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Long considered both physiologic and inevitable, skin aging is a degenerative phenomenon whereby
both intrinsic and environmental factors conspire to produce an authentic disease. The consequences
of this disorder are many and varied, ranging from atrophy and fragility to defective repair to deficient
immunity and vulnerability to certain infections. The pathobiologic basis for skin aging remains poorly
understood. At a cellular level, stem cell dysfunction and attrition appear to be key events, and both
genetic and epigenetic factors are involved in a complex interplay that over time results in deterio-
ration of our main protective interface with the external environment. Past and current understanding
of the cellular and molecular intricacies of skin aging provide a foundation for future approaches
designed to thwart the aging phenotype. Herein, the authors provide a review of current insights into
skin aging, including the mechanisms of skin aging, the role of stem cells in skin aging and the
implications of skin aging for the microbiome and for the development of cancer. Conquest of the oft
overlooked disease of skin aging should have broad implications that transcend the integument and
inform novel approaches to retarding aging and age-related dysfunction in those internal organs that
youthful skin was designed to envelop and safequard. (Am J Pathol 2020, 190: 1356—1369; https://

doi.org/10.1016/j.ajpath.2020.03.007)

Skin aging is not merely an issue of integumentary laxity.
Rather, it encompasses deficiencies in immunity, the ways
that we interact and equilibrate with microorganisms in our
environment, our threshold for developing potentially lethal
forms of cancer, the way we heal traumatic wounds, and the
health and wellbeing of the very stem cells that maintain the
organ that is our main interface with the external world.
Moreover, a plethora of cellular players and biological
pathways serves, not only as a paradigm for how factors
internal and external to the skin conspire to produce path-
ologic aging phenotype and dysfunction, but also as a
platform upon which we may now begin to understand
aging in extracutaneous tissues.

This review explores some of the more recent insights
into skin aging in the hope of developing a unified model for
how skin changes over time, and how these changes affect
the overall wellbeing of the organism as a whole. In so
doing, pathologists and biologists may become increasingly
aware of the importance of how skin serves as a model for

how time transforms human tissues, and how this meta-
morphosis transcends the most trivial aspect of the condition
of biological cutaneous aging (wrinkles) and implicates the
two primary external enemies of cutaneous juvenescence:
radiation and infection.

Why Biological Skin Aging Is a Disease

Defining a disease is not an easy task, as it encompasses a
variety of factors that include historical perspectives, soci-
etal and cultural health expectations, diagnostic sensitivities
and thresholds, and socioeconomic issues. Osteoporosis,
considered to be a potentially integral component of a long
life, became a disease in 1994 when it was converted from

Supported by the LEO Foundation grant LF-OC-19-000256 (G.F.M.)
and National Cancer Institute (NCI) HTAN Initiative grant
1U2CCA233262-01 (G.F.M.).

Disclosures: None declared.

Copyright © 2020 American Society for Investigative Pathology. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.ajpath.2020.03.007


mailto:gmurphy@bwh.harvard.edu
https://doi.org/10.1016/j.ajpath.2020.03.007
https://doi.org/10.1016/j.ajpath.2020.03.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2020.03.007&domain=pdf
https://doi.org/10.1016/j.ajpath.2020.03.007
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2020.03.007

Pathobiology of Skin Aging

being an unavoidable part of so-called normal aging to a
pathologic condition." We would aver that intrinsic bio-
logical, and certainly environmentally enhanced, skin aging
involves a major disease component simply because not all
individuals are similarly affected, and the consequences of
aging skin have serious implications for the health and
wellbeing of the organism as a whole. Indeed, it may be
argued that our skin is truly normal, or nearly so, only once
in our lifetime: the day we are born. Because the skin is at
the front line of many external insults throughout life, one
could argue that skin aging is largely a result of this sus-
tained environmental assault. However, studies have shown
that the skin robustly mirrors aging in more internal human
tissues.” Profiling studies comparing expression of genes in
old skin versus young skin from sun-protected sites reveals
dysregulation of numerous cellular functions in aging skin
including those involved in maintenance of the cytoskel-
eton, the immune response, and various metabolic path-
ways. ! Throughout life, genetic, epigenetic, microbiomic,
and proteomic aberrations accrue, taking their cumulative
toll—in the beginning at clinically covert molecular levels.
Gene expression profiles also differ significantly in some
individuals who appear to be relatively resistant to eventual
skin aging.” Moreover, chronological and environmentally
induced components of skin aging are difficult to separate,’
and certain defects in skin that accompany skin photoaging
(eg, immune cell depletion) may be partially corrected with
therapy.’

Recognition of skin aging as a disease is also advanta-
geous to public health and research efforts. Awareness of
strategies to minimize the progression of this disease,
including a healthful diet, avoidance of UV light (both
natural and artificial), and other measures to cultivate a
functionally responsive integument (including minimizing
potentially harmful injectables for short-term cosmetic gain)
are of key importance. And funding support aimed at
thwarting the functional deficiencies of aging skin,
including deficient wound healing (a major problem glob-
ally), is enhanced by the appropriate recognition of cuta-
neous aging as a disease with which society must reckon.
Like any pathologic condition, skin aging also takes its toll
on affected individuals psychologically, and this aspect of
the disorder is often both overlooked or frankly ignored.®

