
Special RepoRt

Characterization of the cells in repair tissue 
following autologous chondrocyte implantation in 
mankind: a novel report of two cases

There is a huge interest worldwide in the 
develop ment of tissue engineering and cell-based 
therapies for the treatment of cartilage defects. 
Autologous chondrocyte implantation (ACI) is 
a procedure that has been used for more than 
20 years for the treatment of cartilage injury and 
osteoarthritis [1–3]. Our center has provided cells 
for over 400 ACI procedures since its inception, 
of which 81% were a success, as indicated by 
a postoperative increase in the Lysholm score 
[4]. What happens to the culture-expanded 
chondro cytes after implantation and the contri-
bution that they make to the repair tissue com-
pared with cells from surrounding tissues is still 
largely unknown [5–7]. Few preclinical studies 
have labeled and tracked transplanted chondro-
cytes in ACI models. Those that have show that 
varying proportions of the cells injected form 
the cellular component of the tissue at the site 
of ACI. In these studies transplanted cells have 
been shown to contribute in part to the forma-
tion and integration of repair tissues. However, 
numerous unlabeled cells also form a major con-
stituent, which suggests that cells of unknown 
origin migrate to ACI-treated lesions and com-
bine with transplanted cells as part of the healing 
process [6,7].

The purpose of this study is to describe for the 
first time the phenotype of those cells that are 
contained within the tissue at the site of ACI in 
humans several years after treatment. Charac-
terization of the cells that are present at the site 
of ACI and, hence, the ones that are likely to 
produce and remodel the repair tissue, is critical 
to our understanding of the biological process 
in ACI. In previous studies we have only been 
able to assess the quality of ACI repair tissues 
in the clinic via MRI and histological analyses 
of small regions (<2-mm diameter cores) [8–11]. 
We have obtained two rare samples that have 
provided us with the opportunity to isolate and 
examine the behavior and phenotypic properties 
of ACI repair cells in culture, in comparison with 
both chondrocytes in the adjacent cartilage and 
MSCs from the subchondral bone. Observing 
ACI repair cells in culture will help to provide 
novel information on the cellular component of 
ACI repair tissues, which we can then compare 
with histological analyses and clinical outcome. 
In addition, by analyzing the properties of ACI 
repair cells in contrast to the phenotypes of cells 
isolated from neighboring tissues (e.g., cartilage 
and bone), we may begin to elucidate the ACI 
repair cell origin. Herein we describe the ana lysis 

Aim: Autologous chondrocyte implantation (ACI) is used worldwide for the treatment of cartilage defects. 
This study has aimed to assess for the first time the cells that are contained within human ACI repair tissues 
several years post-treatment. We have compared the phenotypic properties of cells from within the ACI 
repair with adjacent chondrocytes and subchondral bone-derived mesenchymal stromal/stem cells (MSCs). 
Materials & methods: Two patients undergoing arthroplasty of their ACI-treated joint were investigated. 
Tissue and cells were isolated from the repair site, adjacent macroscopically normal cartilage and MSCs 
from the subchondral bone were characterized for their growth kinetics, morphology, immunoprofile and 
differentiation capacity. Results: ACI repair tissue appeared fibrocartilaginous, and ACI repair cells were 
heterogeneous in morphology and size when freshly isolated, becoming more homogeneous, resembling 
chondrocytes from adjacent cartilage, after culture expansion. The same weight of ACI repair tissue 
resulted in less cells than macroscopically normal cartilage. During expansion, ACI repair cells proliferated 
faster than MSCs but slower than chondrocytes. ACI repair cell immunoprofiles resembled chondrocytes, 
but their differentiation capacity matched MSCs. Conclusion: This novel report demonstrates that human 
ACI repair cell phenotypes resemble both chondrocytes and MSCs but at different stages of their isolation 
and expansion in vitro.
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of repair tissues and cells from two former ACI 
patients that have returned to our clinic for 
arthroplasty of their ACI-treated joints several 
years post-ACI.

