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Chapter V

Autologous Culture Expanded Bone
Marrow Stromal Cell Transplantation
for Cartilage Repair

Shigeyuki Wakitani,]’*Hajime Ohgushi’, Hiroko Machida’ , Hiroyuki
Nakaya', Narumichi Murakami', Hiroshi Y. amasaki’, Hiroyuki Kato',
Amu Kawaguchi', Takahiro Okabe' and Keiji Tensho'

" Shinshu University Medical School, Matsumoto, J apan
*Research Institute for Cell Engineering,
National Institute of Advanced Industrial Science and Technology (AIST),
Amagasaki site, Amagasaki, Japan

Abstract

It has been reported that the stromal cells in bone marrow con\tain progenitor cells of
mesenchymal tissues, such as bone, cartilage, fat and muscle. We speculated that these
cells might be useful in repairing the osteochondral defects in joints.

First, we performed an experiment with rabbits. Autologous bone marrow stromal
cells (BMSC) embedded in collagen gels were transplanted in a 6 mm x 3 mm, 3 mm
depth osteochondral defect in rabbit medial femoral condyle. Two weeks after the
transplantation, the whole area of the’original defect was occupied by cartilage. Twenty-
four weeks after the transplantation, subchondral bone was completely repaired without
loss or alteration of the overlying articular cartilage, although the repair cartilage in the
defect was slightly thinner than the adjacent normal cartilage. This procedure is easy to
perform clinically because BMSC are easy to obtain and can be culture expanded without
losing their capacity for differentiation.

To explore a new technique of repairing human articular cartilage defect, we used
BMSC to repair articular cartilage defects in the patella of two patients, a 26-year-old

" Correspondence: S. Wakitani. M.D.. Ph.D.. Department of Orthopaedic Surgery. Shinshu University
Medical School; Asahi 3-1-1, Matsumoto 390-8621, Japan: Phone: 81-263-37- 2659 Fax: 81-263-35--
8844; E-mail; wakitani(é}:,,hsp.md.shinshu-u‘ac.jp
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female and a 45-year-old male. Adherent cells from bone marrow blood were culture
expanded for about 3 weeks and embedded in type 1 acid soluble collagen, placed on a
collagen sheet and gelated. The collagen gel with the cells was placed and covered with
autologous periosteum with the cambium layer facing the bone marrow. One year after
the transplantation, histological findings of the tissue looked like fibrous cartilage. Seven
vears after the transplantation of the first patient and after five years for the second
patient, they can walk without pain and are satisfied with the outcome of the surgery.

As the next step, 24 patients with medial uni-compartmental osteoarthritis who
underwent a high tibial osteotomy were the objectives in this study. The mean age was
63 (range 49 - 70). Twelve knees received BMSC transplantation and 12 knees were
designated as cell-free controls. BMSC were prepared in the same manner as the former
two cases. The mean transplanted cell number was 1.3 x 10". The mean size of the
abraded area was 14 mm x 35 mm. The mean follow-up period was 16 months. The
arthroscopical and histological regeneration of articular cartilage defects was promoted.
Recently, we applied this technique in articular cartilage defects of patello-femoral joints
and humeral capitellum, and the results were good.

We suggest that this procedure may offer a new technique for repairing injured
articular cartilage.

Key Words: articular cartilage defect, marrow stimulation technique, autologous cylindrical

osteochondral transplantation, autologous chondrocyte implantation, autologous bone
marrow stromal cells

Introduction

Articular cartilage is histologically hyaline cartilage. It consists of three layers,
superficial, middle and deep layer. Cells in the superficial layer show flat and produce
lubricin. Those in the middle layer are arranged in a perpendicular line and produce type 11
collagen and aggrecan, which form dense intercellular matrix. Because this intercellular
matrix shows no structure, it is called hyaline cartilage. Those in the deep layer are large and
round and produce type X collagen and alkaline phosphatase [1]. There are neither vessels
nor nerves in articular cartilage.

