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ORIGINAL ARTICLE

A Novel Craniofacial Osteogenesis Distraction System
Enabling Control of Distraction Distance and Vector
for the Treatment of Syndromic Craniosynostosis

Shinji Kobayashi, MD,* Takeshi Nishiouri, MD,* Jiro Maegawa, MD,t
Takashi Hirakawa, DDS,# and Toshihiko Fukawa, DDS§

Background: Distraction osteogenesis is now an important clinical
tool in craniofacial surgery. However, controlling the distance and
vector of distraction in infants with syndromic craniosynostosis with
good repeatability is a task that still proves difficult today. We have
developed a new facial osteogenesis distraction system that combines
the advantages of external and internal distraction devices to enable
control of both the distraction distance and vector. This article de-
scribes the method and short-term results of this system.

Methods: Our distraction system uses both a conventional external
distraction device and a newly developed internal distraction device.
Postoperative control of the distraction vector is performed using the
external device, whereas control of distraction distance is done with
the adjustable-angle internal device. This system was used for 2
patients with Crouzon syndrome.

Results: The system enabled control of lengthening distance and
vector, and no complications occurred during the procedures.
Conclusions: We developed a facial distraction system leveraging
the advantages of external and internal distraction devices, which
we then used to successfully control both lengthening distance and
vector. The system would be particularly indicated in patients with
severe scarring due to multiple follow-up surgeries and in patients
requiring distraction of 20 mm or more.

Aligning the periorbital profile at S to 6 years old caused the
maxilla to rotate counterclockwise, and we consider that a procedure
combining Le Fort I osteotomy with Le Fort I and IT osteotomies is
required to prevent these rotations.

Key Words: Distraction osteogenesis, Le Fort III osteotomy,
syndromic craniosynostosis, Crouzon syndrome
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D istraction osteogenesis is now an important clinical tool in
craniofacial surgery since having first been used to lengthen the
human mandible." Distraction techniques have been applied exten-
sively to all components of the craniofacial skeleton, including syn-
dromic craniosynostosis. Different authors have successfully used a
variety of external and internal distraction systems to advance the
midface.™

However, controlling the distance and vector of distraction in
infants with syndromic craniosynostosis with good repeatability still
proves difficult.” This is mainly because in infants, significant over-
correction is usually required, and the inferior orbital rim (orbitale) and
point A distraction vectors are different. External and internal dis-
traction devices are currently used to address this problem. On one
hand, external distraction devices generally allow control and adjust-
ment of horizontal and vertical movements of the midface but can-
not deliver adequate distraction forces for lengthening, so that the
distraction distance is limited, and sufficient with good repeatability
facial overcorrection proves difficult.”® On the other hand, internal
distraction devices deliver a strong extrusion force but do not allow
control of the postfixation distraction vector.” To overcome the issues
of both devices, we have developed a new facial osteogenesis distrac-
tion system capable of controlling both distraction distance and vector,
and this article describes the method and short-term results of this
system.

METHODS

Our system uses both external and internal distraction devi-
ces. Externally, a conventional halo-type external distraction device
(RED System; Martin LP, Jacksonville, FL)® was used, whereas in-
ternally, a newly developed distraction device with a three-dimensional
adjustable angle to interlock with the halo-type distraction device was
used. The concept behind this system is to control the vector of post-
operative lengthening using the external distraction device and to
control the lengthening distance with the adjustable-angle internal
distraction device.

SURGICAL TECHNIQUE

The surgical procedure used to treat syndromic craniosynos-
tosis involved performing a Le Fort III osteotomy via a coronal inci-
sion of the scalp and driving a 2-mm Kirschner wire (K-wire) through
the zygomatic bones. After fixing the anterior portion of the adjust-
able-angle internal distraction device by inserting it into the K-wire,
the posterior portion of the device was then attached to the temporal
bone with screws. Meanwhile, a total of 4 left and right surgical wires
were used for traction of the external distraction device. The surgical
wires were attached to the external distraction device after being
passed through the mini plate attached to the inferior border of the
anterior nasal aperture and the transmaxillary K-wire. After the pro-
cedure, the distraction distance was controlled by advancing the
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FIGURE 1. A, Macxillary distraction technique with internal
and external devices is illustrated. The internal distraction
device has an adjustable angle, whereas the external
distraction device enables control of the distraction distance
via the surgical wires. B, The angle of the internal distraction
device's fixation position on the temporal bone can be altered
by 5 to 15 degrees.

midface using the adjustable-angle internal distraction device with the
K-wire as the axis, whereas the distraction vector was controlled using
the 4 left and right surgical wires attached to the external distraction
device (Figs. 1A, B). Immediately after distraction, the internal device
was left in place, and the external device was removed along with all of
the surgical wires. The internal device was subsequently removed after
a consolidation period of approximately 2 months. The internal dis-
traction device was simply removed after extracting the K-wire from
the stab incision on the each cheek and making a 5-cm temporal
incision. The removal took around 20 to 30 minutes because no cor-
onal incision of the scalp was required.

