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Human Adipose-Derived Stem Cell In Vitro Osteogenic Potential
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Sofia Bougioukli, MD, PhD1, Osamu Sugiyama, MD, PhD1, Jade Tassey, MS1, Roger Hollis, 
PhD2, Nathanael Heckmann, MD1, Daniel A. Oakes, MD1, Donald B. Longjohn, MD1, Denis 
Evseenko, PhD1, Donald B. Kohn, MD2, Jay R. Lieberman, MD1

1Department of Orthopaedic Surgery, Keck School of Medicine of the University of Southern 
California, 2011 Zonal Ave,HMR 702, Los Angeles, California 90089

2.Department of Microbiology, Immunology and Molecular Genetics, University of California, Los 
Angeles, California USA.

Abstract

Human adipose-derived mesenchymal stem cells (ASCs) transduced with a lentiviral vector 

system to express bone morphogenetic protein 2 (LV-BMP-2) have been shown to reliably heal 

bone defects in animal models. However, the influence of donor characteristics such as age, sex, 

race, and medical co-morbidities on ASC yield, growth and bone regenerative capacity, while 

critical to the successful clinical translation of stem cell-based therapies, are not well understood. 

Human ASCs isolated from the infrapatellar fat pads in 122 ASC donors were evaluated for cell 

growth characteristics; 44 underwent additional analyses to evaluate in vitro osteogenic potential, 

with and without LV-BMP-2 transduction. We found that while female donors demonstrated 

significantly higher cell yield and ASC growth rates, age, race, and the presence of co-morbid 

conditions were not associated with differences in proliferation. Donor demographics or the 

presence of comorbidities were not associated with differences in in vitro osteogenic potential 

or stem cell differentiation, except that transduced ASCs from healthy donors produced more 

BMP-2 at day 2. Overall, donor age, sex, race, and the presence of co-morbid conditions had 

a limited influence on cell yield, proliferation, self-renewal capacity, and osteogenic potential 
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for non-transduced and transduced (LV-BMP-2) ASCs. These results suggest that ASCs are a 

promising resource for both autologous and allogeneic cell-based gene therapy applications.

INTRODUCTION

Bone loss is a common yet challenging clinical problem that may be seen in the setting 

of fracture nonunion, revision total joint arthroplasty, and spine pseudoarthrosis.(1) Despite 

advances in orthopaedic care, a consistently satisfactory solution for large bone defects 

remains elusive. Four critical elements are required for bone healing: osteogenic cells, 

osteoinductive growth factors, an osteoconductive scaffold for new bone formation, and 

adequate blood supply.(2) Autograft tissue is the current gold standard graft material 

as it provides the first three elements.(3) However, it is limited in quantity and can be 

associated with significant harvest site morbidity.(4) Therefore, there is considerable interest 

in developing alternative bone repair strategies.

Tissue engineering strategies that incorporate mesenchymal stem cells (MSCs) are a 

promising approach for bone regeneration.(1) Researchers have long investigated MSCs 

for their ability to induce bone formation and healing.(5–8) However, MSCs alone may not 

induce an adequate biological response in the more stringent biological environments often 

encountered in clinical cases of bone loss.(9, 10) In such cases, MSCs combined with an 

osteoinductive growth factor may be needed to mount an adequate healing response. Ex vivo 
regional gene therapy using a lentiviral vector containing the DNA for bone morphogenetic 

protein 2 (BMP-2) is thus an attractive tissue engineering strategy as it allows for the 

delivery of osteoprogenitor cells (i.e. MSCs), and a sustained osteoinductive signal (BMP-2) 

to a specific anatomic site to promote bone repair.(1, 11) Prior studies have demonstrated 

the potential of ex vivo regional gene therapy in clinically relevant animal models of bone 

healing.(1, 12–15)

An important step for the clinical translation of ex vivo regional gene therapy for bone 

repair, as well as other cell-based cell therapies, is the identification of an optimal MSC 

source. MSCs were first isolated from bone marrow and have historically received the 

most attention from investigators.(16) However, BM-MSC harvest is a painful and invasive 

procedure and there are limited numbers of stem cells in bone marrow aspirates, thus 

prompting a search for alternative cell sources. MSCs have been isolated from other 

tissues including adipose, skeletal muscle, periosteum, and skin, many of which have been 

successfully used in gene therapy approaches for bone repair in preclinical models. (1, 

