TISSUE ENGINEERING: Part A
Volume 17, Numbers 1 and 2, 2011
© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tea.2009.0807

Investigation of the Regenerative Capacity
of an Acellular Porcine Medial Meniscus
for Tissue Engineering Applications

Thomas W. Stapleton, Ph.D.;" Joanne Ingram, Ph.D.!' John Fisher, Ph.D.?
and Eileen Ingham, Ph.D!

Previously, we have described the development of an acellular porcine meniscal scaffold. The aims of this study
were to determine the immunocompatibility of the scaffold and capacity for cellular attachment and infiltration
to gain insight into its potential for meniscal repair and replacement. Porcine menisci were decellularized by
exposing the tissue to freeze-thaw cycles, incubation in hypotonic tris buffer, 0.1% (w/v) sodium dodecyl sulfate
in hypotonic buffer plus protease inhibitors, nucleases, hypertonic buffer followed by disinfection using 0.1% (v/v)
peracetic, and final washing in phosphate-buffered saline. In vivo immunocompatibility was assessed after
implantation of the acellular meniscal scaffold subcutaneously into galactosyltransferase knockout mice for 3
months in comparison to fresh and acellular tissue treated with a-galactosidase (negative control). The cellular
infiltrates in the explants were assessed by histology and characterized using monoclonal antibodies against:
CD3, CD4, CD34, F4/80, and C3c. Static culture was used to assess the potential of acellular porcine meniscal
scaffold to support the attachment and infiltration of primary human dermal fibroblasts and primary porcine
meniscal cells in vitro. The explants were surrounded by capsules that were more pronounced for the fresh
meniscal tissue compared to the acellular tissues. Cellular infiltrates compromised mononuclear phagocytes,
CD34-positive cells, and nonlabeled fibroblastic cells. T-lymphocytes were sparse in all explanted tissue types
and there was no evidence of C3c deposition. The analysis revealed an absence of a specific immune response to
all of the implanted tissues. Acellular porcine meniscus was shown to be capable of supporting the attachment
and infiltration of primary human fibroblasts and primary porcine meniscal cells. In conclusion, acellular porcine
meniscal tissue exhibits excellent immunocompatibility and potential for cellular regeneration in the longer term.

Introduction

THE MENISscI OF the knee are predominantly fibrocartilage
in nature with a specialized arrangement of collagen fi-
bers and hyaline-like cartilage providing structural integrity
when in tension and compression. The structural organiza-
tion highlights two major roles of the meniscus: (1) stress
distribution and (2) load transmission. The dual role of this
tissue within the knee joint is critical for efficient and non-
problematic joint functioning.

Injuries resulting in tears represent the major mechanism
by which meniscal function is compromised. Tears may take
multiple paths through the meniscal body, dictating the
likelihood of healing. Vertical tears that run parallel with the
circumferential collagen fibers may heal completely, espe-
cially when in communication with the vascular periphery.'?
In contrast, tears that disrupt the collagen structure often lead
to loss of load transmission resulting in meniscal failure.

With an ever increasing number of injuries sustained to
menisci, there is a growing need to develop a successful re-
pair treatment or replacement meniscal tissue. Where injuries
are irreparable, surgeons have traditionally removed the
damaged region of the meniscus through partial or complete
meniscectomy. Loss of meniscal tissue has, however, been
directly correlated to changes in contact stresses in the knee
joint resulting in the development of osteoarthritis of the
articular cartilage.>™

When repair is not possible, replacement of the meniscus is
now the option of choice. Currently, meniscus allografts
represent the gold standard for meniscal replacement. How-
ever, limitations of meniscal allografts, including availability,
sizing, and disease transmission, accentuate the need for al-
ternatives.®” Replacement of the meniscus with artificial im-
plants still requires substantial experimental evaluation with
a recent preclinical study failing to demonstrate evidence of
chondroprotection.®
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Most recently, several groups have taken tissue engi-
neering approaches to develop a replacement meniscus, with
the majority investigating the use of natural scaffolds with or
without a cellular component.”” In the case of the cellu-
lar constructs, it is hypothesized that once implanted into the
defect, cells of donor origin will survive and maintain the
matrix until recipient cells infiltrate and regenerate the tis-
sue.'® In the case of the acellular implant, it is hypothesized
that the recipients” endogenous cells will be encouraged to
infiltrate from the surrounding tissue and serve to regenerate
the scaffold. Both approaches have advantages and disad-
vantages and it will be important to determine which offers
the optimal approach for meniscal replacement through ex-
tensive preclinical studies. We have previously developed an
acellular porcine meniscus scaffold that is biocompatible and
retains the collagenous architecture and biomechanical
properties of the natural tissue."* This acellular meniscus
scaffold provides a platform technology for investigating
in vitro and in vivo regenerative approaches.

The aims of this study were to investigate the im-
munocompatibility of the acellular porcine meniscal tissue
and its potential for cellular repopulation. The objectives
were (1) to investigate the host response to the scaffold in
galactosyltransferase knockout (GTKO) mice and (2) deter-
mine the capacity of meniscal cells and fibroblasts to attach
to and infiltrate the acellular scaffold in vitro.

Materials and Methods
Tissue procurement

Porcine medial menisci were obtained from the local abat-
toir (J. Penny, Leeds, United Kingdom) within 24 h of animal
slaughter. The menisci were dissected from the knee joint by
gently excising the knee capsule before cutting both the an-
terior and posterior cruciate ligaments to expose the meniscus.
Incisions were then made perpendicular to the meniscal horn
attachments to release the menisci. Excess tissue from the
capsule and the meniscal attachments was then removed us-
ing scissors. The meniscus was washed in phosphate-buffered
saline (PBS; Oxoid) to remove excess blood. Samples were
then stored at —40°C on PBS moistened filter paper.

