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Alarmin Cytokines as Central
Regulators of Cutaneous Immunity
Tatsuya Hasegawa1, Tomonori Oka2 and Shadmehr Demehri 2*

1 Shiseido Global Innovation Center, Yokohama, Japan, 2 Center for Cancer Immunology and Cutaneous Biology Research
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Skin acts as the primary interface between the body and the environment. The skin
immune system is composed of a complex network of immune cells and factors that
provide the first line of defense against microbial pathogens and environmental insults.
Alarmin cytokines mediate an intricate intercellular communication between keratinocytes
and immune cells to regulate cutaneous immune responses. Proper functions of the type
2 alarmin cytokines, thymic stromal lymphopoietin (TSLP), interleukin (IL)-25, and IL-33,
are paramount to the maintenance of skin homeostasis, and their dysregulation is
commonly associated with allergic inflammation. In this review, we discuss recent
findings on the complex regulatory network of type 2 alarmin cytokines that control skin
immunity and highlight the mechanisms by which these cytokines regulate skin immune
responses in host defense, chronic inflammation, and cancer.

Keywords: TSLP, IL-33, IL-25, skin immunlogy, allergic inflammation, cancer, host defense, skin homeostasis
INTRODUCTION

Skin is the largest organ and acts as a protective barrier separating the body from the outside
environment (1). Epidermis, dermis, and subcutaneous fat together with skin appendages, sweat
glands, sebaceous glands, and hair follicles, form an integrated structure that enables proper skin
function (2). The foremost physical barrier of the skin consists of the epidermis, which in its
outermost layer is composed of brick and mortar-like stratum corneum and tight junctions that
regulate the inward and outward passage of fluid and electrolytes in and out of the skin (1, 3). The
skin has developed complex protective functions against constant exposure to various
environmental insults, such as solar radiation, pollutants, a broad range of microbial pathogens,
and allergens (4, 5). The immune system contributes to this first line of defense against microbial
pathogens and chemical insults (2).

In the epidermis, Langerhans cells (LCs) are epidermal-resident antigen-presenting cells (APCs),
which play a sentinel role as the first professional immune cells confronting the environmental
insults (6, 7). Activated LCs capture foreign antigens by extending their dendrites through
epidermal tight junctions. Next, they migrate to the lymph nodes to initiate cutaneous adaptive
immunity (8, 9). In addition, tissue-resident memory T cells (TRM cells), which are noncirculating
lymphocytes in peripheral tissues, persist in the epidermis to provide long-lasting protective defense
against future immunological challenges at the most probable sites of invasion (10–12). The dermis
is the stromal layer below the epidermis that encompasses an active immunological
microenvironment (2). The superficial papillary dermis is composed of a relatively loose
org March 2022 | Volume 13 | Article 87651515
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connective tissue and contains vessels and sensory nerves (13).
A diverse range of immune cell types, including several T cell
subsets, macrophages, dendritic cells (DCs), innate lymphoid
cells (ILCs), and mast cells, is localized around vasculature and
extracellular matrix proteins in the dermis (14–16). This
complex network of dermal immune cells helps in many
aspects of host physiology, including protection against
pathogens, wound healing (17), sebum production (18), and
hair follicle homeostasis (19).

Cytokine-mediated communication allows immune cells to
achieve a context-appropriate response, as the homeostasis of a
multi-cellular organism is made possible by the proper cell-cell
communication across different cell types (20). The cytokine
superfamily consists of many ligands and receptors that mediate
key interactions between immune cells and non-immune cells,
including keratinocytes, fibroblasts, and endothelial cells, in the
skin microenvironment (21–23). As the primary barrier, which is
constantly exposed to environmental insults, the epidermis
functions as a key sensor and integrator of environmental cues
to regulate immunity in the skin (24, 25). As such, epidermis-
derived alarmin cytokines mediate an intricate intercellular
communication between epidermal keratinocytes and immune
cells to regulate cutaneous immune surveillance. Alarmins are
endogenous molecules that function as danger signals and are
rapidly released to the extracellular milieu in response to tissue
damage to trigger defensive immune responses (26). Among
them, the proper functions of type 2 alarmin cytokines, thymic
stromal lymphopoietin (TSLP), interleukin (IL)-25 and IL-33, as
central orchestrators of T helper 2 (Th2) immunity, are
paramount to the skin homeostasis and their dysregulation is
commonly associated with chronic allergic inflammation
(27–29).

In this review, we discuss recent findings on the complex
functions of type 2 alarmin cytokines in regulating epithelium-
immune cell communication that governs host defense, chronic
inflammation, and cancer.
TSLP

TSLP is a member of the IL-2 family of cytokines, and its receptor
is a heterodimer that consists of the IL-7 receptor a chain (IL-
7Ra), which is shared with IL-7, and the TSLP receptor (TSLPR)
(30–32). TSLP is mainly expressed by the epithelial cells of the gut,
lung, and skin. Other cell types including DCs, basophils, andmast
cells can express TSLP (33, 34). At the organ level, TSLP is widely
distributed in several organs including the heart, liver, testis,
spleen, prostate, skin, lung, kidney, ovary, small intestine, and
colon (35). A variety of endogenous and environmental factors,
such as pro-inflammatory cytokines, tryptase, invading pathogens,
allergens, irritants, pollutants, and cigarette smoke, stimulate
epithelial cells to release TSLP at barrier surfaces (36–45).
Activation of protease-activated receptor 2 (PAR2), Toll-like
receptor 4 (TLR4), and a member of transient receptor potential
vanilloid (TRPV) channel family, including TRPV1, on the cell
membrane mediate the production of TSLP through transcription
factors, nuclear factor of activated T cells (NFAT), nuclear factor-
Frontiers in Immunology | www.frontiersin.org 26
kappa B (NF-kB), and interferon regulatory factor 3 (IRF-3) (46–
48). TSLP is post-translationally modified by endogenous
proteases, and cleaved TSLP has an increased biological activity
(49). Despite poor sequence homology of TSLP (43% amino acid
identity) and TSLPR (39% amino acid identity) between humans
and mice, TSLP has been shown to exhibit similar biological
functions in humans and mice (50).

Hematopoietic cell populations and sensory neurons express
TSLPR. TSLP first interacts with the cognate TSLPR, then IL-7Ra
can be recruited to the TSLP/TSLPR assembly to form the
extracellular ternary complex. This leads to the activation of an
intricate network of signaling pathways, including Janus kinase/
signal transducer activator of transcription (JAK/STAT) and
phosphatidylinositol-3 kinase (PI3K) pathways (51). Similar to
IL-7, this signaling plays a critical role in the activation and
differentiation of immune cells, such as B cells and T cells (52).
In contrast, TSLP also mediates Th2 immunity associated with
protection from helminth parasites and the pathogenesis of
allergic inflammation at barrier surfaces. TSLP strongly induces
the expression of major histocompatibility complex (MHC) class I
and II molecules and costimulatory molecules on DCs. TSLP-
activated DCs produce Th2-attracting chemokines, such as CCL17
and CCL22 (53), and induce Th2 differentiation through OX40
ligand upregulation on these cells (54, 55). Furthermore, TSLP can
directly activate naïve CD4+ T cells to differentiate and promote
Th2 effector function in a TCR-dependent manner (56–58),
indicating that TSLP is a key driver of Th2 immunity. In
addition, TSLP acts on CD4+ T cells to promote T helper 9
(Th9) differentiation and function through STAT5 activation in
airway inflammation (59). Th9 cells, IL-9 producing CD4+ T cells,
are closely related to Th2 cells and contribute to allergic
inflammation and anti-tumor immunity (60, 61). It remains
unclear whether these cells represent a truly unique Th cell
subset. TSLP also acts on basophils and group 2 ILCs (ILC2s) to
induce Th2 responses (62, 63). Thus, TSLP orchestrates type 2
immune responses by innate and adaptive immune cells at
barrier sites.

