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Cell-based therapies are emerging as promising treatments
for numerous musculoskeletal conditions.1–4 Nevertheless,
they are still at the proof-of-concept stage. Knee osteoar-
thritis (OA) is one of themost frequent targets of this therapy,
since themarked burden of disability andmorbidity that this
condition poses on health care is quite sizable.5Despite knee
OA occurring in more than 10% of individuals over 60 years
and more than 75% over 75 years,6,7 there is currently no
validated nonsurgical disease modifying treatment.8 Cell-
based therapy for the treatment of knee OAmay therefore be
a promising approach to fill this gap.

A recent systematic review, which included only level of
evidence III studies or higher (with control group), concluded
that intra-articular cellular therapy injections for knee OA and
focal cartilage defects showed clinical benefit with respect to
safety.9However, the authorsalsonoted that the improvement
was modest, a high placebo effect could not be disregarded,

and the overall quality of the reports was poor.9 One major
point raised in the study was that although stem and progeni-
tor cell therapies may potentially perform as disease-modify-
ing treatments for knee OA through proposed mechanisms of
tissue regeneration or immunomodulation, this effect still
needs to be further proven. Furthermore, there are multiple
aspects of cellular therapy that are still not well understood or
standardized, including multiple sources for obtaining cells
(e.g., bonemarrow, adiposetissue, periosteum,andsynovium).
In addition to cell sourcing, there are multiple technicalities
with regard to the tissue collection and cell processing meth-
ods that affect thefinal sample of cells to be used as a therapy.
Additionally, even in the scenario where the same standar-
dized tissue collection and cell-processing technique is used,
there are variations in stem and progenitor cell prevalence
between patients leading to challenges in standardizing this
technique.10–13
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Abstract Cellular therapies are emerging as potentially promising treatments for numerous
musculoskeletal conditions, such as knee osteoarthritis (OA). As orthopaedic surgeons
represent a sizable portion of the providers who deliver these therapies, it is
particularly essential for them to understand their fundamental principles. One major
principle is to identify the appropriate sources for obtaining these cells, with bone
marrow being most common. Therefore, the purpose of this review was to provide an
overview of cell-based therapies available for the treatment of knee OA with a focus on
bone marrow-derived cellular therapies. Specifically, we discuss (1) bone marrow
aspiration technique, (2) processing to bone marrow aspirate concentrate, and (3) the
rational and clinical evidence for the use of bone marrow cellular therapies for the
treatment of knee OA.
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The field of cell-based therapy consists of a group of
heterogeneous treatment methodologies. All of these varia-
tions constitute real challengeswhen trying to standardize this
treatment. Among cellular therapies, bone marrow-derived
cells havebeen themost frequently employed and reported on.
This is likely due to the simplicity and low morbidity of bone
marrowaspiration (BMA) and the essential advantage that this
technique offers: a single cell suspension that can be easily
processed.Therefore, thepurposeof this review is toprovidean
overview of cell-based therapies available for the treatment of
knee OAwith a focus on bone marrow-derived cellular thera-
pies including (1) BMA, (2) processing to bonemarrowaspirate
concentrate (BMC), and(3) the rational andclinical evidencefor
the treatment of knee OA.

Bone Marrow Aspiration

Autologous bone marrow collected through BMA has been
one of the most frequently employed sources for cellular
therapies. The simplicity and low morbidity of BMA as a
percutaneous procedure makes it an appealing and practical
approach. Additionally, when bone marrow is aspirated, it
presents an important advantage that differentiates it from
other cell sources: it offers a single cell suspension that can be
immediately be processed with minimal manipulation.13,14

Other cell sources, such as adipose tissue or synovium,
require multistep processing, like mechanical dissociation
and enzymatic digestion. In addition, the use of autologous

bone marrow cells has been shown to be safe with low
incidence of systemic or site-specific side effects.15

The site most frequently utilized for BMA is the iliac crest,
which has been reported to be safe and to have a low rate of
complications.16 Furthermore, it has been reported that the
concentration and yield of colony-founding units were greater
when aspirates were obtained from the posterior iliac crest
when compared with the anterior iliac crest, whereas the
biological potential of the cells derived from these sites is
comparable.17Nevertheless, both theanterior ant posterior iliac
crest are common and viable sites for the harvesting of BMA.

