1X3]-){Jewiarems 1Xa1-)ewla1ems

1X31-)lew1a1ems

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Am J Sports Med. 2011 July ; 39(7): 1494-1499. d0i:10.1177/0363546511398645.

Etanercept Enhances Preservation of Osteochondral Allograft
Viability

Michael S. Linn, M.D.}, Derek C. Chase, M.D.1, Robert M. Healey, B.S.1, Frederick L.
Harwood, B.S.1, William D. Bugbee, M.D.2, and David Amiel, Ph.D.1

1Department of Orthopaedic Surgery, University of California San Diego CA
2Scripps Clinic, La Jolla CA

Abstract

BACKGROUND—Osteochondral allografts are an increasingly popular treatment for the repair
of articular cartilage lesions. Current tissue bank protocols require bacteriological testing that
takes from 21 to 28 days to process. During this time, tumor necrosis factor-alpha TNF-a (a pro-
apoptotic cytokine) is upregulated resulting in loss of chondrocyte viability. To date, etanercept (a
cytokine inhibitor) has not been studied in the current storage paradigm with the intention of
preserving cell viability.

HYPOTHESIS/PURPOSE—To assess whether or not the addition of Etanercept can improve
the chondrocytic viability of osteochondral allograft during storage.

STUDY DESIGN—Controlled, randomized and blinded /n vitro laboratory study.

METHODS—Osteochondral allografts were harvested from eight Boer goat femurs and placed
into storage media and stored at 4°C for 28 days. The experimental group was supplemented with
10 pg/mL of Etanercept. After storage, cell viability was assessed by live/dead staining and
confocal microscopy. Specimens were also analyzed histologically and underwent
histomorphological analysis. TNF-a expression was measured with semi-quantitative PCR.

RESULTS—At 28 days, the percent viability of the superficial zone in etanercept-treated
allografts was maintained at significantly higher levels than those measured in the untreated group
(69.3 + 9.4 compared to 47.8 £ 19.1, p=0.01). No difference was found histologically between the
etanercept and the untreated group (i.e. safranin-O staining for GAG expression).
Histomorphologic assessment showed no difference in indentation stiffness or roughness between
groups. TNF-a expression was significantly decreased in the etanercept group compared to the
untreated group.

CONCLUSION—Etanercept was able to maintain cell viability of osteochondral allografts
significantly better than the current storage paradigm after 28 days storage.

CLINICAL RELEVANCE—Miaintaining the viability of the superficial zone will benefit
outcomes by facilitating joint articulation via improved lubrication. Additionally, maintaining the
cellular viability for increased periods of time may allow a greater window of time in which a
suitable recipient may be found.
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INTRODUCTION

Osteochondral allografting has developed from an experimental surgical procedure
performed at a few centers, to a more widespread and accepted procedure with networks of
tissue banks available to provide tissue to many surgeons throughout the country. Currently,
the main limitation to the procedure is not deficiencies in indications, but rather a limitation
of graft supply. Increasing the availability of grafts would allow for treatment of greater
numbers of patients who have few other cartilage repair options.

Fresh osteochondral allograft resurfacing allows implantation of geographically matched,
mature articular cartilage with viable chondrocytes while avoiding donor site morbidity.
There has been extensive clinical experience with this procedure. Lexer!8 first described
osteochondral allografting in 1908, transplanting isolated articular surfaces and whole joints
for reconstruction after resection for sarcomas, osteomyelitis, and tuberculosis.!
Musculoskeletal tumor surgeons later relied on this technique in the reconstructive phase of
tumor resection, using frozen grafts. Bulk frozen allografts continue to be used for
reconstruction in tumor surgery.21:23.3% However, freezing intact articular cartilage, even in
the presence of cryopreservative agents such as dimethyl sulfoxide or with techniques such
as controlled-rate freezing, was found to result in either complete or near complete loss of
chondrocytic viability.20:24:38 |_ack of chondrocyte viability has been demonstrated in
surgically implanted frozen allografts with breakdown in the acellular cartilage matrix
within 5 years of the index procedure.12

