
Volume 8 • Issue 2 • 1000411
J Stem Cell Res Ther, an open access journal
ISSN: 2157-7633

Open AccessResearch Article

Journal of
Stem Cell Research & TherapyJo

ur
na

l o
f S

tem
 Cell Research & Therapy

ISSN: 2157-7633

Vega-Crespo et al., J Stem Cell Res Ther 2018, 8:2
DOI: 10.4172/2157-7633.1000411

Abstract
Adult stem cells possess the ability to differentiate and mature into defined cell types; however, tissue-specificity 

and donor and culture inconsistencies have presented a challenge in identifying these cells. Adult adherent dermal 
cell-products have been efficiently utilized for isogenic cosmetic therapies. The purpose of this study is to identify, 
isolate, and characterize progenitor subsets from adult adherent dermal cells capable of ex vivo differentiation. LAVIV® 

adult dermal cells were independently immunoselected for CD146, CD271, and CD73/CD90/CD105 to investigate 
the mesenchymal differentiation capacity and possible enrichment in the purified fractions. After differentiation, the 
osteogenic, chondrogenic, and adipogenic potential and cell-specific gene expression were evaluated and compared 
for each phenotype. Adult dermal cells possess the ability to differentiate into the three cell lineages, osteocyte, 
chondrocyte, and adipocyte that co-express the adult stem cell immunophenotypic markers CD146 and CD271 
with independent enrichment of the multipotent capacity for both fractions. We conclude that subpopulations in 
human dermal primary cultures possess the potential to differentiate into other cell types providing a novel source of 
multipotent cells for regenerative medicine.
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Introduction
Human adult mesenchymal stem cells (hMSC) possess the ability to 

adhere to common tissue culture-treated plastic, expand in vitro into a 
clinically relevant number of cells, and differentiate into a variety of cell 
types including osteoblasts, chondrocytes, and adipocytes [1,2]. This 
multi-lineage capacity differs among niches, conditions, and duration 
of in vitro culture [3-7]. The hMSC cell surface signature enables the 
ability to identify and isolate certain stromal-like cell derivatives, which 
can undergo ex vivo differentiation resulting in committed cell lineages 
[1,8]. The cellular surface markers reported in literature that may be 
accompanying an augment to the in vitro differentiation potential is 
certainly large, however, this potential varies drastically among tissues 
and in certain instances, the surface signature does not correlate with 
the in vitro degree of phenotype functionality [9]. Among these cellular 
surface markers, the canonical surface markers 5'-nucleotidase, ecto 
(CD73) or NT5E, thymocyte antigen 1 (CD90) or Thy-1 and Endoglin 
(CD105), were initially described as unique for mesenchymal stromal 
cells, but have since been identified as distributed among diverse 
types of human cells including fibroblasts with some or no in vitro 
mutipotency [1,8]. Previous research in human adult adipose cells and 
human neonatal dermal derivatives suggest Melanoma Cell Adhesion 
Molecule (CD146) or MCAM [10] and nerve growth factor receptor 
(CD271) or NGFR [11], respectively, as putative candidate markers 
to isolate mesenchymal stromal-like cells from human adult dermal 
derivatives, which would enhance the ability of forming bone, cartilage, 
and fat ex vivo. In theory, adult multipotent dermal fibroblasts can be 
easily attained through a minimally invasive and relatively painless 
skin punch biopsy [12] and hMSC derivatives purified via cell surface 
markers for in vitro or in vivo clinical applications [9,13]. The purpose of 
our study includes the identification and isolation of progenitor subsets 
from adult dermis and characterization of the in vitro multipotent 
potential associated with a specific phenotype.

Material and Methods
In vitro culture of primary human skin cells

LAVIV® (azficel-T by Fibrocell Science, DR01) adult human skin-
derived dermal fibroblast utilized in this study were obtained from 
a 4 mm skin punch biopsy as described on Isolagen Standardized 
Manufacturing Process EX-GTR-110 Version Number 00. All human 
biopsy-derived cells were cultured in regular cell culture media 
consisting of Dulbecco’s modified Eagle medium nutrient mixture 
DMEM/F-12 (Life Technologies, 11320-082) supplemented with 
10% fetal bovine serum (Life Technologies, 26140-079), 1% MEM 
nonessential amino acids (Life Technologies, 11140-076), 2 mM 
GlutaMAX (Life Technologies, 35050-061), and Primocin 100 μg/mL 
(Invivogen, ant-pm-1). The culture media was changed every 2 days. 
The cells were allowed to expand to >90% confluency before passaging 
with 0.05% trypsin-EDTA (Gemini Bio-Products, 400-150) and 
replating at 8,400 cells/cm2 [13-15].

