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Abstract

Purpose The purpose of the present study was to investigate the mid-term outcomes of a single-stage cell-based procedure
in patients with knee focal symptomatic cartilage defects using matrix-induced culture-expanded autologous AD-MSCs. It
was hypothesised that the increased number of autologous AD-MSCs after culture expansion is a safe and efficient cartilage
repair procedure, which improves overtime chondrogenesis in cartilage lesions

Methods Twenty-five consecutive patients treated for a symptomatic cartilage defect were prospectively followed for 3 years.
The median age of patients was 30.5 (range 16-43) with a median BMI of 23.6 kg/m? (range 19-29) and an average size
of the lesion of 3.5 cm? (range 2—6). All patients underwent a single-stage procedure consisting in filling each defect with
autologous culture-expanded mesenchymal stem cells embedded in a trimmed-to-fit commercially available biodegradable
matrix. Pre-operative and post-operative evaluation included knee-related clinical and functional evaluation based on objec-
tive and subjective scores at 6, 12, 24 and 36 months and MRI evaluation of the repair tissue using the MOCART score at
12 and 24 months.

Results Clinical outcomes recorded significant improvements (p <0.05) at the final follow-up compared with baseline as
following: all subcategories of KOOS Score, the IKDC subjective from 40.9 (range 20.7-65.6) to 76.9 (range 42-90.3),
Tegner Activity Score from 3 (range 2—4) to 4 (range 3—4), VAS for pain from 6 (range 4-8) to 1 (range 0-3). All patients
improve significantly their IKDC objective scores. The MRI findings showed complete filling of the defect and integration
to the border zone for 65% of the patients. Two patients underwent post-operative biopsies and the histological analysis
demonstrated the presence of hyaline-like tissue.

Conclusions Adipose-derived culture-expanded mesenchymal stem cells were shown to be an efficient and safe single-stage
cell-based procedure for symptomatic, full-thickness knee chondral lesions. The findings of the present study demonstrate
that all patients presented significant mid-term clinical, functional and radiological improvement.

Level of evidence 1V.

Keywords Chondral lesion - Adipose-derived stem cells - Cartilage repair - Regenerative medicine - Tissue engineering
Scaffolds - Cell culture expansion
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mid- and long-term clinical results, while they have also
successfully demonstrated the coverage of the defect with
almost identical tissue to the original. The technique was
further improved with the use of three-dimensional scaf-
folds again with good clinical results. Besides the suc-
cessful outcomes of the previous techniques, their main
disadvantages are the two-stage procedure and the dedif-
ferentiation of the chondrocytes to a fibroblast-like phe-
notype during cultivation.

As a consequence, the research field was oriented to dif-
ferent approaches to overpass these limitations with princi-
pal interest in one-stage procedure. Mesenchymal stem cells
(MSCs) hold considerable place in this direction due to their
ability of self-renewal and plasticity [1]. Up to date, several
clinical studies explored the efficacy of MSCs impregnated
to scaffolds with encouraging results [9, 10].

Commonly, bone marrow-derived MSCs were used,
either in the form of bone marrow aspirate concentrates or
culture expanded. Moving towards to less invasive proce-
dures, new cell sources were revealed, such as the adipose
tissue. It was found to contain stem cells with equal potential
differentiation to that of bone marrow. Additionally, its easy
access and simple and reproducible isolation procedure are
clear advantages [27].

Various studies have been conducted using adipose-
derived mesenchymal stem cells (AD-MSCs) for knee
osteoarthritis and concluded that they are safe, with good
clinical and arthroscopic results [4, 14-16, 22, 23]. How-
ever, many of these studies prepared AD-MSC:s in the form
of the stromal vascular fraction (SVF). This rising concerns
as SVF contains different proportions of AD-MSCs, and
other components (e.g. pericytes, vascular adventitia cells,
fibroblasts, preadipocytes, monocytes, macrophages and red
blood cells). Subsequently, there is limited ability to evalu-
ate only the stem cells efficacy, and in consequence these
clinical studies cannot clarify the specific role of each SVF
component [8, 11].

Existing literature lacks evidence on the effectiveness of
AD-MSCs in the symptomatic chondral defects. Although its
use is deemed to be promising, it has not yet been acknowl-
edged as the main treatment option. Especially AD-MSCs
can easily be harvested and, after culture expansion, both
the high number and quality of the cells are guaranteed and
would be possibly a stable and reproducible cell therapy for
chondral tissue restoring.

