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Background: The major intrinsic cause of facial skin degeneration is age, associ-
ated with extrinsic factors such as exposure to sun. Its major pathologic causes
are degeneration of the elastin matrix, with loss of oxytalan and elaunin fibers
in the subepidermal region, and actinic degeneration of elastin fibers that lose
their functional properties in the deep dermis. Therapy using autologous adipose
mesenchymal stem cells for regeneration of extracellular matrix in patients with
solar elastosis was addressed in qualitative and quantitative analyses of the dermal
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Ph.D. in vitro, and introduced into the facial skin of patients submitted after 3 to
Christina Maeda Takiya, 4 months to a face-lift operation. In the retrieved skin, immunocytochemical
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CD68, CD206, and hemeoxygenase-1.

Rio de Janeiro, Brazil; and Verona, Italy ; .
| ? | Results: A full de novo formation of oxytalan and elaunin fibers was observed

in the subepidermal region, with reconstitution of the papillary structure of
the dermal-epidermal junction. Elastotic deposits in the deep dermis were sub-
AL stituted by a normal elastin fiber network. The coordinated removal of the

pathologic deposits and their substitution by the normal ones was concomitant
with activation of cathepsin K and matrix metalloproteinase 12, and with ex-
pansion of the M2 macrophage infiltration.

! Conclusion: The full regeneration of solar elastosis was obtained by injection

Video

of in vitro expanded autologous adipose mesenchymal stem cells, which are
appropriate, competent, and sufficient to elicit the full structural regeneration
i of the sun-aged skin. (Plast. Reconstr. Surg. 145: 1037e, 2020.)
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preferable to reach the required cell quantity, or
potentially cryopreserve cells for future use, and
this was done in the present study.

Mesenchymal stem cells have been used
extensively in skin therapies, because they have
a broad paracrine action on dermal cells; they
stimulate angiogenesis; they protect other cells
from the peroxide-mediated damage; and also
modulate inflammation, pain, and immune toler-
ance.”™ The use of adipose-derived stem cells in
skin has been described in diverse clinical stud-
ies, with satisfactory results.”” Experimental stud-
ies suggested also the role of adipose-derived stem
cells in improving quality of the aging skin, but
we still need extensive clinical studies concerning
the histologic changes of the human skin that was
exposed to local interaction with adipose-derived
stem cells. The structural changes that occur in
the skin, which can justify the observed long-last-
ing improvement that is visible and reported after
fat grafts, are still not well known.

In the skin showing photoaging, a progressive
degeneration of the entire elastin network occurs
in the deep dermis. Major elastic fibers become
thickened, tangled, tortuous, degraded, and dys-
functional, setting the solar actinic elastosis, the
most relevant feature of the photoaged skin. The
overall marked loss of collagen and the thicken-
ing of elastic fibers cause accumulation of the
dysfunctional elastic component in the skin of
elderly humans compared with young ones.”"’
The purpose of the present study was to investi-
gate the effects of adipose-derived stem cell thera-
peutic introduction into the facial skin of patients
with overt photoaging, with special attention to
morphologic modifications of the dermal extra-
cellular matrix.

PATIENTS AND METHODS

Surgical Technique

This clinical, prospective study involved 20
healthy subjects, 16 women and four men, aged
45 to 65 years, candidates for facial rejuvenation
surgery (face lifting). They were inhabitants of the
northeast region of Brazil, where extensive expo-
sure to sun is expected, and they presented Fitz-
patrick class IV (n =9) and class V (n = 11) skin
types.!" The study was conducted between Sep-
tember of 2012 and June of 2014. Patients were
treated according to the ethical principles of the
Declaration of Helsinki 2000, and the present
study was approved by the Brazilian Medical Inves-
tigation Ethical Board (protocol no. 28063) and
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deposited in the Brazilian Clinical Trials Registry
(RBR-2nn9%y2).