BMA technique has a substantial effect on the yield of
nucleated cells, and therefore on the stem and connective
tissue progenitor cells (CTPs) collected. Probably the most
essential aspect, which is often overlooked, is maintaining
low aspiration volumes when performing a BMA. The reason
for this is that bonemarrow-derived stem/progenitor cells in
BMA are diluted precipitously by blood as the volume of the
aspirate in a given aspiration site is increased (►Fig. 1).13

When doing a BMA, 85% of all of the marrow-derived cells
available from a given aspiration site are collected in just the
first 2 mL of aspirate, after which the rest of the aspirate is
mainly composed of blood.13 Therefore, a higher number of
stem and CTPs per mL of BMA may be obtained by limiting
each aspiration to 1 to 2 mL at a given site, followed by
changing and advancing the needle location by 0.5 to 1 cm.13

Additionally, the use of a 10 mL syringe as compared with a
50 mL syringe has provided a higher yield of CTPs.18

Fig. 1 Bone marrow aspirate concentrate (BMC) is obtained by one or multiple bone marrow aspiration (BMA) centrifugations. After
centrifugation (density separation), the buffy coat (BC), which lies in between the plasma and the red blood cells (RBC) containing most of the
nucleated cells, (some of which are stem and progenitor cells), platelets, growth factors, and cytokines is obtained.
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Bone Marrow Aspirate Concentrate: Density
Separation (Centrifugation)

Bone marrow aspirate contains various components includ-
ing plasma, red blood cells (RBC), platelets (PLT), total
nucleated cells (TNC) including white blood cells (WBC),
hematopoietic cells (HPC), CTPs, growth factors, and cyto-
kines. With the intention of increasing the concentration of
components of BMA that are believed to have a positive effect
in the treatment of different conditions (as CTPs, growth
factors, and cytokines), the most frequent and reported
technique for processing bone marrow is centrifugation.
Based on the different relative densities, sediment rates,
and sizes, bone marrow components can be separated
when a centrifugal force is applied. RBC have the highest
density (1.1 g/L) and sediment to the bottom, while plasma
(1.02 g/L) remains in the upper layer. In between the plasma
and the RBCs, a “buffy coat” layer forms, which containsmost
of the nucleated cells including neutrophils (1.08 g/L), lym-
phocytes (1.05 g/L), as well as PLT (1.04 g/L). When BMC is
obtained, this buffy coat is the fraction that is harvested.19

Therefore,when a density separation procedure is applied
to a BMA sample, the concentration of stem and CTPs per mL
increases.19 In addition, the final BMC preparation (mostly
buffy coat) has an increased concentration of PLT, growth
factors, and cytokines (PDGF, TGF-β2, VEGF, IL-8, IL-1β, etc.),
which may potentially have anabolic and anti-inflammatory
effects on the osteoarthritic knee joint.20,21

A comprehensive understanding of the composition of BMC
is still lacking. These preparations vary because of the unavoid-
able interpatient variability and the different processing tech-
niques employed. The differences in the preparation of BMC
include dissimilarities among centrifuge devices, settings or
protocol, the time of each spin, the G-force generated in each
spin, and diluents or anticoagulants added in the process.21 All
of these factors have an effect on the final yield in the desired
sample on the number of stem and progenitor cells: (1) CTPs,
assessed through colony forming unit assays; (2) hematopoietic
stem cells; and (3) endothelial stem cells; which may have
implications in their clinical efficacy. Furthermore, the concen-
tration of stem and progenitor cells and other component such
as PLT, growth factors, and cytokines needs to be better char-
acterized, and future researchwill have to correlate their values
in the final BMC product with subsequent clinical outcomes.

Bone Marrow Cellular Therapies Regulation

These preparations are classified clinically by the United
States Food and Drug Administration (FDA) as Human Cell
and Tissue Products (HCT/Ps) that are regulated under the 21
C.F.R. Part 1271 under the “361 exemption.” For a product to
qualify and be designated as a “361 product,” and conse-
quently be subject tominimal oversight, an HCT/Pmustmeet
each of the following four criteria (as BMC does): (1) mini-
mally manipulated (e.g., centrifugation); (2) intended for
homologous use only, as reflected by the labeling, advertis-
ing, or other indications of the manufacturer’s objective
intent; (3) not involving a combination cells or tissues

with another article (e.g., drug); and (4) having a systemic
effect or being dependent on the metabolic activity of living
cells for its primary function. Also, is for (a) autologous use or
(b) allogeneic use in a first-degree or second-degree blood
relative. All these products are not subject to premarket
review and approval requirements.

