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High Variability of Mesenchymal Stem Cells
Obtained via Bone Marrow Aspirate
Concentrate Compared With Traditional
Bone Marrow Aspiration Technique

Ava Brozovich,*™* MPH, Brent J. Sinicrope,® MD, Guillermo Bauza,X PhD,
Federica Banche Niclot,{, David Lintner,* MD, Francesca Taraballi,™ PhD,
and Patrick C. McCulloch,** MD

Investigation performed at Houston Methodist Hospital, Houston, Texas, USA

Background: Bone marrow aspirate (BMA) is a common source for harvesting mesenchymal stem cells (MSCs), other progenitor
cells, and associated cytokines and growth factors to be used in the biologic treatment of various orthopaedic pathologies. The
aspirate is commonly centrifuged into a concentrated volume that can be immediately administered to a patient using commer-
cially available kits. However, the handling and efficacy of BMA concentrate (BMAC) are still controversial.

Purpose: To characterize BMA versus BMAC for MSC quantity, potency, and cytokine profile.
Study Design: Controlled laboratory study.

Methods: From 8 participants (age, 17-68 years), 30 mL of bone marrow was aspirated by a single surgeon from either the
proximal humerus or distal femur and was separated into 2 equal samples. One sample was kept as BMA, and the other half was
centrifuged into BMAC. The 2 samples then underwent flow cytometry for detection of MSCs, cell analysis for colony-forming units
(CFUs), and cytokine profiling. A 2-tailed t test was used to detect differences between MSCs, CFUs, and cytokine density
concentrations between BMA and BMAC.

Results: The average concentration of MSCs in both BMA and BMAC was 0.001%. Average MSC events detected by flow
cytometry were significantly higher in BMA versus BMAC (15.1 and 8.1, respectively; P < .045). Expanded MSCs demonstrated
similar phenotypes, but CFUs were significantly increased in BMA compared with BMAC (104 vs 68 CFUs, respectively; P < .001).
Total protein concentration and cytokine profiling demonstrated great variability between BMA and BMAC and between patients.
Most importantly, BMAC failed to concentrate MSCs in 6 of 8 samples.

Conclusion: There is great variability in MSC concentration, total protein concentration, and cytokine profile between BMA and
BMAC.

Clinical Relevance: When studying the clinical efficacy of BMAC, one must also evaluate the sample itself to determine the
presence, concentration, and potency of MSCs if this is to be considered a cell-based therapy. Further standard operating pro-
cedures need to be investigated to ensure reproducible results and appropriate treatments.
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Recently, mesenchymal stem cells (MSCs) have been
investigated as a primary treatment for, as well as augmen-
tation to, numerous orthopaedic procedures. MSCs have
the ability to differentiate into multiple musculoskeletal
cell types, release cytokines and growth factors, and miti-
gate the immune response.® As such, stem cell therapy is
gaining popularity for difficult to treat orthopaedic
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pathologies such as osteoarthritis, muscle and tendon inju-
ries, and cartilage restoration.*

One commonly described method of obtaining MSCs is
from bone marrow aspiration.® Bone marrow aspirate
(BMA) not only contains MSCs but also includes platelets,
red and white blood cells, and hematopoietic and nonhema-
topoietic precursors.® It is believed that by centrifuging the
aspirate, differences in density gradients allow for a con-
centration of MSCs in an appropriate injectable volume
that can be immediately administered to a patient.® Other
bioactive cells including lymphocytes, neutrophils, mono-
cytes, and platelets, along with growth factors including
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platelet-derived growth factor (PDGF), transforming
growth factor-beta (TGF-b), and bone morphogenic pro-
teins, are also concentrated during this process.® This pro-
cess has been termed “bone marrow aspirate concentrate”
(BMAC), and many companies have developed BMAC
kits that meet U.S. Food and Drug Administration
regulations.>*"%2

Despite the interest in use of orthopaedic procedures, the
use of either BMA or BMAC remains poorly understood, as
do the harvesting and processing techniques used to obtain
them. Previous studies have suggested that MSCs only rep-
resent about 0.001% to 0.01% of the cells in bone marrow
concentrate,?” making it unknown if processes such as
BMAC provide enough viable MSCs to have clinical effec-
tiveness. Moreover, often the use of BMA or BMAC in
orthopaedic procedures has been improperly defined or
advertised as stem cell therapy to render it more
appealing_12,13,18,19,25,28,31

The purpose of this study was to compare the concentra-
tion of MSCs, their potency, and the cytokine profile of
BMA versus BMAC in a group of patients undergoing sur-
gery. We hypothesized that MSCs obtained from BMA will
have superior or equivalent quality and quantity compared
with BMAC.

