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Abstract

Osteoarthritis (OA), also known as degenerative arthritis, is a debilitating disease
of joints that results in pain, stiffness, reduced movement and eventually requires
replacement of the joint. This is the most common form of arthritis especially in elderly
population, affecting about 237 million of total population out of which approximately
60% could result in complete physical disability. Most commonly affected joints are
the knee, hip, lower back, ends of hands and fingers. Current available data shows
that conventional treatment like exercise, osteotomy, arthroplasty, arthrodesis, and
total knee replacement (TKR), only help in relieving pain and do not reverse the
cartilage damage or help in cartilage repair or regeneration. Therefore, new advanced
treatment modalities are required which can repair the damaged cartilage with healthy
chondrocytes and re-establish knee structure and physiology. This review article
mainly focuses on different cellular based treatment options like implantation of
autologous bone marrow concentrate (BMC), autologous chondrocyte progenitor
cells, mesenchymal stem cells (MSCs) and platelet rich plasma (PRP). These cell
therapy options may provide long term relief of symptoms and rapid restoration of
cartilage function. But it is still under research and not clearly understood whether
cell therapy could cure osteoarthritis or simply delay the need for knee replacement.
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Introduction

Osteoarthritis is a form of arthritis described as a degenerative
joint disease that results from the breakdown of articular cartilage
and underlying subchondral bone.!? Cartilage is firm, rubbery, protein
substance that serves as a “cushion” between the bones, providing
a smooth, gliding surface for joint motion. As the cartilage breaks
down, it causes pain, swelling, stiffness and problems moving the
joint.? Therefore, Osteoarthritis is a chronic disease and a major cause
of disability, characterized by irreversible cartilage degeneration,
bony changes of the joints, deterioration of tendons and ligaments,
and inflammation of the synoviumas shown in Figure 1.* An initial
degeneration, known as the ‘pre-OA’ state may be reversible
spontaneously or through preventive measures, however, if not
stopped, the disease progresses to later stages which results in loss
of articular cartilage surface integrity, break down of bone and
osteophyte formation.>> OA can affect any joint, but it most often
occurs in the knee, hip, lower back and neck, small joints in the finger
and base of the big toe (Figure 2).%7

Osteoarthritis of the knee is the most common chronic condition
affecting all races, gender and ages, but known to be the most
common in elderly and obese people.® The knee acts as a conduit
for transferring body weight essential for normal human mobility
and the menisci is known to maintain the normal function of the
knee, distribute load, lubricate the joint and provide joint stability.
Injury to the meniscus from ageing cartilage, repetitive activity
or trauma results in pain, limits movement and can accelerate the
occurrence and development of OA. In general, partial or complete
meniscectomy causes OA of the knee.®!*!" While the prevalence of
OA increases with age and causes significant decline in the quality of

life of individuals above the age of 65, there is increasing evidence of
OA in younger population as a result of prior injuries such as anterior
cruciate ligament tear or meniscal tears.®1>13
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Figure 1 Comparison schematic between healthy knee and arthritic knee.

Osteoarthritis affects about 237 million of the population, of
which an estimated 9 million people alone in United States suffer
from symptomatic knee osteoarthritis and it is predicted that an
additional 19 million people will be affected by arthritis by 2020.'"7
The incidence of chondral defects is frequent with sporting injuries,
and in elderly patients specifically 10% of population over the age of
55 years have troublesome knee pain, and of those, 25% are severely
disabled.” Depending on disease severity, management ranges
from conservative treatment to surgical intervention, including total
knee replacement.'*" In recent years the number and cost of TKR
has increased dramatically between 2001 and 2012 from 305,000
to 610,000 procedures and average cost from $25,500 to $52,000
(AHRQ report 2014). Further, revision rates of primary TKR are 2.5
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times higher in patients under 65 years of age. It is estimated that the
number of total knee revisions will grow by over 600% by 2030.”

Hand

Figure 2 Commonly affected joints by osteoarthritis.

The basic pathophysiological characteristic of knee OA is loss of
articular cartilage which is linked to biomechanical and biochemical
changes in the cartilage of the knee joint such as, diminished
ability to withstand normal mechanical stresses, limited supply of
nutrients and oxygen, inadequate synthesis of extracellular matrix
components, increased synthesis of tissue-destructive proteinases
(matrix metalloproteinases and aggrecanase) and overall apoptosis
of chondrocytes.**?*?! Although, recently synovial inflammation
has been reported as a factor limiting cartilage repair.”? Articular
cartilage exhibits little or no ability for self-repair, because of the
low mitotic ability of chondrocytes, and lack of blood, lymphatic or
nerve supply, resulting in progressive tissue loss and dysfunction and
presenting as a potential challenge for orthopaedic surgeons. During
OA degeneration processes, major modifications of articular cartilage
are observed at the tissue, cellular, and molecular levels.?>*