Live cell staining and fluorescence activated cell sorting-
based purification

Approximately 1 × 107 cells were trypsinized and washed twice with 
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ice-cold phosphate-buffered saline (PBS) + 2% goat serum (Gemini 
Bio-Products, 100-109) (PBS-G). The cells were then passed through 
a 40 µm filter to remove clumps and resuspended as 4-5 × 106 cells in 
0.1 mL of ice-cold PBS-G containing: [A] 1:100 CD146:FITC antibody 
(AbD Serotec, MCA2141F) [16], [B] 1:200 CD271:AlexaFluor 647 (BD 
Bioscience, 560326) [11], and [C] 1:100 CD73:PE-Cy7 (BD Bioscience, 
561258), CD90:PE antibody (BD Bioscience, 555596), and CD105: 
AlexaFluor 647 antibody (BD Bioscience, 561439) [17]. Samples were 
incubated for 30 min in the dark at 4ºC with gentle nutation. The 
cells were washed thrice with ice-cold PBS-G, resuspended in 1 mL 
of ice-cold PBS-G, passed through a 40 µm filter, and immediately 
analyzed and sorted on a FACSAria cell sorter (BD Biosciences). Data 
were analyzed; DAPI-stained (Life Technologies, D1306) dead-cell 
exclusion and doublet-exclusion gating were performed; and viable 
single-cell subpopulations were sorted using BD FACSDiva Software 
(BD Biosciences) [9]. Positive and negative purified fractions alongside 
a mix-whole sort sample were allowed to recover and expanded for 
1-week before a second round of FACS-purification.

Osteogenic-differentiation

LAVIV® adult human skin-derived dermal cells were plated at 4,400 
cells/cm2 [25] and allowed to expand to >90% confluency before the 
commencement of the hMSC-differentiation protocol (Lonza, PT-3002). 
hMSC differentiation basal medium consisted of Dulbecco’s Modified 
Eagle medium nutrient mixture-low glucose supplemented with 10% 
heat inactivated MSC-fetal bovine serum, 2 mM L-Glutamine and 
Primocin 100 μg/mL. The complete hMSC differentiation osteogenic 
medium was comprised of hMSC differentiation basal medium and 
freshly added 0.1 µM dexamethasone, 0.2 mM ascorbic acid 2-phospate 
and 10 mM glycerol 2-phosphate. Medium was supplemented every 
72-hours [18,19].

Adipogenic-differentiation

LAVIV® adult human skin-derived dermal cells were plated at 
4,400 cells/cm2 and allowed to expand to >90% confluency before the 
commencement of the hMSC-differentiation protocol (Lonza, PT-
3004). hMSC differentiation basal medium consisted of Dulbecco’s 
Modified Eagle medium nutrient mixture supplemented with 10% 
heat inactivated MSC-fetal bovine serum, 2 mM L-Glutamine and 
Primocin 100 μg/mL. The complete hMSC differentiation adipogenic 
medium was hMSC differentiation basal medium and freshly added 
1 µM insulin (human recombinant), 1 µM dexamethasone, 0.2 mM 
indomethacin, 0.1875 mM IBMX (3-isobutyl-l-methyl-xanthine). 
Medium was supplemented every 72-hours [18,19].

Chondrogenic-differentiation
LAVIV® adult human skin-derived dermal cells were plated at 

8,800 cells/cm2 and allowed to expand to >90% confluency before 
the commencement of the hMSC-differentiation protocol (Lonza, 
PT-3003) [30] supplemented with TGF-B3 (Lonza, PT-4124) [31]. 
Chondrogenic-hMSC differentiation basal medium consisted of 
Dulbecco’s Modified Eagle medium nutrient mixture supplemented 
with 2 mM L-Glutamine, 100 µg/mL sodium pyruvate, 40 µg/mL 
proline, ITS+supplement (6.25 µg/mL human recombinant insulin, 
6.25 µg/mL transferrin, 6.25 µg/mL selenous acid, 5.33 µg/mL linoleic 
acid, and 1.25 mg/mL bovine serum albumin), 50 µg/mL ascorbate, 
100 nM dexamethasone, and Primocin 100 μg/ml [32]. The complete 
hMSC differentiation chondrogenic medium was comprised of 
Chondrogenic-hMSC differentiation basal medium and freshly added 
TGF-B3 at a final concentration of 10 ng/mL [20]. Chondrogenic 

pellets were formed according to the manufacturer’s recommendations 
and medium was supplemented every 72-hours [19,20].

In Vitro Analysis
Alizarin red S

At day 21 of osteogenic induction, the level of mineral deposition 
was inspected using Alizarin Red S [40 mM] pH 4.1-4.5 (Sigma, A5533). 
Alizarin Red Staining and the quantitative analysis of Alizarin Red 
staining were executed according to manufacturer recommendations 
(Millipore, ECM815) [21]. Light microscopy-based imaging was 
performed with an AxioCam HR Color Camera using AxioVision 
Digital Image Processing Software (Axio Observer Inverted Microscope, 
Carl Zeiss). Alizarin Red colorimetric determinations were performed 
at OD405 pH 4.1-4.5 in 96-well format (Costar, 07-200-568) using the 
Tecan Infinite 200 multimode microplate reader provided with Tecan-
i-Control Plate reader Analysis Software (Tecan).