Materials & methods
�n Patient information

Following local research ethical committee 
approval and with informed consent, tissues 
obtained from two patients undergoing joint 
replacement surgery were included in this study 
(one knee [patient 1] and one hip [patient 2]). 
Both were males and the patients were aged 49 
and 44 years at the time of arthroplasty, which 
was ~11 and ~5 years, respectively, after their 
previous ACI treatment (Table 1). 

�n Histological ana lysis
For histological examination decalcified wax-
embedded tissue sections from the region bridg-
ing macroscopically normal cartilage (MNC) 
and ACI repair tissues (with subchondral bone) 
from patients 1 and 2 were examined using 
hematoxylin and eosin (H&E) and toluidine 
blue (British Drug Houses [BDH], UK) stains, 
as described previously [12]. For H&E histo-
logical examination, sections were flooded with 
Mayer’s hemalum (VWR International Ltd, UK) 
for 1 min, drained and washed in tap water for 
5 min. Slides were then flooded with 1% eosin 
aqueous solution (BDH; in distilled water) for 
30 s, briefly washed in tap water and dehydrated 
through a series of isopropanol (Genta Medical, 
UK) concentrations in distilled water and then 
xylene, for 5 min each. Following dehydration, 
the tissue sections were mounted under glass cov-
erslips (Cell Path Ltd, UK) with Pertex mount-
ing medium (Histolab Products AB, Sweden) 
and allowed to air dry. The glycosaminoglycan 
(GAG) content was assessed by metachromasia 
by flooding sections with 1% aqueous toluidine 
blue (BDH) solution for 30 s and rinsed in tap 
water. Slides were left to air dry before mount-
ing under glass coverslips with Pertex mounting 
medium.

For collagen type II immunolocalization, 
dewaxed and rehydrated sections were pretreated 
with 0.1% (w/v) hyaluronidase and 0.2% (w/v) 
trypsin (Sigma-Aldrich, UK) for 1 h at 37°C. 

Sections were then washed in phosphate-buffered 
saline (PBS) and incubated for 2 h at room tem-
perature in a humidified chamber with 10 µg/ml 
of primary mouse monoclonal collagen type II 
antibody (clone CIIC1, Developmental Studies 
Hybridoma Bank, University of Iowa, IA, USA) 
in PBS. Parallel sections were incubated with a 
nonspecific, isotype-matched antibody (IgG1; 
Dako, Denmark) instead of the primary anti-
body at the same concentration, as a negative 
control. After incubation with the primary anti-
bodies, all sections were washed in PBS before 
incubation for 1 h with a secondary biotinylated 
antibody at 50 µg/ml (VECTASTAIN® ABC 
system, Vector Laboratories Ltd, UK) accord-
ing to the manufacturer’s protocol. To eliminate 
endogenous peroxidase activity sections were 
blocked with 0.3% (v/v) hydrogen peroxide in 
methanol (BDH) for 30 min. Collagen type II 
immunopositivity was finally visualized by test-
ing for bound peroxidase, which is detected by 
incubation with a substrate of diaminobenzidine 
tetrahydrochloride, activated by hydrogen per-
oxide. The sections were then dehydrated before 
mounting under glass coverslips with Pertex 
mounting medium as described previously.

�n Chondrocyte & ACI repair cell 
isolation & culture
Approximately 300 mg of MNC and ACI repair 
tissues were harvested from the medial femo-
ral condyle of patient 1 and the femoral head 
of patient 2. Cells were isolated and cultured 
as described previously for chondrocytes [13]. 
MNC and ACI repair tissues were dissected 
into approximately 2-mm3 pieces and placed 
into 25-cm2 tissue culture f lasks (Falcon™ 
250-ml Polystyrene Tissue Culture Flask, BD 
Biosciences, UK). The weight of each tissue 
type was recorded and cells released by enzy-
mic digestion. DMEM/F12 (Life Technologies, 
UK) containing 0.8 mg/ml type XI collagenase 
(Sigma-Aldrich) was added to each of the flasks 
which were then incubated at 5% (v/v) CO

2
 for 

20 h at 37°C.
Following this incubation, each tissue digest 

was passed through a 70-µm cell strainer (BD 
Biosciences); cells were recovered by centrifuga-
tion at 750 × g for 10 min to form a cell pellet. 

