation, SOFA: Sequential Organ Failure
Assessment, SIRS: systemic inflammatory response syndrome,
WBC: white blood cell, IL: interleukin, TNF: tumor necrosis
factor, cf-DNA: circulating free DNA, HMGB1: high mobility
group box-1.

(DOCX)

Table S2 Comparison between patients with and
without systemic inflammatory response syndrome.
In patients with SIRS on admission, there was a trend toward
greater expression of NETs and/or Cit-H3 (p=.079). Contin-
uous variables are presented as the median and IQR unless
otherwise noted. The Wilcoxon rank-sum test and Pearson’s chi-
square test were used to compare the two patient groups. NETs:
neutrophil extracellular traps, Cit-H3: citrullinated histone H3,
IQR: interquartile range, APACHE: Acute Physiological And
Chronic Health Evaluation, SOFA: Sequential Organ Failure
Assessment, SIRS: systemic inflammatory response syndrome,
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WBC: white blood cell, IL: interleukin, TNF: tumor necrosis
factor, ¢f-DNA: circulating free DNA, HMGB1: high mobility
group box-1.

(DOCX)

Table S3 Results of single logistic regression analysis of
factors associated with the presence of neutrophil
extracellular traps and/or citrullinated histone H3
according to the presence of infection and/or ‘the
presence of bacteria in tracheal aspirate®. Single logistic
regression analyses of whether infection and/or “the presence of
bacteria in tracheal aspirate” were associated with the presence of
NETs and/or Cit-H3 produced an odds ratio of 7.312. Coeff (B):
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Bio-hybrid artificial organs are an attractive concept to restore organ function through precise biological
cooperation with surrounding tissues in vivo. However, in bio-hybrid artificial organs, an artificial organ
with fibrous connective tissues, including muscles, tendons and ligaments, has not been developed. Here, we
have enveloped with embryonic dental follicle tissue around a HA-coated dental implant, and transplanted
into the lower first molar region of a murine tooth-loss model. We successfully developed a novel fibrous
connected tooth implant using a HA-coated dental implant and dental follicle stem cells as a bio-hybrid
organ. This bio-hybrid implant restored physiological functions, including bone remodelling, regeneration
of severe bone-defect and responsiveness to noxious stimuli, through regeneration with periodontal tissues,
such as periodontal ligament and cementum. Thus, this study represents the potential for a next-generation
bio-hybrid implant for tooth loss as a future bio-hybrid artificial organ replacement therapy.

Alternative therapies using artificial organs represent an approach to partially support organ function

in vivo, but they presently are not able to entirely replace organ function®. A bio-hybrid artificial organ is
an attractive concept to restore organ function through precise biological cooperation with surrounding tissues in
vivo™. In the blood circulatory system, physical functions including pumping and filtration have been conven-
tionally substituted using ventricular assist devices and ex vivo dialysis systems for heart and kidney failure,
respectively™*. In sensory organ dysfunction, bio-hybrid artificial eyes and cochlear implants have aided in the
functional restoration of visual impairment and hearing loss, respectively, via afferent neural transmission to the
central nervous system (CNS)>*. A bio-hybrid artificial arm that is operated by efferent neural control from
the CNS has also been developed as a bio-hybrid organ for irreversible arm loss’. In the skeletal system, artificial
joints have achieved osseo-integration with bone tissue and have contributed to the support of mechanical
loading®. Fibrous connective tissues, including muscles, tendons and ligaments, play important roles in exerting
biological organ functions, such as tight connectivity, proper flexibility, mobility and resistance against mech-
anical stimulations®. However, in bio-hybrid artificial organs, a fibrous connective artificial organ has not been
structurally and functionally established, and further technological improvements are required to achieve fully
functional cooperation between an artificial organ and the surrounding tissues™®.