All of the patients received extensive informa-
tion on the protocols and outcomes. They signed
informed consent documents to participate in the
study and to leave available materials and data for
the analyses of results. Subjects who smoked; those
with hematologic or hemodynamic disorders,
autoimmune diseases, connective tissue diseases,
diabetes type 1 or 2, other metabolic diseases, or
chronic use of corticosteroids; and those that had
been submitted to recent dermatologic (mini-
mum, 6 months without skin treatment) or surgi-
cal treatments (e.g., facial peeling) were excluded.
The direct endpoint of the study was to assess the
histologic benefits provided by the subdermal adi-
pose-derived stem cell injection. The introduction
of in vitro expanded autologous adipose tissue—
derived mesenchymal stem cells was followed by
the clinical monitoring of potential adverse effects
for 3 to 4 months.

Adipose-derived Stem Cell Harvesting, Isolation,
and Expansion

Under local anesthesia with 0.5% lidocaine
and 1.5 million U epinephrine, 10 cc of adipose
tissue from the infraabdominal region was manu-
ally harvested by liposuction, using a 10-ml syringe
(Luer-Lok; Becton, Dickinson & Co., Franklin
Lakes, N.J.) coupled to aliposuction cannula 3 mm
in diameter and 15 cm long, containing three
distal holes (Tulip Medical Products, San Diego,
Calif.). A light negative pressure was created by
slowly withdrawing the syringe plunger by hand to
harvest fat tissue. The lipoaspirate was transferred
to a glass vial containing Roswell Park Memorial
Institute medium and antibiotics (amphotericin
and ciprofloxacin) and transported in a tempera-
ture-controlled container (4°C) to the laboratory
to isolate and expand adipose-derived stem cells
within 24 hours.

Following the standard protocols,’”” a 10-ml
sample of the lipoaspirate was dissociated with
collagenase IA (Sigma-Aldrich, St. Louis, Mo.),
200 U/mg of tissue, and incubated at 37°C under
constant agitation for 1 hour. The material was
then centrifuged, and the pellet was filtered
through a nylon mesh of 70 pm. The cells were
resuspended in culture medium supplemented
with 10% fetal bovine serum, quantified using
trypan blue, and plated in low-glucose Dulbec-
co’s Modified Eagle Medium supplemented with
20% fetal bovine serum and antibiotics (100 U/
ml penicillin and 100 pg/ml streptomycin). Cul-
tures were maintained at 37°C under 5% carbon
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dioxide. The following day, nonadherent cells
were removed, and adherent cells were expanded
by replating when reaching early confluence as
described previously."”'* Their differentiation
capacity was confirmed under appropriate induc-
tion, and phenotype was characterized by cytom-
etry, as described previously."* This whole process
lasted 3 weeks. Two days before application, the
cells were washed with physiologic saline and
incubated in the culture medium supplemented
with autologous plasma at 37°C under 5% carbon
dioxide. One day before application, 1-ml Luer-
Lok-type syringes, containing 2 million cells in
0.4 ml phosphate-buffered solution, were pre-
pared and transported to the ambulatory facilities
for subdermal injection, in an area of 1 cm? skin
surface of the preauricular region, 2 cm distally
from the tragus.

Skin Biopsy Specimens

The nontreated skin biopsy specimens
(0.5 x 1 cm) were excised under local anesthesia
with lidocaine 0.5% and epinephrine 1.5 million
U in the preauricular area, 0.5 cm away from the
tragus. Biopsy specimens of adipose-derived stem
cell-treated skin were taken from 1.5 to 2 cm away
from the tragus after a 3- to 4-month interval, dur-
ing face lifting."”

Immunohistochemistry

Paraffin sections were obtained and submit-
ted to immunohistochemical techniques. The
following antibodies were used: anti-tropoelastin
(rabbit polyclonal, PR398; Elastin Products Co.,
Owensville, Mo.), anti-fibrillin-1 (rabbit poly-
clonal, PR217; Elastin Products), anti-elastin
(rabbit polyclonal, ab21607; Abcam, Cambridge,
Mass.), anti-matrix metalloproteinase 12 (rabbit
monoclonal; Abcam), anti—cathepsin K (mouse
monoclonal, clone EP1261Y, ab52897; Abcam),
anti-CD68 (monoclonal mouse, clone KPi; Dako,
Carpinteria, Calif.), anti-mannose receptor (rab-
bit polyclonal, 64693; Abcam), and hemeoxige-
nase-1 (rabbit polyclonal, ab13243; Abcam).