CLINICAL REPORTS

Patient 1

This patient was a 6-year-old boy with Crouzon syndrome
(Fig. 2). He had a bony and cartilaginous deviated nose. A defi-
ciency of 15 mm at the incisors was measured by cephalometric
analysis. The patient was taken to the operating room for Le Fort 111
osteotomy and placement of our systems. The fixation points of the
internal devices for this system were the body of the zygoma ante-
riorly and the temporal bone posteriorly (Fig. 3). Distraction was
initiated on postoperative day 5, and midface advancement was
performed at a rate of 1 mm/d to achieve advancement of 15 mm at

FIGURE 2. A 6-year-old boy with Crouzon syndrome seen
preoperatively. He shows severe maxillary retrusion and a class
Il soft tissue profile.

© 2012 Mutaz B. Habal, MD

FIGURE 3. Note the position of the rigid external and
internal distraction devices. Lengthening was performed by
adjusting the internal distraction device’s retroauricular shaft
portion with a screwdriver and the external distraction device.

the occlusal plane. Then, additional advancement of 13 mm to
overcorrect the maxillary position was performed.

Two months after the operation, the internal devices were
removed. The patient’s profile is shown approximately 6 months
after the operation (Fig. 4). The patient’s petiorbital profile including
the inferior orbital rim (orbitale) was good, but there was anti-
clockwise rotation of the maxilla (Figs. 4 and 5).

Patient 2

This patient was an 8-year-old girl with Crouzon syndrome.
She had mental retardation. She underwent Le Fort I osteotomy
and application of our systems for the correction of midfacial
retrusion (Fig. 6). The fixation points of the internal devices for this
system were the body of the zygoma anteriorly and the temporal
bone posteriorly (Fig. 7). After a 5-day latency period, anterior
distraction was performed at a rate of 1 mm/d for 25 days to over-
correct the maxillary position. Two months after the operation, the
internal devices were removed. The patient’s profile is shown ap-
proximately 6 months after the operation (Fig. 8). The patient’s
periorbital profile including the orbitale was good, but there was
anticlockwise rotation of the maxilla (Fig. 9).

DISCUSSION
Rachmiel et al'® and Staffenberg et al'' demonstrated the fea-
sibility of maxillary midface distraction in animals. The first human
craniofacial distraction was first reported in 1992 by McCarthy et al.'

FIGURE 4. Six months after the procedure. Note the
correction of the midface hypoplasia, reduced exorbitism,
and overall improvement in facial appearance with planned
overcorrection. Occlusion was rotated counterclockwise.
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FIGURE 5. Serial lateral cephalograms taken preoperatively
(A), at the end of the consolidation phase (B), and 6 months
after surgery (C).

FIGURE 6. An 8-year-old girl with Crouzon syndrome seen
preoperatively. She had mental retardation.

These authors successfully achieved mandibular hypoplasia. Sub-
sequuntly, midface distraction has been used for Le Fort I** and Le
Fort TII*'? level of advancements. However, controlling the distance
and vector of distraction in infants w1th syndromic craniosynostosis
with good repeatability is difficult.” We have developed a facial dis-
traction system leveraging the advantages of external and internal
distraction devices, which we then used to successfully control both
distraction distance and vector orientation.

Both external and internal distraction devices have their ad-
vantages and disadvantage&7 The advantage of external distraction
devices is that they enable the distraction vector to be controlled and
easy to attach and remove. On the other hand, a drawback of the
external device is that its distraction distance is generally limited,'?
although there is a good report that mean distraction was 26 mm.'*
From a psychologic perspective, it is recommended not to distract
to the final adult maxillary position, as suggested by others.' Instead,
because midface growth is not desirable in pediatric syndromic cra-
niosynostosis, overcorrection is essential, and the midface should
be advanced as much as possible.'®!”

FIGURE 7. Note the position of the ngld external and
internal distraction devices. Lengthening was performed by
adjusting the internal distraction device's retroauricular shaft
portion with a screwdriver and the external distraction device.

424

FIGURE 8. At 6 months after surgery Note the correction
of the midface hypoplasia, reduced exorbitism, and overall
improvement in facial appearance with planned
overcorrection. Occlusion was rotated counterclockwise.

Meanwhile, internal distraction devices do not permit control
of distraction vectors but do allow control of distraction distance and
are capable of delivering greater elongation than external devices by
way of posterior extrusion, thus enabling overcorrection in in-
fants."®!” Another benefit is that they are relatively inconspicuous
because they are implanted in the patient. On the other hand, at-
tachment of internal devices is more complex and time consuming
than that of their external counterparts, and deviations in the left and
right plates can cause facial asymmetry.'” Another disadvantage is
the need to typically perform a coronal incision of the scalp to remove
the device. Using biodegradable matenals in the attachment plates
is one means of resolving this problem.** The delicate suture of
zygomaticomaxillary sutures also means that fractures can occur in
infants during distraction. Although cases of rescue with external
distraction devices have been reported,” rescue is not possible using
conventional internal devices.