Oil Red and adipored assay

At day 21 of adipogenic induction, lipid droplet accumulation was 
inspected utilizing 5 mg/mL Oil Red O (Sigma, O0625) in isopropyl 
alcohol and distilled water [22]. After a 10-minute incubation, light 
microscopy-based imaging was performed with an AxioCam HR 
Color Camera using AxioVision Digital Image Processing Software 
(Axio Observer Inverted Microscope, Carl Zeiss). The AdipoRed Assay 
(Lonza, PT-7009) was applied to quantitatively determine the lipid 
content. Fluorescence was measured with excitation at 485 nm and 
emission at 572 nm as per manufacturer recommendations [23]. All 
readings were executed in 24-well format (Costar, 07-200-84) using the 
Tecan Infinite 200 multimode microplate reader provided with Tecan-
i-Control Plate reader Analysis Software (Tecan).

Toluidine blue O

At day 21 of chondrogenic induction, chondrogenic pellets were 
fixed in 4% PFA, embedded with OCT and 5 µm sections were obtained 
[24]. The production of proteoglycan constituents and chondromucin 
aggregates were evaluated utilizing an acid solution of 1 mg/mL 
Toluidine Blue O (Sigma, 198161) pH 2.0-2.5 in 70% alcohol and 
distilled water [25]. After a 3-minute incubation, light microscopy-
based imaging was performed with an AxioCam HR Color Camera 
using AxioVision Digital Image Processing Software (Axio Observer 
Inverted Microscope, Carl Zeiss).

Quantitative reverse transcription-polymerase chain reaction

Total RNA was isolated from cultures with a Roche High Pure 
RNA Isolation Kit (Roche Applied Sciences, 011828665001) and 10 
ng-1 µg were reverse transcribed to cDNA utilizing a Transcriptor First 
Strand cDNA Synthesis Kit (Roche Applied Sciences, 04379012001) 
following the manufacturer’s instructions. Primers and probes were 
designed from Roche’s Universal Probe Library. Primers for the genes 
were synthesized at Valuegene Inc. and listed on (Table 1). Quantitative 
PCR relative expression experiments were performed on a LightCycler 
480 Real-Time PCR System (Roche), and data were further analyzed 
with LightCycler 480 Software release 1.5.0. with 1-10 ng of sample in 
a total of 20 µL of reaction mix consisting of 10 μM UPL probe, 20 μM 
of forward and reverse primers and 2X-LightCycler 480 Probes Master 
Mix. Triplicate experimental samples were paired using the all-to-mean 
pairing rule, ΔΔCt value calculation with three housekeeping genes run 
in triplicate for advanced relative quantification [14,26].
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the CD271+ FACS-purified fraction dramatically decreased to 8% and 
CD146+ fraction to 79% (Figure 1A). As for CD73, CD90, and CD105, 
both fractions High-30 and Low-30% remained unaffected with serial 
sorting (Figure 1B).

In vitro osteogenic profile

LAVIV® adult human skin-derived dermal fractions undergoing 
osteogenic differentiation contain cells with and without the ability 
to differentiate into osteoblasts. Independent phenotype enrichment 
separates these distinct cell populations. The CD146+ cells appeared 
not to co-express CD271+ on a multicolor flow cytometry plot (data 
not shown). The high expression of the canonical mesenchymal 
markers CD73, CD90 and CD105 (triple positive fraction) appeared 
to co-express distinctly with CD146 and CD271 (data not shown), 
however, we did not analyze the independent correlation and co-
expression between CD146 and CD271 with the high and low fractions 
of these triple positive cells. The osteogenic potential of the adherent 
cells was assessed qualitatively (Figure 2A) and quantitatively (Figure 
2B) by Alizarin Red Staining [ARS]. Measurements were calibrated 
over a Non-differentiated Control [ND] that consisted of Mix-Whole 
Sort-cells (WS) that underwent the differentiation protocol with only 
basal media (no differentiation factors). Differentiated cultures were 
stained by ARS, and osteogenic differentiation was evaluated by the 
amount of red staining (black arrows Figure 2A) on the mineral-
rich extracellular pockets secreted by osteoblast-like cells. This visual 
assessment revealed an osteogenic enrichment for CD146+, CD271+, 
and High-30% phenotype over their negative phenotype counterparts 
and WS. Figure 2B quantitatively corroborated the findings that 
CD146-expressing cells resulted in a statistically significant osteogenic 
enrichment above the other phenotypes followed by CD271-expressing 

Statistical analysis

All collected data were coded and analyzed with the SPSS statistical 
package (21.0 Version). Results are expressed as mean, Standard 
Deviation (SD) with a confidence interval of 95%. The Levene test for 
equality of variances was used to analyze the normal distribution of 
the variables (p>0.05). Quantitative data without a normal distribution 
were analyzed with non-parametric tests (Mann–Whitney U and 
Kolmogorov-Smirnov), and data with a normal distribution were 
analyzed with parametric tests as for independent sample t test and 
2-way analysis of variance (ANOVA). Bonferroni and Dunnet T3 test 
were performed for post-hoc analyses. A P value less than 0.05 was 
considered statistically significant. All graphs were generated utilizing 
GraphPad Prism 6 [27,28].