During the past half century, the indications for osteochondral allografting have expanded to
include isolated osteochondral defects secondary to osteochondritis dissecans and traumatic
injury. Since the 1970s, osteochondral allografting using fresh tissue for various indications

has become routine at certain institutions, with 5-year clinical success rates greater than
75044, 5,7, 14,26

One of the primary limitations of osteochondral allografting is donor tissue availability.
Traditionally, the procedure could only be done in areas with a tissue bank equipped to
procure and process tissue. Initially, grafts were stored in lactated Ringer’s solution at 4°C
and rapidly implanted after harvesting. Currently, transplantation usually occurs several
weeks following procurement as the required microbial testing and other safety measures
have become more rigorous. There is a need, therefore, to optimization storage conditions to
best preserve the cartilage viability for the longest possible duration.

During storage of osteochondral allografts, primary considerations are the preservation of
chondrocyte viability to allow for maintenance of cartilage matrix and remodeling after
transplantation and the preservation of matrix biochemical and biomechanical properties.10
Several studies have described detrimental changes within stored osteochondral allografts as
a function of time; finding that cell viability significantly declines as implantation time
approaches or exceeds 14 days.1 42 In an attempt to improve storage conditions and
maintain viability, Ball et al.2 found that storing osteochondral allografts in culture media, as
compared with lactated Ringers, significantly improved cell viability at two weeks. Pennock
et al32 found that adding 10% fetal bovine serum to the storage media further increased cell
viability of stored grafts. Additionally, Pallante et al3! found that storing allografts at 37°C,
instead of 4°C further enhanced cell viability. The current storage paradigm employed by
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tissue banks includes storing intact osteochondral specimens at 4°C in allograft storage
media (similar to tissue culture media) supplemented with 10% fetal bovine serum.

A potential method to further improve chondrocyte viability of stored grafts is by
modulating the apoptotic pathway?. While the complex apoptotic process is not fully
understood, it is well established that inflammatory mediators, reactive oxygen species, and
pro-apoptotic cytokines play an important role in programmed cell death® 19, Robinson et
al33 studied the apoptotic gene expression in stored osteochondral allografts and found many
apoptotic genes were significantly upregulated with prolonged storage, including TNF-a
expression.

TNF-a is a potent pro-apoptotic cytokine involved in systemic inflammation and the acute
phase reaction. TNF-a causes apoptotic cell death, cellular proliferation, differentiation,
inflammation, tumorigenesis, and viral replication. Dysregulation and, in particular,
overproduction of TNF-a have been implicated in a variety of human diseases including
rheumatoid and psoriatic arthritis. The application of TNF-a inhibitors, such as the
pharmaceutical etanercept, has been clinically successful in decreasing inflammation in a
variety of rheumatologic diseases.® 13. 36

Since TNF-a is upregulated in stored osteochondral allografts, it is hypothesized that the
inhibition of TNF-a through the addition of etanercept to standard storage media will
enhance chondrocyte viability by interrupting the apoptotic pathway. No study to date has
examined the /in vitro effects of etanercept on stored osteochondral allografts prior to
surgical implantation, i.e. at 28 days. The purpose of this study is to assess the chondrocytic
viability of osteochondral allograft plugs stored in allograft storage media with and without
inhibition of TNF-a expression by Etanercept at this time point. The aim is to assess
chondrocyte viability by zone, matrix production through glycosaminoglycan (GAG)
quantification, cartilage integrity through histomorphometric assessment, and the TNF-a
expression by reverse transcriptase PCR.

MATERIALS AND METHODS

Sixteen femoral condyles were obtained from eight mature (2-3 year old) Boer goats
(Thomas Morris Farm, Reisterstown MD) within 48 hours of animal sacrifice. The goat has
been used successfully as a model for the evaluation of cartilage defects and has been
recommended for evaluation of chondral defects® 31 and is recommended for chondral
evaluation as it approximates the low range of human cartilage thickness.? The condyles
were exposed using sterile technique and examined for any gross abnormalities.