The Structural Realities of Chronologic Aging
Versus Photoaging

Whereas not all organs show overt structural/gross patho-
logic findings of aging, the skin regularly, albeit variably,
shows the clinical ravages of time. Despite the mirth and
laughter of wrinkles, what is going on under the wrinkled
surface when skin is pathologically altered during an indi-
vidual lifetime is no laughing matter. Figure 1 provides a
histochemical overview that compares some of the salient
structural and compositional attributes of the aged skin
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phenotype through examination of sun-exposed (face) and
non—sun-exposed (lower abdomen) skin from subjects who
are vicenarians (in the third decade) and octogenarians (in
the ninth decade). One of the first alterations that occurs
with age and that appears independent of repeated exposure
to UV light is thinning of the epidermal layer associated
with loss of epidermal rete ridges. This change is accom-
panied by attenuation and loss of dermal papillae that un-
dulate with rete ridges and that contain the delicate capillary
loops in part responsible for epidermal nourishment. The
attenuation of the rete ridges also results in a decreased
capacity of the skin to resist shearing forces, commonly
illustrated by the comparative difficulty in removing a band
aid from the skin of an elderly person versus the skin of a
child without incurring epidermal disruption or associated
hemorrhage. There is an additional, more subtle alteration in
the dermis that also appears to be independent of UV
exposure, namely less compacted collagen bundles in the
reticular dermis in association with age. Recent insights
have now established that over time, old dermal fibroblasts
lose their identity, showing reduced expression of genes
involved in the formation of extracellular matrix and
acquiring proadipogenic traits, alterations that in experi-
mental animals respond to metabolic influences that include
caloric restriction.”

The epidermis plays major roles in the maintenance of
homeostasis, and it protects us from physical, chemical, and
infectious insults. As the site of eccrine gland secretion, the
epidermis also plays an important role in thermoregulation,
which when perturbed, can lead to dehydration with poten-
tially serious consequences, particularly in the elderly pop-
ulation. The underlying dermis is crucial for the structural
maintenance of skin integrity. Changes in all layers of the
skin contribute to the visual signs of aging and to pathologic
conditions associated with aging. Although, in general, the
skin provides a protective barrier to many noxious physical
and chemical agents, upon closer inspection, certain protec-
tive functions are compromised with aging.

The stratum corneum, the outermost layer of the
epidermis, consists of corneocytes arranged in compact
sheets that are embedded in an extracellular matrix derived
from lamellar granules forming lipid-rich membranes.'”"’
This cornified layer acts as the outermost interface be-
tween the atmosphere and the underlying epidermal and
dermal tissues. The thickness of the stratum corneum can be
dynamic throughout life, and it can become thickened in
response to various insults or inflammatory conditions.
However, studies have shown that the overall thickness of
the stratum corneum between young and old skin does not
significantly differ.'” Nonetheless, it is clear that there is a
functional difference in the stratum corneum of young
versus old skin because recovery of aged skin from insults
to this layer are significantly slower than those seen in
young skin, and permeability to certain substances is
altered.'” A recent study examining the biochemical char-
acteristics of the stratum corneum in aged skin from
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Figure 1

Histologic and histochemical survey of relatively young adult skin (29 years old) from face [chronically sun-exposed (SE)] and abdomen

chronically non—sun-exposed (NSE), and relatively old skin (84 and 88 years old). By hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) staining,
there is striking epidermal thinning with loss of the rete ridges in old skin independent of site/chronic UV exposure. In addition, note that old skin, again
independent of site/chronic UV exposure, is characterized by less dense, less intensely stained reticular dermal collagen. The diminution of dermal collagen
density in old skin is further confirmed by trichrome and elastin stains, which also disclose significant replacement of the uppermost dermis by markedly
abnormal elastic fibers (so-called solar elastosis) only in the chronically sun-exposed facial skin, but not in the more photo-protected abdominal skin, of the

older individual. Original magnification, x10.

sun-protected sites revealed that stiffening of this layer oc-
curs with aging, with increasing cellular cohesion due to
altered lipid structure and decreased concentration of inter-
cellular lipids.'* The kinetics of water movement through
the stratum corneum is also decreased.'* These changes, in
addition to alterations in sebum secretion, likely play a role
in common diseases of the elderly skin, notably xerosis.
The epidermis, composed of a keratinized stratified
squamous epithelium with associated melanocytes, Lang-
erhans cells, and Merkel cells, becomes significantly thinner
with age.'” Studies using in vivo confocal microscopy to
evaluate skin characteristics have found that aging skin
displays altered keratinocytes with an irregular architectural
pattern of keratinocyte and melanocyte distribution in
comparison to younger skin.'® Flattening of the
dermal—epidermal junction is also seen in aged skin, which
corresponds with a decrease in the number of dermal
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papillae seen with in vivo microscopy.'’ This decrease in
vasculature providing nutrients to the epidermis may explain
some of the degenerative changes observed in the epidermis
of aged skin. Collagen and elastin, two of the main con-
stituents of dermal tissue, also become altered over time. In
intrinsically aged skin, the quantity of dermal collagen de-
creases, and elastin accumulates structural abnormalities.'®
Some studies have estimated that the amount of dermal
collagen present in sun-protected skin of adults aged over 80
years is 75% less than that present in the skin of young
adults.'” Dermal fibroblasts are responsible for the produc-
tion of collagen, elastin, and many extracellular matrix
proteins in the skin. Electron microscopy studies have
shown that fibroblasts from the papillary dermis of aged
skin are large and irregular in shape with prominent
cisternae of rough endoplasmic reticulum,'” changes that are
possibly attributable to oxidative damage.”” The production
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Figure 2

Immunohistochemical overview of sun-exposed (SE) and non—sun-exposed (NSE) skin from young and old patients characterized in Figure 1.