O rgan functions are achieved via biological cooperation with surrounding tissues and other organs'.
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Organs, including eyes, joints and teeth, are connected to sur-
rounding tissues via fibrous connective tissues so that they can effi-
ciently perform their biological functions’. The periodontal ligament
(PDL), which is developed from the dental follicle in tooth germ, is
one of the fibrous connective tissues between the tooth-root and the
jawbone'®. The PDL plays essential physiological roles in the absorp-
tion of occlusal loading and orthodontic tooth movement accom-
panied by bone remodelling, and it contributes to the functional
cooperation among the teeth, masticatory muscles and temporo-
mandibular joint under the control of the CNS'"*2. After tooth loss
as a result of dental disorders such as caries, periodontal disease or
injury, tooth restoration is traditionally performed by replacement
with artificial material, such as fixed or removable dentures'*'*. In
addition, an osseo-integrated dental implant that directly connects
with the alveolar bone independent of the PDL has been widely
applied for the rehabilitation of tooth loss'>'s. However, current
dental implants are not adaptable to patients in the process of jaw-
bone growth and to those patients with severe bone defects'"'°. It has
been therefore expected to develop a fully functional dental implant
that satisfies physiological and functional requirements, including
bone remodelling, cooperation with the maxillofacial region and
sensing of noxious stimulation through connection with a bioengi-
neered PDL as a fibrous connected bio-hybrid organ'”'®.

Regenerative medicine, which developed due to our understand-
ing of embryonic development, stem cell biology and tissue engin-
eering technologies, is an attractive concept to restore organ
function'®'. Stem cell transplantation therapies have been
developed to restore the partial loss of organ functions by replacing
hematopoietic stem cells in leukaemia® and neural stem cells in
spinal injury®. Bioengineered two-dimensional tissues have also
been used to efficiently repair diseases such as severe burn, corneal
injury and myocardial infarction****. Recently, advances in 3D stem
cell manipulation and culturing have been used to understand cell
differentiation, cell assembly and multicellular tissue organisation,
providing capabilities beyond those of 2D cell cultures'>*. It is
expected to further develop medical innovations using stem cells that
can regenerate for severe disorders such as extensive tissue injury or
organ dysfunction'**®. To develop a novel bio-hybrid artificial organ
that can perform all of the biological organ functions in vivo, regen-
erative medicine technologies using stem cells and culture could
improve the functions of several artificial organs™?*.

In this study, we developed a novel fibrous connected tooth
implant using a dental implant and dental follicle stem cells as a
bio-hybrid organ. The bio-hybrid implant restored physiological
functions, including bone remodelling, regeneration of critical
bone-defect and responsiveness to noxious stimulations, through
regeneration with periodontal tissues, such as cementum, PDL and
alveolar bone. Thus, this study highlights the potential of a next-
generation bio-hybrid implant for treating tooth loss as a future
bio-hybrid artificial organ replacement therapy.

Results

Periodontal tissue formation on an artificial material using dental
follicle tissue. To identify cell sources to regenerate periodontal
tissue on an artificial material, a particle of hydroxyapatite (HA),
we first investigated whether dental tissues isolated from several
tooth developmental stages have the potential to form correct
periodontal tissues, including cementum, PDL and alveolar bone,
on the HA particle in a subrenal capsule in vivo (Supplementary
Fig. 1la, b and Fig. la). The transplantation of a dental mesen-
chymal tissue isolated from the tooth germ at embryonic day (ED)
14.5 formed bone around the HA particle. Incomplete periodontal
tissues with bone and PDL-like fibres, but not cementum, formed
around the HA particle after transplantation with dental follicle
tissues isolated from tooth germ at postnatal day (PD) 7 and PDL
isolated from a mature tooth at PD35 (Supplementary Fig. 1¢). Only

dental follicle tissue at ED18.5 was able to form the entirely correct
periodontal tissue, including cementum, PDL and alveolar bone, on
the HA surface. We further analysed the gene expression patterns
associated with periodontal tissue during the each developmental
stage (Supplementary Fig. 2a). A multi-layered gene expression
profile, including F-spondin, Periostin and Osteocalcin, which are
the markers for cementoblasts, PDL cells and osteoblasts®,
respectively, was observed in the inner, middle and outer layers,
respectively, of dental follicle tissue at ED18.5; the only stage that
was able to generate the correct periodontal structure compared with
dental tissues from other developmental stages® (Fig. 1b, ¢ and
Supplementary Fig. 2a, b). These results indicated that ED18.5
tooth germ-derived dental follicle tissue (ED18.5-DF) is a suitable
cell source to generate periodontal tissues, including cementum, PDL
and alveolar bone.