Articular cartilage has a weak capacity for repair as reported by Hunter W [2]. However,
the cartilage repair responses are different for different aged individuals and different species
of animals, and depend upon the physiological status of the animal and nature and extent of
the injury. It is generally accepted that injuries that do not penetrate the subchondral bone
(partial thickness defects) are not repaired, while those that penetrate the subchondral bone
(full-thickness defects) are repaired with a variety of tissues. However, the reparative tissue,
even histologically hyaline-like cartilage, lacks the biochemical capabilities to express some
cartilage-specific molecules, and its biomechanical durability is substantially inferior to that
of age-matched normal articular cartilage [3].

Articular cartilage defect is a major clinical problem; however, presently there is no
treatment that is widely accepted to regeneratively repair these lesions. Currently, there is no
satisfactory clinical technique to repair articular cartilage defects. Current clinical practice
usually involves bone marrow stimulation technique, which breaks subchondral bone to
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facilitate cartilage repair from bone marrow derived cells and cytokines, and consists of
multiple perforation [4], abrasion [5], and micro-fracture [6]. However, with this procedure,
cartilage defects are more often repaired with fibrocartilage, which is known to be
biochemically and biomechanically different from normal hyaline cartilage; degeneration
usually ensures in the reparative tissue [7]. Recently, autologous cultured chondrocyte
transplantation [8,9] and mosaic plasty [10,11] were explored. We can repair small articular
cartilage defects using these techniques, although the effectiveness is still controversial. In
the case of autologous chondrocyte implantation and mosaic plasty, there remained defects in
articular cartilage in the normal articulation even if not in the main welight-bearing portion. In
autologous chondrocyte implantation, we have to perform another surgery to obtain
autologous cells.

It has been reported that cells isolated from postnatal mammalian bone marrow have the
potential for differentiation into specific cells of mesenchymal tissues such as bone and
cartilage when implanted in vivo [12,13], thus, adherent cells in bone marrow blood contain
progenitor cells for bone and/or cartilage. It has been reported that cells isolated from human
marrow aspirates could be induced to differentiate into other mesenchymal lineages, such as
adipocytic, chondrocytic, or osteocytic lineages in vitro [14,15]. Furthermore, they are
reported to differentiate into cells other than mesenchymal tissues, ectodermal (neurocyte)
[16] and endodermal tissues (hepatocyte) [17] (transdifferentiation). Recently, these cells are
considered to be a useful cell source to repair some kinds of tissues, such as bone, cartilage,
tendon, muscle. heart, small vessels, liver, nerve, and so on.

We assumed that these cells were suitable to repair osteochondral defect of joints
because these cells could differentiate into both bone and cartilage. Thus, we performed
autologous culture—expanded bone marrow stromal cell (BMSC) transplantation in a rabbit
model and reported that articular cartilage defects were repaired [18].

This procedure has some merits. First, it is easy to obtain autologous cells. We could
aspirate bone marrow blood with local anesthesia, without few side effects. Another is that
we can proliferate cells without losing their capacity for differentiation. We can apply this
technique in large articular cartilage defects. Because of these merits, this procedure offers
expedient clinical use. Thus, we performed this cell transplantation in human articular

cartilage defects in several joints. In this paper, we introduce the repair of articular cartilage
defect using these cell transplantations.

Transplantation of Autologous Culture Expanded
BMSC in a Rabbit Model [18]

It has been well documented that osteochondral progenitor cells are present in periosteal
membrane or bone marrow. We assumed that these cells transplanted into the osteochondral
defect could provide a practical source of autologous cells with appropriate chondrogenic and
osteogenic potential. In other words, we expected that these cells can regencrate both bone
and cartilage tissues in ostcochondral defects. Since collagen gels have been successfully
used as delivery vehicles in cell transplantation and are of low antigenicity, we embedded
autologous osteochondral progenitor cells from periosteal membrane of long bone, or from
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bone marrow into a collagen gel as a technique for the repair of articular cartilage defects.
These cellular grafts were then transplanted into the large (3mm x 6mm x 3mm) full-
thickness defect in the weight-bearing articular surfaces of rabbits.