Note depletion of CD1a-expressing epidermal Langerhans cells in relationship to age (independent of sun exposure) and altered cytology from more dendritic
to rounded contours (boxed areas, shown in higher magnification in the insets). Sun-exposed old skin tends to harbor more CD3-expressing T cells, consistent
with previously described heliodermatitis (Aging and Skin Immune Cells), and CD34 and laminin stains confirm loss of capillary loops (arrows) and superficial
dermal microvascular density as a function of age. Dashed lines highlight the basement membrane with papillary dermal capillary loops below highlighted by
(D34 immunostain (insets). Finally, discrete zones of p53 staining, consistent with mutant forms, are observed only in aged, sun-exposed epidermis, pre-
dominantly in the basal cell layer (boxed area). Original magnification, x10 (main images); x40 (insets).

of fibrillar type I and III collagen is most affected by
chronological aging, and in addition, fragmentation and
disorganization of collagen also occurs.”’ The changes seen
in collagen in aging skin are a result of decreased fibroblast
proliferation with decreased production of new collagen in
conjunction with an increased production of matrix metal-
loproteinases (MMP), notably MMP-1.'%-** The senescence-
associated secretory phenotype is a complex phenotype that
arises in aged skin due to the secretion of numerous
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cytokines and other effector molecules, such as proteases
and growth factors, from senescent skin fibroblasts.>® The
senescence-associated secretory phenotype plays a role
specifically in skin aging through the secretion of MMPs
leading to collagen breakdown. Interestingly, evidence has
shown that high molecular weight collagen fragments
themselves inhibit new collagen synthesis, resulting in a
possible negative feedback loop of collagen production in
aged skin.”* Additionally, collagen fragments produced by
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Figure 3  Schematic summary of presumed alterations in skin stem cells with aging. Normal young skin with a stable epigenome maintains keratinocyte
stem cells (KSCs) in niches at the tips of dermal papillae and in a microenvironment nourished by dermal papillary microvessels surrounded by dermal
mesenchymal stem cells (DMSCs). With chronological aging, epigenomic instability, coupled with UV and environmentally-induced insults, induce mutations,
compromise barrier function, and deplete the dermal microenvironment of nutrient vessels and DMSC, resulting in vulnerability to infection and neoplastic
transformation. KSCs also become depleted, contributing to epidermal atrophy as a result of loss of the hemidesmosome component, collagen XVII (COL17A1),
culminating in stem cell delamination and transepidermal elimination, rather than homeostatic maintenance.*’

MMPs have been shown to increase damaging intracellular
oxidant levels, likely contributing to the aging process of
skin and damage to fibroblasts.”> The overall effect of
decreased collagen in the dermis also results in a lower
mechanical tension on fibroblasts of aged skin as compared
with younger skin, leading to decreased efficiency of
collagen synthesis.”> The degradation of collagen and
elastin results in loss of strength and resiliency of the skin,
manifested clinically as wrinkling and sagging.”

The appendages of the skin include sebaceous, apocrine,
and eccrine glands in addition to hair follicles. These ap-
pendages are responsible for several crucial roles of the skin,
including re-epithelialization after injury, thermoregulation,
and endocrine function. The sebaceous glands not only pro-
duce sebum but also have antibacterial activities, inflammatory
functions, and roles in hormone metabolism.”**>” Accord-
ingly, whereas the number of sebaceous glands remains fairly
constant over a lifetime, the sebaceous units vary in size
depending on the endocrine microenvironment, increasing in
size during puberty and becoming smaller after the seventh
decade.””* Sebum levels decrease in post-menopausal females
and later in males. Although the rate of sebum production
decreases, sebaceous glands become dysfunctional and un-
dergo hyperplasia in aged skin as a compensatory response to
falling androgen levels.” Clinically, in addition to sebaceous
gland hyperplasia, which may be cosmetically bothersome to
the patient, these alterations contribute to xerosis, which is one
of the most common manifestations of aged skin.

Interestingly, dermal fibroblasts also have an immune
function, with the ability to undergo reactive adipogenesis in
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response to infectious stimuli. Dermal adipocytes have the
ability to secrete antimicrobial peptides such as cathelicidin,
and impaired dermal adipogenesis results in increased
Staphylococcus aureus infection susceptibility in animal
models.”” A recent study has shown that this capability is
lost with increasing age due to elevated transforming growth
factor-beta pathway activation. This results in a profibrotic
state and decreased adipogenic capability of dermal fibro-
blasts, thus impairing adipocyte-mediated immunity in the
skin with increasing age.”

While both epidermal rete and dermal collagen density
are affected by chronological aging in a manner seemingly
independent of UV light, sun-exposed aged skin does show
one dramatic change: the acquisition of abundant quantities
of pathologically altered elastin within the superficial dermis
(Figure 1). The precise mechanism(s) responsible for this
change remain to be elucidated (synthesis versus defective
degradation); however, the alterations are clearly the
consequence of UV light exposure. In addition, controlling
for the UV absorbent and antioxidant properties of melanin,
not all individuals appear to be equally prone to the for-
mation of dermal elastosis as a consequence of chronic sun
exposure. Of potential interest, gene expression levels of
elastin binding protein, which regulates elastic fiber as-
sembly, and versican, which is integral to both functional
and nonfunctional elastic fibers, are influenced by experi-
mental UV exposure and thus may relate to pathways that
influence elastin deposition in sun-damaged aged skin.
Alternative splicing of the elastin gene as a result of UV
irradiation has also been implicated.”’ Regrettably, most of
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the past focus on elastin deposition/accumulation in UV-
induced photoaging has concentrated on skin wrinkles,
laxity, and textural anomalies; remarkably little has been
explored regarding how striking aggregates of abnormal
elastin that accumulate in the superficial dermis might
contribute to compromise of structures that become patho-
logically embedded in it, such as the microvasculature and
immune cells within their immediate microenvironment,
both critical to the perfusion and protective function of a
healthy integument, respectively.