17–19) Adipose-derived mesenchymal stem cells (ASCs) have emerged as a particularly 

promising MSC source. Compared to BM-MSCs, ASCs demonstrate several advantages 

including: a less invasive acquisition from a variety of anatomical areas; a higher yield 

of MSCs; increased proliferation rate in vitro; and comparable if not superior osteogenic 

properties.(20–22) These clinical advantages have prompted interest in the development of 

an ex vivo regional gene therapy application utilizing transduced ASCs.(13, 23)

A remaining question for the successful clinical adaptation of ASC-based regional gene 

therapy is the influence of donor age and co-morbid conditions on ASC abundance, 

proliferation, and osteogenic potential. This is particularly important in the setting of 
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autologous cell therapy, where patients will rely solely on the regenerative capability 

of their own tissue. The effect of age on ASC function has been studied for both non-

human and human cells, but discrepancies exist between studies.(24–30) Furthermore, it is 

unclear whether adipose tissue harvested from elderly patients with various inflammatory, 

metabolic, or immunosuppressed conditions (a demographic which has the potential to 

comprise many patients in bone loss scenarios in orthopaedics) will have adequate ASC 

function and bone regenerative potential. Several studies have demonstrated differences 

in ASC yield, proliferation, and differentiation potential that correlate with donor 

characteristics such as BMI, and comorbidities including diabetes, cardiovascular disease, 

and osteoporosis. However, the current literature is conflicting and typically involves 

evaluation of ASCs from only a small number of donors.(29, 31–36) In addition, at present 

there are no studies evaluating the aforementioned parameters in transduced ASCs for gene 

therapy applications.

The purpose of this study was to evaluate the effects of age, sex, race, and co-morbid 

medical conditions on ASC yield, proliferation, and in vitro osteogenic potential in both 

transduced and non-transduced cells, in order to better characterize the full clinical potential 

of human ASCs for cell-based gene therapy applications for bone repair. We hypothesized 

that increasing age and the presence of medical comorbidities would negatively affect cell 

yield and proliferation, as well as osteogenic potential of transduced ASCs.

MATERIALS AND METHODS

Human Cell Isolation and Culture

Institutional Review Board approval was obtained prior to collection of human tissue. 

Human adipose tissue was collected in a sterile fashion from the infrapatellar fat pads 

of patients undergoing primary total knee arthroplasty (TKA) for osteoarthritis at our 

institution. The fat pad is partially excised and discarded in a typical TKA. Age, sex, 

race/ethnicity, and medical comorbidities were recorded for each de-identified sample. Co-

morbid patients were defined as those with medically treated metabolic or inflammatory 

diseases including diabetes mellitus, rheumatoid arthritis, or coronary artery disease. 

Patients receiving immunosuppressive medications and active smokers were also considered 

co-morbid. Exclusion criteria included patients greater than 80 years old, congenital 

disorders of bone and cartilage, osteonecrosis, active infection, a history of infection in 

the operative knee, and revision TKA.

The collected adipose tissue was processed using previously published protocols to obtain 

the stromal vascular fraction (SVF).(13, 37) Briefly, adipose samples were extensively 

washed with Dulbecco’s PBS (DPBS, Lonza, Basel, CH) to remove debris and red blood 

cells. The tissue was mechanically digested with scissors and then enzymatically digested 

with 0.1 % collagenase (Sigma-Aldrich, St. Louis, MO) at 37 °C for 90 minutes. The 

solution was filtered and then washed three times with DPBS. The resulting SVF was 

resuspended with Dulbecco’s modified eagle medium (DMEM; Corning, Corning, NY) 

containing 10 % fetal bovine serum (Gibco, Amarillo, TX) and an antibiotic mix containing 

100 unit/mL penicillin, 100 μg/mL streptomycin and 250 ng/mL Amphotericin B (Lonza, 

Basel, CH).
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Isolated SVF cells were counted with a TC20™ automated cell counter (BioRad, Hercules, 

CA) using trypan blue and then plated for expansion at a concentration of 2–3 × 106 cells 

per 10 cm dish. Cells were maintained at 37 °C and 5 % CO2. Culture medium was replaced 

every 3–4 days. Cells were passaged weekly; adherent cells were trypsinized and replated at 

a density of 0.7 – 1.0 × 106 cells per 10 cm dish.

