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EXPERIMENTAL I

Improving In Vitro Cartilage Generation by
Co-Culturing Adipose-Derived Stem Cells and
Chondrocytes on an Allograft Adipose Matrix
Framework

Mary E. Ziegler, Ph.D. . .. . . .. . .
Alexandria M. Sorensen, B.S. Background: Microtia is an inherited condition that results in varying degrees

Derck A. Banyard, M.D., M.B.A., of external ear deformities; the most extreme form is anotia. Effective surgical
M.s. | reconstruction techniques have been developed. However, these usually require
Gregory R. D. Evans, M.D. multistage prqcedures and have other in.herent disadvantages. Tissue engineer-
Alan D. Widgerow, M.B.B.Ch., | N8 technologies offer new approaches in the field of external ear reconstruc-
M.Med. | tion. In this setting, chondrocytes are cultured in the laboratory with the aim of
creating bioengineered cartilage matrices. However, cartilage engineering has
many challenges, including difficulty in culturing sufficient chondrocytes. To
overcome these hurdles, the authors propose a novel model of cartilage engi-
neering that involves co-culturing chondrocytes and adipose-derived stem cells
on an allograft adipose-derived extracellular matrix scaffold.
Methods: Auricular chondrocytes from porcine ear were characterized.
Adipose-derived stem cells were isolated and expanded from human lipoaspi-
rate. Then, the auricular chondrocytes were cultured on the allograft adipose
matrix either alone or with the adipose-derived stem cells at different ratios and
examined histologically.
Results: Cartilage induction was most prominent when the cells were co-cultured
on the allograft adipose matrix at a ratio of 1:9 (auricular chondrocyte—to—-adi-
pose-derived stem cell ratio). Furthermore, because of the xenogeneic nature
of the experiment, the authors were able to determine that the adipose-derived
stem cells contributed to chondrogenesis by means of a paracrine stimulation
of the chondrocytes.
Conclusions: In this situation, adipose-derived stem cells provide sufficient
support to induce the formation of cartilage when the number of auricular
chondrocytes available is limited. This novel model of cartilage engineering
provides a setting for using the patient’s own chondrocytes and adipose tissue
to create a customized ear framework that could be further used for surgical
reconstruction.  (Plast. Reconstr. Surg. 147: 87, 2021.)

Orange, Calif.

icrotia is a congenital condition that
includes a spectrum of malformations
of the external ear, ranging from mini-

mal changes to the complete absence of the ear,
or anotia." Microtia occurs in one of every 4000

From the Center for Tissue Engineering, Department
of Plastic Surgery, and the Department of Surgery and
Biomedical Engineering, University of California, Irvine.
Received for publication July 17, 2019; accepted June 12,
2020.

Presented at the 15th Annual Meeting of the International
Federation for Adipose Therapeutics and Science, in Miama,
Florida, November 30 through December 3, 2017.

Copyright © 2020 by the American Society of Plastic Surgeons
DOI: 10.1097/PRS.0000000000007511

to 10,000 births, significantly impacting the
patient and family emotionally and psychologi-
cally.” Plastic reconstructive surgical techniques
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to repair microtia typically include autogenous
cartilage reconstruction, alloplastic implants, or
prosthetic reconstruction.” Ear reconstruction is
a challenging undertaking, because the normal
external ear has a complex three-dimensional
structure. The current widely accepted techniques
by Brent and Nagata use autologous rib cartilage
to create the external ear framework.*® However,
these approaches are associated with significant
donor-site morbidity and an extensive learning
curve for the surgeon.” Thus, there is a necessity
for novel reconstructive approaches to treat this
malformation.