After dewaxing and hydrating, sections were
incubated in a solution of 50 mM ammonium
chloride in phosphate-buffered saline (pH 8.0)
for 30 minutes, permeabilized with 0.5% triton
X-100 in phosphate-buffered saline, followed by
inhibition of endogenous peroxidase with 3%
hydrogen peroxide in methanol, and submitted
to heat-mediated antigen retrieval. After block-
ing the nonspecific binding of immunoglobulins
with 5% bovine serum albumin, sections were

incubated with the specific antibodies for 16 hours
in a humid chamber at 4°C. After washing with
phosphate-buffered saline 0.25% Tween-20 solu-
tion, primary antibodies were revealed with either
the EnVision-horseradish peroxidase kit (Dako)
or with CSA-II, biotin-free catalyzed amplification
system horseradish peroxidase (catalogue no.
K-1497; Dako) for cathepsin K and matrix metal-
loproteinase 12. The chromogen used for peroxi-
dase visualization was diaminobenzidine (Liquid
DAB; Dako). All reactions were performed using
positive controls (breast cancer for matrix metal-
loproteinase 12, and kidney biopsy sections for
cathepsin K) and negative controls (instead of pri-
mary antibody, incubation with the same immu-
noglobulin isotype).

Histomorphometry

High-resolution images (2048 x 1536 pixels)
were captured with a system of image analysis con-
sisting of a digital photographic machine (Evolu-
tion VR Cooled Color 13 bits; Media Cybernetics,
Bethesda, Md.) coupled to a light microscope
(Eclipse E800; Nikon, Tokyo, Japan). For the cap-
ture of images, the software Q-Capture 2.95.0,
release 2.0.5 (Silicon Graphics, Inc., Sunnyvale,
Calif.) was used. After program settings and cali-
bration of color and contrast for each type of
stain, the Image-Pro Plus 4.4.1 software (Media
Cybernetics) was used for quantification of either
the stained or the immunostained slides.

Statistical Analyses

Data were analyzed using SAS 6.112 (SAS
Institute, Inc., Cary, N.C.), and expressed as medi-
ans (interquartile range). The Wilcoxon signed
rank test was used for data analysis. An overall
a level of 0.05 was used as the limit of statistical
significance.

RESULTS

Patient Follow-Up

The 20 patients that participated in the pres-
ent study (16 women and four men) were fol-
lowed for 3 to 4 months after the subdermal
adipose-derived stem cell injection, until the skin
removal was performed during face-lift surgery.
The patients ranged in age from 45 to 65 years
(mean + SEM, 56 + 2.53 years), and body mass
index ranged from 22 to 30 kg/m?* (mean + SEM,
24.4 + 0.554 kg/m?). Local transitory effects were
occasionally observed immediately after the cell
injection, such as injection-site erythema, edema,
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bruising, or induration. These effects did not
require any clinical treatment, and the patients
returned to the normal skin condition within
less than 48 hours. No later skin reactions were
observed, such as persisting inflammation, necro-
sis, hyperplasic or abnormal cell growth, tumor
development, or any other adverse events such as
vasculitis or hypertrophic scars. On clinical analy-
ses, considerable local improvement of the skin
quality was observed.

The late follow-up of the subjects that par-
ticipated in the present study reaches at pres-
ent more than 1 year. We did not detect any late
adverse effects that could be potentially related
to the cell injection, similar to the published
data on meta-analyses concerning local or sys-
temic injections of adipose-derived stem cells of
diverse origins, which involved more than 1000
patients.'’

Characterization by Flow Cytometry
(Fluorescence-Activated Cell Sorting) and In
Vitro Differentiation of Adipose-Derived
Stem Cells

Adipose-derived stem cells were character-
ized using combinations of surface markers
of the mesenchymal cells, pericytes, and fibro-
blasts: CD105, CD90, CD73, CD14, CD45, CD34,
and HLA-DR. The cells were expanded for four
to five passages before application, when they
were characterized by flow cytometry using
the appropriate monoclonal antibodies. We
observed that 88.9 + 6.5 percent of cells were
positive for CD105, CD90, and CD73; and 99.4
+ 0.4 percent were negative for CD14, CD45,
CD34, and HLA-DR.

