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ABSTRACT

Previous approaches to acne management have
focused on the four main factors implicated in
acne, namely, androgen-mediated sebogenesis
(considered integral to acne), hyperkeratiniza-
tion, colonization with Cutibacterium acnes, and
inflammation related to both innate and adap-
tive mechanisms. Recent advances have facili-
tated potential novel approaches to acne
management, as the pathophysiology and the
immunological aspects related to acne and
wound healing have evolved. Particular targets
that have been shown to be closely involved in
acne pathophysiology and wound healing
include interleukin (IL)-1B, IL-17, IL-23, and
tumor necrosis factor alpha (TNFo). Biological
antibodies targeting IL-1p, IL-17, IL-23, and
TNFa could provide novel approaches for
treating severe acne and related disorders. Acne
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is primarily a disease associated with sebogene-
sis. Monosaturated free acids are important
components. Insulin growth factor1 (IGF-1)
promotes the proliferation and differentiation
of sebocytes and IL-1B. Research into the
microbiome may also provide insights into
potential future therapeutic options for acne.
Scars, both atrophic and hypertrophic, are
common sequelae to acne. Risk factors associ-
ated with the development of acne scars include
genetic, systemic, local, and lifestyle factors.
Pro-inflammatory cytokines have been shown
to play a crucial role in the development of
acne-induced hypertrophic scars. Treatment for
extensive inflammatory keloid scarring is lim-
ited. Surgery and postoperative radiotherapy are
two possible options. Transforming growth
factor-p (TGFp), IL-6, matrix metalloproteinase
(MMP), IGF-1, and B cells are found in keloid or
hypertrophic scar tissues. Biological antibodies
targeting these cytokines may be a potential
strategy for the prevention and treatment of
this type of scar in the future. Future treatment
for acne should embrace approaches that target
the main etiological factors of acne. In particu-
lar, specific emphasis on aggressive treatment in
the acute inflammatory phase to reduce the
likelihood of scarring and other clinical seque-
lae, such as pigmentary changes would be
highly desirable. Treatment for established
acne-induced sequelae should also be
considered.
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Key Summary Points

Recent advances have facilitated potential
novel approaches to acne management
owing to improved understanding of the
pathophysiology and immunological
aspects

Biological antibodies targeting IL-18, IL-

17, IL-23, and TNFa could provide novel
approaches for treating severe acne and

related disorders

Research into the microbiome may also
provide insights into potential future
therapeutic options for acne

Biological antibodies targeting TGFp, IL-6,
MMP, IGF-1, and B cells may be a

potential strategy for the prevention and
treatment of this type of scar in the future

Future treatment for acne should embrace
approaches that target the main
etiological factors of acne

DIGITAL FEATURES

This article is published with digital features,
including a summary slide to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14560572.

INTRODUCTION

Recent advances have further elucidated the
pathogenesis of acne: it is now clear that
immunological factors play an important role
[1]. To date, acne pathogenesis has implicated
four major factors: androgen-dependent sebo-
genesis, hyperkeratinization of the infundibu-
lum, Cutibacterium acnes (C. acnes) colonization,

and inflammation [2]. Successful targeted ther-
apy for acne currently includes topical retinoids
that normalize abnormal hyperkeratinization in
the infundibulum and novel topical retinoids
with anti-inflammatory properties [3]. Topical
and oral antimicrobials inhibit bacterial prolif-
eration and reduce inflammation related to
cytokines and extracellular enzymes [4]. Topical
benzoyl peroxide (BPO) is highly effective in
reducing both sensitive and resistant strains of
C.acnes and has some impact on hyperkera-
tinization in the infundibulum [5, 6]. Anti-an-
drogens can regulate androgen metabolism,
resulting in suppression of sebum excretion [7].
Orally administered isotretinoin is currently the
only agent that can affect all four main factors
implicated in acne [2, 3].

This review aims to clarify targets based on
acne pathogenesis and summarize treatment
options for acne in the future.

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

HOW CAN RECENT ADVANCES
IN ACNE PATHOGENESIS INFORM
FUTURE TREATMENT?