Transplantation of a bio-hybrid implant into a tooth loss region.
We next investigated whether a dental titanium implant in combi-
nation with ED18.5-DF could serve as a bio-hybrid implant with
periodontal tissue after engraftment in a tooth loss-region in the
adult mouse oral environment (Fig. 1a). To adhere the ED18.5-DF
to the implant and promote cementum formation, HA sputter
deposition was performed to impart biocompatibility and osteoin-
ductivity’ and to form a rough structure on the titanium implant
surface” (Fig. 1d). The implant was enveloped with ED18.5-DF
in the correct orientation of the multi-layered DF (Fig. le)
and transplanted into the lower first molar region of a murine
tooth-loss model®® (Supplementary Fig. 3a, b). Micro-CT and histo-
chemical analyses revealed alveolar bone formation around the
implant, referred to osseo-integration, at 30 days after transplan-
tation of the HA-coated implant alone (Fig. 1f, g). In contrast, in
the engrafted implant with ED18.5-DF (bio-hybrid implant), the
periodontal ligament space and correct periodontal tissue structure
consisting of cementum, PDL and alveolar bone were observed on
the HA-coated implant (Fig. 1f, g). The PDL fibre structure of the
engrafted bio-hybrid implant, which was comprised of transverse
collagen fibres and longitudinal elastin fibres, was equivalent to a
natural molar tooth (Fig. 1g and Supplementary Fig. 4a, b). The
width of the formed PDL around the bio-hybrid implant was
clearly detected and comparable to that of a natural tooth
(Fig. 1h). After transplantation of bio-hybrid implant with green
fluorescence protein (GFP)-transgenic mouse-derived ED18.5-DF,
green fluorescence was clearly detectable around the implant at 30
days after transplantation (Fig. 1i and Supplementary Fig. 4c). These
results indicate that the HA-coated implant with ED18.5-DF was
able to generate periodontal tissues and could be a bio-hybrid
implant as a fibrous connective artificial organ.

Structural analysis of the periodontal tissue in the bio-hybrid
implant. Periodontal tissue plays important roles in cooperating
with the maxillofacial region through the connection with fibre
structures in the PDL'“'>. Thus, we used electro mapping to
analyse the ultrastructure of the periodontal ligament on the
implant with ED18.5-DF and bone matrices. Although the osseo-
integrated implant directly connected to the surrounding alveolar
bone, the engrafted bio-hybrid implant showed that the PDL fibre
was connected to the implant surface by scanning electron micros-
copy (SEM) analysis (Fig. 2a). Transmission electron microscopy
(TEM) analysis revealed the correct cementum formation on the
surface of the bio-hybrid implant and an invasion of Sharpey’s
fibre into the cementum of the bio-hybrid implant (Fig. 2b, c).
Electron probe micro analysis revealed that in the region of the
periodontal tissues of both a natural tooth and a bio-hybrid
implant, specific elements of hard tissue, such as calcium (Ca; red)
and phosphorus (P; green), were detected at high concentrations in
the region of cementum and alveolar bone, but not in the PDL region
(EPMA; Fig. 2d, e and Supplementary Fig. 5). These results
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Figure 1 | Engraftment of a bio-hybrid implant in a tooth loss model. (a) Schematic representation of the generative technology of bio-hybrid implant.
(Drawings by C.T.). (b) Photographs of ED18.5 tooth germ (upper) and isolated dental follicle tissue (lower). Scale bar, 100 pm. (c) Layer arrangement
indicated by in situ hybridisation analysis for the expression patterns of F-spondin (red), Periostin (green) and Osteocalcin (blue) in ED18.5 dental follicle
tissue. Scale bar, 100 pum. (d) Photographs (left) and surface analysis (right) of titanium implant and HA implant using SEM. Scale bar, 500 pm and
1.0 um in the photographs and SEM images, respectively. (e) Merged images of a bio-hybrid dental implant using ED18.5 dental follicles isolated from
GFP transgenic mice (upper, sagittal view; lower, horizontal view). Scale bar, 500 pm. (f) Micro-CT images of an osseo-integrated implant and a bio-
hybrid implant to in sagittal section (left, centre) and horizontal section (right) at transplantation period of Day 0 and Day 30. Bio-hybrid implant images
were observed in the periodontal ligament space (arrowhead). Scale bar, 500 um. (g) Histological analysis of a natural tooth (upper), an engrafted osseo-
integrated implant (middle) and an engrafted bio-hybrid implant (lower) at 30 days post-transplantation was performed. HE, Azan, and Resorcin-Fuschin
staining are shown. Scale bar, 500 pm in the lower magnification (left colummn) and 50 pm in the higher magnification (centre-left, centre-right and right
colummn). D, dentin; C, cementum; AB, alveolar bone; PDL, periodontal ligament; Imp, implant. (h) Measurement of the width of periodontal ligament
area. The periodontal ligament was not detected in osseo-integrated implants at 30 days post-transplantation. N, natural tooth; O, osseo-integrated
implant; B, bio-hybrid implant; N.D., Not detected. Error bars represent the standard deviation (n = 5). *p < 0.05, **p < 0.01 (Mann-Whitney U-test).
(i) Photograph of a bio-hybrid implant using ED18.5 dental follicles isolated from GFP transgenic mice at 30 days post-transplantation. Arrowhead, bio-
hybrid implant. Scale bar, 500 pum.