Table 1. Patient information: demographics and autologous chondrocyte implantation treatment received.

Patient Time since ACI, months (years) Site of ACI Size of defect Cells received Patch received

1 135 (11.25) Medial femoral condyle 25 × 15 mm Knee chondrocytes Periosteum

2 59 (4.9) Lateral aspect of femoral head 12‑mm diameter Hip chondrocytes Chondro‑Gide®

ACI: Autologous chondrocyte implantation.

Regen. Med. (2013) 8(6)700 future science group
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Cells were plated out in DMEM/F12, supple-
mented with 10% fetal bovine serum (FBS; Life 
Technologies), 50 µg/ml ascorbic acid (Sigma-
Aldrich) and 1% (v/v) penicillin and strepto-
mycin (P/S; Life Technologies) at a seeding 
density of 5 × 105 cells/cm2. After 5 days, non-
adherent cells were removed and the adherent 
cell population was cultured as a monolayer in 
DMEM/F12 10% FBS medium supplemented 
with ascorbic acid and P/S. Cells were routinely 
passaged at 70% confluence by trypsinization 
(0.05% v/v Trypsin–EDTA) and reseeded at 
5 × 103 cells/cm2. 

�n Human bone MSC isolation & culture 
The underlying bone from the medial femoral 
condyle of patient 1 and the femoral head of 
patient 2 was perfused with DMEM/F12 (Life 
Technologies) supplemented with 10% FBS 
and P/S. Mononuclear cells isolated and MSCs 
were cultured as described previously [14]. Mono-
nuclear cells were isolated by density gradient 

centrifugation (Lymphoprep™, Fresenius Kabi 
Norge AS, Norway) were plated out in DMEM/
F12, supplemented with 20% FBS and P/S at a 
seeding density of 20 × 106 cells per 25 cm2 tis-
sue culture flask. After 24 h, nonadherent cells 
were removed and the adherent cell population 
was cultured in monolayer in DMEM/F12 10% 
FBS medium supplemented with P/S. Cells 
were routinely passaged at 70% confluence by 
trypsinization (0.05% v/v Trypsin–EDTA) 
and reseeded at 5 × 103 cells/cm2. Viability was 
assessed at each passage by trypan blue exclusion 
(Sigma-Aldrich).

�n Microscopy, image capture  
& ana lysis 
Histological sections were viewed using bright 
light and polarized light microscopy (Leitz 
Diaplan, Germany) and digitized images were 
captured with a digital camera (DS-Fi1, Nikon, 
UK). Cultures were viewed using phase con-
trast microscopy (Nikon Eclipse TS100) and 
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Figure 2. Cell characterization: morphology. (A) Freshly isolated cells are shown (top panels) compared with cells at passage 3 
(bottom panels). Cs and MSCs isolated from both patients have a uniform fibroblast‑like morphology that increases in size (area 
coverage) with subculture. Freshly isolated ACI repair cells show a heterogeneous morphology that becomes homogeneous at passage 3. 
All scale bars = 200 µm. (B) Cs and MSCs increase in size from passages 0–3. Cs are significantly smaller than MSCs at every passage 
quantified. At initial seeding ACI repair cells are significantly larger than Cs, but similar in size to MSCs. At passage 3 ACI repair cells are 
significantly smaller than MSCs, but similar in size to Cs. Data are demonstrated as mean ± standard error of the mean. Differences were 
calculated using the Kruskal–Wallis analysis of variance with the Bonferroni post hoc test. 
*p < 0.001. 
ACI: Autologous chondrocyte implantation; C: Chondrocyte; MSC: Mesenchymal stromal cell. 
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digitized images were captured with a digital 
camera (C4742-95, Hamamatsu, NJ, USA). The 
mean cell area was determined from passage 0–3 
for the three cell populations using IPLab soft-
ware (Version 3.6, Biovision Technologies, PA, 
USA). For each cell type, results from at least 
five separate images per culture were combined.

