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Abstract

Degenerative musculoskeletal disorders are one of the top causes of pain and
disability in the adult population. Current available alternatives to mitigate
symptoms include conservative treatments such as the administration of
pharmacological agents and an educative approach towards lifestyle
modification. The use of certain analgesics, such as opiates and corticosteroids,
delivers short term results but do not address the etiological source of pain and
disability. Also, prolonged use of such medications may cause additional
complications. Therefore, the demand for musculoskeletal tissue regeneration has
led to an alternative approach referred to as “orthobiologics”. This alternative is
based on cellular and molecular components capable of inducing and promoting
tissue repair. Bone marrow (BM) aspirate (BMA) and concentrate are well-known
orthobiologics used to treat musculoskeletal conditions. Orthobiologics derived
from the BM have been discussed in the literature; however, the lack of
standardization regarding collection and processing protocols presents a
challenge for generalization of study outcomes and determination of efficacy.
Since BM-derived orthobiologics have not yet been classified, to our knowledge,
this manuscript proposes the ACH classification system, which speaks to BMA
(A), BMA and concentrate (C) and hybrid (H), which combines A and C. This
classification proposes and describes 8 parameters that are relevant for the
quality of biological products. The more parameters used would imply greater
characterization and complexity of the evaluation of the biological product used.
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Core tip: Degenerative musculoskeletal disorders are one of the top causes of pain and
disability in the adult population. The use of certain analgesics delivers short term results
but do not address the etiological source of pain and disability. The demand for
musculoskeletal tissue regeneration has led to an alternative approach referred to as
orthobiologics, which is based on cellular and molecular components capable of
promoting tissue repair. Bone marrow aspirate and concentrate are well-known
orthobiologics used to treat musculoskeletal conditions. Since bone marrow-derived
orthobiologics have not yet been classified, to our knowledge, this manuscript proposes
the ACH classification system.
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INTRODUCTION

The increasing incidence of degenerative diseases affecting the musculoskeletal
system is the main cause of pain and disability among adults. Current options for the
management of these conditions mainly focus on conservative care such as activity
modification and pharmacological therapies. While pharmacological therapies such as
opiates and non-steroidal anti-inflammatory drugs (NSAIDs) or corticosteroids offer
short term efficacy, they are associated with well-known side effects if used on a long-
term basis!'?l. Moreover, few options exist outside of surgical solutions for those
individuals recalcitrant to conservative care.

The need for musculoskeletal tissue regeneration has led to an alternative approach
referred to as orthobiologics, which is based on cellular and molecular components
responsible for inducing and promoting tissue repairl”. Orthobiologics, which
comprise platelet rich plasma (PRP), bone marrow (BM) aspirate (BMA) and
concentrate (BMAC), fat grafting (Bio fat), and expanded mesenchymal stem cells
(MSCs), have shown promising results for the care of musculoskeletal disorders!*’.

Orthobiologics have been discussed in the literature with promising results,
however, the lack of standardization regarding the methods of obtaining and
processing the cells and associated components, have led to uncertain conclusions in
terms of efficacy and ability to generalize outcomes!®l. Specifically, the main
components of orthobiologics (platelet concentrations, growth factors, and cytokines)
may vary based on the processing method, which might affect anabolic and anti-
inflammatory properties, and consequently lead to inconsistent outcomes!”. Thus, the
need for standardization and classification of orthobiologics is imperative for
understanding procedures and dissemination of research outcomes. A classification
system has been developed for PRP"; however, no such classification exists for BM-
derived orthobiologics. Thus, the purpose of this paper is to present a proposal for a
classification system for BM derived orthobiologics.

BM

The main function of BM is to provide circulating blood with an optimal supply of
erythrocytes, leukocytes, and platelets. In addition to this, BM supplies hematopoietic
stem cells (HSCs), endothelial cells, MSCs and other precursor cells. The human
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skeleton possesses red BM which is hematopoietically active, and yellow, which is
hematopoietically inactivel'.

Red and yellow BMs have different cellular and molecular content: Yellow BM
comprises 95% fat cells, whereas the red BM comprises 60% hematopoietic cells. The
whole skeleton is filled with red BM at birth, however, during childhood a
physiological conversion of red BM into yellow BM occurs. The conversion of red to
yellow marrow and progresses to the axial skeleton, and this entire process may be
completed by the age of 25 years!'‘.

BM is a potent source of stem and progenitor cells, and this characteristic has
gained attention for cell-based therapies in orthopedics!'"*!. Given the diversity in
stem cell lineages and phenotypes in the marrow, BM represents a functional organ in
which distinct types of cells function cooperatively. Specifically, HSCs play a critical
role in the formation of the hematopoietic microenvironment, whereas MSCs support
hematopoiesis and both MSCs and/or skeletal stem cells are responsible for the
development and maintenance of skeletal tissues!'**"l.

