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SUMMARY

Adipose tissue contains a heterogeneous population of stromal vascular fraction (SVF) cells that 

work synergistically with resident cell types to enhance tissue healing. Ease of access and 

processing paired with therapeutic promise make SVF cells an attractive option for autologous 

applications in regenerative medicine. However, inherent variability in SVF cell therapeutic 

potential from one patient to another hinders prognosis determination for any one person. This 

study investigated the regenerative properties and inflammation responses of thirteen, medically 

diverse human donors. Using non-expanded primary lipoaspirate samples, SVF cells were 

assessed for robustness of several parameters integral to tissue regeneration, including yield, 

viability, self-renewal capacity, proliferation, differentiation potential, and immunomodulatory 

cytokine secretion. Each parameter was selected either for its role in regenerative potential, 

defined here as the ability to heal tissues through stem cell repopulation and subsequent 

multipotent differentiation, or for its potential role in wound healing through trophic 

immunomodulatory activity. These data were then analyzed for consistent and predictable patterns 

between and across measurements, while also investigating the influence of the donors’ relevant 

medical histories, particularly if the donor was in remission following breast cancer treatment. 

Analyses identified positive correlations among the expression of three cytokines: interleukin 

(IL)-6, IL-8, and monocyte chemoattractant protein (MCP)-1. The expression of these cytokines 

also positively related to self-renewal capacity. These results are potentially relevant for 
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establishing expectations in both preclinical experiments and targeted clinical treatment strategies 

that use stem cells from patients with diverse medical histories.
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INTRODUCTION

A practical challenge in the research, development, and application of adipose-derived stem/

stromal cell (ASC) treatment is the inherent variability in therapeutic potential due to donor/

patient health and medical history. Current knowledge and understanding of cell therapy 

outcomes is limited by each patient having a unique medical profile, due in part to the 

human body’s adjustments to trauma, disease, and drug treatments, which can have long-

term and lasting effects. The effects that chronic pathologies and medical conditions exert on 

progenitor cells has been a well-explored area of regenerative medicine, and conditions such 

as arthritis, diabetes, and obesity have been shown to influence stem cell functions (1–4). 

With regard to adipose tissue specifically, the ways in which cancer and chemotherapy affect 

the functional efficacy of ASC therapy is of interest because of the prevalence of adipose 

grafting as a reconstructive procedure following cancer treatments (5, 6). Such treatments 

may influence the regenerative capacity of the patient’s cells in differential and 

unpredictable ways, in turn confounding associated data. Clinical trials are often limited by 

small sample sizes and significant variability in patient response, which can influence the 

resulting data and yield conclusions that inaccurately represent findings seen in broader 

applications (5, 7).

The stromal vascular fraction (SVF), a heterogeneous cell population that includes ASCs, is 

a therapeutically relevant cell source that requires relatively little processing and holds 

promise for rapid, point-of-care treatment with similar outcomes to ASC-exclusive treatment 

(6, 8). SVF cells have been shown to repair injuries through similar mechanisms as ASCs, 

with the potential to further enhance therapeutic outcomes due to synergistic activity 

between ASCs and the other resident cell types (8, 9). Additionally, comparisons of SVF cell 

and ASC therapeutic potential in models of several medical conditions have illustrated that 

SVF cell fractions and ASC-exclusive isolates have comparable clinical safety and efficacy 

(8, 10, 11). For these reasons, the therapeutic value of SVF cells was explored in this study.

Given the accelerating rate at which regenerative medicine is advancing, it is imperative to 

diligently investigate cellular regenerative properties that are clinically relevant to the 

implementation of safe and efficacious treatments. While the regenerative and therapeutic 

potentials of SVF cells and passaged ASCs have been well characterized, there is little 

information that compares the relationship of different measures of potential, in a patient-

specific manner, in non-expanded SVF cells (12–14). To provide broader insight into the 

potential efficacy of non-expanded SVF cells in various applications, we quantitatively and 

semi-quantitatively measured the viability, self-renewal capacity, proliferative activity, 

differentiation potential, and immunomodulatory cytokine secretion of primary SVF cells 
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isolated from thirteen, medically diverse, human donor samples. Further, we examined how 

medical history might influence these therapeutic parameters when establishing prognoses 

of SVF cell treatments. This work aimed to identify and characterize the therapeutic 

potential of SVF cells while also detecting trends or patterns that exist in regenerative 

properties, irrespective of confounding factors such as prior illness.