In this regard, the purpose of the present study was to
investigate the mid-term outcomes of a single-stage cell-
based procedure in patients with knee focal symptomatic
cartilage defects using matrix-induced culture-expanded
autologous AD-MSCs. It was hypothesised that the increased
number of autologous AD-MSC:s after culture expansion is a
safe and efficient cartilage repair procedure, which improves
over time chondrogenesis in cartilage lesions.

@ Springer

Materials and methods

Between April 2013 and December 2015, 25 consecu-
tive patients were treated with culture-expanded AD-
MSCs embedded in a biodegradable scaffold for symp-
tomatic full-thickness cartilage defects of the knee and
prospectively followed at 6, 12, 24 and 36 months (range
36—-62 months). The diagnosis was based on clinical and
radiological features and confirmed during arthroscopy.
All patients reported clinical semiology of pain, swell-
ing, stiffness, clicking or locking. Coexisting lesions were
treated at the same surgery. The inclusion and exclusion
criteria are listed in Table 1, while demographic and
defects characteristics are provided in Table 2. Preliminary
results of a subgroup of this cohort have been reported

Table 1 Inclusion and exclusion criteria

Inclusion criteria

1. International Cartilage Repair Society (ICRS) grade 3 and 4
focal, symptomatic cartilage defects of the knee

2. Male and female gender between the age of 16 and 45
3. Cartilage defect>2 cm?
4. Body mass index (BMI) <30 kg/mz)
5. Clinical symptoms of pain, swelling, stiffness, clicking or locking
6. Minimum of 3 years of follow-up
Exclusion criteria
1. Any previous knee operation within 6 months before screening
2. Varus or valgus malalignment exceeding 5°
3. Inflammatory joint disease, septic arthritis
4. Osteochondritis dissecans (OCD) and osteonecrosis
5. Previous cartilage repair procedure

6. Intra-articular injections (corticosteroid, hyaluronic acid, PRP,
etc.) within 90 days before enrolment

Table 2 Patient’s demographic and defects characteristics

Characteristics Patient data
Sex Female, n=10

Male, n=15
Age 30.5 years (range 16-43)
BMI 23.6 kg/m? (range 19-29)
Side Right, n=15

Left, n=10
Location MFC, n=9

LFC,n="7

Patella, n=5

Trochlea, n=4

Grade III, n=9
Grade IV, n=16

3.5 cm? (range 2-6)
ACLR, n=10

ICRS classification

Defect size

Concomitant procedures

MFC medial femoral condyle, LFC lateral femoral condyle
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previously. Neither complications nor treatment-related
adverse events were observed.

Isolation of AD-MSCs

A quantity of almost 1 g of subcutaneous adipose tissue
was harvested from the patient’s hypogastric region by a
small incision (1 cm) under local anaesthesia in the outpa-
tient clinic as described previously. The tissue block was
then placed in a sterile tube containing natural saline and
was stored in an isothermal kit at about 4 °C and trans-
ferred to the laboratory for culture expansion. At the end of
cultivation, following three passages, identification of the
mesenchymal cells was established according to the criteria
of the International Society for Cellular Therapy [7]. The
characterisation of AD-MSCs was indicated by microscopic
morphological check and specific surface antigen markers
expression such as CD90, CD 29, CD73 and CD105 and
expression lack of CD3, CD14, CD19, CD31, CD34, HLA
DR, CD62 and CD45 as measured by flow cytometry.

Surgical procedure and implantation of AD-MSCs

All surgeries were performed by the same senior orthopaedic
surgeon as described previously. More precisely, patients
were placed in supine position under general anaesthesia
with tourniquet application. Standard knee arthroscopy was
conducted to estimate the characteristics of the defect, i.e.
type, size, location and to deal with any coexisting injury.
The cartilage repair procedure was then performed either
arthroscopically or by mini-arthrotomy depending on the
characteristics of each lesion. Chondral defects were pre-
pared and templated to receive a trimmed-to-fit biodegrad-
able three-dimensional matrix (Hyalofast® Anika Thera-
peutics, Inc.). The matrix was embedded with autologous
culture-expanded adipose-derived stem cells just before its
application on the defect.