Current treatment strategies for OA are focused on pain reduction
rather than controlling the disease modification or progression. The
management of OA is broadly divided into non-pharmacological,
pharmacological, and surgical treatments. Conventional treatment
for OA includes analgesics, non-steroidal anti-inflammatory drugs
(NSAIDS), and opioids for pain reduction, physiotherapy, hyaluronic
acid (HA), platelet rich plasma or corticosteroid based intra-articular
injections and knee arthroscopic surgery.”>* However, the clinical
outcome with these treatments has been modest, mostly requiring
TKR.3? The major limiting factor with prosthetic implants is the
lifespan of current implants which remains a concern, especially
in young population. TKR is also associated with significant
complications that includes deep vein thrombosis and infection, as
well as post-surgical joint stiffness and muscle atrophy.?** The ideal
technique for a chondral defect repair should generate a repair tissue
with biomechanical properties similar to those of normal hyaline
articular cartilage. Abrasion arthroplasty, subchondral bone drilling,
and micro-fracture techniques are marrow stimulation techniques
that are aimed at perforating subchondral bone to supply blood
and Bone Marrow (BM) to the site of lesion.?® This results in the
recruitment of MSCs, fibrin clot formation, and subsequent fibro
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cartilage formation. Another approach is the use of autologous or
allogenic grafts and mosaicplasty (transplantation of multiple, small,
autologous osteochondral grafts), which are limited by marked donor-
site morbidity and the availability of such tissue. Moreover, to date,
the long-term clinical data did not show any consistent satisfactory
results, lacking the applicability to large lesions, doubts remain about
the quality and durability of the fibro cartilage that forms after these
surgical procedures.

In the last decade, tissue engineering and regenerative medicine
techniques have improved the use of autologous cellular therapy that
has capacity to proliferate and differentiate without an immunological
reaction, disease transmission, or donor-site morbidity. There are
three main types of cells used in clinical trial for knee OA including
Mesenchymal Stem Cells, articular chondrocytes and bone marrow
cell concentrate. Among the various cell therapies, MSCs have
shown promising results for the treatment of OA. However, there
are several limitations with the use of MSCs and researchers are
focusing on the beneficial effects of BMC for the treatment of knee
OA. The mechanism of action of bone marrow derived cell therapy
in tissue regeneration are related to the secretion of a number of
cytokines, chemokines, and growth factors (GFs), which can improve
angiogenesis, suppress inflammation, inhibit apoptosis, and stimulate
endogenous repair. Cell based therapies have a huge potential to
contribute to novel therapeutic strategies for the repair of chondral or
osteochondral defects. In the last few years, cell-based therapies have
been shown to reverse the symptoms and pathophysiology of OA.3!
With recent development in the field of regenerative medicine, there
are many clinical studies that are underway to explore the capacity of
stem cells to regenerate articular cartilage thus suggesting a potential
to be translated from bench to bedside. This review article aims at
assessing the most promising cell based treatment modalities for
Osteoarthritis of knee that augment cartilage repair and regeneration.
We also talk about the cartilage repair mechanism using various cell
sources and treatment strategies.

Autologous chondrocyte implantation (ACI)

The most widely used surgical approach for treating large, full-
thickness chondral lesions is the autologous chondrocyte implantation
(ACI) technique, which is considered as the first application of
a cell engineering strategy in orthopaedic surgery. ACI relies on
repopulating the native damaged cartilage with mature cultured
autologous chondrocytes and has successfully been used for cartilage
repair and regeneration.’>** For ACI, a small biopsy of articular
cartilage is taken and cultured to extract chondrocytes for treatment.
However, this procedure is invasive and has certain limitations that is
de-differentiation of the chondrocytes during the culture expansion
with concomitant down-regulation of cartilage-specific markers
and limited life span following transplantation.** ACI is a two-
step procedure, one where autologous chondrocytes are harvested
from cartilage, isolated, and cultured, and in second procedure the
cultured cells are implanted into the defect. This procedure has been
modified and tissue-engineered membranes are used as scaffolds for
growing and expanding the chondrocytes, known as matrix guided
autologous chondrocyte implantation (MACI). This has enhanced
the applicability of the ACI technique, thus permitting a completely
arthroscopic procedure in the knee and ankle.** MACI implantation
allows for delivery of the implant via mini-arthrotomy or in some
cases via arthroscopy. However, the outcome of these surgical
treatment strategies is still controversial. Nevertheless, ACI and
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MACI have major limitations that are difficult to overcome: the need
for 2 surgical procedures, the limited chondrogenesis of expanded
chondrocytes, and their unsuitability to articular cartilage defects as a
result of poor biological properties of chondrocytes from patients.3*
Further the difficulties involved in obtaining a sufficient number of
chondrocytes for auto-transplantation and the donor site morbidity are
major issues, and also histological analysis reveals the repaired tissue
to be insufficient.?>4°

Mesenchymal stem cells (MSCs)

MSCs are easy to harvest and isolate with minimal donor site
morbidity, having the ability to expand into chondrocytes. Therefore,
treatment with MSC have been actively explored in the field of tissue
engineering and cartilage repair.” Regardless of the MSC origin, they
have the capacity to differentiate into many cell types depending on the
environment, stimuli and culture conditions used, including cells of
connective tissue lineages such as bone, fat, cartilage and muscle.*#
Also, MSCs are promising cell sources for tissue engineering and cell-
based therapeutics because of their self-renewal and differentiation
ability and are of major interest for researchers in the treatment of
arthritis, in particular knee OA. The goal of stem cells is to support
the process of cartilage repair and regeneration of the knee joint.*
Even synovial fluid inside the joints contain mesenchymal stem
cells (MSCs) which can differentiate into chondrocytes. However,
there is limited quantity of MSCs available in the joint and the
process of differentiation is slow and sluggish.*#> Therefore external
administration of MSCs may help to improve the cartilage repair and
regeneration. The bone marrow derived stromal cells have shown
promising results for repairing the damaged cartilage tissue.