METHODS

This study took place from June 2017 through January
2018. A total of 8 consecutive patients between 17 and
68 years of age consented to participate in the study. All
participants were under the care of a single surgeon (P.M.).
Patients were included if they underwent surgery for ante-
rior cruciate ligament (ACL) tear or rotator cuff surgery
during the study period. Exclusion criteria were history of
diabetes, blood disorders, hematological malignancy, use of
immunosuppressive medications, or medications with bone
marrow—suppressive effects. The study protocol received
institutional review board approval, and all participants
provided informed consent or informed assent for minors.

Bone Marrow Aspiration and Concentration

Using sterile techniques during the anticipated procedure,
30 mL of bone marrow was aspirated from either the
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proximal humerus (n ... 6) or distal femur (n ... 2) using the
manufacturer’s described technique (BioCUE MINI Plate-
let Concentration Kit; Biomet Biologics). The aspiration
trocar utilized was fenestrated, seated to the first laser line.
The location used was based on convenience of the planned
procedure. The bone marrow was aspirated from the
greater tuberosity for cuff surgery, specifically at the site
of anticipated anchor placement.?* For ACL surgery, the
BMA was aspirated from roof of the notch.®?° The aspirate
was collected into a 30-mL syringe containing 4 mL of anti-
coagulant citrate dextrose—solution A (ACD-A) to prevent
coagulation. The needle was advanced 1 cm and rotated 90

after each 7 mL was aspirated. Half of the volume was
retained as the BMA sample for the study to be used as
an internal control. The remainder was centrifuged at
3200 rpm for 15 minutes using the BioCUE MINI Platelet
Concentration Kit, to be used as BMAC. A total of 3.5 mL of
each BMA and BMAC was washed with phosphate-
buffered saline and resuspended in alpha modified Eagle’s
medium with 16% fetal bovine serum and seeded in a T25
flask. The media was changed every other day until pas-
sage 10. Eight patient samples were cultured; each sample
had a BMA and BMAC sample.

Flow Cytometry

We analyzed 100 mL of BMA and BMAC with flow cytome-
try for MSCs markers, as defined by the International Soci-
ety for Cellular Therapy.®” This included positive (cluster
differentiation [CD] 90, CD73, and CD105) and negative
(human leukocyte antigen—DR isotype [HLA-DR], CD45,
CD11b, CD19, and CD34) cocktail markers. Conjugated
primary monoclonal antibodies and isotype controls were
used as recommended by the manufacturer (BD Biosci-
ences). Cells were analyzed on a FACS Fortessa flow
cytometer (BD Biosciences) and analyzed using FCS
Express (Denovo Software).

Cell Analysis

An equal number of cells from BMA and BMAC were used
for colony-forming unit (CFU) assays. Four different seed-
ing densities were chosen: 50, 100, 200, and 500 cells/cm?.
Various seeding densities were used to determine if CFUs
were affected by initial plating density.>® Samples of BMA
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TABLE 1
Patient Characteristics®
Patient Surgery Date, Month/Day/Year Location of Aspiration Age, y Sex Race BMI, kg/m?
1 6/14/2017 Distal femur 17 Female White 20.7
2 6/14/2017 Distal femur 41 Male White 30.9
3 6/28/2017 Proximal humerus 52 Male White 29.9
4 6/28/2017 Proximal humerus 55 Male White 33.3
5 7/5/2017 Proximal humerus 48 Male Declined to answer 25.8
6 7/5/2017 Proximal humerus 68 Male White 31.7
7 9/20/2017 Proximal humerus 63 Female White 21.6
8 1/31/2018 Proximal humerus 66 Male White 21.8
Mean - SD — — 51.3-16.6 — 27.0-51

2BMI, body mass index.

and BMAC were cultured in triplicate using sterile media
and standard laboratory techniques. After 2 weeks, CFUs
were circled with a 1.8 cm—diameter self-inking marker. A
colony was counted if it was 1 mm in diameter.?>%® Dou-
bling time was calculated for cells derived from BMA and
BMAC until passage 10.