All donors were analyzed for initial cell yield and growth characteristics as determined by 

cell numbers at each successive passage. At passage 3, ASCs from a subset of 44 donors (21 

healthy, 23 co-morbid) underwent immunophenotypic analysis, transduction with a lentiviral 

vector system to express BMP-2, and subsequent in vitro analysis for osteogenic potential 

as detailed below. These 44 donors reached a threshold number of cells by passage 3 which 

was required in order to perform all in vitro analyses.

Immunophenotypic Characterization

ASC cell-surface marker expression was characterized using multicolor flow cytometric 

(FACS) analysis. The CD marker panel was based on the criteria described by the 

Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular 

Therapy (ISCT).(38)

After trypsinization, cells were washed and then re-suspended in BD Pharmingen Stain 

Buffer (BD Biosciences, Franklin Lakes, NJ). Aliquots of the suspensions (150 μl) were 

used for cell counting with trypan blue. After counting, the remaining solution was then 

re-suspended at a concentration of 5 × 106 cells/mL. Aliquots of the suspension (100 μl) 

were then transferred to 1.5 mL eppendorf tube and stained with the following antibodies: 

CD44, CD73, CD90 and a hMSC negative cocktail (CD34, CD11b, CD19, HLA-DR). 

Unstained and single-color controls were also prepared. The tubes were incubated on ice 

in the dark for 30 minutes. The cells were then washed twice and resuspended with 200 

μl of Pharmingen Stain Buffer prepared with DAPI (working concentration of 1 μg/mL). 

Analysis was performed using a BD FACSAria III (BD Biosciences). Compensation was set 

up with single color controls and unstained cells. Forward-scatter and side-scatter were used 

to exclude debris and doublets. Data were analyzed using FlowJo software (FlowJo LLC, 

Ashland, OR).

Lentiviral Transduction

ASCs were transduced with a two-step transcriptional amplification (TSTA) vector system, 

as described in previously published protocols.(39–41) Briefly, the TSTA system uses two 

lentiviral (LV) vectors: the GAL4-VP16 transactivator vector (LV-RhMLV-GAL4-VP16) and 

the transgene expression vector encoding BMP-2 (LV-G5-BMP-2).

Lentiviral vectors were generated by transfecting 293T cells (American Type Culture 

Collection, Manassas, VA) as described in a previous protocol.(40, 42) To determine 

functional titer of lentiviral vectors, HT-29 cells (ATCC, Manassas, VA) were transduced 

with diluted vector prep, then genomic DNA was extracted at three days after transduction. 

Lentiviral vector copy and human cell number in genomic DNA were quantified by QX200 

droplet digital PCR (ddPCR) system (BioRad, Herclus, CA) using HIV-1 psi region and 
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human Syndecan-4 (SDC-4) primers and probes. LV titer was calculated from the vector 

copy number per cell.

After reaching passage 3, ASCs were plated at a density of 1 × 106 cells/dish. The next 

day, cells were transduced with the viral vectors at a multiplicity of infection of 3/3 in the 

presence of 8 μg/ml of polybrene. The cells were incubated overnight and the next day the 

medium was aspirated and replaced to remove extracellular virus.

In Vitro BMP-2 Production

BMP-2 production of transduced cells was evaluated with two 10 cm dishes of 1 × 106 

transduced cells. After overnight transduction, as described above, cells were washed and 

resuspended in fresh media. Cells were maintained in culture with regular media changes. 

BMP-2 production over a 24 h period was assessed from collected supernatant at 2-, 7-, 

and 14-days post-transduction. BMP-2 was quantified by a commercial BMP-2 ELISA kit 

(Quantikine, R&D systems, Minneapolis, MN). Samples were run in duplicate and averaged 

across the two plates used for each donor. BMP-2 production was standardized by cell 

number and reported as nanograms of BMP-2 per 1 × 106 cells per 24 h.

Population Doubling Time

Population doubling time (PDT) was determined based on growth data from P2 to P3. 