MATERIALS AND METHODS

Isolation of SVF from human adipose tissue

Lipoaspirate waste tissue from thirteen female human donors (ages 34–68, mean age 51.5) 

was obtained with consenting procedures approved by the Institutional Review Board at 

Rhode Island Hospital. Tissue isolates were derived from either thigh, abdominal, or axillary 

fat pads, with an average of 340 mL of tissue processed per donor (median: 300 mL, range 

80–1200 mL). Donors represented medical histories of breast cancer (donors 1–6, at least 

one year in remission), lipodystrophy (donors 7–10), or macromastia (donors 11–13). SVF 

cells were isolated using established protocols with minor modifications (15). Lipoaspirate 

was washed 5–7 times in warm, sterile phosphate buffered saline (PBS) to remove blood and 

tumescent fluid. Resulting tissue was digested for one hour in a matching volume of 0.1% 

wt/vol collagenase (Worthington Biomedical Corporation), 1% vol/vol bovine serum 

albumin Fraction V (BSA, Invitrogen), and 2 mM calcium chloride in PBS while shaking at 

37°C. Following digestion, released cells were centrifuged at 300 g to form a pellet, and the 

supernatant lipids and buoyant, mature adipocytes were removed. Pelleted cells were 

resuspended in stromal medium consisting of Dulbecco’s Modified Eagle Medium-Nutrient 

Mixture F-12 (DMEM-F/12, HyClone, GE Healthcare), 10% fetal bovine serum (FBS, Zen-

Bio), and 1% antibiotic/antimycotic (A/A, HyClone, GE Healthcare) to neutralize residual 

collagenase. Following two additional washes in stromal medium, samples were incubated at 

room temperature in an erythrocyte lysis buffer (115 mM ammonium chloride, 10 mM 

potassium carbonate, and 0.1 mM ethylenediamine tetraacetic acid). Samples were 

centrifuged and cells were resuspended in stromal medium, then filtered sequentially 

through 100 μm and 70 μm strainers before counting cell numbers using a hemocytometer. 

Total cell yield and viability were determined through Trypan Blue live/dead staining. SVF 

cells were centrifuged and resuspended in 1 or 1.5 mL freezing medium consisting of 80% 

FBS, 10% dimethyl sulfoxide, and 10% DMEM F/12. The average number of cells frozen in 

each vial was 5.3×106 (median: 5.1×106, range 3.0×106 – 9.6×106). Samples were stored 

cryogenically until use. Cells were thawed by incubating vials retrieved from cryogenic 

storage in a 37°C water bath for 2–4 minutes. Following resuspension in 3–5 mL stromal 

medium and a 5-minute centrifugation (400 g) to remove residual DMSO, post-thaw 

viability of non-expanded SVF cells was recorded before specified cell numbers were plated 

directly into the culturing conditions described below for analysis of therapeutic parameters.

Clonogenicity

SVF cell capacity for self-renewal was measured using a colony forming unit-fibroblast 

(CFU-F) assay. Samples from each donor were seeded in 100 mm dishes (n = 3) at a density 

of 20 cells/cm2. After two weeks, plates were fixed and stained with 0.5% crystal violet in 

100% methanol for 15 minutes. Samples were imaged using a Nikon D500 digital camera, 
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and colonies containing > 50 cells were quantified by processing the images using ImageJ 

software (National Institutes of Health). Clonogenicity was reported as self-renewal 

capacity, calculated by dividing the number of colonies formed by the initial seeding density 

(16).

Population Doubling Time (PDT)

Proliferation rates for SVF cells from each donor were calculated by seeding 6-well plates 

with 2,500 cells, growing them in stromal medium for ten days, and recording cell numbers 

for Days 4–10 (n = 3 wells for each time point and donor). Medium was changed every 2–3 

days. For counting, cells were fixed with 10% formalin, and nuclei stained with 4′,6-

diamino-2-phenylindole (DAPI). Cell numbers were quantified using a Cytation cell 

imaging plate reader (BioTek) across six random fields of view for each well, and PDTs 

were calculated from the log phase of the growth curve formed by plotting cell counts for 

each time point (16, 17).

Multilineage Differentiation

The multipotent differentiation capacity of donor SVF cells was determined by chemical 

induction along osteogenic, adipogenic, and chondrogenic lineages. Assessment of 

differentiation potential was determined using quantitative or semi-quantitative bioassays for 

the production of lineage-specific metabolites.