Evaluation of outcomes

All patients were clinically evaluated at 6, 12, 24 and
36 months using two validated subjective knee ques-
tionnaires, the Injury and Osteoarthritis Outcome Score
(KOOS) [2] and the International Knee Documentation
Committee (IKDC) Score [5], the Tegner Activity Scale,
the Visual Analogue Scale (VAS) for pain and the IKDC
examination form. Magnetic resonance imaging (MRI)
was performed pre-operatively and at 12 and 24 months
post-operatively. Evaluation of the MR images with the
Magnetic Resonance Observation of Cartilage Repair Tis-
sue (MOCART) [20] Score was done by one independ-
ent radiologist reviewer (AM) in a blinded manner. Pre-
operative MRI was used as the baseline for evaluation of

treatment effectiveness. MR images at the final follow-up
were available for the 20 out of the 25 patients included in
the study. All patients accepted to follow the same reha-
bilitation protocol. This study was approved by the Bioeth-
ics Committee of the Aristotle University of Thessaloniki
(ID number: 1.4.2013/34).

Statistical analysis

All data were analysed by an independent statistician.
Statistical analysis was conducted using SPSS 24.0 (IBM
Corp, Armonk, NY). For all the values, the median and
range are provided. The Kolmogorov—Smirnov test was
used to check if data were normally distributed. The paired
t test for normally and the Wilcoxon signed-rank test for
non-normally distributed data were performed to analyse
outcomes between pre-operative and post-operative find-
ings, respectively. p values less than 0.05 were considered
statistically significant. An a priori power analysis was
performed to demonstrate a difference in KOOS assess-
ments of 10 points with an expected standard deviation
of 10. A sample of 13 patients was found adequate. Power
analysis was conducted using STATA 13 (StataCorp LP,
College Station, TX). Radiological features were per-
formed twice by the same observer with an interval of
6 weeks. The intra-observer reliability of these measure-
ments was evaluated by an intraclass correlation coeffi-
cient. The intra-observer reliability was 0.96.

Results
Clinical, radiological and histological outcomes

Clinical outcomes assessed subjective and objective evalu-
ation scores including the KOOS and the IKDC scores, the
Tegner Activity Scale, the Visual Analogue Scale (VAS)
for pain and the IKDC examination form. Patients presented
significant improvement in all values at the final follow-up
(p <0.05) as shown in Tables 3 and 4.

Twenty patients performed MRI at 12 and 24 months
after procedure. The analytical results of the MOCART
evaluation are presented in Table 4.

Two patients underwent a further arthroscopic procedure
for independent reasons to the initial surgery (meniscal tear
and ACL reconstruction) and biopsies of the repair tissue
were performed. Their results revealed the coverage of the
defect by a hyaline-like cartilage tissue. No infection was
recorded. Summary of all outcomes is demonstrated in
Table 5.

@ Springer
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Table 3 Evolution of the IKDC
objective evaluation form

Pre-operatively

6 months FU

12 months FU

24 months FU

36 months FU

o Q= »

13/25 (52%)
12/25 (48%)

6/25 (24%)

6/25 (24%)
12/25 (48%)

1125 (4%)

12/25 (48%)
13/25 (52%)

17/25 (68%)
8/25 (32%)

18/25 (72%)
7125 (28%)

Table 4 MRI evaluation (MOCART Score) of the repair tissue at 12 and 24 months after implantation

Variables Characteristics 12 months 24 months
Degree of defect repair and filling of the defect Complete 12/20 (60%) 13/20 (65%)
Hypertrophy 4/20 (20%) 4/20 (20%)
Incomplete > 50% of adjacent cartilage 4120 (20%) 3/20 (15%)
Incomplete < 50% of adjacent cartilage 0/20 (0%) 0/20 (0%)
Subchondral bone exposed 0/20 (0%) 0/20 (0%)
Integration to border zone Complete 13/20 (65%) 13/20 (65%)
Demarcating border 5/20 (25%) 5/20 (25%)
Defect visible
< 50% of the length of the repair tissue 2/20 (10%) 2/20 (10%)
>50% of the length of the repair tissue 0/20 (0%) 0/20 (0%)
Surface of repair tissue Intact 10/20 (50%) 10/20 (50%)
Damaged
<50% of the repair tissue 10/20 (50%) 10/20 (50%)
>50% of the repair tissue 0/20 (0%) 0/20 (0%)
Adhesions Yes 20/20 (100%) 20/20 (100%)
No 0/20 (0%) 0/20 (0%)
Structure of the repair tissue Homogeneous 10/20 (50%) 11/20 (55%)
Heterogeneous 10/20 (50%) 9/20 (45%)
Signal Intensity of the repair tissue Isointense 10/20 (50%) 10/20 (50%)
Moderately hyper/hypo-intense 7/20 (35%) 8/20 (40%)
Markedly hyper/hypo-intense 3/20 (15%) 2/20 (10%)
Subchondral lamina Intact 0/20 (0%) 0/20 (0%)
Not intact 20/20 (100%) 20/20 (100%)
Subchondral bone Intact 2/20 (10%) 2/20 (10%)
Not intact 18/20 (90%) 18/20 (90%)
Effusion Yes 5/20 (25%) 2/20 (10%)
No 15120 (75%) 18/20 (90%)

