Hindawi

Journal of Tissue Engineering and Regenerative Medicine
Volume 2023, Article ID 8061890, 10 pages
https://doi.org/10.1155/2023/8061890

Research Article

WILEY | Q@) Hindawi

Human Bone Marrow versus Adipose-Derived Stem Cells:
Influence of Donor Characteristics on Expandability and
Implications for Osteogenic Ex Vivo BMP-2 Regional

Gene Therapy

Cory K. Mayfield
and Jay R. Lieberman

, Elizabeth Lechtholz-Zey

, Mina Ayad (9, Osamu Sugiyama (),

Keck School of Medicine of USC, Department of Orthopaedic Surgery, Los Angeles, USA

Correspondence should be addressed to Elizabeth Lechtholz-Zey; lechthol@usc.edu

Received 21 March 2023; Revised 1 August 2023; Accepted 4 August 2023; Published 14 August 2023

Academic Editor: Chelsea Bahney

Copyright © 2023 Cory K. Mayfield et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Novel treatment strategies for segmental bone loss in orthopaedic surgery remain under investigation. Regional gene therapy that
involves transduction of mesenchymal stem cells with a lentiviral vector that expresses BMP-2 has gained particular interest as this
strategy provides osteogenic and osteoinductive factors for bone growth. In particular, transduced adipose-derived stems cells
(ASCs) and bone marrow-derived stem cells (BMSCs) have emerged as the leading candidates for the treatment of segmental
defects in preclinical models. The aim of the present study was to evaluate the influence of demographic information on in vitro
growth characteristics and bone morphogenetic protein-2 production following lentiviral transduction in a large cohort of human
donors. We further sought to assess the effects of ASC harvest site on cell yield and growth characteristics. We evaluated a total of
187 human donors (124 adipose harvests and 63 bone marrow aspirates) in our cohort. We found that across all donors, ASCs
demonstrated favorable growth characteristics and could be cultured in vitro more reliably than BMSCs regardless of patient-
related factors. Furthermore, we noted that following lentiviral transduction, ASCs produced significantly higher levels of BMP-2
compared to BMSCs. Lastly, despite higher initial cell yields from lipoaspirate, posttransduction BMP-2 production was less than
that of infrapatellar fat pad samples. These results support the continued investigation of ASCs as a cellular delivery vehicle for
regional gene therapy to deliver osteoinductive proteins to specific anatomic bone repair sites.

1. Introduction

Significant bone loss is a common and complex challenge that
may occur in the setting of acute trauma, fracture non-union,
and revision joint replacement. To promote the bone healing
required to effectively address these clinical challenges, four
essential elements must be present: an appropriate osteoin-
ductive signal; stem cells that can respond to the osteoin-
ductive signal; an osteoconductive scaffold capable of
supporting the bone formation process; and sufficient blood
supply to deliver cytokines to the repair site [1]. The use of
autograft has long been the gold standard for treatment in
these cases; however, this technique is limited in supply and

by considerable donor site morbidity [2, 3]. The challenge
associated with the treatment of large bone defects is the lack
of responding cells within a stringent biological environment
that may have compromised vascularity and the requirement
of sustained release of osteoinductive proteins. Due to these
challenges, bone tissue engineering with mesenchymal stem
cells (MSCs) has emerged as an alternative approach to
addressing this clinical problem.

Although MSCs have shown promise in tissue engi-
neering applications, their use alone has proven insufficient
in the treatment of bone defects without augmentation
with osteoinductive growth factors or proteins [4, 5].
The concomitant use of gene therapy strategies with MSCs
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has emerged as a potential method to further augment bone
regeneration through sustained upregulation of osteoin-
ductive growth factors. For example, ex vivo regional de-
livery of bone morphogenetic protein-2 (BMP-2) using
a lentiviral vector results in sustained release of BMP-2 that
can promote a substantial bone healing response [6, 7].
Because there are a variety of MSCs that form the foundation
of bone tissue engineering, the choice of which type of MSC
to use is an important one [8, 9]. Bone marrow-derived stem
cells (BMSCs) have historically been the choice for re-
searchers [10]; however, the harvest of bone marrow is an
invasive procedure, often limited by low stem cell yields
contained within the aspirate. A particularly interesting
alternative to BMSCs is adipose-derived stem cells (ASCs)
due to the ease of their harvest, which can be acquired from
a variety of anatomical locations through minimally invasive
procedures, such as liposuction and knee arthroscopy [11].
Other potential advantages include high aspirate cell yields,
reliable in vitro proliferation, and sustained BMP-2 ex-
pression following ex vivo gene therapy transduction [12].

The uses of ASCs for bone tissue engineering, and
comparisons of their in vitro characteristics and osteogenic
potential relative to BMSCs, have been investigated in non-
human models and small human cohorts [12-14]. The
current literature is limited by the lack of data assessing the
clinical potential of both human adipose and bone marrow-
derived stem cells from a substantial patient cohort.
Therefore, the purpose of this study is to further characterize
the differences in the in vitro expansion potential and
lentiviral-transduced BMP-2 production of ASCs and
BMSCs from a large cohort of human patients. Furthermore,
we aimed to assess the impact of patient-related factors as
well as harvest location and technique on cellular expansion.
We hypothesized that the ASCs would exhibit superior
in vitro expansion characteristics and lentiviral-mediated
BMP-2 production, providing further evidence that they
may present the optimal source of mesenchymal stem cells
in bone tissue engineering applications for addressing
critical-sized bone defects.

