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Abstract

Purpose: the aim of this study was to determine whe-
ther local delivery of embryonic stem-like (ESL) cells
into osteochondral defects in the femoral condyles of
sheep would enhance regeneration of hyaline articular
cartilage.

Methods: male ESL cells embedded in fibrin glue
were engrafted into osteochondral defects in the
medial condyles (ESL-M) of the left femur in 22 ewes.
An identical defect was created in the medial condyle
of the contralateral stifle joint and left untreated as a
control (empty defect, ED). The ewes were divided
into 5 groups. Four sheep each were euthanized at 1, 2,
0, and 12 months from surgery, and 6 ewes were eutha-
nized 24 months post-implantation. To study the effect
of varying loads on the long-term regeneration pro-
cess, an identical defect was also created and ESL cell
engraftment performed in the lateral condyle (ESL-L)
of the left stifle joint of the animals in the 12- and 24-
month groups. The evaluation of regenerated tissue
was performed by biomechanical, macroscopic, histo-
logical, immunohistochemical (collagen type 1I) and
fluorescent zz situ hybridization (FISH) assays.
Results: no significant differences were found bet-
ween treated and control sites in the biomechanical
assays at any time point. ESL cell grafts showed signi-
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ficantly greater macroscopic evidence of regeneration
as compared to controls at 24 months after surgery;
significantly better histological evidence of repair in
ESL-M samples versus controls was found throughout
the considered period. At 24 months from surgery
there was significantly improved integration of graft
edges with the host tissue in the ESL-M as compared
to the ESL-L samples, demonstrating that load bearing
positively affects the long-term regeneration process.
Conclusions: ESL cells enhanced the regeneration of
hyaline cartilage. FISH confirmed that the regenerati-
ve tissue originated from ESL cells.

Clinical Relevance: ESL cells are able to self-renew
for prolonged periods without differentiation and,
most importantly, to differentiate into a large variety
of tissues.

Keywords: articular cartilage, embryonic stem-like
cell, osteochondral defect, sheep.

Introduction

Articular cartilage has a poor intrinsic capacity for
repair because of its avascularity and very slow cellular
and molecular turnover. As consequence, articular car-
tilage defects resulting from trauma or joint disease
tend to be repaired with fibrocartilage rather than hya-
line cartilage. Over time, degenerative processes fre-
quently occur in the regenerated tissue, compromising
the functionality of the joint (1, 2). The natural evolu-
tion of these degenerative processes is variable; lesions
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may stabilize or progress depending on three main fac-
tors: the depth, width and location of the defect.
Superficial defects involving only articular cartilage do
not heal spontaneously, probably because of the ava-
scularity of this tissue, which results in a deficiency of
the chondroprogenitor cells required for tissue regene-
ration and subsequent degeneration of the articular sur-
face (2, 3); on the contrary, deeper osteochondral de-
fects penetrate the subchondral bone, gaining access to
the progenitor cells that reside in the bone marrow
space (4-6). The width of the defect is also an impor-
tant variable influencing the type of repair that will
occur. It has been demonstrated, in sheep, that osteo-
chondral defects with a width of 3 mm or less refill
with normal hyaline cartilage, whereas wider defects are
repaired with fibrocartilage (7). As the size of the defect
reaches a critical diameter, beyond which healing is not
possible, there is mechanical overloading along its peri-
phery, which leads to subchondral plate destruction and
substantial impairment of the regenerative process (8,
9). Better healing occurs if the defect is located on a
weight-bearing area; the greater joint surface compres-
sion and motion occurring in these areas induces the
bidirectional flow of solutes that is necessary to nourish
the cartilage, stimulating the stepwise processes of car-
tilage and bone repair (10, 11).

Treatments used to stimulate cartilage regeneration, in
most cases, only delay the onset of degenerative pro-
cesses (12-15), hence the ongoing search for alternati-
ve solutions; in this context, stem cell engraftment is
among the most advanced new technologies (16-20).
The systemic or local delivery of stem cells may
enhance cartilage repair or inhibit the progressive loss
of joint tissue (21, 22).