�n Growth kinetics
Culture doubling time (DT) was calculated for 
each cell population (from passage 0–3) using 
the following formula: DT = (t

2
-t

1
) × ln(2)/

ln(n2/n1), where t
1
 = the time of cell seeding, t

2
 

= the time of cell harvest and n = the matching 
cell numbers at these time points.

�n Immunoprofiling
Immunoprofiling via flow cytometry was used 
to assess culture-expanded cells (at passage 2) 
using a FACScan™ flow cytometer (BD Biosci-
ences). A profile typical of MSCs was targeted 
[15]. In brief, cells were blocked for 1 h in a buf-
fer of 10% normal human immunoglobulin 
(Grifols, UK). Cells were then incubated with 
mouse antihuman monoclonal primary anti-
bodies against CD14, CD19, CD31, CD34, 
CD45, CD73, CD90, CD105 and HLA-DR 
(all phycoerythrin-conjugated; Immunotools, 
Friesoythe, Germany) for 30 min. Matched 
cell populations were also exposed to isotype-
matched IgG negative control antibodies (Sigma-
Aldrich). Immuno profiles were produced using 
CellQuest™ software (BD Biosciences).

�n Multipotency assays
Established protocols [16–18] were used to assay 
the differentiation potential of cells at passage 2 
for adipogenic, osteoblastic and chondrogenic 
lineages. In brief, for 21 days, cell cultures were 
exposed to appropriate conditions for: 

�� Adipogenic differentiation via monolayer cul-
ture in DMEM/F12 10% fetal calf serum, 1% 
insulin transferrin selenium-X (Life Technolo-
gies), dexamethasone, 3-isobutyl-1-methyl-
xanthine and indomethacin (Sigma-Aldrich); 

�� Osteoblastic differentiation via monolayer cul-
ture in DMEM/F12 10% fetal calf serum, 
ascorbate 2-phosphate, dexamethasone and 
b-glycerophosphate (Sigma-Aldrich); 

�� Chondrogenic differentiation via micromass pel-
let culture in DMEM/F12, 1% insulin transfer-
rin selenium-X, ascorbate 2-phosphate (Sigma-
Aldrich), dexamethasone (Sigma-Aldrich) and 
TGF-b1 (PeproTech Ltd, UK). 

At the 21-day time point, adipogenic differ-
entiation potential was examined via Oil Red O 
(Sigma-Aldrich) visualization of lipid formation, 
alkaline phosphatase activity was used to assess 
osteoblast differentiation, and for chondrogenic 
differentiation, toluidine blue staining was used 
to detect the presence of GAGs in micromass 
pellets.

�n Statistical ana lysis 
The Kruskal–Wallis nonparametric analysis 
of variance and post hoc Bonferroni pairwise 
comparison tests were used to assess significant 
differences between the size (area coverage) of 
each cell type isolated from the same joint, for 
example, chondrocytes, ACI repair cells and 
MSCs between passages 0 and 3.

Results
�n Histological ana lysis

Tissue sections from the region bridging MNCs 
and ACI repair tissues (Figure 1a) were examined 
via H&E staining (Figure 1b), which demonstrated 
a disorganized cellular distribution throughout 
ACI repair tissues in both patients compared 
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with neighboring MNCs. There appeared to be 
good integration between the repair cartilage 
and the neighboring MNCs and the underly-
ing bone. The surface integrity and smoothness 
of ACI repair tissues differed between patients; 
in the knee (patient 1) the repair surface was 
rough, whereas the hip repair tissue (patient 2) 
was smooth but undulating compared with 
neighboring MNCs, which were smooth and 
flat in both patients.

Viewing the same section under polarized 
light (Figure 1C) revealed illuminated areas of scat-
tered light indicative of fibrocartilage through-
out the repair region and in particular at the 
border with MNCs. Toluidine blue staining 
(Figure 1D) indicated that the GAG content of ACI 
repair tissues was lower than that of neighbor-
ing MNCs, particularly in the surface zone. For 
both patients collagen type II staining (Figure 1e) 
was similarly weaker in the surface zone of ACI 
repair tissues.