Intra-articular injections of MSCs in preclinical studies have
shown a significant improvement in the function, however the results
have been inconsistent on cartilage regeneration and restoration.
Some studies have not shown any significant improvement in pain
and function with disease progression, while some researchers have
successfully shown disease modulation.” In a monoiodoacetate
induced rat model of OA, treatment with intra-articular injections
of bone marrow derived MSCs resulted in the animals being able
to distribute significantly greater weight through the affected limb.
However, in contrast to this functional improvement, no statistically
significant difference was observed between the treatment and control
groups with respect to cartilage and subchondral bone pathology and
synovial inflammation.* The use of MSC based therapy in conjunction
with micro-fracture technique was observed in a surgically induced
chondral lesion goat model. This combination therapy resulted in
improved integration of tissue and super quality tissue repair with
formation of collagen type I1.¥

Similar to pre-clinical results, clinical studies utilizing intra-
articular injections of MSCs have shown reproducible results in
terms of pain reduction and functional improvement, however the
disease modification has been inconsistent. Centeno et al.*#° reported
significant improvement in both chondral and meniscus volume in
case studies when treated with a combination of bone marrow derived
MSCs, platelet lysate and Bone marrow concentrate. Centeno et al.*
later published a case series of 339 patients, where in sixty percent
(60%) of patients reported>50% pain relief and forty percent (40%)
reported>75% pain relief at 11 months following administration of
MSCs in patients requiring total knee replacement. The pain and
functional improvement observed with MSC therapy in osteoarthritis
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patients is attributed due to its biological mechanism of action that
is strong anti-inflammatory effect. Further, the observed disease
modification in studies that use combination therapy suggests that
the efficacy of MSC therapies may be influenced by additional agents
including concentrated platelets and hyaluronic acid.

Karudo et al.’' and colleagues successfully treated a femoral
condyle cartilage defect with autologous Bone Marrow MSCs
and their results showed cartilage repair with Hyaline type tissue
formation. Another study by Emadedin et al.’> used single intra-
articular injection of autologous culture expanded bone marrow MSCs
which resulted in pain and functional improvement with increased
cartilage thickness. However, they observed an increase in pain after
6 months, suggesting that a repeat injection might be beneficial.
Investigators in a cohort study did not find any significant difference
in the clinical outcomes between bone marrow derived MSCs versus
autologous chondrocyte implantation that are being transplanted in
the area of chondral defects.® These results indicate that transplanted
MSCs might result in hypertrophic chondrocyte differentiation and
expression of collagen type X which is associated with endochondral
ossification.™

For cartilage regeneration, the MSC harvesting procedure is
considered less invasive procedure than that of chondrocytes, even
if, in the standard procedure, 2 surgical steps are still required
because of the need for cell harvesting and expansion before the
final implantation of cells into the lesion site. Moreover, MSCs
can be harvested without impairing normal articular cartilage, thus
preventing donor-site morbidity. However, the major limitation
of MSCs is that it requires technique that needs cell selection and
expansion in the laboratory, and, consequently, the transplant can
be performed in two operative procedures with the need for a Good
Manufacturing Practice (GMP) facility. Major pitfalls associated with
MSC application for articular cartilage regeneration is the expression
of cartilage hypertrophy markers such as collagen type X, matrix
metalloproteinase-13, alkaline phosphatase, parathyroid hormone-
related protein receptor and vascular endothelial growth factor when
MSCs are induced to undergo chondrogenesis and this hypertrophy
results in ossification of cartilage tissue, which is a major concern
of MSCs for regenerating articular cartilage defects.*>* Some repair
chondrocytes may undergo hypertrophic differentiation, followed by
matrix calcification, vascular invasion, and endochondral ossification
leading to new bone formation in an articular cartilage defect site.
It has been well reported that bone marrow derived MSCs have an
intrinsic differentiation program reminiscent of endochondral bone
formation.*®® Pre-differentiation of MSCs will be essential in clinical
applications in order to ensure appropriate lineage commitment and to
avoid undesired heterotopic tissue formation.

