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Bone Marrow Aspirate Basics

Bone marrow aspirates (BMA) have become an increasingly
popular therapeutic source for regenerative medicine due to the
relative ease and safety associated with collection. Often harvested
from the iliac crest, bone marrow aspirates are one of the few means
of acquiring progenitor cells and high concentrations of growth factors
for use in tissue engineering and repair studie [1]. Bone marrow
aspirates are heterogeneous mixtures containing tissue fragments,
peripheral blood, mononuclear cells, and platelets and hematopoetic
stem cells (HSCs) [2]. Much of the regenerative potential of BMA is
afforded by the growth factors rather than the stem cells, as is often
thought, as these HSCs are too naive, and don’t receive the requisite
signaling to mature into effector cells, when harvested and reinjected
into the patient. Minimal manipulation techniques using gradient
centrifugation have been developed to create bone marrow aspirate
concentrate (BMAC), which can contribute to the regenerative process
by acting as an “irritant”, which is capable to stimulating or boosting
immune system activation. In gradient centrifugation processes, whole
BMA is layered on top of a Ficoll-Paque or lymphocyte separation
media (LSM) and centrifuged to enable the depletion of red blood
cells and granulocytes, while concentrating mononuclear cells such
as lymphocytes, monocytes, platelets, hematopoietic progenitor/stem
cells, and mesenchymal stromal cells (MSCs). Ficoll/LSM is formulated
to have a high-density composition so that three layers of cellular
products form when non-nucleated red blood cells pass freely through
the Ficoll layer, mononuclear cell collect in the middle, and plasma is
retained at the top (Figure 1). At the end of the procedure, the BMAC
is collected from the middle “buffy coat” layer of the centrifugation,
is then washed, aliquoted and cryopreserved for downstream use as
the immune activating “irritant”. Aside from its cellular composition,
BMAC contains a high concentration of several growth factors. Those
growth factors and cytokines found to be enriched in BMAC include,
vascular endothelial growth factor (VEGF), interleukin-8 (IL-8), bone
morphogenic protein 2/7 (BMP2, BMP7), platelet derived growth
factor (PDGF), transforming growth factor-p2 (TGF-B2), fibroblast
growth factors (FGF), and insulin-like growth factor (IGF) [2]. Each
of the growth factors has been linked to specific pathways found to be
beneficial for regenerative medicine across a broad range of therapeutic
targets. Consequently, the use of BMAC has gained significant traction
for regenerative use in orthopedics and musculoskeletal repair [3,4].

Therapeutic Compartments within BMAC

Much of the regenerative potential of BMAC derives from the high
concentration of growth factors captured within the mononuclear cell
mixture. Together, the array of growth factors can trigger multiple
downstream pathways that may induce tissue repair and recovery. In
musculoskeletal injuries, the inability for natural cartilage regeneration
leads to a progressive decline in function. However, the bone marrow
is a rich source of cytokines and growth factors that work to restore
cartilage homeostasis through the stimulation of endogenous repair
mechanisms, but their abundance and activity declines with age [5].

VEGEF is a pro-angiogenic growth factor that indirectly promotes
the renewal of de-novo cartilage growth. Generally released in times of
hypoxic stress by HIF-1 mediated signaling pathways, VEGF promotes
the migration and proliferation of endothelial progenitor cells in the
subchondral bone and spongiosa region [6]. These events trigger
neoangiogenesis, the growth of new blood vesicle sprouting, that
provides fresh nutrient supplies to the damage tissue, and helps remove
waste products. Although most mature articular cartilage structures are
avascular, the proximity of the vascular network allows for diffusion of
required nutrients [7].

IL-8 is a potent chemotaxis cytokine involved in immune responses
to injury. In injured tissue, IL-8 is released as a homing mechanism
for the recruitment of neutrophils, macrophages, and other bone
marrow derived inflammatory cells. Furthermore, IL-8 has been found
to enhance the pro-angiogenic effect of bone marrow derived cells via
the upregulation of VEGF [8]. Thus, the addition of IL-8 to an injury
site may contribute to tissue repair by promoting the migration of
endogenous bone marrow cells appropriately primed to contribute to
an enhanced regenerative response [9].