Novel understanding of acne pathogenesis may
inform future approaches to therapy. Recent
updated knowledge of acne pathogenesis
includes inflammatory mediators implicated in
acne as potential targets. Immunological and
bacterial aspects involved in acne pathogenesis
have been considered. In early acne lesions,
CD4(+) lymphocytes infiltrate around the fol-
licles [8]. Within the microcomedo, macro-
phages, CD3(+), and CD4(+) cells are observed
along with the activation of vascular adhesion
molecules, E-selectin, and integrin [9]. That
study confirmed that inflammation precedes
hyperkeratinization in early acne lesions [9].
Moreover, C. acnes in the intrafollicular ducts
and sebaceous glands in acne stimulate
Langerhans cells, infundibular keratinocytes,
and sebocytes via Toll-like receptor 2 (TLR2),
resulting in the production of interleukin (IL)-
12, IL-8, IL-6, interferon-y (IFNy), and tumor
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necrosis factor alpha (TNFa) [2, 10]. Subse-
quently, inflammatory lesions such as papules
and pustules are formed. In addition, Th1 cells
are predominantly observed in acne follicles
[11]. TLR2 expression is also highly pronounced
in acne lesions [12]. C. acnes activates activator
protein 1 (AP1) and nuclear factor (NF)-«B,
resulting in the production of matrix metallo-
proteinases (MMPs), TNFa, IL-18, and IL-8 [13].
Moreover, 1L-17, IL-23, and TNFa are highly
expressed in acne lesions [14]. TLR2(+) macto-
phages and IL-17 cells are also present in acne
lesions [12]. In the late stages of acne, memory
T cells, plasma cells, and B cells are predomi-
nant in atrophic scars [15, 16]. C. acnes produces
lipase, hyaluronidase, and protease, which may
break down the follicular walls, giving rise to
foreign body granulomas, hypertrophic scars,
and keloids.

Although C. acnes is a resident flora in nor-
mal skin, C. acnes is closely involved in acne
pathogenesis. It has been shown that C. acnes
biofilms correlate with hyperkeratinization of
the infundibulum [17]. C. acnes activates ker-
atinocytes, macrophages, and sebocytes via
TLR2, resulting in the production of TNFa, IL-
1B, IL-8, and MMP via AP1 and NF-xB [12].
Subsequently, MMPs promote collagen degra-
dation and fragmentation, and TNFq, IL-1p, IL-
8, and MMP attract neutrophils, resulting in the
rupture of hair follicles and extensive inflam-
mation [13]. Peroxisome proliferator-activated
receptor (PPAR) is also involved in the inflam-
matory process in acne [1, 2].

PATHOPHYSIOLOGICAL TARGETS
FOR ACNE TREATMENT

Hyperkeratinization

Acne is focused around the pilosebaceous unit,
which includes a wide follicle connected to a
multilobulated sebaceous gland and the hair
follicle. Hyperkeratinization occurs in the fol-
licular infundibulum, leading to sticky lami-
nated corneocytes and an increased number
and size of keratohyaline granules [18]. Filag-
grin [19], keratin (K)16, K17, and IL-la are
expressed in acne lesions [20, 21]. Most hair

follicles in acne lesions are in the telogen and
catagen phases [22]. K79 and K75 are decreased
in acne (comedo switch) [23]. Retinoid recep-
tors are present in the isthmus [23].

Sebum

Acne is a disease associated with sebogenesis.
Androgen-dependent sebum is produced in
sebaceous glands. Within the sebaceous gland,
undifferentiated sebocytes differentiate into
mature sebocytes with lipid droplets, resulting
in sebum discharge in the follicular channel in a
holocrine manner.