�n Morphological analyses
For both patients freshly isolated chondrocytes 
and MSCs had a uniform fibroblast-like morph-
ology with their size (surface area coverage) 
increasing after expansion. MSCs appeared con-
sistently larger at each passage compared with 
chondrocytes. In addition, for MSC cultures 

numerous intracellular stress fibers were clearly 
visible at passage 3. By contrast, the morpholo-
gies of freshly isolated ACI repair cells were 
more heterogeneous. ACI repair cells possessed 
a combination of early- and later-passage chon-
drocyte and MSC-like morphologies after initial 
seeding but became homogeneous after subcul-
ture. There were no obvious or significant dif-
ferences between ACI and chondrocyte cultures 
(Figure 2a & 2b). 

�n Growth kinetics
Chondrocytes and ACI repair cells proliferated 
at similar rates for both patients (from passages 
0 to 3), with DTs of 2 weeks between passages 
0–1, decreasing to 4–6 days between passages 
1–2 and 2–3. By contrast, the DT of MSCs was 
markedly higher at 8–14 days between passages 
1–2 and 2–3 (Figure 3a). At passage 3 chondro-
cyte cultures produced harvests of 1.4 × 108, 
ACI repair cells 4.3 × 107 and MSCs 9.0 × 106 
(Figure 3b). Viability for all cells was >98% at each 
passage.

�n Immunoprofiles
MSCs from both patients were CD14-, CD19-, 
CD31-, CD34-, CD45-, HLA-DR-, CD73+, 
CD90+ and CD105+; this matches previ-
ously published MSC immunoprofiles [15]. 

C ACI MSC C ACI MSC

Patient 1 Patient 2

Figure 5. Phenotypic characterization: differentiation capacity (passage 2 cells). (A) The presence of lipid vesicles is increased in 
chondrocytes treated with adipogenic stimuli (but a different type of staining pattern between patients can be observed, as revealed 
with Oil Red O) compared with ACI repair cells or MSCs (which had similar localized unilocular lipid staining in patches). Dashed boxes 
indicate regions that have been expanded in the inserts (included in the bottom right corner) to highlight small lipid droplets. (B) Alkaline 
phosphatase activity is markedly increased in chondrocyte cultures treated with osteogenic stimuli compared with ACI repair cells or 
MSCs. (C) Toluidine blue staining of chondrogenically induced pellet cultures shows more intense staining in chondrocyte pellets 
compared with ACI repair cells or MSC pellets. Scale bars = 100 µm; inset scale bar = 200 µm. See color figure at www.futuremedicine.
com/doi/pdf/10.2217/rme.13.67. 
ACI: Autologous chondrocyte implantation; C: Chondrocyte; MSC: Mesenchymal stromal cell.
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Chondrocytes and ACI repair cells from both 
patients had MSC-like immunoprofiles apart 
from some positivity for CD14; for patient 1 
CD14 was detected on approximately 90% of 
chondrocytes and approximately 50% of ACI 
repair cells, whereas for patient 2 the reverse pat-
tern of positivity was observed between chondro-
cytes (~50% immunopositive) and ACI (~90% 
immunopositive; Figure 4).

�n Differentiation potential
Chondrocytes, ACI repair cells and MSCs from 
both patients differentiated along all three mes-
enchymal cell lineages tested but to varying 
degrees, as delineated by lipid accumulation, 
alkaline phosphatase activity and toluidine blue 
GAG staining. Chondrocytes from patient 1 
produced a large frequency of clustered globu-
lar lipids, whereas chondrocytes from patient 2 
showed more diffuse staining of smaller lipids 
throughout. ACI and MSC staining for lipid 
accumulation was similar in pattern for both 
patients, hence, a few unilocular lipid clusters 
(which may be indicative of committed adipo-
cytes) were seen in both (Figure 5a). Chondrocytes 
from both patients showed intense uniform stain-
ing for alkaline phosphatase activity, whereas 
ACI repair cells and MSCs demonstrated a more 
hetero geneous pattern of staining (Figure 5b). All 
pellet cultures showed the presence of some GAGs 
via toluidine blue staining. Chondrocyte fractions 
showed the most intense toluidine blue staining, 
ACI repair cell and MSC pellets showed weaker 
GAG staining for both patients (Figure 5C).