Tissue engineering and regenerative medi-
cine provide promising approaches in the field
of external ear reconstruction, and autologous
engineered tissue for defect repair and carti-
lage reconstruction have been demonstrated.””
However, cartilage engineering is challenging.
For example, chondrocytes are difficult to culture
in vitro, because long-term culture and passag-
ing of chondrocytes results in reduced collagen
production and potential dedifferentiation or the
loss of chondrocyte phenotypes.” In addition, in
vitro—generated cartilage shows an inferior struc-
ture and function compared to native cartilage."’
To overcome these complications, cartilage engi-
neering research has used two main approaches,
including the use of co-cultures to expand the
number of chondrogenic cells and culturing on
three-dimensional scaffolds that resemble the
native environment of chondrocytes. Co-culturing
mesenchymal stem cells with chondrocytes is an
effective way to increase chondrocyte vitality
and decrease dedifferentiation.'" There are two
main hypotheses explaining the efficacy of this
approach. The first states that mesenchymal stem
cells directly differentiate into chondrocytes, and
the second states that mesenchymal stem cells
release paracrine factors that promote chondro-
cyte growth.'>"

Furthermore, direct cell-to-cell contact
between chondrocytes and mesenchymal stem
cells is an important factor for co-culture success. '
When human nasal chondrocytes and human bone
marrow—derived stem cells were co-cultured on a
three-dimensionally—bioprinted hydrogel scaffold
and implanted in mice, the degree of chondro-
genesis and chondrocyte proliferation was better
than the explants with chondrocytes alone,'* high-
lighting the additive effect of mesenchymal stem
cells. However, the use of bone marrow—derived
stem cells for translational purposes requires an
invasive and painful harvesting procedure. In
the clinical setting, adipose-derived stem cells, a
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particular subset of mesenchymal stem cells, are
feasible because they are abundant in fat tissue
and are easily harvested, with minimal donor-site
morbidity. In addition, the aforementioned study
used a synthetic three-dimensionally-bioprinted
hydrogel. Adipose tissue is a better alternative in
this clinical scenario, not only as a cell source, but
also because it is a biological scaffold for the initial
cell support for chondrogenesis."” The concept of
allograft adipose matrix has emerged in the litera-
ture, and our laboratory explored variations in its
preparation and design.'” Thus, we hypothesized
that allograft adipose matrix, a native extracellu-
lar matrix, serves as a framework for co-culturing
adipose-derived stem cells and chondrocytes to
induce chondrogenesis. Ultimately, this study will
provide a novel model of cartilage engineering
for ear reconstruction.

MATERIALS AND METHODS

Porcine Auricular Chondrocyte Isolation

Auricular chondrocytes were isolated from the
external ears of male Yorkshire pigs (2 to 3 weeks
old) (tissue was from Kkilled pigs; therefore, this
study was exempt from institutional animal care
and use committee approval). The cartilage was
separated and washed in sterile phosphate-buff-
ered saline with 1% penicillin and streptomycin
(Corning Cellgro; Thomas Scientific, Swedesboro,
N.J.). The cartilage was cut and was digested in
collagenase II (Gibco, Gaithersburg, Md.). The
collagenase was neutralized with 10% fetal bovine
serum (Fisher Scientific, Waltham, Mass.). The
digested solution was filtered over a 100-pm nylon
mesh (Fisher), and the cell suspension was cen-
trifuged. The cell pellet was resuspended in com-
mercially available chondrocyte growth medium
(PromoCell, St. Louis, Mo.).

Adipose-Derived Stem Cell Isolation, Expansion,
and Characterization

Fat tissue was obtained from healthy indi-
viduals undergoing elective liposuction at the
Department of Plastic Surgery, University of
California, Irvine (institutional review board no.
2015-2181). The lipoaspirate was washed in phos-
phate-buffered saline, digested in collagenase
I (Sigma, St. Louis, Mo.), and neutralized using
Dulbecco’s Modified Eagle Medium (Corning
Cellgro) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. Then,
the cells were centrifuged and the pellet was resus-
pended in Dulbecco’s Modified Eagle Medium
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plus 10% fetal bovine serum plus 1% penicillin/
streptomycin. The isolated adipose-derived stem
cells were characterized as described previously by
our laboratory."”

Glycosaminoglycan Staining

Auricular chondrocytes, at the indicated pas-
sages, were grown to confluence, washed, fixed in
10% formalin (EMD Millipore Corp., Burlington,
Mass.), and stained with Alcian blue (Sigma).
Washed cells were imaged directly using a phase-
contrast microscope (Olympus IX70; Olympus
Corp., Tokyo, Japan). Three images were obtained
per dish, and representative images are presented.
This experiment was repeated three times.