2. Materials and Methods

2.1. Isolation of Human Bone Marrow Cells. Under IRB
approval (IRB # HS-17-00860), human bone marrow cells
were harvested from the femoral intramedullary canals of
patients who underwent total hip arthroplasty at our in-
stitution. We recorded patients’ sex, age, race, body mass
index, preoperative serum albumin, and hemoglobin Alc.
The bone marrow is typically cleared from the canals prior to
insertion of the femoral implant, and thus a strategy to
collect this material was utilized [1]. Bone marrow (BM) was
combined with PBS (Lonza, Basel, CH) and centrifuged at
400 g for 5 minutes. The mononuclear cells were then iso-
lated from the raw BM using Histopaque 1077 (Sigma-
Aldrich, St. Louis, MO), washed, and incubated with ACK
Lysing Buffer (Lonza, Basel, CH) for one minute to remove
the remaining red blood cells. The cell pellet was resus-
pended in Dulbecco’s modified eagle medium (DMEM;
Corning Mediatech, Manassas, VA) with 10% fetal bovine
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serum (FBS; VWR, Radnor, PA) and supplemented with an
antibiotic mix containing 100 unit/ml penicillin, 100 yg/mL
streptomycin, and 250 ng/mL amphotericin B (Lonza,
Basel, CH).

2.2. Isolation of Human Adipose-Derived Stem Cells.
Under IRB approval, we collected infrapatellar fat pads
from patients undergoing total knee arthroplasty (TKA)
and arthroscopic knee surgery (AKS) at our institution, as
well as lipoaspirate samples from abdominal or buttock
liposuction. Liposuction refers to the surgical procedure
utilized to harvest adipose tissue while lipoaspirate refers to
the collected material containing adipose-derived stem
cells [15]. The infrapatellar fat pads and lipoaspirate were
processed using a previously described protocol [1, 7]. In
brief, adipose samples from both fat pads and lipoaspirates
were mechanically digested into 3 mm pieces, which were
washed with PBS (Lonza, Basel, CH) and centrifuged at
400g for 5minutes. Samples were then enzymatically
digested with 0.1% collagenase (type 1; Sigma-Aldrich, St.
Louis, MO) for 90 minutes at 37°C. To neutralize the en-
zymatic activity, a 1:1 ratio of DMEM was added to each
sample. After subsequent centrifugation at 1200g for
10 minutes, the stromal vascular fraction (SVF) was
identified and strained through a 100 ym filter. The SVF
cells were resuspended in DMEM containing 10% FBS and
the antibiotic mix as above.

2.3. Cell Culture. Mononuclear cells isolated from BM and
the SVF isolated from adipose samples were counted with
a cytometer using trypan blue. The protocol for the isolation
of the cell population of interest has been previously
characterized by our lab [1, 13], so additional steps to
confirm the cell populations were not performed for this
study. BM mononuclear cells were plated at a density of 3-
4 %107 cells per 10 cm dish, and the SVF containing adipose-
derived stem cells (ASCs) were plated at a density of 2-
3x10° cells/dish.

The plated cells were maintained in a humidified envi-
ronment at 37°C in 5% CO, throughout culture expansion.
Cell media were changed every 3days to remove non-
adherent cells and other contaminants. BMSCs were cul-
tured for two weeks before they were designated at passage 1,
while ASCs reached passage 1 after 1 week in culture. At each
passage, confluent cells were trypsinized (Thermo Fisher,
Waltham, MA), counted, and replated at their respective
densities.

2.4. Transduction with Lentivirus. Lentiviral transduction of
BMSCs and ASCs was performed using a two-step tran-
scriptional amplification (TSTA) system, as described in
a previous protocol [1, 13]. In brief, TSTA consists of the
GAL4-VP16 transactivator vector and the G5 transgene
expression vector encoding the BMP-2 ¢cDNA. Lentiviral
stock was generated by transfecting 293T cells (American
Type Culture Collection, Manassas, VA) as previously
described [13].
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After verification of lentiviral vector titers using a pre-
viously described protocol [1], BMSCs and ASCs were
transduced after they reached either passage 3 or passage 5,
only. Cells were plated at a density of 1 x 10° cells/10 cm dish
the day prior to transduction. Using the LV-RhMLV-GAL4-
VP16 promoter and LV-G5-BMP c¢DNA each at a multi-
plicity of infection (MOI) of 3, cells were transduced in the
presence of 8 ug/mL Polybrene. After 16 hours in culture in
the presence of transduction media, plates were washed with
PBS and allowed to culture in DMEM + 10% FBS for an
additional 24 hours before the final harvest to quantify
in vitro BMP-2 production.

2.5. Quantification of BMP-2 Production In Vitro. After
culture, the supernatant was collected from plates containing
ASC/lentiviral-two-step transcriptional amplification-bone
morphogenetic protein-2 (LV-TSTA-BMP-2) and BMSC/
LV-TSTA-BMP-2. This supernatant was used to quantify
BMP-2 production over a 24-hour period using ELISA
(Quantikine, R&D systems, Minneapolis, MN). Samples
were run in duplicate and reported as an average in
nanograms of BMP-2 per 1x10°cells per day. Based on
internal experiments, cell counts do not significantly change
after these 40 hours in culture, so the BMP-2 production
over the 24 hour period obtained via ELISA is consistently
based on the 1x 10° plated cells.

2.6. Population Doubling Time. Population doubling time
(PDT) was determined based on generation time (number of
days between subsequent passages) and cell counts obtained
by automated cell counter cytometry with trypan blue. PDT
was calculated for both BMSCs and ASCs between all
passages. PDT was calculated using the doubling time/ex-
ponential growth equation where t, — ¢, = time in days from,
for example, P2 to P3, and g,/q, represent cell numbers at,
for example, P3 and P2, respectively [1].