The physiology of cutaneous itching sheds light on the
multifactorial altered functionality of aged skin. Xerosis and
associated pruritis are the most commonly reported skin com-
plaints of the elderly population.”” Chronic idiopathic pruritis
most commonly occurs in older individuals, and this condition
shares common molecular alterations with inflammatory atopic
dermatitis.™ In skin of affected patients, type 2 cytokines can
directly activate sensory neurons, and chronic itch is associated
with neuronal IL-4 receptor alpha and Janus kinase (JAK)-1
signalling.” Interestingly, more recent studies in mice have also
demonstrated that xerosis and pruritis in aged skin is associated
with a loss of Merkel cells, in association with abnormal scratch
behavior responses to mechanical stimuli.”*

Further exploration of skin aging at an immunohistochem-
ical level reveals even more striking abnormalities not readily
appreciated using more conventional preparations. The density
and dendricity of epidermal Langerhans cells, for example, is
dramatically reduced in both sun- and non—sun-exposed skin
of elderly individuals, whereas the number of T cells in the
superficial dermis and epidermis is increased, particularly in
sun-exposed elderly skin (Figure 2). Microvessels that stain
with CD34 in the superficial dermis and within dermal papillae
are diminished in number, small, and lack architectural
complexity in aged skin, regardless of sun exposure, and in
contrast to the basement membranes of dermal vessels, laminin
integral to the epidermal basal lamina becomes faint and
attenuated in the skin of old individuals. Finally, aged skin
exposed to UV contains numerous basal cells (some likely
residual stem cells) that express mutant p53, indicative of
genomic toxicity as a result of solar irradiation.

All of these descriptive findings have a basis in what is
already known regarding the molecular pathology of skin
aging, and are discussed in greater detail below. Needless to
say, however, even cursory immunohistochemical screening
reveals striking anomalies in the aged integument that have
major functional implications that transcend the cosmetic
and that bear directly on the protective role provided by so-
called normal skin in the areas of immunity, infection,
nutrition, and neoplasia.

Defective Wound Healing and Insights into
Aging and Skin Stem Cells

Chronic ulcers, dg:ﬁned as wounds that fail to heal within a
3-month period,33 are most often associated with diabetes,
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pressure, or venous/arterial insufficiency. Although these
cofactors are more prevalent with increasing age, the
fundamental underlying defect in all age-related healing
deficiencies may relate to functional and numerical deple-
tion in skin stem cells™® that not only blunts tissue repair,
but also accounts for skin fragility, atrophy, and the aging
phenotype”’ that itself has functional as well as psychoso-
cial implications. Interest in skin stem cells has developed
around a central question: how can skin be induced to
regenerate, rather than to heal via contraction and scarring?
In the 1980s, Massachusetts Institute of Technology poly-
mer scientist, loannis Yannas,’® and his then student,
Dennis Orgill, advanced a novel hypothesis: skin healing
might be enhanced if it were facilitated by the use of a
biodegradable scaffold of a defined degradation rate, pore/
fiber size, and chemical composition. Placement of a scaf-
fold that they subsequently developed, and its gradual bio-
absorption over time, resulted in healing of full-thickness
experimental wounds in rodents that showed significantly
less contraction than controls allowed to heal spontaneously.
When various time points in the scaffold-facilitated healing
response were studied by light and electron microscopy, it
was found that the neodermis that resulted was remarkable
similar to normal dermis in structure.””*" Whereas control
scar tissue was composed of horizontally aligned myofi-
broblasts, fibroblasts, and collagen fibers permeated by
anomalous, perpendicular microvessels, the scaffold-
induced neodermis showed a papillary dermis, reticular
dermis, superficial vascular plexus, and associated structures
more akin to normal skin. At this time, the notion of dermal
mesenchymal stem cells was primordial, although it seemed
likely that somehow, the gradually resorbing scaffold was
inducing or facilitating a regenerative stem-like pluripotency
that was not typical of the much more restricted cellular
differentiation pathways of postnatal wound healing.

What was appreciated at that time was that the epidermis
contained slow-cycling stem-like cells. In 1982, Lavker and
Sun®' noted two distinct populations of basal cells in the
epidermis of cynomolgus monkey and human palm skin,
one with and one without a serrated basal membrane by
electron microscopy, the latter retaining tritiated thymidine
labels in pulse-chase experiments. They postulated that the
these label-retaining cells represented a stem cell population
in the vertebrate epidermis. These cells were concentrated at
the tips of epidermal rete ridges, the very structures that
become inconspicuous to absent with progressive age-
related epidermal atrophy.42 In 1990, Cotsarelis, Sun, and
Lavker*’ extended these observations via the discovery of
similar populations of stem-like label-retaining cells in the
bulge region of murine and human hair follicles. Although
we now know that these follicular stem cells are not the sole
contributors to epidermal homeostasis, they have been
shown to contribute to cutaneous wound repair.”’ A
breakthrough in identification of epithelial stem cells came
when Liu and coworkers™” identified keratinocyte stem cells
in the bulge region of the murine hair follicle to express
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cytokeratin 15, paving the way for studies that established
that human skin and murine lingual rete tips also express
this biomarker.*