Results
Identification of mesenchymal-like cells in human dermis

Adult human dermal biopsies contain a variety of cells with discrete 
multipotent phenotypes [3-11], which are lost over extended culture 
periods [5]. The presence or absence of certain markers (CD73, CD90, 
CD105, CD146, CD271) associated with ex vivo multipotency appears 
to depend on factors such as biopsy procedure and expansion, cell 
density, culture conditions, and longevity of culture [5,9,10]. LAVIV® 
azficel-T cells contained 3% dermal derivatives expressing CD271 
and 20% expressing CD146; positive and negative fractions for both 
phenotypes were independently collected. CD73, CD90, and CD105 
were expressed at >95%; the High-30% expressing triple positive and 
its counterpart Low-30% were collected alongside a mix-whole sort 
and utilized as an experimental control. Following one week of culture, 

Gene GenBank ID Length Primer Sequence Probe Amplicon

ACTB NM_001101.3 1852 F: 5’ CCAACCGCGAGAAGATGA 3’
R: 5’ CCAGAGGCGTACAGGGATAG 3’ 64 97

AGC-1 L12234 114 F: 5’ TGCCATCGACTCTTTCACAT 3’
R: 5’ AATCTCACACAGGTCCCCTTC 3’ 33 61

BMP-2 NM_001200.2 7770 F: 5’ CAGACCACCGGTTGGAGA 3’
R: 5’ CCCACTCGTTTCTGGTAGTTCT 3’ 71 95

CBFA-1 AF053952.1 296 F: 5’ GGTTAATCTCCGCAGGTCAC 3’
R: 5’ GTAAATACTGCTTGCAGCCTTAAAT 3’ 83 106

CEBPA NM_004364.3 2591 F: 5’ AGTTCCTGGCCGACCTGT 3’
R: 5’ CCCGGGTAGTCAAAGTCG 3’ 74 103

COL-2A1 ENSG00000139219.12 546 F: 5’ AGGGCCAGGATGTCCATT 3’
R: 5’ AGGAGAGGGCCCACAGAG 3’ 13 97

COMP ENSG00000105664.4 585 F: 5’ AGAAGAGCAACCCGGATCA 3’
R: 5’  CCCGAGAGTCCTGATGTCC 3’ 58 102

FABP-4 ENSG00000170323.4 941 F: 5’  CCACCATAAAGAGAAAACGAGAG 3’
R: 5’  GTGGAAGTGACGCCTTTCAT 3’ 31 70

GAPDH ENST00000229239.5 1875 F: 5’ GCTCTCTGCTCCTCCTGTTC 3’
R: 5’ ACGACCAAATCCGTTGACTC 3’ 60 115

HPRT-1 ENST00000298556.7 1407 F: 5’ TGACCTTGATTTATTTTGCATACC 3’
R: 5’ CGAGCAAGACGTTCAGTCCT 3’ 73 102

OC X53698.1 451 F: 5’ GGCGCTACCTGTATCAATGG 3’
R: 5’ TCAGCCAACTCGTCACAGTC 3’ 79 106

OP J04765.1 1447 F: 5’ TTTCGCAGACCTGACATCC 3’
R: 5’ GGCTGTCCCAATCAGAAGG 3’ 61 139

PPARG-2 NM_015869.4 1820 F: 5’  GACAGGAAAGACAACAGACAAATC 3’
R: 5’  GGGGTGATGTGTTTGAACTTG 3’ 7 96

VCAN-1 NM_004385.4 12416 F: 5’  TGTATTGTTATGTGGATCATCTGGA 3’
R: 5’   CTGGAGTTCCCCCACTGTT 3’ 64 131

Table 1: List of primers: forward primer (F) and reverse primer (R) used for amplification using qPCR of β-actin (ACTB), aggrecan, exon 1 (AGC-1), bone morphogenetic 
protein 2 (BMP-2), core-binding factor alpha subunit 1 (CBFA-1), runt-related transcription factor 2 (RUNX-2), CCAAT/enhancer binding protein alpha (CEBPA), collagen 
type II alpha 1 (COL-2A1), cartilage oligomeric matrix protein (COMP), fatty acid binding protein 4, adipocyte (FABP-4), glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), hypoxanthine phosphoribosyltransferase 1 (HPRT-1), osteocalcin (OC), osteopontin (OP), peroxisome proliferator-activated receptor gamma variant 2 (PPARG2) 
and versican (VCAN-1) genes. Universal probe library (UPL) number, target region length (GenBank ID number) and amplicon size in base pairs (bp) are cited for reference.
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Figure 1: Analysis of LAVIV® azficel-T dermal cells by flow cytometry and FACS based purification plots. FACS Aria cell sorter was pre-adjusted and calibrated to 
very high purity for all purifications. [A] CD146 (left arm) double purification path: CD146+ phenotype lost >20% of expression whereas 8% of the negative phenotype 
appeared positive post- 1X SORT.  CD271 (right arm) double purification path: CD271+ phenotype lost >90% of expression whereas 2% of the negative phenotype 
appeared positive post- 1X SORT.  [B] CD73, CD90 and CD105 were expressed at >95%; the High-30% expressing triple positive and its counterpart Low-30% 
maintained unaltered post- 1X SORT. All of the 7-fractions of dermal derivatives: Mix-whole sort [WS], CD146+, CD146-, CD271+, CD271-, High-30% and Low-30% 
were collected post- 2X SORT and immediately plated for further in vitro differentiation into bone, fat and cartilage.  