The aim of this study was to determine whether local
delivery of embryonic stem-like (ESL) cells into osteo-
chondral defects in the femoral condyles of sheep would
enhance regeneration of hyaline articular cartilage.

Methods

All experiments were conducted in accordance with
the institutional animal care regulations and all proce-
dures conformed to the National Institute of Health
Guidelines for the Care of Laboratory Animals.
Where not indicated otherwise, chemicals were pur-
chased from Sigma-Aldrich (Milan, Italy).

Experimental design

Twenty-two Sardinian ewes, about 5.5 years old and
weighing approximately 45 kg, were divided into five
groups to be euthanized at 1, 2, 6, 12 and 24 months
post-surgery respectively. Each group comprised four
sheep with the exception of the 24-month group; six
sheep were assigned to this group to account for pos-
sible deaths during the study period (Tab. 1). All the
animals were given a general health examination, rou-
tinely dewormed and had their claws inspected prior
to the experimental surgery. Engraftments were per-
formed as follows: surgical defects created in the
medial femoral condyle of the left joint received 60 pl
of fibrin glue (Tissucol®; Baxter International Inc.,
Deerfield, 1L, USA) containing about 500,000-700,000
ESL cells (ESL-M engraftment) derived from 2-3 male
ESL colonies. The Y-gene sequence was used as a
marker to detect the ESL cells in the regenerated tis-
sue of the female sheep. An identical defect was crea-
ted in the medial condyle of the right femur of each
ewe and left untreated (empty defect, ED) to serve as
a control. To study the effect of varying loads on the
long-term regeneration process, an identical defect

Table 1. Experimental design.

Group N° of sheep Treatment sites
Stifle joint Femoral condyle Treatment
1 month 4 left M* ESM*
L" ESL?
right M ED*
L -
2 months 4 left M ESM
L ESL
right M ED
L &
6 months 4 left M ESM
L ESL
right M ED
L -
12 months 4 left M ESM
L ESL
right M ED
L -
24 months 6 left M ESM
L ESL
right M ED
T "
Tot. 22 Tot. 66
" medial; " lateral; © ES-like engraftment in the medial femoral condyle defect;
! ES-like engraftment in the lateral femoral condyle defect; * empty defect.
-1 no treatment
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and engraftment process was performed in the lateral
femoral condyle (ESL-L) of the left stifle joint in the
animals belonging to the 12- and 24-month groups.
Thus, a total of 54 samples were created: 22 ESL-M,
10 ESL-L and 22 ED (Tab. 1). The sheep were cutha-
nized at 1, 2, 6, 12 and 24 months post-operatively and
the condylar articular defects were examined grossly
and harvested for microscopic examination.

Selection of male embryos and ESL cell production and cha-
racterization

Liquid phase duplex polymerase chain reaction (PCR)
was performed on approximately 90 7z vitro produced
and vitrified blastocysts at day 6-7 of culture (23)
according to the technique of Mara et al. (24). Two
pairs of primers were used. The first identified the
sex-determining region Y-linked gene sequence (SRY)
and was amplified in males only, producing a 301-base
pair (bp) fragment. The second, inserted in the 1,114-
bp long sheep satellite region (Sheep SAT 1,114 DNA
repeat unit), was amplified in both males and females,
yielding a 216-bp fragment, and was used as positive
control for the reaction. Male lamb fibroblasts were
used as positive control, while sheep oviductal cells
served as negative control. Amplification products (15
ul) were analyzed on 2% agarose gel stained with ethi-
dium bromide and observed under ultraviolet light.
The inner cell mass from each male embryo, numeri-
cally identified, was isolated by immunosurgery and
separately cultured on a mouse fibroblast feeder layer
for 5 to 6 days to obtain ESL colonies. These were cha-
racterized both immunocytochemically, by detection of
surface antigens for staminality (SSEA-1, SSEA-3 and
SSEA-4) (25), and by assessment of the gene expres-
sion of the Oct 4, Nanog, Sox 2 and Stat 3 genes (26). To
assess the absence of differentiation towards germinal
layers, cytokeratin (anti-cytokeratin-18), early meso-
derm (Fe-C6), embryonic myosin (F1-652) and neural
precursor cell (FORSE-1) specific primary monoclonal
antibodies (mAbs), supplied by the Developmental
Studies Hybridoma Bank (DSHB; University of Iowa,
Towa City, IA, USA), were used (25).