Cellular content

MSCs are non-hematopoietic stromal cells that are composed of a small fraction
(0.001%-0.01%) of the stem cell content in BMI"*l. MSCs are found in other tissues,
such as adipose tissue, placenta, and umbilical cord, and although they differ in their
differentiation potential, they possess common features associated with those from
the BM, which might imply that MSC-like populations share a similar ontogeny!”'¢l.

MSCs exhibit the potential ability to differentiate into mesodermal linage cells (e.g.,
cartilage, bone, fat, muscle, meniscus and tendon)"”}, which is fundamental for the
regeneration process. Moreover, these cells have paracrine effects, thus are able to
alter their local microenvironment™’.

Given the varying MSC markers that laboratories may use to characterize these
cells, there is a lack in standard phenotypic criteria. This heterogeneity is also due to
the fact that MSCs are able to express a range of cell-lineage specific antigens that may
differ depending on the culture preparation, culture duration, or plating density™ 1.
However, the Mesenchymal and Tissue Stem Cell Committee of the International
Society for Cellular Therapy have proposed minimal criteria to characterize MSCs,
which comprise the following attributes: Must be plastic-adherent when maintained
in culture; must be able to differentiate in vitro into chondroblasts, adipocytes and
osteoblasts; and must express CD105, CD73 and CD90, and lack expression of CD45,
CD11b, CD34 or CD14, CD79a or CD19 and HLA-DR surface molecules™.

MSCs lack significant immunogenicity and can be easily isolated, which allows
allogenic transplantation. In allogenic circumstances these cells should be considered
immune evasive. However, the effects of MSCs in cellular-based therapies depends on
the ability of these cells to home and engraft (long-term) into the target tissue®. One
theory suggests that MSCs have a rather short life span and are phagocytized by
monocytes and subsequently stimulate the production of T-reg cells which may very
well contribute to the overall clinical improvementl.

Cells from injured tissue release chemokines responsible for MSC recruitment.
Once in the target tissue, MSCs are able to modulate wound-healing responses by
reducing apoptosis and fibrosis, attenuate the inflammatory process and stimulate cell
proliferation and differentiation via paracrine and autocrine pathways*l. These
properties are attributed to the ability of MSCs to release key agents, such as
vasculoendothelial growth factor, transforming growth factor beta (TGF-), stromal-
derived factor 1, and stem cell factor, among others. Also, they induce a
downregulation of pro-inflammatory cytokines, including interleukin 1 (IL-1), IL-6,
interferon-y, and tumor necrosis factor al'®**l. MSCs also possess immunomo-
dulatory properties as they are able to inhibit the activation of type 1 macrophages,
natural killer cells, and both B and T lymphocytes.

HSCs also known for expressing CD34+, are located at the top of the hematopoietic
hierarchy. They are responsible for the daily supply of more than 100 billion mature
blood cells, including erythrocytes, leukocytes, and platelets”’. This process, called
hematopoiesis, is of extreme importance in the maintenance and regulation of the
immune system, especially for the cells from myeloid lineage, such as granulocytes,
monocytes and dendritic cells, due to their short half-lifel” .

Past studies have reported that the hematopoietic and stromal environments are
related and overlapped. For example, Simons et al*”! observed generations of
fibroblasts colony-forming unit (CFU-F) from CD34+ human BM cells. Also, it has
been reported that the number of osteoblast progenitor cells is higher in sorted CD34+
cells (1/5000 approximately) than in CD34 - populations (1/33000), and when these
sorted cells were cultured in a long-term marrow system, the generation of a
heterogeneous population that included smooth muscle cells, adipocytes, fibroblast
and macrophages was observedl. This possible relation was then supported by
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Mehrotra et al who reported that HSC give rise to osteocytes and chondrocytes in an
experimental study.

Immune cells - Leukocytes have a common origin from the hematopoietic stem cell
and develop along distinct differentiation pathways in response to external and
internal stimuli. In order to promote regeneration, leukocytes circulate through the
blood and lymphatic system and are recruited to specific regions of the body when
damage occurs™.

The mononuclear phagocyte system represents a subset of leukocytes that was
originally described as BM-derived myeloid cells’?. Monocytes are immune effector
cells that, although they circulate in the blood, BM and spleen, they do not proliferate
in a steady statel*”’l. They are equipped with chemokine receptors that mediate
migration from blood to the injured sites and produce inflammatory cytokines.
During inflammation, the monocytes differentiate into dendritic cells (DC) or
macrophages, and this process is likely determined by the inflammatory environment
and pathogen-associated pattern-recognition receptorst™!.