Osteogenesis—Osteogenic differentiation potential was assessed by alkaline phosphate 

(ALP) activity and calcified matrix deposition. SVF cells from each donor were thawed and 

seeded into 96-well plates at a density of 8×103 cells/well and cultured for 4–6 days in 

expansion medium comprised of DMEM/F-12, 10% FBS, 1% A/A, 0.25 ng/mL 

transforming growth factor (TGF)-β1, 5 ng/mL epidermal growth factor, and 1 ng/mL 

fibroblast growth factor (R&D systems). Following expansion, confluent monolayers were 

cultured in either stromal medium or osteogenic medium, containing DMEM High Glucose 

(DMEM/HG), 10% FBS, 2.16 mg/mL β-glycerophosphate, 50 μg/mL mM ascorbate-2-

phosphate, 20 nM dexamethasone, 3.85 ng/mL vitamin-D3, and 1% A/A (18). Media were 

changed every 2–3 days. After seven days, cells for each condition were lysed and stored at 

−80°C before being thawed and assessed for ALP activity (n = 4 per medium condition, per 

donor), which was quantified using a fluorometric assay (BioVision). After twenty-one days 

in either control or osteogenic media, the remaining samples were fixed with 10% formalin 

(n = 4 per medium condition, per donor), and calcified matrix deposition was visualized 

using pH-adjusted (4.1–4.3) alizarin red S stain (ARS, Sigma-Aldrich). Following imaging, 

ARS was eluted from wells using 10% cetylpyridinium chloride in 10 mM sodium 

phosphate at room temperature overnight. The eluent’s optical density (OD) was measured 

at 540nm using a Cytation spectrophotometer (Biotek) (19).

Adipogenesis—Adipogenic differentiation potential was assessed by intracellular lipid 

size, abundance, and staining. Cells were plated and expanded as described for osteogenesis. 

Confluent monolayers were cultured for twenty-one days in either stromal or adipogenic 

medium, containing DMEM/F-12, 10% FBS, 10 μM insulin, 1 μM dexamethasone, 0.25 

mM isobutyl-methylxanthine, 200 μM indomethacin (Sigma-Aldrich), and 1% A/A (20, 21). 
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Media were changed every 2–3 days. Following the induction period, adipogenic-induced 

and control wells were fixed with 10% formalin (Thermo Fisher Scientific). Oil red O 

(ORO, Sigma-Aldrich) staining was used to visualize intracellular lipid droplets in control 

and adipogenic cultures using a Cytation cell imaging system at 628ex/685em (n = 4 per 

medium condition, per donor). A custom MATLAB program was employed to quantify 

mean lipid areas and large lipid counts (> 2 μm diameter), as previously described (22). 

Following imaging, ORO stain was eluted using 100% isopropanol, and the eluent’s OD was 

measured at 500nm using a Cytation spectrophotometer (19).

Chondrogenesis—Chondrogenic differentiation potential was assessed by sulfated 

glycosaminoglycan (sGAG) production. SVF cells were plated in V-bottom 96-well plates at 

a density of 5×104 cells/well (n = 4 per medium condition, per donor). Plates were 

centrifuged at 400 g for 5 minutes to form cell pellets, and after a 24-hour equilibration 

period, pellets were incubated in either stromal medium or chondrogenic medium, 

containing DMEM/HG, 10% FBS, 2 ng/mL TGF-β1, 0.15 mM ascorbate-2-phosphate, 100 

nM dexamethasone, 1% ITS premix (BD Biosciences), and 1% A/A (23). 80% of media was 

changed every 2–3 days. After twenty-one days, pellets were digested in 125 μg/mL papain 

(Sigma-Aldrich) at 65°C and pH 6.5 for 24 hours. The resultant solution was assayed for 

sGAGs using a dimethyl-methylene blue (DMMB) assay, as described previously (24). 

DMMB dye was dissolved in 1 mL of 100% ethanol and 10 mL of 0.3 M HCl containing 

304 mg glycine and 237 mg sodium chloride. The dye was pH-adjusted to 1.5, and volume 

adjusted to 100 mL using distilled water. 200 μl of dye was added to 50 μl of digest solution, 

and the absorbance of the resulting mixture was measured at 525 nm using a Cytation 

spectrophotometer. Concentrations of sGAG were quantified using a standard curve 

generated using known quantities of chondroitin sulfate.

Analysis of Cytokine Secretion in Response to Inflammation

The biochemical response of SVF cells to an inflammatory stimulus was assessed by 

chemically stimulating donor-specific samples with pro-inflammatory molecules and then 

analyzing the supernatant for secreted pro- and anti-inflammatory cytokines. This analysis 

aimed to elucidate the donor-specific responses to an inflamed, injury-induced 

microenvironment and was performed using a fluorescent, multiplex enzyme-linked 

immunosorbent assay (ELISA) (RayBiotech, Norcross, GA). Culturing conditions were 

adapted from previously established protocols to meet suggested specifications provided by 

the multiplex ELISA manufacturer (25, 26). Confluent SVF cells in 24-well plates were 

cultured in serum-free base media containing Minimum Essential Medium (MEM, Gibco), 

10% ITS premix solution, and 1% A/A with the addition of 3 ng/mL tumor-necrosis factor 

(TNF)-α and 10 ng/mL interferon (IFN)-γ for 24 hours. Control samples were cultured in 

the same serum-free base media without any addition of cytokines. Following treatment, 

control and immune-stimulated samples were washed twice with warm, sterile PBS and 

cultured for an additional 24 hours in base medium, which was collected for analysis. 