Values presented as numbers of subjects and percentage

Discussion

The most important findings of this study were that
implantation of culture-expanded AD-MSCs was found to
be a safe and efficient single-stage cell-based procedure for
symptomatic, full-thickness knee chondral lesions, with
significant mid-term improvement of clinical, functional
and radiological outcomes.

The results verified the hypothesis of the study and indi-
cate that this approach can be considered among the alter-
native treatment strategies in cartilage repair procedures.

@ Springer

To our knowledge, this is the first study analysing clinical,
functional and radiological results after culture-expanded
AD-MSCs implantation. Only, Jo et al. [12], reported so
far outcomes from culture-expanded AD-MSCs but after
intraarticular injection for osteoarthritic knees.
Mesenchymal stem cells were widely used in the last
years to manage symptomatic cartilage defects of the knee.
This approach aims to promote tissue regeneration, res-
toration of impaired function and viability of the clini-
cal results. Furthermore, important points in the clinical
use of the MSCs are the phenotypic stability [24] and the
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Table 5 Summary of outcomes

Variables Pre-opera- 6 months FU 12 months 24 months 36 months  p value
tive FU FU FU
6 months 1 year FU 2 years 3 years
FU versus versus FU versus  FU versus
pre-opera- 6 months 1year FU 2 years
tive FU FU
KOOS pain 64 (22-83) 78 (44-94) 86 (61-97) 94 (72-100) 97 (72-100) p<0.05 p<0.05 p<0.05 p<0.05
KOOS 61.0 71 (61-94) 82 (64-100) 93 (71-100) 95 (71-100) p<0.05 p<0.05 p<0.05 p<0.05
symptoms (29-89)
KOOS ADL 60 (15-90) 78 (46-97) 84 (62-100) 91 (65-100) 93 (65-100) p<0.05 p<0.05 p<0.05 p<0.05
KOOS 35 (0-60) 45 (15-85) 55(25-85) 65(35-90) 70(40-95) p<0.05 p<0.05 p<0.05 p<0.05
sports/rec
KOOS QOL 31 (0-69) 50 (0-81) 69 (13-88) 75(31-94) 88 (44-100) p<0.05 p<0.05 p<0.05 p<0.05
IKDC sub-  40.9 (20.7- 50.55 (33.3—- 65.2 (34.5- 71.7(36.8- 769 p<0.05 p<0.05 p<0.05 p<0.05
jective 65.6) 89.7) 89.7) 89.2) (42-90.3)
Tegner 324 324 324 4(34) 4(34) p<0.05 p<0.05 p<0.05 NS
activity
VAS pain 6 (4-8) 3(2-5) 3(1-4) 2(1-4) 1 (0-3) p<0.05 p<0.05 p<0.05 p<0.05
IKDC 13D/12C 12C/6A/6B/1D  12A/13B 17A/8B 18A/7B p<0.05 p<0.05 p<0.05 NS
objective
MOCART 67.5 70 (55-85) NS
(50-85)

All outcome values are described as median and range

application of a biodegradable scaffold providing support
for the cells and a chondroprotective coverage.

Several studies have been conducted using MSCs embed-
ded in a scaffold and reported filling of the defect with hya-
line cartilage-like tissue [13, 14, 24]. The majority of them
used autologous bone marrow mesenchymal cells either
in form of bone marrow aspirate concentrate or as culture
expanded cells and reported good clinical, radiological and
histological results [9, 10, 29].