Macrophages are phagocytic cells that reside in lymphoid and nonlymphoid
tissues™. Given the broad range of pathogen-recognition receptors that macrophages
possess, they are known as an efficient tool at maintaining tissue homeostasis as they
provide clearance of apoptotic cells and remodeling of the extracellular matrix?**’l.
Macrophages play a key role in recruiting and inducing the proliferation of
osteoblasts, stem and progenitor cells as they secrete bone morphogenetic proteins,
IL-1B, TGF-B, platelet derived growth factor and insulin-like growth factors, in areas
of infection or injury in different tissues in the body!*l. Extrinsic stimuli that induce an
inflammatory process, such as infection or injury, promote changes in gene
transcription that classify macrophages as type 1 (M-1) and type 2 (M-2). The M-2
type offers a healing function, while M-1 promotes the host defense. After injury, M2
can switch into M1, and this change is modulated by the cytokines such as interferon-
y, and M2 type by IL-40

Neutrophils belong to a polymorphonuclear family and are known for being the
main cell type response to bacterial infections. It was reported that neutrophils are
highly plastic cells influenced by environmental cues that result in a site-specific
neutrophil transcriptome as they migrate from BM to sites of inflammation!*l. As a
granulocyte, which includes eosinophils and basophils, neutrophils are able to secrete
a variety of cytokines, such as TGF-f3, vasculoendothelial growth factor and platelet
derived growth factor, playing an important role in angiogenesis and
vasculogenesisl*l. Neutrophils undergo spontaneous apoptosis to regulate the
resolution of inflammation!*l.

BM-DERIVED PRODUCTS
BMA

The main goal in treating orthopedic injuries, especially joint disease, is cartilage
regeneration. One approach to achieve this outcome is by using BM-derived MSC
(BM-MSC), which has been supported in the literaturet**l. However, its clinical utility
is limited by complexity, such as the need for a specialized laboratory and procedural
cost. In this sense, the use of BMA has emerged as a novel regenerative tool for
degenerative joint diseases as a non-fractioned product that retains potentially
supportive chondrogenic componentst“‘l.

Even though different harvest sources for BM have been described in the literature
the main harvest site (either for BMA or BMAC use) is the posterior iliac crest, which
allows a considerable amount of BM and about 1.6-fold more osteoblastic connective
tissue progenitor cells than other sites"l. However, evidence suggests the quality of
the product is technique-dependent!l.

There are a few studies that have used this approach in the literature; however,
most of them are related to nonunion fractures. The first to describe the use of
unprocessed marrow was Lindholm and Uristl"™ that reported the replacement of
bone matrix by new bone in composite grafts in vivo (non-human study). Almost a
decade later, Connolly et all! observed callus formation sufficient to unite tibial
nonunions in humans after injection of autologous BMA.

In 2013, Hauser and Orlofsky published a case series describing their experience
with BMA in combination with hyperosmotic dextrose, also known as prolotherapy,
in the treatment of knee, hip, and ankle osteoarthritis. After two to seven treatments
over twelve months, all patients reported improvement in pain, joint function, and
quality of life. Also, three out of seven patients had achieved complete symptomatic
relief!*,

Butala et al® reported the efficacy of BMA in bone union as they injected
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unprocessed BM at fracture sites in 10 patients with tibia, humerus, femur, and
forearm delayed union fractures. After 12 wk, nine of these patients had signs of
union, such as decreased tenderness at fracture site, pain-free joint mobilization and
ability to ambulate without assistancel™.

A study performed in 2017 by Lalt”, evaluated the use of percutaneous autologous
BM injections in 56 patients with delayed and 37 patients with nonunion of long bone.
Twelve weeks after the injections, it was observed that all fractures were united, and
the minimum period for union was 8-weeks. Although a significant correlation (P =
0.081) was not present, it was reported that the time to observe bone union after the
injection of autologous BM was longer in patients who were smokers. Women,
however, were observed to have a reduced time for bone union than the male patients
(P =0.041)".

Although the number of studies with BMA are limited and of lower quality, they
show a promising efficacy and safety profile with regards to adverse events.

BMAC

In an attempt to increase the proportion of MSCs, the aspirate of BM may be
processed to produce BMAC, which has been widely investigated in orthopedics,
especially for nonunions, surgical augmentation, osteonecrosis, as well as osseous and
cartilage defects!'-"l.