TSLP in Skin
Keratinocytes are a powerful source of TSLP in the skin under
chronic and severe barrier disruption (64, 65). TSLP is released
from keratinocytes in response to cutaneous pathogens, such as
Staphylococcus aureus (66) and Malassezia yeasts (67), and
environmental stimuli, such as ultraviolet radiation (68),
mechanical injury (41), and air pollutants (69). The
thermosensitive transient receptor potential channels TRPV3
and TRPV4 (70, 71), pattern recognition receptor TLR3 (72,
73), and PAR2 (38, 74) are among the receptors that can sense
the external stimuli and induce the production of TSLP in
keratinocytes. Vitamin D3 also induces the expression of TSLP
in keratinocytes, which leads to the development of an atopic
dermatitis-like phenotype (75). In contrast, TSLP is negatively
regulated by retinoid X receptor ab (RXRab) (76), aryl
hydrocarbon receptor (AhR) (77), and Notch signaling (64),
which function as a gatekeeper in keratinocytes. Chronic TSLP
release by keratinocytes responding to cellular and tissue damage
instigates type 2 immune response that leads to atopic dermatitis.
March 2022 | Volume 13 | Article 876515
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High TSLP expression is observed in a broad spectrum of skin
lesions of atopic dermatitis (53), psoriasis (78), Netherton syndrome
(79), and keloid (80). Continuous skin barrier disruption,
characterized by atopic dermatitis, facilitates epicutaneous
sensitization, which accelerates TSLP expression in keratinocytes.
Furthermore, TSLP promoter demethylation is detected in skin
lesions from patients with atopic dermatitis (81).

TSLPR is broadly expressed by immune cells and sensory
neurons in the skin. In particular, DCs are important TSLP-
responsive immune cell populations (27, 53–55, 82). Several DC
subsets, including epidermal LCs and dermal type 1 and 2
conventional DCs, respond to keratinocytes-derived TSLP
signals to initiate cutaneous adaptive immunity and provide
multiple soluble and surface-bound signals that help to guide T
cell differentiation, in particular Th2 cells (83–86). In atopic
dermatitis lesions, TSLP may contribute to the activation of LCs,
which then migrate to the draining lymph nodes and prime
allergen-specific Th2 responses (53). In addition, TSLP-mediated
LC activation can promote the differentiation of CD4+ T cells
into Th2 and follicular helper T cells (Tfh cells), which are
important regulators of humoral responses (87). Moreover, TSLP
and transforming growth factor-b1 (TGF-b1) synergistically
contribute to the pool of LCs during inflammation via the
promotion of LC differentiation from human blood BDCA-1+

DCs (88). Dermal DCs act as critical responders in TSLP-
mediated type 2 allergic inflammatory responses. TSLP
activates CCL17-producing CD11b+ dermal DCs to migrate to
draining lymph nodes and attract naïve CD4+ T cells to
differentiate into Th2 cells during contact hypersensitivity in
mice (89). Furthermore, TSLP-stimulated DCs act not only on
the priming of Th2 cells but also on the maintenance and further
polarization of Th2 central memory cells in allergic
inflammation (90). Besides Th2 priming, TSLP-mediated DC
activation conducts multiple CD4+ T cell fate specifications in
the skin, depending on the surrounding inflammatory
microenvironment. TSLP drives the differentiation of IL-21-
producing human Tfh cells through OX40 ligand in CD1c+

DCs and helps memory B cells to produce immunoglobulin G
(IgG) and IgE in a Th2 cell-dominated environment (91).
Furthermore, TSLP is highly produced by keratinocytes in
patients with psoriasis, where it synergizes with CD40 ligand
in skin DCs to promote the expression of the Th17-polarizing
cytokine IL-23 (78).

TSLP can directly activate CD4+ T cells and induce the
differentiation of a distinct population of effector Th2 cells in
lymph nodes (58). TSLP/TSLPR signaling amplifies IL-4
production from CD4+ T cells, which results in driving a
positive feedback loop between TSLP and IL-4 to exacerbate
Th2 cell-mediated allergic inflammation (92). In fact, atopic
dermatitis patients possess circulating CD4+ T cells expressing
high TSLPR levels, and the frequency of this subset correlates with
the severity of atopic dermatitis (93). In addition, Th2 cells express
more TSLPR than Th1 or Th17 cells (94). ILC2s are also
important targets of TSLP in allergic inflammation (95). TSLP-
elicited ILC2 promotes allergic inflammation, whereas IL-25 and
IL-33 are dispensable for this ILC2 response in an atopic
Frontiers in Immunology | www.frontiersin.org 37
dermatitis-like mouse model (95). Although IL-25 and IL-33 are
critical mediators to elicit ILC2s in the gut and lung for anti-
helminth immunity and allergic inflammation (96), skin-specific
ILCs may have distinct properties. Accordingly, transcriptomic
heterogeneity of ILC2s is apparent across tissues, and skin-resident
ILC2s express relatively low levels of receptors of type 2 cytokines,
such as TSLP, IL-25, and IL-33, and instead dominantly express
IL-18 receptor (IL-18R1), compared with other tissues (97, 98).
Indeed, IL-18 can activate skin ILC2s and synergize with type 2
cytokines in the development of atopic dermatitis-like disease (98).
Furthermore, two distinct populations of ILC2s, consisting of
skin-resident and circulating ILC2s, exist in the murine skin,
and they exhibit distinctive phenotypes and functions (99). The
response of ILC2s may ultimately depend on the nature of the
inflammatory stimulus in the microenvironment.

Keratinocytes-released TSLP signals directly reach out to
sensory neurons in the skin. PAR2-triggered release of TSLP
can stimulate sensory neurons to evoke the itch response in
allergic diseases such as atopic dermatitis, in a TSLPR- and
TRPA1-dependent manner (38). In addition, TRPV4 triggers
TSLP release, which activates sensory neurons through TSLPR
and TRPV4 in a dry skin-induced pruritus model (71). TSLP is
found to be involved in the later phase of itch progression in
allergic inflammation while neutrophil-derived CXCL10 drives
itch in the acute phase, which is mediated through CXCR3 on
sensory neurons (100). TSLP widely impacts a broad array of
dermal immune cells in the skin. TSLP elicits skin basophils, and
TSLP-dependent basophil-derived IL-4 promotes ILC2
responses during atopic dermatitis-like inflammation (101).
Furthermore, TSLP induces mast cell development through the
activation of mouse double minute 2 (MDM2) and STAT6,
which results in skin allergic inflammation (45, 102).

Excessive TSLP that is secreted by barrier-defective skin into
the systemic circulation leads to sensitization of the lung airways
to inhaled allergens characterized by allergic asthma-like
phenotype in mice (103, 104). Thus, high systemic levels of
skin-derived TSLP instigate the atopic march whereas IL-25 does
not (105). Meanwhile, regulatory T cell (Treg)-mediated
immunosuppression directly by TSLP from keratinocytes
protects against progression from a local skin inflammatory
response to a lethal systemic condition (106). TSLP has a dual
function as a pro-inflammatory and pro-homeostatic modulator,
and this may depend at least in part on the nature of surrounding
immune signals and the type of cells responding to TSLP in the
tissue microenvironment.
IL-25

IL-25 (also known as IL-17E) belongs to the IL-17 cytokine
family, which consists of six members, and shares relatively low
sequence similarity to the prototype member, IL-17 (alternative
name IL-17A) (107–109). IL-25 receptor (IL-25R) is a
heterodimer of the IL-17RA chain, which is shared with other
IL-17 family members, and the IL-25-specific IL-17RB chain
(108). Therefore, IL-25 exhibits a distinct function from other
March 2022 | Volume 13 | Article 876515
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members of the IL-17 cytokine family and has been implicated as
a type 2 cytokine that induces the production of IL-4, IL-5, and
IL-13, which in turn inhibit the IL-17-dependent autoimmune
diseases (110). Furthermore, IL-25 enhances Th9 cell response to
prevent parasitic helminths infection (111, 112). IL-25 is
produced by epithelial and immune cells including Th2 cells,
macrophages, ILC2s, mast cells, basophils, and eosinophils (109,
113). In the extracellular space, IL-25 has been reported to be a
substrate for proteolytic cleavage by matrix metalloproteinase-7
(MMP-7) from airway epithelial cells during inflammation, and
cleaved IL-25 increases its activity to induce type 2 cytokines
(114). Expression of IL-25R has been reported on non-immune
cells, including fibroblasts and endothelial cells, and immune
cells, such as Th2 cells, natural killer T cells (NKT cells), DCs,
macrophages, ILC2s, mast cells, basophils, and eosinophils in the
inflammatory state (115, 116).