Preparation of cells for engrafiment and surgical procedures

Two to three male ESL colonies were harvested from
the Petri dish, disaggregated using 0.05% trypsin +
0.02% EDTA and vigorous pipetting, and pooled
together in 500 pl of Dulbecco’s Modified Eagle

Table 2. Semi-quantitative scoring system for mascoscopic eva-
luation of regenerated cartilage defects at 1, 2, 6, 12 and 24
months after surgery (9=normal; O=worst healing).

Categories Score  Qualifications

Surface appearance of repairing tissue 3 100 % normal®
2 =>75% normal

1 50-75% normal

0 <50% normal

3 100%

2 >75%

1 50-75%

0

3

2

1

Percent area of defect filled

<50%
100% of perimeter
=>75%
50-75%
0 <50%

* Smooth, white, indistinguishable from normal healthy cartilage.

Graft-recipient tissue integration

Medium (Gibco by Invitrogen, Carlsbad, CA, USA).
After the cells had been counted using a Thoma
chamber, they were centrifuged and about 500,000-
700,000 cells were embedded in 60 pl of fibrin glue to
be engrafted into the cartilage defects.

After sedation (diazepam 0.4 mg/kg IV) and epidural
anesthesia, arthrotomy of the stifle joint was perfor-
med using a cranio-lateral approach and medial patel-
lar dislocation. Identical defects were created on the
weight-bearing surface of both the femoral condyles;
all the defects had the same diameter (6 mm) and
depth (2 mm) and involved the subchondral bone
(osteochondral defects). Both defects created in the
left knee, in the medial and lateral condyles respecti-
vely, received the ESL cells embedded in glue, while
the defect in the medial condyle of the right knee was
left untreated. After re-positioning of the patella, the
joint was closed. Prophylactic antibiotic treatment and
an antinflammatory agent (40 mg/kg/day amoxicillin
and 2 mg/kg/day ketoprofen) were administered for 5
days. All the animals were kept confined in small
groups for 10 days, and were then allowed to roam
freely on pasture for the rest of the study.

Gross evaluation

Immediately after euthanasia, the defects were photo-
graphed to allow assessment by two blinded obser-
vers. A semi-quantitative scoring system (Tab. 2) was
used to assess the regenerated tissue and the values
obtained were averaged.
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Biomechanical analysis

The Artscan 1000 Arthroscopic Cartilage Stiffness
Tester (Artscan Medical Innovation, Helsinki, Finland)
was used to measure the stiffness of the regenerated
cartilage. To calibrate the instrument, an indentation
test was first performed on healthy cartilage. By pres-
sing the distal end of the instrument on the surface of
the newly formed tissue for about one second, articular
cartilage deformation was measured and recorded by
software linked to the instrument.

Sexing of engrafted ESL cells T month after surgery

To confirm the ESL cell origin of the regenerated tis-
sue, samples of the engraftments were taken aseptically
from the 1-month group immediately after euthanasia.

Histological procedures and evaluation

Femoral condylar articular defects containing regene-
rated tissue, adjacent host cartilage and subchondral
bone were harvested using a water-cooled circular
saw. The tissue blocks were fixed in 10% neutral-buf-
tered formalin for 4 days and then placed in a decalci-
fication solution (1:1 cittic acid/formic acid solution)
for 4-10 days. After washing in running tap water for
4-8 h to remove all traces of decalcification solution,
the samples were processed according to routine pro-
cedures for paraffin embedding. Three-um sections
were mounted on positively charged slides (Superfrost
Plus; Gerhard Menzel GmbH, Braunschweig, Ger-
many) to prevent detachment, and stained with hema-
toxylin-eosin to evaluate general tissue morphology,
with Azan-Mallory staining to demonstrate collagen
fibers and Safranin-O staining to reveal the presence
and distribution of proteoglycans. All slides were
processed together to avoid variability. Two indepen-
dent observers evaluated the regeneration progress
using a grading system derived from Caplan et al.
(27) and the two values obtained for each sample
were averaged. A total score of 5 indicated the worst
possible healing, while 56 indicated the best.