Decellularization

Decellularization was performed as described previous-
ly.'* Meniscal samples were subjected to three cycles of dry
freeze-thaw by freezing the samples at —20°C for 3h before
leaving the tissue to thaw at room temperature for 4h. This
was followed by subjecting the tissue to three more cycles of
freeze—thaw in hypotonic (10mM tris-HCI, pH 8.0; Sigma)
buffer. Samples were then cycled through hypotonic buffer
at 4°C for 24 h, hypotonic buffer at 37°C for 24 h, followed by
incubation in anionic-detergent (0.1% [w/v] sodium dodecyl
sulfate; Sigma) at 45°C for 48 h, three times with agitation in
the presence of protease inhibitors (aprotinin, 10 KIU.mL™";
Trasylol; Bayer and 0.1% [w/v] ethylene diamine tetraacetic
acid; VWR). Samples were washed in PBS with aprotinin
three times for 12h with agitation. After washing, samples
were incubated three times in DNase (50 U-mL~}; Sigma)
and RNase (1U-mL"%; Sigma) in buffer (50mM tris-HCl,
10mM MgCl,, 50 ug‘mLf1 bovine serum albumin [BSA;
Sigma] at pH 7.5) for 3 h at 37°C with gentle agitation. Tissue

STAPLETON ET AL.

was then washed in hypertonic buffer (1.5M NaCl in 0.05 M
tris-HCl, pH 7.6) before washing in PBS with protease in-
hibitors for 24h at room temperature. A decontamination
step, consisting of incubating samples in 0.1% (v/v) peracetic
acid (PAA; Sigma) in PBS for 3h was then incorporated to
achieve surface disinfection of the tissue samples.19 Finally,
meniscal samples were washed five times in PBS at 45°C,
37°C, and 4°C, respectively, for 24 h.

o-Galactosidase treatment

Acellular menisci were chopped into 3mm?> samples and
treated with o-galactosidase (1 UmL™! [Sigma] in 0.05M
trissHC1 pH 6; 1 mL per 100 mg tissue) for 24 h at 37°C while
being rotated (13 rpm) on a rotator.

In vivo immunocompatibility study

The host response to fresh (n=4), decellularized (1 =06)
and a-galactosidase treated (1 =4) porcine medial meniscal
tissue was assessed in a mouse subcutaneous implant model
using female GTKO mice (BresaGen Xenograft Management,
Ltd.) that had (human-like model) and had not been im-
munized with porcine red blood cells. Fresh porcine medial
meniscal samples were left untreated. a-Galactosidase-trea-
ted tissue was used as a negative control. Two tissue samples
per mouse were implanted for both the immunized and
nonimmunized groups.

Immunization was performed by injecting 0.2mL of
packed porcine red blood cells into the peritoneum of the
mice at days 0 and 14. Tissue was implanted on day 28 under
short-term anesthesia. The mid-dorsum of the mice was
aseptically prepared using 70% (v/v) ethanol. Tissue samples
(3mm?) from the central meniscal midsubstance were im-
planted subcutaneously along the middorsal line distant from
the skin incision. Mice were fed food and water ab libitum and
left for a period of 3 months. Mice were then sacrificed by
schedule (1) and bled via cardiac puncture, and the implanted
tissues retrieved for analysis. All animal procedures were
carried out by under appropriate UK Home Office licenses.

Histological assessment of explants
and surrounding capsule

Explanted tissue (vaccinated: fresh, n=4, decellularized,
n=4, a-galactosidase, n=3; nonvaccinated: fresh, n=4, de-
cellularized, n=4, a-galactosidase, n=23) was divided into
two equal samples and cryoembedded (Fig. 1i). One sample
was serially sectioned at 6 um thickness. Two sections were
chosen, located at the periphery and center of the original
sample (A & C respectively Fig. 1ii). A third section was taken
between the peripheral and central locations (B in Fig. 1ii).
Hematoxylin and eosin (H&E; Bios Europe Ltd.) staining was
used to determine cell infiltration and morphology. Thickness
of the capsule surrounding the explanted meniscal tissue was
determined by taking six measurements (Image Pro Plus®
imaging software; Media Cybernetics) at random locations
along the circumference of the tissue explants (A in Fig. 1iii).

Immunohistochemical assessment of cellular
phenotype within the implant

The remaining explant sample for all groups (vaccinated:
fresh, n=4, decellularized, n=4, o-galactosidase, n=3;
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FIG. 1. Diagrammatic overview of sectioning/observation
of mouse explants for histological assessment.