IL-25 in Skin
IL-25 has been reported to be highly expressed in several skin
inflammatory diseases, including atopic dermatitis (117), psoriasis
(118), pyoderma gangrenosum (119), acute generalized
exanthematous pustulosis (119), and cutaneous T-cell lymphoma
(CTCL) (120). IL-4, IL-13, IL-22, endothelin-1, and periostin
enhance the production of IL-25 from keratinocytes (120–122).
IL-25 induces allergic skin inflammation, characterized by elevated
expression of IL-4 and IL-5, dermal infiltration of immune cells,
epidermal hyperplasia, and impairment of skin barrier function in
mice (118). Epidermal keratinocytes-derived IL-25 is a central
regulator of a broad array of allergic inflammatory responses,
and the major targets of IL-25 are dermal ILC2s and
macrophages in the skin (123). IL-25 activates ILC2s to promote
IL-13 production, which in turn helps keratinocytes proliferate and
produce immune cell-attracting chemokines (124, 125). IL-25 also
promotes the recruitment of neutrophils via activation of
macrophages in a p38-dependent manner (119). On the other
hand, IL-25 responds to tissue injury and participates in cutaneous
would healing through an amelioration of angiogenesis and
collagen deposition in diabetic mice model (126).

The autocrine function of IL-25 in keratinocytes promotes
proliferation and inflammatory responses via STAT3
transcriptional factor, which results in amplification of
psoriatic skin inflammation (118). Unlike IL-17, IL-25 is not
capable of inducing antimicrobial peptides, b-defensin 2 and LL-
37, in keratinocytes (121). IL-25 acts synergistically with Th2
cytokines, IL-4 and IL-13, to down-regulate filaggrin expression
in keratinocytes exacerbating skin barrier defects (127). Down-
regulation of filaggrin expression by IL-25 is mediated at least in
part through the activation of NF-kB (107), whereas Th2
cytokines activate STAT6 (128, 129). In the fluorescein
isothiocyanate-induced contact hypersensitivity model, IL-25
induces hapten-specific Th17 immunity, rather than Th2
immunity, in the elicitation phase of contact hypersensitivity
(130). Following the hapten challenge, dermal DCs release IL-1b
in response to IL-25, and IL-1b directly activates Th17 cells. This
contrasts with the observed role of TSLP in DC activation and
hapten-specific Th2 cell differentiation in the sensitization phase
of contact hypersensitivity (131). These findings indicate that
Frontiers in Immunology | www.frontiersin.org 48
type 2 alarmin cytokines have distinct mechanisms for the
regulation of T cell responses during inflammation.
IL-33

IL-33 is the most recently discovered member of type 2 alarmin
cytokines (132). IL-33 was first described in 2005. It belongs to
the IL-1 family of cytokines, which includes IL-1a, IL-1b, IL-18,
IL-36a, IL-36b, IL-36g, and IL-37, and the receptor antagonists
IL-1Ra, IL-36Ra, and IL-38 (133). In contrast to its other family
members, IL-1 and IL-18, IL-33 has been shown to promote Th2
cytokine responses in helminth infection and allergic
inflammation (132). IL-33 is mainly expressed by non-immune
cells, including epithelial cells, endothelial cells, and fibroblasts.
It can also be expressed by immune cells, including macrophages
and mast cells, at the barrier sites, where it functions as an
alarmin following tissue damage (134, 135). IL-33 is localized in
the cell nucleus, and its N-terminal domain, which includes a
chromatin-binding motif, is required for its nuclear localization
(136). Unlike IL-1b and IL-18, the N-terminal portion of IL-33
does not require inflammasome-mediated cleavage by caspase-1
for extracellular release of the active form. Apoptosis-associated
caspase-3 and caspase-7 cleave and inactivate IL-33 at a
conserved residue, Asp178 (Asp175 in mouse), within the IL-1-
like cytokine domain (137). On the other hand, N-terminal
processing of extracellular full-length IL-33 can occur in the
central domain between the nuclear domain and the IL-1-like
cytokine domain. These residues are targeted by extracellular
proteases in the inflammatory microenvironment, including
neutrophil cathepsin G, neutrophil elastase, and mast cell
serine proteases, and the resulting 18-21 kDa cytokine forms of
IL-33 exhibit higher biological activity (138, 139). Full-length IL-
33 can be rapidly cleaved in its central sensor domain by
extracellular environmental allergens-derived proteases within
10-20 minutes (140). In contrast, cysteine oxidation of
extracellular IL-33 diminishes its biological activity (141).
Thus, following IL-33 release, the impact of IL-33 is tightly
regulated by post-translational modifications in the extracellular
milieu. Although IL-33 lacks a secretion sequence and is
sequestered in the nucleus via chromatin binding, IL-33 seems
to be released into extracellular space through an unconventional
secretion pathway following various stimuli. Environmental
allergens, including fungi and mites, and mechanical stress
trigger the release of IL-33 (142–145). Two primary scenarios
for IL-33 release have been proposed: passive release as alarmin
from necrotic cells during tissue damage and unconventional
secretion from living cells. A recent study suggests that IL-33 is
secreted through the extracellular vesicles pathway, commonly
referred to as exosomes, as surface-bound cargo, from living
airway epithelial cells (146). However, the molecular mechanisms
and pathways of IL-33 secretion in living cells remain unclear.

IL-33 binds to its receptor, suppressor of tumorigenesis 2
(ST2), on target cells (147, 148). ST2 is classified as a member of
the IL-1 receptor superfamily, which has a common intracellular
domain, known as the Toll/Interleukin-1 receptor (TIR) domain
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(147, 148). IL-33 signals via its cognate receptor ST2, which is
highly expressed on Th2 cells, ILC2s, and mast cells, and induces
Th2-skewed immunity to help with the removal of invading
pathogens and helminths (29, 149). However, the detrimental
effects of its chronic expression in response to environmental
insults cause allergic inflammation. In addition, inappropriate
activation of the IL-33/ST2 axis after tissue injury can lead to
impaired wound healing and tissue remodeling (150–152). In
contrast, IL-33 can also support tissue homeostasis and repair
mediated by Tregs, which express ST2 predominantly in
nonlymphoid tissue (153, 154).

IL-33 in Skin
Epidermal keratinocytes are the predominant producer of IL-33
while also expressing ST2 on their surface (132, 155). Dermal
fibroblasts and macrophages can also produce IL-33 (104). IL-33
has been reported to be highly expressed in several skin diseases,
including atopic dermatitis (155), psoriasis (156), and vitiligo
(157). Serum IL-33 levels are higher in atopic dermatitis patients
compared with healthy individuals and it correlates with
excoriation and xerosis scores in atopic dermatitis (158). On
the other hand, an increase in IL-33 is observed in skin lesions of
psoriasis while no increase is observed in the serum (158). ST2 is
distributed widely on dermal immune cells, including Th2 cells,
Tregs, ILC2s, and mast cells. IL-33 is released from keratinocytes
exposed to the invading pathogens, such as Staphylococcus
aureus and house dust mite allergens, to instigate cutaneous
immunity (159, 160). Environmental insults, such as ultraviolet
B radiation and hypo-osmotic stress, and mechanical injury, also
trigger the induction of IL-33 in keratinocytes (161–163).
Interferon (IFN)-g and tumor necrosis factor (TNF)-a are
other known inducers of IL-33 in keratinocytes (164, 165).
Nuclear IL-33 is elevated in human keratinocytes stimulated by
TSLP and is required for TSLP-mediated suppression of
epidermal barrier integrity components, indicating that nuclear
IL-33 is a key mediator for chronic TSLP-induced skin barrier
dysfunction (166).