Tmmunobistochemistry

Immunohistochemistry was used to detect type 1I col-
lagen in the cartilage matrix. Deparaffinization through
xylene and hydration through alcohol at different con-
centrations were followed by antigen unmasking by
protease K digestion. After Tissue-Blocker (Biomeda
Corp., Foster City, CA, USA) treatments, the slides

were incubated overnight at 4°C with a primary anti-
body (anti-Collagen type 11 CIICI-DSHB), followed by
a secondary biotinylated antibody (Biomeda Corp.) for
10 min at room temperature (RT), and then 3% pero-
xidase solution for 10 min at RT. After staining with
diaminobenzidine (Biomeda Corp.) and counterstai-
ning with hematoxylin, slides were dehydrated, covers-
lipped, and observed under light microscopy; digital
images were captured. The right lateral femoral condy-
le was used as a positive (articular cartilage) and nega-
tive (subchondral bone) control.

Fluorescent in situ hybridization (F1SH) procedure

To detect ESL cells in the regenerated tissue, a FISH
assay was performed on one sample from each time
point according to the method of Sanna et al. (28),
using the 50-bp oligonucleotide DNA probe
(5’ AAAGGGAGGGAGAGACCAAAGAAGTA-
GATGATGATGATGATGAAGTGATC 3’) built on
the Ovisaries Y chromosome repeat region OY 11.1
DNA sequence. Tissues were examined with a fluore-
scent confocal microscope (Leica TCS SP 5, MIC
DMI 6000, Leica Lasertechnick GmbH, Heidelberg,
Germany) and images were recorded. All slides were
processed together, including the right lateral femoral
condyle as a negative control.

Statistical analysis

Statistical analysis was performed both on macrosco-
pic and histological data. Two analyses were planned:
the first comparing the ESL-M and ED samples both
as a sum of all scores throughout all the considered
periods (from 1 to 24 months) and within each single
period (1, 2, 6, 12 and 24 months); the second compa-
ring the ESL-M, ESL-L and ED samples both as a
sum of all scores from the 12- and the 24-month
groups and within the 12- and 24-month groups.
Each ewe served as its own control because each had
both ESL cell engraftments and an ED. To evaluate the
effect of time from surgery, treatment and the interac-
tion between time and treatment on the tissue regene-
ration process, an analysis of variance was performed,
where the variables were the total macroscopic score,
the total histological score and the scores of several
representative macroscopic and histological categories.
The level of significance was p < 0.05. The GLM pro-
cedure of SAS 8.2 (SAS Institute Inc., Cary, NC, USA)
was used to perform the analyses.

JoINTs 2016;4(2):70-79

73



4

A. F. Manunta et al.

Results

Eight sheep were moderately lame in both hind limbs
the day after surgery, but they all walked normally by
day 9. No further problems with locomotion were
noted in any of the animals during the remainder of
the study.

Of the 22 animals used in the study, only 17 were ulti-
mately included in the statistical analysis. Three sheep,
one each from the 1-, 2- and 24-month groups, died
from toxemic gastroenteritis. The sheep belonging to
the 24-month group died at about 12 months post-
surgery, and hence data from this animal were inclu-
ded with the 12-month group. Three other sheep,
belonging to the 1-, 6- and 24-month groups, sustai-
ned leg fractures (unrelated to the experimental proce-
dures). Analyses were thus performed on the follo-
wing animals: two sheep in the 1-month group, three
in the 2-month group, three in the 6-month group,
five in the 12-month group, and four in the 24-month
group. Two samples per animal belonging to the 1-, 2-
and 6-month groups — one sample from the engraft-
ment site of ESL cells in the medial condyle (ESL-M)
and one from the empty defect (ED) — were analyzed.
Three samples per animal in the 12- and 24-month
groups — one BESL-M sample, one sample from the
engraftment site of ESL cells in the lateral condyle
(ESL-L), and one sample from the ED — were analy-
zed. We therefore analyzed a total of 43 samples: 17
ESL-M, 9 ESL-L and 17 ED.