In(2)

I (Q/Q) ()

Ty=(t,-1)

2.7. Statistical Analysis. Data were collected and gathered
into Microsoft Excel (Microsoft Corporation, Redmond,
WA). Statistical analysis was performed using STATA17BE
(StataCorp LLC, College Station, TX). Descriptive statistics
were employed with a Mann-Whitney U test for continuous
variables and a chi-squared analysis for categorical variables.
A Pearson correlation analysis was performed to analyze the
relationship between BMP-2 production and age. Signifi-
cance was set at p <0.05.

3. Results

3.1. Patient Demographics and Sample Characteristics. A
total of 63 patients underwent total hip arthroplasty (THA)
at our institution for isolation of human bone marrow-
derived stem cells. From the cohort of patients who un-
derwent THA, 14 samples were used to create frozen stocks

and were thus excluded from analysis. Two samples were
discarded due to poor growth, and one sample was excluded
due to coagulation prior to processing. A total of 46 THA
samples were used in the final analysis. Infrapatellar fat pads
were harvested from 106 patients that underwent total knee
arthroplasty (TKA) or arthroscopic knee surgery (AKS) (93
and 13 patients, respectively). From the TKA/AKS group, 26
samples underwent final culture through passage 3, while
a total of 24 samples were used to create frozen stocks. Ten
samples exhibited poor growth prior to passage 3 and were
discarded, leaving a total of 46 samples for analysis. In
addition, 18 patients underwent liposuction, for the isolation
of human adipose-derived stem cells (Figure 1). De-
mographic data for all patients are shown in Table 1.

3.2. Assessment of Cell Proliferation and Yield

3.2.1. Bone Marrow Aspirate versus Infrapatellar Fat Pad.
Cell yield and proliferation data are shown in Table 2. There
was a significant difference in the total isolated nucleated cell
count between infrapatellar fat pads and bone marrow as-
pirates (p <0.0001). Additionally, the cell yield per 1 mL of
tissue was significantly greater in the THA group than in the
TKA/AKS group (p <0.0001). When comparing cell yield/
mL of harvested tissue both within the THA group and
within the TKA/AKS group, there were no differences by sex
or between patients <60 years old and those >60 years old. A
comparison of cell counts between the BMSCs and ASCs
showed significant differences at P1 and P3 through P5
(p<0.001) (Figure 2(a)). Lastly, population doubling times
were consistently shorter for ACSs than for BMSCs at each
passage (Table 3).

3.2.2. Growth Comparisons. Both sample types were sepa-
rated into groups based on whether they exhibited normal
(NG) or slow/poor growth (PG) characteristics during cul-
ture expansion. 38 of 46 BMSC samples were successfully
expanded from P3 to P5 (82.6%), with the other eight
exhibiting poor or declining growth. For this analysis, we also
included samples that were used to create frozen stocks after
P3 (n=5) in the “normal growth” group. 46 infrapatellar fat
pad samples were cultured from P3 to P5 with all of these
samples reaching passage 5. For both BMSCs and ASCs, there
were no significant differences in age, gender, or harvested
tissue volume between cohorts. BMSCs also showed no
differences in total isolated nuclear cell count or cell yield/mL
between the groups. However, samples from the ASC NG
group yielded a much greater stromal vascular fraction than
the ASC PG group (p =0.015), as well as a significantly
greater cell yield/mL (p = 0.009). Additionally, there were no
significant differences in patients’ BMI, serum albumin, or
preoperative HbAlc for both BMSCs and ASCs (Table 4).

3.2.3. Total Knee Arthroplasty versus Arthroscopic Knee
Surgery. To compare open versus arthroscopic infrapa-
tellar fat pad harvest, we conducted further analysis into
the characteristics of cells obtained from the infrapatellar
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FiGure 1: Flowchart depicting how samples were distributed given retrospective nature of this project. 46 samples obtained via total hip
arthroplasty (THA) were ultimately included. 46 infrapatellar fat pad samples obtained via total knee arthroplasty (TKA) or arthroscopic
knee surgery (AKS) were ultimately included. 10 lipoaspirate samples were included in the final analysis.

TaBLE 1: Subject demographics.

Overall cohort Subcohorts
(n=169) THA (n=63) TKA/AKS (n=106) P value

Mean SD Mean SD Mean SD
Age 60.61 11.1 59.37 7.57 61.35 12.72 0.166
Sex 86 F, 83 M 32F 31 M 54 F, 52 M 0.018
Race 114 W, 12\19RNW’ 26 43 W, 15 NW, 5 NR 71 W, 14 NW, 21 NR
BMI (kg/mz) 29.23 6.37 28.37 5.86 29.74 6.62 0.316
Serum albumin 4.31 0.32 4.34 0.33 4.28 0.3 0.187
HbAlc 5.64 0.48 5.72 0.55 5.59 0.43 0.104

THA = total hip arthroplasty, TKA = total knee arthroplasty, AKS = arthroscopic knee surgery, F = female, M = male, W = white, NW = non-white, NR = not
reported, BMI =body mass index, HbAlc=hemoglobin Alc, and SD = standard deviation. Bold p values indicate significance (p <0.05).

TaBLE 2: Cell characteristics.