Although age-related epidermal stem cell depletion may
be inferred from the atrophy and eventual disappearance of
their niche (the rete ridge; see Figure 1), the precise
mechanism of this phenomenon has only recently begun to
be clarified. Liu and coworkers have focused on the hemi-
desmosome component, collagen XVII (COL17Al), as a
determinant of age-related epidermal stem cell maintenance,
with high levels mediating symmetrical stem cell divisions
that are capable of outcompeting asymmetrically dividing
stem cells characterized by low COL17A1 levels.*’ Thus,
the result of age-related loss of COL171A is stem cell
delamination and transepidermal elimination, rather than
homeostatic maintenance. Interestingly, shedding of the
ectodomain of COL17A1 has been found to be a key step in
the signaling of re-epithelialization during wound healing,
highlighting a link between stem cell regulation and wound
healing.”® Age-related pathology to other basement mem-
brane components that may regulate epidermal homeostasis
(eg, laminin, see Figure 2) may also play a role in the aging
phenotype.”” Moreover, there are numerous additional
pathways whereby skin stem cell maintenance and fate may
be affected during aging. Hair follicle stem cells, for
example, are activated to form new terminal hair shafts in
association with acquisition of the epigenetic mark, 5-
hydroxymethylcytosine (5-hmC).”” This, as well as several
other pathways, is consistent with the finding that in contrast
to the epidermis, hair follicle stem cells do not decline with
age, but rather may lose function that results in enhanced
periods of dormancy.”’ Although factors other than passage
of time are responsible for baldness, it has been noted that
by age 60 years, two-thirds of men are either bald or have a
balding pattern. Another population of skin stem cells, the
dermal progenitor cells, are multipotent stem cells that can
give rise to multiple cell lineages are responsible for the
production of a number of effector molecules including
nestin, fibronectin, and vimentin.”” Depletion of this stem
cell population with age leads to impaired dermal regener-
ation. Adipocyte stem cells also play an important role in
homeostasis and repair, and they have been shown to lose
the ability to promote wound healing in aging mice.”” Pe-
ripheral blood fibrocytes are circulating stem cells that play
a role in wound healing.”* This cell population has been
shown to be important in age-related pulmonary fibrosis,”
but their role in the aging of skin remains to be eluci-
dated. Similarly to hair follicle stem cells, it is possible that
other mechanisms such as altered signaling and disrupted
homeostasis, in addition to stem cell depletion, may
contribute to altered stem cell function in aged skin, and this
is an ongoing area of research.

In 2003, the laboratory of Natasha and Markus Frank
described the regulation of progenitor cell fusion by ABCBS5
P-glycoprotein, a novel human ATP-binding cassette
transporter.”® The ABCBS transporter was isolated from
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CD133-expressing skin cells, and it was subsequently
learned that it is expressed by a subpopulation of dermal
stem-like cells that possess PD-1—dependent immunoregu-
latory capacity.”’ Moreover, the ABCB5-expressing dermal
cell population decreases significantly with age in
humans.’® Additional evidence for a critical role of ABCBS5-
expressing stem cells in regenerative responses comes from
recent data implicating ABCBS5 as a limbal stem cell gene
required for corneal development and repair.’”

Although comprehensive review and more detailed cita-
tions and acknowledgments are beyond the scope of this
review, many other laboratories have led the way in the area
of skin stem cell biology and the role of stem cells in aging
and defective wound healing. Although comprehensive
treatment of this pioneering work is not possible, the labo-
ratory of Gonzales et al,(’0 for example, has elucidated
fundamental pathways of skin stem cell function, empha-
sizing the key role these cells and their niches play in
regenerative and healing responses. Bickenback and co-
workers' have clarified the critical importance of stem cell
progeny, transit amplifying cells, in mediating age-related
skin alterations. Blanpain and colleagues® have provided
enlightening data and commentary regarding skin stem cell
dynamics during the healing of murine epidermis.
Kretzschmar and Watt®’ have made seminal contributions
regarding epidermal stem cell subpopulation markers that
facilitate their study in mammalian skin. And Falanga® has
clarified and pioneered the importance of multipotent stem
cells as therapeutic modalities in enhancement of wound
healing responses. These and other contributions serve to
emphasize the fundamental importance of and interplay
between the topics of skin stem cells, aging, and defective
wound healing, as well as the need for novel and synergistic
methods and models to further advance this field toward
more effective therapies.

Aging and Skin Immune Cells

If age-related skin stem cell depletion impacts negatively on
both skin structure and function (epidermal atrophy, delayed
wound healing), then it is likely that the microenvironment for
which stem cells are responsible no longer provides safe harbor
to other cell types critical to the protective function of the
integument. In 1983, Wayne Streilein®® coined the term skin-
associated lymphoid tissue (SALT), first recognizing that the
skin is in essence a primary immunologic organ involved in
constant surveillance to intercept and destroy noxious agents
and antigens, often of an infectious nature, in our immediate
external environment. Streilein wrote: “nature has provided
skin with a unique collection of lymphoid cells, reticular cells,
and organized lymphoid organs to deal with these special de-
mands.” This discovery that skin harbored resident lympho-
cytes and dendritic cells revolutionized the field of
immunology, and many others have provided corroborative
evidence in skin and other tissues over the past 4 decades.®*’
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The discovery of resident memory T cells in the skin,
although rooted in the early descriptions of Streilein, gained
momentum with their phenotypic characterization by Stingl
and colleagues®® in 1990. Although data are lacking
regarding the effect of aging on resident CD4- and CDS-
expressing T cells in skin, when one considers both the
systemic as well as tissue-based T-cell repertoire, it is
believed that the latter are susceptible to being lost or
impaired in terms of T-cell receptor diversity with age.”’
Age-related Langerhans cell depletion has been recognized
for many years’’ and is likely in part related to alterations in
the epidermal microenvironment upon which Langerhans
cells depend for functional, migratory, and replicative pro-
gramming.”' Because immune cell migration in and out of
skin is integral to productive and efficient immune re-
sponses, the status of the microvasculature as portals for
immune cell trafficking also must be considered. With age,
dermal vessels are known to show impaired permeability,
decreased compliance, decreased density, and anomalous
organization (also see Figure 2), and in addition to the
impact of such pathologies on epidermal nutrition, dermal
immune cell homeostasis is likely to also be affected.””