Immunofluorescent Type II Collagen Staining

Auricular chondrocytes, at the indicated pas-
sages, were grown to confluence in four-well
chamber slides (Labtek, Scotts Valley, Calif.) and
were washed, fixed in paraformaldehyde (Fisher),
permeabilized, blocked in bovine serum albumin
(Sigma), and incubated with a type II collagen
primary antibody (Abcam, Cambridge, United
Kingdom). After washing, the cells were incubated
with a goat anti-rabbit Alexa Fluor 488 secondary
antibody (Invitrogen, Carlsbad, Calif.). The cells
were imaged using an Evos fluorescent micro-
scope (Thermo Fisher Scientific, Waltham, Mass.).
Three fields of view were imaged per chamber,
and the fluorescent images were analyzed using
Image] (National Institutes of Health, Bethesda,
Md.). The experiment was repeated three times.

Reverse-Transcriptase Polymerase Chain Reaction

Auricular chondrocytes and adipose-derived
stem cellswere cultured either alone orwere cultured
at a ratio of 1:5 or 1:9 (auricular chondrocyte—to—
adipose-derived stem cell ratio). After 48 hours,
RNA was isolated using Trizol (Invitrogen) following
the manufacturer’s recommendations. The RNA
was then reverse transcribed using the SuperScript
IV One-Step RT-PCR System (Invitrogen), which
included a DNase treatment. The primers used for
the amplification were as follows:

1. Collagen II

Forward: 5-GAGGTCTTCCTGGCAAAGAT-3’
Reverse: 5-GTCCCTGGAAGCCAGATG-3

2. SOX9

Forward: 5-TCGCAGTACGACTACACAGA-3’
Reverse:5-TGTAGGTGAAGGTGGAGTAGAG-3

3. P-actin

Forward: 5-CTTCCAGCAGATGTGGATCAG-%
Reverse: 5-CAGTCCGCCTAGAAGCATTT-3’

The primers were synthesized by Integrated
DNA Technologies (Coralville, Iowa), and B-actin
was used as the housekeeping gene for normaliza-
tion. The cDNA amplification was detected using
gel electrophoresis and the bands were quantified
using Image]. The experiment was repeated twice.

Allograft Adipose Matrix Framework Preparation

The allograft adipose matrix framework was
obtained from human cadaveric donor adipose
tissue provided by the Musculoskeletal Transplant
Foundation (Edison, N.J.). The donor tissue was
screened for pathogens. The adipose tissue was
separated from the subcutaneous layer of full-thick-
ness skin and mechanically reduced and centri-
fuged to isolate the adipose fraction. The chemical
processing steps involved the use of an organic sol-
vent to remove the lipid component and a surfac-
tant/ethanol-based solution to remove the cellular
content and debris, while preserving the integrity
of the extracellular matrix. The matrix was disin-
fected to ensure tissue safety. Finally, the matrix was
lyophilized in a 24-well tissue culture plate, and the
resulting disks were trimmed and cut to size.

Culturing Cells on the Allograft Adipose Matrix
Framework

The disk-shaped allograft adipose matrix
framework was approximately 15 mm in diam-
eter and was approximately 1 to 2 mm thick. For
the co-culture, the adipose-derived stem cells and
auricular chondrocytes were seeded either alone
or together on the allograft adipose matrix in
chondrocyte medium (PromoCell), and the total
number of cells per framework was 6 million. The
auricular chondrocyte-to—adipose-derived stem
cell ratios were 1:5 and 1:9, and auricular chondro-
cytes and adipose-derived stem cells alone served as
controls. All constructs were cultured for 10 weeks.