Discussion
These samples have provided a unique opportu-
nity to study both the histology of the complete 
area of ACI repair tissue compared with neigh-
boring MNC as well as examining the pheno-
type of ACI repair cells compared with chondro-
cytes from adjacent cartilage and MSCs from 
the underlying subchondral bone, several years 
post-ACI. For these analyses, tissues and cells 
were harvested from two former ACI patients at 
the time of arthroplasty. It is debatable whether 
the patients included in this study and, hence, 
the tissues and cells examined here, should be 
considered as ACI successes or failures. These 
individuals were 38 and 39 years of age at the 
time that they received ACI and although their 
treated joints ultimately failed, ACI prolonged 
the life of their natural joints for 11 and 5 years, 
respectively. For patients of such a young age this 
may have important implications for later life as 
joint replacement is accompanied by some loss of 

function that restricts activities [19]. In addition, 
joint replacements will probably not last for the 
full life of younger patients. Hence, the initial 
surgery may need revision, which is a more com-
plicated and expensive operation with lower suc-
cess rates than primary arthroplasty [20]. As such, 
ACI therapy that increases the lifespan of these 
young patients’ joints may understandably be 
considered a successful intervention even though 
their treated joints eventually failed.

Histologically, we have shown that ACI repair 
tissues resembled those previously described 
[8–10]; cells were numerous but disorganized and 
matrices appeared predominantly fibrocartilagi-
nous. Repair tissues were well integrated with 
adjacent MNC and subchondral bone. The 
surface of repair tissue for patient 1 was rough 
compared with that of patient 2, perhaps because 
patient 1 received a periosteal graft, which may 
exhibit hypertrophy, compared with the collagen 
membrane that was used for patient 2 [21]. There 
were no obvious histological signs that may have 
explained joint failure in these patients. However, 
there is limited evidence that histology is a reliable 
indicator of clinical outcome for ACI patients [22]. 
In this study we have some preliminary data for 
ACI repair cell characterization, which may rep-
resent a promising additional prognostic marker 
in future analyses. An understanding of the ACI 
repair cell phenotype will help to elucidate ACI 
repair tissue formation and remodeling processes. 
In addition, we may be able to use this data to 
begin to ‘unpick’ the origin of ACI repair cells 
and hence, to determine if ACI tissues contain 
any of those cells initially implanted at ACI stage 
II. In preclinical studies transplanted cells are 
known to persist in ACI repair zones for up to 
14 weeks in large animal models [6]. Alternatively, 
the site of ACI repair may contain a completely 
different cell type (e.g., synovium, bone or bone 
marrow-derived MSCs) that has migrated and 
integrated into ACI zones from surrounding 
tissues [23–25].

It is likely that the anatomical location (i.e., 
knee versus hip) and the patch used at ACI 
(i.e., periosteum vs Chondro-Gide®, Geistlich 
Pharma, Switzerland) will have influenced the 
quality and extent of the repair tissue observed 
for patient 1 compared with patient 2. However, 
there were no discernible differences observed in 
the phenotypes of ACI repair cells isolated from 
patient 1 or patient 2. This suggests that the dis-
similarities between these examples of ACI, that 
is, the type of joint treated and patch used, might 
not have contributed significantly to the tissue 
regeneration seen (or the cells involved) in these 
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ACI-treated joints. We have shown that freshly 
isolated cells from ACI repair tissues appeared 
to contain a mixture of chondrocyte and MSC 
morphologies, but that MSC-like cells disap-
pear over time in culture. Our growth kinetics 
data support the theory that chondrocytes may 
have outgrown MSCs in vitro. In addition, the 
immunoprofiles of chondrocytes and ACI repair 
cells were similar after subculture; both demon-
strated some CD14 positivity, a marker found on 
freshly isolated chondrocytes [26,27], compared 
with a complete absence of CD14 on MSCs at 
the same passage. It is unlikely that the source of 
CD14+ cells that were cultured from ACI repair 
tissues represent MSCs that have migrated from 
surrounding tissues (e.g., MSCs from synovium 
and bone or bone marrow) as these MSCs do not 
express CD14 in an undifferentiated state [15,28]. 
It is conceivable that these cells instead either 
represent a proportion of the chondrocytes that 
were originally transplanted at ACI or that have 
migrated from adjacent cartilage. Alternatively, 
an MSC population may have homed to the 
injured region and differentiated in vivo towards 
a chondrogenic lineage [29,30].

