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Background: Trauma or osteoarthritis (OA) create articular cartilage defects that cannot efficiently heal, thus leading to
significant long-term disability. Failed conservative treatment in cartilage diseases is a known condition that necessitates
repair attempts but current methods are inadequate. Recent studies in OA animal models and humans, showed articular
cartilage regeneration following combinations of drilling, adult stem cells, and intra-articular hyaluronic acid.
Objective: In the present series, the authors evaluated the combination of repeated intra-articular (I4) autologous activated
peripheral blood stem cells (AAPBSC) with growth factor addition/preservation (GFAP) along with hyaluronic acid (HA)
in conjunction with arthroscopic microdrilling mesenchymal cell stimulation (MCS) in early osteoarthritic knee disease
that failed conservative treatment.

Material and Method: Four women and one man (median age 56, range 52-59 years) that failed conservative treatment
were enrolled. Arthroscopic MCS was performed once in all patients with subsequent 14 injection of AAPBSC with GFAP
along with I14-HA intra-operatively, repeated at days 7 and 14. The patients were evaluated by WOMAC and KOO scores
at baseline, one, and six months. Cancellous bone biopsies were performed to investigate cell attachment, proliferation,
and differentiation by electron microscopy and histological staining.

Results: All patients improved significantly in WOMAC and KOO scores at one and six months compared to baseline. No
adverse effects were seen during the AAPBSC harvesting, arthroscopy and/or IA injections. One month post-surgery, all
pain medications could be withdrawn. Electron microscopy scanning revealed cell attachment and proliferation while
histological analysis demonstrated that the cell layer on the cancellous scaffold showed increased proteoglycan and
glycosaminoglycan content indicating hyaline cartilage presence.

Conclusion: The combination of intra-articular (I4) autologous activated peripheral blood stem cells (AAPBSC) with
growth factor addition/preservation (GFAP) along with hyaluronic acid (HA) in conjunction with arthroscopic microdrilling
mesenchymal cell stimulation (MCS) resulted in Quality of Life improvements measured by WOMAC and KOO scores and
succeeded in regenerating articular cartilage in early osteoarthritic knee disease that failed conservative treatment. Further
controlled studies are warranted to confirm the above results in larger groups.
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Articular hyaline cartilage is a specialized,
low-friction, and wear-resistant surface tissue in weight
bearing, diarthrodial joints with its main function to
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absorb, cushion, and protect the underlying bone
from forces generated while a joint is being used. Its
avascular, alymphatic nature complicates and often
gravely impedes its capacity for regeneration and
self-healing. Trauma or osteoarthritis (OA) creates
full-thickness chondral defects that cannot efficiently
heal, thus leading to significant long-term disability.
Failed conservative treatment in cartilage diseases is
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a known condition that necessitates repair attempts. At
that point, current choices of treatment like arthroscopic
microfracture (MCS), autologous chondrocyte
implantation (ACI), high tibial osteotomy, or unilateral
knee arthroplasty are generally limited in their ability
to regenerate functional cartilage'V. Research in recent
years has focused on tissue engineering solutions in
which the regeneration of cartilage is pursued through
combinations of cells (e.g., chondrocytes or stem cells),
alone or paired with scaffolds (e.g., hydrogels, sponges,
and meshes) in conjunction with stimulatory growth
factors and bioreactors®?. In young patients or in those
with early OA, attempts can be made to save articular
cartilage until a more appropriate time for surgery
arises®. Autologous chondrocyte implantation may be
considered but has disadvantages such as poor cartilage
integration between the recipient site and chondral
graft® as well as hypertrophy of the chondral graft
resulting in irregular joint surface®, precipitating
double surgical procedures and increased costs.
Arthroscopic debridement/micro-drilling alone is not
recommended for OA since there appear to be no
benefits compared to a sham operation®. Patients
treated with intra-articular hyaluronic acid injections
(IA-HA) show clear symptomatic improvement and
the intervention appears cost effective in up to two
years follow-ups” but whether cartilage regeneration
actually occurs is open to debate®. Neither autologous
chondrocyte implantation nor microdrilling alone
seems to result to cartilage resurfacing histologically
resembling normal articular cartilage®. Recent studies
have studied the regenerative capacity of bone marrow
stem cells in an OA animal model'? and peripheral
blood stem cells in humans'?, in contributing to
articular cartilage regeneration following combinations
of drilling and TA-HA while others employed intra-
articular autologous adipose tissue derived stem cells
and combinations of growth factors!'? with encouraging
results. The resulting cartilage texture is still debatable
and there is paucity in the basic understanding of
cartilage regeneration such as gene expression and
electron microscopic visualization. Moreover, the use
of bone marrow stem cells is limited by the fact that
collection is invasive, painful, the cells require
processing before use, and collected numbers are
often inadequate, not allowing for repeat implantation.
Apart from the above, autologous adipose tissue
derived stem cells face even more obstacles as their
safety has not yet been established but are currently
used in procedures such volume expansion in plastic
surgery!®.
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The purpose the present study was to elucidate
the effects of a novel adult stem cell preparation in
articular cartilage regeneration and quality of life as
measured by WOMAC and KOO scores. Our adult
stem cell preparation consisted of human granulocyte
colony stimulating factor (hG-CSF) activated
autologous peripheral blood stem cells (AAPBSC)
obtained through a minimally invasive procedure of
leukapheresis. hG-CSF is a 20-kDa glycoprotein and
is well known to stimulate the proliferation, survival
and maturation of cells committed to the neutrophil
precursors and matures neutrophils through binding to
specific G-CSF receptors!®. Intra-articular hG-CSF
may further enhance cartilage regeneration as it has
recently been proven to contribute to angiogenesis in
an appropriate environment and regulate the
proliferation, migration, or differentiation of the adult
mesenchymal stem cells"® locally. Intra-articular
hG-CSF was therefore, mixed with autologous platelet
rich plasma (PRP) proven to preserve crucial growth
factors such as transforming growth factor (TGF) beta,
insulin-like growth factor (IGF), fibroblast growth
factor (FGF), and platelet-derived growth factor
(PDGF), all known to promote stimulation of bones,
blood vessel and chondrocyte formation!®!®). This
innovative mixture was ultimately combined with intra-
articular hyaluronic acid (IA-HA), which along with
the blood clot from the microdrilling served as a natural
scaffold to effectively hold the preparation in place.