The present system was developed to overcome the above-
mentioned problems. The advantages of this system are that (1) it
can achieve a distraction distance of at least 25 to 30 mm, thereby
enabling overcorrection and, consequently, reducing the number of
procedures; (2) the internal distraction device with three-dimensional
adjustable angle enables postoperative control of distraction vectors
even if the plates are not attached symmetrically, and it can also be
applied in patients with congenital asymmetry; (3) anterior fixation
of the internal device is done with a K-wire so that no area of the
body of zygoma is required for fixation, and the device can be attached
even if the zygomatic bone is hypoplastic; (4) the external distraction
device can be removed immediately after completion of distraction
without the need for a consolidation period; (5) the trausmaxillary
K-wire can prevent fractures due to weak zygomaticomaxillary su-
tures; and (6) removal is straightforward without the need for a coro-
nal incision of the scalp. The system therefore has a number of

FIGURE 9. Serial lateral cephalograms taken preoperatively
(A), at the end of the consolidation phase (B), and 6 months
after surgery (C).
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advantages and can be indicated in virtually all forms of syndromic
craniosynostosis. We believe that it would be particularly well suited
for patients with severe scarring because of multiple follow-up sur-
geries and patients requiring distraction of 25 mm or more.

One issue that needs to be addressed in the future is that, when
overcorrection is performed in infants, the greater the distraction dis-
tance, the bigger the difference in the vectors of the orbitale and point
A becomes,'? making it difficult to set cephalometric targets. The
patients in the present study also exhibited counterclockwise rotation
of the maxilla and upward migration of point A further than was
desired because we gave priority to alignment of the periorbital pro-
file including the orbitale. We anticipate that the distraction distance
and vector of the orbital level and occlusal levels would also differ in
patients with short facial height typical of Apert syndrome. Resolv-
ing these issues requires a procedure integrating Le Fort I1I osteotomy
with Le Fort T and II osteotomies and/or a study of downward facial
rotation with the transmaxillary K-wire as the axis with a splint and
elastic traction. In the future, careful medium and long-term follow-up
of these patients is required.
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Despite the great demands for treating craniofacial injuries or
abnormalities, effective treatments are currently lacking. One
promising approach involves human elastic cartilage reconstruc-
tion using autologous stem/progenitor populations. Nevertheless,
definitive evidence of the presence of stem cells in human auricular
cartilage remains to be established. Here, we demonstrate that
human auricular perichondrium, which can be obtained via a
minimally invasive approach, harbors a unique cell population,
termed as cartilage stem/progenitor cells (CSPCs). The clonogenic
progeny of a single CD44" CD90™ CSPC displays a number of fea-
tures characteristic of stem cells. Highly chondrogenic CSPCs were
shown to reconstruct large (>2 cm) elastic cartilage after extended
expansion and differentiation. CSPC-derived cartilage was encap-
sulated by a perichondrium layer, which contains a CD44* CD90"
self-renewing stem/progenitor population and was maintained
without calcification or tumor formation even after 10 mo. This
is a unique report demonstrating the presence of stem cells in
auricular cartilage. Utilization of CSPCs will provide a promising
reconstructive material for treating craniofacial defects with suc-
cessful long-term tissue restoration.

stem cell identification | flow cytometry | cell transplantation |
regenerative medicine | plastic surgery

Craniofacial injuries and abnormalities affect millions of
patients worldwide, highlighting the need for novel thera-
peutic strategies (1). Conventional approaches to treat these
defects rely on reconstructive materials, such as autocartilage and
bone grafts or synthetic compounds (2-6). Collecting autologous
tissue, however, places a significant burden on donor sites, and
invariable absorption of the transplanted autografis often leads to
treatment failure (7, 8). Moreover, owing to the limited amount
of available autografts, severe craniofacial anomalies such as
Treacher Collins syndrome and Nager syndrome still remain in-
curable (9, 10). The implantation of synthetic materials is asso-
ciated with a number of potential complications, such as
inflammation, extrusion, calcification, and abnormal skin (5, 6).
To overcome these problems, many researchers have attempted
to reconstruct elastic cartilage using cell-based engineering
approaches that provide a sufﬁcxently large volume of recon-
structive material.

Several cell populations are potential sources for human elastic
cartilage reconstruction (11-14). Human auricular chondrocytes,
which is the only example already clinically applied, are highly
chondrogenic and can produce significant levels of cartilage
extracellular matrix (ECM). However, donor site morbidity is
commonly observed and, more importantly, poor tissue mainte-
nance remains a significant issue. It is expected that the use of
stem cells will address these issues, because self-renewing stem
cells can lead to permanent restoration of tissues characterized by
high and continuous self-renewal (15). Although bone marrow
mesenchymal stem cells (MSCs) were thought to be a promising
resource, their use was associated with many serious problems,
including low chondrogenic potential, vascularization, and min-
eralization (16, 17). Various tissue-derived MSCs, such as adi-
pose-derived stem cells, also do not produce enough cartilage

www.pnas.org/fcgi/doi/10.1073/pnas. 1109767108

ECM to support 3D structures (18-20). The identification of an
alternative source of stem cells with high chondrogenic potential
is crucial to realize elastic cartilage regenerative therapy.