Adherent cells from tibial bone marrow blood were used as BMSC. Enzymatically
liberated periosteal cells were used as periosteal-derived stromal (PSC). These cells were
mitotically expanded, loaded in collagen gels (type 1 from calf skin, final
concentration=0.15%), and transplanted autologously into large (3mm x 6mm) full-thickness
(3mm in depth) defect in the weight-bearing surface of the medial femoral condyles of rabbit
right knees. In the other knee, the defect was filled with gelated collagen gels without cells,
or the defect was left empty. Of the total of 68 animals (2.5 kg) in the study, 31 knees
received BMSC, 37 received PSC, 49 served as empty controls, and 19 received the cell-less
collagen delivery vehicle. The rabbits were sacrificed 2, 4, 12 and 24 weeks after surgery.
The present investigation illustrates that unusually large, full-thickness defects of the weight-
bearing region of articular cartilage were repaired with hyaline cartilage using autologous
osteochondral progenitor cells isolated and mitotically expanded from bone marrow or
periosteal tissue. As early as 2 weeks after the transplantation, the defect was mostly replaced
with cartilage with the replacement of this repair cartilage in the deeper portion of the defects
with vascularized bone. By 4 weeks after transplantation, the deeper portion of the defect had
been almost completely replaced by bone, and 24 weeks after transplantation, subchondral
bone was completely repaired without loss or alteration of the overlying articular cartilage.
We assume that BMSC preparations rapidly and quantitatively differentiate into
chondrocytes in the rabbit distal medial femoral condyle defect, as has been observed in
subcutaneous implantation samples. We hypothesize that these donor chondrocytes and the
cartilage tissue that they form is replaced by host derived vascular and bone forming cells up
to the bone articular cartilage junction. In some cases, there were regions in which the
articular cartilage remained separate from the surrounding host cartilage, but the underlying
bone was always completely united with that of the host.

Repair of Articular Cartilage Defect in Patellae by
Transplantation of Autologous Culture Expanded
BMSC in Humans: Two Case Reports [19]

Because the usefulness of BMSC transplantation in the repair of osteochondral defects
was confirmed in the rabbit model, we thought that this technique could be applied in
humans. However, we could not apply this technique in humans for a few years because there
existed many difficult problems to establish a new clinical technique.

These two patients were presented in our clinic because their knee pain prevented them
from walking normally. After thorough examination, we concluded that the knee pain was
due to the injured articular cartilage because there was no other abnormality in their knees.
There were no improvements of clinical symptoms by conservative treatments for a few
months, and we decided to repair the defect with bone marrow stromal cell transplantation.
Three weeks before transplantation, bone marrow was aspirated from the iliac crest of each
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patient. After erythrocytes had been removed by the use of dextran. the remaining nucleated
cells were placed in culture. When the attached cells had reached subconfluent, they were
passaged to expand in culture. Adherent cells were subsequently collected, embedded in a
collagen gel, and then transplanted into the articular cartilage defect in the patellae and
covered with autologous periosteum.

Six months after transplantation, clinical symptoms (pain and walking ability) had
greatly improved and the improvement has remained in effect for 7 years post- transplantatlon
in one case and 5 years in the other. Both patients have been satisfied with the outcome. As
early as two months after transplantation, the defects were covered with tissue that showed
slight metachromatic staining. Two vyears after the first and one year after the second
transplantation, arthroscopy was performed and the defects were repaired with fibrocartilage.

We confirmed that autologous BMSC transplantation was an effective approach in
promoting the repair of articular cartilage defects.

Human Autologous Culture Expanded
BMSC Transplantation for Cartilage Defect
in Osteoarthritic Knees [20]

In order to apply this technique to repair articular cartilage defects in human
osteoarthritic knees, we transplanted autologous culture-expanded BMSC into the cartilage
defect of osteoarthritic knee joints when the patients were performed high tibial osteotomy
(HTO), and observed the repair tissue when they were performed removal surgery of the
Steinmann's pins and staples which fixed the separated proximal tibia. Twenty-four patients
with knee osteoarthritis who underwent HTO were the objective patients of this study.
Fifteen were female and 9 were male. The patients’ average age was 63 (range 49-70).
Twelve received autologous bone marrow cells transplantation, and 12 were cell free control.
All subjects enrolled in this research have given their informed consent, which has been
approved by my institutional committee on human research, and they have found this
protocol acceptable.