nonvaccinated: fresh, n =4, decellularized, n =4, a-galacto-
sidase, n=3) were cryosectioned at 6 um (“2” in Fig. 1i).
Immunolabeling was carried out using an indirect strepta-
vidin-horseradish peroxidase (HRP) immunoperoxidase
method at room temperature. Rat monoclonal antibodies to
mouse CD3 (pan-mature T-cell; Invitrogen), mouse CD4
(helper T-cell; Invitrogen), mouse CD34 (endothelial cell;
BD Biosciences), mouse F4/80 (macrophage; Invitrogen),
and mouse C3c (complement; Hycult Biotech) were used to
characterize the host response to the tissues. Tris-buffered
saline (TBS) was used throughout as diluent and wash
buffer. Nonspecific background staining was prevented by
blocking with 10% (v/v) rabbit serum (Dako). Sections
were first incubated with primary antibody for 1h, bioti-
nylated rabbit anti-rat secondary antibody (Dako) for
30min, and streptavidin-HRP complex (R.T.U. HRP Kit;
Vector Laboratories) for 45 min with washing between each
step. The secondary antibody was absorbed with porcine
heart valve tissue to prevent nonspecific background
staining. This consisted of finely mincing one valve leaflet
and adding it to the antibody diluted 1:5 with antibody
diluent (TBS, 0.01% [w/v] sodium azide, 0.1% [w/v] BSA)
for 24h at 4°C while being rotated. After this point, sam-
ples were centrifuged at 200 g for 10 min before removing
the supernatant. This process was repeated a further two
times, adding a fresh leaflet to the supernatant each time.
Bound antibody was then observed using Sigma Fast 3,3'-
diaminobenzidine (Sigma) tablets. Omission of the primary
antibody served as a negative control. Positive control tis-
sues (mouse spleen: CD3, CD4, CD34, F4/80; mouse kid-
ney: C3c) and rat anti-mouse isotype control antibodies
(IgG1, IgG2a, and IgG2b; Serotec) were used to verify an-
tibody specificity. After labeling, 40x magnification images
were captured to provide an overview. Images of 200x
magnification were then taken at four preassigned locations
on the implant (Fig. 1iii). Each image was analyzed blind
and the number of positive cells within each defined area
determined.
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Enzyme-linked immunosorbent assay
for determination of anti-o.-gal antibodies
in GTKO mouse serum

Immediately after sacrifice of the mice, 500-800 pL of blood
was removed by cardiac puncture (vaccinated, n=6 [fresh
2, decellularized =3, o-galactosidase=1]; nonvaccinated,
n=>5 [fresh=1, decellularized =2, a-galactosidase =2]). The
serum was separated after 24h at 37°C. Serum from normal
(Balb/c female) mice was used as a control.

Fifty microliters of o-gal-BSA (10 pg-mL~'; Alexis Bio-
chemicals) was added to the wells of Nunc Maxisorp™ mi-
crotiter plates and left overnight at 4°C. The wells were then
washed with 300 uL. wash buffer (0.05% [v/v] Tween 20 in
PBS), three times for 10 min each. Plates were then blocked
with 250 uLL of 5% (w/v) dried milk protein (Marvel; Mor-
rison’s Supermarket) in PBS, for 12h at 4°C.

Test and control sera were diluted (neat, 1:10, 1:20, 1:40,
1:80, 1:160, 1:320, 1:640, 1:1280, 1:2560, 1:5120, and 1:10,240)
with antibody diluent (TBS, 0.01% [w/v] sodium azide, 0.1%
[w/v] BSA). The plate wells were then washed with wash
buffer, three times for 10 min each before the serum dilutions
(100 uL) were added to the a-gal-BSA-coated wells and in-
cubated for 3h at room temperature. After this, the wells
were washed as before and 50pL secondary rabbit anti-
mouse HRP antibody (1:1000; Dako) was added. The plates
were then left for 1h at room temperature. The plates were
again washed with wash buffer before adding 100 puL
o-phenylenediamine dihydrochloride (OPD) solution (Sigma)
and incubating for 10min at room temperature in the dark.
Fifty microliters of 3M sulfuric acid was added to stop the
reaction before the absorbance was read at 492-630nm. The
antibody titers of the test sera were taken as the reciprocal
value of the last dilution with an absorbance value greater
than or equal to three standard deviations of the normal
mouse serum control at the same dilution.

Isolation of meniscal cells from porcine medial menisci

Female, 35 kg large white pigs were sacrificed before aseptic
dissection of the medial menisci. The tissue was then incubated
(5% CO, [v/v] in air at 37°C) in an antibiotic solution (Dul-
becco’s modified Eagle’s medium [DMEM; Invitrogen]
containing amphotericin B [25 pg~mL’1; Sigma], vancomycin
[0.05 mg~mL_l; Sigma], gentamicin [0.5 mg~mL_l; Sigma],
polymyxin B [0.2 mg-mLfl; Autogen Bioclear Ltd.], primaxin
[0.2 mg-mLfl; VWR], and aprotinin [10 KIU-mL™!]) for 8-16 h.
Tissue was then cut into 1 mm? pieces and placed in digestion
solution (0.1% [w/v] collagenase and 0.1% [w/v] hyaluroni-
dase I-S; Sigma) overnight at 37°C with agitation. Once digested
the debris was filtered through a 100 um cell sieve. The cell
suspension was then centrifuged (200 g, 10min) and the su-
pernatant discarded. The cell pellet was then resuspended in
5mL of standard culture medium consisting of DMEM con-
taining 10% (v/v) fetal calf serum (Biosera), 1 mM L-glutamine
(Invitrogen), penicillin (100 UmL Invitrogen), and strepto-
mycin (100 pg-mL"; Invitrogen) before aliquoting into a 25 cm®
flask. Cells were incubated until subconfluent at 37°C in 5% (v/
v) CO; in air and passaged to allow expansion of cell numbers.