TKA/AKS
THA (n=63
( ) (n=106) P value
Mean SD Mean SD
Age 59.37 7.57 6135 12.72 0.166
Tissue volume (mL) 55.56 469 1047 513 <0.001
Mono/SVF (x10°cells) 246.87 206.82 6.03 6.61 <0.001
Cell yield/mL
(x10° cells/mL) 894 1323 058 0.55 <0.001
THA=total hip arthroplasty, TKA=total knee arthroplasty,
AKS =arthroscopic knee surgery, Mono=mononuclear cell count,

SVE = stromal vascular fraction, and SD = standard deviation. Bold p values
indicate significance.

fat pad by TKA versus AKS (Table 5). Patients who un-
derwent TKA tended to be much older (64.67 + 8.24 years)
than those who underwent AKS (37.62 + 14.17) (p <0.0001)
with no significant difference in sex. The stromal vascular
fraction and cell yield/mL were greater in TKA than in

AKS (p<0.0001 and p = 0.012, respectively). When cell
counts were assessed at five passages, the TKA group
exhibited significantly greater cell yield than the AKS
group from P1 to P4 (Figure 2(b)). At P5, there was no
significant difference.

3.2.4. Infrapatellar Fat Pad versus Lipoaspirate. We addi-
tionally sought to compare the effects of harvest site by
comparing the TKA/AKS cohort to the lipoaspirate cohort
(Table 5). Patients who underwent TKA/AKS tended to be
much older (64.67 + 8.24 years) than those who underwent
liposuction (39.56 + 8.51 years) (p <0.0001), and 100% of
liposuction patients were female compared with 50.54% of
TKA/AKS patients (p < 0.0001). The SVF of lipoaspirate was
much greater than that of infrapatellar fat pads (p < 0.0001).
However, there was a greater cell yield/mL in the TKA/AKS
group (p < 0.0001). Cell counts were consistently greater in
the lipoaspirate group than in the TKA/AKS group at each
passage (Figure 2(c)).
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F1GURE 2: Comparisons of cell counts at each passage between groups. Mann-Whitney U test was used to determine statistical significance
between BMSCs and ASCs at each passage. (a) Comparison between bone marrow-derived stem cells and adipose-derived stem cells.
Samples per group: P1: 62 BMSCs, 101 ASCs; P2: 58 BMSCs, 95 ASCs; P3: 51 BMSCs, 76 ASCs; P4: 45 BMSCs, 49 ASCs; P5: 38 BMSCs, 46
ASCs. (b) Comparison of adipose-derived stem cells harvested during total knee arthroplasty (TKA) versus arthroscopic knee surgery
(AKS). Samples per group: P1: 90 TKA, 11 AKS; P2: 84 TKA, 10 AKS; P3: 66 TKA, 10 AKS; P4: 39 TKA, 10 AKS; P5: 36 TKA, 10 AKS. (c)
Comparison of adipose-derived stem cells harvested during TKA/AKS versus liposuction. Samples per group: P1: 101 TKA/AKS, 15 lipo; P2:
95 TKA/AKS, 13 lipo; P3: 76 TKA/AKS, 10 lipo.

TaBLE 3: Population doubling times.

BMSC ASC (TKA/AKS)
P value
N Mean (days) SD N Mean (days) SD
P1 to P2 57 45.35 108.88 95 6.14 2.94 <0.001
P2 to P3 50 24.67 38.6 76 6.55 3.59 <0.001
P3 to P4 44 31.38 28.09 48 8.1 11.8 <0.001
P4 to P5 38 23.33 28.26 46 6.93 2.9 <0.001

ASC =adipose-derived stem cell, BMSC = bone marrow-derived stem cell, TKA = total knee arthroplasty, AKS =arthroscopic knee surgery, P1 = passage 1,
P2 = passage 2, P3 =passage 3, P4 = passage 4, P5 = passage 5, and SD = standard deviation. Bold p values indicate significance.

TaBLE 4: Comparison of good versus normal growth of BMSCs and ASCs.

PG NG
P value
Mean SD Mean SD
ASC
N 10 95
Age 57.7 19.13 61.6 11.94 0.359
Sex 6F,4M 47 F, 48 M 0.527
Tissue volume (mL) 8.1 3.57 10.78 521 0.116
Mono/SVF (x10° cells) 117 1.02 6.49 6.76 0.015
Cell yield/mL (x10° cells/mL) 0.16 0.15 0.61 0.53 0.009
BMI (kg/m?) 31.27 7.34 29.6 6.59 0.455
Serum albumin 4.05 0.36 4.3 0.29 0.056
HbAlc (%) 5.75 0.44 5.56 0.42 0.249
BMSC

N 8 43
Age 59.37 7.57 59.07 7.29 0.135
Sex 6F 2M 19F 24 M 0.109
Tissue volume (mL) 54.38 51.92 58.84 47.73 0.812
Mono/SVF (><106 cells) 193.63 143.05 251.84 223.37 0.483
Cell yield/mL (x10° cells/mL) 5.69 3.98 8.51 13.78 0.572
BMI (kg/mz) 25.84 5.8 28.84 5.81 0.310
Serum albumin 4.49 0.32 432 0.34 0.241
HbAlc (%) 5.67 0.57 5.77 0.59 0.685

ASC = Adipose-derived stem cell, BMSC=bone marrow-derived stem cell, PG=poor growth, NG=normal growth, F=female, M =male, Mono-
=mononuclear cell count, SVF = stromal vascular fraction, BMI = body mass index, HbAlc =hemoglobin Alc, and SD = standard deviation. Bold p values

indicate significance.



TaBLE 5: Comparison of adipose harvest site and technique.