Hematoxylin and Eosin Staining and
Immunohistochemical Evaluation

After culturing, the allograft adipose matrix
framework was fixed in paraformaldehyde,
embedded in paraffin, and sectioned. The sec-
tions were stained with hematoxylin and eosin.
Representative images are presented. For the
immunohistochemical analysis, the expression
of type II collagen was detected using a rabbit
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anti-human type II collagen antibody (Abcam)
followed by a horseradish peroxidase—conjugated
anti-rabbit antibody (Abcam) and color develop-
ment with diaminobenzidine tetrahydrochloride
(Abcam) as described previously."

Enzyme-Linked Immunosorbent Assay

After the allograft adipose matrix disks were
cultured as described above, samples from the
different groups (n = 3) were homogenized,
and the supernatants were used to quantify por-
cine hydroxy lysyl pyridinoline using an enzyme-
linked immunosorbent assay kit (MyBioSource,
San Diego, Calif.), according to the manufac-
turer’s instructions. The data were normalized
to the human-derived adipose-derived stem cells,
which were set to zero, because they should not
be positive for porcine hydroxy lysyl pyridinoline.
The experiment was conducted in triplicate and
repeated twice.

The allograft adipose matrix disks were cul-
tured as described above, and the supernatants
were collected weekly. Enzyme-linked immuno-
sorbent assay kits (MyBioSource) for human and
porcine type II collagen were used following the
manufacturer’s instructions. The human collagen
IT results were normalized to the chondrocytes
because they were presumed to be negative, and
the porcine collagen II results were normalized
to the adipose-derived stem cells, which were
presumed to be negative. The enzyme-linked
immunosorbent assays were conducted using the
supernatants that were collected at weeks 3, 5, 7,
and 9. The experiment was conducted in tripli-
cate and repeated twice.

Statistical Analysis

All the quantitative data are expressed as
the mean + SD. A ¢ test was performed to assess
the differences between the groups. A value of
< 0.05 was considered statistically significant.

RESULTS

Chondrocyte Isolation and Assessment

First, we determined the best method for
expanding and storing the isolated auricular
chondrocytes. This was a crucial step because the
experiment required a large quantity of chondro-
cytes, which could only be achieved by expanding
the cells after the primary isolation. The main
concern with expanding the cells is the poten-
tial for chondrocyte dedifferentiation.” We used
two sets of auricular chondrocytes from the same
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initial porcine ear isolation. The first set was a
freshly isolated and passaged set of cells. The cells
used were from the initial isolation, the first pas-
sage, the second passage, and the third passage,
which were derived from freshly isolated cell lines
maintained in culture without freezing. The sec-
ond set of cells was taken from the initial isola-
tion cells mentioned above, which were frozen
in liquid nitrogen and were later thawed for the
experiments, which meant that these were used at
passage 1 (P1_frozen). Then, the passage 1 cells
described above were also frozen in liquid nitro-
gen and were later thawed and used at passage 2
(P2_frozen). Finally, the passage 2 cells described
above were also frozen in liquid nitrogen and were
later thawed and used at passage 3 (P3_frozen).

Alcian blue staining was used to assess the
glycosaminoglycan content. All of the passages
expressed glycosaminoglycans, but between pas-
sage 2 (Fig. 1, above) and passage 3 (Fig. 1, below),
for both the freshly isolated cells (Fig. 1, left) and
the frozen cells (Fig. 1, right), there was a decline
in the ability of cells to achieve confluence. We
also used fixed and unstained chondrocytes as a
negative control (data not shown).

Next, the freshly isolated passage 0 (Fig. 2,
above, left), passage 1 (Fig. 2, above, right), passage
2 (Fig. 2 second row, left), and passage 3 (Fig. 2, sec-
ond row, right) auricular chondrocytes were grown
to confluence and were stained for collagen type II
using immunofluorescence. In addition, auricular
chondrocytes from the same isolation were frozen,
thawed, and expanded at passage 1 (Fig. 2, third
row, left), passage 2 (Fig. 2, third row, right), and pas-
sage 3 (Fig. 2, below, left) and were stained in the
same manner. The fluorescence intensity was quan-
tified for each of the passages (Fig. 2, below, right).
For the negative control, the primary antibody was
omitted from the staining procedure (data not
shown). The type II collagen staining decreased
with passage number and was more pronounced
when the auricular chondrocytes were frozen and
thawed. Thus, for all of the future experiments, the
isolated auricular chondrocytes were frozen at pas-
sage 0, and for the experiments, the initial isolation
cells were expanded (passage 1) and were seeded
on the allograft adipose matrix at passage 2.