Previous papers have suggested that some of the cells derived
from rabbit auricular (ear) perichondrium appear to be a stem or
progenitor population, on the basis of in vitro multidifferentia-
tion assays or label-retaining cell assays (21-23). However, con-
siderable heterogeneities between these studies have precluded
definitive evidence of stem cells in elastic cartilage, and the ther-
apeutic potency of these stem/progenitor cells toward cartilage
regenerative therapies remains to be determined. The goal of
the present study was to determine whether human auricular
perichondrium harbors cells with a stem cell character and to
develop cell-manipulation techniques for reconstructing larger
elastic cartilage with successful long-term tissue restoration
aimed at future clinical use. Here, we show that human auricular
perichondrium contains a promising stem/progenitor cell pop-
ulation. By combinations of newly identified stem cell markers, we
successfully isolated a clonal population of CD44* CD90* stem
cells from human auricular perichondrocytes, hereafter referred
to as cartilage stem/progenitor cells (CSPCs). CSPCs proliferate
robustly, show multiple differentiation capabilities, self-renew,
and participate in tissue reconstruction. Our layered culture
system enables CSPCs to efficiently differentiate into mature
chondrocytes. Subcutaneously (s.c.) injected human CSPC-
containing perichondrocytes reconstructed over 2 cm of elastic
cartilage, consisting both of perichondrium and chondrium layers,
and restored these structures without any ectopic tissue formation
even after 10 mo.

Results

Human Perichondrocytes Are Highly Proliferative. We hypothesized
that auricular perichondrium contains stem/progenitor cells that
are highly proliferative, are able to differentiate into multiple
lineages, can self-renew, and can contribute to tissue recon-
struction. To test this hypothesis, we performed experiments using
auricular cartilage remnants from microtia patients (Fig. 14 and
B). The patients included 19 males and 11 females, with a mean
age of 10.6 + 1.4 y (mean + SD). There were no significant dif-
ferences in the following experiments on the basis of their disease
classification or complication. Auricular cartilage remnants were
manually separated into the perichondrium layer, the interlayer,
and the chondrium layer (Fig. 1C and Fig. S1, Left). After digesting
each layer, the cells were cultured to yield perichondrocytes, in-
terlayer cells, and chondrocytes, respectively. To examine their
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Fig. 1. Isolation and cultivation of human perichondrocytes. (A and B) Gross

morphology and Alcian blue staining of auricular cartilage remnants from
microtia patients. (Scale bars, 4 mm and 200 pm.) (C) Separation of the
perichondrium layer from auricular cartilage. Separation was confirmed by
Alcian blue staining of the separated chondrium layer (C), interlayer (1), and
perichondrium layer (P) (also Fig. 51). (Scale bars, 200 pm.) (D) Clonal colony
formation using cells derived from each layer after 4 wk (Bottom) of culture.
Arrows indicate a single cell on day 1. (Scale bars, 500 pm.) (The figure is
a composite of multiple panels.) (£) The colony-forming efficiency of cells
derived from each layer. Each colony had to include more than 50 cells, Data
are shown as the mean + SD (n = 9). *P < 0.001. (F) Growth curves for cells
derived from each layer after 196 d of culture. Data are shown as the mean +
SD (n = 5). *P < 0.01. (G) Flow cytometry analysis of the expression of cell-
surface markers related to various stem cells on chondrocytes (Left) and
perichondrocytes (Right). Isotype control antibodies were used for control
samples (black dotted line). Perichondrocytes showed higher expression lev-
els of CD44 and CD90 than was observed for chondrocytes.

colony-forming capacities, we cultured cells at low density (52
cells/em?). After 4 wk, single perichondrocytes formed colonies
that contained over 50 cells (Fig. 1D). We then counted the sem-
iclonal colonies. Perichondrocytes, interlayer cells, and chon-
drocytes formed 23.9 + 4.5, 99 + 6.8, and 2.3 + 0.4 colonies,
respectively (Fig. 1E). These results show that perichondrocytes
possessed the highest clonogenicity.

Next, we analyzed the long-term proliferating capability to
determine the proliferative rates of perichondrocytes. Perichon-
drocytes morphologically resembled fibroblasts and maintained
this appearance after long-term culture (Fig. S1, Right). The
proliferation rate of perichondrocytes and chondrocytes was
determined from growth curves after 196 d of culture (Fig. 1F).
On the basis of the growth curves, the doubling time of peri-
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chondrocytes was calculated to be 2.6 d compared with 3.0 d for
chondrocytes. Thus, perichondrocytes contain highly expandable
clones and proliferate 13% faster than chondrocytes.

Cell-Surface Marker Characterization of Human Perichondrocytes. To
characterize the cell-surface marker profile of human CSPC
populations, we performed flow cytometry. The hematopoietic
stem cell markers CD34 and c-kit (CD117), and the MSC
markers CD44, CD73, CD90, CD105, CD133, CD140a, CD146,
and CD271 (24-28) were analyzed (Fig. 1G). Most marker
expressions of perichondrocytes were similar to that of chon-
drocytes. However, CD44 and CD90 expressions showed signif-
icant differences between them. Higher expressions of CD44 and
CD90 were observed in perichondrocytes compared with those
of chondrocytes (CD44, 58.8 + 8.6% and 35.4 x 7.3%; CDY0,
63.0 = 1.7% and 46.5 + 3.9%), indicating a potential candidate
for clonal isolation of stem cells.