Phenotype of cultured cells

Meniscal cells were extracted from porcine medial menisci
as described above. Primary human dermal fibroblasts
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(PHDFs) were purchased from Cascade Biologics. The phe-
notype of the cells was determined using immunofluorescent
labeling with the following monoclonal antibodies: porcine
medial meniscal cells (PMMCs)—(1) collagen type I (Milli-
pore), (2) collagen type II (Millipore), (3) collagen type VI
(Millipore), (4) CD34 (Serotec), (5) vimentin (Vector La-
boratories), (6) chondroitin sulfate (Sigma), (7) fibronectin
(Vector Laboratories), (8) a-smooth muscle actin (Sigma), (9)
desmin (Novocastra); PHDFs—(1) collagen type I, (2) fibro-
nectin, (3) vimentin, and (4) Ki-67 (Dako). A goat anti-mouse
secondary antibody conjugated to fluorescein (Alexa Fluor
488; Invitrogen) was used to observe the primary antibodies.
Phenotype analysis was carried out at passage 1-4. Positive
control tissue assessed the functionality of each antibody
(porcine skin for collagen type I and fibronectin; porcine
cartilage for the collagen types II, VI and chondroitin sulfate;
porcine muscle for vimentin, o-smooth muscle actin and
desmin; porcine bone marrow smear for CD34 and a pro-
liferating cell line for Ki-67). Omission of the primary anti-
body and use of the appropriate isotype controls (IgG;,
IgG,,, and IgM; Dako) served as the negative controls.

Attachment of porcine medial meniscal cells
and human dermal fibroblasts to decellularized
porcine medial meniscal tissue

The flattened, inferior surface of the meniscal tissue was
found to be suitable for cell seeding. A 2-3-mm-thick layer
was sheered off using a scalpel blade and a 1.5cm? square
section was then cut out from the central section. This tissue
was placed between custom-made galvanized inner steel
rings, which allowed definition of the area of tissue to be
seeded (0.5cm?). Tightening of outer rings allowed a seal to
be formed between the tissue and the inner rings.

The tissue/ring (seeding ring) constructs were then placed
individually in the wells of six-well plates. The decellularized
porcine medial meniscal tissue surface was then precondi-
tioned with 0.5mL of standard culture medium for 3h at
37°C in an atmosphere of 5% (v/v) CO, in air. In addition,
standard culture medium (2.5mL) was added to the wells
containing the seeding ring constructs.

In preparation for their use, cells were subcultured to ~60%
confluency. Before their application, the preconditioning me-
dium was removed from the acellular scaffolds and the fol-
lowing cell densities were prepared using DMEM as diluent:
(1) PHDFs; 12x10%, 12x10* and 12x10° cells/mL~" and (2)
PMMCs; 8x10°, 8x10* and 8x10° cells/mL . Each cell sus-
pension (250 pL) was then applied to the decellularized me-
niscal samples (n=3). After 3h of culture, the medium was
aspirated and 250 puL of standard culture medium was added
to each seeding ring. This was left to incubate at 37°C in an
atmosphere of 5% (v/v) CO; in air for a further 21 h. The tissue
was then removed, divided into two and one half processed
for histology and one half processed for scanning electron
microscopy (SEM) analysis to assess cell coverage and mor-

phology.

Infiltration of porcine medial meniscal cells
and human dermal fibroblasts into decellularized
porcine medial meniscal tissue

To assess whether cells were able to infiltrate into the
acellular porcine medial meniscal scaffold, an extended cell
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culture study was performed. This involved incubating the
optimum cell concentration ([1] PHDFs; 12x10° cells/mL™*
and [2] PMMCs; 8x10° cells/mL™!) on the decellularized
porcine medial meniscal scaffold (1 =3; dissected as above)
for 7 days. The cells were seeded onto the acellular tissue as
described above. The seeding rings were removed after the
first 24 h, leaving the tissue in the medium of the six-well
plate well. The medium was changed every 2 days. After 7
days of incubation at 37°C in an atmosphere of 5% (v/v) CO,
in air, the samples were removed. Each sample was halved
to allow SEM and histological analysis to be performed on all
the samples to assess cell coverage, infiltration, and mor-

phology.

Histological assessment of cell-seeded
decellularized porcine medial meniscal tissue

Cell-seeded decellularized meniscal samples (1 =3) were
fixed in 10% (v/v) neutral buffered formalin for 48h and
then dehydrated using an automated process before em-
bedding samples in paraffin wax. Serial sections of 6 um in
thickness were taken with 1 in 10 sections used. Standard
H&E staining was used to evaluate tissue histoarchitecture.
Deoxyribonucleic acid was stained using Hoechst dye (bis-
benzimide H33258 pentahydrate; Molecular Probes). Images
were captured digitally and assessed qualitatively.

SEM of cell-seeded acellular porcine
medial meniscal tissue

Cell-seeded decellularized meniscal samples (1 =3) were
fixed with 2.5% (w/v) glutaraldehyde/PBS and postfixed
with 1% (w/v) osmium tetroxide and then dehydrated using
an ascending alcohol series. The samples were then critical
point dried using a Polaron E3000 critical point drying ap-
paratus (Aztech Trading) using liquid CO; as the transition
fluid. Specimens were mounted using carbon cement and
coated with gold using a Polaron E5300 freeze dryer sputter
coating unit. Specimens were then observed and imaged us-
ing a CamScan 3-30BM scanning electron microscope (Aztech
Trading) to evaluate the cell coverage and morphology.

Data analysis

All numerical data were analyzed using Microsoft Excel
2003. Means, standard deviations, and 95% confidence limits
were calculated for each set of results. For comparison of
groups of two means, the Student’s t-test was used. Data with
more than two groups were analyzed by one-way analysis of
variance (ANOVA) followed by calculation of the minimum
significant difference (p < 0.05) using the T-method.