ESL cell production and characterization

PCR sexing allowed selection of male embryos for
production of male ESL cells. Male embryos showed
two bands corresponding to SRY and SAT sequences,
while female embryos showed only one band, corre-
sponding to the autosomal sequence.
Immunocytochemical analysis demonstrated the sta-
minality of ESL cells by positive staining for SSEA
mAbs and positive gene expression for Oct 4, Nanog,
Sox 2 and S7at 3 genes, and their undifferentiated state
by the absence of staining with any of the anti-cyto-
keratin-18, Fe-C6, F1-652 and FORSE-1 mAbs.

Gross evaluation
When the sums of the ESL-M and ED sample scores
for all the periods considered (from 1 to 24 months)

were compared, no statistically significant differences
were found, either in the total macroscopic score or in
the single category scores (surface appearance, filling
of defect, and edge integration) (Fig. 1).

Statistical analysis comparing the ESL.-M and ED sam-
ple scores within each petiod could not be performed
in the 1-, 2- and 6- month groups because of an insuf-
ficient number of samples. No significant differences in
total macroscopic score, surface appearance, filling of
the defect, or edge integration were found between
ESL-M and ED at either 12 or 24 months (Fig. 1).
When the summed ESL-M, ESL-L and ED sample
scores for the period 12 to 24 months were compared,
no statistically significant differences in total macro-
scopic score, surface appearance, filling of defect or
edge integration were found between the treatments
(Figs. 1, 2).

When the ESL-M, ESL-L and ED scores at 12
months were compared, no statistically significant dif-
ferences either in the total macroscopic score or in the
single categories (surface appearance, filling of defect,
or edge integration) were found between the treat-
ments. At 24 months we found statistically significant
improvements (p <0.01) in ESL-L »s ED in the varia-
bles total macroscopic score, surface appearance and

|

Fig. 1. Femur, sheep. Macroscopic appearance. Embryonic stem-like
cell engraftment in the medial femoral condyle (ESL-M) and empty
defect (ED) 12 and 24 months after surgery. A: ESL-M 12 months
after surgery. B: ESL-M 24 months after surgery. C: ED 12 months
after surgery. D: ED 24 months after surgery.
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Fig. 2. Femur, sheep. Macroscopic appearance. Embryonic stem-like
cell engraftment in the lateral femoral condyle (ESL-L) 12 and 24
months after surgery. A: ESL-L 12 months after surgery. B: ESL-L 24
months after surgery.

Fig. 3. Femur, sheep. Histo-
logical section, Azan-Mallo-
ry Staining. 2X magnifica-
tion; bar: 1mm. A: ESL-M
engraftment 12 months after
surgery. B: ESL-M engraft-
ment 24 months after sur-
gery. C: ED 12 months after
surgery. D: ED 24 months
after surgery.

filling of the defect. No significant difference in edge
integration was found between the ESL-M, ESL-L
and ED samples (Figs. 1, 2).

Biomechanical analysis

Samples collected from the 1% through the 6™ month
post-surgery showed incompletely filled cavities and,
thus, the rod of the indenter could not reach the sur-
face of the regenerating tissue to measure its stiffness.
No significant differences were found at 12 months
between ESL grafts and ED samples, although one
ESL sample did have a slightly higher score. At 24
months after surgery all samples were classified as
hard-flexible.

PCR sexing of ESL cell engrafiments at 1 month post-surgery
The PCR sexing confirmed that the cells present in
the newly formed tissue were male and thus, derived
from engrafted ESL cells. All tissue samples obtained
from engraftments in the 1-month group showed two
bands: amplification of SRY-specific primers produ-
ced a 301-bp fragment, while SAT-specific primers
yielded a 216-bp fragment. Male lamb fibroblasts and
sheep oviductal cells, used as positive and negative
controls respectively, confirmed the results.

Histological evaluation

Comparison of the sums of the ESL-M and ED sco-
res for all the periods considered (from 1 to 24
months) showed that the ESL-M samples showed a
significantly higher (p < 0.001) total histological score
as compared to the ED ones. The ESL-M samples
also scored significantly higher (p < 0.05) in the follo-
wing categories: filling of defect, cartilage, matrix,
bone, edges (Figs. 3, 4).