Multiplex ELISAs were performed following manufacturer’s instructions, and cytokine 

secretion levels were quantified using a Genepix 4000B scanner using average sample 

fluorescence at 532 nm measured against a standard curve (n = 4). Cytokines assessed 
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included interleukin (IL)-1α, IL-1β, IL-4, IL-6, IL-8, IL-10, IL-13, monocyte 

chemoattractant protein (MCP)-1, IFN-γ, and TNF-α.

Statistical Analysis

Correlations of parameters across the entire donor population were calculated from raw data 

using a nonparametric Spearman rank analysis (27). Differentiation potential and 

inflammation-induced cytokine secretion of donor-matched pairs of experimental and 

control conditions were assessed using a two-tailed Student’s t-test. Diagnosis-dependent 

differences in donor clonogenicity were also assessed using a two-tailed Student’s t test. 

Assessment of non-normal, diagnosis-dependent variation in the differentiation potential and 

immunomodulatory cytokine secretion of donor SVF cells was performed using a 

nonparametric ANOVA on ranks followed by Dunn’s correction for multiple comparisons. 

All analyses were performed using SigmaPlot 12.5 software. For all tests, p-values < 0.05 

indicated statistical significance.

RESULTS

SVF cell yields, viabilities, proliferation rates, and clonogenicity

Cell yield varied across donors but in general was observed to be 1–6×105 cells/mL 

lipoaspirate. Average post-thaw cell viability was 79% (median: 78%, range: 70–90%). 

Average PDT was 32 hrs (median: 27 hrs, range: 15–48 hrs). One donor (Donor 10) had a 

significantly higher PDT of 84 hours, which was treated as an outlier and excluded from the 

average calculation. No correlative relationships or patterns were identified between these 

measures and the measurements of other parameters mentioned below. The average self-

renewal capacity of donor SVF cells was 3.6% (median: 3.6%, range: 1.6–7.0%, Fig. 1).

SVF cell differentiation potential

Multilineage differentiation potential of SVF cells was determined for each donor by 

quantifying lineage-specific metabolite production. Successful differentiation along 

osteogenic, adipogenic, and chondrogenic lineages was defined as having significantly 

higher metabolite production than matched stromal medium controls (Supplemental Table 

1). For osteogenesis, 10/13 donors showed positive differentiation potential when assessing 

ALP activity, an early stage marker for this lineage (range: 1.4–13-fold higher than control, 

p < 0.05). Average values across all donors were 56 ± 14 mU/mL and 16 ± 4 mU/mL for 

osteogenic and control groups, respectively. However, 13/13 donors showed positive 

differentiation potential when assessing calcified matrix deposition via ARS eluent OD, a 

late stage marker for this lineage (range: 11–130-fold higher than control, Fig. 2). Average 

values across all donors were 9.3 ± 1.2 and 0.22 ± 0.03 for osteogenic and control groups, 

respectively. For adipogenesis, 13/13 donors exhibited robust differentiation compared to 

matched controls when assessing intracellular lipid size (range: 2.5–19-fold higher than 

control, p < 0.05). Values of mean lipid area in adipogenic-induced samples compared to 

spontaneously produced lipids in control samples were 28 ± 4.8 μm2 vs. 2.8 ± 0.6 μm2, 

respectively (Fig. 3). Using ORO OD as a measure of adipogenesis, only 8/13 donors 

exhibited statistically greater adipogenesis following induction. These increases ranged from 

0.6–1.7-fold higher than controls. Interestingly, of the five donors that did not differentiate 
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(Donors 2, 3, 8, 9, 10), four exhibited statistically higher ORO OD in control samples 

(Donors 2, 3, 8, 10). Average ORO ODs across all donors were 0.26 ± 0.02 and 0.19 ± 0.01 

for adipogenic-induced and control conditions, respectively. For chondrogenesis, 9/13 

donors showed positive differentiation potential when assessing sGAG production (range: 

1.7–27-fold higher than control, p < 0.05). Mean sGAG concentrations across all donors 

were 4.51 ± 1.08 μg/mL and 1.39 ± 1.00 μg/mL for chondrogenic-induced and control 

samples, respectively (Fig. 4). The results from the four donors (Donors 1, 7, 9, 13) that did 

not produce significantly more sGAG when compared to their matched controls, possibly 

due to high variability among biological replicates for each donor. Donor 1 exhibited values 

of “0” for both control and chondrogenic-induced conditions, likely due to inadvertent loss 

of the cell pellet, and the donor was therefore removed from the chondrogenic differentiation 

analysis.