C. acnes produces lipase, which can convert
sebum derived from the sebaceous gland to free
fatty acid (FFA), resulting in comedogenesis
[1, 2, 24]. In patients with acne, FFA levels are
increased and 50% higher than those found in
individuals without acne [24]. FFA induces nod-
like receptor 3 (NLRP3) inflammasome and IL-
1B [24]. Insulin growth factor1 (IGF-1) also
promotes the proliferation and differentiation
of sebocytes and IL-1f expression [24, 25]. Acne
severity correlates with the sebum excretion
rate [26]. Qualitative analysis has demonstrated
that linoleic acid levels are lower in patients
with acne [27]. Lipid peroxide influences
hyperkeratosis in the sebaceous ducts and
induces the pro-inflammatory cytokines
involved in acne pathogenesis [28].

Monosaturated free acids are also relevant in
acne [29]. Sapienic acid is significantly expres-
sed in acne lesions [30]. Sapienic acid and oleic
acid can promote IL-lo production, which
induces hyperkeratinization in the infundibu-
lum and, in turn, comedogenesis. PPAR,
acetylcholine, oxidants, and aryl hydrocarbon
receptors (AHR) are also increased in acne [1].
Furthermore, androgens are the most important
hormones involved in acne pathogenesis.
Increased So-reductase in the sebaceous glands
of acne is implicated in its pathogenesis [2].
Local production of androgens in the skin,
particularly high expression and hyperrespon-
siveness of the androgens, may determine the
formation of acne lesions [2]. Androgens influ-
ence the proliferation and differentiation of
sebocytes. Therefore, anti-androgen therapy is
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useful in the management of sebocyte regula-
tion. Corticotropin-releasing hormone (CRH),
thyroid hormone, and growth hormone also
exert an effect on sebum secretion. Conversely,
estrogen decreases sebum production.

Wound Healing

In general, wound healing is associated with
hypertrophic scarring in the general popula-
tion, including pregnancy, hypertension, and
the female sex. The tension in a wound may
also influence the development of hypertrophic
scarring. Hence, subcutaneous tissue sutures are
used in surgery to reduce the tension in the
reticular dermis and subsequent hypertrophic
scar development.

Although the most important complication
in acne is scar formation including atrophic,
hypertrophic, and keloid scars, the process of
wound healing in acne has not been empha-
sized until recently. The pathogenesis of acne
should consider and clarify the processes
involved in wound healing. Future advances in
acne therapy should also consider this. Inflam-
matory papules, pustules, nodules, subcuta-
neous cysts, and abscesses may develop into
erosions and ulcerations, which may lead to
atrophic, hypertrophic, and keloid scars.
Atrophic scars are classified into three types: ice-
pick scars, rolling scars, and boxcar scars [31].
The formation of atrophic scars involves B cells
and macrophages [16]. In acne conglobata,
hidradenitis suppurativa (HS; acne inversa), and
perifolliculitis capitis abscedens et suffodiens
(PCAS), hypertrophic scars and keloids are fre-
quently observed. Scar formation is associated
with persistent inflammation and the depth of
inflammation.

If scarring involves the reticular dermis
under general wound healing conditions, col-
lagen accumulates and a dermal nodule is pro-
duced [32]. The intensity and duration of
dermal inflammation are dictated by genetic,
systemic, local, and lifestyle risk factors [32].
The key local risk factor is the mechanical forces
of the acne wound/scar [33]. Mechanical forces
strongly influence inflammation-driven patho-
logical scarring.

In hypertrophic scars, the associated clinical
features include pregnancy, hypertension, and
possibly the female sex. Associations with high
circulating concentrations of inflammatory
cytokines have also been reported [34]. Genetic
causes include single nucleotide polymor-
phisms [35]. Hypertrophic scarring is associated
with innate and adaptive immunity in patients
with acne, in which a scar mounts a different
innate response when compared to those
patients without scarring [15]. Therefore, indi-
vidual susceptibility may influence the response
to inflammation in acne.

The intensity and duration of dermal
inflammation influences the production of
keloidal collagen around the blood vessels in
the reticular dermis [36]. This status is called
“keloid” rather than “hypertrophic scars”.