SCIENTIFIC REPORTS | 4 : 6044 | DOI: 10.1038/srep06044 3

244



d
2 SEMimage Higher magpnification Ti Tooth PDL_ _AB Ca
: W = e i = 320
- % o
]
= 240
B = +
5 8
© ——
Z g 160 1 4
: 2
o
z
a 80 +
Ef
o
2 S
o Ca *
al
E
2
:
o

b

Bio-hybrid imp

Tooth PDL AB
—>—pt—>

7 !"” r,l.’

Natural tooth

Osseo imp

Bio-hybrid imp

Figure 2 | Structural analyses of a periodontal tissue in the bio-hybrid implant. (a) Scanning electron microscopic (SEM) images of natural tooth
(upper), the engrafted osseo-integrated implant (middle) and the engrafted bio-hybrid implant (lower) at 30 days post transplantation was performed.
Scale bar, 20 pm and 1.0 pm in the lower and higher magnification, respectively. D, dentin; AB, alveolar bone; PDL, periodontal ligament; Imp, implant.
(b and ¢) Transmission electron microscopic (TEM) observation of a natural tooth (leff) and the engrafted bio-hybrid implant (right). Formation of
lamellar cementum (b, arrowhead) and invasion of Sharpey’s fibres into the cementum (c, arrowhead). Scale bar, 500 nm. C, cementum; PDL,
periodontal ligament. (d) Amounts of calcium (Ca, red), phosphorus (P, green), and titanium (Ti, blue) in a natural tooth (top), the engrafted osseo-
integrated implant (middle) and the engrafted bio-hybrid implant (bottom), as determined by SEM. The amounts of elements were measured in the area
between dotted lines. AB, alveolar bone; PDL, periodontal ligament; Imp, implant. (e) Elemental mapping superposition of the natural tooth (fop), osseo-
integrated implant (middle) and bio-hybrid implant (bottom). Calcium (Ca, red), phosphorus (P, green), titanium (Ti, blue) and merged images are
shown. AB, alveolar bone; PDL, periodontal ligament; Imp, implant.
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demonstrated that the engrafted bio-hybrid implant formed the
correct periodontal tissue architecture on the implant surface and
the proper fibrous structural connections were formed.