SVF cell immunomodulatory cytokine secretion

The supernatant medium of SVF cells exposed to pro-inflammatory stimuli was assessed 

using a multiplex ELISA array for the presence of cytokines that could potentially modulate 

an immune response in vivo. While most measures in unstimulated control conditions were 

zero or near-zero values, IL-6, IL-8, MCP-1 and IFN-γ expression was consistently robust 

and significantly up-regulated for all donors following stimulation (p < 0.05, Supplemental 

Table 2). Mean IL-6 expression was 2.64 ± 0.19 ng/mL and 0.070 ± 0.005 ng/mL for 

stimulated and control samples, respectively (p < 0.05, Fig. 5a). Mean IL-8 values were 

0.109 ± 0.022 ng/mL and 0.014 ± 0.003 ng/mL for stimulated and control samples, 

respectively (p < 0.05, Fig. 5b). MCP-1 expression yielded mean values of 1.33 ± 0.21 

ng/mL and 0.15 ± 0.02 ng/mL for stimulated and control samples, respectively (p < 0.05, 

Fig. 5c). IFN-γ values averaged 1.60 ± 0.16 ng/mL and 0.053 ± 0.005 ng/mL for stimulated 

and control samples, respectively (p < 0.05, Fig. 5d). The remaining six cytokines tested in 

the multiplex ELISA appeared in only trace amounts across all thirteen donors in control/

induced conditions.

Correlations of SVF cell regenerative characteristics

To determine whether statistically significant correlations existed among the properties 

reported above, regression analyses were conducted using the thirteen donor samples as 

independent data points. Significant relationships were observed between sets of secreted 

immunomodulatory cytokine levels. There was a strong, statistically significant positive 

correlation observed between the pro-inflammatory cytokines IL-6 and MCP-1 (Fig. 6a, rs = 

0.75, p < 0.05), IL-8 and MCP-1 (Fig. 6b rs = 0.78, p < 0.005), and IL-6 and IL-8 (Fig. 6c, rs 

= 0.93, p < 0.0001). Additionally, positive correlations were observed between donor self-

renewal capacity and cytokine expression. The relationship between self-renewal and 

MCP-1 expression was statistically significant (Fig. 6d, rs = 0.71, p < 0.05), whereas self-

renewal vs. IL-6 expression (Fig. 6e, rs = 0.44, p = 0.1) and IL-8 expression (Fig. 6f, rs = 

0.44, p = 0.1) showed similar trends but failed to reach statistical significance. Correlations 

between lineage-specific differentiation potentials showed modest positive relationships, 

although none were statistically significant. The strongest of these was found between 

measures of osteogenesis and adipogenesis (rs = 0.36, p = 0.2), followed by osteogenesis and 

chondrogenesis (rs = 0.32, p = 0.3). No relationship was observed between adipogenesis and 
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chondrogenesis (rs = −0.21, p = 0.5). A minor negative trend was observed between donor 

self-renewal capacity and osteogenic and adipogenic differentiation potentials (rs = 0.27 – 

0.32, p = 0.3 – 0.4). Interestingly, sGAG production exhibited a strong negative correlation 

with post-thaw SVF cell viability (rs = −0.76, p < 0.005). Relatively little effect was 

observed due to donor age in relation to other measured characteristics, with IL-8 having the 

strongest correlation (rs = −0.51, p = 0.07). No significant relationship was identified 

between donor cell yields, viabilities, population doubling times, and any of the other 

measured parameters. No patterns, trends, or correlations were determined to be dependent 

on the anatomical source of lipoaspirate, although these groupings had limited sample sizes.

Medical history influence on SVF cell regenerative potential

Non-identifying medical history associated with SVF samples indicated that 6/13 donors had 

a previous diagnosis of breast cancer. Because breast reconstruction following mastectomy 

is a common clinical application of fat grafting with autologous SVF supplementation, we 

performed analyses to compare the regenerative characteristics of donor samples with a 

history of breast cancer to samples with alternative, non-cancer diagnoses. Results showed a 

strong trend towards increased clonogenic potential in breast cancer donors (p = 0.06, Fig. 