Platelet-rich plasma (PRP)

PRP is an autologous blood product witha high concentration of
platelets in a small volume of plasma. Platelets contain significant
amounts of cytokines and growth factors that are capable of
stimulating cell growth, proliferation, vascularization, tissue
regeneration, and collagen synthesis. Delivery of high concentration
of cytokines and growth factors to damaged tissues by PRP is
considered to have a beneficial effect on tendon and cartilage tissue
repair and regeneration.®' In some in vitro and in vivo studies, anti-
inflammatory and reparative effects of PRP on cartilage, tendon, and
ligament recovery have been shown.®*** The rationale for the use of
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PRP is to stimulate the natural healing cascade and tissue regeneration
by release of platelet-derived factors directly at the site of treatment.®

Several studies have reported PRP to be clinically safe and
effective in reducing pain following intra-articular injection of PRP
up to 12 months following treatment.®*% Positive outcomes are
mostly found more commonly in younger patients with Milles severe
knee OA. In this subgroup of the population PRP does show clear
benefit over hyaluronic acid in pain reduction and clinical function
scores. However, middle-aged patients with moderate to severe OA
demonstrated no significant benefit with PRP over HA.457

Knop et al.”' conducted a comprehensive and systematic search of
the literature on the use of PRP in the treatment of OA of the knee. A
total of 23 studies were selected with nine being controlled trials and
of these seven randomized, which included total of 725 patients. The
group receiving PRP showed improvement in pain and joint function
when compared to placebo and HA for up to two year follow-up.

Sanchez et al.®® compared PRP and HA in 176 patients with knee
OA in a double-blinded, randomized control trial. Treatment with PRP
reduced the WOMAC index by 50% (primary outcome) and showed
a trend of improvement in secondary outcomes with no statistical
significance. Say et al.”” published a study where they compared a
single PRP injection with three HA injections in individuals with knee
OA. The study showed clinical improvement with both treatments
after three and six months of the procedure, however there was a
better response in patients treated with PRP.

Kon et al.* treated three groups of 50 patients with knee OA who
received PRP, high and low molecular weight HA respectively and
the clinical responses measured by IKDC and EQ-VAS scores were
higher in patients that received PRP injections compared to HA. The
low molecular weight HA performed better than the high molecular
weight; however, still lower than the response obtained by PRP. In
addition to clinical response, Sampson et al. performed ultrasound to
measure the articular cartilage thickness one year after PRP injection
in 14 patients studied where it showed no benefit in terms of increase
in the thickness of the articular cartilage.”® This could be attributed
to low sensitivity of the ultrasound imaging method to detect those
changes.

In the year 2011, Dhollander et al.”* treated five patients with
PRP with chondral lesions of the patella with cartilage debridement.
The patients were evaluated by magnetic resonance imaging (MRI)
before the procedure and after 12 and 24 months. The clinical benefits
were observed in clinical scores (VAS, KOOS subscale), except for
the Tegner score. However, there was no difference in MOCART
score (Magnetic Resonance Observation of Cartilage Tissue Repair),
and only stability of the lesions took place. Similarly Hart et al.”
evaluated PRP response in 50 patients with knee OA using MRI
assessment before and one year after PRP injection. The degree of
cartilage damage was measured by modified Outer bridge Grading
Scale. There was no change in the cartilage thickness in 94% of cases
and a slight increase (less than 1mm) was recorded in three cases (6%)
at the end of 1 year follow-up.

Although, literature suggests a favorable use of PRP for the
treatment of OA, but analysis of the available evidence suggested
uncertain results due to lack of standardization of outcome measures
and therefore, well designed clinical trials are needed to establish the
proof of concept.”
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Autologous bone marrow concentrate (BMC)

Numerous autologous biologic agents are available worldwide, and
autologous bone marrow concentrate represents the next generation
ortho-biologic agent for cartilage defects. BMC has emerged as an
important biological tool for the orthopedic surgeons because it is one
of the few forms of delivering stem cells and growth factors which is
currently approved by the United States Food and Drug Administration
(FDA). Although minimally manipulated bone marrow aspirate and
Platelet Rich Plasma (PRP) have not been regulated as HCT/Ps to
date, the FDA has regulated these technologies with rules on point of
care application and minimal manipulation.

BMC is obtained using density-gradient centrifugation of bone
marrow aspirate (BMA) which is easily harvested from various
anatomical locations, typically from the posterior superior iliac crest.
The composition of these nucleated cells is diverse that includes
MSCs, Hematopoietic Stem Cells (HSCs), Monocyte Precursor cells,
Macrophages, T cells, B cells, Dendritic Antigen Presenting Cells,
Natural Killer Cells and Neutrophils.”””” Nevertheless, BMC serves
as a source of growth factors, including platelet-derived growth
factor (PDGF), transforming growth factor—beta (TGF-f), and bone
morphogenetic protein (BMP)-2 and BMP-7, which are assigned to
have anabolic and anti-inflammatory effects that facilitate regeneration
of tissue.®* The resultant BMC after centrifugation has been shown
to provide elevated levels of HSCs, MSCs, platelets, chemokines
and cytokines that are injected intra-articularly for treating cartilage
defects. BMC thus possess anti-inflammatory, angiogenic and
immunomodulatory properties that can potentially enhance cartilage
repair.®®

Basic science and animal model studies have reported promising
results for using BMC in treating cartilage pathology.’*** These pre-
clinical trials have led to a few small clinical studies. A 2012 review
by Filardo et al.”® found 2 pre-clinical papers and 5 clinical trials
focusing on the use of BMC in cartilage regeneration. Although these
studies have small numbers, they offer a good start at unraveling the
clinical potential of BMC.