Although the exact mechanism of action has not been fully elucidated, the effects of
BMAC may rely on the recovery of nucleated cells from BM, which possesses a
paracrine effect by delivering cytokines into the injured site in order to stimulate
endogenous tissue repairl™l. In vitro studies have shown that the platelets present in
BMAC release growth factors that induce stem cells migration to the injured area.
Moreover, a concentrated number of HSCs may provide vascular support and drive
MSC into osteogenic differentiation pathways”’.

Current clinical studies have reported the efficacy and safety of BMAC for the
treatment of small lesions. Centeno et all’! studied the effects of BMAC on 115
shoulders of 102 patients who had rotated cuff injuries and shoulder osteoarthritis. In
the aforementioned study, a 52.6% improvement in joint function and disability and
44.2% decrease in pain was reported with both outcomes reaching statistical
significance (P = 0.001). The mean improvement reported by the patients was 48.8%.
The reduction of disability and pain was observed from the first month after
treatment and was maintained for up to 2 years after the treatment, based on this time
being the terminal point of data collection. No side effects or adverse events were
reported with BMAC in these 2 years of study!.

BMAC has also been studied with various surgical scaffolds. Gobbi et all*]
evaluated 15 patients with grade IV cartilage lesions who underwent injections of
BMAC on a collagen matrix. Two years after the injections improvements in pain,
joint functionality and quality of life were identified. Biopsy of these lesions showed
hyaline-like tissue at repeat arthroscopy 2- years later"”"l. Enea et al"”! evaluated
patients who underwent microfracture covered with a resorbable composite of
natural hyaluronan matrix and synthetic polyglycolic acid with BMAC. It was
observed that, 12 mo after the injection, the lesions were macroscopically normal,
presenting production of hyaline-like tissue. The defect filling was confirmed by
magnetic resonance imaging!™’l.

The use of BMAC has also been studied in combination with other regenerative
medicine approaches. Sampson et all"! evaluated the injection of BMAC followed by
PRP in 125 patients who presented moderate/severe ankle, knee, spine and/or
shoulder osteoarthritis, eight weeks after the injection, The authors observed a median
of 5 points in pain relief, based on a visual analogic scale (VAS), and the patients
reported 9.0/10 satisfaction with the treatment. Kim et all®"! studied the association of
BMAC with adipose tissue (fat graft) in 75 osteoarthritic knees (41 patients). Twelve
months after the injections, a decrease in pain, improved joint function, and an
increase in quality of life was reported. The authors also suggest that BMAC would
present a more effective result in early to moderate phases of osteoarthritis.

Some studies evaluated the optimal volume of BM needed to achieve clinical
response: The quality of the product decreases with higher volume of BM withdrawn,
and it was observed that small volume of marrow aspirated in a 10 mL syringe would
be an ideal volume to concentrate MSC and progenitor cells. Larger volume syringes
may cause blood dilution!>’l. The components of BM aspirated are concentrated
following centrifugation steps. Although there are some protocols of BMAC
preparation in the literature!®**’! there is no study regarding the optimal centrifuge
force and time to achieve an increased cellular concentration.
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Although BMAC presents a well-established cellular and molecular content, only
few studies evaluating its efficacy and safety have performed quantitative and
qualitative assessment!’l.

PROPOSAL OF A NEW CLASSIFICATION FOR BM-DERIVED
PRODUCTS: THE ACH CLASSIFICATION

The lack of standardization of the BM-derived products for regenerative medicine has
emerged, thus the need to classify the processing methods according to quality and
procedural details has been established!'!l. Classification of such factors would allow
for procedural standardization and interpretation of both clinical results and research
findings.

The ACH (aspirate, concentrate, hybrid) classification system comprises the two
main techniques involving bone marrow-derived products: BMA, which represents
the letter A (for aspirate), BMAC, which represents the letter C (for concentrated), and
the letter H (for hybrid) is used when BMA is combined with BMAC.

The ACH classification is focused on whether the cellular and molecular content
present in the product was evaluated and described increasing the complexity of
description/characterization. For each classification (A, C and H) sub grouping would
occur as follows: (1) Product would only be collected and injected with no additional
analysis; (2) Description of harvesting - BM site of harvesting (posterior/anterior iliac
crest, axial skeleton), type of needle, multiple insertions, single insertion, type of
syringe, type of anticoagulant, volume harvested; (3) The cellular content would be
assessed by a cell count machine, which would enable to quantify mono- and
polymorphonuclear cells, giving the number of total nucleated cells; (4) Dosage of
molecular content, such as interleukins and/or growth factors is made by multiplex
platform or ELISA technique; (5) Indirect quantification of MSC number measured
through CFU in culture; (6) Phenotyping of MSC and HSC for characterization
through flow cytometry - it is wise to use a full panel for the clusters of differen-
tiation, especially of the MSC since there are a lot of markers for positive and negative
evaluation; (7) For the complete characterization of MSC the differentiation in three
cell types in culture is necessary, including the induction of chondrocytes, adipocytes
and osteocytes; and (8) To finalize, the most complex level of evaluation of MSC is the
evaluation of its function, which includes assays like wound healing (proliferation
and migration), lymphocytes proliferation (immunossupressor potential), and
population doubling time. The representation of the ACH classification is shown in
Table 1.