In cases where calculated data were expressed in percent-
age or proportions, data were transformed to arcsine (inverse
sine) values to allow accurate generation of 95% confidence
limits. After conversion, 95% confidence intervals were cal-
culated using the arcsine values. Data were then transformed
back to percentage/proportional values for presentation.

Results
In vivo immunocompatibility study

After 3 months implantation, all mice were humanly sac-
rificed using a UK Home Office-approved method. Tissues
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FIG. 2. Histological images of fresh/decellularized porcine medial meniscal tissue after 3-month subcutaneous implanta-
tion in GTKO mice vaccinated with porcine red blood cells. (A) H&E-stained fresh porcine medial meniscal tissue surrounded
by fibrous capsule, 40x mag; (B) H&E-stained acellular porcine medial meniscal tissue surrounded by fibrous capsule, 40x
mag; (C) H&E-stained acellular porcine medial meniscal tissue showing cellular infiltration, 200x mag. CI, capsular interface;
GTKO, galactosyltransferase knock-out; H&E, hematoxylin and eosin; I, meniscal implant; mag, magnification; ST, murine
subcutaneous mouse tissue. Color images available online at www liebertonline.com/ten.

were explanted together with the surrounding mouse skin
for analysis. However, not all of the implants were retrieved.
Of the vaccinated group there were four of four recovered in
the fresh, four of six in the decellularized, and three of four in
the a-galactosidase-treated group. Of the nonvaccinated
group there were four of four recovered in the fresh, four of
six in the decellularized, and three of four in the o-galacto-
sidase-treated group.

Macroscopic examination of explanted tissue. On gross
observation, no areas of inflammation were observed on the
mouse skin located over the explants. All explanted fresh,
decellularized, and o-galactosidase-treated tissues from
vaccinated /nonvaccinated mice were white and glossy.
Tissues had maintained their native rigid-like constituency
and there were no obvious signs of tissue shrinkage.

Microscopic examination of H&E-stained explants. The
explanted tissue extracellular matrices from all the groups
were in good condition with no obvious signs of matrix

damage. Cells had readily infiltrated the entire periphery of
the explants (Fig. 2). These cells had a varied morphology,
with the majority of cells having a fibroblastic-like mor-
phology aligned with the collagen orientation (Fig. 2C). Also
present in small quantities were mononuclear cells. The
centers of the explants were relatively acellular. A small
number of cells were present within the center of some of the
explants but this was not a consistent finding. All of the
explants were surrounded by a fibrous capsule, which was
populated with cells that were mainly of a mononuclear
morphology.

Determination of thickness of the fibrous capsule sur-
rounding explants. To measure the foreign body response to
the implants, a series of measurements were taken to deter-
mine capsule thickness. The thickness of the capsule was
significantly greater in the fresh tissue explant compared to
the decellularized and a-galactosidase treated samples for
both nonvaccinated and vaccinated mice (Fig. 3). For both
nonvaccinated and vaccinated groups there was no significant
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FIG. 3. Capsule thickness
of fresh, decellularized,
a-galactosidase-treated
porcine medial meniscal
explants from nonvaccinated/
1 vaccinated GTKO mice. The
L error bars represent 95%
confidence limits (n = 3).

*A significant difference as
determined by analysis of
variance (p <0.05).

vaccinated vaccinated a-
decellularised galactosidase
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difference between the decellularized and the o-galactosi-
dase-treated explants (Fig. 3).

Phenotype of cells infiltrating the tissue explants. Mouse
spleen allowed verification of the functionality of antibody
to CD3, CD4, CD34, and F4/80 (data not shown). Labeling
was localized to the ECM in a banded pattern (data not
shown). Mouse kidney allowed verification of the function-
ality of antibody to C3c with labeling diffusely located
throughout the cortex (data not shown). Negative controls
(isotype and primary antibody omission) verified antibody
specificity with no positive labeling found (data not shown).

Nonvaccinated mice: Evaluation of porcine medial me-
niscal implants in nonvaccinated GTKO mice showed that
for all three groups the majority of cells were located in the
fibrous capsule. The cells were mainly F4/80 positive
(mononuclear phagocytes) with occasional, rare CD3 and
CD4-positive cells.

Within the explant tissue the majority of cells were F4/80
or CD34 positive in all of the explant groups (Fig. 4). There
was no significant difference between the proportion of CD34
and F4/80-positive cells between the three groups, with the
exception of the a-galactosidase-treated tissue, which had
significantly more CD34-positive cells (Fig. 4). Extremely low
numbers of cells positive for CD3 and CD4 were found in the
explants (Fig. 4). No tissues were positive for C3c (Fig. 4).
Unlabeled cells, negative for CD3, CD4, F4/80, and CD34,
also accounted for a large proportion of the cells infiltrating
the tissues (Fig. 4). These cells had a fibroblastic morphology.
Comparison between the groups (fresh, decellularized, and o-
galactosidase-treated samples) showed that the fresh tissue
contained a significantly lower proportion of CD34-positive
cells in comparison with the a-galactosidase-treated samples
(ANOVA p <0.05; Fig. 4). There was a lower proportion of
F4/80-positive cells in the fresh explants compared to the
decellularized samples (Fig. 4). There was a significantly
higher proportion of unlabelled cells in the fresh samples on
compared to both the decellularized and «-galactosidase-
treated samples (ANOVA p < 0.05; Fig. 4).