In Vitro Elastic Cartilage Differentiation of Human Perichondrocytes.
It is crucial to obtain a highly chondrogenic population with
plenty of cartilage ECMs following in vitro cultivation before cell
transplantation into a lesion. To develop suitable culture con-
ditions for cell transplantation, we focused on the use of a lay-
ered culture system combined with several cytokines, which have
been shown to enhance hyaline cartilage regeneration in vitro
(29). Cultured human perichondrocytes were layered to differ-
entiate them into mature chondrocytes in the presence of bFGF
(basic fibroblast growth factor) and IGF1 (insulin-like growth
factor 1) (Fig. 24). The perichondrocytes gradually differenti-
ated into chondrocytes on the basis of the layering and began to
produce proteoglycan and type II collagen (Fig. 2B). Several
mucopolysaccharides were secreted from the perichondrocytes,
making the culture media viscous and matrix-like (Fig. 2 C and D
and Movie S1). This is important because high viscosity encour-
ages cells to stay near the site where transplanted.

Then, to quantify and compare the chondrogenic potential of
the perichondrocytes with that of chondrocytes, we performed
real-time PCR analysis of genes related to elastic cartilage dif-
ferentiation. Under differentiation conditions, we observed in-
creased expression of a number of chondrium markers, including
versican (CSPG2,4.2-fold), elastin (ELN, 9.6-fold), alpha 1 type II
collagen (COL2A1, 2.1-fold), and fibrillin 1 (FBNI, 17.2-fold),
whereas expression of the perichondrium marker alpha 1 type I
collagen (COLIAI) decreased to 0.18-fold of the original level
(Fig. 2E).

We also performed ELISAs to evaluate the secretion of elastic
cartilage ECM proteins. The concentrations of secreted ECM
proteins in perichondrocyte cultures under differentiation con-
ditions were 17.5 + 4.3 ug/mL proteoglycan, 235.6 & 19.9 pg/mL
elastin, and 61.8 + 7.5 pg/mL collagen. Surprisingly, similar
concentrations of secreted proteins were observed for chon-
drocytes (19.0 + 1.3, 234.0 + 16.3, and 55.8 + 4.9 pg/mL, re-
spectively), highlighting the high chondrogenic potential of the
perichondrocytes (Fig. 2F).

Human Perichondrocytes Reconstructed Elastic Cartilage Containing
Both Perichondrium and Chondrium Layers. Human perichon-
drocytes were expanded, subjected to cartilage differentiation
conditions, and s.c. injected into nonobese diabetic [(NOD)/
SCID] mice. We performed the same experiments with human
chondrocytes (Fig. 3 A-H). Histochemical analyses demon-
strated that perichondrocytes differentiated into mature chon-
drocytes and formed an elastic cartilage rich with proteoglycans
and elastic fibers (Fig. 3 /~0). Immunohistochemistry revealed
that regenerated cartilage contained a Col I capsule enveloping
a Col II'" chondrium layer (Fig. 3P). These results indicated that
perichondrocytes contain a putative stem/progenitor population
with regenerative capacity.

Elastic cartilage composed of two layers was maintained even
6 and 10 mo after perichondrocyte transplantation (Fig. S2 4-L).
During the growth and maturation period, it is generally ac-
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Fig. 2. Human perichondrium-derived cells show a highly chondrogenic
profile. (A) Schematic diagram of the layered culture system used for chon-
drogenic induction. (B) Cytochemistry staining of chondrocytes (Left) and
perichondrocytes (Right) after the cells were cultured in the layered system.
Perichondrocytes differentiated into chondrocytes that produced proteogly-
cans (Alcian blue) and type 1l coflagen (Col2, Green). (Scale bars, 200 pm.) (C
and D) Aspiration of untreated (C) and treated (D) culture media. The secre-
tion of several mucopolysaccharides from the perichondrocytes after layered
induction made the media viscous and matrix-like (Movie S1). (E) Real-time
PCR analyses of gene expression profiles related to elastic cartilage in chon-
drocytes (Left) and perichondrocytes (Right) after the cells were cultured in
the layered system. Data are shown as the mean + SD (n = 3). (F) ELISAs specific
for proteoglycans, elastic fibers (elastin), and collagen secretion from chon-
drocytes (Left) and perichondrocytes (Right) after the cells were cultured in
monolayers or a trilayered culture. Data are shown as the mean + SD (n = 3).

cepted that the cell density of the chondrium layer decreases
(30). Consistent with this, we found that the cell density de-
creased from 1.6 to 0.4 x 10° cells/mm? presumably due to cell
maturation (Fig. S2M). The dry weight of perichondrocyte-de-
rived cartilage is heavier than that of chondrocytes with statis-
tical significance (Fig. S2N). Fibrous tissue, blood vessels, bone,
or tumors did not develop during the 10-mo observation period.
In practical applications for congenital anomalies, larger elastic
cartilage should be reconstructed. To achieve this goal, we
transplanted larger volumes of perichondrocytes (injection vol-
ume = 3 mL; ~2 x 107 cells) after chondrogenic induction. After
2 mo, over 2 cm of elastic cartilage was generated (Fig. S34 and
Movie S2). Reconstructed tissue consisted of homogenously
distributed mature chondrocytes with plenty of cartilage ECMs
(Fig. S3B). These results are particularly striking, as we were able
to control the size of the reconstructed cartilage by adjusting the
injection volumes.