This case series demonstrates successful
clinical and laboratory results using the combination
of intra-articular (IA) autologous activated peripheral
blood stem cells (AAPBSC) with growth factor
addition/preservation (GFAP) along with hyaluronic
acid (IA-HA) in conjunction with arthroscopic
microdrilling mesenchymal cell stimulation (MCS) in
regenerating articular cartilage in early osteoarthritic
knee disease that failed conservative treatment.

Material and Method
Patients

Between March 1 and May 31, 2011,
five patients were enrolled in the present study. The
present study protocol was approved by the Ethics
Committee of the Police General Hospital and the
Thai Medical Council. All patients signed informed
consent forms after having received adequate
information on the PBSC collection and discussed the
procedure with the treating surgeon.

The diagnosis of OA and cartilage disease
was made using clinical, radiological, and arthroscopic
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evaluation. The diagnosis of chondral injury was made
after clinical and radiological evaluation. Chondral
lesions were graded according to the International
Cartilage Repair Society (ICRS) Cartilage Injury
Evaluation Package®. The inclusion criteria were OA
ofthe knee classified as Kellegan Lawrence stages 1-3,
ICRS grade III and IV lesions, failed conservative
treatment for more than six months, no more than
3-degrees varus or valgus deformity, VAS >40.
Exclusion criteria were, age older than 60 years,
secondary osteoarthritis, plica, intra-articular loose
bodies, inflammatory joint disease, intra-articular
steroid injection within the last six months, intra-
articular hyaluronic acid within the last three months,
prior glucosamine sulphate, varus deformity more than
3-degrees, severe osteoarthritis (Kellegan Lawrence
stage more than 4) known malignancy, allergy to
hyaluronic acid, allergy or know prior reaction to
hG-CSF, severe or uncontrolled diabetes and/or
proliferative diabetic retinopathy, obesity with BMI
greater than 30, and prior stem cell treatment. All
patients have been followed-up for a median of six
months (range 6-12 months).

Procedure outline

The protocol comprised three steps. First,
hG-CSF AAPBSC was harvested and GFAP concentrate
was prepared from autologous platelet rich plasma
(PRP) and was mixed with hG-CSF. Then, on the
following day, modified arthroscopic MCS technique
with intra-operative injection of the above fresh
solution took place. Finally, serial IA injections of the
previous frozen-thawed AAPBSC preparation and
fresh prepared GFAP on post op day 7 and 14.