IL-33 is implicated in type 2 immune response and the
pathogenesis of allergic inflammatory diseases, such as atopic
dermatitis (167). Excess IL-33 release from keratinocytes
activates ILC2s to produce IL-5 and IL-13, which induce the
accumulation of eosinophils in the dermis (168). Basophils
induced by IL-33 also boost the ILC2 function via IL-4
signaling (169). IL-33 increases histamine generation in mast
cells through p38 activation (170). Furthermore, IL-33 is
involved in the induction of systemic allergic inflammation as
keratinocyte-derived IL-33 can mediate skin-gut crosstalk
culminating in the expansion of intestinal mast cells through
ILC2 activation and food anaphylaxis (163, 171).

IL-33/ST2 signaling activates sensory neurons to mediate itch
and pain responses (172–174). Excessive release of IL-33 from
keratinocytes irradiated with poison ivy-derived allergen
urushiol enhances the calcium influx in dermal peripheral
dorsal root ganglia neurons through its receptor, ST2, to evoke
itch and inflammatory responses (172). Neuronal ST2 signaling
is a critical regulator of the development of the dry skin itch, but
not an itch associated with atopic dermatitis (173). On the other
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hand, pathogen-derived lipopeptides, such as fibroblast-
stimulating lipopeptide-1, can activate TLR2 in dorsal root
ganglia, which, in turn, leads to infiltration of macrophages
and release of IL-33 from keratinocytes. IL-33 activates the
nociceptive sensory neurons at the superficial layers of the skin
to instigate and prime the inflammatory pain responses (174).
IL-33-mediated molecular mechanisms responsible for itch and
pain are an active area of investigation.

IL-33 also plays a regulatory role in the inflamed tissue to
restrain inflammation and promote remodeling in the skin, at least
in part through the regulation of Tregs and M2 macrophages (175,
176). IL-33/ST2 signaling induces the expansion of Tregs, which
have potent anti-inflammatory activity (177). IL-33 release from
keratinocytes following skin barrier disruption induces antigen-
specific Tregs to suppress excessive skin inflammation in a model of
contact hypersensitivity (175). The diabetic mice model shows that
IL-33 enhances extracellular matrix deposition and angiogenesis
through the polarization of M2 macrophages to promote wound
healing (176). Dysregulation of IL-33-mediated Treg induction
causes aberrant chronic inflammation and fibrosis in the skin
(151, 178). Furthermore, skin-resident Tregs from patients with
systemic sclerosis are differentiated into Th2-like Tregs, which
produce a higher amount of IL-4 and IL-13, by high expression
of skin-localized IL-33, suggesting that IL-33 might be an important
factor that contributes to fibrosis due to loss of normal skin-
localized Tregs function (98). Single-cell RNA sequencing analysis
of skin murine Tregs reveals a predominance of Th2-like Tregs,
which preferentially express high levels of the master Th2
transcription factor, GATA3, and are more differentiated into
cells, which have tissue reparative capacity (179). GATA3+ Tregs
in skin express ST2, which enables them to enact reparative
functions in response to alarmin IL-33 (180). Thus, IL-33/ST2
signaling has diverse impacts on skin-resident Tregs and their
function in the steady-state and fibrosis development.
BEYOND THE ROLE OF TYPE 2
CYTOKINES AS ALARMINS IN
SKIN HEALTH

TSLP, IL-25, and IL-33 alert the immune system in the skin to
respond to environmental insults, and their chronic
overexpression triggers allergic inflammation at barrier sites
(Figure 1). Importantly, the function of type 2 alarmin
cytokines extends beyond their physiological function in host
defense and pathological function in allergic inflammation and
involves other critical roles including skin cancer regulation and
sebum secretion (Figure 2). Keratinocyte-derived TSLP protects
the skin from carcinogenesis (181, 182). TSLP exerts its
dominant anti-tumor effects through the induction of CD4+

Th2 cell immunity in the early stages of keratinocyte cancer
development (181). In contrast, TSLP induces proliferation of
the malignant CD4+ T cells in CTCL lesions, which are marked
by a Th2 cell-dominant phenotype in advanced stages (183). It
has also been shown that TSLP can recruit IgE-bearing basophils
into inflamed skin, and IgE promotes inflammation-driven
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tumor growth during chronic tissue inflammation in a cutaneous
squamous cell carcinoma model (184). Baseline TSLP expression
in breast and pancreatic cancer has been linked to a pro-
tumorigenic function (185–188). A tumor-myeloid cell axis
independent of T cell response may mediate this tumor-
promoting function of TSLP (189). However, systemic TSLP
induction from the skin causes an effective CD4+ T cell-mediated
anti-tumor immune response at the site of developing cancer in
the breast (185). Topical treatment of calcipotriol, a TSLP
inducer (75), blocks skin cancer development in mice in a
TSLP-dependent manner, and synergistically with 5-
fluorouracil (5-FU) induces an effective CD4+ T cell-mediated
immunity against actinic keratosis, which is a precursor to
cutaneous squamous cell carcinoma in humans (190). IL-25
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also has potent anti-tumor effects against several tumor types,
including melanoma, through an increase in eosinophils
recruitment into the tumor (191, 192). In other models, IL-25
itself exhibits anti-tumor activity through the induction of
apoptosis in cancer cells without affecting nonmalignant cells
(193). In contrast, epidermal IL-33 contributes to a
microenvironment that supports tumor growth and
progression in murine skin. Nuclear IL-33 mediates focal
adhesion kinase (FAK)-dependent secretion of soluble ST2, a
decoy receptor, and CCL5 from squamous cell carcinoma cells,
which stimulates immunosuppressive Tregs leading to cancer
immune evasion (194). Continuous IL-33-driven stimulation of
Tregs shapes a tumor-promoting immune environment
associated with chronic inflammation in the murine skin, and
FIGURE 1 | Type 2 alarmin cytokines orchestrate immune responses in the skin. Epidermis-derived TSLP, IL-25, and IL-33 act as alarmins to instigate cutaneous
type 2 immunity through a complex and pleiotropic network of innate and adaptive immune cells. In addition, TSLP and IL-33 provoke sensory neurons to mediate
itch and pain responses. DC, dendritic cell; ILC2, group2 innate lymphoid cell; LC, Langerhans cell; TSLP, thymic stromal lymphopoietin; TSLPR, thymic stromal
lymphopoietin receptor. Created with BioRender.com.
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an increase in IL-33 expression and Treg accumulation are
observed in the perilesional skin of patients with cancer-prone
chronic inflammation (178). Furthermore, IL-33 induces the
recruitment of a subset of tumor-associated macrophages,
which express ST2 and high-affinity IgE receptor, FcϵRIa, and
produce TGF-b, in the tumor microenvironment, which results
in tumor progression in a mouse model of squamous cell
carcinoma (195). Nuclear IL-33 in keratinocytes also promotes
intrinsic TGF-b signaling through the SMAD signaling pathway,
which constitutes a cell-autonomous tumor promotion
mechanism in chronic inflammation (196). IL-33-stimulated
macrophages highly produce MMP-9, which proteolytically
trims activating receptor natural killer group 2, member D
(NKG2D) and its ligands MHC class I polypeptide-related
Frontiers in Immunology | www.frontiersin.org 711
sequence A/B (MICA/B) on the surface of tumor-infiltrating
lymphocytes and melanoma cells, and thus impedes the immune
surveillance of tumor-infiltrating lymphocytes (197). These findings
indicate that type 2 alarmin cytokines have distinct mechanisms for
the regulation of cutaneous malignancies.