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cells. High-30%-Expressing triple positive cells were more osteogenic 
than Low-30% but not more osteogenic than WS.

Results were confirmed by qPCR (Figure 2C) evaluating the 
relative gene expression (RGE) for osteoblastic extracellular matrix 
components: Osteocalcin [OC], a non-collagenous protein secreted 
solely by osteoblasts that controls osteoblast maturation or “bone-
building” by regulating bone mineralization and calcium homeostasis, 
and Osteopontin [OP], a linking- extracellular structural protein that 
actively participates in bone remodeling and bone bio-mineralization 
by binding to various types of calcium-base biomaterials. Ostoegenic 
commitment was scrutinized by quantification of the transcript levels 
of runt-related transcription factor 2 [RUNX-2] and CCAAT/enhancer 
Binding Protein Alpha [CBFA-1], pivotal kinase-dependent regulators 
of the osteoblast phenotype with the ability to re-direct committed 
cells into an osteoblast lineage and to directly stimulate downstream 
osteoblast-specific genes. These include OC, OP, bone sialoprotein, and 

alkaline phosphatase. An additional factor monitored included bone 
morphogenetic protein-2 [BMP-2], which induces differentiation of 
multipotent cells to an osteoblast lineage and promotes bone formation 
by triggering the transcription of early osteogenic lineage-specific 
factors such as distal-less homeobox-5 [DLX5] and CBFA-1 [29,30]. 
Figure 2C showed OC RGEs were significantly greater for CD146+, 
CD271+, and High-30% than the negative phenotypes and WS. When 
comparing OP RGE in CD146+ and CD271+ fractions to the rest of 
the fractions, the High-30% phenotype was no different than Low-30% 
and WS. CBFA-1 RGE was significantly greater for CD146+, CD271+, 
and High-30% than the negative phenotypes and WS. When comparing 
BMP-2 RGE in CD146+ and CD271+ fractions to the rest of the 
fractions, the High-30% phenotype was no different than Low-30% and 
WS. In summary, CD146+, CD271+, and High-30% phenotypes may 
independently enrich for osteogenic cells from adult human dermis. 
Under our culture system and given experimental parameters, CD146-
expressing dermal derivatives were more apt to form bone in vitro. 

Figure 2: [A] Adherent dermal cells after osteogenic differentiation stained for Alizarin red where: WS = Mix-whole sort, ND = Mix-whole sort Not-Differentiated 
control, Arrowheads (upper right photomicrograph) indicate osteogenic pockets, Black = WS, Red = CD146+, Purple = CD146-, Orange = CD271+, Blue = 
CD271-, Green = Low-30%, Azure = High-30%. Bar = 200 μm. [B] Quantitative Alizarin red extraction of adherent dermal cells after osteogenic differentiation measured 
on uptake of Alizarin red in μg/mL (y axis) among experimental groups (x axis). Error bars indicate mean ± standard deviation [SD] (n=6). Black indicates 
significance *p<0.05 between positive/= High-30% vs. negative/ Low-30%. Red indicates significance *p<0.05 against WS. [C] Quantitative real time PCR 
[qPCR] of adherent dermal cells after osteogenic differentiation measured in Relative Gene Expression (y axis) among experimental groups (x axis). Error 
bars indicate mean ± standard deviation [SD] (n=3). Black indicates significance *p<0.05 between positive/= High-30% vs. negative/ Low-30%. Red indicates 
significance *p<0.05 against WS. 
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Although CD271+ and High-30% enhanced bone formation in our 
cultures, the data was not as robust.

In vitro chondrogenic profile

LAVIV® adult human skin-derived dermal fractions underwent 
chondrogenic differentiation into glycoprotein-secreting chondrocytes 
with a modest enrichment of the CD271+ and CD146+ phenotypes. 
Qualitative Toluidine blue O [TBO] staining was performed. The blue 
dye specifically formed complexes with Anionic Glycoconjugates (AG) 
such as Proteoglycans (PG) and Glicosaminoglycans (GAG), which are 
produced by chondrocyte-like cells (Figure 3A). 