In clinical studies, BMC has been used to treat cartilage pathology,
including both OA and focal chondral defects.’¢% Several studies
have reported BMC to be effective in treatment of early knee OA and
moderate focal chondral defects.®*#*~°! Centeno et al.* compared the
treatment of osteoarthritis with injections of BMC combined with
PRP and platelet lysate, with and without adipose tissue. The data
indicates that there is no significant difference between the 2 groups.
BMC injections for knee OA showed encouraging outcomes with a
relative low rate of Adverse Events (AEs). Addition of an adipose
graft to BMC did not provide a detectible benefit over BMC alone
treated group. Similarly, Kim et al. reported Bone Marrow Aspirate
Concentrate (BMAC) injection significantly improved both knee pain
and functions in the patients with degenerative arthritis of knee. Also,
the injection would be more effective in early to moderate phases.”!

In the comparative study conducted by Kyrch et al.” the early MRI
appearance between cartilage defects treated with a scaffold versus a
scaffold with PRP or BMAC were compared. Results showed that the
patients treated with scaffold implantation augmented with BMAC
had improved cartilage maturation with greater fill closer to that of
superficial native hyaline cartilage at 12 months suggesting superior
role of BMC over PRP.
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The safety of BMC treatment for knee OA is far greater than
total knee arthroplasty. A 2014 study reveals that more than 15,000
arthroplasty patients prospectively reported a Serious Adverse Event
(SAE) rate of 5.6% with a 0.2% mortality rate. Although relatively
low for such an invasive procedure, this rate of SAEs does lend for
the study of less invasive alternatives to total knee arthroplasty. BMC
treatment appears to be a safe and feasible treatment procedure for
cartilage repair, and there are readily available point of care systems
in the market that allow cells to be processed at the patient’s bed side
and delivered in the same sitting, eliminating the need for a 2 sitting
procedure unlike autologous chondrocyte or MSC implantation in
patients. The idea of transplanting the BM concentrate to the lesion
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site, permits the cells to be processed directly in the operating
room, without the need for a laboratory phase, thus allowing the
transplantation to be performed in ‘one step’, therefore reducing the
costs, risks and eliminating the need for requiring a GMP facility.
Most of the studies are in a pilot phase or early clinical studies which
concludes safety and a preliminary efficacy. However, there is a
need for well conducted randomized controlled trials to establish the
efficacy of BMC in treating cartilage defects. Table 1 summarizes the
clinical studies conducted using the various cell sources mentioned
above, that is, ACI, MSCs, PRP or BMC and their corresponding
results.

Table | Recent clinical trials involving stem cells in cartilage regeneration

S.

Author and

No. year Cell type No. of patients Follow-up Description Results
Compared with Clinical scores of all patients showed
Chondrocyte bone mesenchymal improvement; function improved and
| JiangY et al.” Derived 15 12 months stem cells (BMSCs), pain was relieved. Ectopic calcification
Progenitor Cells chondrogenic and vascularization was observed in 4
potential was better patients
Davatchi F et Intra-articular Long-term follow-up of stem cell
2 al% f(BMSCs) 3 5 years injection of cultured injection showed good prognosis in
’ cells early-stage OA
Retrospective cases: .
Intra-articular No adverse effects were reported in all
3 Sa;?pson Aet BMC followed 125 148 Days injection of BMC th.e patients with short. ter.m be?ne.ﬁts
al. by PRP with respect to reduction in pain in
followed by PRP . .
injection at 8 weeks patients with moderate-to-severe OA.
Treatment group: Early results show no significant
4 Shabiro S et al.% BMC 25 6 months IA injection of BMC difference between the two groups. Pain
P ’ Control Group: IA reduced significantly in all the patients
injection of saline and no adverse effects were reported.
| p
zliTel:ilcnéMSCs Compared to the HA group, functional
5 Vega A et al.” BMSCs BMSCs:15 HA:I5 12 months andgcom ared to improvement and quality of regenerated
hyaluronipc acid cartilage are enhanced in BMSC group.
Synovial sC):l:\J/ir; expanded MRI scores, Lysholm scores and
6 Sekiya | et al.® Mesenchymal 10 37.80 months  mesenchymal stem quantitative histology show meaningful
’ Stem Cells cells using human improvement following SMSC
(SMSCs) serum g transplantation.
Metontiymal  ADSCi0 ADSC - mrer, Treatmentgroup showed beter
7 KohYG et al.” 4 o 2 years . . improvement in pain and radiological
Stem cells Microfracture:40 fracture with micro-
(ADSCs) fracture alone symptoms as compared to control group.
IA injections of -
8  KimYSetal®  ADSCs 20 2 years cultured MSCs with ~ \inical and MRI scores show a
fibrin glue significant improvement
Pain was relieved after | year of
9 Orozco Letal®  BMSCs 12 2 vears IA injection of treatment which continued through year
’ Y cultured bone MSCs 2. MRI showed better quality of cartilage
in year 2 as compared to year |.
S Treatment group showed effective
BMSC+HA: 28 RCT high tlblal, improvement in clinical and cartilage
10 Wong KL et al.'>  BMSCs 2 years osteotomy+ micro- -
HA:28 repair tissue scores as compared to

fracture

control group.
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Table Continued....
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S. Author and