Endogenous TSLP controls the steady-state level of sebum
secretion and sebum-associated antimicrobial peptide expression
through the activation of T cells in murine skin. TSLP
overexpression results in loss of white adipose tissue in
conjunction with sebum hypersecretion (18). TSLP helps to
maintain skin-resident RORgt+ ILCs within hair follicles, and,
by the virtue of their location, ILCs negatively regulate
surrounding sebaceous gland size and lipid content to regulate
commensal bacteria equilibrium and fine-tune the skin barrier
FIGURE 2 | Type 2 alarmin cytokines exhibit pro-homeostatic properties in the skin. The function of type 2 alarmin cytokines extends beyond their conventional
Th2-associated function in host defense and allergy. In the skin, these cytokines play critical roles in cancer regulation and sebum secretion. ILC, innate lymphoid
cell; MRSA, methicillin-resistant Staphylococcus aureus; ROS, reactive oxygen species; TSLP, thymic stromal lymphopoietin; TSLPR, thymic stromal lymphopoietin
receptor. Created with BioRender.com.
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surface in mice (198). These findings suggest that TSLP-elicited
ILCs and T cells play opposing functions in sebum secretion.
Finally, TSLP is found to activate neutrophils to protect the skin
from infection by methicillin-resistant Staphylococcus aureus
(MRSA) (199).
CONCLUSION

Epidermis-derived TSLP, IL-25, and IL-33 act as alarmins to
instigate cutaneous type 2 immunity through a complex and
pleiotropic network of innate and adaptive immune cells.
Accumulating evidence indicates that these type 2 alarmin
cytokines not only function in concert but also have distinct
physiological functions. Thus, the panoramic view of the
communications between keratinocytes and immune cells
through type 2 alarmin cytokines is required to fully
understand how these cytokines regulate cutaneous immunity.
The function of type 2 alarmin cytokines partly depends on the
nature of the inflammatory stimulus, the presence of supporting
cytokines and chemokines, and the surrounding microenvironment.
Frontiers in Immunology | www.frontiersin.org 812
Recent studies indicate that type 2 alarmin cytokines exhibit not
only conventional type 2 inflammatory properties but also
pro-homeostatic properties in the skin. Therefore, further
understanding of the spectrum of biologic processes regulated
by type 2 alarmin cytokines will provide new insights for the
development of effective therapeutic approaches to combat allergic
inflammation while utilizing the beneficial effects of these
cytokines in the skin.
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Ultraviolet B radiation (UVB) has profound effects on human skin that results in a broad
spectrum of immunological local and systemic responses and is the major cause of skin
carcinogenesis. One important area of study in photobiology is how UVB is translated into
effector signals. As the skin is exposed to UVB light, subcellular microvesicle particles
(MVP), a subtype of bioactive extracellular vesicles, are released causing a variety of local
and systemic immunological effects. In this review, we highlight keratinocyte MVP release
in keratinocytes in response to UVB. Specifically, Platelet-activating factor receptor
agonists generated by UVB result in MVP released from keratinocytes. The
downstream effects of MVP release include the ability of these subcellular particles to
transport agents including the glycerophosphocholine-derived lipid mediator Platelet-
activating factor (PAF). Moreover, even though UVB is only absorbed in the epidermis, it
appears that PAF release from MVPs also mediates systemic immunosuppression and
enhances tumor growth and metastasis. Tumor cells expressing PAF receptors can use
this mechanism to evade chemotherapy responses, leading to treatment resistance for
advanced cancers such as melanoma. Furthermore, novel pharmacological agents
provide greater insight into the UVB-induced immune response pathway and a
potential target for pharmacological intervention. This review outlines the need to more
clearly elucidate the mechanism linking UVB-irradiation with the cutaneous immune
response and its pathological manifestations. An improved understanding of this
process can result in new insights and treatment strategies for UVB-related disorders
from carcinogenesis to photosensitivity.

Keywords: microvesicle particles, platelet-activating factor, ultraviolet light, UVB, platelet-activating factor
receptor, immunosuppression, local inflammation, aSMase inhibitors
INTRODUCTION

Ultraviolet B (UVB; 290-320nm) radiation found in sunlight is essential for the production of vitamin
D in humans (1). However, prolonged exposure can lead to a myriad of pathologic effects including
erythema, photoaging, inflammatory responses, and skin cancer (2–4). Within the epidermis, UVB is
able to damage DNA in various cell types in the skin, especially the keratinocyte (5–7). The UVB rays
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induce formation of cyclobutane pyrimidine dimers which have
the potential to be propagated to subsequent cellular populations,
which may result in pro-carcinogenic changes (8, 9). UVB also has
the ability to act as a pro-oxidative stressor, generating various
immunoregulatory mediators including prostaglandin E2,
serotonin, histamines, interleukin (IL)-6, IL-10, tumor necrosis
factor-alpha (TNFa) and the lipid mediator Platelet-activating
factor (PAF) (10–12). UVB-induced production of these bioactive
molecules results in acute inflammation, erythema, cancer, and
degenerative aging (13, 14). Moreover, at high doses, UVB-
irradiation and subsequent release of PAF and other agents such
as TNFa can lead to systemic effects including fever, malaise, and
immunosuppression (15, 16). PAF exerts a variety of effects
through the G-protein coupled transmembrane Platelet-
activating factor receptor (PAFR), which is expressed on
multiple cell types including keratinocytes (17, 18). Cutaneous
UVB exposure and activation of keratinocytic PAFR results in
similar signaling pathways, which suggests that many UVB-
induced effects are mediated via PAFR or modified by
associated PAFR activation (19, 20). Since UVB absorption is
limited to the epidermis, bioactive agents that leave the skin are
thought to act as effectors for UVB responses.

Platelet-activating factor (PAF) is the term denoting a family
of glycerophosphocholine (GPC)-derived lipid mediators
implicated in a number of pathologic processes including skin
carcinogenesis, liver disease, and allergic rhinitis (16, 21, 22).
Although PAF application results in pro-inflammatory processes
similar to the acute effects of UVB radiation, it can also produce
immunosuppressive effects via upregulation of regulatory T cells
(10, 16, 17, 23). The synthesis of PAF is associated with several
different pathways including the remodeling and de novo
pathways (24, 25). Of particular interest is the formation of
PAFR agonists in response to increased reactive oxygen species
(ROS) resulting in non-enzymatic formation of oxidized GPC
(ox-GPC) with PAFR agonistic activities (26–28). This has
prompted the notion that UVB-irradiation results in activation
of the PAF system. The link between UVB, PAFR signaling, and
photobiology is further implicated by PAFR activation in the
early acute response of UVB as well as UVB-mediated systemic
immunosuppression (10, 16, 17, 23, 29, 30). Thus, the PAF
system plays an integral role in dermal pathophysiology and skin
response to environmental stressors (31). After generation, PAF
resides in cellular membranes where it can act upon itself or
neighboring cells through juxtacrine signaling (32, 33). It should
be noted that once generated, PAF/ox-GPCs are rapidly
metabolized by removal of the sn-2 short-chained fatty acid by
acetyl hydrolases. However, certain cell types such as
keratinocytes have demonstrated the ability of PAF to exert its
effects some distance away from the host cell (34). Previous
studies by our group have shown that UVB-irradiated
keratinocytes can induce the production of subcellular
microvesicle particles (MVP), which contains PAFR agonist
activity (34, 35).
Abbreviations: UVB, Ultraviolet B; MVP, microvesicle particles; PAF, platelet-
activating factor; PAFR, Platelet-activating factor receptor; GPC,
glycerophosphocholine; PAF-AH, PAF acetylhydrolase; aSMase, acid sphingomyelinase.
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Microvesicle particles are small membrane-bound particles that
are shed from the plasma membrane of various cell types including
keratinocytes (36). Their release is largely dependent on the action
of the lipid enzyme acid sphingomyelinase (aSMase) (37, 38). Also
named microvesicles and microparticles, MVPs are thought to
provide a cellular mechanism to transport a variety of bioactive
substances including proteins, lipids, cytokines, and nucleic acids
(39, 40). Furthermore, their integral role within cell-to-cell signaling
has suggested their mediation of pathogenic processes (41).
Emerging literature suggests that UVB-generated ox-GPC PAFR
agonists activate keratinocytic PAFR, which translocates aSMase to
trigger MVP release from the plasma membrane (42). However, the
exact mechanism linking UVB-irradiation with the cutaneous
immune response and its pathological manifestations needs to be
further elucidated. In this review, we highlight the potential role of
UVB-generated MVPs and subsequent release of PAF in cutaneous
immune responses.
BACKGROUND