Activated autologous peripheral blood stem cell
(AAPBSC) harvesting and cryopreservation
Autologous PBSC were harvested by
leukapheresis in a Cobe Spectra apheresis machine
(Caridian BCT, Denver, CO) following 5-day
stimulation with subcutaneous injection of hG-CSF
at a dose of 5 pg/kg BW/day. Following the harvest,
PBSC were tested for sterility (bacterial, viral and
fungi) and after a fresh aliquot of 3 ml was reserved,
part of the remaining portion was cryogenically frozen
in 10% dimethyl sulphoxide and preserved in two
cryovials of 4.5 ml to be thawed at the desired time of
the future intra-articular injections. Pre- and post-thaw
measurements of viability and total nucleated cells
(TNC) and CD34+ indicating hematopoietic stem cell
markers and CD105 indicating mesenchymal stem cell
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markers were performed via flow cytometry (Beckman
Coulter, Fullerton, CA). Prior to each weekly intra-
articular injection, each aliquot of PBSC was checked
for appropriate cell counts and viability as per above.

Arthroscopic microdrilling mesenchymal cell
stimulation (MCS) procedure

A single surgeon (TT) performed all
arthroscopic procedures. The patients were scheduled
for arthroscopic debridement, identification of the
pathologic lesion(s), removal of calcified layers with
preservation of subchondral bone, creation of a
stable rim of good cartilage, and multiple drillings of
2.00 mm at a depth of 4 to 6 mm. Then, immediately
after the above procedure, intra-operatively and
under aseptic conditions, 3 ml of hG-CSF AAPBSC
was injected in the articular space, followed by 2 ml
of GFAP concentrate prepared from autologous
platelet rich plasma (PRP) mixed with hG-CSF at a
dose of 5 pg/kg BW. Two ml of HA was finally injected
(Ostenil, MW = 1.2 Mdal) IA. No drain was inserted
nor was any anesthetic infiltration used. During above
initial arthroscopic procedure, core cancellous bone at
a diameter of about 2x4 mm was biopsied for gene
expression, electron microscope, and histological
staining studies.

On post-operative day 7, and day 14, the
second and third TA injections were given, after
thawing 4.5 ml of cryopreserved hG-CSF AAPBSC
followed by 2 ml of GFAP concentrate, fresh prepared
from autologous platelet rich plasma (PRP) on that
same day mixed with hG-CSF ata dose of 5 pg/kg BW.
Two ml of HA was finally injected (Ostenil, MW = 1.2
Mdal) IA at each occasion.

Patient demographics, WOMAC (WOMAC
3.1%;, www.womac.org) and Knee injury and
Osteoarthritis Outcome Score (KOO; http://www.koos.
nu/) were recorded preoperatively and at the one and
six month follow-up. The patients were allowed to
non-weight bearing ambulation with axillary crutch
and were discharged on the same day. All patients
were monitored and telephoned on the day after their
treatments. A telephone hotline was available for the
patients until their next hospital visit for clinical
examination.

Chondrogenic differentiation potential assessment
As the ethics committee evaluation advised
against a second look arthroscopy in asymptomatic
patients, we attempted to replicate the intra-articular
environment by obtaining human cancellous bone
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scaffold biopsied during the initial arthroscopy and
incubating it with intra-articular hG-CSF activated
autologous peripheral blood stem cells (AAPBSC) with
Growth Factor Activation/Preservation (GFAP)
concentrate and hyaluronic acid, to assess the mixture’s
chondrogenic differentiation potential.

Electron microscope photography and
histological staining were performed and the results
of one representative case are reported.

Results

Five patients (Table 1) underwent the
AAPBSC harvesting, the IA injections, and the
cancellous bone biopsy. AAPBSC harvesting was
uneventful and without any side effects prior (period
of 5 day hG-CSF stimulation), during or after the
harvesting. The arthroscopy and subsequent injections
on day 7 and 14 were also without incidents and
apart from mild swelling and discomfort, no other
complaints were noted. One month post-surgery, all
pain medications could be withdrawn.

Cell population characteristics (Table 2)

The total nucleated cells of the harvested
autologous activated peripheral blood stem cells ranged
from 889.5 to 1,332x10%/L. The CD34 range was 0.34
to 1.04% and that of CD105 was 0.75 to 0.88% well
within expected reference ranges and without any
differences between fresh and post thaw samples. Cell
viability of the fresh preparation was between 96.79

Table 1. Baseline patient characteristics

and 99.70%, while the post thaw specimens ranged
between 67 and 86.66%.