BMSC were prepared in the same manner as the former two cases. The mean
transplanted cell number was 1.3 x 10”. HTO was performed using dome osteotomy, fixed
with 2 pins with Chamley clump and 2 staples. In brief, the first pin was inserted at the
proximal end of tibia parallel to the joint surface. At the time of HTO for osteoarthritis of the
knee, we transplanted these cells embedded in collagen gels into the medial femoral condyle,
where articular cartilage was lost and subchondral bone was eburnated. We abraded the
eburnated subchondral bone, transplanted cells in collagen, and covered with autologous
periosteum collected from antero-medial surface of tibia. The mean size of the abraded area
was 14 mm x 35 mm. The mean follow-up period was 16 months.

Although the clinical improvement was not significantly different, the arthroscopic and
histological grading score was better in the cell-transplanted group than in the cell-free
control group. 6.3 weeks after transplantation, the defects were covered with white soft
tissue, in which metachromasia was observed partially. 42 weceks after transplantation, the
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defects were covered with white soft tissue which was much harder than 6-8 weeks repair
tissue, but softer than the surrounding normal cartilage. Almost the entire area in the repair
tissue, metachromasia was observed, and partially looked like hyaline cartilage.

Articular cartilage defects were repaired by the autologous culture-expanded BMSC
transplantation. As early as 6.3 weeks after transplantation, the defects were covered with
white soft tissue, in which metachromasia was observed partially, and 42 weeks after
transplantation, the defects were covered with white soft tissue which was much harder than
6.3 weeks repair tissue, but softer than the surrounding normal cartilage. Almost the entire
area in the repair tissue, metachromasia was observed, and partially looked like hyaline
cartilage. Although the clinical improvement was not significantly different, the arthroscopic
and histological grading score was better in the cell-transplanted group than in the cell-free
control group.

This repair is much earlier and better than that reported in HTO only or HTO with
abrasion [21,22]. The untreated tibial articular cartilage defects were not repaired at all.

The defect size of this paper, 14 mm x 35 mm is one of the biggest defects ever reported.
Because of the high proliferation ability of these cells without losing their capacity for
differentiation, we can apply this technique in large articular cartilage defects.

This procedure may propose a new technique for repairing the degenerated articular
cartilage in osteoarthritic joints.

Figure 1. Antero-posterior photogram of the elbow joints (45 degree flexed) of 14 year-old boy.
Osteochondritis dissecanse could be observed in humeral capitellum. We performed autologous BMSC
transplantation into the osteochondral defect.
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Present Transplantation

Recently, we applied this technique to repair osteochondral defects in 3 elbows (humeral
capitellum) (Figure 1), and 5 knees (femur and patella) (Figure 2). Three 14-year-old boys
were performed BMSC transplantation in humeral capitellum. All patients were throwing
athletes and had been suffering from elbow pain during throughing motion. Range of motion
was slightly restricted. As shown in X-ray film, separated bone fragment was observed in
capitellum and diagnosed osteochondral dissecanse. Because the separated fragment was
large, unstable, and divided into small pieces, we decided to remove the fragment and to
transplant autologous BMSC. Clinical symptoms were improved greatly in all patients.

C

Figure 2. Macroscopic appearance from 31 year-old female. Articular cartilage both in femur (A) and in
patella (B) was injured. We removed damaged articular cartilage, transplanted BMSC and covered with
autologous periosteum in both defects (C).

A 31-year-old female (bilateral knees), a 46-year-old and a 42-year-old (bilateral knees)
male were performed BMSC transplantation in patello-femoral joints. All patients had
suffered from pain and click in patello-femoral joint on motion. Because magnetic resonance
imaging revealed articular cartilage abnormality in patello-femoral joints, we performed
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arthroscopy to confirm the lesion. After arthroscopy, we decided to transplant autologous
BMSC. In the case of the 31-year-old female patient, we found articular cartilage damage in
both femur (Fig.2-A) and patella (Fig.2-B). We removed damaged articular cartilage,
transplanted BMSC embedded in collagen gel and sheet, covered with autologous periosteum
(Fig.2-C). Improvement of clinical symptoms was obtained in all patients.

Discussion

Autologous culture-expanded BMSC transplantation was shown to be effective in
repairing articular cartilage defects. The important advantages of these techniques described
herein are obvious from the data provided. Although these progenitor cells are in low
abundance, we have been able to mitotically expand them in culture. These approaches have
considerable relevance to the treatment of human cartilage defects and provide the starting
basis for the refinement of a repair technology capable, in principle, of regenerating large
areas of articular cartilage.