Cell numbers at P2 and P3 as well as number of days between P2 and P3 were 

recorded and PDT was determined using the doubling time/exponential growth equation 

Td = t2 − t1 ⋅ ln(2)
ln q2

q1

.

where t2-t1= time in days from P2 to P3, and q2/q1 represent cell numbers at P3 and P2, 

respectively.(43)

Mineralization Assay

Osteogenic differentiation profiles of non-transduced and LV-TSTA-BMP-2 transduced 

ASCs were assessed using alizarin red (AR) staining and quantification with 

spectrophotometry.(23, 44)

2 × 105 non-transduced and transduced cells were plated in duplicate in 6-well plates 

and maintained in osteogenic media for 14 days prior to AR staining. Osteogenic 

induction media included DMEM + 10% FBS + antibiotics/antimycotic along with 10 μM 

dexamethasone, 50 μg/mL L-ascorbic acid, 10 mM Beta-glycerophosphate. After 14 days, 

cells were fixed in 10 % formaldehyde for 10 minutes, washed with PBS and stained with 2 

% Alizarin Red S solution for 30 minutes at room temperature. Remaining dye was removed 

with distilled water. AR staining was imaged using an Echo Revolve microscope, Model 

RVL-100-B2 (Bico, Boston, MA) and stored at −20°C prior to quantification.

For quantification of Alizarin Red S, a colorimetric assay was used. 800 μl of 10 % acetic 

acid was added to stained cells in each well of the 6-well plates and incubated at room 

temperature for 30 minutes with gentle shaking. Cells were scraped and transferred to 1.5 

mL eppendorf tubes and subsequently incubated at 85°C for 10 minutes. After centrifugation 
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at 20,000 g for 5 minutes, 500 μL of supernatant was transferred to a new tube. The 

supernatant was neutralized with 10 % ammonium hydroxide, then 150 μL aliquots of 

the sample were added in triplicates to an opaque-walled clear-bottom 96-well plate. The 

absorbance was read at 405 nm with a plate reader (Model 680, BioRad, Hercules, CA, 

USA).

Colony Forming Unit – Fibroblast Assay

Stemness of harvested ASCs, as defined by self-renewal capacity, was assessed by 

quantification of colony forming unit-fibroblast (CFU-F) assays in both non-transduced and 

LV-TSTA-BMP-2 transduced ASCs. 24 hours after transduction (or 48 hours after plating 

for non-transduced cells), cells were trypsinized, filtered with a 70 μm strainer to remove 

cell clumps, and then counted using an automated cell counter with trypan blue. Cells were 

then seeded in triplicate at a density of 100 and 200 cells per 10 cm plate. Cells were 

maintained in culture with standard growth medium for 14 days with media changes every 

3–4 days. After 14 days in culture, the cells were washed and stained with crystal violet 

and colonies were manually enumerated by 3 different readers (KC, MCG, OS). Replicates 

were averaged for each reader and the data presented for each condition are the mean of 

the three readers’ averages. Inter-rater reliability was assessed with an intraclass correlation 

coefficient (ICC) with a two-way mixed effects model and was characterized as excellent (≥ 

0.9), good (0.75–0.9), fair (0.4–0.75), or poor (< 0.4).(45, 46)

Statistical Analysis

The SPSS software (IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY: IBM 

Corp) was used for analysis of the data. The significance level was set at 0.05. Data 

are presented as mean and standard deviation and were assessed for normality with the 

Shapiro-Wilk test prior to further analysis. Cell number at different passages (P0-P3) and 

population doubling time were compared between patients with and without comorbidities 

using Mann-Whitney U test. These results were then adjusted for age, sex, BMI, and race to 

control for any confounding factors using linear regression. Differences in cell number and 

population doubling time were also evaluated in male versus female patients and patients of 

different race using Mann-Whitney U tests.

We then evaluated BMP-2 production, mineralization potential, and self-renewal capacity in 

a subset of patients with and without comorbidities using independent samples t-test and 

Mann Whitney U test, as applicable. The results were controlled for age, sex, BMI, race, 

smoking, and prior arthroscopic knee surgery using linear regression. Chi-square tests were 

used for univariate analysis of the different categorical variables, with Pearson Chi square 

results or Fisher exact test results (for expected values of less than 5) reported, as applicable. 

Finally, Pearson correlation analysis was performed to determine the relationship between 

BMP-2 levels and different studied parameters (age, sex, BMI, CFU-F) as well as number of 

cells per passage and BMI or age.
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RESULTS

Overall, 122 donors were included in the study. All subjects were evaluated for cell yield 

and growth characteristics. A subset of 44 donors (21 healthy and 23 co-morbid) underwent 

additional analysis including immunophenotyping and assessment of osteogenic potential.