Quality of life parameters

The WOMAC and KOO patient scores were
improved throughout at one and six month follow-up
compared to baseline on all patients (Table 3). One
month post-surgery, all pain medications could be
withdrawn.

Electron microscopy

In electron microscope scanning (Fig. 1,
magnification at x2,000), the injected AAPBSC
appeared to attach and proliferate on human cancellous
bone scaffold.

Histology

In Fig. 2, the histological analysis on
day 21 after incubation with AAPBSC, stained
with toluidine blue demonstrated the existence of
proteoglycan content while safranin O staining
indicated glycosaminoglycan content (GAG) on the
cell layer on the human cancellous bone scaffold.

Discussion

The present study clearly demonstrates
successful clinical and laboratory results using the
combination of intra-articular (IA) autologous
activated peripheral blood stem cells (AAPBSC) with
growth factor addition/preservation (GFAP) along with

Patient 1 2 3 4 5 Statistic
Kellegan Lawrence Classification 2 2 2 2 2 2
Sex Female Female Female Male Female MFF =1:4
Age (years) 59 57 58 54 58 57.20£1.92
Bodyweight (kg) 60 70 59 95 54.5 67.70£16.28
Height (cm) 145 160 165 173 162 161.00£10.22
Body mass index (kg/m?) 25.29 27.34 21.67 31.74 20.76 25.3614.46
Knee (side) Right Right Right Left Right R:L=4:1
TF angle* (degree) 1°varus  2°varus  2°varus 0° varus 2° varus 1.20£0.84
Intraoperative lesion Medial Medial Medial Patellofemoral Medial -
condyle condyle condyle condyle
ICRS classification I v I v v -
Location Medial Medial Medial ~ Patellofemoral ~ Medial -
condyle condyle  condyle condyle
Size (cm?) 2.5x2.5 2x2.5 3x2.5 2.5x3.5 2.5x3 7.00£1.43

(median 7.5)
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Table 2. Autologous peripheral blood stem cell collection counts (total nucleated cells-TNC, CD34+, and CD105+ cells)

and cell viability in all patients

Patient Day TNC CD34 cells per 4 ml, CD105 cells per4 ml, Viability (%)
x10%/L as % of TNC as % of TNC
in Xml Fresh Frozen Fresh Frozen Fresh Frozen
1 0 889.5 0.49 0.84 99.70
7 993.6 0.49 0.80 67.00
14 1,014.8 0.49 0.80 77.24
2 0 996.0 0.54 0.88 99.40
7 1,266.8 0.54 0.82 72.11
14 1,275.8 0.54 0.81 72.01
3 0 1,029.0 0.39 0.78 99.39
7 1,143.0 0.36 0.77 86.60
14 1,236.5 0.34 0.75 73.54
4 0 1,056.0 1.04 0.85 96.79
7 1,129.3 1.03 0.82 85.45
14 1,264.5 1.01 0.81 71.39
5 0 1,116.0 0.45 0.81 98.90
7 1,332.0 0.42 0.80 86.66
14 1,325.3 0.41 0.78 71.82

Table 3. WOMAC and KOO patient scores preoperatively and at 1 and 6 month follow-up

WOMAC Patient No. 1

Patient No. 2 Patient No. 3 Patient No. 4 Patient No. 5

Time (month) o 1 6 0 1 6 O 1 6 0 I 6 0 1 6
Pain 9 8 2 11 7 2 9 8 4 1516 4 9 10 3
Stifthess 4 5 1 7 7 2 S5 6 2 7 6 3 5 6 2
Function 35 28 7 43 33 15 40 32 18 45 41 14 32 28 14
Summary 48 41 10 61 47 19 54 46 24 67 63 21 46 44 19
KOOS

Time (month) o 1 6 0 1 6 O 1 6 0 I 6 0 1 6
Pain 15 13 8 14 13 7 15 14 8 20 16 10 14 13 7
Symptoms & stiffness 6 6 2 6 7 2 7 6 2 8 8 3 7 6 2
Function, daily living 12 16 4 14 17 5 17 17 8 19 22 12 12 16 6
Function, sports and recreational activities 12 16 6 15 14 7 12 18 9 16 16 14 18 7
Quality of life 10 12 5 12 12 4 10 13 7 12 15 8 12 6
Summary 55 63 25 61 63 25 61 68 34 75 77 39 55 65 28

hyaluronic acid (HA) in conjunction with arthroscopic
microdrilling mesenchymal cell stimulation (MCS) in
regenerating articular cartilage in early osteoarthritic
knee disease that failed conservative treatment.
Improved Quality of Life parameters (WOMAC and
KOO scores) were seen and one month post arthroscopy
all pain medications could be withdrawn in all patients.