No. year Cell type No. of patients Follow-up Description Results
. Improvement in lower extremity
Retrospective study . S
comparing BMC functional score with significant
I Centeno et al.® BMC + PRP 681 (840 knees) 10 months comparing reduction in pain following BMC+PRP
injection with or L . ) .
without adipose sraft injection. Adipose graft did not provide
pose g significant benefit over BMC alone.
Perinheral RCT comparing PBSC group has a better quality
103 P PBSC+HA:25 PBSC with HA of regenerated cartilage than the
12 Saw KY et al. Blood stem cells 2 years ) ) . -
(PBSCs) HA:25 following micro- control group on histological and MRI
fracture assessment.
Prospective Micro-fracture with BMSC and
BMSC+HA+Micro- pectiy Hyaluronic acid injection showed
104 . comparative study )
13 Lee KBL et al. BMSCs fracture:35 BMSC+ 2 years comparable results to BMSC with
on safety and short- L . ) .
Patch: 35 patch, however, it is a minimally invasive
term efficacy L .
procedure making it superior.
+
inﬁxii"aE:d“e Histology and MRI findings showed
14 Gobbi et al.¥” BMC 15 24 months ' & lesion coverage with hyaline like cartilage
IV full thickness . .
) . in all patients.
cartilage lesions
Arthroscopic Significant clinical improvement in Koos
5 Buda et al.1% BMC + platelet 20 24 months procedure with score which increased over time.Also,

gel

implantation of BMC
with platelet gel

regeneration of subchondral bone and
cartilage tissue was observed.

Mechanism of action towards the repair of
cartilage defects

The mechanism of cartilage repair and regeneration is not clearly
understood till date. Medical expertise and scientists have used a
number of methodologies to determine the exact mechanism behind
cartilage regeneration process.

In autologous cultured chondrocyte implantation, the transplanted
chondrocyte progenitor cells may exhibit their activity by two ways;
either through direct cartilage regeneration or through paracrine
effect in which transplanted cells induce other cells to differentiate
into cartilage cells by releasing chemokines and growth factors.
However, it is difficult to prove the extent of cell retention and
survival post transplantation. Studies have shown that absence of
implanted autologous chondrocytes in the rabbit model leads to
complete failure of the ACI procedure.'” Using a goat model, a recent
study by Dell’Accio et al.'” assessed the structural contribution
made by fluorescently labelled chondrocytes implanted into full-
thickness cartilage defects in lateral femoral condyles. They reported
that implanted cells are capable of participating in the formation of
repair tissue denoted by collagen type Il expression in the regions
populated with the fluorescently tagged implanted chondrocytes and,
furthermore, can persist in the defects for as long as 14 weeks post-
surgery. The exact function of this collagen remains obscure, but it
is suggested that it may exert other influences on the extracellular
matrix such as altering the accumulation of proteoglycans,'®® thereby
modifying the diffusion properties of the matrix. In addition, it has
the potential of being more susceptible to digestion by collagenase
enzymes, making it a candidate for relatively easy turnover.'” It
could indicate an active process of endochondral ossification leading
to integration of the newly-formed articular cartilage with the
subchondral bone.

The extracellular matrix of articular cartilage is the primary target
of osteoarthritic cartilage degradation. However, cartilage cells have

a pivotal role during osteoarthritis, as they are mainly responsible for
the anabolic-catabolic balance required for matrix maintenance and
tissue function. In addition to the severe changes in the extracellular
matrix, the cells also display abnormalities during osteoarthritic
cartilage degeneration, such as alterations in cell number through
processes like proliferation and (apoptotic) cell death.

Medicos have been using Platelet Rich Plasma (PRP) for
establishment of healthier cartilage. Intra-articular injections of PRP
are given to the patients, these platelets are activated by endogenous
thrombin and/or intra-articular collagen."® Once activated, there is
secretion of growth factors by degranulation of the alpha granules.'!
Platelet-derived growth factor (PDGF), interleukin-1 receptor
antagonist (IL-1RA), soluble receptor of tumor necrosis factor o (TNF-
RI), transforming growth factor B (TGF- ), platelet factor 4 (PF4),
vascular endothelial growth factor (VEGF), epidermal growth factor
(EGF), insulin-like growth factor (IGF), osteocalcin (Oc), osteonectin
(On), fibrinogen, vitronectin, fibronectin and thrombospondin-1
(TSP-1)are among the secreted substances.''> Many of these factors
act as anti-catabolic and anti-inflammatory agents. The antagonist
of IL-1 receptor inhibits activation of NFkB gene which regulates
the cytokine involved in apoptosis and inflammation process.'*!3
Moreover, the soluble receptors of the tumor necrosis factor bind
to TNF-a, preventing its interaction with cellular receptors and its
pro-inflammatory signaling. TGF-B, also acts as a factor inhibiting
cartilage degradation, regulating and enhancing gene expression
of tissue inhibitors of metalloproteinases (TIMP-1).""* Other
factors such as IGF-1, PDGF and TGF-, favor the stabilization of
cartilage by controlling the metabolic functions of chondrocytes and
subchondral bone, maintaining the homeostasis between the synthesis
and degradation of proteoglycans, and stimulating the proliferation
of chondrocytes.!'>!¢ It was also found that platelet growth factors
stimulate synovial fibroblasts to synthesize hyaluronic acid.'