Upregulation of Gene Expression

Transforming growth factor-p(TGFB), IL-6,
MMP, IGF-1, and B cells are found in keloid/
hypertrophic scar tissues [37, 38]. In atrophic
scars, TLR4, IL-2, IL-10, tissue inhibitor of met-
alloprotease 2 (TIMP2), JUN, and TGEFp are ele-
vated [39, 40]. Immunological responses are
different between patients with and without
scarring [15].

UPDATED TARGETED THERAPY
BASED ON ACNE PATHOGENESIS

The target cells and organs involved in acne
pathogenesis are the sebaceous glands,
infundibular keratinocytes, hair follicles, and
endocrinological organs such as the adrenal
gland, ovary, and brain.

As previously described, novel targets for
acne treatment should impact the major etio-
logical factors, namely, sebogenesis, keratiniza-
tion, relevant bacteria, inflammation, and
mechanisms involved in scarring and wound
healing.

In the human skin, microbiomes such as
C. acnes, coagulase-negative  Staphylococcus
(CNS), and fungal species interplay to maintain
healthy skin by balancing the homeostatic
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relationships [41]. C.acnes proliferation is
believed to be attributable to acne pathogenesis.
However, C. acnes proliferation is not related to
acne pathogenesis [42]. Instead, it is the C. acnes
phylotype that is more critically related to acne
pathogenesis [42]. In other words, the loss of
diversity of the C. acnes phylotype is involved in
acne pathogenesis [42]. Propionibacterium acnes
was renamed Cutibacterium acnes according to
biochemical and genomic investigations [43].
Unique genomic elements seem to be associated
with acne [41]. Acne-associated C. acnes induces
inflammatory cytokines, including high levels
of IFNy and IL-17 [41]. In contrast, health-as-
sociated C. acnes induces high levels of anti-in-
flammatory IL-10 [41]. Therefore, the
differential functions of the C. acnes strains in
both host immune responses are related to acne
pathogenesis. Microbial dysbiosis can influence
innate immunity through PPAR, IFN signaling,
TNF activation, IL, TLR, and MMP [41]. Dys-
biosis of the skin microbiome, e.g., between
C. acnes and Staphylococcus epidermidis, results in
acne development [44]. This imbalance may
also induce epithelial dysfunction, immune
dysregulation, and the overgrowth of patho-
genic microbes [41]. Treatments that modify
the microbiome other than antibiotics may
provide a new generation of ecobiological anti-
inflammatory treatment for acne [44]. C. acnes
is a key player in acne pathogenesis and triggers
inflammatory responses through innate immu-
nity, and maintains inflammation by acquired
cell-mediated responses through Thl cells.
C. acnes is involved in acne pathogenesis by
releasing extracellular enzymes, reactive oxy-
gen, TLR through innate immunity, sebum
production, keratin, filaggrin, and IGF, resulting
in inflammation and hyperkeratosis [45]. The
role of C. acnes in the pathogenesis of acne is
described in another review [45].

Acne may also be considered an autoin-
flammatory disease, as it can be associated with
syndromes including acne fulminans (AF); syn-
ovitis, acne, pustulosis, hyperostosis, osteitis
(SAPHO) syndrome; pyogenic arthritis, pyo-
derma gangrenosum, acne (PAPA) syndrome;
and pyoderma gangrenosum, acne, suppurative
hidradenitis (PASH) syndrome. It is also associ-
ated with polycystic ovary syndrome (PCOS),

metabolic skin diseases with insulin resistance,
and endocrinological disorders with excessive
androgen production. The inflammasomes are
involved in acne pathogenesis. These innate
immune system receptors and sensors are rela-
ted to IL-1B, TNFa, and Th17 differentiation. IL-
6 and IL-8 are also implicated in the patho-
genesis of acne. Therefore, studies examining
targeted therapies focused on these cytokines
are required in the future.