Patient Skin Histopathology before and after
Adipose-Derived Stem Cell Treatment

All the subjects included in the present study
had solar elastosis consequent to skin photoaging,
caused by chronic exposure to sun. The candi-
dates that participated in the study had spontane-
ously chosen the face-lifting surgical procedure
at its end, indicating that they were not satisfied
with the overall state of their facial image and skin
flaccidity.

The major dermal structure involved in
photoaging was the elastin component of the
dermal extracellular matrix. The normal pres-
ence and orientation of oxytalan, elaunin, and
elastic fibers in healthy young skin are depicted.
The histologic analysis of skin samples, col-
lected within the studied group before treat-
ment, showed a consistent overall photoaged
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pathologic condition, albeit it was present at dif-
ferent degrees of intensity. The dermal-epider-
mal junction was flattened, with a reduction or a
full loss of the dermal papillae. The underlying
zone 1 of the dermis was identified as the grenz
zone,'” showing an extensive loss of both elaunin
and oxytalan fiber networks, without inflamma-
tion. Zone 2 was the major site of deposits of
degenerated elastic fibers and of the scattered
elastotic material derived from damaged fibers,
with accumulation of dense clumps of orcein-
stained material in the lower limit of papillary
dermis and in the reticular dermis. In this zone,
hematoxylin and eosin staining showed a variable
number of inflammatory cells, basophilic degen-
eration of connective tissue fibers, and perivascu-
lar interstitial edema. [See Figure, Supplemental
Digital Content 1, which shows the elastic fiber
system in human young facial skin (left) and in
aged sun-exposed skin (right). (Left) Papillary
dermis shows thin oxytalan fibers perpendicular
to the dermal-epidermal junction arising from
a thicker elaunin fibers plexus. In the underly-
ing reticular dermis, a plexus of elastic fibers of
the dermis is mostly parallel to the dermal-epi-
dermal junction (orcein staining with previous
oxidation; original magnification, x 40); scale bar
= 25 um. (Right) Disorganization of the elastic
fiber system is shown, with accumulation of elas-
totic material. Note the absence of oxytalan and
elaunin fibers in zone 1 of the dermis. Elastosis
is seen in zone 2 (orcein staining with previous
oxidation; original magnification, x 40); scale bar
= 25 um, hitp://links.lww.com/PRS/E84.]

Semiquantitative Comparative Analysis of the
Selected Histologic Parameters before and after
Adipose-Derived Stem Cell Treatment

The parameters selected for this semiquan-
titative comparative analysis deal with overall
modifications of the histopathology observed
after treatment. They indicated an increased
interaction of the treated photoaged skin with
the body fluid flow, and with the associated
input of circulating cells. The significantly
increased angiogenesis was indeed associated
with the equivalent increase of perivascular and
interstitial edema. Angiogenesis, inflammation,
and basophilic degeneration were quantified
following a numeric score ranging from grade
0 to grade 4 (hematoxylin and eosin stain).
Differences between both groups were evalu-
ated by the Wilcoxon signed rank test (p < 0.05;
n =20).


http://links.lww.com/PRS/E84

Volume 145, Number 6 ® Photoaged Skin Therapy

Patient Dermal Elastic Fibers System before and
after Adipose-Derived Stem Cell Treatment

All biopsy specimens of facial sun-aged skin
submitted to subdermal injection of autologous
adipose tissue—derived mesenchymal stem cells
showed different degrees of improvement of the
overall skin structure, with partial or extensive
reversal of the pathologic signs typical of solar elas-
tosis. Histopathologic analyses indicated that the
elastin component of extracellular matrix of the
skin was apparently the major target of the therapy.