Although aging is generally correlated with depressed
skin immunity, is there a situation where aged skin might
actually harbor more immune cells? As seen in Figure 2,
photoaged skin often contains significant numbers of T
cells, although their function may not be physiologic. In
1988, Lavker and Kligman’* coined the term chronic heli-
odermatitis for photoaged skin (eg, as in the red, thickened
skin from sun damaged posterior neck) because this site
often contained surprising numbers of lymphocytes and
histiocytes. In addition, mast cells also appear to be found in
increased numbers in photodamaged skin as compared with
sun-protected skin.”* Such seemingly aberrant trafficking
need not imply a more robust immune capacity, as, for
example, accumulation of immunosuppressive regulatory T
cells has been observed in the skin of elderly individuals and
has 7bse;:n speculated to potentially relate to skin cancer
risk.”>7°

Skin Aging and Infection

Aging results in decreased functional capacity of the skin,
manifesting as attenuation of its protective effect and im-
mune dysfunction, as described above. Opportunistic skin
infections are more common in elderly patients, as are the
development of chronic wounds that serve as portals for
entry and growth of infectious agents. The classic example
of a disease affecting predominantly older patients as a
result of immune dysfunction is the varicella zoster virus
(VZV) reaction. Latent VZV resides in the sensory nerve
ganglia, and reactivation results in the characteristic
dermatomal herpes zoster (shingles) rash. Reactivation is
due to an age-related impairment of VZV-specific T-cell
immunity. This manifests as decreased numbers of
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circulating VZV-specific, interferon-gamma—producing
CDS T cells, notably in those over the age of 60 years.”” Of
interest, VZV-specific resident memory CD4—expressing T
cells in skin that express CD69 have been found to increase
with age, although this may be counterbalanced by
concomitant increases with age of skin regulatory T cells
that express FoxP3 and cells that display the inhibitory re-
ceptor PD-1.7%

Beta human papilloma virus (HPV) is significantly more
prevalent on the skin of the older population.”” The repli-
cation of beta HPV, which is implicated in the genesis of
cutaneous squamous cell carcinoma (SCC; discussed further
below), may be linked to the wound healing process.
Wound healing involves re-epithelialization of the injured
area from stem cell progenitors and involves the production
of reactive oxygen species. Trauma to the skin facilitates
HPV infection by allowing propagation of the viral episome
in replicating stem cells (see below for detailed discussion).
In mice expressing the complete early region of beta HPV-8
under the control of a keratinocyte promoter, papillomas and
SCC developed spontaneously in areas where the mice had
scratched the skin.*” The reactive oxygen species produced
during wound healing can induce DNA breaks, possibly
contributing to tumorigenesis. One could propose that the
wound healing environment is the perfect storm for HPV-
driven carcinogenesis, with the ease of access to the stem
cell compartment for the HPV virus coupled with the
presence of DNA damage resulting in cellular proliferation.
Marjolin ulcers are aggressive malignancies that arise from
chronic ulcers or wounds, and they occur most frequently in
the elderly population. The most common malignancy
associated with Marjolin ulcers are SCC.*' The mechanism
for the development of SCC in chronic wounds in unknown.
Many theories have been put forward, including the theory
that wounds are immune-privileged sites, with scar tissue
hindering normal immune surveillance.** One could spec-
ulate that infection of wounded tissue with beta HPV can
result in malignant transformation through the stimulation of
cellular proliferation in the stem cell compartment coupled
with the inhibition of cellular differentiation, thus slowing
wound healing. Decreased immune surveillance in the
wounded area would also be favorable for HPV persistence.
Concurrently, DNA damage induced by oxidative stress in
the wound healing environment may also contribute to
malignant transformation. If so, this may represent a
possible therapeutic target for these aggressive wound-
associated tumors, which have a poorer prognosis than
conventional cutaneous SCC.*’

Skin Microbiome and Aging

The human microbiome is a unique entity in the mammalian
world.** The skin plays host to a diverse ecosystem, housing
up to a million bacteria per square centimeter of surface
area, in addition to viruses and fungi.xs In utero, the skin is
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sterile, and becomes colonized during birth and shortly
thereafter.®® After this initial colonization, the microbiome
remains dynamic and varies at different stages of life.
Metagenomics, namely 16S RNA sequencing, has allowed
the characterization of skin bacteria on a population-wide
basis. There are four main bacterial phyla residing on
skin, namely the Firmicutes (including Staphylococci),
Actinobacteria, Bacteroides, and Proteobacteria, with vari-
ations in prevalence depending on body site.*® The micro-
biome flora is largely benevolent and can even play a role in
preventing infection through competition for resources and
the production of antibacterial compounds.®” Microbiome-
derived factors also affect the host immune system.
Studies have shown that surface Staphylococcal cell wall
components can directly inhibit host immune responses via
modulation of cytokine release from keratinocytes.** Per-
turbations in the skin microbiome have also been implicated
in chronic skin conditions such as atopic dermatitis and
psoriasis.

