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Abstract

Purpose Skin and soft tissue aging has been an important
topic of discussion among plastic surgeons and their
patients. While botulinum toxin, facial fillers, chemical
peels, and surgical lifts preside as the mainstay of treatment
to restore appearance of youth, emergent technologies,
such as CRISPR-Cas9, proteostasis, flap biology, and stem
cell therapies, have gained traction in addressing the aging
process of skin and soft tissue. Several studies have
introduced these advancements, but it remains unclear how
safe and effective these therapeutics are in facial rejuve-
nation, and how they may fit in the existent treatment
workflow for soft tissue aging.

Materials/Methods A systematic literature review was
conducted to identify and assess therapeutics utilized in
addressing skin and soft tissue aging. Variables collected
included year of publication, journal, article title, organi-
zation of study, patient sample, treatment modality, asso-
ciated outcomes. In addition, we performed a market
analysis of companies involved in promoting technologies
and therapeutics within this space. PitchBook (Seattle,
WA), a public market database, was utilized to classify
companies, and record the amount of venture capital
funding allocated to these categories.
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Results Initial review yielded four hundred and two
papers. Of these, thirty-five were extracted after applying
inclusion and exclusion criteria. Though previous literature
regards CRISPR-Cas9 technology as the most favorable
anti-aging innovation, after reviewing the current literature,
stem cell therapies utilizing recipient chimerism appeared
to be the superior skin anti-aging technique when
accounting for possible disadvantages of various tech-
niques. The psychosocial and cosmetic outcomes from
using cell therapy to modulate allograft survival and tol-
erance may confer more long-term proposed benefits than
the technologies in CRISPR-Cas9, flap biology innova-
tions, and autologous platelet-rich plasma use. Market
analysis yielded a total of 87 companies, which promoted
innovations in technology, biotechnology, biopharmaceu-
ticals, cell-based therapies, and genetic therapy.
Conclusion This review provides physicians and patients
with relevant, usable information regarding how thera-
peutics can impact treatment regimen for facial aesthetics
and skin rejuvenation. Furthermore, the goal of this
research is to elucidate the varying therapeutics to restore
appearance of youth, present associated outcomes, and in
doing so, present plastic surgeons and their colleagues with
greater insight on the role of these therapeutics and tech-
nologies in clinical practice. Future studies can further
assess the safety and efficacy of these innovations and
discuss how these may fit within surgical plans among
patients seeking rejuvenation procedures.

Level of Evidence Il This journal requires that authors
assign a level of evidence to each article. For a full
description of these Evidence-Based Medicine ratings,
please refer to the Table of Contents or the online
Instructions to Authors www.springer.com/00266.
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Introduction

Skin and soft tissue aging has presided as an important
topic of discussion among plastic surgeons and their
patients. Cutaneous aging has been cited to occur via
intrinsic and extrinsic processes. Moreover, intrinsic aging
occurs due to decreased proliferation of cells including
keratinocytes, fibroblasts, and melanocytes, via a process
termed cellular senescence [1]. During such processes,
degeneration of fibrous extracellular matrix components
such as elastin, fibrillin, and collagen, and decreased in
vascularity occur. Collagen fibrils become disorganized,
fragmented, and reduced in number and diameter. Extrinsic
aging is primarily driven by exposure to ultra-violet (UV)
radiation, which impairs differentiation process of epider-
mal keratinocytes and promotes accumulation of abnormal
elastic tissue within the dermis [2—4]. Moreover, multiple
molecular mechanisms have been proposed to mitigate the
processes of skin and soft tissue aging; these include
genomic instability, telomere attrition, epigenetic alter-
ations, loss of proteostasis, deregulated nutrient sensing,
mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication [1-6].

Plastic surgery as a specialty has incorporated both
noninvasive interventions, such as botulinum toxin, soft
tissue fillers, bio-stimulants, chemical peels, platelet-rich
plasma (PRP), and lasers, as well as surgical procedures,
such as fat grafting, threading lifts, face and neck lift,
blepharoplasty, and rhinoplasty, in efforts to promote a
more youthful appearance among their patients. However,
the application of newer technologies, such as genetic
therapies, flap biology, and stem cell-based treatments, has
gained traction among venture capitalists; the longevity
economy has fielded $7.6 billion in hopes to promote
healthspan and restoration of youth within the ever-grow-
ing aging population. Moreover, these advancements are
yet to be integrated within the practice of most plastic
surgeons and dermatologists. In addition, it remains
unclear how safe and effective these therapeutics are in
skin rejuvenation, and how they may fit in the existent
treatment workflow for skin and soft tissue aging.