Assessing Gene Expression after Co-Culturing
Auricular Chondrocytes and Adipose-Derived
Stem Cells

Next, we examined the gene expression of type
IT collagen and SOX9. Auricular chondrocytes and
adipose-derived stem cells were cultured either
alone or together at ratios of 1:5 or 1:9 (auricular
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Fig. 1. Porcine auricular chondrocytes express glycosaminoglycan in vitro. (Above, left) Freshly isolated
auricular chondrocytes at passage 2. (Above, right) Frozen and thawed auricular chondrocytes at passage
2. (Below, left) Freshly isolated auricular chondrocytes at passage 3. (Below, right) Frozen and thawed
auricular chondrocytes at passage 3 (original magnification, x 4). Representative images are presented.

chondrocyte—to—adipose-derived stem cell ratio).
The type II collagen expression was significantly
increased when the cells were cultured together
in comparison to the auricular chondrocytes and
adipose-derived stem cells alone, and the expres-
sion at the ratio of 1:9 was significantly greater
than the 1:5 ratio (Fig. 3, above). SOX9 expres-
sion was significantly increased when cells were
cultured together at both ratios in comparison to
the auricular chondrocytes alone (Fig. 3, below).
Together, these data set the foundation that the
co-culture conditions increased the expression of
genes related to chondrogenesis compared to cul-
turing the auricular chondrocytes alone.

Adipose-Derived Stem Cell and Auricular
Chondrocyte Co-Culture on the Allograft
Adipose Matrix Framework

Next, after 10 weeks of culture, the hematoxy-
lin and eosin staining framework revealed that each
cell type was present when the adipose-derived
stem cells and auricular chondrocytes were cul-
tured alone on the allograft adipose matrix (Fig. 4,
above, left, and above, right, respectively). However,
when the cells were co-cultured at 1:5 and 1:9
(auricular chondrocyte—to—adipose-derived stem

cell ratio), there was evidence of tissue changes
(Fig. 4, below, left, and below, right, respectively).
Both co-culture conditions revealed extracellular
matrix deposition, but the 1:9 group showed a
more compact organization, which was suggestive
of cartilage formation (Fig. 4, below, right).

In addition, type II collagen staining was
assessed by immunohistochemistry (Fig. 5). The
antibody was specific for both human and por-
cine type II collagen and thus represented an
overview of type II collagen expression from both
cell types. The 1:9 (auricular chondrocyte—to—adi-
pose-derived stem cell ratio) co-culture showed
the highest level of type II collagen in the allograft
adipose matrix framework, and this was signifi-
cantly greater than the adipose-derived stem cells
and chondrocytes alone. This experiment was
repeated twice, with similar results.

Differentiating the Contribution of the Auricular
Chondrocytes and Adipose-Derived Stem Cells
Cultured on Allograft Adipose Matrix to Induce
Chondrogenesis

Because of the xenogeneic nature of the
experiment, we used species-specific antibody
tests to examine the contribution of each cell
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Collagen Type Il Staining
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Fig. 2. Type Il collagen expression in porcine auricular chondrocytes in vitro. Freshly isolated passage 0 (above,
left), passage 1 (above, right), passage 2 (second row, left), and passage 3 (second row, right) auricular chondrocytes
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Fig. 3. Type Il collagen and SOX9 gene expression after co-culturing.
Auricular chondrocytes and adipose-derived stem cell were cultured alone
or together at ratios of 1:5 or 1:9 (auricular chondrocyte-to-adipose-
derived stem cell ratio). After 48 hours, RNA was isolated and the gene
expression of (above) type Il collagen and (below) SOX9 was determined
by reverse-transcriptase polymerase chain reaction. The data were normal-
ized to B-actin and are presented as the mean * SD of two independent

experiments (*p < 0.05).