In the dermis zone 1, devoid of the oxytalan
and elaunin elastic network in the solar elastosis

samples (Fig. 1, above, left), a fully organized
new network was found after the treatment.
The regularly spaced oxytalan fiber bundles
were crossing the region under the dermal-
epidermal junction perpendicularly, linking it
to the subjacent diffuse elastin fiber network
laid parallel to the skin surface (Fig. 1, above,
right). The quantitative analysis confirmed a
significant increase (p = 0.0001) of new elastic
fibers present in zone 1 with intense neoelasto-
genesis in the regeneration of the solar elasto-
sis (Fig. 1, below).
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Fig. 1. Elastic fiber system in the dermis zone 1 of treated and nontreated sun-exposed facial skin.
(Above, left) Skin biopsy specimen obtained before adipose-derived stem cell injection: a significant
decrease of oxytalan and elaunin fibers in zone 1 of the dermis (median surface density, 23.69 um?).
(Above, right) Increased and ordered presence of oxytalan and elaunin fibers in zone 1 after adipose-
derived stem cell treatment (arrows) (median surface density, 41.82 um?) (orcein staining with previous
oxidation; original magnification, x 40); scale bar = 25 nm. (Below) Graphic representation of the elastic
fiber system in zone 1. Differences between both groups were evaluated by means of the Wilcoxon
signed rank test (p =0.0001; n= 20). A significant increase of the elastic fiber system plexus was achieved
with treatment, compared with pretreatment biopsy specimens.
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In zone 2, the solar elastosis resulted in accu-
mulation of the dense pathologic elastin (Fig. 2,
above, left). After the treatment, a major or a full
removal of the elastotic material was observed,
associated with regeneration of the whole elastic
fiber network (Fig. 2, above, right), with the struc-
tural organization consistent with the normal
elasticity of the dermis. A significant decrease
of the elastotic material (p = 0.0014) was seen in
treated skin compared with pretreated dermis
(Fig. 2, below).

In skin samples of elastotic degeneration
in dermis before treatment, both fibrillin and

Plastic and Reconstructive Surgery ® June 2020

tropoelastin were observed in the deep dermis,
but not in zone 1 that underlies the dermal-
epidermal junction (Fig. 3, above, left, and third
row, left). Conversely, fibrillin and tropoelastin
were observed within zone 1 of the treated skin,
their presence being correlated with the forma-
tion of new fibers in this zone, in the quality and
pattern of polymerization similar to the normal
young skin (Figs. 2, above, right, and 3, above right).
The quantitative analysis confirmed a significant
increase (p = 0.0052) of fibrillin and tropoelastin
(p=0.0203) in treated skin (Fig. 3, second row and
below) .
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Fig. 2. Elastic fiber system in dermis zone 2 of nontreated and treated sun-exposed facial skin.
(Above, left) Skin biopsy specimen obtained before adipose-derived stem cell treatment: accumu-
lation of elastotic material (solar elastosis) in zone 2, shown by oxidized orcein staining (median
surface density, 43.01 um?). (Above, right) Posttreated skin biopsy specimen showing reduction of
the stained elastic mass (elastosis) in reticular dermis (median surface density, 24.75 um?) (orcein
staining with previous oxidation; original magnification, x 10); scale bar = 50 um. (Below) Graphic
representation of zone 2 elastic system fibers shown by oxidized orcein staining in pretreated and
posttreated skin. Differences between both groups were evaluated by means of the Wilcoxon
signed rank test (p = 0.0014; n = 20). A significant decrease of the elastotic material was seen in

treated skin compared with pretreated dermis.
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Fig. 3. Fibrillin and tropoelastin immunolabeling in sun-exposed facial skin before and after adipose-derived stem cell injection.
(Above, left) Fibrillin immunolabeling in the pretreated skin biopsy specimen. Absence of fibrillin in zone 1, and its presence in
zone 2 as aggregated thick fibers (median surface density, 3.85 pm2) (original magnification, x 40); scale bar = 25 um. (Above, right)
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In the deep dermis, the total fibrillin and tro-
poelastin labeling were only slightly increased after
treatment, but the morphology of the labeled elastin
molecules shifted from amorphous and crumbled
elastotic deposits to the normal fibrillary structures
(Fig. 3, above, right, and third row, right). Analysis of
the total immunoreactivity of both cathepsin K and
matrix metalloproteinase 12 immunolabeling in
skin tissues before and after adipose-derived stem
cell treatment indicated a significant increase (p =
0.0081 and p = 0.0002, respectively). The activities
of the two enzymes were thus potentially comple-
mentary (Fig. 4).