Transient Amplification and Transition to a Dormant State of CD44*
€D90* Cells. On the basis of FACS analyses, we investigated the
distribution of CD44* CD90* cells in primary or regenerated
tissues to characterize the putative stem cells. Immunohisto-
chemistry revealed that in primary auricular cartilage, a rare
population of CD44% CD90* cells specifically resided in the

Kobayashi et al.

Fig. 3. Tissue reconstitution capability of human perichondrocytes. (A and /)
Chondrocytes (Left) and perichondrocytes (Right) formed cartilage-like tis-
sues 3 mo after s.c. transplantation. (Scale bars, 1 mm.) (B and J) Hematoxylin/
eosin, (C, D, K, and L) Alcian blue, (€ and M) Toluidine blue, and (F and N)
Safranin O staining showed that the reconstructed tissue contained mature
chondrocytes in lacunae that produced high levels of proteoglycan. (G and 0)
Elastica Van Gieson staining showed that the reconstructed cartilage con-
tained elastic fibers. (H and P) Immunohistochemistry revealed that peri-
chondrocyte-derived cartilage (Right) contained type | collagen (Col1)*
capsules that enveloped a type Il collagen (Col2)* chondrium layer. (Scale
bars, 200 pm.)

perichondrium layer, but not in the chondrium layer (Fig. 44).
The ratio of CD44/CD90 double positive cells was 0.84 + 0.25%
in the perichondrium layer. For regenerated cartilage, CD44™"
CD90™ cells were retained in the perichondrium layer through-
out the 10 mo (Fig. 4B). Interestingly, the ratio of CD44"
CD90™ cells in the perichondrium was initially amplified up to
18.02 + 7.06% at 1 mo and then diminished to 0.62 + 0.05% at
10 mo, the same as observed in primary auricular cartilage
remnants (Fig. 4C). CD44 or CDY0 single positive cells also
experienced the same distributional change (Fig. 4D). These
distributional changes seemed to depict the transient amplifica-
tion of stem/progenitor cells at an initial state of tissue re-
generation and transition to a dormant state at a later phase.

Prospective isolation of Stem Cells from Human Auricular Peri-
chondrocytes. To provide definitive evidence of stem cells in the
auricular perichondrium, flow cytometry was used to fractionate
the perichondrocytes into four subpopulations on the basis of the
expression of CD44 and CD90 (Fig. 54). We then cultured the
cells from each fraction at low density (52 cells/em?) to identify
the fraction that contained the cells that efficiently formed clonal
colonies. After 21 d of culture, the CD44* CD90" cells clearly
formed the most colonies (Fig. 5 B and C). These data suggested
that both CD44 and CD90 were good cell-surface markers to
enrich the stem/progenitor cells.

Then, we attempted to culture single cells in each well of 96-
well plates, following clone sorting of cells on the basis of CD44/
CD90 expression. After 21 d, we counted the large colonies
(LCs > 100 cells), which potentially reflected a rapid rate of cell
proliferation. The results showed that CD44% CD90* cells dis-
played a significantly greater capacity to extensively expand than
was observed for CD44™ CD90™, CD44~ CD90*, or CD44™
CD90~ cells (Fig. 5D). Clones isolated from the CD44* CD90™
fraction most efficiently formed LCs (8.3 + 2.1%) comprising
several hundred cells. The CD44~ CD90* fraction-derived
clones were also capable of forming LCs (3.8 + 1.6%), but the
efficiency of LC formation was statistically lower (P < 0.05,n =
3). Far fewer LCs were grown from clones derived from the
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Fig. 4. Presence and retention of CD44" CD90™ cells in primary or regen-
erated perichondrium. (A) Rare population of cells in human primary au-
ricular perichondrium (Col I*) specifically express CD44/CD90. Arrows indicate
rare double positive cells existing in the outer perichondrium. (Scale bar, 50
pm.) (B) Immunohistochemical analyses of CD44 and (D90 showed appar-
ently distinct distributions at multiple time points (1, 6, and 10 mo). Double-
headed arrows show the perichondrium layers. (Scale bars, 100 ym.) (C and
D) Quantification of CD44* CD90* cells (C) or CD44* CD90~, CD44™ CD90Y,
and CD44~ CD90™ cells (D) in primary or regenerated perichondrium.

CD44" CD90~ subpopulation, whereas cells from the CD44~
CD90~ fraction formed no LCs.

The isolation and cultivation of definitive single-cell-derived
CD44™ CD90* cells enabled us to evaluate several criteria of
stem cells. We first examined multipotency using several sorted
clones. Compared with unipotential chondrocytes (Fig. 2B and
Fig. S44), all of the six isolated clones possessed chondrogenic,
adipogenic, and oseteogenic potential (Fig. S4B).

The identification of multipotent CD44% CD90™ stem cells
with high proliferative potential suggested that these cells could
provide a basis for the reconstruction of continuously self-
renewing elastic cartilage. To test this approach, we transplanted
clonally propagated CD44* CD90" cells. Three months after
transplantation, elastic cartilage containing both Coll* peri-
chondrium and Col IT* chondrium were generated. Cells in the
chondrium layer consisted of mature chondrocytes packed in
lacnae. Surprisingly, CD44™ CD90™" cells were retained in the
outer perichondrium layer, suggesting the presence of self-
renewing stem cells in the regenerated elastic cartilage.