TKA
AKS (n=13
TKA versus AKS (n=93) ( ) P value
Mean SD Mean SD
Age 64.67 8.27 37.62 14.17 <0.001
Sex 47 F, 46 M 7F, 6 M 0.823
Tissue volume (mL) 11.35 5.35 5.35 321  <0.001
SVF (x10° cells) 67 678 126 095 <0.001
Cell yield/mL
(x10° cells/mL) 0.57 055 031 033 0.012
TKA/AKS versus TKA/AKS  Liposuction
li tion (n=106) (n=18) P value
posuctio Mean SD Mean SD
Age 61.35 12.72 39.56 851 <0.001
Sex 54 F, 52 M 18 F, 0 M <0.001
Tissue volume (mL) 10.47 5.13 378.61 269.53 <0.001
SVF (><106 cells) 6.03 6.61 51.39 3695 <0.001
Cell yield/mL
(><106 cells/mL) 0.58 0.55 013 0.04 <0.001

TKA = total knee arthroplasty, AKS = arthroscopic knee surgery, F = female,
M =male, SVF =stromal vascular fraction, and SD =standard deviation.
Bold p values indicate significance.

3.3. In Vitro BMP-2 Production by ASCs and BMSCs Trans-
duced with LV-TSTA-BMP-2 and LV-GVP-BMP-2.
Several transduction methods with different multiplicities of
infection (MOIs) of GAL4-VP16 and LV-TSTA-BMP-2 were
tested to determine an optimal protocol. Across all trans-
duction MOIs, ELISA revealed that transduced ASCs (ASC/
LV-BMP-2) produced an average of 179.06+151.79ng of
BMP-2 per 1 x 10° cells/24 h at 2 days after transduction, while
BMSCs (BMSC/LV-BMP-2) produced 80.05+27.45ng
(p <0.0001) (Figure 3). When comparing BMP-2 production
between ASC/LV-BMP-2 and BMSC/LV-BMP-2 at each MO],
significant differences were observed (Figure 4). At a constant
MOI of 3/3, ASC and BMSC cells expanded through three
passages demonstrated superior BMP-2 production than those
passaged 5 times. However, the greatest BMP-2 production was
observed in cells that had been passaged 5 times and were
transduced at an MOI of 5/25.

When assessed by gender, there was no significant
difference in BMP-2 production by either ASC/LV-BMP-2
or BMSC/LV-BMP-2 (Figure 5). When plotted by age both
continuously and by comparing patients <60 years old and
those >60 years old, BMP-2 production by BMSCs was not
significantly different. However, ASCs harvested from pa-
tients >60 years old exhibited decreased BMP-2 production
compared to patients <60 years old (p = 0.0007) (Figure 6).

No significant differences in BMP-2 production were
noted between transduced ASCs harvested from the infra-
patellar fat pad versus lipoaspirate (179.06 + 151.69 ng versus
88.66 +19.69ng; p = 0.1627). However, transduced ASCs
harvested from AKS demonstrated significantly greater BMP-
2 production (381.49 +207.91 ng) than cells harvested from
TKA (137.74+97.23), due to the younger overall age of the
cohort (p < 0.0001). A one-way ANOVA indicated significant
differences in BMP-2 production following transduction
between the TKA, AKS, and lipoaspirate groups (p < 0.0001).
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FiGure 3: Comparison of BMP-2 production between transduced
BMSCs and ASCs across all transduction methods. 54 BMSC
samples and 59 ASC samples were included in this analysis.
Mann-Whitney U test was used to determine statistical
significance.

4. Discussion

The choice of the mesenchymal stem cell population to serve
as a cellular delivery vehicle for protein delivery for regional
gene therapy for bone repair is usually focused on ASCs and
BMSCs. Several factors influence the selection of the cells for
potential clinical applications of ex vivo gene therapy in-
cluding the ability to readily harvest these cells from patients,
their ability to expand in culture, and transduction efficiency
to allow for sustained expression of osteoinductive growth
factors. Implementation of a cost-effective and successful
regional gene therapy strategy for bone repair requires
understanding of the donor-based differences between these
cell populations, as well as the factors that affect cell ex-
pansion in culture and the BMP-2 production. The primary
aim of the present study was to evaluate the differences
between human ASCs and BMSCs for potential use in ex
vivo regional gene therapy focused on upregulating BMP-2.
We found that across 187 human subjects, ASCs exhibited
more rapid expansion in culture and higher BMP-2 pro-
duction following LV-TSTA-BMP-2 transduction. In-
creasing age correlated with diminishing BMP-2 production
from transduced ASCs. Furthermore, while ASCs obtained
from liposuction had higher SVF and total volume, infra-
patellar fat pads produced significantly more BMP-2 after
transduction.

Importantly, we examined the ability of stem cells to be
expanded in culture and found that ASCs more reliably and
quickly expanded in culture when compared to BMSCs.
Previous work by Bougioukli et al. [13] investigated the
osteogenic potential of BMSCs and ACSs harvested from 26
human subjects transduced with LV-TSTA-BMP-2. The
authors noted that ACSs obtained via liposuction had sig-
nificantly increased BMP-2 production, osteogenic poten-
tial, and faster cell growth compared to BMSCs obtained via
bone marrow aspirate. The findings of the present study
corroborate those of Bougioukli et al. However, the present
study assesses a larger patient cohort (187 human donors)
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including 124 human adipose tissue samples obtained
during either arthroscopic or open knee surgery or lipo-
suction. In addition, 63 human bone marrow aspirates were
obtained during THA. We demonstrated that while sig-
nificantly lower initial mononuclear cell counts were noted

immediately after harvest in ASCs, the population doubling
time of ASCs was nearly one-fourth that of BMSCs with
significantly higher cell yields at each passage of growth.
Furthermore, of the samples assessed for ability to complete
five passages of cell growth, all ASC samples reached P5
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FIGURE 6: Scatterplot of BMP-2 production by transduced BMSCs and ASCs as a function of age. 63 BMSC samples and 106 ASC samples
were included in this analysis. A Pearson correlation analysis was performed to analyze the relationship between BMP-2 production and age.

while 17.4% of BMSCs were unable to reach P5 due to
insufficient growth. Previously, Mohamed-Ahmed et al.
examined 9 donor matched samples in pediatric patients and
reported that ASCs demonstrated faster proliferation and
expandability compared to BMSCs. However, these authors
noted significant variability within their smaller cohort of
donors [16]. These findings have important relevance in
potential clinical applications for ex vivo regional gene
therapy given the costs and potential patient donor site
morbidity associated with stem cell harvest for subsequent
implantation.