Interestingly, there are significant differences in micro-
biome populations among young and old skin. During pu-
berty, for example, the density of lipophilic bacteria on the
skin increases, proportionate to increasing sebum levels, and
is lower in elderly skin.*™® Metagenomic studies
comparing microbiomes from young and old skin found that
the overall microbiota structure was different between the
two groups and that there is a decrease in Actinobacteria on
older skin.?° Overall, however, there is increased species
diversity in older skin.”” Interestingly, one study found that
the increased microbiome diversity in older skin is linked to
oral flora, a pattern which is also seen in the microbiome of
younger patients with atopic dermatitis.”’ Clearly, the
interplay between the microbiome, skin, and the immune
system represents a delicate balance that may be more
susceptible to disruption with age. A fascinating potential
link between the microbiome and the development of
cutaneous malignancies has been proposed. There is evi-
dence that the gastrointestinal tract microbiome plays a role
in both carcinogenesis and its prevention.””

Although there is no definitive evidence currently linking
the skin microbiome to skin cancers, this is an exciting
emerging area of research. Insights into the potential role of
the cutaneous microbiome in skin cancers may lead to novel
cancer prevention and treatment strategies in the elderly
population, where cutaneous malignancies are common.

Links to Systemic Disease and Cancer

Basal cell carcinoma (BCC) is the most common human
cancer, arising most often in older individuals on sun-
exposed sites. BCCs harbor UV mutation signatures in
tumor suppressor genes including 7P53 and in members of
the Hedgehog signaling pathway (notably PTCH).”” The
importance of UV light exposure and advanced age in the
development of BCC is highlighted by the fact that sporadic
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BCC rarely occur in children and they do not occur on
mucosal sites.” Although reports of metastatic BCC are
rare, it can occur, and recent studies have demonstrated the
presence of identical PTCH mutations in primary BCC and
their paired metastatic counterparts.”*

Although the cumulative damage of a lifetime of UV radi-
ation plays a major role in cutaneous carcinogenesis, the
waning immune system also results in an increase of infection-
associated cutaneous malignancies with age, including HPV-
related SCC and Merkel cell polyoma virus (MCV)-associated
Merkel cell carcinoma (MCC). Indeed, epidemiologic studies
have linked beta HPV to the development of cutaneous SCC in
older adults and immunocompromised individuals.””” In
contrast to the high-risk alpha HPV types, beta HPV do not
integrate into the host genome, but rather exist as episomes
within host cells. One reservoir for cutaneous beta HPV is
follicular stem cells, and beta HPV can also induce stemness in
basal keratinocytes, enabling viral persistence and accumula-
tion of UV-induced DNA damage.”® Beta HPV is actively
transcribed in actinic keratoses, but not in cutaneous SCC,”’
suggesting that beta HPV may be necessary only for the
early stages of carcinogenesis in cutaneous SCC. Initial studies
showed that expression of beta HPV E6 protein results in an
impaired DNA-repair response to UV damage.”” Transgenic
mouse studies have confirmed this theory by showing that beta
HPV facilitates the accumulation of UV-induced DNA dam-
age in tumor suppressor genes including 7P53 and
NOTCH]1.”” Following the development of these mutations,
viral oncogenes are dispensable for further tumor growth,
supporting a hit and run model of beta HPV oncogenesis in
UV-associated cutaneous SCC.””

MCC is arare, but highly aggressive, cutaneous malignancy
driven by the oncogenic Merkel cell poliomavirus (MCV) in
approximately 80% of cases.'” Although MCV is ubiquitous,
the seroprevalence of MCV peaks in the seventh decade,
corresponding to the mean age of diagnosis of MCC.'"
Similar to HPV-associated cutaneous SCC, MCC is more
prevalent and occurs at a younger age in immunocompromised
patients, highlighting the crucial role of the immune system in
prevention of these diseases.'”” During immune senescence,
impaired cytotoxic T-cell and decreased T-cell memory
functions result in increased viral replication. UV radiation,
another risk factor for MCC, may act synergistically with
MCYV in the elderly population by inducing driver mutations in
viral oncogenes and promoting immune tolerance in the
skin.'” Now that is has been well established that oncogenic
viruses such as HPV and MCV have evolved to exert their
malignant phenotypes in conjunction with UV radiation
damage, this interaction may provide possible targets for pre-
vention and treatment of these cancers.

Genetic Factors and Skin Aging

We have now skimmed the surface of the many implications
of skin aging, both chronological (intrinsic) and induced by

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Pathobiology of Skin Aging

environmental factors such as UV-induced injury, infectious
agents, and many other environmental factors (extrinsic). It
is difficult to tease out how much of the skin aging
phenotype is built in to our cells, and how much is due to
external factors, and clearly there exist differences among
individuals as to how both intrinsic aging and vulnerabilities
to external factors become manifest over time. Said differ-
ently, even if one controls for external factors, the many
aspects of the skin aging phenotype (with atrophy, defective
wound healing, immune suppression, and infection promi-
nently among them) will vary among different people. In
this regard, there is evidence that genetic differences may
play an important role. Genome-wide association studies,
for example, have indicated that SNPs associated with the
MCIR gene may play a role in skin aging in a manner in-
dependent of melanin-related photoprotection. Specifically,
it has been suggested that either association with specific
SNPs or gene loss-of-function variants may affect skin
inflammation'" or production of reactive oxygen species in
a manner independent of the actual melanin synthesis,
thus promoting the aging phenotype independent of con-
ventional loss of photoprotection.