7a). Additionally, differentiation potential for the osteogenic and adipogenic lineages in 

these samples were diminished, although not with statistical significance (p > 0.05, Fig. 7b 

and 7c). No such effects were observed for chondrogenesis (Fig. 7d). Prior history of breast 

cancer did not appear to have an effect on the cytokine secretion of donor SVF cells 

stimulated by pro-inflammatory conditions (Fig. 8, p > 0.05), However, breast cancer 

remission donors under control conditions had a consistent trend of higher baseline 

expressions of IL-6, IL-8, MCP-1, and IFN-γ, though it did not reach statistical significance 

(p > 0.05).

DISCUSSION

The results of this study indicate that SVF cells from individual donors vary dramatically in 

their regenerative characteristics and secretion profiles in response to an inflammatory 

stimulus and are therefore likely to have distinctly different therapeutic performance. 

Multilineage differentiation assays indicated that chemical induction of donor SVF cells 

along a given lineage yields variable responses, with some exhibiting high lineage-specific 

metabolite production and others showing limited ability. When investigated in more depth, 

significant relationships were observed among subsets of measured parameters. For 

example, production of three inflammatory cytokines positively correlated to one another. 

One possible explanation for donor-to-donor variability is diversity in medical histories. In 

the current work, a subset of samples was derived from patients with a past diagnosis of 

breast cancer. Interpreting findings within this context suggested that persistent changes 

associated with the disease could potentially alter stem cell clonogenicity and inflammatory 

cytokine expression, while having minimal effect on differentiation.

The pronounced effect of donor variability on ASC differentiation potential has been 

established since the cells were first identified and characterized in 2001 (28). Even with 

standardized techniques, the prognosis and efficacy of treatment can be vastly different from 
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one patient to another. Attempts to characterize which qualities influence donor variability 

have shown that age and sex are two important factors affecting SVF cell therapeutic 

performance (12–14, 29). Across the thirteen female donor samples tested, age did not 

influence any of our measures of therapeutic potential. This discrepancy with previously 

published literature may be due to the relatively small, uniformly distributed range of ages 

across our donor samples (34–68), which prevented comparisons of performance between 

distinctly “young” and “old” subgroups. Our results also showed no differences due to the 

anatomical location of isolated SVF cells, although this factor has been previously noted to 

influence therapeutic potential (30). It is possible that additional confounding differences 

between our thirteen donors masked any tissue location-specific influences.

There were diverse responses to chemical induction for lineage-specific differentiation 

across the thirteen SVF cell samples. While there were slight, statistically non-significant 

positive trends between donor osteogenic differentiation potential and the two other lineages 

assessed, our results indicated that robust differentiation along one lineage is not a reliable 

predictor of the potential for differentiation along other lineages. This opposes a widely 

accepted paradigm that such relationships exist, e.g., an inverse relationship between 

osteogenic and adipogenic differentiation potentials (31, 32). It is possible that the trends we 

observed are due to the overall heterogeneity of SVF cells. Many studies that demonstrate 

the inverse quality of osteogenic and adipogenic potentials use stem cell populations 

enriched using expansion/passaging. Cellular expansion yields effectively clonal groups of 

highly proliferative cells that may exhibit the established seesaw effect of multipotent 

differentiation potential. However, this relationship has been shown to be absent in non-

expanded or early passage stromal vascular cell populations (33–35).

ASCs derived from adipose tissue have been shown to act as both immune-enhancing and 

immunosuppressive mediators of inflammation, with most therapeutic applications focused 

primarily on the latter (36). In the current study, SVF cells for thirteen donors differentially 

expressed four pro-inflammatory cytokines following stimulation with TNF-α and IFN-γ. 

Surprisingly, no anti-inflammatory cytokines were expressed at significant levels. Non-

expanded SVF cells may be predisposed to pro-inflammatory activity more so than 

extensively expanded, enriched ASC populations. Studies have shown that early passage 

ASCs express markers such as major histocompatibility complex (MHC) II, as well as 

CD45, CD80, and CD86, all of which are associated with the stimulation of antigen-

presenting cells (36). Moreover, in mixed lymphocyte reaction cultures, non-expanded/P0 

ASCs have been shown to promote the proliferation of allogeneic responder T cells, but this 

proliferative activity is attenuated in T cell co-cultures with ASCs beyond P1 (36). Although 

the exclusive up-regulation of pro-inflammatory cytokines was unexpected, the substantial 

variability in expression level across donors emphasized how therapeutic response could be 

difficult to predict, with certain donors expressing cytokines in concentrations orders of 

magnitude higher than others. Despite the variation, strong positive correlations among 

expression of IL-6, IL-8, and MCP-1 across donors are consistent with previously published 

studies (37–39), and they suggest that the mechanism through which SVF cells elicit a 

response may be consistent from donor to donor, even if the degree of the response is not.
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The up-regulated cytokines in this study are implicated in many processes that promote 

wound healing. IL-6, IL-8, and MCP-1 are traditionally seen as pro-inflammatory markers 

because they stimulate neutrophil, monocyte, and macrophage infiltration at injury sites, but 

there is ample evidence to suggest these cytokines have anti-inflammatory capabilities as 

well. MCP-1, for example, can promote cardiac repair and angiogenesis following ischemic 

injury (40–43). IL-6 plays a role in angiogenesis and epidermal cell proliferation and has 

been shown to have pleiotropic qualities that can suppress inflammatory immune responses 