type to chondrogenesis. First, we assessed the
expression of porcine hydroxy lysyl pyridino-
line by enzyme-linked immunosorbent assay to

Fig. 2. (Continued). were grown to confluence and were stained
for collagen type Il using immunofluorescence. In addition,
auricular chondrocytes from the same isolation were frozen,
thawed, and expanded at passage 1 (third row, left), passage 2
(third row, right), and passage 3 (below, left) and were stained
in the same manner. The images are a merge of collagen type
Il staining in green and 4’,6-diamidino-2-phenylindole in blue.
The images were acquired at 10x using the same microscope
parameters, and (below, right) the fluorescence intensity was
determined using ImageJ) with the same settings for each
image. The data are presented as the mean * SD of three inde-
pendent experiments.

determine whether there was evidence of collagen
crosslinking. Because the auricular chondrocytes
were porcine derived and the adipose-derived
stem cells were human, the adipose-derived stem
cells served as a negative control, and the data
were normalized based on the baseline level of the
adipose-derived stem cells. Indeed, the auricular
chondrocytes alone showed hydroxy lysyl pyridi-
noline expression when cultured on allograft adi-
pose matrix, and the addition of adipose-derived
stem cells increased that expression at the 1:9 ratio
but not at the 1:5 ratio. In addition, the increase
in hydroxy lysyl pyridinoline expression between
the 1:5 and 1:9 co-cultures was statistically signifi-
cant (Fig. 6). These data revealed that co-cultur-
ing auricular chondrocytes and adipose-derived
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Fig. 4. Co-culturing adipose-derived stem cells and auricular chondrocytes on the allograft adipose
matrix framework. The adipose-derived stem cells and auricular chondrocytes were seeded onto the
framework alone or in combination and were cultured for 10 weeks. The total number of cells for each
condition was 6 million. The disks were then fixed and stained with hematoxylin and eosin. (Above, left)
Adipose-derived stem cells alone. (Above, right) Auricular chondrocytes alone. (Below, left) Auricular
chondrocyte-to-adipose-derived stem cell ratio of 1:5. (Below, right) Auricular chondrocyte-to-adi-
pose-derived stem cell ratio of 1:9 (original magnification, x 10). The arrows represent areas of extracel-
lular matrix deposition. Representative images are presented.

stem cells at a ratio of 1:9 increased the collagen
crosslinking compared to the auricular chondro-
cytes alone, demonstrating the trophic effect of
the adipose-derived stem cells.

Finally, we examined the species-specific
secretion of type II collagen using enzyme-linked
immunosorbent assay. The assessment of human
collagen II secretion reflected the collagen II
secretion by the adipose-derived stem cells, reveal-
ing that there was essentially no human collagen
II secretion throughout the experiment (Fig. 7,
above). However, for the porcine secretion, which
is a reflection of the collagen II secreted by the
auricular chondrocytes, there was a time-depen-
dent increase for the 1:9 co-culture condition,
with the 9-week time point showing a significant
increase compared to the 3-week time point. The
other conditions did not reveal a distinct pattern,
indicating that the 1:5 co-culture was not different
from culturing the chondrocytes alone (Fig. 7,
below) . Together, these data demonstrated that the
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increased collagen II was auricular chondrocyte—
derived and that the increase was attributable to
the addition of adipose-derived stem cells at a
ratio of 1:9 (auricular chondrocyte—to—adipose-
derived stem cell ratio).