Protein Profiling

To test any paracrine or downstream growth factor upre-
gulation, protein quantification of the BMA and BMAC was
investigated on all the samples using Bio-Rad protein assay
(Bio-Rad Laboratories). After quantification, equal
amounts of BMA and BMAC were loaded onto the Proteome
Profiler Human XL Cytokine Array (R&D Systems) to ana-
lyze the presence of 102 different cytokines.

Statistical Analyses

Statistical analysis was performed utilizing a 2-tailed t test
to detect differences between MSCs, CFUs, and cytokine
density concentrations between BMA and BMAC. An alpha
of 0.05 was set as statistically significant. SPSS Statistics
(version 21; IBM Corp) was used for statistical processing.

RESULTS

The average age of patients was 51.25 — 16.6 years (range, 17-
68 years), with an average BMI of 26.96 — 5.1 kg/m? (range,
20.7-33.3 kg/m?) (Table 1). There were 6 male and 2 female
patients. Per the exclusion criteria, none of the included
patients had a history of diabetes, blood disorders, or hema-
tological malignancy, and none used immunosuppressive
drugs or drugs with bone marrow-suppressive effects.

Flow cytometry demonstrated the heterogeneity of the
analyzed samples. In Figure 1, there is representative scat-
terplot that highlights the difference in cell populations
between BMA and BMAC samples. The quantification of
MSCs as detected by flow cytometry for the first 1 million
events in each 100-mL sample was significantly higher in
BMA versus BMAC samples (Figure 2). The overall concen-
tration of MSCs in BMAC was 0.001%. There was a statis-
tically higher number of stem cells isolated in the
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Figure 1. Representative side scatterplot of bone marrow
aspirate (BMA) versus BMA concentrate (BMAC) samples.
Red, highest cell density; blue, smallest cell density. Flow
cytometry was used to identify the different cell populations
among BMA versus BMAC samples. Patient 5 is displayed in
the top row, and patient 6 is displayed in the bottom row. For
patient 5, there are 2 distinct populations in the BMA sample,
while 3 populations of cells are apparent in the BMAC. Con-
versely, for patient 6, there are 3 distinct populations in the
BMA sample and a more heterogenous distribution in the
BMAC sample. FSC-A, forward scatter; SSC-A, side scatter.

aspiration compared with the concentrate (15.1 vs 8.1,
respectively; P .. .045). We were unable to concentrate
MSCs utilizing the BMAC methodology in 6 of 8 samples,
and in samples 4 and 5 we were unable to detect any MSC
events in the concentrate.

Despite the difference in concentration, when MSCs
were grown and expanded, the phenotypes were similar
between BMA and BMAC with the typical spindle-like
shape (Figure 3). Doubling times were similar until passage
4, after which they diverged (Figure 4B). However, there
was no statistical significance between doubling time in BMA
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A

MSCs detected per 1 million events

Patient BMA BMAC
1 25 26 (1.04 )
2 12 14 (1.17 )
3 21 12 (0.57 )
4 2 0
5 3 0
6 10 1(01)
7 15 1(0.07 )
8 33 11(0.33 )
Mean 151 8.1 (0.54x)
P=.046
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Figure 2. (A) Table and (B) bar graph depicting the number of mesenchymal stem cells (MSCs) detected by flow cytometry. The
overall concentration of MSCs in bone marrow aspirate concentrate (BMAC) was 0.001%. There was a statistically higher number
of stem cells isolated in the aspiration compared with the concentrate (15.1 vs 8.1, respectively; P ... .045). (B) Quantification of
MSCs as detected by flow cytometry for the first 1 million events was significantly higher in bone marrow aspirate (BMA) versus

BMAC samples.

BMA

BMAC

Figure 3. Morphology of mesenchymal stem cells (MSCs) using an inverted microscope. Phenotypes of expanded MSCs are
similar between bone marrow aspirate (BMA) and BMA concentrate (BMAC). Both BMA and BMAC yielded MSCs in the typical

spindle-like shape (arrows). Scale bar ... 10 mM.

and BMAC when the graphs did diverge (P ... .1274). MSCs
cultured with initial seeding densities of 100 and 500 cells/
cm? demonstrated significantly more colony-forming units
(CFUs) after 2 weeks in BMA as compared with BMAC
(P < .05) (Figure 4A).