Improvement of clinical symptoms, mainly pain, was remarkable in every case. However,
estimation of pain is a very difficult problem because the mechanism of feeling pain in joint
tissue is not clarified. Injury itself in articular cartilage causes no pain because there are no
nerves in the articular cartilage. How do patients with articular cartilage injury feel pain in
the joints? It is considered that injury in articular cartilage makes chondrocytes secrete some
inflammatory cytokines, which make the nerves in synovium and meniscus hypersensitive.
These sensitized nerves feel pain with weak stimuli that would be usually under threshhold or
without pain. Pain differs in each individual. It also differs in each psychiatric condition even
in the same individual. For these reasons, the usefulness of this procedure should not depend
on clinical symptoms only. To evaluate the results, it is necessary to set controls, but in
clinical trials, especially in surgery, it is difficult. We set up controls in our clinical trial [20].
Although the clinical improvement was not significantly different, the arthroscopic and
histological grading score was better in the cell-transplanted group than in the cell-free
control group. The repair tissues were not completely hyaline cartilage. Theoretically, hyaline
cartilage is preferable, it is controversial whether hyaline cartilage is necessary for cartilage
repair or not. Further investigations have been performed in the world to repair articular
cartilage defect with hyaline cartilage using some other kinds of cells [23,24], cytokines
[25,26,27) and gene transfection [28,29]. Alternatively, these cells could be driven in vitro
into the chondrogenic lineage and the resultant autogenetic chondrocytes transplanted into
cartilage defects [30].

We usually add fetal calf serum (FCS) into medium when we culture cells. In the case of
BMSC culture, we had added FCS before 2001. Recently, cows with bovine spongiform
encephalopathy (BSE) were found in the USA. Thus, some investigators use FCS from
Australia. Although they were not found in Australia, it is possible that in the future they will
be. If possible, we should not use FCS when we culture human cells for transplantation. After
we had confirmed that BMSC could be multiplied with autologous serum, we have been
using autologous serum, not FCS in human cell culture for transplantation. Another problem
was pointed out. It has been reported that nonhuman molecules (silica acid Neu5Gc) were
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expressed on human embryonic stem cells when cultured with animal-derived serum
replacement on mouse feeder layers, and that antibodies specific for this molecule killed the
cells [31]. This report indicated that it was possible that cultured human cells express
molecules from animals when they were in contact with animal-derived materials. Not only
FCS but also collagens that are sometimes used as delivery vehicles are possible to evoke the
same phenomenon.

Recently, it has been reported that human adult stem cell from fat tissues were
transformed after long-term culture [32]. To our knowledge, this is the first report of the
transformation of cultured mesenchymal cell from an adult human. Transformation of
cultured cell is a major problem in cell therapy. We have never observed tumor formation in
our huge number of animal experiments or in clinical cases in BMSC transplantation. Human
somatic cells have limited capacity of cell division. The possibility cannot be denied, but the
transformation of cultured adult human BMSC were considered to be rare.

Articular chondrocyte transplantation is one of the most promising techniques to restore
articular cartilage defects in humans. However, the source of chondrocyte is one of the most
difficult problems to be solved. In the case of autologous chondrocyte transplantation, it is
difficult to obtain enough chondrocytes, because of the limitation of the amount of collected
normal articular cartilage [33]. In the case of allogeneic chondrocyte transplantation, it is
difficult to obtain allogeneic cartilage in Japan [34]. The technique to multiply chondrocytes
in vitro without losing their phenotypic expression is needed. When chondrocytes are
cultured in monolayer, they proliferate but also lose their chondrogenic phenotype rapidly.
When they are cultured in a three-dimensional condition, such as in collagen gel, they
maintain their phenotypic expression but they do not proliferate rapidly. Three dimensional
culture conditions with some growth factors may resolve this problem. It has been reported
that there was no significant difference in macroscopic or histological results between
autologous chondrocyte implantation and microfracture, and there was no association
between the histological findings and the clinical outcome at two years time-point [7].
Effectiveness of autologous chondrocyte implantation should be re-estimated.
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