Patient Demographics

The average donor age was 65.9 ± 8.2 years (range 46 to 80 years old), and the average BMI 

was 31.5 kg/m2. 55% of donors were female, and 52% were white (Table 1). Compared to 

the co-morbid donors, healthy donors were significantly younger (p=0.004) and more likely 

to be white (p=0.002), but there was no difference in the proportion of male and female 

patients in each group.

CD Marker Profile of Cells

Immunophenotypic analysis of non-transduced ASCs revealed minimal expression of 

lineage markers CD34, CD11b, CD19, and HLA-DR (99.78% of cells negative for all 

lineage markers). Of these lineage negative cells, there was high expression of the previously 

defined MSC markers CD44, CD73, CD90 (94.36%, 96.84%, and 94.76%, respectively 

(Table 2). This combination of CD markers is consistent with the MSC phenotype based on 

the criteria established by the ISCT on the minimal set of specific surface antigen expression 

to characterize MSCs.(38)

Assessment of Cell Yield and Proliferation in the Overall Cohort

ASC yield and growth data are listed in Table 3. The average volume of harvested 

adipose tissue from the infrapatellar fat pad was 11.8 ± 4.7 mL. There was no statistically 

significant correlation between health status, age, or race and ASC yield or proliferation, 

when controlling for confounding factors (data not shown). There was a weak, negative, 

statistically significant correlation between BMI and number of SVF cells isolated per mL 

of tissue (r = −.234, p=0.016). No correlations were noted between BMI and cell number at 

passages 1–3 or population doubling time (PDT).

Isolated SVF/mL of tissue, as well as cell number at each successive passage was 

statistically significantly higher in females when compared to males (Table 3), though cell 

growth as measured by PDT was not significantly different between males and females 

(p=0.50).

Population Doubling Time of LV-TSTA-BMP-2 Transduced ASCs

No differences were noted in PDT of transduced ASCs between healthy and co-morbid 

donors, when controlling for age, race, sex, and BMI (38.6 vs 40.3 days, adjusted p=0.49) 

(Table 4).

In vitro BMP-2 Production by LV-TSTA-BMP-2 Transduced ASCs

ELISA confirmed successful transduction of ASCs with LV-TSTA-BMP-2 and abundant 

BMP-2 production over a 24hr period at 2 days, 7 days, and 14 days post-transduction. 

ASCs produced 151.8 ± 95.6, 884.9 ± 434.0, and 391.4 ± 282.5 ng of BMP-2 per 1×106 
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cells at 2-, 7-, and 14-days post-transduction, respectively. As expected, non-transduced 

ASCs did not produce any BMP-2 (0.00 ng).

ASCs from healthy donors produced significantly more BMP-2 at 2 days than co-morbid 

ASCs when adjusting for confounders (p=0.046, Table 4). However, this difference did not 

persist at days 7 or 14 post-transduction.

In the adjusted linear regression models, there was no association between sex, race, age or 

BMI and BMP-2 production at any timepoint.

In vitro Osteogenic Potential of Non-transduced and LV-TSTA-BMP-2 Transduced ASCs

Alizarin red staining demonstrated abundant extracellular calcium deposition in non-

transduced and transduced ASCs after two weeks in osteogenic differentiation medium. 

Quantitative analysis of alizarin red cultures demonstrated significantly higher calcium 

deposition in non-transduced cells when compared with transduced cells irrespective of 

health status (0.517 vs 0.329 a.u., OD 405, p=.001, data not shown). However, in both non-

transduced and LV-TSTA-BMP-2 transduced ASCs, there were no significant quantitative 

differences in extracellular matrix calcification when stratified by health status, sex, race, 

age or BMI (Table 4). A representative image of calcium deposition/mineralization in 

transduced and non-transduced ASCs is shown in Figure 1.