The BMP-2 production of transduced ASCs when
compared to transduced BMSCs demonstrates their po-
tential role in the treatment of bone loss, spinal fusion,
and fracture non-union. Several previous studies have
investigated the effects of BMP-2 production via LV-
TSTA-BMP-2 ex vivo gene therapy on osteogenic po-
tential in vitro [7, 13, 17]. Variations in mesenchymal stem
cell population expansion and pluripotency have been
previously attributed to donor characteristics and
comorbidities due to underlying physiologic differences
[18]. However, Collon et al. [1] demonstrated similar
findings within ASC donors with no difference in BMP-2
production or osteogenic potential based on comorbidity
burden amongst donor patients. With respect to donor
characteristics, we found no significant differences in
donor age, BMI, HbAlc, or serum albumin between the
BMSC and ASC donors. However, significantly higher
BMP-2 production was noted in transduced ASCs com-
pared to transduced BMSCs. Furthermore, ASCs dem-
onstrated significantly higher initial cell yields and faster
doubling time in culture compared to BMSCs. These
findings may account for the increased BMP-2 production
as the ASCs’ ability to readily grow and expand in culture
may contribute to posttransduction BMP-2 production.

In our comparison of cells exhibiting poor versus normal
growth in culture, we found no significant differences
amongst the BMSC donor characteristics or cell yield.
Within the ASC cohort, poor growth was significantly
associated with decreased initial SVF and moderately
associated with lower serum albumin, though this finding
did not reach statistical significance (p = 0.0561). This
suggests that cell density after the ASC harvest and the
underlying nutritional status of the patient may be im-
portant factors in optimizing growth of human ASCs in
culture.

In BMSCs, there was no significant effect of donor age on
transduced BMSC BMP-2 production. While ASCs had
significantly higher levels of BMP-2 production following
transduction compared to BMSCs, we found significantly
decreased BMP-2 production in transduced ASCs in patients
older than 60 years old compared to younger patients. It has
been proposed that BMSC osteogenic differentiation po-
tential and reliability to expand in culture may decrease with
age due to epigenetic changes and transcription factor
regulation [19, 20]. Similarly, we did not observe sex-based
differences in BMP-2 production or cell yield in either
BMSC or ASC populations. However, previous studies have
noted mixed results with regard to the effect of gender on the
osteogenic potential of mesenchymal stem cells [1, 21, 22].
Aksu et al. [21] noted improved osteogenic potential in ASCs
harvested from the abdominal wall in male donors com-
pared to female donors. In contrast, Collon et al. [1] found
higher ASC yield and cell numbers amongst female patients.
Previous in vitro studies using both human and non-human
ASCs have shown increased osteogenic potential of samples
obtained from males [23-25]. These variations may be
explained by transcriptomic level differences which may
influence pluripotency, proliferation, and differentiation
[22]. More in vitro studies utilizing human BMSCs and
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ASCs are required to fully elucidate the differences in cell
viability and bone regeneration properties amongst a variety
of donors.

Both ASC harvesting technique and anatomic location
have important clinical implications when considering
feasibility and donor site morbidity. We investigated several
harvesting techniques across human adipose donors in-
cluding open and arthroscopic infrapatellar fat pad excision,
as well as liposuction. We found that SVF, total tissue
volume, and cell number at each passage were significantly
higher in the liposuction cohort when compared to the
infrapatellar fat pad cohort. However, we found that BMP-2
production following transduction of lipoaspirate was sig-
nificantly lower than that of both AKS and TKA. Further-
more, human ASCs harvested from AKS displayed higher
BMP-2 production despite lower initial SVF when compared
to TKA. Several authors have investigated the technique and
site variations in cell characteristics in ASCs but have been
limited primarily by cohort size [13, 26-28]. A study by
Oedayrajsingh-Varma et al. investigated growth character-
istics of human ASCs and found that SVF was not affected by
the anatomical site of harvest but that direct resection
yielded higher frequency of proliferating ASCs compared to
lipoaspirate [27]. Contrary to our findings, Iyyanki et al.
examined techniques of ASC harvest and found that direct
excision yielded higher SVF and total ASCs when compared
to liposuction [26]. Furthermore, Schreml et al. compared
liposuction to surgical resection and found a higher SVF
from liposuction; however, they noted that lipoaspirates
could not be differentiated into adipocytes, chondrocytes, or
osteoblasts as frequently [28]. This corroborates the findings
of our present study in which lipoaspirate yielded higher
SVF and improved cellular proliferation. However, once
transduced, the lipoaspirate ASCs had lower BMP-2 pro-
duction compared to infrapatellar fat pad ASCs. These
contrasting results in the existing literature highlight the fact
that continued investigation of harvest technique and lo-
cation is required for clinical applications of cell-based
therapies. Our results add to the existing body of litera-
ture by describing these parameters in the largest study to
date including 187 human donors (age range: 21 to 87) with
102 included for final analysis demonstrating improved cell
yield and proliferation amongst lipoaspirates compared to
excised infrapatellar fat pad samples.