The use of BMC has also been successful in few cases of OA of
knee. BMC is an autologous bone marrow-derived product containing
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a heterogeneous mixture of cells including, but not limited to, MSCs,
HSCs and platelets, as well as bioactive molecules such as cytokines.
HSCs present in the BMC exhibit support to the vasculature system
by differentiating into blood cells; HSCs have also been shown to
provide cell-to-cell contact with MSCs, stimulating osteogenesis.
Additionally, the platelet component of BMC releases growth factors
to initiate stem cell migration to the injury site and provides adhesion
sites for the migrating stem cells.®

In addition to having multi-lineage differentiation capacity,
multipotent stromal cells obtained from bone marrow and other
tissues possess several properties that are unique to these cells in
order to bring about tissue regeneration. In particular, BMSCs are
known to preferentially home and accumulate to the site of injury
and inflammation. The SDF1/CXCR4 pathway is a key regulator
for BMSC migration, and, in the absence of SDF1 signal, migration
of these cells to the bone tissue has been found to be impaired.!”!8
These cells are also known to secrete a large number of growth
factors, cytokines, and chemokines that carry out different functions.
This paracrine activity of MSCs is thought to be one of the major
means by which these cells mediate anti-inflammatory, anti-apoptotic,
antifibrotic, angiogenic, mitogenic, and wound-healing properties that
have proliferative effects on cells. 44628

The study by Cassano et al.!” reviewed the growth factor and
cytokine levels between PRP and BMC. They found that BMC
had 172.5x the concentration of vascular endothelial growth factor
(VEGF), 78x the concentration of interleukin-8 (IL-8), 4.6x the
concentration of interleukin-1beta (IL- B), 3.4x the concentration of
transforming growth factor- B, (TGF-B,) and 1.3x the concentration
of platelet derived growth factor (PDGF). A possible explanation for
the increased concentration of growth factors and cytokines in the
BMC samples relates to the concentration of platelets it contains. The
alpha granules of platelets contain TGF-p, PDGF, VEGF along with
fibroblast growth factor (FGF), BMP, and insulin-like growth factor
(IGF).120.121

MSCs are promising cell source for regeneration of focal
cartilage lesions, as they can be differentiated into chondrocytes
when subjected to suitable cocktail of differentiation media.'* It
has been shown that TGF-p is a critical molecule essential for MSC
chondrogenic differentiation.® Minute levels of active TGF-B is
sufficient to stimulate proteoglycan and type II collagen synthesis
123 and also increase the number of chondrocytes formed.'** TGF-f
signaling has been shown to stimulate early transcription factor Sox-9
which resulted in elevated expression of collagen type Il and aggrecan
significantly.'” MSCs have also been shown to elicit differentiation
of resident and non-resident cells to functional tissue, catalyzing
restoration of degenerative tissue.!?¢1?7

The principal determinant factor behind effective chondrogenicity
is the vehicle which delivers the MSCs for regeneration. Moshaverinia
et al."”® developed a novel co-delivery system based on TGF-f,
loaded RGD-coupled alginate microspores encapsulating MSCs
and investigated MSC chondrogenic differentiation in the alginate
microspheres. The results revealed sustained delivery of TGF-, from
the alginate microspheres and positive chondrogenic differentiation.
Furthermore, Extracellular matrix (ECM) provides a niche for cell
migration, differentiation and attachment. They are comprised of
various physiomechanical and chemical cues which guide the stem
cell lineage. Subbiah and colleagues described the use of a cell-
derived ECM platform in which the crosslinking density is tunable
and evaluated the effect on human MSC (hMSC) differentiation.
The study demonstrated that tunable cross-linked cell-derived ECM
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provides a physiological platform, guides cell differentiation and
leads to rapid generation and attachment of progenitor cells leading
to healing.'®

Alternate strategies for fabricating advanced tissue engineered
cartilage constructs are of increasing importance because of the ongoing
demand. Tissue engineering techniques mimic the native extracellular
matrix for tissue regeneration by employing a synergy of cells, growth
factors and scaffolds.®3! Three dimensional (3D) bio-printing
method for developing new organ for transplantation, prosthetics and
in regenerative medicine has emerged as a breakthrough over the last
few years. This is a powerful technology that can provide patients
with severe disease condition with personalized treatments. This novel
technology designs and fabricates 3D scaffolds that closely resemble
native tissue. Major bio-printing methods include microextrusion,
inkjet bioprinting, laser assisted bioprinting, integrated tissue organ
printer (ITOP) and robotic bioprinting of organs. Researchers are
working on developing vasculature in 3D bioprinting transplant
for nutrient delivery and oxygen supply which can be a strong
therapeutic approach for problems like osteoarthritis.'*> Technologies
like biofabrication and 3D bioprinting allow the specific placement
of cells and tissues. When modular assemblies (micro tissue units,
cellular building blocks or spheroids) are combined with structural
scaffold components and automated biofabrication technology, they
create a functional cartilage and offer potential approach in recovering
damaged articular cartilage.'s