To confirm the chondrogenic potential of dermal fractions, a qPCR-
evaluation was performed from culture replicates for extracellular 
cartilage-forming proteins including:

•	 Cartilage Oligomeric Matrix Protein [COMP], a non-collagenous 
flexible “lattice” protein that maintains cell-to-cell organization and 
binding interactions, 

•	 Versican [VCAN-1], a chondroitin sulfate proteoglycan with 

numerous non-structural functions in cartilage-like tissue, such as 
chondrocyte proliferation [50], 

•	 Collagen, type II, alpha 1 [COL2A01], the primary structural protein 
in cartilage, located almost exclusively in cartilage, and 

•	 Aggrecan [AGC-1], a cartilage-specific proteoglycan core protein 
that provides gel-structure and cartilage load-bearing capabilities 
[1,31,32].

In addition, we also examined the RGE for BMP-2; although the 
molecular mechanism is still unclear, BMP-2 has been reported to 
initiate, promote and maintain the chondrogenic phenotype in high-
density cultures [33]. Figure 3B showed COMP and VCAN-1 RGE 
patterns are greater for CD146+, CD271+ and High-30% fractions 
than the negative phenotypes and WS. COL2A-1, AGC-1, and BMP-
2 RGEs were also similar for CD146+ and CD271+ compared to all 
other fractions; High-30% phenotype was no different than Low-30% 
and WS. Whereas TBO uptake was qualitatively observed to be higher 
for CD146+ cells, 3 of the 5 genes studied were statistically higher in the 
CD271+ phenotype than in the CD146+ phenotype (Mann–Whitney 

 
Figure 3: [A] Adherent dermal cells after chondrogenic differentiation stained for Toluidine Blue O where: WS = Mix-whole sort, ND = Mix-whole sort Not-Differentiated 
control, Black = WS, Red = CD146+, Purple = CD146-, Orange = CD271+, Blue = CD271-, Green = Low-30%, Azure = High-30%. Bar = 200 μm. [B] Quantitative 
real time PCR [qPCR] of adherent dermal cells after chondrogenic differentiation measured on Relative Gene Expression (y axis) among experimental groups  
(x axis). Error bars indicate mean ± standard deviation [SD] (n=3). Black indicates significance *p<0.05 between positive/= High-30% vs. negative/ Low-30%. Red 
indicates significance *p<0.05 against WS. 
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U-test). The chondrogenic potential of LAVIV® adherent dermal cells is 
enriched in CD271 and CD146-expressing cells.

In vitro adipogenic profile

LAVIV® adult human skin-derived dermal fractions contained cells 
with the ability to differentiate into adipocytes to a varying degree based 
on phenotype enrichment. The adipogenic potential of the adherant 
cells was assessed qualitatively (Figure 2A) by Oil red O staining [ORS] 
and quantitatively (Figure 4A) by the AdipoRed assay, which enables 
the visualization and quantification of intracellular lipid droplets 
generated by the adipocyte-like cells. Measurements were calibrated 
over the Non-differentiated Control [ND] as previously described. 
The visual assessment of the differentiated cultures stained for ORS, 
where the adipogenic differentiation is evaluated by red staining (black 
arrows Figure 4A) of the lipid droplet-rich cytoplasm, demonstrated 
adipogenic enrichment for only the CD146+ phenotype over negative 

phenotypic counterparts and WS. This result was verified quantitatively 
with the AdipoRed assay (Figure 4B). CD146+ sorting resulted in a 
higher, statistically significant, adipogenic enrichment-Kolmogorov-
Smirnov-test when compared to the other phenotypes and fractions 
studied. CD271+ and High-30%-expressing triple-positive cells were 
more adipogenic than their negative/Low-30% counterparts but not 
more than WS. qPCR results (Figure 4C) [34] evaluated RGE for 
the following adipogenic markers: 1) kinase-dependent CCAAT/
Enhancer-Binding Protein Alpha [CEBPA], which selectively promotes 
adipose-specific gene activation (i.e. leptin), 2) fatty acid binding 
protein 4 [FABP-4], a fatty acid chaperone expressed primarily in 
adipocytes that is responsible for Peroxisome Proliferator-Activated 
Receptor γ [PPARG] attenuation on mature adipocytes [1,35,36]; and 
3) PPARG-2, a nuclear receptor target of anti-diabetic thiazolinedione 
drugs, responsible for adipocyte maturation [37]. Figure 4C indicates 
that CEBPA, FABP-4, and PPARG-2 RGEs were significantly greater in 

 
 Figure 4: [A] Adherent dermal cells after adipogenic differentiation stained for Oil red where: WS = Mix-whole sort, ND = Mix-whole sort Not-Differentiated control, 