However, the demanding harvesting procedure and the
donor site morbidity shifted the research field to less inva-
sive procedures and alternative cell sources. To this end,
AD-MSCs were studied especially in the clinical field of
osteoarthritis. Previous experience has demonstrated that the
use of AD-MSC:s has good clinical and arthroscopic results
[4, 14-16, 22, 23]. So far, there is a lack in the existing liter-
ature to evaluate the efficacy of AD-MSCs in focal cartilage
defects. Therefore, this study was conducted to explore this
challenging topic.

A significant improvement in all the analysed clini-
cal assessment tools from baseline to the latest follow-
up was observed (p <0.05). In detail, all the subscales of
KOOS score as well as IKDC subjective score improved
significantly.

Although the Tegner Activity Score improved statistically
significant, it remained relatively low. Specifically, the ini-
tial level of three was unchangeable in the first and second
evaluations at 6 and 12 months of follow-up, respectively.
This finding could possibly be explained by the demanding

and long-term rehabilitation program needed for cartilage
repair procedures. Afterwards, an improvement of the score
was detected reaching a final value of 4 at the last evaluation.
Gobbi et al. [10] described different result relatively con-
cerning the degree of improvement. More precisely, in their
series, they detected a more obvious improvement of three
levels more than baseline which could be a result of the dif-
ferent activity at the pre-operative level of the two cohorts.
In fact, whereas Gobbi et al. included in their study only
patients active in the athletic setting, and this study’s cohort
patients with limited sports interest were also included.

A high prevalence of ACL deficient knees was observed
as well. Indeed, it is well documented that ligamentous
insufficiency is often associated with cartilage defects [19].
All the concomitant procedures such as ACL reconstruction
or partial meniscectomy was performed in the same surgery.

The MOCART system was used twice to evaluate the
quality of the repair tissue after procedure. The median
score increased from 67.5 at 12 months to 70 in 24 months
after surgery but the difference was not statistically sig-
nificant. Numerous other studies used the same evaluation
system but the scores were expressed as a percentage of
the maximum scores with higher percentage signifying
better results. Regarding this evaluation method, com-
plete filling of the repair tissue was observed in 65% of the
patients which is slightly inferior to the results reported
by Kon et al. [17] and Delcogliano et al. [6] who reported
70% and 80%, respectively. On the contrary, Verdonk et al.
[28] reported complete filling of the defect in only 16%
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of their patients. Another interesting finding concerns
the subchondral bone evaluation. Indeed, in the present
series, intact subchondral bone was observed in only 10%
of the patients. This result is in accordance with Verdonk
et al. [28] who reported 8.3% but in discordance with Kon
et al. [17] who reported approximately 50% in their series.
Moreover, complete integration was found in 13 patients
(65%) which seems quite similar with the results reported
by Kon et al. (70%) [17] and Delcogliano et al. (80%) [6].
In contrast, Gobbi et al. [10] reported 93.3% of complete
integration with the adjacent cartilage but Verdonk et al.
[28] only in 25% of their series. It is obvious that more
studies are needed to clarify these conflicting results and
help understanding the reliability and the reproducibility
of the evaluation system.

There are also some limitations to be considered in the
current study. This study is a case series without comparison
group and lack of randomisation that predisposes to selec-
tion bias. However, there are significant contributions to the
discourse of using matrix-induced autologous mesenchymal
stem cells for the repair of knee cartilage defects in a sin-
gle-stage procedure. First, adipose tissue appears to be the
preferable source of MSCs due to the easy harvesting proce-
dure, and the large number of stem cells per gram. Second,
the culture expansion of the mesenchymal stem cells offers
higher number of cells to achieve better chondrogenesis.
Another limitation of the study is that there is a variety of
cartilage defects site and size (e.g. femoral condyles, patel-
lofemoral, both III and IV grades); however, this is usual in
knee cartilage cohorts’ series. Moreover, post-operative MRI
was performed in 20 out of 25 patients in the first 2 years
after procedure. Additionally, the evaluation of the repair
tissue was performed only by one observer. Finally, histo-
logical evaluation was obtained only in two cases, during
operations for unrelated to the initial procedure pathology,
as second look arthroscopy only for biopsies is not obviously
a regular procedure.

Conclusion

The hypothesis of the present study that autologous AD-
MSC:s after culture expansion, embedded to a biodegradable
scaffold will improve chondrogenesis in a mid-term follow-
up period was confirmed. There was significant clinical,
functional and radiological improvement of all patients. AD-
MSCs implantation was shown to be an efficient and stable
over time single-stage cell-based procedure for symptomatic,
full-thickness knee chondral lesions.
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