Cutaneous Microenvironment
Skin with subcutaneous fat (called the hypodermis) is the largest
and most exposed organ of the human body. As such, it acts as a
physical barrier, which leaves it vulnerable to a myriad of
potentially harmful agents including bacteria, viruses and other
environmental contaminants. In addition, the skin has important
functions in regulating body temperature, preventing
dehydration, and protecting against ultraviolet (UV) radiation
(43). Cutaneous anatomy consists of an outer epidermal layer
and an inner dermal layer that are joined by a basement
membrane as well as an underlying layer of subcutaneous fat
and connective tissue (44, 45). The epidermal layer is made up of
five distinct layers that consist primarily of keratinocytes, which
are bioactive cells that are highly proliferative and secrete a
variety of cytokines (46). As keratinocytes detach from the basal
layer of the epidermis, they stop dividing and undergo a final
differentiation process known as cornification (44, 47).
Melanocytes, Langerhans cells (LC), and Merkel cells are other
cell types in the epidermis that are involved in melanin synthesis,
immunoregulation and sensory functions respectively (46). The
underlying dermis supplies nutrients to the epidermis and
consists of two layers: the upper papillary layer and the lower
reticular layer. The papillary dermis consists of densely packed
fibroblasts whereas the reticular layer has lesser numbers of cells
such as fibroblasts but contains more densely packed collagen
and sits just above the subcutaneous fat (44). Various immune
cells reside in the dermis which provide routine immune
surveillance; these include macrophages, dendritic cells, T cells,
mast cells, neutrophils and eosinophils. Inflammation and
immune responses lead to significant proliferation of dermal
immune cell populations (48, 49). The underlying hypodermis is
a layer of subcutaneous tissue, composed of blood vessels and
adipocytes that provide storage of lipids and fatty acids.
Adipocytes help generate a number of bioactive lipid mediators
and peptide hormones that partake in a number of dermal
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biological processes including cell signaling, inflammation, and
regulation of local and systemic effects (50, 51). The connection
between the local and systemic pathways are based on both
internal and external variables including serotonergic,
melatoninergic, and cholinergic pathways (52). The skin
responds distinctly depending on the type of stressor and
amount of exposure, which results in specific physiologic
responses and subsequent signaling pathways. Of particular
interest is the effect of UVB radiation on the skin and its
effects on keratinocytes.

Ultraviolet radiation is implicated in a number of cutaneous
pathologies and is divided into three distinct wavelengths: UVA
(320-400 nm), UVB (290-320 nm) and UVC (100 -290 nm).
Accounting for only 0.3% of the total light, UVB is absorbed by
the epidermis, and can directly damage DNA by forming
photoproducts including cyclobutane pyrimidine dimers and
6-4 photoproducts (53). In addition, UVB exposure results in
the upregulation and release of various factors from
keratinocytes including growth factors, antimicrobial peptides
(human b-defensin-2, -3, ribonuclease-7 and psoriasin
(SA100A7)) and cytokines (IL-1a , IL-1b , IL-6, IL-8,
granulocyte colony stimulating factor [G-CSF], macrophage-
CSF, interferon gamma [INF-g], platelet-derived growth factor
(PDGF) as well as the increased accumulation of reactive oxygen
species (ROS) (54, 55). UVB also has additional roles in immune
function by upregulating toll-like receptors and can disrupt the
delicate skin microbiome (56, 57). One such consequence of
prolonged UV-exposure is immune suppression, which includes
inhibition of antigen presentation, induction of leukocyte
apoptosis, and generation of immunosuppressive cytokines and
(16). Additionally, UV-induced immunosuppression has been
implicated to act through several molecular including DNA and
membrane lipids, tryptophan in skin cells, and trans-urocanic
acid (UCA) as well as through the depletion of other molecules
including nicotinamide adenine dinucleotide (NAD) levels in
keratinocytes (58). Moreover, UVB appears to inhibit immune
reactions in an antigen-specific fashion, suppressing primary
immune reactions. This is evidenced by suppressed contact
hypersensitivity and delayed type hypersensitivity (DTH)
reactions after UVB-irradiation, which show a diminished T-
cell mediated immune response and generation of antigen-
specific tolerance and desensitization (59–61). Extensive UVB
damage alters vitamin D uptake, induces wrinkling of the skin,
promotes photoaging, and can result in skin carcinogenesis as
well as immunosuppression (14, 58, 62, 63). Simultaneously,
vitamin D has been shown to have photoprotective effects against
UV damage, which include diminishing the production of free
radicals and attenuating DNA repair (64). As a result, the
mechanisms by which UVB-mediated damage has a wide
spectrum of effects in the epidermis and beyond are becoming
increasingly important. Interestingly, UV radiation is able to
upregulate local neuroendocrine axes through locally induced
cytokines, corticotropin-releasing hormones, urocortin’s,
proopiomelanocortin-peptides, and enkephalins. These local
compounds can induce systemic effects such as the activation
of central hypothalamic-pituitary-adrenal axis as well as
Frontiers in Immunology | www.frontiersin.org 320
immunosuppression (65). Of note, UVB enhances the
production of a variety of bioactive lipids including PAF and
eicosanoids such as PGE2, which appear to play an important
role in UV-induced immunosuppression, inflammation, and
carcinogenesis (26, 66).

The Platelet-Activating Factor Family
In 1972, the term Platelet-activating Factor was first utilized in
reference to a released product of IgE-induced basophil
activation which results in subsequent platelet aggregation in
rabbit models (67). Since its initial discovery, further
investigations have indicated that PAF asserts a multitude of
physiological and pathophysiological effects through binding
with a specific G-protein-coupled receptor, PAF-R, extensively
expressed by many immune and epithelial cell types (68). Despite
new understandings of the functional significance, Benveniste
and colleague’s cognomination persisted. The PAF family has
been implicated in a variety of conditions ranging from
malignancies to neurological conditions. PAF-related
mechanisms have also been described in asthma and of interest
to our group, UVB-mediated responses (42). Interestingly, PAF’s
proposed acute and chronic impacts appear contradictory, the
former pro-inflammatory and the latter immunosuppressive as
will be discussed further (31).