The purpose of this study was multi-fold: 1) to conduct a
systematic literature review of therapeutics and technolo-
gies used to address skin and soft tissue aging processes; 2)
to perform a market and trend analysis of venture-backed
companies operating in the aforementioned indications; 3)
to understand the safety and efficacy profiles of these
respective innovations; 4) to discuss the implications for

@ Springer

plastic surgeons when considering to implement them into
their clinical practice. We hypothesized that cosmetic and
aesthetic supplements would be the most common offering
marketed by companies, given lower production costs and
thus, lower barrier to entry, while innovations in stem-cell,
proteostasis, and genetic therapy would be fewer yet the
most lucrative in acquiring funding.

Methods

A systematic literature review was conducted with
National Center for Biotechnology Information, Medline,
ASPS Tracking Operations and Outcomes for Plastic Sur-
geons, Cochrane, Web of Science, Scopus, and PubMed
databases to identify articles that discussed therapeutics to
address skin and soft tissue aging. A combination of the
following keywords was utilized to conduct the literature
review: “anti-aging,” “facial aesthetics,” “soft tissue
aging,” “facial ageing,” “aesthetics,” “innovation,” and
“skin ageing.” Variables collected included year of pub-
lication, journal, article title, organization of study, patient
sample, and treatment modality, and level of evidence.
Articles were excluded if data were published before 2000,
yielded non-significant findings, or discussed already
established treatments to mitigate skin and soft tissue aging
processes (Table 1). Articles were then categorized by the
level of evidence as set forth by the American Society of
Plastic Surgeons (ASPS). Any conflicts were resolved
through discussion and full text review among D.G. and
S.K. Of note, the search was conducted according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines. No funding was
required to conduct this review of the literature.

In addition, a formal analysis of Pitchbook (Seattle,
WA), a platform used to provide private market data, was
conducted in order to identify companies operating within
the fields of aesthetic aging and longevity. Companies were
isolated using the following search terms: “Longevity
Biotech,” “VC-backed,” “Accelerator/Incubator-backed,”
“Anti-Aging,” “Soft Tissue Aging,” “Aesthetic Surgery,”
“Facial Aesthetics,” “Anti-Aging Skin,” “Autologous,”
and “Longevity.” Companies were excluded from analysis
if 1) not operating within the healthcare or life sciences
sector, or 2) not addressing issues directly within skin and
soft tissue aging processes. Companies were then classified
into the following categories: personal products, biologic,
platform technology, genetic therapy, and cell-based ther-
apy. Company descriptions and aggregate funding amount
to date were collected via respective company websites,
Pitchbook, as well as Crunchbase (San Francisco, CA) [7].
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Results
Literature Review

Initial review yielded a total of four hundred and two
articles. After application of inclusion and exclusion cri-
teria, a total of thirty-five studies were analyzed for the
purposes of this publication. A flow-chart demonstrating
the isolation of these studies is detailed in Fig. 1.

Genetic-based technologies, namely via maintaining
cellular proteostasis, manipulating the process of alterna-
tive splicing for specific genes, and leveraging adenovirus
vectors, were discussed in three studies. The majority of
cited studies discussed stem cell-based innovations,
specifically within adipose-derived mesenchymal stem
cells (ADSCs), in combination with hyaluronic acid, fat
grafting, PRP, and fibrin derived compounds, were addi-
tionally discussed as viable methods to address the sequela
of photoaging and wrinkles in the aging process. Flap
biology via genetic modification was also discussed as an
option to mitigate the natural aging process within vascular
composite allotransplantation, for example. Furthermore,
oral collagen and hyaluronic acid (HA) supplements were
also described in numerous studies. A summary of ana-
lyzed articles can be viewed in Table 1.

Fig. 1 The PRISMA Flow

Company-Level Analysis

Initial search yielded a total of six hundred and seven
companies, among which three hundred and fifty-seven did
not operate within healthcare and the life sciences. The
remaining two hundred and fifty companies were included
in the analysis; these companies were classified into one of
five categories, including platform technology, personal
products, biologic, cell-based therapy, and genetic therapy.
Our analysis demonstrated that the majority, 41% of
companies hailed from the biologic space, followed by
24% from the genetic therapy space, 20% from personal
products, 8% from cell-based therapies, and 7% from
platform technologies. However, in terms of aggregated
funding amount, personal products have gained the highest
amount of funding, with an estimated $378,675,000 fund-
ing in the personal products space, closely followed by the
biologic space with $347,531,000. The number of compa-
nies, as well as aggregated funding amount, for each cat-
egory can be viewed in Fig. 2.