TGFp and BMPs have similar regenerative effects due to their ability
to stimulate chondrocyte proliferation and differentiation. These growth
factors can target endogenous MSCs, and promote chondrogenic
differentiation pathways with the downstream production of new
collagen [10]. TGFB2 is an effective mediator of increased type II
collagen and aggrecan production. However, significant research has
been conducted regarding the regenerative potential of various subsets
of TGF proteins and has shown TGFp1, TGFf2, and TGFp3 to all
have positive effects on chondrogenic differentiation and collagen
production [11]. A head to head comparison of TGFp1 and TGFp2
found TGFp2 to be a more potent stimulator of MSC activation and
collagen production. However, TGFpB2 signaling also leads to an
elevation in autrocrine production of TGFf1, a finding that further
highlights the potential benefit of TGFP2 administration to a collagen
depleted injury [12]. BMPs have a synergistic pro-collagen effect to
TGEFp, via the stimulation of chondrogenic lineage commitment in
resident MSCs. In vitro experiments with cultured MSCs confirm
the potential of BMPs in the production of type II collagen and
extra cellular matrix [13]. Specifically, BMP-7 is a potent inducer of
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Figure 1: The Compartments of BMA: Collected BMA is processed by density gradient centrifugation on top of a ficoll layer to separate the various compartments. After
centrifugation, blood cells and granulocytes are spun to the bottom of the tube while the BMAC portion lays between the plasma and ficoll layers. The plasma layer contains
several growth factors, extracellular vesicles, and exosomes. The BMAC contains growth factors in addition to many mononuclear cells such as lymphocytes, monocytes,
platelets, hematopoietic stem/progenitor cells, endothelial progenitor cells, and mesenchymal signaling/stromal cells.

collagen production that is not dependent upon the severity or any
microenvironment cues from the site of injury [14].

PDGF has been well studied for its role in wound healing and
angiogenesis, and more recently its role in collagen synthesis [15,16].
One mechanism by which PDGF has been shown to promote
collagen production is via the suppression of IL13-mediated cartilage
degradation [17].

In addition to the direct therapeutic potential of BMAGC, the cellular
compartment of BMAC also offers substantial promise in regenerative
research and tissue engineering. Three populations of cells that can
be concentrated from bone marrow include the HSCs, endothelial
progenitor cells (EPCs), and MSCs. These cell subsets have been shown
to provide potential therapeutic benefits in musculoskeletal repair
experimentation [18-20].

HSCs transplants were first found to be beneficial in radiation-
induced tissue models where transplanted stem cells could re-populate
the entire hematopoietic system within a mouse bone marrow niche
[21]. This finding laid the framework for future work that established
hematopoietic cell transplants as a revolutionary treatment for a
range of hematopoietic diseases. HSCs are identified by the positive
expression of CD34, CD117 (c-kit) and human leukocyte antigens
(HLAs) [22]. It is the presence of HLA on hematopoietic linage cells
that requires allogenic donor matching to prevent tissue rejection upon
transplantation [23]. Although HSC have been traditionally used for
blood disorders, it has been suggested that these cells may possess some
level of stem cell plasticity that could mediate their differentiation into
other non-hematopoietic cell types, such as neuronal cells, glial cells,
hepatic cells, and endothelial cells via a process of transdifferentiation
[24].

EPCs are a second progenitor cell type in the bone marrow that
can differentiate into mature endothelial cells and contribute to neo-
vascularization. Characterized by positive expression of CD34, CD31,
and CD133, EPCs are often recruited from the bone marrow niche
into the peripheral blood by secretion of VEGF and stromal-derived
factor 1 [25,26]. EPC mobilization mechanisms makes these cells
particularly effective in targeting injury specific locations. Increased
cytokine production by inflammatory and damaged cells signals EPC
recruitment, engraftment, and differentiation into new endothelial
cells and repair of established vasculature [27,28].

A third cell type, MSCs, also reside within the bone marrow and
play a significant role in musculoskeletal homeostasis. MSCs are often
described as a cellular drug store, as these cells secrete many pro-
regenerative cytokines [29]. These cytokines have systemic effects
resulting in immune-modulatory, anti-fibrotic, and pro-angiogenic
outcomes. In response to microenvironmental cues and stresses
such a hypoxia and inflammation, MSC release a robust cocktail of
cytokine signals that are beneficial for tissue recovery and cellular
reprogramming [30]. Recent insights into the endogenous function of
MSC has suggested that MSCs act as pericytes, or perivascular cells that
aid in vascular maintenance and wound healing. The localization of
MSCs in almost every organ in the body also points to the versatility
of this cell type in contributing support to vascularization and tissue
health and homeostasis [31-33].