Six osteochondral plugs, 10 mm in diameter including 10 mm of subchondral bone, were
harvested from each femoral condyle under sterile conditions using Arthrex coring
instruments (Arthrex, Inc, Naples, FL). These plugs were then placed into aliquots of
allograft storage media (Dulbecco's modified Eagle's medium with supplemental fetal
bovine serum, L-glutamine, ascorbic acid, streptomycin, penicillin, and amphotericin)
before being stored at 4°C. The experimental group additionally received 10 pg/ml of
etanercept. The storage solution was changed weekly. Plugs were removed from storage at
28 days after harvesting and assessed as described below.

Chondrocyte Viability

At each data point, full-thickness articular cartilage was dissected free from the subchondral
bone and sectioned with a scalpel into approximately 0.5-mm coronal slices. These slices
then were placed into a solution containing 2',7'-Bis(2-carboxyethyl)-5(6)-
carboxyfluorescein, acetoxymethylester (BCECF-AM), which stains viable cells green, and
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propidium iodide, which stains nonviable cells red. BCECF-AM is a fluorescein derivative
that is metabolized by nonspecific esterases in living cell membranes to a green fluorescent
product. Propidium iodide usually is excluded from living cells by the intact cell membrane
but penetrates nonviable cells and intercalates with the DNA and fluoresces red.

After 45 minutes in the staining solution in a 37°C incubator, the specimens were examined
with a confocal laser microscope, and full thickness cartilage images were obtained (Figure
1). Live and dead cells were counted in a blind fashion using image analysis software
(ImageJ, NIH, Bethesda MD) and percentage viability was calculated for the entire sample
as well as in each cartilage zone: superficial (top 10%), middle (central 50%), and deep
(lower 40%).30 Quantification of the chondrocyte live/dead densities was tabulated and
reported upon following previously described techniques.1?:41.42

Glycosaminoglycan (GAG) Content

Tissue blocks were fixed in 10% neutral buffered formalin with 1% cetylpyridinium
chloride (CPC) for 24 hours. CPC prevents loss of GAG from tissue during processing.*°
The specimens were embedded in paraffin, sectioned onto slides and stained with Safranin
Ol/fast green (an orthochromatic dye that selectively and semiquantitatively stains sulfated
GAGs) to assess proteoglycan distribution.34

Quantification of GAG content was achieved using image analysis software (ImageJ,
NIH).37 The image was desaturated and calibrated to a linear lookup table (LUT) with value
ranging from 0 to 100 (0 being background and 100 being the highest intensity) of GAG
stained in the entire population. Area measurements were made of the total cross-sectional
cartilage area and the corresponding GAG-stained area. The proportion of GAG staining
area to total area is recorded to assess overall percentage GAG area. The intensity of the
stain was determined as the average LUT over the entire stained area. A composite GAG
content score was determined by multiplying the stain intensity by the area percentage.

Histomorphologic Analysis

Sections were examined by transmitted light microscopy for qualitative and quantitative
histological studies. All evaluations were performed blindly with qualified physicians and
technical personnel. Qualitative assessment emphasized general indices of cartilage integrity
or breakdown. Histological images were recorded with a digital camera attached to a light
microscope. High-magnification (360x) images of the sections were used to assess the
parameters of degeneration of the articular cartilage.?2 27: 28 At low magnification (40x) the
surface was traced for histomorphometric parameters such as cartilage height and surface
roughness.1® Idealized curves were established for the surface of the cartilage and
subchondral plate. The area between these two curves was used to establish cartilage height,
percentage cartilage loss, and surface roughness. Surface roughness was calculated as the
root mean square of the surface profile.