POTENTIAL TARGETS FOR ACNE
MANAGEMENT

Targets for Inflammation

The mainstays of treatment for inflammatory
acne in the acute phase are BPO, adapalene, and
antimicrobials. BPO is widely used to treat acne.
BPO has diverse mechanisms of action and can
act on multifocal sites, such as the cell wall,
ribosome, and DNA gyrase in bacteria, resulting
in the inhibition of bacterial growth and
inflammation in acne [46]. In addition, BPO is
comedolytic. Recently, BPO has been shown to
inhibit the production of C. acnes biofilms [47].
Antimicrobials have bactericidal or bacterio-
static effects on C. acnes. In contrast, new qui-
nolones, tetracyclines, and macrolides, which
inhibit DNA gyrase and protein synthesis, have
anti-inflammatory effects. They can inhibit
cytokines, such as IL-6 and IL-8 [6].

Other therapies that inhibit inflammation in
acne are biological agents. TNFa Ab is used for
HS (acne inversa) [48, 49] and is effective in
severe acne, such as acne conglobata (AC) and
PCAS (Hoffman) [50, 51]. The Th17 pathway is
noteworthy in the inflammatory processes
observed in acne-related diseases [14]. IL-17 is a
key cytokine that recruits and attracts neu-
trophil infiltration and can target keratinocytes,
endothelial cells, monocytes, and fibroblasts to
induce pro-inflammatory mediators [14, 52, 53].
IL-17 Ab can also reduce Th17 inflammation
and prevent scar formation [53]. The C. acnes
membrane components activate NLRP3
inflammasome in monocytes, resulting in
increased secretion of IL-1B, which activates
Th17 response with production of IL-17 [54]. IL-
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1B antagonists are also effective against acne
[54]. Antibodies against IL-12, IL-23, and phos-
phodiesterase 4 (PDE4) have been shown to be
effective against HS [55]. Further large-scale
randomized, placebo-controlled clinical trials
are needed to examine this approach in acne.

Targets for Hyperkeratinization

There are many substances that regulate or
improve abnormal keratinization in the follic-
ular infundibulum. IL-1a promotes hyperker-
atosis in acne. An IL-1a antagonist (anakinra) is
available for the treatment of HS [56], and IL-1p
antagonists are also effective for HS [57].

Adapalene can regulate abnormal Kkera-
tinization in the infundibulum of acne lesions.
A novel fourth-generation topical retinoid (tri-
farotene) has been developed that specifically
targets retinoic acid receptor gamma [58]. This
agonist is now licensed for facial and truncal
acne with high efficacy, safety, and tolerability
[58]. BPO has comedolytic effects. Adapalene
and BPO decrease the expression of TLR2
ex vivo [59]. Oral isotretinoin can also inhibit
hyperkeratosis in the infundibulum and block
TLRs [60].

Targets for Sebogenesis

Medications to reduce sebum include orally
administered isotretinoin in men and women
and hormonal therapies in women. To date,
there have not been any topical agents that can
effectively reduce sebum. A novel topical anti-
androgen agent, clascoterone, has just been
licensed for patients with acne, aged 9 years and
older. It may be the first topical agent that can
reduce sebum [61].

Isotretinoin can inhibit sebum production
and inhibit the size of the sebaceous glands [3].
Systemic type I Sa-reductase inhibitors did not
improve acne in vivo [62]. Topical linoleic acid
has shown some efficacy in acne, but there is no
significant reduction in sebum [63]. Systemic
anti-androgens are effective against acne [7, 64].
Topical anti-androgens are effective against
acne [65]. IGF-1 modulators have also been
reported as effective treatments for acne [66].

Metformin, an antidiabetic and cancer-protec-
tive drug, may be a candidate for acne man-
agement by decreasing the expression of
mechanistic target of rapamycin complex
(mTORM) [30]. Further studies are required to
confirm these findings.

Targets for Wound Healing

In acne, ulceration and erosion may be observed
and these contribute to visible scar formation. If
inflammation involves the reticular dermis,
hypertrophic scars and keloids may develop.
Inflammation can also contribute to hyperpig-
mentation or hypopigmentation. The sequelae
of acne are very challenging to treat. Therefore,
rapid wound healing is necessary to avoid long-
term and permanent visible marks.
Corticosteroid tapes are the first-line therapy
in Japan in the acute phase of hypertrophic scar
development [67, 68]. Comparing with corti-
costeroid injections, tapes can be used locally in
the affected area. If conservative therapy does
not work, surgery is an option [69]. Following
surgery, subcutaneous tissue sutures are impor-
tant for reducing the tension of the reticular
dermis. Surgery and postoperative radiotherapy
are considered standard clinical practices for
extensive inflammatory keloids [31, 69].