The unique combination of growth factors and immune-activating
“irritants” within BMAC makes for a potent mediator of cartilage,
bone, and musculoskeletal repair. BMAC therapy has gained traction
primarily due to clinical successes in the treatment of chondral injuries
and osteoarthritis of the knee [34]. Published studies completed with
placebo controlled groups all demonstrate BMAC safety, however
clinical efficacy outcomes are often variable due to non-standardized
BMAC preparation techniques, administration and follow up protocols
[3]. Consequently, it remains unclear what the exact mechanism
of action of BMAC is that mediates regeneration and repair at the
site of injury. Progenitor cell populations within BMAC represent a
small proportion of the total nucleated cells, with MSCs representing
only 0.001% of the total population [35]. Such low abundance of
progenitor cells has prompted investigators to employee methods for
MSC enrichment and isolation as an alternative technique to BMAC
therapy. However, direct comparative studies are needed to determine
which of these methods hold the most promise.

MSC Production

MSCs can be isolated from BMAC by processing techniques that
have been developed using in vitro cell culture. Centrifugation of whole
bone marrow aspirate on top of a Ficoll or lymphocyte separation media
enables the production of BMAC that can be plated on cell culture
dishes. This process was developed by fundamental experiments where
BMAC was cultured in the lab resulting in the expansion of adherent,
fibroblast colony forming units [36]. After downstream expansion
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and characterization of these colonies, it was determined that these
cells were in fact, MSCs. MSC populations are unique in the BMAC
mononuclear cell mixture due to their affinity for attachment to cell
culture treated plastic. Simple plating of isolated mononuclear cells
onto cell culture dishes results in abundant MSC colony formation
within 1-2 days. From mononuclear cell plating (passage zero), MSCs
are grown to near confluency before passage with a dissociation reagent
such as trypsin (0.5%). MSCs produced for clinical use typically
undergo expansion and 2 to 3 passages in order to reach a therapeutic
cell number in the millions to billions. However, as primary cell lines,
the passaging of clinical products should be minimized to preserve
the native phenotype of MSCs. Increasing passages and culture time
results in a decrease in MSC potency and gradual loss of proliferative
ability as shown by induction of senescence markers and decreased
telomere length [37]. Cell culture expansion media has been specifically
formulated to provide the necessary nutrients to preserve MSC growth
and expansion in the lab. A typical media for MSC expansion includes
a basal alpha MEM media with 10-20% fetal bovine serum (FBS).
Although clinical trials have demonstrated success with FBS expanded
MSCs, the use of animal-based serum has raised concerns regarding
immune reactions to residual animal proteins in the final cell product.
Therefore, manufacturing protocols are now moving to replace FBS
with commercially available human derived platelet lysate and serum-
free/xeno-free media solutions [38, 39].

MSC expansion is typically limited only by the size of the
production facility, available incubator space, and number of
appropriately trained staff. Therefore, cell banking strategies serve as
a reliable option to produce billions of passage-3 MSC products [40].
Cell banks generally consist of a master cell bank and a working cell
bank. Master cell banks are typically where low passage number cells
are expanded, harvested, and cryopreserved into aliquots at passage-0
or passage-1. This bank contains the most valuable cells that, once
aliquoted, can be thawed and re-constituted to continue cell expansion
almost without limit. Working cell banks are created for downstream
expansion of cells from the master cell bank. The creation of master
and working cell bank aliquots aids in the continuous production
of batches without exhausting or overwhelming a single facility’s
production capability. Bioreactors are increasingly being incorporated
into production facilities to simplify the large-scale expansion with
minimal manual effort. The development of bioreactors to load,
feed, and harvest millions of cells automatically has minimized the
manual effort required to produce large batches of MSCs. Although
bioreactor formats vary in size and structure, hollow-fiber bioreactor
set ups have become increasingly popular for MSC production [41].
These bioreactors operate as a closed system and retain the sterility
and environmental regulation of a cGMP laboratory. The hollow-fiber
composition of these bioreactors accommodates a large surface area
size within a small and compact space.