Vaccinated mice: The cells of the capsule were predomi-
nantly made up of F4/80-positive cells and low numbers of
CD3 and CD4-positive cells (Fig. 4).

Analysis of the cells infiltrating the explants revealed that
there was no significant differences in the proportion of
CD34, F4/80, and unlabeled cells between the three groups.
Extremely low numbers of cells were positive for CD3 and
CD4. No explants were positive for C3c (Fig. 4).

Determination of anti-a-gal antibodies in GTKO mouse
serum. The mean titer of anti o-gal antibodies was deter-
mined for each mouse group. The titers were converted to an-
tibody units by taking the reciprocal of the titer. Vaccinated
mice that were implanted with fresh, decellularized, and
a-galactosidase meniscal tissue recorded 240, 480, and 1260 an-
tibody units, respectively. Nonvaccinated mice that were im-
planted with fresh, decellularized, and a-galactosidase meniscal
tissues recorded 10, 80, and 25 antibody units, respectively. Data
were then pooled into vaccinated and nonvaccinated subgroups.
Nonvaccinated mice achieved a mean of 44 antibody units,
whereas vaccinated mice had a mean of 463 antibody units.

Phenotypic characterization of cultured cells

Meniscal cells were found to be positive for collagen I, 1II,
CD34, chondroitin sulfate, desmin, vimentin, fibronectin,
and a-smooth muscle actin. However, staining for collagen
VI was not present (data not shown). A smaller panel was
used to identify human dermal fibroblasts as being positive
for collagen type I, fibronectin, vimentin, and Ki-67 (data not
shown). Positive control tissues and negative controls (iso-
type and primary antibody omission) confirmed functional-
ity and specificity of primary antibodies (data not shown).

Histological and SEM assessment of attachment
of PHDFs and porcine medial meniscal cells
to the acellular porcine meniscal scaffold

The approximate confluent cell density (CCD) in mono-
layer culture of each cell type was established and found to
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FIG. 5. Histology and SEM of acellular porcine medial meniscal tissue after 24h culture with (A1, B2) human dermal
fibroblasts and (C1, D2) porcine medial meniscal cells at 37°C in an atmosphere of 5% (v/v) CO, in air. Cells were seeded at
the following concentrations: (A1, B2) 6x10° cells/cm? and (C1, D2) 4x10° cells/cm®. Analysis were performed using (1)
H&E staining, 200x mag and (2) SEM. Scale bar represents 30 um. FC, flattened cells; SEM, scanning electron microscopy.

Color images available online at www .liebertonline.com/ten.

be 4x10° cells/cm® for PHDFs and 6x10° cells/cm” for
PMMCs. Each cell type was then seeded onto samples of the
acellular scaffold at the established CCD and 10-fold and
100-fold above this density.

For PHDFs, seeding at the CCD resulted in a limited de-
gree of cellular attachment. SEM analysis of the attached cells
showed that not all the attached cells were flattened and
many appeared raised from the tissue surface. At a seeding
density 10-fold above CCD cellular attachment was im-
proved and the cells took on a flattened appearance. At a
seeding density 100-fold above CCD optimal attachment was
observed; the cells formed a complete monolayer across the
tissue surface with tightly packed cells aligning in the same
direction (Fig. 5A1). This was confirmed by SEM analysis
showing aligned flattened cells across the surface of the tis-
sue (Fig. 5B2). For all the samples, no cell infiltration into the
acellular scaffold was found after 24 h incubation.

For PMMCs a similar result was obtained with cell at-
tachment improving with increasing seeding density. Sam-
ples seeded at the CCD revealed cellular attachment with the
majority of cells exhibiting a flattened appearance; however,
a few rounded cells were also present. Increasing the seeding
density by 10-fold resulted in further cell attachment. Cells
again took on a flattened appearance and were in contact
with one another. The seeding density 100-fold above CCD
resulted in the highest degree of cellular attachment, with a

monolayer-like coverage of the acellular porcine medial
meniscal scaffold (Fig. 5C1). SEM analysis showed the cells
to be of a flattened morphology and very tightly packed (Fig.
5D2). No infiltration into the acellular scaffold was found
after 24 h incubation.

Histological and SEM assessment of infiltration
of PHDFs and porcine medial meniscal cells
into the acellular porcine meniscal scaffold

Acellular porcine medial meniscal tissue was cultured for 7
days with the cells at 100x CCD. PHDFs formed a stacked
layer of cells (Fig. 6A, B). Two of the three samples showed
cellular infiltration upon histological analysis (~150 um in
depth) with up to eight cells per field of view at 100x mag-
nification (Fig. 6C). Hoechst staining confirmed the presence
of DNA within these cell-like structures (Fig. 6D). SEM anal-
ysis confirmed that the cells on the surface appeared flattened
and aligned in a similar direction to one another (Fig. 6E, F).

With regard to PMMCs, cell attachment was maintained
after 7 day culture. H&E and Hoechst staining revealed the
retention of a monolayer-like structure across the surface of
the acellular porcine medial meniscal scaffold (Fig. 7A, B).
SEM analysis showed that the cells were morphologically
flattened, circular, and in contact with one another. In ad-
dition, gaps were found interspersed between various cell
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Infiltrated cells

FIG. 6. Histology and SEM of acellular porcine medial meniscal tissue after 7-day culture with primary human dermal
fibroblasts at 37°C (continues overleaf) in an atmosphere of 5% (v/v) CO, in air. Cells were seeded at 6x10° cells/cm?. (A)
Image of stacked cells on the acellular scaffold, stained with H&E, 200x mag; (B) image of stacked cells on the acellular scaffold,
stained with Hoechst 33258 dye, 200x mag; (C) image of cells infiltrated into the acellular scaffold, stained H&E, 200x mag; (D)
image of cells infiltrated into the acellular scaffold, stained with Hoechst 33258 dye, 200x mag; (E) SEM image of cell monolayer
viewed from above, scale bar represents 100 um; (F) SEM image of cell monolayer viewed from above, scale bar represents
30 um. Color images available online at www liebertonline.com/ten.

patches of the monolayer (Fig. 7C, D). There was no evidence
of cellular infiltration into the acellular scaffold.