Likewise, when the total histological scores for ESL-
M and ED were compared at 12 and at 24 months, a
significantly higher score was found in the ESL-M
samples at both time periods (p < 0.05 and p < 0.01,
respectively). Edges were also significantly better inte-
grated in the ESL-M samples at both 12 and 24
months (p < 0.05 and p < 0.01, respectively) as com-
pated to the ED ones (Tab. 3; Figs. 3, 4).

When the sums of ESL-M, ESL-L and ED scores for
the period 12 to 24 months were compared, a signifi-
cantly higher (p < 0.01) total histological score was
seen in the ESL-M »5s ED as well as in the ESL-L »s
ED (p < 0.05) samples. Scores were also significantly
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higher in the ESL-L #s ED samples for the categories
matrix and bone (p < 0.05) and in ESL-M »s ED for
the categories edges and degeneration (p < 0.01 and p
< 0.05, respectively) (Figs. 3-5).

When the ESL-M, ESL-L and ED scores were compa-
red at 12 months and at 24 months, a significantly
higher total histological score was seen at 12 months in
the ESL-L »s ED samples (p <0.05). Likewise, at 12
months, the ESL-L samples showed significantly
higher scores in the category bone than the ESL-M (p
<0.05) and ED (p <0.01) samples. Vascularity scores
were significantly higher at 12 months in ESL-M »s ED
(p <0.01). At 24 months, the ESL-M samples had
significantly better total histological (p <0.05) and
edges (p <0.01) scores than the ED samples. The ESL-
M samples also had a significantly higher edges score
(p <0.05) than the ESL-L ones (Tab. 4, Figs. 3-5).

Tmmunobistochemistry
At 1 month, cartilage matrix was negative for type 11
collagen immunostaining. At 2 months mild collagen
type 1l immunostaining was detected around the
chondroblasts arising from the bottom of the defect
in one sample from each treatment. At 6 months, stai-
ning was marked in two ESL-M samples and 1 ED
sample and moderate in the others. At 12 months, it
was marked in most ESL.-M, all ESL.-I. and three ED
samples. By 24 months it was marked in most ESL-M
and ESL-L samples and in one ED sample, while it
was moderate in one ESI.-M, one
ESL-L and two ED samples, and
absent in one ED sample (Fig. 6).

Discussion

The repair of defects of articular cartilage with heal-
thy hyaline cartilage continues to be a challenge (29).
In this study, osteochondral defects created in both
medial and lateral femoral sheep condyles were
engrafted with ESL cells to evaluate their influence on
the regeneration process.

ESL cell engraftments in the medial condyle (ESL-M)
showed a significantly better healing process compared
to what was observed in the contralateral EDs. In one
animal at 12 months and in two animals at 24 months
post-surgery, regenerated tissue appeared comparable
to normal hyaline cartilage. In addition, at 24 months

Table 3. Least square means ¥ standard error of histological sco-
res in EST.-M and ED samples compared at 12 and at 24 months.

Categories Months after surgery
12 24
Treatments Treatments
ESM* ED" S ESM ED 3
value value
total histological score 46.422.0° 40.8+2.0° “%:< 0.05 48.74£2.2° 40.742.27 << 0.01
filling of defect 2002 1.8x02 1.7¢0.2 1.5+0.2
cartilage 9.640.7 8.640.8 9.5£0.8 7.7:0.8
matrix BO0x0.7  7.2+0.7 9.0+:08 6.7+0.8
bone 70404 6.640.4 7.5+04 72404
cdges 2803 1803 “1< 0.05 3.240.4° 1.5£04" =< 0.01
degeneration 11.2+0.4 10.2=0.4 10.7+0.5 10,005
vascularity 5.8+£0.9 46409 7.0£1.0 6.0+1.0
‘Embryonic stem-like cells engrafied in the medial femoral condyle; "L"mpl}' defect

Table 4. Least square means * standard error of histological scores in ESL-M, ESL-L and
ED samples compared at 12 and at 24 months.