Cryopreservation of the expanded cellular product is the final step
in the cell production protocol for both BMAC and MSC therapies.
Correct execution of this step is vital for the preservation of cellular
viability and biological function of the expanded cells. Typically, prior
to cell infusion, cells are stored in liquid nitrogen tanks for months
to years. Cryopreservation medias may vary but generally contain
5-10% DMSO, a sulphur-based cryo-protectant [42]. The addition of
DMSO is a critical component for cell membrane integrity during the
cryopreservation process, however DMSO is known to be cytotoxic
if not handled appropriately. Furthermore, the presence of DMSO in
the delivered cell product may cause adverse reactions in a small sub-
population of sulphur-sensitive patients [43,44].

MSCs are currently being used in clinical trials for a wide variety
of bone, cartilage, and joint injuries. Their immunomodulatory
capabilities are complimented by a robust ability to remain immune
evasive due to a lack of HLA expression on their surface. This feature
has prompted the development of allogenic therapies, by which
MSCs are derived from young, healthy donors or umbilical cords and
expanded for use in multiple patients [45]. Head-to-head comparison
studies of autologous and allogeneic MSC cell therapy has not only
confirmed the safety of allogenic cells but has indicated a superior
regenerative effect [46,47]. MSCs derived from patients with various
diseases, such as atherosclerosis, have been found to carry regenerative
defects throughout cell culture expansion. Increased reactive oxygen
influences the laboratory expansion of these MSCs and inhibits their
regenerative potency [48,49]. Therefore, allogenic sources of MSCs are
increasingly being thought to be a superior source of therapeutic MSCs.

Despite many clinical successes, the precise mechanism(s) by
which MSCs exert their therapeutic effect is still hotly debated.
While the multipotent differentiation potential of MSCs has been
robustly demonstrated in various research models, it is believed that
transplanted MSCs do not engraft or differentiate into new tissues, in
vivo [50]. In fact, most transplanted MSCs die within a few days due
to harsh microenvironmental conditions, anoikis, and inflammation
[51,52]. Yet, despite such a dramatic loss of cells within the first days
after transplant, MSCs have been shown to induce effects that can last
several months, if not years. Consequently, their primary mechanism
of action is believed to comprise of paracrine signaling through the
controlled release of growth factors, cytokines and extracellular
vesicles (exosomes) that stimulate endogenous and exogenous repair
mechanisms, both at the site of injury and remotely [53-56]. Most
recently, MSCs have been found to be rapidly phagocytosed by
endogenous monocytic cells [57]. Monocytes play a critical role in the
modulation of immune responses and the regulation of inflammation.
Phagocytosis of transplanted MSCs by can induce phenotypic and
functional changes in macrophages that leads to adaptations away from
a pro-inflammatory M1 phenotype, towards a more anti-inflammatory
M2 state [57].

MSC-derived extracellular vesicles

The survival of transplanted cells can vary greatly among both
donors and recipients. This inevitably contributes to the therapeutic
success of cellular transplants and the observable variations reported
in clinical applications. As previously stated, the primary mechanism
of action of BMAC and MSC:s is attributed to the high concentration
of growth factors and the liberation of extracellular vesicles, called
exosomes. Therefore, protocols have been developed to further
concentrate this functional fraction of BMAC and MSCs to provide
a greater, and more consistent, regenerative outcome. Exosomes
are small membrane bound vesicles (typically about 50-150 nm)
produced from the cell’s endosomal pathway and excreted into the
extracellular space via the exocytosis of multi vesicular bodies [58,59].
Exosomes differ from other larger extracellular vesicles and apoptotic
bodies not only from their cellular origins, but also in their contents.
Comparative analysis of various extracellular vesicles shows an
enrichment of many different proteins and nucleic acids in exosomes.
Exosomes are enriched for growth factors including VEGF and stem
cell factor (SCF), small non-coding RNAs such as micro RNA, and
tetraspanin proteins including CD9, CD63, and CD81 [60]. These
cargos are important for cell to cell paracrine inter-communication
in the maintenance of homeostasis and during tissue repair [61,62].
As a mechanism of cell-cell communication, exosomes regulate many
pathways including, but not limited to, angiogenesis, inflammation,
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and cellular migration [58]. Exosomes mediate these effects by direct
fusion with, or endocytosis into, host cells [63]. The exosome itself
may play a role in immunomodulation of the microenvironment at
the site of inflammation or may indirectly contribute to the cascade
of events that leads to functional recovery [64]. In addition to being a
highly enriched source of pro-regenerative growth factors, exosomes
exhibit additional features that make them attractive candidates for
regenerative medicine. Being an acellular product, they are much easier
to handle in a clinical setting, their size making them a more versatile
product with regards to patient delivery. Storage and transport are
also much easier compared to MSCs as cryogenic preservation and
meticulous thawing protocols are not required.