The total protein concentration for each sample is quan-
tified in Figure 5A. There is no correlation or clear pattern

of protein content between BMA and BMAC or between
patients. Half of the patients demonstrated a higher pro-
tein concentration in BMAC compared with BMA (patients
2, 4, 6, and 8). We used the Proteome Profiler Human XL
Cytokine Array to characterize the protein profile of
patients 7 and 8 as a proof of concept (Figure 5B). For
patient 7, we found that the protein content in BMAC was
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Figure 4. (A) Phenotype of bone marrow aspirate (BMA) versus BMA concentrate (BMAC) mesenchymal stem cells (MSCs) and
number of colonies with different initial plating number, MSCs cultured with initial seeding densities of 100 and 500 cells/cm?
demonstrated significantly more colony-forming units after 2 weeks in BMA as compared with BMAC (*P < .05, **P < .001).
Scale bar ... 10 mM. (B) Mean doubling time of BMAC versus BMA from passages 1 to 10. Doubling times were similar until passage

4, after which they diverged (P ... .1274).

206.05 mg/mL versus 118.0 mg/mL in BMA. Despite this
difference, and the considerable amount of protein present,
only 5 of 102 screened cytokines were identified using the
Proteome Profiler Human XL Cytokine Array: adiponectin,
aggrecan, angiogenin, vitamin D binding protein, and
tumor necrosis factor—alpha (TNF-a) (Figure 6A). Each
cytokine demonstrated a significantly different concentra-
tion between BMA and BMAC. Furthermore, the presence
of TNF-a, an inflammatory cytokine, was 50 times higher in
BMAC than BMA.

Patient 8 demonstrated a very different profile. Twenty-
three cytokines were identified in both BMA and BMAC
(Figure 6B). While adiponectin was significantly higher in
concentration in the BMAC of patient 7, it was significantly
higher in the BMA of patient 8. Similarly, angiogenin was
also significantly higher in the BMAC of patient 7, but
higher in the BMA of patient 8. Other regenerative mole-
cules, such as PF4, PFGF-AA, and osteopontin, were signif-
icantly higher in concentration in BMA in comparison with
BMAC of patient 8.

DISCUSSION

In this study, we found that there is great variability in
MSC concentration, total protein concentration, and

cytokine profile between BMA and BMAC techniques.
Average MSC events detected by flow cytometry were sig-
nificantly higher in BMA versus BMAC (15.1 vs 8.1,
P < .045), and CFUs were significantly increased in BMA
compared with BMAC (104 vs 68, respectively; P < .001).
Additionally, total protein concentration and cytokine pro-
filing demonstrated great variability not only between
BMA and BMAC but also between patients. We found there
was no correlation or clear pattern of protein content
between BMA and BMAC or between patients.

It is well known that human BMA contains MSCs. How-
ever, the number of MSCs is very low per unit volume;
MSCs make up only around 0.01% to 0.02% of the total cell
volume.>** Because of the small number of MSCs per unit
volume of aspiration, BMAC has been considered as a
method to increase the concentration of MSCs in a short
time, directly in the operating room.?8-32 BMAC involves
using a density gradient centrifuge in order to concentrate
MSCs, and many kits are available.*®2® However, there are
conflicting findings regarding the superiority of BMAC over
traditional BMA. Some studies®**3° have found that
BMAC is an effective way to concentrate MSCS. Other
studies, similar to ours, have found that BMAC does not
result in a higher number of MSCs.292%31 |n addition, our
study, although limited with its small sample number,
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Figure 5. (A) Total protein concentration of bone marrow aspirate (BMA) versus BMA concentrate (BMAC) by patient. To test any
paracrine or downstream growth factor upregulation, protein quantification of the BMA and BMAC was investigated in all the
samples using the Bio-Rad protein assay. Patients 2, 4, 6, and 8 demonstrated higher protein concentration in BMAC compared
with BMA. No correlation or clear pattern of protein content between BMA and BMAC or between patients was found. (B) Proteome
Profiler Human XL Cytokine Array for patients 7 (left) and 8 (right). Equal amounts of BMA and BMAC were loaded onto the
Proteome Profiler Human XL Cytokine Array to analyze the presence of 102 different cytokines.