DISCUSSION

Autologous cartilage reconstruction is the
standard treatment modality for microtia, and
the Brent and Nagata techniques, along with the
use of soft-tissue expanders, are mainly used."
However, complications arise with these tech-
niques.” The notion of generating an earshaped
cartilage framework by means of tissue engineer-
ing is not new.”"” Nevertheless, cartilage is a
unique tissue that is difficult to create in a labo-
ratory setting.” Two unmet needs in the field
of cartilage engineering include increasing the
number of chondrogenic cells'*'>* and iden-
tifying the appropriate scaffold to provide the
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Fig. 5. Type Il collagen immunohistochemical staining. After 10 weeks of
co-culture, the allograft adipose matrix disks were harvested, fixed, and
embedded in paraffin. Immunohistochemistry was performed to assess
the type Il collagen staining. The antibody detected both human and
porcine type Il collagen. The area of positive staining was assessed using
Imagel. The data are presented as the mean = SD of two independent
experiments (*p < 0.05).
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Fig. 6. Porcine hydroxy lysyl pyrldlnollne enzyme—llnked |mmunosorbent
assay. The allograft adipose matrix disks that were harvested for hematoxy-
lin and eosin staining were also collected for enzyme-linked immunosor-
bent assay to assess the porcine hydroxy lysyl pyridinoline levels. The data
were normalized to the adipose-derived stem cells, which were presumed
to be negative for hydroxy lysyl pyridinoline expression. The data are pre-
sented as the mean + SD of two independent experiments (*p < 0.05).
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three-dimensional environment necessary for the
initial stages of chondrogenesis.'*'>**?"2 Allograft
adipose matrix, a novel biological material, pre-
serves the essential components of native extra-
cellular matrix.'*” Thus, we hypothesized that
allograft adipose matrix, despite its adipose origin,
provides the adequate critical attachment sites for

chondrogenic cells, and co-culturing auricular
chondrocytes and adipose-derived stem cells on
allograft adipose matrix would generate a chon-
drogenic setting that was better than auricular
chondrocytes alone.

As previously described,’ there was a loss of col-
lagen expression after the auricular chondrocytes
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Fig. 7. Species-specific type Il collagen expression. The allograft adipose matrix disks were cul-
tured as described above, and each week the supernatants were collected. Enzyme-linked immu-
nosorbent assay kits for human and porcine type Il collagen were used to assess the levels in the
samples. (Above) The human collagen Il results were normalized to the chondrocytes because
they were presumed to show no expression, and (below) the porcine collagen Il results were nor-
malized to the adipose-derived stem cells, which were presumed to show no expression. The
enzyme-linked immunosorbent assays were conducted using the supernatants from the collec-
tions at weeks 3, 5, 7, and 9. The data are presented as the mean * SD of two independent experi-

ments (*p < 0.05).

were passaged multiple times. Furthermore, con-
fluent cell growth was not observed as the passage
number increased. These results supported the
notion that chondrocytes are difficult to culture
long term. When chondrocytes are cultured in
a monolayer and dedifferentiate in the setting
of cartilage engineering, the resulting cartilage
is usually fibrous and mechanically inferior.”
Thus, co-culture approaches have emerged for
generating cartilage in vitro and in vivo."”** To
establish that co-culturing auricular chondrocytes
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and adipose-derived stem cells was indeed chon-
droinductive, we examined the gene expression
of type II collagen and SOX9, which are key regu-
lators of chondrogenesis.” These data provided
evidence that the induction of type II collagen
and SOX9 occurred to a greater degree in the
adipose-derived stem cells alone compared to the
auricular chondrocytes alone. However, when the
two cells were co-cultured, the induction of these
genes was significantly increased compared to the
cells alone. The lower expression of these genes
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in the auricular chondrocytes contributes to the
notion that auricular chondrocytes lose their
chondrogenic potential when they are grown in
culture.’ In addition, SOX9 contributes to the dif-
ferentiation of adipose-derived stem cells into a
chondrocyte-like phenotype in vitro.” The adi-
pose-derived stem cells here were grown in chon-
drogenic medium, which may provide the cues
for pushing the cells toward a more chondrocyte-
like gene expression profile. This is an interesting
observation; however, to provide a better model
for chondrogenesis, we used auricular chondro-
cytes and adipose-derived stem cells, with allograft
adipose matrix as the scaffold. The allograft adi-
pose matrix used here was derived from cadaveric
donor tissues using a standardized and controlled
method, which offers the opportunity for large-
scale manufacturing to create an off-the-shelf scaf-
fold. The generation of human cadaver-derived
acellular scaffolds from other tissues has previ-
ously shown the high value of this approach.**
Here, the 1:9 culture (auricular chondrocyte—to—
adipose-derived stem cell ratio) provided the best
outcome for chondrogenesis. Indeed, when the
chondrocyte number in a co-culture with mesen-
chymal stem cells is reduced, chondrocyte expan-
sion is no longer necessary, allowing for the use
of freshly isolated primary chondrocytes, which
leads to improved cartilage formation.™