Discussion

Despite the implications of stem cells in auricular perichondrium
from rabbit studies, no studies to date have identified a definitive
single-cell-derived stem cell population in elastic cartilage (21).
This is attributable to the low frequencies of highly clonogenic
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CD90

Fig. 5. Reconstruction of human elastic cartilage by a single CD44* CD90*
stem cell in the human auricular perichondrium. (A) Perichondrocytes were
fractionated via flow cytometry on the basis of the expression of CD44 and
CD90. The percentages of each subpopulation are shown. (B) Clonal colony
formation of CD44* CD90" cells. (The figure is a composite of multiple
panels.) (C) Macroscopic observation of clonal colonies derived from multi-
color sorted cells visualized using Giemsa staining. (D) Ability of sorted
perichondrocytes to form large colonies (LCs). The x axis shows the percen-
tages of cells that formed colonies. Data are shown as the mean + SD (n = 3).
*P < 0.05. (F) Reconstruction of human elastic cartilage by clonally cultured
CD44* CDI0™ cells. Reconstructed cartilage consisted of mature chondrocytes
with plenty of cartilage ECMs, as evaluated by histochemical staining. The
arrowhead shows the retention of a CD44* CD90™ cell in the reconstructed
perichondrium layer. (Scale bars, 100 pm.)

stem cells, a common challenge in the field of mesenchymal stem
cell-related research (31, 32). Here, we have successfully iden-
tified and isolated a human stem/progenitor cell population
(CSPCs) existing in the auricular perichondrium by combinations
of CD44 and CDY0 markers. Clonally propagated CD44%
CD90* cells from auricular cartilage, on the basis of a number of
criteria, appear to be a population of stem cells. The utilization
of CSPCs from human auricular cartilage will not only improve
our understanding of basic cartilage biology, but will lead to
novel therapeutic strategies, including long-term tissue restora-
tion, for patients with craniofacial defects.

Various tissue-derived MSCs have been investigated as pos-
sible cellular resources for elastic cartilage reconstruction. These
cells, however, do not efficiently differentiate into chondrocytes
and fail to produce elastic cartilage-specific ECM components,
such as proteoglycans and elastic fibers (16, 18). Furthermore,
bone marrow MSC-derived cartilage is associated with hyper-
trophy, vascular invasion, and ectopic mineralization (17). In
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contrast to MSCs, CSPCs isolated from the auricular perichon-
drium displayed a highly chondrogenic profile that was similar to
that observed for chondrocytes. However, similar to MSCs, these
cells were able to differentiate into adipocytes and osteocytes,
suggesting that they are a higher cell lineage than cartilage-
committed progenitor cells, which are predetermined to form
chondrocytes of elastic cartilage. In line with these expectations,
CSPCs expressed CD44 and CD90, similar to MSCs, whereas
they did not express the MSC markers CD133, CD140a, CD146,
or CD271 (24, 33, 34). Thus, our isolated stem/progenitor cells
are closely related to MSCs, yet are a distinct cartilage stem/
progenitor cell population. The hierarchy of the mesenchymal
cell lineage has not yet been clearly elucidated. A better un-
derstanding of this hierarchy may allow CSPCs to be used as
a therapeutic resource for applications other than elastic carti-
lage reconstruction. Moreover, it may lessen the risk of certain
adverse effects, such as ectopic ossification, which is a serious
problem associated with MSCs.

Continuously self-renewing tissues are successively restored by
stem cells. Hematopoiesis provides a well-known paradigm of
a stem cell-dependent, steadily self-renewing system. Using
postnatal stem cells may significantly alter approaches to cell-
based engineering. We found that extensively expanded peri-
chondrocytes that had been subjected to a layered culture system
were able to form elastic cartilage after s.c. transplantation.
Similar to normal auricular cartilage, the reconstructed cartilage
was composed of two layers: perichondrium and chondrium.
Transplants successfully restored their original structure even
after 10 mo without ectopic tissue formation, indicating that
perichondrocytes may be a better resource than MSCs. Qur
study suggests that the grafting of perichondrocytes should allow
long-term restoration of reconstructed tissue owning to self-
renewing CSPCs in the perichondrium layer.

Further evaluations of the extracellular matrix components
or mechanical evaluations of the regenerated cartilage will be
necessary to show the clinical relevance of perichondrocytes (35,
36). However, the use of autologous auricular perichondro-
cytes represents several important advantages compared with the
harvesting of chondrocytes so far. First, harvesting perichon-
drocytes requires a minimally invasive procedure, whereas col-
lecting chondrocytes from the auricle places a significant burden
on donor sites. Perichondrocytes can be obtained from a thin
fibrous layer of the auricle even from microtia patients. Second,
their high proliferative potential enables us to shorten the cul-
ture period. Finally, it is expected that perichondrocytes will
enhance morphological preservation through continuous self-
renewal because they contain a definitive stem/progenitor pop-
ulation (CSPCs). This is important especially in children, as
permanent tissue restoration through many decades is an es-
sential requirement for treating craniofacial anomalies.