We have monitored the markers of the M2
macrophage phenotype in samples of dermal
tissue that received the adipose-derived stem
cell treatment. Quantification of three mark-
ers of the M2 phenotype—CD68, CD206 (man-
nose receptor), and hemeoxygenase-l—are
shown in Figure 5 and Figure, Supplemen-
tal Digital Content 2. All three showed a sig-
nificant increase (p = 0.010, p = 0.0107, and
$<0.0001, respectively) of positive cells following
the adipose-derived stem cell treatment (Fig. 5,
second row and below) . [See Figure, Supplemental
Digital Content 2, which shows hemeoxygenase-1
(HO-1) immunostaining in the sun-exposed
facial skin before and after adipose-derived stem
cell injection. (Above, lefty Hemeoxygenase-1
immunostaining in pretreated skin biopsy speci-
men. Rare cells reactive for hemeoxygenase-1 in
the dermis of pretreated skin (median surface
density, 56.88 um2). (Above, right) Hemeoxygen-
ase-1 levels increased immunoreactivity in the
dermis after adipose-derived stem cell treatment

Fig. 3. (Continued). Overall increase of fibrillin in the adipose-
derived stem cell-treated dermis, including in zone 1 and zone
2 (median surface density, 7.09 um?). (Second row) Graphic rep-
resentation of fibrillin in dermis of pretreated and treated skin.
Differences between both groups were evaluated through
Wilcoxon signed rank test (p = 0.0052; n = 14). (Third row, left)
Tropoelastin immunolabeling in pretreated skin (original mag-
nification, x 40); scale bar = 25 um. Tropoelastin accumulates
into zone 2, forming condensed masses of material (median
surface density, 41.77 um?). (Third row, right) Reorganization of
the tropoelastin reactive material in the posttreatment biopsy
specimen. Inset: new tropoelastin in an area of treated skin sug-
gesting elastogenesis. (median surface density, 50 pm?). (Below)
Graphic representation of the amount of tropoelastin in the skin
biopsy specimens. Differences between both groups were eval-
uated through Wilcoxon signed rank test (p = 0.0203; n = 17).
Tropoelastin analysis demonstrated significant increase after
adipose tissue—derived mesenchymal stem cell treatment.
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(median surface density, 74.70 pm2) (original
magnification, x 40); scale bar = 25 pm. (Below)
Graphic representation of hemeoxygenase-1 in
inflammatory cells in pretreated and posttreated
skin. Differences between both groups were
evaluated using the Wilcoxon signed rank test
(p=0.0001; n =15). Hemeoxygenase-l-reactive
cells are significantly increased after adipose-
derived stem cell injection, http://links.lww.com/
PRS/ES85.]

DISCUSSION

The present clinical study extends our previous
comparative analyses of the facial skin treatments,
using enriched fat tissue grafts or adipose-derived
stem cells, in which we reported that one of the
major modifications in sun-aged skin was regen-
eration of the dermal elastin.” In the present study,
inclusion of 20 patients that received adipose-
derived stem cell therapy provided new quantita-
tive data, leading to a proposal concerning the
involved cellular and molecular mechanisms. We
have focused on reduction or full reversal of solar
elastosis, addressing two issues: (1) regeneration of
the elastic oxytalan and elaunin fibrillary networks
lost in the subepidermal papillary dermis, and (2)
substitution of pathologic deposits of actinic elas-
tin by a normal elastin fibrillary structure in the
deep dermis.

The first question involved a full reactivation
of new elastin production and polymerization,
within the space in which the normal elastin matrix
had been lost during the solar skin-aging. For pro-
duction of new functional elastin, fibrillin and tro-
poelastin should be produced and released from
cells in a soluble form into the intercellular envi-
ronment, where they polymerize, giving mature
elastic fibers during neoelastinogenesis.'® In zone
1, selective inhibition of production of these pre-
cursor molecules may have occurred, or their
input from the underlying dermis was restricted.
Both were reversed in the here described adipose-
derived stem cell-mediated successful treatment
of the sun-aged skin. The high immunoreactivity
of the two elastinogenic precursor molecules in
regenerating tissues indicated an intense and suf-
ficient de novo formation of normal elastic fiber
networks in this zone, which polymerized in a typi-
cal complex orthogonal pattern of elastin compo-
nents in zone 1 (Fig. 1).