There are several limitations to the present study. First,
given the invasive nature of the harvesting procedures
undertaken for BMSCs (bone marrow aspiration) and ASCs
(lipoaspirate, AKS and TKA), we were unable to compare
samples from the same patient. While this limited our ability
to control for differences between ASC and BMSC donors,
we aimed to mitigate any potential confounding differences
with the size of the cohorts and found no significant dif-
ferences in BMI, hemoglobin Alc, and serum albumin. An
additional limitation of the study is the distribution of
sample types collected within our study. We were able to
collect a total of 106 infrapatellar fat pads (93 from an open
approach and 13 from an arthroscopic approach), 18 lip-
oaspirates, and 63 bone marrow aspirates. This distribution
primarily arises from the availability of these samples within

clinical practice as the included samples had to be discarded
as part of their respective procedures. In most arthroscopic
procedures, the fat pad is left intact. Finally, given the
retrospective nature of our data, we were unable to perform
circular dichroism (CD) analysis of each subpopulation of
harvests to further characterize the differences between
populations as well as assess stemness of harvested cells.
However, the scope of our current investigation aimed at
characterizing the differences in growth characteristics and
BMP-2 production between BMSCs and ASCs as well as
characterizing the differences in ASC harvest site. Finally, we
did not evaluate upregulation of chondrogenic or adipogenic
growth factors, and thus generalizability of the results of our
BMP-2 upregulation in LV-transduced cells to other gene
therapy applications should be exercised with caution.

In conclusion, when examining 187 human donors, we
found that ASCs demonstrate superior BMP-2 production
and cellular proliferation compared to BMSCs. Our results
represent the largest human cohort of ASCs and BMSCs
evaluated in the literature and greatly expand upon previous
studies comparing the potential of ASCs for use in ex vivo
gene therapy in bone healing [1, 13, 16]. We demonstrated
that ASCs harvested from lipoaspirate had higher initial
yields and favorable tissue culture expansion compared to
infrapatellar fat pad samples, but once transduced with LV-
BMP-2 vector, they produced less BMP-2. ACSs remain
a leading candidate for autologous cell-based regional gene
therapy for bone repair. The results of our study build upon
previous investigations to demonstrate the expandability
and reliability of transduced ASCs for use in ex vivo gene
therapy, as well as their ability to produce osteoinductive
growth factors [1, 7, 13]. Future investigations should focus
on the patient-related factors that affect in vivo bone pro-
duction associated with transduced human ASCs across
various harvest sites.

Data Availability

The data underlying this article cannot be shared publicly
due to HIPAA compliance. Limited deidentified data will be
shared on reasonable request to the corresponding author.

Ethical Approval

This study was approved by the Institutional Review Board.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

CKM was responsible for conception and design, collection
and/or assembly of data, data analysis and interpretation,
and manuscript writing. ELZ and MA were responsible for
collection and/or assembly of data, data analysis and in-
terpretation, and manuscript writing. OS was responsible for
collection and/or assembly of data and manuscript writing.
JRL was responsible for conception and design, financial
support, provision of study material or patients, data



10

analysis and interpretation, manuscript writing, and final
approval of the manuscript.

Acknowledgments

This study was supported by grants from the National In-
stitute of Health (Project No. 2R01AR057076-06A1). Open-
access funding was enabled and organized by SCELC 2023.

References

[1] K. Collon, J. A. Bell, M. C. Gallo et al., “Influence of donor age
and comorbidities on transduced human adipose-derived
stem cell in vitro osteogenic potential,” Gene Therapy,
vol. 30, no. 3-4, pp. 369-376, 2022.

[2] P. Baldwin, D. J. Li, D. A. Auston, H. S. Mir, R. S. Yoon, and
K. J. Koval, “Autograft, allograft, and bone graft substitutes:
clinical evidence and indications for use in the setting of
orthopaedic trauma surgery,” Journal of Orthopaedic Trauma,
vol. 33, no. 4, pp. 203-213, 2019.

[3] S. K. Nandj, S. Roy, P. Mukherjee, B. Kundu, D. K. De, and
D. Basu, “Orthopaedic applications of bone graft & graft
substitutes: a review,” Indian Journal of Medical Research,
vol. 132, pp. 15-30, 2010.

[4] D. Dufrane, P. L. Docquier, C. Delloye, H. A. Poirel,
W. André, and N. Aouassar, “Scaffold-free three-dimensional
graft from autologous adipose-derived stem cells for large
bone defect reconstruction: clinical proof of concept,” Med-
icine (Baltimore), vol. 94, no. 50, Article ID 2220, 2015.

[5] Z. Zhang, X. Yang, X. Cao, A. Qin, and J. Zhao, “Current
applications of adipose-derived mesenchymal stem cells in
bone repair and regeneration: a review of cell experiments,
animal models, and clinical trials,” Frontiers in Bioengineering
and Biotechnology, vol. 10, Article ID 942128, 2022.

[6] H.Ihn, H. Kang, B. Iglesias et al., “Regional gene therapy with
transduced human cells: the influence of “cell dose” on bone
repair,” Tissue Engineering Part A, vol. 27, no. 21-22,
pp. 1422-1433, 2021.

[7] V. Vakhshori, S. Bougioukli, O. Sugiyama et al., “Ex vivo
regional gene therapy with human adipose-derived stem cells
for bone repair,” Bone, vol. 138, Article ID 115524, 2020.

[8] M.F. Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage
potential of adult human mesenchymal stem cells,” Science,
vol. 284, no. 5411, pp. 143-147, 1999.

[9] P. A. Zuk, M. Zhu, H. Mizuno et al., “Multilineage cells from
human adipose tissue: implications for cell-based therapies,”
Tissue Engineering, vol. 7, no. 2, pp. 211-228, 2001.