Functional analysis of the periodontal ligament and nerve fibres
of the bio-hybrid implant. It has been postulated that a fibrous
connective artificial implant functioning as a bio-hybrid organ
could be achieved by fulfilling critical functions in the oral
environment, such as the cooperation of the bio-hybrid implant
with the oral and maxillofacial regions through the PDL*". There-
fore, we investigated whether an engrafted bio-hybrid implant could
restore physiological periodontal functions, specifically the response
to mechanical stress and the ability to perceive noxious stimulations
in vivo. When we analysed the orthodontic movement using a
mechanical force in an experimental tooth movement model, the
bio-hybrid implant moved in a similar manner to natural teeth in
response to orthodontic force (Fig. 3a, b). During experimental tooth
movement, colony-stimulating factor-1 (Csf-1) mRNA-positive
cells, which were used as a marker of osteoclastogenesis, and
osteocalcin (Ocn) mRNA-positive osteoblasts were observed on the
compression and tension sides, respectively”>*** (Fig. 3c). These
results demonstrate that the PDL of the bio-hybrid implant
successfully mediates bone remodelling via the proper localisation
of osteoclasts and osteoblasts in response to mechanical stress and
that the implant represents a fibrous connective bio-hybrid implant.
The ability to perceive noxious stimulation, including mechanical
stress and pain, are important for proper tooth function®.
Trigeminal ganglional neurons, which innervate the pulp and PDL,
can respond to these stimuli and transduce signals to the CNS. Anti-
neurofilament (NF)-immunoreactive nerve fibres were detected in
the PDL of the engrafted bio-hybrid implant (Fig. 3d). C-Fos immu-
noreactive neurons, which are detectable in the superficial layers of
the medullary dorsal horn following noxious mechanical and chem-
ical stimulation of the intraoral receptive fields, were dramatically
increased in both the natural tooth and the bio-hybrid implant at
2 hours after orthodontic treatment (Fig. 3e). These results indicate
that the engrafted bio-hybrid implant restored the ability to perceive
noxious stimulation in cooperation with the maxillofacial region.

Regeneration of a vertical bone defect by transplantation of a bio-
hybrid implant. The PDL plays an important role in maintaining the
height and volume of the surrounding alveolar bone. Thus, tooth
root fracture and periodontal disease are known to cause
significant alveolar bone resorption®. Alveolar bone resorption
resulting from dental diseases, which is often the most drastic in
the buccal alveolar bone, makes it difficult to insert conventional
dental implants without using bone regenerative approaches®.
Finally, we investigated whether transplantation of the bio-hybrid
implant could regenerate not only the functional periodontal tissue
but also the surrounding alveolar bone of the recipient. To analyse
alveolar bone regeneration after implantation, we developed a critical
size bone defect model (3-wall bone defect model) that could not heal
spontaneously in the murine lower jaw. The defects were prepared by
extracting the lower first molar and then removing the buccal
alveolar bone in the lower first molar region (Fig. 4a, b and
Supplementary Fig. 6a). When the bio-hybrid implant was
transplanted into this bone defect, vertical bone formation was
observed from the marginal bone of the recipient at 14 days after
transplantation, and the bone recovered almost completely with
periodontal ligament space at 50 days after transplantation (Fig. 4c
and Supplementary Fig. 6b). The regenerative bone area after
transplantation of the bio-hybrid implant (Bio) significantly
increased compared with a no transplant control (bone defect; BD)
and a transplantation of osseo-integrated implant (OS) (BD; 57.9 +
6.5%, OS; 45.5 = 16.0%, Bio; 85.5 & 10.7%, respectively; Fig. 4d, e).
Clinically, the failure of dental implant therapy, including the loss or
vertical subsidence of the implant after treatment, causes

fundamental problems related to survival rates and subsequent
dental treatment®. After transplantation of an osseo-integrated
implant into the normal tooth loss region (OS), the subsidence of
the implant was not observed between 0 and 50 days post-implan-
tation (median: —0.04 mm, min: 0.00 mm, max: —0.05 mm).
However, transplantation of the osseo-integrated implant into the
3-wall bone defect model (OS in BD) resulted in the dramatic
subsidence of the implant (median: —0.69 mm, min: —0.25 mm,
max: —0.75 mm; Fig. 4f, g). In contrast, after transplantation of
the bio-hybrid implant into this bone defect model (Bio in BD),
the subsidence of the implant was significantly prevented (median:
—0.08 mm, min: 0.00 mm, max: —0.18 mm) compared with the
osseo-integrated implants (Fig. 4f, g). These findings indicate that
the PDL on the bio-hybrid implant regenerated the critical size bone
defect and that the surrounding bone recognised the bio-hybrid
implant as an artificial tooth that was equivalent to a natural tooth.
Therefore, these results indicate that the bio-hybrid implant is a
fibrous connective bio-hybrid organ that is fully functional in vivo.