In Vitro Assessment of Colony Forming Cells in Non-transduced and LV-TSTA-BMP-2 
Transduced ASCs

Self-renewal capacity was evaluated at passage 3 in non-transduced ASCs as well as in 

LV-TSTA-BMP-2 transduced ASCs. Intraclass correlation coefficient revealed excellent 

inter-rater reliability for colony identification for our three raters (ICC 0.99, 95 % CI = 

0.996 to 0.998)

Overall, non-transduced cells produced a greater number of colonies compared to transduced 

cells when plated at either 100 cells/plate (27.0 vs. 4.4, p<0.001) or 200cells/plate (47.9 

vs. 9.6, p<0.001). However, in both transduced and non-transduced cells, there was no 

association between number of colonies and health status, sex, race, age or BMI at either 

plating density (Table 4).

DISCUSSION

ASCs are a leading candidate for use in the setting of regional gene therapy for bone repair. 

They are easy to harvest, with low donor morbidity, and demonstrate robust osteogenic 

capacity and BMP-2 production following lentiviral transduction with the BMP-2 gene.(23) 

In order to implement successful and efficient clinical use of an hASC-based gene therapy 

treatment, it is necessary to understand possible differences in the biologic potential of ASCs 

harvested from donors of varying age and with a variety of co-morbid conditions.

Our evaluation of data on 122 harvested infrapatellar fat pads revealed no significant 

differences in ASC yield or growth characteristics based on age, race, or the presence 

of comorbidities. Our in vitro analysis of osteogenic potential in 44 ASC donors with 
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and without medical comorbidities including diabetes mellitus, coronary artery disease, 

rheumatoid arthritis, and systemic immunosuppression found no differences, either in 

transduced or non-transduced ASCs, with respect to: self-renewal capacity as determined by 

CFU-F assay; osteogenic activity as determined by mineralization quantification; or growth 

kinetics as determined by population doubling time, after controlling for age, gender, and 

race.

Our results did demonstrate a small but statistically significant decrease in BMP-2 

production 2 days post-transduction in cells from donors with comorbidities, compared 

with those from healthy donors. However, the difference was no longer significant at 7- and 

14-days post-transduction. This finding is crucial considering that prior preclinical studies 

using hASCs in long bone critical sized defect models have demonstrated that hASC BMP-2 

production is necessary for bone healing, while nontransduced ASCs alone are incapable 

of complete defect healing.(13) Furthermore, we have previously demonstrated that higher 

doses of BMP-2-producing transduced MSCs correlate with increased healing and bone 

volumes in a rat critical femoral defect model.(10) Lastly, given that bone regeneration 

takes place over a course of several weeks to months, and that lentiviral-transduced BMP-2 

producing MSCs have been shown to persist in bone defects up to 8 weeks in preclinical 

models, we do not believe that the small difference in BMP-2 production at 2 days would 

have a clinically significant effect on bone healing.(42, 47) Taken together with the results 

of our study, these findings suggest that regardless of donor age, sex, race, and presence 

of comorbidities, hASCs transduced with an LV-BMP-2 vector maintain similar bone 

regenerative capacity and are a promising source for autologous cell-based gene therapy 

applications for bone repair. However, in vivo studies are needed to evaluate any potential 

impact of ASC donor age and comorbidities on bone healing.

With respect to sex-based differences, we found a statistically significantly higher ASC yield 

and cell numbers at all consecutive passages from female donors compared to males. To our 

knowledge, a relationship between gender and ASC proliferation has not been previously 

reported. However, prior investigation of sex-based differences in ASCs has demonstrated 

differences on a transcriptomic level which have the potential to influence proliferation 

and differentiation.(48) In vitro studies using both non-human and human ASCs, as well 

as human muscle-derived MSCs, have all shown a tendency toward increased osteogenic 

potential of male compared to female MSCs.(49–52) It is worth noting that the prior in vitro 
studies using human MSC donors evaluated a small number of donors (6–8 total), and that 

our study evaluating in vitro mineralization of transduced and non-transduced ASCs from 44 

separate donors did not demonstrate any sex-based differences in osteogenic potential. Our 

finding of sex-based differential cell proliferation did not correlate in our study with any in 
vitro differences in BMP-2 production or osteogenic differentiation. This finding could have 

potential implications for tissue culture-related time and resources in the setting of ex vivo 
regional gene therapy strategies, especially if high cell numbers are required.

Our finding of a weak but statistically significant negative correlation between donor BMI 

and initial cell yield has uncertain clinical significance, especially considering that cell 

numbers at successive passages and overall growth kinetics as determined by PDT did 

not demonstrate a correlation with BMI. Of note, a prior study by Frazier et. al evaluated 
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proliferation of ASCs from the subcutaneous fat of 12 white females of varying ages, and 

demonstrated a negative correlation between BMI and both cell proliferation and osteogenic 

potential(53).