Gene Expression by Reverse Transcriptase PCR

The cartilage specimens were pulverized in liquid nitrogen and total RNA was isolated using
the acid-guanidinium-thiocyanate-phenol extraction procedure. Starting with 1 ug of total
RNA, first - strand cDNA was synthesized using oligo (dT);5 primers. Based on published
sequences, PCR primer sets specific to selected coding regions of TNF-a and GAPDH were
constructed. Cycle studies were undertaken to determine the linear range of amplification for
each gene. ImageJ image analysis software (version 1.61) was used to quantitatively scan
RT-PCR profiles following agarose gel electrophoresis and ethidium bromide visualization.
The ImageJ software measures relative mean density over a fixed gray scale range after
correction for background. All values were normalized to GAPDH.
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Statistical Analysis

All data were analyzed using two-way analysis of variance with Bonferroni/Dunn
correction. All data are expressed as mean + standard deviation.

RESULTS

Chondrocyte Viability

At 28 days, Etanercept was found to significantly maintain the cell viability in the
superficial zone compared with the standard storage group. The superficial zone viability in
the Etanercept group was 69.3% * 9.4% compared with 47.8% * 19.1% in the standard
storage group. This difference was significant with 2= 0.0125. The effect of etanercept on
cell viability was not significant (£> 0.05) on total cell viability or cell viability in the
middle and deep cartilage zones (P=0.1899 and 0.1711, respectively). There was also no
significant effect on the total cell count (P= 0.4437). It should be noted that there was a
significant decline (P < 0.05) in total chondrocyte viability after storage in both the
etanercept group and standard storage group when compared with baseline (Figure 2).

Glycosaminoglycan Content

The glycosaminoglycan (GAG) component of the cartilage matrix, as measured by safranin
O staining, did not change significantly after 28 days of storage. There were no significant
differences in the stained percentage of tissue (etanercept = 73 = 20% and control = 70 £
25%, P=0.79) or intensity of stain (etanercept = 53 + 14% and control = 47 + 13%, P=
0.39) between the groups as well as in the composite relative GAG scores (etanercept = 41 +
18% and control = 36 + 20%, P = 0.62). These results are illustrated in Figure 3.

Histomorphometry

Histomorphometry did not demonstrate any changes in height of cartilage or surface
roughness of the articular surface with and without addition of etanercept at 4°C. The
standard storage group had an average depression of 0.042 + 0.027 mm compared with
0.051 £ 0.03 mm for the etanercept group. The surface roughness was 0.067 + 0.027 mm in
the standard storage group compared with 0.056 + 0.03 mm for the etanercept group (Figure
4).

Semiquantitative PCR

Semiquantitative PCR showed decreased TNF-a expression at 28 days with addition of
Etanercept in the storage media at 4°C (TNF/GAPDH ratio of 0.102 + 0.029) as compared
with standard storage (0.319 + 0.168) at 4°C. This result was significant at £< 0.001 (Figure
5).

DISCUSSION

The clinical use of fresh osteochondral allografts for joint resurfacing of chondral and
osteochondral defects now extends approximately three decades.2® In centers with extensive
experience with this procedure, the paradigm was to rapidly transplant harvested tissue to
preserve chondrocyte viability and other matrix parameters. Currently, however, commercial
tissue banks are storing fresh osteochondral allografts for clinical use and providing the
tissue usually no sooner than 2 weeks and sometimes as late as 40 days after harvest from
the donor.

The work of our laboratories has shown that storage of fresh, human osteochondral
allografts in culture media supplemented with fetal bovine serum provides enhanced
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preservation of chondrocyte viability and metabolic activity when compared with storage in
lactated Ringer's solution.1: 2:32.41, 42 Based on these works, tissue banks have changed
their storage protocols, and now fresh osteochondral allografts are placed directly into this
enhanced culture media. This has helped to prolong the chondrocyte viability of stored
tissue beyond that stored in lactated Ringer’s solution.