Arrowheads (upper right photomicrograph) indicate intracellular lipid droplets (example), Black = WS, Red = CD146+, Purple = CD146-, Orange = CD271+, Blue 
= CD271-, Green = Low-30%, Azure = High-30%. Bar = 200 μm. [B] Quantitative AdipoRed assay of adherent dermal cells after adipogenic differentiation measured 
on relative fluorescence intensity [RFU] (y axis) among experimental groups (x axis). Error bars indicate mean ± standard deviation [SD] (n=6). Black indicates 
significance *p<0.05 between positive/= High-30% vs. negative/ Low-30%. Red indicates significance *p<0.05 against WS. [C] Quantitative real time PCR [qPCR] of 
adherent dermal cells after osteogenic differentiation measured on Relative Gene Expression (y axis) among experimental groups (x axis). Error bars indicate mean 
± standard deviation [SD] (n=3). Black indicates significance *p<0.05 between positive/= High-30% vs. negative/ Low-30%. Red indicates significance *p<0.05 against 
WS. 
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CD146+ and CD271+ phenotypes than in the negative phenotypes and 
WS but not High-30%, which solely demonstrates enrichment against 
the Low-30% and WS.

The adipogenic output in our cultures strongly suggested that 
CD146-expressing dermal derivatives are prone to form fat in vitro in a 
more efficient fashion than the remaining analyzed fractions. CD271-
expressing cells denoted an adipogenic molecular profile greater than 
WS, nevertheless the lipid content, which is a standard factor used to 
assess the fat-forming potential over mesenchymal-like cells, was not 
greater than the WS control. This may indicate insufficient differentiation 
or a pre-adipocyte stage with a higher PPARG content. High-30% also 
enhanced adipogenesis against Low-30%, thus demonstrating the 
usefulness of these markers in identifying adipogenic potential.

Discussion
In this study we have isolated dermal derivatives with MSC-like 

competence in vitro, which to our knowledge, has not been documented 
in adult dermal cells. Human dermis contains a diverse collection of 
cells with ratios dependent on age, site and depth of biopsy, and many 
other factors [1-3]. These cells in vivo possess a discrete and unique set 
of abilities and once removed from their niche, adherent cells rapidly 
adapt to ex vivo culture conditions by either maintaining or losing 
these properties [1,9,35]. Previous research has revealed that a subset 
of Primary Human Adherent Dermal Cells (PHADs) expressing Stage 
Specific Embryonic Antigen-3 (SSEA-3) are transcriptionally Similar 
to Adipocyte-Derived Stem Cells (AdSc) [9]. Human cells expressing 
CD146 derived from diverse sources have been shown to differentiate 
in vitro not only into osteoblasts, chondrocytes, and adipocytes [38] but 
also into hepatocyte-like cells [39] and smooth muscle [40]. CD271 is 
an epitope that was initially identified in situ in skin punch biopsies and 
characterized as a strong hMSC marker over adherent dermal cells [11].

Here we have identified, isolated, and characterized three 
progenitor subsets from adult human dermis with unique and discrete 
multipotent competences. Specifically, CD146+ adherent dermal 
cells differentiated into bone and fat, and CD271+ cells differentiated 
into cartilage. Adult stem cells are indistinguishable in morphology 
from fibroblasts, regardless of the tissue source. Moreover, the weak 

performance of the canonical mesenchymal markers, CD73, CD90, and 
CD105 (triple positive fraction), strongly suggests the soft multipotent 
potential of this phenotype in the adherent adult dermal derivatives. As 
mentioned previously, human skin punch biopsies are quick, minimally 
invasive and relatively painless, and provide a primary cell population 
from which adult dermal stem cells can be easily accessed, purified, 
and preserved. This process is a suitable platform to rapidly obtain a 
clinically relevant number of cells for applications such as gene delivery, 
tissue engineering, and regenerative medicine. In particular, CD146+ 
dermal cells should be viable for such applications.

The above data corresponded to a single adult adherent dermal cells 
sample of LAVIV® (azficel-T by Fibrocell Science, DR01), PIN# 1100075 
obtained from a 48-year old client at passage 5 with an estimated 
culture duration of five weeks. To date, we have assessed the in vitro 
differentiation of a total of three PHADs, including the cells described in 
this study. The multipotency of PHADs varies among cell lines [1,9,11]. 
Ex vivo, the dermal derivatives undergo drastic changes allowing 
the proliferation of human dermal fibroblasts and loss of the dermal 
derivatives with multipotent abilities [3-5]. The culture conditions such 
as cell density, media serum content, time in culture, oxygen tension, 
and small-molecule(s) supplementation may ameliorate the loss of 
multipotency in these cultures or in contrast, may increase the capacity 
to differentiate into committed lineages; however, the exact mechanisms 
are still yet to be fully understood [6,41-44]. Fresh PHAD cultures may 
yield a greater differentiation rate despite phenotype purification due 
a higher content of adult stem cells than older cultures [5]. Single-cell 
based and Colony-Forming Unit cultures (CFUs) could enhance the 
adult dermal stem cell derivation and phenotype stabilization, though 
the final yield of differentiation-inducible and therapeutically useful 
cells may be low, thus restricting further clinical applications [45].