Discussion

Here, we demonstrate the successful development of a bio-hybrid
implant by using dental follicle stem cells to generate an artificial bio-
hybrid organ with fibrous connective tissue (Fig. 5). This bio-hybrid
implant restored physiological tooth functions, such as the ability to
respond to mechanical stress and the ability to perceive noxious
mechanical stimulation. The periodontal ligament present on the
bio-hybrid implant also induced vertical bone recovery in a 3-wall
bone defect model. This study demonstrates the potential for a next
generation bio-hybrid implant for treating tooth loss.

Organs maintain the proper position and functionality in vivo
through their connections to surrounding tissues via fibrous con-
nective-tissues, including tendons, ligaments and muscles’. These
fibrous connections contribute to biological mobility, such as eye
and limb movements, and alleviate mechanical load by acting as
shock absorbers’. The PDL, which is the connective fibre bundle
penetrating into the cementum and alveolar bone'’, contributes to
biological tooth functions, including the reduction of excessive
occlusal loading and tooth movement, through bone remodelling'"*2.
Many dental implantology studies of tooth loss have attempted to
restore periodontal tissue structure, e.g., material-based approaches
that were incorporated into the subsidence mechanism as a shock
absorber"!, biochemical approaches coated by the PDL formation
inducible peptide** and tissue engineering approaches using the
periodontal ligament stem cells'**. However, these technologies
could not substitute and restore periodontal tissue functions'”'®. In
this study, the bio-hybrid implant connected to the surrounding
alveolar bone through the periodontal tissues including the peri-
odontal ligament with collagen fibre and cementum, but not osseo-
integration, on the artificial dental implant surface. The bio-hybrid
implant was responsive to mechanical stress through periodontal
functions, including bone remodelling. These findings represent a
significant advancement for the therapeutic concept of bio-hybrid
artificial organs, as the biological fibrous connection achieved fully
functional coalition of the artificial organ and living tissue.

The application of artificial organs for the substitution of dysfunc-
tional organs, such as artificial eyes, cochlear implants and artificial
arms, has been limited to a condition of peripheral nerves, muscles
and bone, which can be sufficient to achieve biological activity at the
dysfunctional site>®. To regenerate damaged tissues around the
transplantation site of artificial organ, bio-hybrid artificial organ
therapy combined with tissue-derived stem cells and multipotent
stem cells, including embryonic stem cells and induced pluripotent
stem cells, in required®. Tooth loss due to root fracture or peri-
odontal disease causes a large amount of alveolar bone resorption
in the vertical and horizontal dimensions, and conventional dental
therapies, including dental implant and autologous tooth trans-
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Figure 3 | Functional regeneration of a bio-hybrid implant. (a and b) Horizontal superposition of micro-CT images (leff) of the natural tooth (top),
osseo-integrated implant (middle) and bio-hybrid implant (bottom) at days 0 (red) and 14 days (green) of experimental orthodontic treatment. The
movement distances of tooth and both implants by orthodontic force were measured after experimental orthodontic treatment at days 0, 3, 7 and 14
(right). Data represent the mean = s.d.; n = 5 for natural tooth, osseo-integrated implant and bio-hybrid implant, respectively. (c) Sections of natural
tooth, osseo-integrated and bio-hybrid implants were analysed by in situ hybridization analysis for Ocn and Csf-1 mRNA at day 6 of orthodontic
treatment. Ocn mRNA-positive cells (arrowhead) and Csf-1 mRNA-positive cells (arrow) are indicated. Scale bar, 100 um. (d) Nerve fibres in the PDL of
the natural tooth (top), osseo-integrated implant (middle), and bio-hybrid implant (bottom) were analysed by immunohistochemistry using specific
antibodies for neurofilament (NF; green). Scale bar, 50 pm. D, dentin; AB, alveolar bone; PDL, periodontal ligament; Imp, implant. (e) Analysis of c-Fos
immunoreactive neurons in the medullary dorsal horns of mice after 0 hours (no stimulation, control; leff) and 2 hours of stimulation by orthodontic
force (right). c-Fos protein (arrowhead) was detectable after stimulation in the natural tooth (fop) and bio-hybrid implant (bottom). Scale bar, 100 um. T,
spinal trigeminal tract.
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