Fluorescent in situ hybridization (F1SH)

procedure

Dot-Blot showed positive spots with
both DNA ESL cell samples and

Categories Months after surgery
12 24
Treatments Treatments
ESL" ED* 3 ESM ESL ED 3
value value

male fibroblasts (positive control),

. filling of defect
whereas female fibroblasts (negative »
) i cartilage
control) were negative, confirming | pami

the specificity of the chosen probe.
FISH showed positive intranuclear
signals only in the ESL cells found in
the newly formed tissue at all time

bone

edges

degeneration
vascularity

total histological score 46,4+2.3 48,9239 40,8+2,3° " <0.05 48,7+2.5" 44,5+2.5 40,7+2,5° ' <0,05
2.0+0.2
9.6£0.7
8.00.7
7.0£0.47 7.6£0.4° 6.4+£04° <005 75204 7.5+£04 72404

2804 26+04 1.8+04

11.240.4 11.0£0.4 10.2+0.4
5.8:1.0° 8.041.0 4.6£1.0° * <001 7.0:1.1 5711 6.0£1.1

2.0+£0.2 1.8+0.2 1.7£0.2 1.74£0.2 1.5+0.2
9.2+0.7  R.6+0.7 9.5£0.8 B.5+£0.8 7.7+0.8
8.6+£0.7 7.2+07 9.0=0.8 9.0+0.8 6.7+0.8

el ':O.Dl
32205 2.0£0.5° 1.5+0.5" "< <005
4E (.01
10.7+0.5 10,005 10.0+0.5

points, while controls were always

negative (Fig. 7).

. . . - . . . b . . . .
Embryonic stem-like cells engrafted in the medial femoral condyle; embryonic stem-like cells engrafted in the
lateral femoral condyle: "Empty defect
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and, therefore, derived
from the implanted ESL
cells. Thus, the choice of
SRY as a marker for ESL.

cells was shown to be
effective and reliable for
this purpose.

In the gross evaluation,
significant differences we-
re detected only between
ESL-L and ED samples
at 24 months. This could
be due to limits of the
grading scores used.
Transverse sections to
evaluate the quality of the
newly formed tissue deep
in the samples, or the
presence of subchondral
cysts, were not assessed.

Fig. 5. Femur, sheep. Histological section Azan-Mallory staining and
Safranine-O staining. A: ESL-L 12 months after surgery. Azan-
Mallory staining. B: ESL-L 12 months after surgery. Safranin-O stai-
ning. C: ESL-L 24 months after surgery. Azan-Mallory staining. D:

Fig. 4. Femur, sheep. Hema-
toxylin-eosin staining. A: ESL-
M engraftment 12 months after
surgery. B: ESL-M engraftment
24 months after surgery. C: ED
12 months after surgery. D: ED
24 months after surgery.

ESL-M samples showed better integration of edges as
compared to what was observed in ESL cell engraft-
ments in the lateral condyle (ESL-L).

The finding that ESL colonies were positive for SSEA
mAbs and gene expression for Ocz 4, Nanog, Sox 2 and
Stat 3 genes, and negative for all the mAbs indicating
the differentiated state, demonstrated that the engraf-
ted cells were real stem cells. The suffix -like is used
because of their eatly 7z vitro differentiation, a com-
mon limit of embryonic stem cells detived from ungu-
lates (25).

Only embryos identified as males were used to produ-
ce ESL cells. Subsequent PCR sexing of ESL cell
engraftments at 1 month after surgery confirmed that
the cells present in the newly formed tissue were male

ESL-L 24 months after surgery. Safranin-O staining.

The histological results
showed better overall
healing in ESL-M as
compared to ED sam-
ples when considering all the time periods, as well as a
better performance in certain specific categories.