[10] A. V. Cuomo, M. Virk, F. Petrigliano, E. F. Morgan, and
J. R. Lieberman, “Mesenchymal stem cell concentration and
bone repair: potential pitfalls from bench to bedside,” Journal
of Bone and Joint Surgery American Volume, vol. 91, no. 5,
pp. 1073-1083, 2009.

[11] W.].Jurgens, M. J. Oedayrajsingh-Varma, M. N. Helder et al.,

“Effect of tissue-harvesting site on yield of stem cells derived

from adipose tissue: implications for cell-based therapies,”

Cell and Tissue Research, vol. 332, no. 3, pp. 415-426, 2008.

Y. Zhu, T. Liu, K. Song, X. Fan, X. Ma, and Z. Cui, “Adipose-

derived stem cell: a better stem cell than BMSC,” Cell Bio-

chemistry and Function, vol. 26, no. 6, pp. 664-675, 2008.

[13] S. Bougioukli, O. Sugiyama, W. Pannell et al., “Gene therapy
for bone repair using human cells: superior osteogenic po-
tential of bone morphogenetic protein 2-transduced mesen-
chymal stem cells derived from adipose tissue compared to

(12

Journal of Tissue Engineering and Regenerative Medicine

bone marrow,” Human Gene Therapy, vol. 29, no. 4,
pp. 507-519, 2018.

[14] A. G. Via, A. Frizziero, and F. Oliva, “Biological properties of
mesenchymal Stem Cells from different sources,” Muscles
Ligaments Tendons ], vol. 2, no. 3, pp. 154-162, 2012.

[15] F. Simonacci, N. Bertozzi, M. P. Grieco, and E. Raposio,
“From liposuction to adipose-derived stem cells: indications
and technique,” Acta BioMedica, vol. 90, no. 2, pp. 197-208,
2019.

[16] S. Mohamed-Ahmed, I. Fristad, S. A. Lie et al., “Adipose-
derived and bone marrow mesenchymal stem cells: a donor-
matched comparison,” Stem Cell Research & Therapy, vol. 9,
no. 1, p. 168, 2018.

[17] S. Bougioukli, R. Alluri, W. Pannell et al., “Ex vivo gene
therapy using human bone marrow cells overexpressing
BMP-2: “Next-day” gene therapy versus standard “two-step”
approach,” Bone, vol. 128, Article ID 115032, 2019.

[18] D. G. Phinney, G. Kopen, W. Righter, S. Webster, N. Tremain,
and D. J. Prockop, “Donor variation in the growth properties
and osteogenic potential of human marrow stromal cells,”
Journal of Cellular Biochemistry, vol. 75, no. 3, pp. 424-436,
1999.

[19] A. Stolzing, E. Jones, D. McGonagle, and A. Scutt, “Age-
related changes in human bone marrow-derived mesenchy-
mal stem cells: consequences for cell therapies,” Mechanism of
Ageing and Development, vol. 129, no. 3, pp. 163-173, 2008.

[20] X. Yan, S. Ehnert, M. Culmes et al., “5-azacytidine improves
the osteogenic differentiation potential of aged human
adipose-derived mesenchymal stem cells by DNA demethy-
lation,” PLoS One, vol. 9, no. 3, Article ID 90846, 2014.

[21] A.E. Aksu, J. P. Rubin, J. R. Dudas, and K. G. Marra, “Role of
gender and anatomical region on induction of osteogenic
differentiation of human adipose-derived stem cells,” Annals
of Plastic Surgery, vol. 60, no. 3, pp. 306-322, 2008.

[22] E. Bianconi, R. Casadei, F. Frabetti, C. Ventura, F. Facchin,
and S. Canaider, “Sex-specific transcriptome differences in
human adipose mesenchymal stem cells,” Genes, vol. 11, no. 8,
p. 909, 2020.

[23] J. R. Dudas, J. E. Losee, V. M. Penascino et al., “Leporine-
derived adipose precursor cells exhibit in vitro osteogenic
potential,” Journal of Craniofacial Surgery, vol. 19, no. 2,
pp. 360-368, 2008.

[24] R. Ogawa, H. Mizuno, A. Watanabe, M. Migita, H. Hyakusoku,
and T. Shimada, “Adipogenic differentiation by adipose-derived
stem cells harvested from GFP transgenic mice-including re-
lationship of sex differences,” Biochemical and Biophysical Re-
search Communications, vol. 319, no. 2, pp. 511-517, 2004.

[25] A. C. Scibetta, E. R. Morris, A. B. Liebowitz et al., “Charac-
terization of the chondrogenic and osteogenic potential of
male and female human muscle-derived stem cells: impli-
cation for stem cell therapy,” Journal of Orthopaedic Research,
vol. 37, no. 6, pp. 1339-1349, 2019.

[26] T. Iyyanki, J. Hubenak, J. Liu, E. I. Chang, E. K. Beahm, and
Q. Zhang, “Harvesting technique affects adipose-derived stem cell
yield,” Aesthetic Surgery Journal, vol. 35, no. 4, pp. 467-476, 2015.

[27] M. J. Oedayrajsingh-Varma, S. M. van Ham, M. Knippenberg
et al,, “Adipose tissue-derived mesenchymal stem cell yield and
growth characteristics are affected by the tissue-harvesting
procedure,” Cytotherapy, vol. 8, no. 2, pp. 166-177, 2006.

[28] S. Schreml, P. Babilas, S. Fruth et al., “Harvesting human
adipose tissue-derived adult stem cells: resection versus li-
posuction,” Cytotherapy, vol. 11, no. 7, pp. 947-957, 2009.