(44–48). Furthermore, localized ASC secretion of IL-6 potently modulates of the 

differentiation of dendritic cells (DC), limiting their pro-inflammatory ability and instead 

enhancing their secretion of IL-10 (36, 49–52). In mouse models of cutaneous wound 

healing, ASC conditioned medium containing high concentrations of IL-6 and IL-8 also 

promoted wound closure and healing, and inhibition of IL-6 and IL-8 activity attenuated this 

effect (53). Taken together, these findings indicate that ASCs found within SVF could exert 

therapeutic effects by depleting the number of activated antigen-presenting cells through 

secretion of traditionally pro-inflammatory factors, suppressing immune responses through 

secondary paracrine interactions with effector cells. Future work should examine how donor 

expression of IL-6, IL-8, MCP-1, and IFN-γ correlates to donor efficiency at depleting the 

functional activity of immune effector cells in an in vivo environment.

Patient medical history, specifically a previous diagnosis of breast cancer, was found to be a 

possible influence on the functional capacity and regenerative potential of SVF cells. The 

observed effects may be due to biological and/or physiological changes caused by the 

disease itself, or they may be residual, long-term responses to chemotherapeutic treatment(s) 

(19, 54, 55). Because samples were collected from donors who had been in remission for at 

least one year, any observed trends or relationships should not be due to existing disease or 

treatment effects, but rather, the result of lasting influences. The enhanced self-renewal 

capacity of SVF cells observed for these donor samples could be due a lingering systemic 

regenerative response to surgical and chemotherapeutic cancer treatments. However, our 

results also suggest that there may be a decrease in differentiation potential for both 

osteogenic and adipogenic lineages in cells derived from breast cancer remission patients, 

although this trend was variable and not statistically significant. Our previous work and 

others have indicated that ASCs can resist short-term changes in differentiation potential due 

to chemotherapeutic treatment (12, 19, 56); however, the current results suggest that long-

term differentiation potential of these cells may not be similarly protected. Interestingly, 

results also showed elevated baseline levels of cytokine secretion in breast cancer remission 

samples in the absences of an inflammatory stimulus. This is to be expected given the well-

established links between chronic, mild inflammation and the development and recurrence 

of cancer (57). However, it remains unclear whether the increase in cytokine production is 

causal or in reaction to breast cancer and its treatment. Many pathways implicated in 

mesenchymal stem cell immunomodulation also play important roles in the invasive and 

metastatic qualities of tumors. Increased PGE2 expression, for example, has been associated 

with increased metastatic capacity, along with increased expression of cytokines and growth 

factors including IL-6 and IL-8 (58). Since tumors and ASCs utilize similar molecular 

pathways for both metastasis and immunomodulation, care should be taken in assigning only 

a single explanation for cytokine secretion. A logical next step is to use an in vivo model to 
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determine how the different measured parameters in this study influence long-term graft 

survival. The in vivo microenvironment provides a range of biologically relevant factors that 

might better predict therapeutic outcomes, including intercellular interactions, biomolecules, 

and mechanical cues from surrounding tissues and extracellular matrix.

The assaying of a broad set of therapeutically relevant stem cell characteristics across a 

modestly sized group of human donors yielded findings regarding the potential for SVF cells 

to exhibit therapeutic effects, but further categorization could be investigated based on 

medical history, donor age, harvest location, or any of many other considerations. The 

substantial variability observed in the therapeutic parameters of SVF cells highlights the 

current challenges facing scientists conducting experiments with these cells and clinicians 

using them in diverse patient populations. Additional work is necessary to determine the 

most influential, donor-specific characteristics that can accurately predict outcomes. Larger 

sample sizes strengthen statistical conclusions and encompass population variability more 

realistically; however, the specifics of each donor will still play a dominant role in how the 

associated stem cells behave. It should also be noted that several past studies have observed 

that long-term graft survival of lipofilling procedures using SVF was inferior to more 

homogenous populations of expanded adipose-derived stem/stromal cells (59–61). While 

this is relevant on a biological and physiological level, long-term, multi-passage culturing 

would be necessary to yield sufficient cell numbers for enhanced therapies. This 

consumption of time and resources may not be sensible for widespread clinical application, 

especially compared to the practical simplicity that point-of-care SVF cell treatment 

provides. This expansion also eliminates the potential synergistic regenerative effects that 

might be observed when using heterogeneous, autologous cell populations that include 

progenitor cells (8, 9).