Despite improvements in storage media, chondrocyte cell death remains. Grafts lose
significant numbers of cells to apoptosis during storage, especially in the superficial zone.
This is particularly important as previous work has shown superficial zone chondrocytes
strongly affect the function of joint lubrication with the secretion of superficial zone protein
(SZP).35 As the grafts are expected to function as mature hyaline cartilage, the intact
superficial zone functions to provide lubrication for articulation. The loss of superficial zone
cells has been shown to compromise this functionality.

This study has demonstrated that the superficial region possessed the highest cell density
when etanercept was added compared with standard storage at 4°C. Moreover, the
superficial zone seemed to be the most sensitive to storage in the allograft storage media and
also showed the best preservation in the group stored with the addition of etanercept.

The addition of etanercept, which is commercially available, significantly improves
chondrocyte viability in the superficial zone when added to the current storage paradigm.
This is clinically relevant as maintaining the viability of the superficial zone will benefit
outcomes by decreasing chondrocyte death in the articulating layer of hyaline cartilage.
With preservation of the superficial zone, the mechanical integrity of the cartilage will be
stabilized. The loss of the superficial zone chondrocytes increases the rate of degeneration
with the corresponding loss of cartilage matrix proteins. Additionally, maintaining the
cellular viability for increased periods of time increases the window for a suitable recipient
to be found before the graft is too degraded for successful implantation.

While we did see a significant difference in the cellular viability between the groups, there
are weaknesses to this study that will need to be addressed in further research. First, the goat
model, while convenient and a good animal model for osteoarthritis is not identical to
human cartilage tissue. Goats were chosen for the availability of tissue and to develop
operative and allograft harvesting techniques for the /n vivo study. The use of a goat knee
model best approximated the clinical application of this procedure without the need for
human tissue.

Etanercept was given at only one dose and changing the dosage level could also affect the
cellular viability. In previous research on etanercept, there does not appear to be a toxic level
in either animal or human testing.1! The dosage level applied was based on the
concentration of drug in the joint fluid of a typical patient taking etanercept for clinical
reasons. The serum concentration of etanercept in humans is 2.4 + 1 ug/mL.11 Toxicology
studies in monkeys!! were performed at up to 30 times the human dose without any
evidence of dose-limiting toxicity.

The stored grafts were in dowel or plug form, rather than as hemicondyles, as is the typical
human graft. While this does diminish the amount of bone on the backside of the graft, it
should not change the exposure of the superficial zone to the media, which was our primary
concern.

Despite the limitations in the present study, etanercept has the potential to be of great
clinical use in allograft storage. It is readily available, non-deleterious to cartilage and other
tissuel® and in our study significantly prolongs chondrocyte viability in the superficial layer.
Clinically, there is an elevated risk of local reaction or even infection with treatment by
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etanercept and it is not indicated for patients with sepsis.1! Allergic reactions associated
with administration of etanercept during clinical trials have been reported in < 2% of
patients.1! This is not necessarily pertinent for ex vivo use. However, the transplanted
volume of media (if any) should be minimized so as not to elicit a systemic effect.

Further work to assess the preservation of stored human osteochondral allografts would be
beneficial and clinically significant.
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Figure 1.

Representative confocal microscopy images of stored allograft specimens with live/dead
staining (live cells fluoresce green and dead fluoresce red). (A) baseline image, (B)
etanercept treated at 4-weeks, (C) typical storage at 4-weeks. Zones are indicated next to
image C.
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Figure 2.
Chondrocyte viability at baseline (72 hours) and 4 weeks of storage in allograft storage
media with and without etanercept. *£< 0.05
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Figure 3.
No differences were seen between glycosaminoglycan composite scores (safranin O stain
intensity and percentage of total cartilage area) with and without etanercept.
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Figure4.
Histomorphometric parameters of average depression and root-mean square (RMS)
roughness (both measured relative to idealized surface contour).
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Figureb.
Semiquantitative polymerase chain reaction (PCR) at 4 weeks showing inhibition of tumor
necrosis factor-alpha TNF-a.. *£< 0.001

Am J Sports Med. Author manuscript; available in PMC 2012 November 26.