Epigenetic factors are also likely to come into play in the
determination of how rapidly skin aging develops. A num-
ber of studies have associated changes in the methylome as
a function of skin aging, and experimental knockdown of an
enzyme that functions to promote and maintain DNA
methylation (DNMT1) resulted in accelerated aging in a
murine system.'’® There also exists evidence that the
microRNA, miR-377, may, via DNMTI, regulate gene
expression patterns in a way that enhances skin cell demise
and contributes to the skin aging profile.'”” Overall, aging
tissues are replete with epigenetic anomalies, including
reduction in global heterochromatin, nucleosome loss and
remodeling, alterations in histone marks, relocalization of
chromatin modifying factors, and global hypomethylation of
DNA with hypermethylation of CpG islands.'”® However, it
remains unclear as to whether such changes are the conse-
quence of other processes that drive aging, or they are
directly upstream to gene expression pathways that regulate
the acquisition of the gradually evolving disease known as
aging.

One exciting prospect in the area of epigenetics of aging
is the possibility of reprogramming the epigenome, thus
returning it to a more normal status with the potential to
replenish lost youthfulness. Caloric restriction, for example,
may robustly increase longevity in many species through its
effects on nutrient-sensing pathways that include AMPK,
IGF-1/insulin, mTOR, and sirtuins.'*® Reversion of murine
skin fibroblasts to more stem-like, pluripotent counterparts
has been established by Yamanaka and coworkers'”” using
transcription factors Oct3/4, Sox2, KlIf4, and c-Myc
(OSKM), and a variety of studies now suggest that such
approaches in vitro may be capable of reversing age-related
epigenetic profiles and phenotypes in vivo. Importantly,
short-term cyclic induction of the OSKM factors in a
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progeria mouse model has been shown to ameliorate the
aging phenotype and prolong lifespan.''’ The potential
ways in which such restorative epigenetic approaches affect
skin atrophy, wound healing, immune dysfunction, and
vulnerability to infection remain to be explored.

A promising epigenetic marker with the potential to unify
cancer, skin aging, and age-related extracutaneous disorders
is 5-hmC. In 2009, 5-hmC was first established as a novel
cysteine modification in mammalian genomes.''"'"* Global
conversion of 5-hmC from 5-methylcytosine (5-mC), a
process dependent on the Ten-eleven translocation enzyme
family, TET 1-3, typifies somatic cell differentiation and
regulates lineage specification.''” Because the 5-mC/5-hmC
switch appears to be fundamental to the epigenetic control
of developmental cell plasticity and lineage commitment in
a variety of tissues, aberrations in this pathway have the
potential to have an impact on many of the phenotypic and
functional attributes of skin aging. Indeed, a paradigm for
high levels of unregulated cell plasticity and proliferation is
cancer, and Lian et al''* have identified loss of 5-hmC as a
key feature of the most virulent form of skin malignancy,
melanoma. One might, therefore, speculate that the loss of
plasticity and proliferative potential that characterizes skin
aging may also show changes in 5-hmC expression. Indeed,
data from both mice and humans have established increased
5-hmC levels in association with the aging brain.''> How-
ever, the status of 5-hmC expression in most other human
tissues, including aging skin, remains to be explored.

Conclusions and the Future

This review has provided only a glimpse into the complex
events that account for the disease of skin aging. Beyond UV
light and infectious agents, there are numerous other factors
that are likely to contribute to the aging skin phenotype.
Krutmann and coworkers''® have recently emphasized the
term skin exposome to describe the totality of potentially
deleterious, age-inducing external factors to which skin is
exposed during a lifetime. These factors include, in addition
to UV radiation, environmental pollutants, stress, nutritional
factors, tobacco, temperature-related factors, and even lack of
sleep. Such factors, singly or in combination, may have the
potential to conspire in a manner that affects the epigenome
governing the transcriptional integrity of skin cell DNA, thus
pathologically modifying cells, including physiologic stem
cells, from the more pristine states that typified their youth
(Figure 3). In this respect, it is important to remember that
epigenomic alterations that reorganize chromatin and alter
gene expression are known to contribute to cellular aging in
organisms as basic as budding yeast.

Sinclair and coworkers are pioneering recognition that
chromatin factors (sirtuins) such as SIRTI are key sup-
pressors of epigenetic changes relevant to aging in
mammalian species (National Institutes of Health; htp:/
grantome.com/grant/NIH/RO1-AG019719-11A1; last
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accessed November 11, 2019). Sirtuins are highly conserved
genes that encode NAD™-dependent deacetylases that
increase DNA stability, and it is of potential relevance in
that SIRTI negatively regulates UV-induced alterations
likely to contribute to skin stem cell aging and carcino-
genesis.m’118 Moreover, stem cell aging itself has been
shown to be mediated, at least in part, by SIRTI 119 Because
epigenetic alterations are reversible, significant pathologic
alteration of the exposome mediated via the epigenome
could provide transformative insights into how the disease
of skin aging develops and progresses, and ultimately how
this progression may be arrested and prevented. And
because skin has long served as a paradigm for other vital
organs, this understanding may enlighten and inform un-
derstanding of how other tissues that age, but do not
wrinkle, may also be rescued from this forgotten disease.
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