The more complete filling of the defect in the ESL
treatments was probably due to a faster cell replication
rate and a higher level of metabolic activity.
Microscopic examination of ESL-M samples showed a
more normal histological architecture and a better qua-
lity of matrix in the newly formed cartilage at each
time point. This healed cartilage was comparable to
normal hyaline cartilage in one animal at 12 months
and in two animals at 24 months. It consisted of a
superficial zone with proliferating germinal cells and
collagen fibers distributed parallel to the articular sur-
face and a transitional zone characterized by palisading
chondrocytes and spring-shaped arrangements of col-
lagen fibers. Subjacent to this was a radial zone with
hypertrophic chondrocytes and collagen fibers arran-
ged perpendicular to the articular surface, and a deep
zone with calcification and formation of a disconti-
nuous tidemark. The presence of the tidemark is an
important finding; it has been reported (30) that this
calcification front is in a state of dynamic equilibrium,
where factors promoting mineralization are probably
counterbalanced by substances that inhibit or limit the
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extent of calcification, and this process
of active calcification and subsequent
endochondral ossification seems to be
integral to the shape of the joint and,
therefore, to the distribution of load.
Immunolocalization of type-II colla-
gen, the main type present in hyaline
cartilage (31, 32), was detected as from
2 months post-surgery. It was initially
&y mild in both ESL-M and ED samples,
: becoming more intense in the later ESL
grafts as compared to ED samples.
Similarly, Safranin-O staining showed
higher synthesis of proteoglycans in
> ESL samples at all times. Several
Authors outline the crucial importance

" of such findings, considering the com-

plex interplay existing between these
two components; the collagen fibrils

serve to anchor the proteoglycan matrix

Fig. 6. Femur, sheep. Collagen type Il inmunostaining. A: ESL-M 12 months after sur-
gery. B: ESL-M 24 months after surgery. C: ED 12 months after surgery. D: ED 24 months
after surgery. E: ESL-L 12 months after surgery. F: ESL-L 24 months after surgery. G: ED
1 month after surgery. H: ESL-M 1 month after surgery. I: ED 2 months after surgery. L:
ESL-M 2 months after surgery. M: ED 6 months after surgery. N: ESL-M 6 months after

and contribute to tresisting extrinsic for-
ces during loading and the intrinsic

surgery.

Fig. 7. Femur, sheep. Fluorescent in situ hybridization (FISH). A: FISH
performed on ESL engraftments 24 months after surgery. Positive
signals in chondrocytes derived from ESL cells. 40X magnification.
B: FISH performed on ESL engraftments 24 months after surgery.
Positive signals in chondrocytes derived from ESL cells. 60X magni-
fication. C: Normal female adult articular cartilage from the right lat-
eral femoral condyle (negative control). No signals are detected with-
in chondrocytes. 20X magnification. D: Normal female adult articular
cartilage from the right lateral femoral condyle (negative control). No
signals are detected within chondrocytes. 40X magnification.

swelling that occurs metabolically wi-
thin the proteoglycan domain (33),
while proteoglycans are responsible for
the generation of hydrostatic pressure within cartilage
matrix, which allows it to counteract the loads trans-
mitted to it from the long bones during normal joint
articulation.

Bone remodeling in the ESL-M samples was also supe-
rior to that seen in the EDs. Good remodeling of sub-
chondral bone provides the right biomechanical sup-
port for hydrostatic compression in the cartilage,
which is of critical importance for the differentiation
of hyaline-like cartilage (4). This is in agreement with a
recent concept that is gaining strong support, namely
that subchondral bone and articular cartilage should be
considered an interdependent functional unit (34).

To evaluate the influence of load bearing on the rege-
nerative process, a comparison between the ESL
engraftments in the medial and the lateral condyles at
12 and 24 months was performed. No significant dif-
ferences in total histological score were detected bet-
ween the ESL-M and ESL-L samples, even though the
ESL-M scores were better, suggesting a positive in-
fluence of higher load on the regeneration process.
These results were confirmed by the analysis within
periods. At 12 months significantly better bone remo-
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deling was found in the ESL-L as compared to the
ESL-M samples. At 24 months, however, the ESL-M
samples had better integration of edges, as well as a
better total histological score, confirming the crucial
importance of edge integration in long-term healing;
In conclusion, this study demonstrated that ESL cells,
engrafted into osteochondral defects in sheep knee
condyles, enhance the regeneration of the articular hya-
line cartilage. In addition, it demonstrated the positive
influence exerted by load bearing in the host-graft tis-
sue integration. FISH demonstrated that the regenera-
ted tissue was derived from the engrafted ESL cells.
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