found that the number of colonies was significantly higher
in BMA samples when 100 or 500 cells were plated, sug-
gesting that BMA MSCs have higher viability and are
healthier to divide in cell culture. This may be due to the
centrifugation process in BMAC having detrimental effects
on MSCs in the aspirate. Although the doubling time for
BMAC is initially higher, there is not a significant differ-
ence between BMA and BMAC MSCs.

In addition, the site of extraction of MSCs may influence
the quality of MSCs. We extracted 75% of the MSCs from
the proximal humerus, while 25% were extracted from the
distal femur. It is possible that had the aspiration occurred
at the iliac crest, the differences found between BMA and
BMAC would have been less evident. Moreover, the site of

extraction may influence the relative quantity of hemato-
poietic stem cells, which could have an impact on the quan-
tity of MSCs extracted.

In order to evaluate the efficacy of BMAC as a viable
option to concentration MSCs, it must be determined if they
have any efficacy clinically. There have been a few stud-
ies®12 that have suggested improved outcomes with
BMAC injections for various orthopaedic pathologies. In
2014, Gobbi et al** demonstrated improvement in radio-
graphic and clinical outcome scores at 3 years of follow-up
in 25 patients with grade 4 chondral lesions treated with
single-stage BMAC covered by a collagen-based scaffold.
The best results were seen in patients younger than
45 years and those with smaller lesions, and thus it was
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Figure 6. Proteome Profiler Human XL Cytokine Array for bone marrow aspirate (BMA) versus BMA concentrate (BMAC) in 2
patients. (A) Patient 7 had higher concentrations of protein in BMAC versus BMA, but only 5 of 102 screened cytokines were
identified using the Proteome Profiler Human XL Cytokine Array: adiponectin, aggrecan, angiogenin, vitamin D BP, and tumor
necrosis factor—alpha (TNF-a). In addition, each cytokine demonstrated a significantly different concentration between BMA and
BMAC (*P < .05). (B) In patient 8, a very different cytokine profile was identified compared with patient 7. In this patient, significantly
higher concentrations of regenerative molecules such as platelet factor 4 (PF4), platelet-derived growth factor-AA (PFGF-AA), and
osteopontin were found in BMA in comparison with cytokines identified in the BMAC sample. a.u., arbitrary unit; BP, binding
protein; MIF, macrophage migration inhibitory factor; MMP-9, matrix metallopeptidase-9; RBP4, retinol binding protein 4; SHBG,
sex hormone binding globulin; VCAM-1, vascular cell adhesion molecule-1.

concluded that BMAC is a safe and effective treatment
option with no significant complications.'? Gobbi et al also
later compared matrix-induced autologous chondrocyte
implantation (MACI) to BMAC in patellofemoral chondral
lesions with a minimum 3-year follow-up.'? They found
equivocal improvements in both groups in radiographic and
clinical outcome scores at the 2-year follow-up mark. They
noted more than 80% complete defect filling on magnetic
resonance imaging in those treated with BMAC, and those
who underwent second-look arthroscopy with concomitant
biopsy revealed hyaline-like cartilage on histology.*? How-
ever, these results are not easily extrapolated to other
patient populations with larger lesions and have not been
compared with the clinical use of BMA aspirations. More-
over, the combined use of a collagen-based scaffold also

introduced another variable, which can affect the final effi-
cacy of BMAC itself.

Other studies®**'%31 were unable to demonstrate
improved results with the use of BMAC. A systematic
review by Filardo et al® identified a number of preclinical
and clinical trials looking at MSCs for the treatment of
cartilage lesions. However, they concluded that further
studies including randomized controlled trials were needed
to support the potential of MSCs isolated from BMA or
BMAC in cartilage repair. Shapiro et al®! looked at 25
patients with bilateral knee osteoarthritis. Using the con-
tralateral knee as a control, patients were randomized to
receive BMAC injection in one knee and saline placebo in
the other. Although both knees saw improvements at
1 week, 3 months, and 6 months, there was no significant