Another relevant structural modification
of dermis occurred in the same zone following
adipose-derived stem cell treatment (Fig. 2).
In solar elastosis, a major loss of the papillary
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Fig. 4. Cathepsin K and matrix metalloproteinase 12 (MMP-12) in sun-exposed facial skin before and after adipose tissue—derived
mesenchymal stem cell injection. (Above, left) Cathepsin K immunostaining in the pretreated skin biopsy specimen. Rare cathep-
sin K immunoreactive cells in the dermis (median surface density, 28.74 um?). (Above, right) Increase in quantity and reactivity of
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organization of the dermal-epidermal junction
was always observed, resulting in the flat underly-
ing dermal layer. The papillary design is consis-
tent with an increased flexibility of the overlying
epidermal and dermal layers, which can bend
together without excessive internal tension.
Regeneration of the papillary design may thus
also participate in restoring skin elasticity. In
contrast, the epidermal proliferative progenitor
cells, which continuously renew the epidermal
layer, are dependent on their direct cell contact
with the basement membrane of the dermal-epi-
dermal junction and on its morphology.'”* The
flat junction has a lower total interaction surface
compared with the papillary one. Its dermal-epi-
dermal basement membrane may be a subopti-
mal epidermal stem cell niche, and this may be
related to the suboptimal epidermal renewal in
the elastotic sun-aged skin.

The second question involved ordered
the controls of two biochemical regenerative
modifications of the deep dermis extracellular
matrix: degradation and absorption of exces-
sive elastotic deposits of abnormal elastin, and
their substitution by new normally polymerized
elastic fiber network in the deep dermis. Mature
human elastin is an insoluble and extremely
durable protein that normally undergoes very
little turnover.”’ However, the pathologic elas-
totic deposits were efficiently removed during
treatment. Cathepsin K can bind to insoluble
polymerized elastin in an inactive form, being
subsequently remodeled and activated. Cathep-
sins recognize and have preferences in degrad-
ing elastin from different anatomical sites, and
they may distinguish the normal elastin from

Fig. 4. (Continued). cathepsin K immunolabeled cells in the
dermis of a posttreated skin biopsy specimen (median surface
density, 69.50 um?) (original magnification, x 40); scale bar = 25
pm. (Second row) Graphic representation of cathepsin K immu-
nolabeling in dermis of pretreated and treated skin. Cathepsin K
significantly increased after adipose-derived stem cell injection
(p =0.0081; n = 13). (Third row, left) Matrix metalloproteinase 12
immunostaining in pretreated skin. Matrix metalloproteinase 12
is barely seen in dermis of nontreated skin (median surface den-
sity, 28.07 um?). (Third row, right) Matrix metalloproteinase 12
accumulates throughout the dermis after the adipose-derived
stem cell treatment (median surface density, 55.48 um?) (original
magnification, X 40); scale bar = 25 um. (Below) Graphic represen-
tation of percentage of matrix metalloproteinase 12 in the skin
biopsy specimens. Differences between both groups were evalu-
ated through the Wilcoxon signed rank test. Matrix metallopro-
teinase 12 increased significantly after adipose-derived stem cell
treatment (p = 0.0002; n = 18).
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the elastotic deposits in sun-aged skin.*»* Total
reactivity of cathepsin K increased after mesen-
chymal stem cell therapy, in terms of both the
labeled cell numbers and the label intensity
(Fig. 4, above).

The normal human skin contains only low
levels of cathepsin K. They increase in repara-
tive and hyperplasic processes and after exposi-
tion to ultraviolet A both in vivo and in vitro, and
these responses decrease in fibroblasts of aged
donors.”** The age-related decline of cathepsin
K induction could be correlated to the decline of
orderly elastin degradation, resulting in accumu-
lation of elastotic skin deposits. Low numbers of
cathepsin K-reactive cells observed in the studied
patients, increasing after treatment, are consistent
with this proposal (Fig. 4).