The current work identified substantial, donor-specific variation in the regenerative potential 

and immunomodulatory secretion profiles of ASCs found in human SVF by evaluating the 

robustness of several contributing parameters to therapeutic qualities. Findings also suggest 

a possible enduring influence of breast cancer for therapeutic applications using autologous 

stem cells from fat tissue. By identifying and examining these relationships, this study can 

inform the prognoses of future clinical work featuring stromal vascular fraction cell therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Self-renewal capacity of SVF cells by donor
(A) The self-renewal capacities of donor SVF cells were assessed using a CFU-F assay. (B) 

Individual colonies were stained with crystal violet and counted to determine clonogenicity. 

Data shown as mean ± standard deviation, with representative images for each donor. 

(Donors 1–6: breast cancer remission, Donors 7–13: no cancer diagnosis)
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Figure 2. Osteogenic potential of SVF cells by donor
(A) ALP activity for control and osteogenic-induced SVF cells for all donors. (B) 

Representative images of ARS-stained calcified matrix for osteogenic-induced and control 

samples. Data shown as mean ± standard deviation, with representative images for each 

donor. *represents p < 0.05. (Donors 1–6: breast cancer remission, Donors 7–13: no cancer 

diagnosis)
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Figure 3. Adipogenic potential of SVF cells by donor
(A) Mean lipid area for control and adipogenic-induced SVF cell samples for all donors. (B) 

Representative images of ORO-stained intracellular lipids for adipogenic-induced and 

control samples. Data shown as mean ± standard deviation, with representative images for 

each donor. *represents p<0.05. (Donors 1–6: breast cancer remission, Donors 7–13: no 

cancer diagnosis)
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Figure 4. Chondrogenic potential of SVF cells by donor
(A) sGAG production for control and chondrogenic-induced SVF cell samples for all 

donors. Data shown as mean ± standard deviation. # indicates no sample existed, due either 

to miniscule matrix production or inadvertent loss of pellet during processing. *represents p 

< 0.05. (Donors 1–6: breast cancer remission, Donors 7–13: no cancer diagnosis)
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Figure 5. Immunomodulatory cytokine secretion of SVF cells by donor
Cytokine secretion concentrations of (A) IL-6, (B) IL-8, (C) MCP-1, and (D) IFN-γ for 

control and pro-inflammatory cytokine-stimulated SVF cells. Data shown as mean ± 

standard deviation. *represents p < 0.05. (Donors 1–6: breast cancer remission, Donors 7–

13: no cancer diagnosis)
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Figure 6. Correlation analyses of SVF cell therapeutic potential
Nonparametric Spearman rank analyses were performed to identify potential relationships 

among SVF cell inflammatory cytokine secretion and regenerative properties. Statistically 

significant positive relationships were found between secreted immunomodulatory factor 

production for (A) IL-6 and MCP-1, (B) IL-8 and MCP-1, and (C) IL-6 and IL-8. The 

positive relationship between (D) self-renewal capacity and MCP-1 expression across donors 

was also determined to be statistically significant. A similar trend was observed for self-

renewal compared to (E) IL-6 and (F) IL-8 expression, although statistical significance was 

not achieved.
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Figure 7. Medical history and regenerative potential
(A) SVF cell self-renewal capacity for breast cancer remission donors was higher when 

compared to donors without a prior breast cancer diagnosis, nearing statistical significance. 

An opposing trend was observed for differentiation potential, suggesting breast cancer 

remission donors might have less robust (B) adipogenic and (C) osteogenic potential based 

on production of corresponding lineage-specific metabolites. (D) No differences were 

observed in chondrogenic potential. Data shown as mean ± standard deviation; * and unlike 

letters indicate statistical significance (p < 0.05). Overlaid circles indicate individual donor 

data points.
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Figure 8. Medical history and immunomodulatory cytokine secretion
Secretion of pro-inflammatory factors (A) IL-6, (B) IL-8, (C) MCP-1, and (D) IFN-γ were 

compared between breast cancer remission donors and donors without a history of breast 

cancer. Although no statistically significant differences were observed in cytokine secretion 

upon exposure to pro-inflammatory conditions, a consistent trend towards higher cytokine 

levels in remission samples was observed for control conditions. Data shown as mean ± 

standard deviation; unlike letters indicate statistical significance (p < 0.05). Overlaid circles 

indicate individual donor data points.
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