Cartilage-formation from hMSCs relies on the formation of high-
density cultures known as “micromasses”. These three-dimensional 
structures act to restrain the expansion of chondrogenic cultures. 
Additionally, the use of biomaterials such as collagen, type I scaffolds 
to support PHAD chondrogenesis and culture supplementation with 
factors like Tumor Necrosis Factor α (TNF-α) and BMP-2 may stimulate 
chondrogenic and long-term cell dynamics [1,31-33].

Gene Manufacturer Cat # Dilution BM-hMSC AdSC PHAD-10% FBS PHAD-MSCGM
CD10 BD Pharmigen F0826 1:50 16% 24% 7.2% >95%
CD13 Dako 341144 1:50 93% >95% 81% >95%
CD29 BD Pharmigen 555443 1:50 >95% >95% >95% >95%
CD34 BD Pharmigen 555824 1:100 <1% <1% <1% 40%
CD44 BD Pharmigen 550989 1:50 >95% >95% >95% >95%
CD73 BD Pharmigen 561258 1:100 >95% >95% >95% >95%
CD90 BD Pharmigen 555596 1:100 >95% >95% >95% >95%

CD105 BD Pharmigen 561439 1:100 >95% >95% >95% >95%
CD106 BD Pharmigen 551147 1:50 14% <1% <1% <1%
CD146 ABD Serotec MCA2141F 1:100 >95% >95% 40% 3.2%
CD271 BD Pharmigen 560326 1:50 8% <1% <1% <1%

HLA-DR BD Pharmigen 341144 1:50 7% <1% <1% <1%
NG2 eBioscience 53-6504-82 1:100 5% <1% 1.2% 6%

SSEA-3 eBioscience 12-8833-42 1:50 5% 27% 43% <1%
STRO1 SCBT sc-47733 PerCP 1:50 <1% <1% <1% <1%

Table 2: List of surface makers scrutinized including manufacturer, Cat # = catalog number and dilution utilized per 100 μL of final volume of a 1x10^6 cell suspension. BM-
hMSC = Bone marrow derived-hMSC (Lonza, PT-250 Lot# 1F3284 21-years old, Hispanic female) passage # 4 (p4) cultured according the manufacturer recommendations 
(Lonza, 190632), AdSC = Human adipose-derived stem cells (Lonza, PT-5006 Lot# 0F4505 52 years old, Caucasian female)  p4  cultured according the manufacturer 
recommendations (Lonza, PT-4505), PHAD cells represented by HUF-1 (human-dermal fibroblasts normal donor) 30 years old, Caucasian male  accordingly obtained from 
Stanford University [13] at p4 -10% FBS and p5 for -MSCGM condition. Green = phenotype augment under MSCGM conditions, and Red = phenotype decrease under 
MSCGM. The above percentages represent the average of 3-technical replicates of over 100,000 events recorded on a FACS Fortessa cell sorter (BD Biosciences). Data 
were analyzed as previously described.
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The hMSC cell surface markers expressed on PHADs appear to be 
conditioned in the presence of serum components in the culture media. 
We compared standard culture media (10%-fetal bovine serum; FBS) 
with chemically-defined and serum-free media (Lonza, 190632) suitable 
for culture of hMSCs. The selection of media modifies cell morphology, 
population doubling-time, membrane fragility, and the expression of 
certain surface markers accompanying multipotent phenotypes ex vivo.

Table 2 indicates the list of markers we have scrutinized on PHADs 
by flow cytometry: 1) the membrane metallo-endopeptidase (CD10), 
previously identified as a potent mesenchymal like-cell concentrator 
on perivascular cells [46] and fat cells derived from lipoaspirates [47], 
2) the hematopoietic progenitor cell antigen CD34, widely studied 
due to its therapeutic potential in vasculogenesis, osteogenesis [48], 
and chondrogenesis [49] with debatable hepatogenic and neurogenic 
potential by peripheral blood and bone marrow-derived CD34-
positive cells [50,51], and 3) and the Neuron-Glial 2 antigen (NG2), 
initially described in pericytes promoting multilineage potential [52] 
demonstrating an augment from 7.2%->95% for CD10, <1%-40% for 
CD34, and 1.2%-6% for NG2 after one week of chemically defined and 
serum-free media transition. The mechanism by which this condition 
alters the cell’s epigenetic regulation of the transcription of these 
markers is not yet known and will be later investigated. Additionally, an 
augment of the multipotent potential upon single phenotype selection 
has yet to be defined. Alternatively, SSEA-3 and CD146 significantly 
decrease from 43%-<1% and 40%-3.2%, respectively. The increasing 
number of small molecules, culture supplements, chemically-defined 
low-serum or serum-free media suitable for clinical grade expansion 
and differentiation might provide an appropriate environment for fresh 
PHADs to preserve plasticity and maintain or even augment the outlier 
of the multipotent phenotype on the cell-amalgam of a dermal biopsy.
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