There are currently no published reports describing the suc-
cessful clinical use of a stem cell population for human elastic
cartilage reconstruction. Taken together, our innovative discov-
eries provide three different modes of treatment strategies using
an autologous stem/progenitor cell population, as shown in Fig.
S5: (i) Direct cell injection and (ii) Two-stage transplantation
without a scaffold. First, direct cell injection, which consists of
simple procedures, is ready for clinical application. The applica-
tion is limited to small or simple-shaped lesions, but this method
makes it possible to reconstruct self-renewing elastic cartilage af-
ter extended expansion of patients’ own cells. For larger and more
complex deformities like microtia, we propose two-stage trans-
plantation without a scaffold that is also clinically applicable. In
this procedure, a sufficient volume of elastic cartilage is obtained
from primary cell transplantation into a non-weight-bearing area
like the lower abdomen. Then, a generated cartilage block is used
for the framework designed for a given patient’s deformities and
is then transplanted into a lesion. The optimization of technical
aspects (e.g., culture duration, injection volumes, and techniques
for sculpting the framework) and further studies concerning safety
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should lead to the establishment of promising treatment options
for currently incurable craniofacial anomalies.

Methods

Isolation and Cultivation of Human Perichondrocytes. We obtained elastic
cartilage samples from microtia patients following the approved guidelines
set by the ethical committee at Yokohama City University (approval no. 03—
074). We stripped off the adipose tissue and microscopically separated the
cartilage into three layers: the chondrium layer, interlayer, and perichon-
drium layer. Dissected tissues were cut into small pieces and digested for 2 h
at 37 °C in PBS containing 0.2% collagenase type Il (Worthington) with
shaking. After passing through a 100-um nylon mesh (BD Falcon), the cells
were washed three times with PBS. Cell suspensions were cultured in Dul-
becco’s modified Eagle medium and Ham’s F-12 medium (DMEM/F-12; Nissui
Pharmaceutical) supplemented with 10% FBS (Moregate) and 1% antibiotic
antimycotic solution (AMS; Sigma) in 5% CO; at 37 °C.

FACS Analysis and Cell Sorting. We immunolabeled cells with 1 mg of fluo-
rescence-conjugated mouse antihuman monoclonal antibodies or isotype-
matched IgGs (Table S1) for 30 min at 4 °C. The fluorescence-labeled cells
were analyzed and separated with a MoFlo cell sorter (DakoCytomation).

Cell Multipotency in Vitro. For chondrogenic induction, each sample was
seeded at a density of 2.5 x 10* cells/cm?. For the 48 h after seeding, cells
were cultured under our standard culture medium. Thereafter, cells were
cultured for 5 d using DMEM/F-12 containing 10% FBS, 1% AMS, L-ascorbic
acid 2-phosphate, dexamethasone, insulin-like growth factor-1, and fibro-
blast growth factor-2. After 7 d of monolayer induction, detached cells from
the same donor-derived subculture were adjusted to a density of 2,5 x 10*
cells’iem? and seeded on the monolayer culture. These steps were repeated
twice with an interval of 1 wk. We also tested the adipogenic and osteogenic
potential of perichondrocytes as previously described (37).

Gene Expression Analysis. For reverse transcription-polymerase chain reaction
(RT-PCR) experiments, we designed primers (S| Methods) using Primer3 soft-
ware (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The
following quantitative PCR (qPCR) primers were used in TagMan gene expres-
sion assays: COLTAT, Hs00266273_ml; COL2AT, Hs00164099_ml; CSPG2,
Hs01007933_m1; ELN, Hs00355783_ml; and FBNT, Hs00171191_m1 (Applied
Biosystems).

ELISA. We quantitatively determined the chondrogenic potential of peri-
chondrocytes by measuring proteoglycan, elastin, and collagen production
using ELISAs. We subjected supernatants from the cell culture dish to Blyscan,
Fastin, and Sircol assays (Biocolor) (38).

In Vivo Transplantation. Cells that had been subjected to chondrogenic dif-
ferentiation were scraped with a cell lifter. The scraped cells were collected
into a 2.5-ml syringe (Terumo) equipped with a 23-gauge injection needle
(Terumo). An appropriate volume of the culture was s.c. injected into NOD/
SCID mice (Sankyo Laboratory). The mice were bred and maintained in ac-
cordance with our institutional guidelines for the use of laboratory animals.

Histochemical and Immunohistochemical Analysis. We stained the sections and/
or cultured cells with HE, AB, Toluidine blue, Safranin O, EVG, Alizarin Red S
(Muto Pure Chemicals), or OilRed O (Sigma). Forimmunohistochemical analysis,
the tissue sections and cultured cells were immunolabeled with primary
antibodies, rabbit antihuman type | collagen monodonal antibodies (Mono-
san), and mouse antihuman type Il collagen polycional antibodies (Chemicon),
at 4 °Covernight, After washing, the sections and/or cells were incubated with
Alexa Fluor 488- and/or Cy3-conjugated secondary antibodies (1:800; Molec-
ular Probes) specific for the appropriate species for 1 h at room temperature.
The samples were counterstained with 4,6-diamidino-2-phenylindole (DAPI)
and analyzed with a LSM510 laser-scanning microscope (Zeiss).

Statistical Analysis. Data are expressed as the mean =+ SD from at least three
independent experiments. Differences between three or four groups were
analyzed using the Kruskal-Wallis test by ranks, and post hoc comparisons
were made with Mann-Whitney U test with Bonferroni correction. Two-
tailed P values <0.05 were considered significant.
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