Cartilage formation is not the consequence of
the chondrogenic lineage differentiation of mes-
enchymal stem cells,” " and our data support this
notion. In addition, newly formed cartilage matrix
clearly originates from the chondrocytes, suggest-
ing that the mesenchymal stem cells (both bone
marrow—derived stem cells and adipose-derived
stem cells) play a predominantly trophic role.*
Here, the xenogeneic co-culture system permitted
us to draw conclusions about the cell type respon-
sible for chondrogenesis. By examining hydroxy
lysyl pyridinoline and type II collagen secretion, we
confirmed that the auricular chondrocytes were
indeed responsible for chondroinduction and that
the addition of adipose-derived stem cells at a ratio
of 1:9 (auricular chondrocyte—to—adipose-derived
stem cell ratio) supported this process. Previous
studies also demonstrate that chondrocytes show
an enhanced cartilage-forming capacity and pro-
liferation activity in the presence of mesenchymal
stem cells."”*'=** The allograft adipose matrix pro-
vided a framework for chondroinduction when
auricular chondrocytes and adipose-derived stem
cells were co-cultured, and the findings support
the hypothesis that the adipose-derived stem cells
function in a paracrine manner.

Three-dimensional bioprinting has also been
used to create cartilage and even ear-shaped carti-
lage.*** Zhou et al. used autologous chondrocytes
derived from microtia cartilage. Auricular chon-
drocytes were seeded onto a synthetic earshaped
scaffold, creating an in vitro system for generat-
ing cartilage that was implanted into humans.*”
However, this study was limited by exclusively using
chondrocytes, and itis clear that culturing chondro-
cytes alone results in a limited capacity for chondro-
genesis in vitro.” In addition, the biomaterials used
for the scaffold were synthetic and required degra-
dation in vivo after implantation. The inner core of
the scaffold remained 1.5 years after implantation.
Based on our findings, allograft adipose matrix, as
a bioscaffold, provides an ideal chondroinductive
plattorm for co-culturing chondrocytes and adi-
pose-derived stem cells. Thus, we hypothesize that
this model can also be used for three-dimensional
printing to establish an earshaped cartilage that
is more similar to the native ear and would be a
novel treatment for microtia patients. Ultimately,
a cartilage construct made in this manner may also
solve issues related to the implantation process,
including deformation challenges, because this
framework may produce cartilage that possesses
more native properties compared to other in vitro—
generated cartilage constructs.

Our study has several limitations. First, the
lyophilized bioscaffold did not provide pores for
the cells to penetrate through the entire disk.
Thus, the cells stayed on one side of the disk. In
the future, by three-dimensionally printing the
allograft adipose matrix, we will have better con-
trol over the porosity to establish a scaffold that is
capable of being fully infiltrated by cells, improving
chondrogenesis. Second, the adipose-derived stem
cells were human derived and the auricular chon-
drocytes were porcine. Although this provided us
with the opportunity to examine the contribution
to chondrogenesis by cell type, this is not ideal the
clinical model. In the future, we plan to perform
these experiments using auricular chondrocytes
from human cartilage. Ultimately, the goal is to
obtain adipose-derived stem cells and cartilage
from the same patient to perform autologous ear
reconstruction with in vitro-generated cartilage.

CONCLUSIONS

The presence of adipose-derived stem cells sup-
ports the induction of cartilage when the number of
auricular chondrocytes is limited, and allograft adi-
pose matrix provides the proper framework for this
process. This novel model of cartilage engineering
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will provide a mode for using a patient’s own chon-
drocytes and adipose tissue to create a customized
ear framework that could be used for further surgical
reconstruction to treat conditions such as microtia.
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