Interestingly, our multipotency studies showed 
a marked contrast between passaged chondro-
cyte and ACI repair cell differentiation poten-
tial. Chondrocyte populations differentiated 
along adipogenic, osteogenic and chondrogenic 
lineages in a strongly positive and uniform man-
ner as articular cartilage itself contains a multipo-
tent progenitor cell population [31–35]. By contrast, 
ACI repair cells appeared heterogeneous and, on 
the whole, differentiated along each mesenchymal 
lineage tested to a lesser extent, akin to MSCs iso-
lated from the same joint. However, we acknowl-
edge that culture expansion may change the char-
acteristics of ACI repair cells. It is therefore dif-
ficult to ascertain exactly how the immunoprofile 
and differentiation potential of culture-expanded 
ACI repair cells relate to their in vivo charac-
teristics. Nonetheless, this study demonstrates 
that, although cultured ACI repair cells possess 
many phenotypic characeristics of chondrocytes 
(e.g., similar morphologies, growth kinetics and 
immunoprofiles), they do not possess the abil-
ity to differentiate, importantly in this setting, 
into chondrocytes with physiologically relevant 
properties. For example, ACI repair cells do not 
appear to synthesize GAG-rich matrices to the 
same extent as chondrocytes when chondrogeni-
cally induced in vitro. This finding coincides with 
our in vivo histological evidence, which clearly 
shows that ACI repair tissues possess a lower GAG 
content in comparison with neighboring MNC. 

A limitation of this study is that it is based on 
only two human samples, making the findings 
difficult to interpret. We hope to expand and 
corroborate the findings of these pilot experi-
ments by increasing the sample size of donors 
and expanding the molecules and markers to 
be investigated in longer-term studies. For 
example, immunohistochemical analyses to 
determine the presence of type X collagen as 
a marker of hypertrophy in repair tissues, and 
gene expression studies of isolated repair cells 
for osteogenic- and chondrogenic-associated 
molecules using quantitative real-time PCR 
would provide valuable additional data. None-
theless, this pilot study has provided a rare 
opportunity to carry out studies that are nor-
mally only possible in animals, but even then 
at much shorter time points. The information 
obtained is therefore completely novel and likely 
to be more relevant to the human patient than 
results from animal studies.

Conclusion & future perspective
This study presents the first data on human 
ACI repair cell phenotypes in culture, several 
years after ACI treatment. Cells isolated from 
ACI repair tissue appeared to contain a mix-
ture of chondrocyte and MSC morphologies at 
initial seeding, but became more like chondro-
cytes with regard to morphology, proliferation 
and immunoprofile at later passage. However, 
the differentiation potential of expanded ACI 
repair cells was reduced for each mesenchymal 
lineage tested compared with chondrocytes and 
notably so for chondrogenic potential, which 
is considerably relevant in this setting. These 
findings indicate that ACI repair cells are com-
posed of a mixture of cells with features resem-
bling both chondrocyte and MSC phenotypes. 
This suggests that ACI tissues contain both 
chondrocytes (either originally implanted or 
integrated from surrounding cartilage in vivo) 
and also MSCs that have infiltrated the treated 
region from synovium or subchondral bone. A 
better understanding of the source of cells that 
contribute to the repair tissue in ACI, espe-
cially when associated with the best clinical 
outcome, will provide valuable information to 
help improve the ACI technique in the clinic. 
For example, we may be able to select the most 
effective cells prior to implantation or to aug-
ment the migration of desirable endogenous 
cells from the nearby tissues. In this way we 
can make step changes and improvements in 
current cell therapy treatments of chondral 
defects.
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