Throughout the body, PAF production can be stimulated by a
variety of cell types. Through a variety of mechanisms, eosinophils,
neutrophils, macrophages, monocytes, basophils, and mast cells all
play a role in PAF synthesis (69). The biosynthesis of PAF has two
separate pathways: a remodeling pathway and a de novo pathway
(Figure 1). An interesting facet of the remodeling pathway of PAF
production includes its influences from cell-specific inflammatory
tracks. Upon cellular stimulation, increased intracellular calcium
levels activate Ca-dependent MAPK kinase which phosphorylates
phospholipase A2 (PLA2). PLA2 then deacylates alkylacyl-
glycerophosphocholine to produce lyso-PAF and the unsaturated
sn-2 fatty acid, often arachidonate. Lyso-PAF (1-alkyl-sn-glycero-3-
phosphocholine) is further acetylated by CoA lyso PAF
acetyltransferase (LPCAT2) forming PAF (1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine) and Coenzyme A. The terminal enzyme
in PAF biosynthesis, LPCAT2, is also highly expressed in
inflammatory cells (16, 42, 70). One example of this includes its
role in macrophages. Following lipopolysaccharides (LPS) binding
to TLR4 on macrophages, protein kinase 2 activates MAPK which
phosphorylates LPCAT2 resulting in a rapid surge in PAF. In
addition, the PAFR, once activated, results in the activation of
protein kinase Ca which phosphorylates LPCAT2, modeling a
positive feed forward loop for PAF formation (16, 31, 69).
Moreover, the de novo model of PAF production, unlike its
counterpart, is not influenced by inflammatory pathways but
plays an important role in baseline PAF levels due to constitutive
activation. This pathway has three primary steps. Initially, 1-alkyl-2-
lyso-sn-glycero-3-P is acetylated by CoA-alkyl-lysoglycero-P
acetyltransferase forming 1-alkyl-2-acetyl-sn-glycero-3-P. Next,
this intermediate undergoes dephosphorylation via an
alkylacylglycerol-P phosphohydrolase forming 1-alkyl-2-lyso-sn-
glycerol. Lastly, this glycerol molecule receives a phosphate
May 2022 | Volume 13 | Article 880850
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group and choline by CDP-choline alkylacetylglycerol
cholinephosphotransferase (25, 71, 72).

The metabolism of PAF is highly regulated by the PAF
acetylhydrolase (PAF-AH) subclass of phospholipase A2
enzymes (73). By hydrolyzing the short-chained fatty acid
moiety (e.g., acetyl group) at the sn-2 position of PAF and
related GPC, these signaling molecules form the biologically
inactive lyso-PAF. The PAF-AH family members PAF-AH type
I, PAF-AH type II, and plasma PAF-AH are pertinent to PAF
degradation (31, 74). While these enzymes were originally
named due to their role in PAF metabolism, they play a
multitude of physiological and pathophysiological roles which
are further discussed in the literature (73). The intracellular
PAH-AH type II heterotetrameric has also been found in both
sebaceous glands and epidermal keratinocytes (73, 75). Due to
the rapid degradation and tight regulation of PAF and its
implication in a vast number of processes, there is a need to
better understand the mechanisms which allow for the systemic
effects of PAF. Keratinocyte-derived MVPs are a major point of
interest for this role.

Microvesicle Particles
UVB-mediated bioactive product release can take place in a
variety of ways, including through the release of MVPs. MVPs
are extracellular vesicles that are formed from outward
protrusion of the plasma membrane when there is an increase
in intracellular calcium (76). Ranging from 100 – 1,000 nm,
MVPs are important for cellular signaling due to them carrying a
Frontiers in Immunology | www.frontiersin.org May 2022 | Volume 13 | Article 880850421
variety of different proteins, lipids, and mRNA. MVPs can be
shed during physiological conditions including cell growth but
also are increased in a variety of pathological processes ranging
from hypoxia to oxidative stress (40, 77). Many cytokines
including TNFa and cell damage can release MVP (38). They
are present in a range of physiologic and pathologic processes
throughout the body (77–79). Of particular interest are MVPs
generated by a keratinocyte cell line through budding from the
plasma membrane which contains PAFR agonist activity (80,
81). Both MVPs and PAF are released due to activation of PAFR.
In fact, MVP production and activation can be triggered by a
great variety of mechanisms, including acute alcohol poisoning
(35, 82).

Throughout the human body, extracellular vesicles like MVPs
and smaller exosomes frequent matrices of the system. UVB has
been demonstrated to induce the release of both of these particles
(34, 83). While MVPs are often parceled with exosomes, each are
separate entities expressing different characteristics. Exosome
formation occurs via reverse budding of multivesicular bodies
prior to cellular release (84, 85). This process allows for delivery
of exosome contents with plasma membrane fusion (85). On the
other hand, MVPs are contrived from external budding and
fission of cellular plasma membrane which allows for an
additional function in MVPs of cargo delivery into the
extracellular environments (86). The variance in formation of
each of these extracellular vesicles results in discrepancy in sizes
as well. Exosomes typically range from 30nm – 150nm with less
deviance from mean values (84–86). This range is smaller than
FIGURE 1 | PAF biosynthesis pathways.
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the previously mentioned range for MVPs and has a lower peak
value. Due to the external plasma membrane invagination
formation mechanisms of MVPs, cytosolic elements are
accrued secondary to proximity to the plasma membrane. In
exosomes, contiguity with intraluminal vesicles play a greater
significance in free exosome content (85, 87).

While the exact mechanisms of keratinocyte-derived MVP
generation and release are unclear, much research has been done
on the biogenesis of MVPs (34). The production of MVPs has
three elemental steps. To begin, membrane and lipid proteins are
reorganized into distinct groups within the plasma membrane.
Next, these microdomains aid in various pathways attracting
cargo. Lastly, in conjunction with other machinery, membrane
budding and fission is promoted (88). The initiation of these
processes is highly unlikely to be secondary to spontaneous
intrinsic property changes of the phospholipid bilayer but
rather unclear emerging external mechanisms (86). In
particular, MVP generation from diverse stimuli involve the
enzyme acid sphingomyelinase (aSMase) appears to play an
important role in this process (42). Furthermore, MVP cargo,
which is dependent upon parent cell archetype, is preferentially
gathered through a variety of possible mechanisms- most notably
ARF6 of the GTPase family (89). Downstream effects of MVPs
are secondary to their respective cargo, highlighting the
importance of these pathways. Of interest, keratinocyte-formed
MVPs contain a myriad of bioactive agents and molecules
including PAF and ox-GPC, which have implications in
systemic immune responses (34). Of interest, protein cytokines
found in UVB-generated MVP contain lesser numbers of classic
pro-inflammatory cytokines (e.g., TNF-alpha), but increased
numbers of anti-inflammatory cytokines such as IL-1 receptor
antagonist, in comparison to baseline (unstimulated) MVP (37).

As previously discussed, MVPs functions are dependent upon
the appropriate intercellular messaging and respective cargo. As
more research is needed on keratinocyte-derived MVPs uptake
at their respective target cells, we will only briefly cover this topic.
Parent cells of MVP, by nature of their biosynthesis pathway,
additionally impact the plasma membrane content of this
extracellular vesicle. The adoption of plasma membrane from
origin cells is believed to play a role in MVP intercellular
communication (88). With this in mind, certain MVPs
transmit signals by direct physical contact between membrane-
associated ligands and cell surface receptors. One such example
is the production of chemokine (C-C motif) ligand 3 (CCL3),
chemokine (C-C motif) ligand 7 (CCL7) and IL-24 in T-cell-
derived MVPs co-cultured with in-vitro keratinocytes (90, 91).
Indirect mechanisms of MVP function have also been observed.
For instance, MVP release of cargo into extracellular milieu near
the vicinity of target cells has been shown to stimulate cell surface
receptors (92). Furthermore, MVPs can merge with beneficiary
cells’ plasma membranes, sending internal cargo into the
recipient cells’ cytoplasm with the additional potential of
membrane property transference (93). Finally, select MVPs are
absorbed into their destination cells through non-selective
macropinocytosis or endocytosis (94).
Frontiers in Immunology | www.frontiersin.org 522
UVB ACTIVATION OF MVPS