Laboratory protocols including ultracentrifugation, size gradient
centrifugation, and size exclusion chromatography have been
developed to facilitate the isolation exosomes from culture expanded
MSCs [65]. However, BMAC-derived plasma alone can yield an easily
accessible reserve of exosomes with regenerative potential [66]. These
exosomes are highly variable between donated lots compared to the
homogeneous product from cultured MSCs. As such, further large-
scale trials are required before relative efficacy can be determined in a
clinical setting.

The Cell Production Laboratory (cGMP/cGTP)

All manufacturers of cell and tissue products produced for clinical
use must follow the current good manufacturing practice (cGMP)
guidelines based on the Federal Food, Drug, and Cosmetic Act (FD&C).
These products must be produced in accordance with the code of
federal regulation (CFR), Title 21, Part 1271 and current good tissue
practice (cGTP) [67]. These acts ensure that the proper methodology
for processing, packaging, and storing be followed to meet FDA
requirements for safety, identity, quality, and purity. These regulations
are set in place to prevent the introduction and transmission of
communicable disease such as viruses, parasites, fungus, and bacteria.
Accredited facilities and clean rooms registered to produce human cells,
tissue, and cellular- and tissue-based products (HCT/P) must abide
by these regulations and follow all stipulations laid out by the FD&C
act. However, regulatory distinctions are made between minimally
processed tissue facilities and cell production facilities. Minimal
processing and tissue transfusion facilities in which product is isolated
and stored for future clinical use are not required to register and follow
the same regulations as a HCT/P facility. Cellular products that are
considered “minimally manipulated” cannot be combined with another
product or device and must be used for autologous treatments or used
for allogenic treatments for close relatives. The distinction between a
minimally processed tissue versus a laboratory produced cell or tissue
product has caused some debate across the cell therapy community.
Generally, minimally manipulated tissue products undergo minimal ex
vivo handling where processing does not alter their native cellular state.
BMAC is considered a minimally manipulated product due to the single
centrifugation step required to enrich for the final cellular product.
There are no downstream laboratory manipulations or modifications
to the cells and the isolate is immediately ready for reinfusion [68].
MSC isolation and expansion does not meet the requirements to be
designated as a minimally manipulated product and is therefore
classified by the FDA an investigational new drug (IND). Therefore,
expanded MSCs and their exosomes are subjected to stricter regulatory
and characterization guidelines compared to BMAC.

Cell product manufacturing requires alaboratory that employs strict
environmental monitoring, record keeping, and product testing for
quality and regulatory compliance [69,70]. These facilities are designed

to minimize the risk of product contamination by incorporating a
uni-directional work flow in and out of the laboratory, a single-pass
HEPA air filtration system and a 100% exhaust from biological safety
cabinets through dedicated vents. Additionally, the structural design of
a cGMP facility often includes a positive air pressure system that directs
air circulation from within the tissue culture safety cabinet outwards
towards less controlled areas. Environmental stability and equipment
function are connected to a central monitoring system that alerts
employees remotely of power disruptions or out-of-range changes that
may need attention.

Assessment of product safety and sterility begins with the
establishment of donor eligibility and donor screening/testing methods.
The production facility must review appropriate medical records to
ensure the donor is free from communicable diseases. Furthermore,
throughout product production, the facility must maintain step-by-step
written batch records to document and standardize the manufacturing
process. Sterility checkpoints are established and recorded throughout
product production and any positive sterility cases must be investigated
for source. These checkpoints begin at the receipt of tissue and continue
throughout cell manufacturing, cryopreservation, and product
thawing. Sterility testing of cell products after the cryopreservation
process is a critical step for product release and acceptance by the end
user. Sterility testing must be completed by FDA-registered, CLIA-
certified labs using approved and cleared protocols. Testing of the final
cell product must include tests for mycoplasma, endotoxin and a gram
stain. The results of these tests should be recorded and filed along with
detailed laboratory cleaning records and sterility practices to ensure
work is completed under FDA compliance. These data will need to be
presented to the FDA during any site visit.