Preclinical studies in an OA animal model
showed that bone marrow stem cells"? resulted in
cartilage repair and peripheral blood stem cells in
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humans? seem to contribute to articular cartilage
regeneration following combinations of drilling and
IA-HA. Similarly, intra-articular autologous adipose
tissue derived stem cells and combinations of growth
factors!'? in a case series also showed encouraging
results. The authors working hypothesis is that the
combination of arthroscopic intervention and
administered growth factors replicates the necessary
articular environment and bypasses regeneration
obstacles. The avascular and alymphatic nature of the
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Electron microscope (2,000 x magnification) human cancellous bone scaffold appearance of injected AAPBSC

on day 21 of the incubation, showing stem cell attachment and proliferation (a) cancellous bone (b) attachment

of the stem cell (c¢) population of stem cells.

Fig. 2

Human cancellous bone scaffold histological appearance on day 21 of incubation with autologous AAPBSC and

GFAP (a) Safranin O staining for glycosaminoglycan (GAG) and, (b) Toluidine blue staining for proteoglycans.

articular cartilage necessitates a scaffold that will
successfully bring in the necessary nutrients and hold
the operative cells in place to exert their effect
whether that is fusion with local cells, stimulation and
differentiation of local chondrocyte precursors,
paracrine support, or a combination of all of the above.
Arthroscopic microdrilling creates multiple points of
initiation of cartilage regeneration by subchondral
bone where blood clot acts as a natural scaffold to
hold AAPBSC in place, aided by the HA. Autologous
platelet rich plasma (PRP) may deliver crucial growth
factors such as transforming growth factor (TGF)
beta, insulin-like growth factor (IGF), fibroblast growth
factor (FGF), and platelet-derived growth factor
(PDGF), all known to promote stimulation of bones,
blood vessels, and chondrocyte formation!*!®, which
are also available in the authors preparation. The
addition of articular hG-CSF further enhances
cartilage regeneration by attracting additional
bone marrow stem cells, aiding angiogenesis in an
appropriate environment, and regulating the
proliferation, migration, or differentiation of the adult
meschenchymal stem cells'® locally. Moreover, the
advantageous effects of hG-CSF in bone tendon
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integration may extend to the subchondral area!®.
Furthermore, hG-CSF has recently been shown to
attenuate the impact of ageing on bone marrow stem
cells and recover age-related functional decline by
significantly improving their proliferation activity and
growth factor production such as NGF and BDNF both
of which are found in the synovial membrane, are
expressed in articular chondrocytes and play a role in
knee arthritis®? thus bypassing age related limitations
and objections in using autologous peripheral blood
stem cells in cartilage repair®®. Moreover, our results
also show that AAPBSC harvested through the
minimally invasive procedure of leukapheresis contain
significant numbers of mesenchymal CD105+ cells,
adequate for cartilage regeneration, which bypasses
the need for invasive bone marrow aspiration
procedure with potential for complications and/or
painful liposuction to obtain adipose stem cells tainted
with potential safety issues.

As all our patients experienced substantial
clinical improvements it was not deemed ethical to
process with a second look arthroscopy and that was
a condition for the ethical committee approval. The
authors had therefore to devise a surrogate model to
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measure chondrogenic differentiation potential and
to elucidate the mechanisms behind it. Electron
microscopy scanning revealed apparent cell attachment
and evident proliferation on cancellous bone biopsy at
day 21 while histological analysis on the same day,
demonstrated that the cell layer on the cancellous bone
biopsy showed increased contents of proteoglycans
and glycosaminoglycans, indicative of hyaline
cartilage presence. If a need for a second look
arthroscopy arises in the follow up of any of the current
or future patients, biopsies will be performed and
reported.

Conclusion

The combination of intra-articular (IA)
autologous activated peripheral blood stem cells
(AAPBSC) with growth factor addition/preservation
(GFAP) along with hyaluronic acid (HA) in conjunction
with arthroscopic microdrilling mesenchymal cell
stimulation resulted in Quality of Life improvements
measured by WOMAC and KOO scores and succeeded
in regenerating articular cartilage in early osteoarthritic
knee disease that failed conservative treatment. Further
controlled studies are warranted to confirm the above
results in larger groups and to elucidate the mechanism
of hyaline cartilage regeneration.
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