Discussion
This study presents various mechanisms to address skin

and soft tissue aging via literature and industry-level
analyses. The literature review was largely comprised of

Diagram for the systematic
review detailing database
searches, the number of
abstracts screened, and the full

Electronic Database Searches: National Center for Biotechnology
Information, Medline, ASPS Tracking Operations and Ountcomes for
Plastic Surgeons, Cochrane, Web of Science, Scopus, PubMed.

(n=54)

texts retrieved

i

Records after duplicates removed.

(n=48)

Screening || Identification |

' Excluded (n = 21)

~ ) W 5
Titles/ abstracts screened. Data =20 years old.
(n = 48) no sigmficant

findings, small sample

Full-text articles
assessed for
eligibility (n = 27)
English n = 26,
Frenchn=1

Full-text articles excluded
(n=3)
Data =20 years old, no
significant findings, small
sample size, no data upon

' completion.

— =
' size.
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factors relevant to
mnovative anti-
aging techniques
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Fig. 2 Overview of Funding
within Skin and Soft Tissue
Aging Space. Funding amount
aggregates derived from
Crunchbase and PitchBook data
analytics

= Biologic ($347M, 46%)
= Personal Products ($379M, 50%)

articles that built upon already well-established methods
for aesthetic rejuvenation, such as hyaluronic acid fillers,
PRP, fat grafting, while the company-level analysis was
dominated by personal products, such as supplements and
skin care remedies.

Cell-Based Therapies

The vast majority of articles included in the literature
review alluded to the fundamental role that adipose-derived
stem cells (ADSCs) have in tissue regeneration and
remodeling processes. Moreover, in an analysis by Gentile
et al, it was found that ADSCs directly activate dermal
fibroblast proliferation, an antioxidant effect, and matrix
metalloproteinases (MMPs) reduction [8, 9]. In combina-
tion with mainstay methods for facial rejuvenation, such as
fat grafting, PRP, and soft tissue fillers, ADSCs have a
multiplicative effect in refining skin texture and quality.
Our market analysis drew attention to several companies
building cell-based technologies, via exosomes as well as
stem cells derived from adults and plants, to address skin
and soft tissue aging [7, 10]. Future studies should further
explore how ADSCs may be incorporated into the practice
of plastic surgeons from a financial and logistical per-
spective [11].

Autologous Methods
Our review of the literature also revealed multiple methods

for leveraging use of autologous tissue to address skin and
soft tissue aging. Moreover, several studies discuss the

@ Springer
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= Cell Based Therapy (0.557M, 0.07%)
= Platform Technology ($20M, 2.6%)

= Genetic Therapy ($10.25M, 1.4%)

important role of platelet-rich plasma (PRP) within skin
rejuvenation, through mechanisms of angiogenesis and
mitogenesis [11-16]. Others have revealed opportunity for
other autologous growth factors, fibroblasts, as well as
combinations of dermis, fat, and fascia in the creation of
various derivatives for facial rejuvenation [17-23]. Future
investigations may explore long-term clinical outcomes,
including safety and efficacy, associated with these
respective therapeutics and additionally discuss the logis-
tics entailed in utilizing these innovations in real clinical
practice with patients.

Genetic Therapies

Our investigation highlights the emergent role of genetic
therapies, through multiple modalities, including alterna-
tive splicing, viral vectors, and epigenetics. Bramwell et al.
leveraged the process of alternative splicing to regulate
responsible for extra-cellular matrix remodeling, restora-
tion of collagen and elastin frameworks, and reversal of
adipose tissue atrophy [24]. In doing so, there exists an
opportunity for moderators of alternative splicing to be
incorporated into injectable fillers or topical creams for
patients. Moreover, Giatstidis et al. proposed the notion of
“mature” gene therapy, wherein adenovirus vectors can be
utilized to manipulate epidermal growth factor (EGF),
fibroblast growth factor (FGF), insulin-like growth factor
(IGF), keratinocyte growth factor (KFG), platelet-derived
growth factor (PDGF), transforming growth factor-f8 (TGF-
B), and vascular endothelial growth factor (VEGF)
[25]. Sabath et al. especially fixated on the role of genetic
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therapies preserving the process of cellular proteostasis
[26-31]. Finally, companies, such as Ponce de Leon, have
proposed that epigenetic modification (specifically DNA
methylation) may be used to reverse aging
processes [32-37].

Biologics

Biologics, defined as small molecules targeting cellular
pathways, have an established role in the anti-aging aes-
thetics industry. Furthermore, in the Pitchbook analysis,
many companies, such as Dorian Therapeutics developed
small molecules (senoblockers), selectively inhibit pro-
cesses leading up to senescence, a process defined by cel-
lular aging to the point of non-division [32-37]. Other
companies developed molecules to directly target collagen
scaffolds, ECM, and other cellular processes such as
autophagy [38—44]. It remains unclear how these thera-
peutics compare to existent modalities for skin rejuvena-
tion. Moreover, prior studies have yet to find definitive data
as to where these therapeutics may preside in the treatment
regimen proposed by plastic surgeons, dermatologists, and
their colleagues.