In addition to safety, production laboratories should also establish
scientifically based specification and standardizations tests to ensure
consistency between production batches. These qualification methods
should not only include cell product composition but also product
stability for the determination of long-term storage and expiration.
These qualifications are aggregated to create minimum release criteria
that all cell products must pass before being released for therapy.

Cell Product Characterization and Release Criteria
Techniques

All cell products must pass basic quality assurance requirements in
order to meet minimum release criteria before leaving the laboratory
[71]. Cell count and cell viability pre- and post- cryopreservation are
two fundamental tests that must be performed. Cell characterization,
typically implemented by flow cytometry, western blot, or RNA analysis
are more advanced molecular methods that better categorize the final
cell product. In the case of culture expanded MSCs an identification
profile would include a positive surface expression of CD90, CD105,
and CD73 combined with negative expression of CD45, CD34, and
CD31 [72]. These markers are essential to demonstrate a pure MSC
population free of hematopoietic, endothelial and fibroblast cells.

Advanced characterization of cellular products is an essential
step for the examination of product potency, reproducibility, and
effectiveness. In large clinical trials or in cell banking, the selection
of the most “potent” cell products will increase clinical effectiveness.
There are currently no guidelines established to define the effectiveness
of cell therapy products and batch-to-batch or harvest-to-harvest
variation is anticipated and currently unavoidable. The age of the donor
cells and the accumulation of reactive oxygen species throughout ex
vivo expansion can have substantial effects on BMAC-derived MSC
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function [48,49]. This can be exacerbated in vitro as media composition,
handling technique and culture time can induce a number of changes
in MSC biology. Therefore, the collection of advanced characterization
data sets prior to and after expansion is essential to follow MSC batches
for consistency and potency.

Cytokine analysis of the final product further allows for the
predication and correlation of cell function to clinical outcome.
Cytokine analysis is completed by ELISA-based assays by which
conditioned media or BMAC sample is collected and tested. This data
can be used in downstream analysis to select the most concentrated and
potent products that best fit the clinical application.

BMAC-derived exosome product characterization can be
completed in a similar manner. In general exosome products must
be composed of particles of the expected size range (50-150nm), be
enriched for exosome surface markers CD9, CD81, and CD63, and
be absent of intracellular organelle proteins such as mitochondrial
cytochrome C.

In vitro, functional assays can be combined with cytokine analysis
and exosome characterization to establish causal effects of basic
cell-to-cell interactions such as, but not limited to, cell migration,
angiogenesis, and cell proliferation. Co-cultures with target cells and
cell products can provide important scientific insight into mechanisms
of action. These assays also allow for the identification of protein and
miRNA mediators of the observed regenerative effect. For example,
MSC have been demonstrated to promote T-cell suppression in vitro
by co-culture assays that record T-cell activation markers and their
proliferation potential. This observation has been further validated
in clinical trials, where patients who received both allogenic and
autologous MSC showed reduction in early T-cell activation [47].

Conclusion

BMAC and cellular- (or cyto-) therapy is a new paradigm in
medicine that holds great promise for the treatment of chronic
musculoskeletal injuries and diseases. However, the biggest
challenge facing the advancement of these therapies is the need for
standardization and consistency in product production and reporting.
Basic science has provided consistent evidence that BMAC and MSC
therapy hold regenerative potential as a consequence of their cellular
and growth factor compositions. Thus, it is critical that comprehensive
product characterization be pursued so that clinical successes, as
well as failures, can be analyzed and examined at a cellular level. It is
important to identify those fixed and flexible components of cellular
therapy products that drive product efficacy if we are to move the
technology forward. Demonstrable safety of BMAC and MSC cell
therapy has ignited the drive for companies and academic institutions
to test these treatments for a range of degenerative disease. As progress
accelerates patient safety and product sterility standards must be held
to the highest standards to ensure the success and continuation of this
growing field.
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