Cathepsin activity cannot deal with large
polymerized elastin fibers, and it depends on
previous release of peptides from the extracel-
lular matrix by other enzymes. This requires a
group of complementary enzymes involved in
the elastinolysis, the metalloproteinases, the
major one being potentially the matrix metallo-
proteinase 12 (macrophage metalloelastase).”’
Classic macrophage activation up-regulates sev-
eral matrix metalloproteinases, but increase of
the matrix metalloproteinase 12 mRNA is essen-
tially associated with the alternative macrophage
activation in the M2 phenotype.” All the mes-
enchymal stem cells are known to display an
antiinflammatory effect in the receptor tissues,
in large part because of the induction of mono-
cyte differentiation into M2 macrophages.” We
understand that differentiation of monocytes
incoming from circulation into the treated tis-
sue was directed by the alternative activation
toward the M2 tissue macrophages, and this
was provided by the introduced adipose-derived
stem cells.

Skin repair and regeneration involve cell
migration, angiogenesis, tissue environment
modifications including controlled inflamma-
tion, and extracellular matrix remodeling. In
the case of therapeutic use of adipose-derived
stem cells, activation of the resident cells
can involve all these pathways. The adipose-
derived stem cells can produce the required
mediators,'*” and the long-term activation
of the resident mesenchymal stem cell pool
by the introduced adipose-derived stem cells
can potentially grant extensive and protruded
effects of the therapy, such as those observed in
our study. However, the resident mesenchymal
stem cells were not spontaneously mobilized
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Fig. 5. CD68 and CD206 (mannose receptor) macrophage immunostaining in sun-exposed facial skin before and after adipose-derived
stem cell injection. (Above, left) CD68 immunostaining in the pretreated skin biopsy specimen. Small amount of CD68 macrophages
in the dermis of pretreated skin (median surface density, 8.82 um?). (Above, right) Increase of CD68 reactive macrophages in the
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for repair, and previous studies have shown that
elastin production declines in aging skin fibro-
blasts.”’ We have already raised the question of
the potentially critical cell quantity required
for skin regeneration therapy when following
results of lipoaspirate transplant for treatment
of radiotherapy lesions.” This limitation can be
overcome by their in vitro expansion. The pres-
ent patient series is limited and not sufficient to
draw extensive conclusions on the safety of the
procedure, but no adverse effects were observed,
and our results agree with the worldwide reports
on the safety of such therapies.'” Under strictly
controlled conditions of cell manipulation, the
adipose-derived stem cell quality can be granted,
and the possibility of cryopreservation may open
the potential for repeated use, when required.

CONCLUSIONS

Cell-mediated therapies of sun-aged skin lead
to full regeneration of dermal elastic matrix com-
ponents. The present clinical study using subder-
mal injection of autologous adipose-derived stem
cells showed two concomitant and apparently
opposed modifications of the elastin matrix: an
extensive new production and regeneration of
elaunin, oxytalan, and elastin fiber network located
in the upper papillary dermis, concomitant with
degradation of elastotic abnormal elastin deposits
in the deeper dermal layers, which is the major
characteristic of solar elastosis. This therapy may
be a relevant proposal for the antiaging action in
regeneration of the photodamaged human skin.

Fig. 5. (Continued). dermis of a posttreated skin biopsy speci-
men (median surface density, 14 um?) (original magnification,
X 40); scale bar = 25 um. (Second row) Graphic representation
of CD68* macrophages in pretreated and posttreated skin. Dif-
ferences between the groups were evaluated through Wilcoxon
signed rank test; CD68 macrophages increased significantly
after adipose tissue—derived mesenchymal stem cell injection (p
=0.0105; n=13). (Third row, left) Mannose receptor-reactive cells
in pretreated skin. Mannose receptor-reactive macrophages are
barely seen in the dermis of nontreated skin (median surface
density, 5.01 um?). (Third row, right) After adipose-derived stem
cell treatment, mannose receptor—positive macrophages accu-
mulated throughout the dermis (median surface density, 7.34
pm?) (original magnification, x 40); scale bar = 25 pum. (Below)
Graphic representation of the surface density of CD68 and man-
nose receptor staining in the pretreated and posttreated skin
biopsy specimens. Differences between the groups were evalu-
ated using the Wilcoxon signed rank test (p = 0.0107; n = 14).
CD68 and mannose receptor macrophages increased signifi-
cantly after adipose-derived stem cell treatment.
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