Rational and Clinical Evidence for the Use of
Bone Marrow Cellular Therapies for the
Treatment of Knee Osteoarthritis

Since half of the patients with radiographic evidence of knee
OA do not experience daily knee pain, and most of these
patients will not require a joint arthroplasty,8,22 special
attention should be placed on nonoperative treatments for
OA. Furthermore, given that the prevalence of obesity is
unlikely to decline, there will likely be an increase in the
incidence of knee OA.23 Therefore, early identification of at-
risk patients and modifiable risk factors, in addition to the
employment of prevention strategies with potential disease
modifying effect (e.g., cellular therapies), is essential.8 Knee
OA results from a multifactorial, intricate interplay of many
factors that ultimately culminate in a common phenotype
that affects all of the tissues within and adjacent to the
involved articular joint.24,25 Historically, what was thought
to be themechanical result of “wear and tear” to the cartilage
over years, is now perceived to be the consequence of the
interaction between both constitutional and mechanical
factors affecting the entire joint. These factors include joint
integrity, mechanical forces, genetic predisposition, inflam-
mation, aswell as cellular and biochemical processes.26–33 To
date, the results obtained with structure modifying treat-
ments for OA have been disappointing.34,35

Cellular therapies have the potential to provide an answer
to this problem. However, to date there is insufficient
evidence of efficacy to warrant a general recommendation
to use bone marrow-derived cellular therapies.9,21 Although
there have been some encouraging results, the development
of stem cell-based therapies for OA is at a critical juncture.2

While limiting bias assessing their clinical efficacy through
high-quality clinical trials, it is imperative to uncover the
mechanism of action by which intra-articular bone marrow-
derived cellular therapies act. Proposedmechanisms include
(1) homing of cells to sites of degenerative or missing
cartilage, (2) repopulating of stem and progenitor cell pools
on the surface of damaged cartilage, and (3) modulation of
the intra-articular milieu either by secretion of soluble
factors or through cell-to-cell interactions and reducing
inflammation and catabolic agents.9,36

As our understanding of bone marrow stem and progenitor
cellular therapies improves, so should our understanding of the
diseasesweare treating. It is possible that cellular therapieswill
havea role in the treatmentofkneeOA;however, this treatment
optionmay not prove to bebest for all patients. As advocated by
Karsdal et al, there is a need to segregate patientswith different
OA subtypes and pair them with optimal and specific treat-
ments to yield an effective intervention.37,38 This still needs to
be defined and tested.
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To date, there is limited evidence-based support for the use
of BMC in the treatment of knee OA.9 ►Table 1 summarizes
clinical studies published to date. Shapiro et al39 performed
a prospective, single-blind, placebo-controlled trial on 25
patients with bilateral knee OA, and reported that the use of
BMC is safe. Regarding pain relief, they did not show any
significant difference between BMC and the placebo group,
although both groups showed improvement in pain at
1 week, 3 months, and 6 months. The two other studies
reporting on the use of BMC for knee OA reported improve-
ments in both pain and function; however, they lacked a
control group,40,41 and BMC injections were performed
concomitant to other treatments including arthroscopy,
PLT-rich plasma, and adipose grafts, which make interpreta-
tion of the results challenging. In general, there were no
significant adverse events in these three studies.

Conclusion

The development of new therapeutic approaches with poten-
tial disease-modifying effects, such as cell-based therapies,
may become a viable alternative for the treatment of knee OA.
However, this will require overcoming multiple challenges
including communicating early results obtained by basic
scientists and clinical studies with good sample size and
long-term follow-up. Autologous bone marrow collected
through BMA has been one of the most frequently employed
sources forcellular therapies. Thesimplicityand lowmorbidity
of BMA make it an appealing and practical approach. Funda-
mental aspects of theBMAtechniquehave aprofoundeffect on
the yield of stem and progenitor cells obtained. Therefore,
multipleaspirationsiteswitha lowaspirationvolume(2mL) in
each should be used. Another fundamental advantage of bone
marrow is thatwhen aspirated it offers a single cell suspension
that can be immediately be processed (e.g., centrifugation).
Different processing techniques and protocols also have a
profound effect on the yield of stem and progenitor cells,
including the number of connective tissue progenitors, hema-
topoietic stem cells, or endothelial stem cells, which may
influence the outcome of the disease conditions to treat.
However, the role these cells havewhen injected in a patient’s
knee is still not clear. It is imperative to improve our under-
standing of the known and unknown areas related to these
biologics, with a specific need to provide high-quality clinical
trials to prove or disprove the efficacy of cell-based therapies
for the treatment of knee OA. Effective clinical assessment and
optimization of cellular therapies will demand high-quality
methodology inblindedclinical trials,with special attention to
standardized quantitativemethods for cell harvesting, proces-
sing, characterization, delivery, and standardized reporting of
clinical and structural outcomes.9
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