While our results did not demonstrate any significant correlations between ASC osteogenic 

potential or multipotency and donor characteristics such as health status, age, sex, or race, 

we did note significantly increased mineralization in non-transduced ASCs after two weeks 

in osteogenic media when compared with transduced cells, as well as decreased colony 

formation in transduced ASCs compared with non-transduced counterparts. Our finding of 

decreased mineralization is consistent with a recent study by Toth et al. which evaluated the 

effect of inducible BMP-2 expression in dental pulp stem cells on matrix mineralization(54). 

These authors noted a similar decrease in matrix mineralization and ALP activity associated 

with BMP-2 expression, which they attributed to BMP-2 mediated increased expression 

of Runx2 as well as BMP antagonist noggin. Our finding of decreased colony formation 

in transduced ASCs follows logically as BMP-2 production would theoretically drive 

osteoblastic differentiation, manifesting in fewer colonies on CFU assay.

Our study does have limitations. First, adipose tissue was harvested from a single anatomic 

location, which decreases the generalizability of our results despite likely decreasing 

variability and increasing internal validity. Differences in stem cell behavior associated 

with specific cell harvest location (i.e. subcutaneous versus visceral adipose tissue) 

have been demonstrated and warrant continued investigation.(55, 56) Furthermore, it has 

been hypothesized that the infrapatellar fat pad plays a role in the pathophysiology of 

osteoarthritis and prior studies have demonstrated phenotypic changes in ASCs derived 

from infrapatellar fat pads of osteoarthritic knees.(57) This raises the concern that ASCs 

even from our “healthy” donors, while serving as good internal controls for the comparison 

of systemic comorbidities on ASC properties, are derived from a diseased (osteoarthritic) 

source. Importantly, for the purposes of cell-based therapies and gene therapy, several 

studies have demonstrated comparable multi-differentiation potential of infrapatellar fat 

pad-derived ASCs from patients with OA and those from healthy patients without OA, 

and are still considered a promising source of ASCs for tissue regeneration.(58–60) An 

additional limitation is that, due to the natural history of osteoarthritis and the typical 

demographic of patients undergoing TKA, our study only included three patients under 

age 50. We chose the infrapatellar fat pad as the source as this is normally removed 

and discarded in TKA and therefore we did not subject patients to an increase in donor 

morbidity. However, it is important to consider that prior studies have noted enhanced 

biological activity in ASCs from younger donors compared to those from older donors (e.g. 

< 30 versus > 50 years old).(35) Nonetheless, transduced ASCs in this study produced 

an abundant amount of BMP-2. Another limitation is that we placed patients into healthy 

and co-morbid groups. It is possible that certain comorbidities have a greater impact than 

others on the biologic activity of ASCs. Finally, the results of our in vitro analyses apply 

specifically to lentiviral-transduced cells engineered to overexpress BMP-2 for the purposes 

of bone tissue regeneration. For example, possible effects of MSC donor co-morbidities on 

adipogenic or chondrogenic potential were not evaluated in the present study. Thus, caution 

must be exercised when generalizing these results to other gene therapy applications using 

different vectors or target genes and tissues.
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In conclusion, in one of the largest studies evaluating ASC functionality and osteogenic 

potential, we found that donor age and co-morbid conditions have a limited role in ASC 

yield, growth characteristics, self-renewal capacity, and osteogenic potential. Similarly, 

the presence of donor comorbidities did not affect the in vitro functionality of ASCs 

transduced to overexpress BMP-2. Regardless of donor age, sex, race, or health status, 

our findings suggest that human ASCs harvested from infrapatellar fat pads maintain similar 

bone regenerative capacity. Collectively, these in vitro results are in support of ASCs as 

a promising resource for autologous cell-based gene therapy applications for bone repair. 

Future studies should investigate the impact of ASC donor age and comorbidities on in vivo 
bone formation.
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Figure 1. 
Representative images of calcium deposition/matrix mineralization in transduced and non-

transduced cells. On average, transduced ASCs demonstrated less mineral deposition than 

non-transduced ASCs. (H)=Healthy; (CM)=Co-Morbid
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