Mature articular cartilage is an avascular structure, which receives
its nutrition via diffusion from the synovial fluid. Its unique structure
and function is attributable to the dense packing of collagen fibers
and mature chondrocytes and lack of blood vessels. Mature articular
cartilage contains inhibitors to angiogenesis including Troponin I and
Chondromodulin-1 in the avascular layers of the cartilage but are
absent in the supporting subchondral bone and spongiosa allowing
VEGF to promote a vascular supply.'3*13¢ Therefore, this is clearly
important in full thickness chondral defects where the subchondral
bone can release growth factors and cytokines to support cartilage
repair. Maes et al.'* have clearly shown the importance of VEGF for
epiphyseal blood supply and cartilage development using mice as an
animal model. VEGF deficient mice showed altered growth plates,
ossification centers and joint dysplasia. Oxygen tension is a key factor
that is triggering VEGF production via the stimulation of hypoxia
inducible factor-1 (HIF-1). Lund-Olesen'*® has shown that after a
traumatic effusion there is a reduction in the oxygen tension leading
to HIF-1 and VEGF production. Clearly this situation would match a
chondral injury pattern with an associated effusion or hemarthrosis
and therefore increased VEGF production. Alongside oxygen tension
other factors have been shown to stimulate VEGF production including
IL-1 via the Mitogen Activated Protein Kinase signaling pathway as
demonstrated by Murata and colleagues.'®* Thus, highlighting the
complex interplay between the cytokine cascades.

IL-8 isapowerful cytokine for neutrophil chemotaxis and activation
as part of the inflammatory response. Chauffer et al.’” have shown
that mechanical stress can also increase IL-8 from chondrocytes.
Thus damaged cartilage, which is under increased mechanical stress,
would release more IL-8 attracting neutrophils to the affected area.
IL-8 has also reported to promote homing of bone marrow derived
cells to the site of injury, including MSCs. Hou et al.'*® has shown
that IL-8 enhances the angiogenic potential of mesenchymal cells via
increasing VEGF production. This would appear a clear benefit in
promoting angiogenesis and tissue healing especially in full thickness
chondral defects.
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Interleukin-1 (IL-1) is subdivided into IL-1 and IL-1-B."* The IL-1
has more of an intracellular effect whereas it is IL-1-3 that modulates
the immune response and downstream effects via stimulation of
matrix metalloproteinases.IL-1-f is produced by local monocytes and
macrophages involved in the inflammatory response and is known to
contribute to inflammation in human joints and can degrade cartilage
via its metalloproteinase action.'* The effect of this is blocked by
the interleukin antagonist IL-1 receptor antagonist (IL-1RA).™" It
has been reported that there is a relative imbalance of the IL-1-f: IL-
1RA ratio with a deficiency of IL-1RA in osteoarthritis allowing IL-
1-B leading to cartilage degradation.'! Cassano and colleagues has
demonstrated an increase in the IL-1-f but also IL-1RA in BMAC,
therefore neutralizing the effect of the raised IL-1-.'"

PDGF has an established role in wound healing but also functions
to promote collagen synthesis and contributes angiogenesis in
subchondral injuries.'** Although PDGF has a minor role in cartilage
repair it does have a synergistic action with suppression of IL-1-f
cartilage degradation.

IGF-1 is an essential mediator of cartilage homeostasis by
achieving the balanced chondrocytes proliferation'* and IGF has
been shown to enhance MSC chondrogenesis by a mechanism similar
to that of TGF-B."** IGF-1 can repair cartilage defects more efficiently
with collagen type II filled matrix.''¢

These studies clearly demonstrate the importance of thoroughly
characterizing specific molecules and growth factors present in the
microenvironment/ bone marrow concentrate for chondrogenic
differentiation potential. Thus, a new concept in stem cell therapy
sees BMC as a therapeutic means to positively influence the
microenvironment of the stem cells already present in the diseased
tissue and to direct those cells for regeneration activities instead of
expecting the transplanted cells to contribute directly to de novo tissue
production, 45149

Future perspectives

In the near future, cell-based therapy could be widely used for
the treatment of OA as it potentially offers substantial benefits for
knee OA patients and may reduce the cost of therapy. However, there
are still some unanswered questions regarding the best cell source,
treatment mechanism, methodology for transplanting cells, effective
cell dose, combinational therapy or single cell source and efficacy
that need to be resolved before their widespread use. Therefore, well
designed RCTs are urgently required to evaluate the clinical benefits
of each cellular based treatment modality that is, ACI, MSCs, BMC
and PRP in cartilage repair.
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