Discussion

There is an increasing need for meniscal replacement driven
by a greater incidence of knee injuries in which the meniscus
is damaged irreparably. The reasons for this have been at-
tributed to the higher proportion of people participating in
sports such as skiing that place extreme stresses on the knee.*

Currently, the best treatment is replacement with an al-
lograft; however, allografts have been associated with
problems of disease transmission and immune rejec-
tion.®”?!2* Other options include meniscal replacements
such as the CMI™ (commercially known as Menaflex™) that
utilize reconstituted swollen bovine collagen that acts as a
natural prosthesis to allow cellular ingrowth. U.S. Food and
Drug Administration approval has recently been granted for
its use after partial meniscectomy; however, its use is lim-
ited to patients with intact meniscal rims. Clinical findings
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FIG.7. Histology and SEM of acellular porcine medial meniscal tissue after 7 day culture with primary porcine meniscal cells
at 37°C in an atmosphere of 5% (v/v) CO, in air. Cells were seeded at 4x10° cells/cm?. (A) Image of cellular monolayer on the
acellular scaffold, stained with H&E, 200x mag; (B) image of cellular monolayer on the acellular scaffold, stained with Hoechst
33258 dye, 200x mag; (C) SEM image of cell monolayer viewed from above, scale bar represents 100 pm; (D) SEM image of cell
monolayer viewed from above, scale bar represents 30 um. Color images available online at www.liebertonline.com/ten.

have been inconclusive with regard to chondropro-
tection.>>**

A key choice in the development of a tissue-engineered
implant is whether to engineer a cellularized construct.*~*
Cellularized scaffolds may be particularly important when
the cells are necessary for maintenance of the surrounding
matrix or have an important function, for example, preser-
vation of the antithrombogenicity of a vascular conduit via
endothelization or simply to aid continual growth in young
recipients.’>>! Acellular scaffolds have the advantage of de-
livery as medical devices and avoid the regulatory issues
associated with the delivery of living constructs, which re-
quire long-term culture in bioreactors. Acellular scaffolds
rely upon in vivo regeneration by endogenous cells, with the
living host acting as a bioreactor. This latter approach has
enabled an acellular meniscal scaffold to progress to clinical
translation,” whereas cellularized constructs have not yet
progressed from the experimental or preclinical stage.'®”
This study aimed to assess the immunocompatibility and
cellularization potential of an acellular porcine medial me-
niscal scaffold.

Previous studies established the removal of the immuno-
genic carbohydrate, a-gal epitope after decellularization of
porcine medial menisci.'* In addition, it was shown that the
acellular porcine medial meniscus was not cytotoxic in vitro.
This satisfied the ethical criteria for implantation into mice to

determine in vivo immunocompatibility. The GTKO mouse
model was selected to represent the immunological status of
human with regard to the a-gal epitope. The GTKO mouse
lacks the o-galactosyl transferase gene but is immunologi-
cally normal. The inflammatory/immune response to native
and acellular tissues was evaluated in GTKO mice that had
or had not been immunized with porcine red blood cells to
increase antibody titers to the a-gal epitope. Three groups of
tissues were implanted subcutaneously: fresh, acellular, and
acellular tissue treated with a-galactosidase to remove any
residual a-gal and act as a control. A limitation of this study
was that the wounds were not sutured since, in our previous
experience, sutures can evoke an inflammatory response
with T-cell infiltration and calcification. Blunt dissection
under the skin allowed placement distant from the incision;
however, 6 of the total 28 implants were lost reducing the
power of the study; notwithstanding this, there were a total
of 8 fresh, 8 decellularized, and 6 «-galactosidase-treated
decellularized explants recovered for analysis from immu-
nized and nonimmunized mice.

Upon explantation, all of the tissues were surrounded by a
loosely bound capsule comprised of mononuclear phago-
cytes with cells infiltrating the periphery of the tissues after
the collagen orientation. Capsule thickness provided a sim-
ple method of quantifying the response and this showed a
thicker capsule surrounding the fresh tissue explants for both
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vaccinated and nonvaccinated mice. To determine any dif-
ferences between the nature and quantity of the infiltrating
cells, direct counting of cells stained by immunohistochem-
istry using antibodies to F4/80 (mononuclear phagocytes),
CD34 (endothelial progenitor cells), CD3 (pan T-cell), and
CD4 (helper T-cells) was performed. Weaknesses of this
approach were that a large proportion of the infiltrating cells,
of fibroblastic morphology, were not characterized using the
antibody panel and only thin sections of the explanted
tissues were analyzed. Hence, a full numerical analysis of the
cellular infiltrates present within the full thickness of the
tissues was not carried out. Alternative methods such as
the use of the stereological optical dissector principle or
isolation of the cells and characterization by flow cytometry
would not have been appropriate due to the dense nature of
the meniscal tissue and sparse numbers of infiltrating cells.