Personal Products and Natural Remedies

Natural ingredients, in the formulation of topical creams,
lotions and preparations, have been used for anti-aging
effects. Fowler et al describe ingredients, such as colloidal
oatmeal, aloe vera, green tea, niacinamide and feverfew
confer anti-inflammatory properties [45]. For hyperpig-
mentation and antioxidative capabilities, licorice, green
tea, arbutin, soy, acai berry, turmeric and pomegranate
have been described as efficacious. In our market analysis,
multiple supplements that comprised of carotenoids, shark
cartilage, plant derivatives have been taken by consumers
for anti-aging effects [46-51]. In addition, collagen and
hyaluronic acid (HA) supplements have conferred
improvements in facial wrinkling and texture, as well as
increases in skin elasticity and hydration [52-57]. Beyond
aesthetic appearance, some supplements, namely those
with nicotinamide, have been proposed to decrease risks of
developing skin cancer [58]. Additional research is needed
to elucidate and confirm the benefits of these ingredients in
the management of skin and soft tissue aging, and possible
skin cancer prevention.

Flap Biology and Tissue Engineering

In a study done by Ghali et al, it was established that
creating genetically modified flaps to enhance the recipient
site may preside as a new anti-aging therapy and mecha-
nism [59]. Researchers further state that CRISPR/Cas-9

technology would further facilitate concept by making this
process more cost-effective, efficient, and multiplexed
[60-63]. Moreover, this technology could be specifically
applied to patients undergoing microsurgical reconstruction
(head and neck, breast), and those undergoing vascular
composite allotransplantation [10, 63—-65]. The application
of this innovation would ultimately refine aesthetic results
in a way that promotes healthy skin quality and texture
over time [66—69]. The precise application of genetically
modified flaps allows engineering in anti-aging to be per-
sonalized and allow for limited scarring, proven time and
time again to be of vital importance to patients [70-74].
Moreover, studies such as Dempsey et al have demon-
strated genetically modified free flaps can be used without
eliciting toxic systemic effects, through delivering IL-12
directly into the local environment of a skin tumor and
suppress its growth [74]. The remarkable strides in research
in flap biology and tissue engineering are currently being
heavily applied to tumor suppression, but numerous studies
have proved these effects would translate seamlessly to
anti-aging applications [75-79]. Nonetheless, genetic
modification of flaps may pose risks of increased rejection
among patients. Future studies should explore these pos-
sibilities in pre-clinical studies to affirm the safety and
efficacy of such ideas.

Limitations

There are several limitations of this study that warrant
consideration. First, the process of isolating and classifying
companies within the Pitchbook database may be subject to
inherent selection bias. In order to minimize such bias, the
authors implemented standardized data collection forms,
and additionally, consulted with one another in the event of
a conflicting opinion. Second, our analysis was limited to
companies within exclusively the Pitchbook database; thus,
does not incorporate technologies from companies cur-
rently amid formation and raising capital. Third, while the
investigation was able to elucidate the various methods
toward addressing skin and soft tissue aging, measurement
and comparison of outcomes (such as skin elasticity, der-
mal collagen density) were not incorporated within the
analysis. Future studies may directly compare objective
metrics among the cited therapeutics and technologies for
the aging process. Despite these limitations, this study is
the first to present a multi-level analysis, from academic
and industry perspectives, to further explore the anti-aging
landscape of innovation.
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Conclusions

Our study sought to explore the current modalities to
address skin and soft tissue aging via literature and
industry-level analyses. We concluded that there are mul-
tiple promising technologies and therapeutics within the
anti-aging aesthetic industry, with innovations in genetic
therapy, cell-based therapy, platform technologies, bio-
logics, and personal products. The literature review was
largely comprised of articles and journal pieces that built
upon already well-established methods for aesthetic reju-
venation, such as hyaluronic acid fillers and fat grafting. In
contrast, the company-level analysis was dominated by
personal products, such as supplements and skin care
remedies. In conducting this investigation, we present
plastic surgeons and their colleagues with greater insight
on the role of these therapeutics and technologies in clin-
ical practice. Moreover, we provide investors relevant data
on the growing industry of skin and soft tissue aging,
detailing the most prominent categories of research. Future
studies can further assess the safety and efficacy of these
innovations and discuss how these may fit within surgical
plans among patients seeking rejuvenation procedures.
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