The idea of this classification is that for each type of BM used (BMA, BMAC or
hybrid) the increase of the number indicates an improvement in the characterization
and complexity of the evaluation of this biological product. When a study or
procedure with BMAC reports that only BM was collected and injected, it would be
classified as C1, according to the ACH classification. On the other hand, if the BMAC
presents the description of harvesting procedure (site, syringe, volume, and
anticoagulant use) it will be classified as C1-2. If the total nuclear cells were counted
by a cell counter, which would include leukocytes, MSC and HSC, using the
description of technique for harvesting it would be classified as C1-3. In this BMAC if
the harvesting technique was described, cell count was made and evaluation of
molecular content, it will be classified as C1-4. If the HSC and/or MSC are quantified
and characterized by flow cytometry in the same BMAC, has the description of
harvesting, dosage of cytokines and CFU it would be classified as C1-6 product. The
last level of description is the C1-8 which encompass the description of harvesting,
cell count, evaluation of cytokines and growth factors, MSC and HSC phenotyping,
CFU, evaluation of differentiation and functional assays, being classified as C1-8.

In the case where this is not a progression of steps in numeric order the omitted
step number would not be used. For example, if a procedure with BMA harvesting
had a description, cell count, and CFU, without the quantification of the molecular
content, this study will be classified as A1-3;5, as demonstrated in Table 2.

For a general view of ACH, we described a schematic illustration of the ACH
classification exemplified by Figure 1.

CONCLUSION

Although studies using both BMA and BMAC for the treatment of various
musculoskeletal disorders have shown promising clinical results, inconsistent
preparation methods with deficient reporting has led to questionable outcomes with
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Table 1 ACH classification

Letter Relates to Classification

A BMA 1 - Collection and injection
2 - Description of harvesting
3 - Cell count

4 - Dosage of cytokines (GF
and/or IL)

5- CFU
6 - MSC and HSC phenotyping
7- Differentiation evaluation
8 - Functional assays
C BMAC 1 - Collection and injection
2 - Description of harvesting
3 - Cell count

4 - Dosage of cytokines (GF
and/or IL)

5-CFU
6 - HSC and/or MSC
phenotyping
7 - Differentiation evaluation
8 - Functional Assays

H BMA + BMAC used together 1 - Collection and injection
2 - Description of harvesting
3 - Cell count

4 - Dosage of cytokines (GF
and/or IL)

5-CFU

6 - HSC and/or MSC
phenotyping
7 - Differentiation evaluation

8 - Functional assays

BMA: Bone marrow aspirate; BMAC: Bone marrow aspirate concentrate; CFU: colony-forming unit; MSC:
Mesenchymal stem cell; HSC: Hematopoietic stem cells.

respect to generalization and reproducibility. In order to optimize the efficacy and
safety of BM-derived products, and to allow validation and standardization of such
products, studies should report stepwise descriptions of the preparation protocol and
additional information to further classify the product used. The ACH classification
focuses on describing parameters that are relevant for the quality of biological
products, such as the collection technique, cell count and its nature (whether stromal
or hematopoietic), and molecular content dose. The ACH classification would
contribute to a greater understanding of both clinical procedures and research
outcomes and, over time, lead to a standardization of best practice. Together, we
believe that the ACH Classification proposal is an easily recalled and useful method
for the classification of BM-derived products in order to provide a comparative
between product composition and clinical outcomes.

It should also be emphasized that this classification is pertaining only to BMA
products. There are other aspects of bone marrow preparation such as
photobiomodulation of the aspirate or the concentrate that have not been discussed.
Unfortunately, there is not much literature supporting this concept. Thus, this is
mentioned as a matter of anecdotal interest.

Baishidenge WISC | https://www.wjgnet.com 247 April 26,2020 | Volume12 | Issue4 |



Purita J et al. Bone marrow-derived products: A classification proposal

Table 2 Example of ACH classification

1 2 3 4 5 6 7 8 Example
X X X X X X 1-3;5-7
X X X X 1;3-6
X X X 2-4;7-8
X X X 1-3; 8

C

Concentrate

Figure 1 Schematic example of ACH classification proposal.
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