The cellular infiltrate into all the tissues comprised mono-
nuclear phagocytes, CD34-positive cells, and unlabelled
fibroblastic cells. It is of particular note that CD3 and CD4-
positive cells were virtually nonexistent, indicating a lack of
specific immune response to any of the implants, including
the fresh meniscal tissue. There was also an absence of C3c
deposition (indicative of immune complexes), in both the
vaccinated and nonvaccinated mice, despite a 12-fold eleva-
tion of antibodies to a-gal in the vaccinated group. The lack of
immune reaction to the fresh meniscal tissue may have been
associated with the dense extracellular matrix combined with
the relatively sparse cell and a-gal epitope density charac-
teristic of this tissue. Indeed, the limited antigenicity and
immunoprivileged qualities of meniscal tissue has been pre-
viously reported.*®** However, longer term studies are re-
quired to support this claim. The lack of a positive response
to the fresh meniscal tissue questions the validity of the
model. However, parallel studies in the same laboratory
showed that fresh porcine ureter elicited a predictable im-
mune response comprising CD3-positive cells and macro-
phages in GTKO mice.*’ In addition, the fresh porcine ureter
tissue explants exhibited a vacuolated appearance consistent
with necrosis. These previously reported results validated the
model, despite the lack of a significant immune response to
the fresh meniscal tissue in this study. These studies also
highlight the differences between the dense meniscal extra-
cellular matrix and that of the ureter.

The specific aim of this in vivo study was to determine the
immunocompatibility of the acellular porcine meniscus, and
this aim was met. It could be concluded that decellularization
of porcine meniscal tissue is not necessary for immune accep-
tance. However, decellularization offers considerable advan-
tages, including clinical translation as a medical device due to
the absence of functional DNA, with a much more straight
forward regulatory pathway compared to a cellular xenograft.

The presence of mononuclear phagocytes in the periphery
of the tissues with endothelial progenitors and fibroblast-like
cells in the acellular scaffolds could indicate a regenerative/
wound healing type response, or a nonspecific inflammatory
response. However, the lack of overt tissue damage, rela-
tively sparse capsule surrounding the acellular scaffolds, and
presence of fibroblast-like cells and endothelial progenitors
in the depth of the tissue favor the former. Previous studies
of acellular porcine extracellular matrix in rats have identi-
fied macrophages predominantly of the M2 phenotype
(CD163 positive) associated with tissue remodeling rather
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than the M1 subset (CCR7 positive) involved in inflamma-
tion.*"* Extensive attempts to classify the mononuclear
phagocytes in the explants using similar murine markers
proved unsuccessful. Longer term temporal studies together
with molecular analysis of gene expression are required to
resolve this issue.

PHDFs and PMMCs were used to assess whether cells
could attach to and infiltrate the acellular porcine medial
meniscal scaffold in vitro. The strategy was to evaluate native
porcine medial meniscal cells (PMMCs) and human cells
(PHDFs) that could be readily obtained from a patient.
Porcine meniscal cells were positive for collagen type I, col-
lagen type II, CD34, vimentin, chondroitin sulfate, fibronec-
tin, a-smooth muscle actin, and desmin, but not for collagen
VI. This indicated a mixed cell phenotype as reported pre-
viously.** However, it was not deemed necessary to purify
a specific cell type for the purposes of this study. With regard
to human dermal fibroblasts they were positive for collagen
type I, fibronectin, vimentin, and Ki-67, indicating that the
cells were in a proliferative state.

Both primary PMMCs and PHDFs attached to the acellu-
lar porcine meniscal tissue, verifying the potential of porcine
tissue, decellularized with sodium dodecyl sulfate, to sup-
port cell survival."***° After establishment of the optimum
seeding density, culture was extended up to 7 days. This
allowed preliminary investigations into whether the cells
would migrate into the acellular porcine meniscal tissue
in vitro. PMMCs remained attached and exhibited a flattened
morphology. In addition, the cells spread out from one an-
other, leaving gaps visible by SEM analysis, indicating that
these cells might prefer a limited amount of cell contact as
seen in situ. PHDFs differed in their response, with cells
stacking to form between two and four layers of cells. His-
tological analysis confirmed that the cells were able to infil-
trate into the acellular scaffolds up to a depth of ~150 pm in
the 7-day period. Overall, the data supported the hypothesis
that the acellular porcine meniscus provides a scaffold con-
ducive to cellular attachment with evidence of potential for
cellular infiltration both in vitro and in vivo.

The question arises whether it would be beneficial to
pursue in vitro recellularization before implantation. It is
likely that replacing the meniscus with a cellularized con-
struct would result in loss of the viable donor cells after
transplantation. It could be hypothesized that the presence of
cells upon implantation would be detrimental since the
structure is unlikely to become rapidly vascularized, leading
to donor cell death with potential damage to the surrounding
matrix. Indeed, it has been shown that when meniscal allo-
grafts are transplanted, host cells repopulate the meniscus
with no evidence of donor cells remaining.”” In the case of
meniscal replacement, it is our opinion that an acellular
meniscal scaffold will result in favorable remodeling upon
clinical implantation.58 Indeed, the decellularization methods
applied in this study could also be applied to human donor
tissue.

In conclusion, acellular porcine meniscal tissue exhibits
excellent immunocompatibility and potential for cellular re-
generation in the longer term.

Future work will test the porcine meniscal scaffold in a
functional large animal model (ovine) of meniscal repair.
This will establish the in vivo regenerative capacity of the
acellular meniscal scaffold over the longer term.
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