Alternative Therapies

Ectopeptidase inhibitors, S-lipoxygenase inhi-
bitors, antisense oligonucleotides, antimicrobial
peptides, epigallocatechin-3-gallate in green
tea, dietary manipulation such as reducing milk
consumption, and gene therapy have all been
reported as possible options for the treatment of
acne in the future [1, 2]. Further studies are
required to provide robust evidence to support
these treatments.

FUTURE TREATMENT FOR ACNE

The future treatment of acne is summarized in
Fig. 1.

Treatment is divided into effective therapies
that target different etiological factors.
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The future treatment for acne

A Aggressive treatment for
acute inflammatory phase |———

in acne

Adapalene, BPO, antimicrobials, isotretinoin, TNF-a Ab, TL-
17 Ab, IL-23 Ab, IL-1b Ab, IL-1a Ab, anti-androgen, IGF-
1 inhibitor, PPAR modulator, acetylcholine inhibitor,
antimicrobial peptides, anti-oxidants,

phosphodiesterase inhibitor, vitamin D analogue

B Treatment for acne scar

Prevention for acne scar

Post inflammatory
hyperpigmentation

Atrophic scar

Vitamin C, hydroquinone, azelaic acid, tranexamic acid,

chemical peeling, iontophoresis

I

Hypertrophic scar

Keloid

Topical corticosteroid, TGF-b inhibitor, IL-6 Ab, [L-17
:> Ab, sairei-to, PRP, laser, radiation therapy, compression

therapy, mechanotherapy

Fig. 1 The future treatment of acne. a First, prevention of acne scars by aggressive treatment during the acute inflammatory

phase. b Treatment for acne scars (post-inflammatory hyperpigmentation, hypertrophic scars, and keloids)

Treatment must aim to treat the acne and avoid
any sequelae. Possible treatment modalities for
clinical sequelae that may arise should also be
considered.

Treatment for Acne

Early effective therapy is important to avoid
acne sequelae. Prevention of acne-induced
scarring should be avoided by adopting aggres-
sive treatment in the acute inflammatory phase.

There is robust evidence in acne guidelines
to support the use of medications such as ada-
palene, BPO, antimicrobials, and isotretinoin.

Other optional treatments that have the
potential to offer effective treatment in the
future include TNFo, IL-17, IL-23, IL-1p, IL-10,
anti-androgen, IGF-1, PPAR, acetylcholine,
antimicrobials, antioxidants, phosphodi-
esterase, and vitamin D analogues.

Possible Treatments for Acne Sequelae

Post-inflammatory Hyperpigmentation
Vitamin C, hydroquinone, azelaic acid, tranex-
amic acid, chemical peeling, and iontophoresis
can be used.

Hypertrophic Scar and Keloid

Topical corticosteroids injection, vitamin C,
hydroquinone, azelaic acid, tranexamic acid,
chemical peeling, iontophoresis, TGFp inhi-
bitor, IL-6 Ab, IL-17 Ab, saireito (a Japanese
herb), platelet-rich plasma (PRP), laser, radia-
tion therapy, compression therapy, and
mechanotherapy can be used.

CONCLUSION

In this review, we summarize updated treat-
ments facilitating potential novel approaches in
acne treatment including immunology and
wound healing. In particular, biological treat-
ments targeting IL-1f, IL-17, IL-23, and TNFa
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could provide novel approaches for treating
severe acne and related disorders. In addition,
biological antibodies targeting TGFp, IL-6,
MMP, IGF-1, and Bcells may be a potential
strategy for the prevention and treatment of
this type of scar in the future. Future treatment
for acne should embrace approaches that target
the main etiological factors of acne.
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