UVB radiation (290-320 nm) results in a pro-oxidative stress that
exerts significant effects within the skin. One of which is the
generation of ROS, which modify biologically active agents, such
as lipids (28). GPC is an integral structural lipid found in all
cellular membranes and functions as a precursor of bioactive
PAF. Due to the presence of bisallylic double bonds, esterified
polyunsaturated fatty acids are vulnerable to oxidation from ROS
attack of the hydrogen donors. This results in the introduction of
oxy functions to the chain of carbon atoms, rearranges bonds,
fragments carbon-carbon bonds by b-scission, which can all give
rise to a multitude of lipid reaction products (27, 28). In
particular are a series of phospholipids with oxidatively
fragmented sn-2 acyl residues with a terminal methyl group or
w-oxy function. Potent PAF agonists (ox-GPC) are generated if
the oxidatively modified sn-2 acyl residue is a 1-alkyl GPC (26–
28). There are multiple literature reports that link UVB
generation of ROS with subsequent activation of the PAF
system (10, 16, 17, 23, 29, 30). Early research into these
findings was based on a knowledge of how UV response affects
the cell membrane rather than the nucleus (95). Additional
evidence found overexpressing the PAFR enhances PAF
synthesis by keratinocytes in response to UVB radiation, while
administering a PAFR antagonist inhibits PAF synthesis in UVB
radiated keratinocytes (96). Furthermore, Yao and colleagues
discovered that a PAFR antagonist inhibited UVB-mediated skin
inflammation and TNF-alpha synthesis in the photosensitive
Xpa-/-mice (29). Interestingly, it has also been found that PAFR
expression is necessary for UVB-induced activation and
subsequent migration of mast cells (97). Thus, UVB acts as a
pro-oxidative stressor that generates ox-GPC and subsequent
activation of PAFR through its PAFR agonist activity. Of
importance, ox-GPC activation of the PAFR can generate
enzymatic PAF synthesis, thus forming a positive feedback
loop (31).

UVB radiation and PAFR activation of keratinocytes have
been noted to result in multiple similar signaling pathways,
implying that some UVB-induced effects are mediated via
PAFR or modified by associated PAFR activation (19, 20).
There are several cutaneous cell types that express PAFR
including keratinocytes, mast cells, monocytes, granulocytes,
and B cells (30, 97–102). The actions of PAF and its agonists
are mediated through the PAFR, a unique G-protein-coupled
seven transmembrane receptor (GPCR), which when activated
results in several intracellular signaling pathways (68). These
include mitogen kinase (both ERK and P38), JNK, and can also
indirectly activate the EGFR (80). While coupled to G proteins
Gi, Gq, and G12/13, PAFR also controls the production of
inositol 1,4,5-triphosphate (IP3) and calcium mobilization in
GPCRs, while suppressing forskolin-stimulated cAMP synthesis
(103). Emerging literature supports the theory that UVB
produces ox-GPC PAFR agonists, which then act upon PAFR-
positive keratinocytes, resulting in PAFR activation. As a result
of PAFR activation, more PAF is produced enzymatically as well
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as more ROS and subsequent ox-GPC. Finally, PAFR activation
induces aSMase to translocate to the plasma membrane causing
MVP to be generated and released from the keratinocyte plasma
membrane. As the PAF/ox-GPC will be retained in the plasma
membranes this allows PAFR agonist to be transported in the
MVP to additional locations (Figure 2) (42). Of interest, studies
of the crystal structure of the PAFR have revealed one of the
protein loops appears draped over the central area of this GPCR
(100). This novel putative conformational change suggests that
PAFR agonists interact with the receptor optimally from the
plasma membrane rather from the exterior of the cell. Hence, it
is possible that the PAFR agonists in the MVP when are
incorporated into the target cell could be in a pharmacologically
active form. In sum, a feed-forward loop is created because PAFR
activation results in continual release of PAF from MVPs and
subsequent activation of PAFR.

As mentioned previously, a common lipid pathway causing
MVP release is the stimulus-mediated translocation of the
enzyme aSMase from lysosomes to plasma membranes (38, 42,
104). Importantly, activation of PAFR has been shown to
generate membrane translocation of aSMase as well as boost
its enzymatic activity (105, 106). Multiple lines of evidence
support aSMase serving as the effector for PAFR-mediated
MVP release. For instance, our group found that both
application of the metabolically stable PAFR agonist carbamyl-
PAF (CPAF) as well as UVB exposure led to increased aSMase
enzymatic activity in HaCaT keratinocytes (37). In addition, after
UVB irradiation, application of the aSMase inhibitor imipramine
inhibited MVP generation in HaCaT keratinocyte cells, human
skin explants, and murine skin. Of note, multiple agents
including many tricyclic anti-depressants act as functional
inhibitors of aSMase (FIASM) (107).These findings were
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further substantiated by the use of PAFR-KO (Ptafr-/-) and
aSMase-KO (Smpd1-/-) mice, which corroborated functions of
PAFR and aSMase in UVB-mediated MVP release in skin (37).
Of note, application of the phorbol ester phorbol-12-myristate
-13-acetate (TPA) results in MVP generation in PAFR-deficient
but not in aSMase-deficient hosts. Finally, topical treatment with
the aSMase product C2 ceramide also resulted in amplified MVP
levels in mice, including aSMase-deficient animals. Ultimately,
UVB-induced production of MVPs relies on a process that
involves both PAFR signaling and aSMase.

There are many stressors and pathways that can generate
MVP. However, our group was the first to demonstrate the
ability of UVB to induce PAF-mediated MVP formation and
release (35). Using a keratinocyte-derived cell line (HaCaT),
UVB irradiation resulted in increased levels of MVP
generation. Furthermore, application of the non-metabolizable
PAFR agonist CPAF resulted in MVP formation in a dose-
dependent manner. In addition, to test if the PAF system was
involved in UVB-mediated MVP generation, we exposed UVB to
PAFR-positive and PAFR-negative cell lines (KBP and KBM,
respectively). UVB-irradiation generated MVP formation in only
the PAFR-positive cell line, while no differences in MVP levels
were seen in the PAFR-negative cells. Similar findings were noted
using PAFR-deficient mice. These findings demonstrate PAF’s
involvement in UVB-induced MVP formation, which adds to the
extensive literature supporting the role of the PAF system in
mediated UVB-induced acute inflammation and delayed
immunosuppression (19, 27, 66). It is also known that UVB-
induced PAF agonists involve ROS that can be blocked by
antioxidants (18, 27, 66). Our group found that UVB-mediated
MVP generation involves ROS-induced PAF agonists, as
evidenced by the ability of antioxidants to block MVP
FIGURE 2 | UVB oxidized-GPC results in PAFR activation, causing MVP to be released from the keratinocyte plasma membrane, allowing PAFR agonist to be
transported to additional locations.
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production (35). More specifically, pretreatment of HaCaT cells
with N-acetylcysteine and vitamin C resulted in hampered UVB-
induced MVP release while CPAF-mediated MVP release was
unaffected. Furthermore, the UVB fluences required to produce
MVP in keratinocytes are quite high, with a two- to three-fold
increase in the minimum erythema dosage required to detect
quantifiable MVP within the skin (108). While addressing this
phenomenon, our group demonstrated that pretreatment of
epithelial skin cells with PAFR agonist can synergize with low
fluences of UVB to produce high levels of MVP. This suggests
that MVP could play a role in combinatorial pathologic processes
involving UVB, which is important since synergistic responses
from multiple agents are likely more common than presently
recognized (108).

PAF persists in the cellular membrane after production where
it can operate on itself or nearby cells via juxtacrine signaling (32,
33). Additionally, studies have shown that in certain cell types,
such as keratinocytes, PAF can exert its effects some distance
away from the host cell (34). This phenomenon is likely the result
of MVPs, which are thought to provide PAF protection from
degradation by PAF-AH as opposed to being free or protein-
bound within tissue fluids (42). By extension, the advantage of
this arrangement is the protection of metabolically unstable
compounds from enzymatic degradation. Thus, UVB-induced
systemic effects may be mediated in part by MVPs produced by
epithelial cells.
MVP-MEDIATED LOCAL INFLAMMATION

UVB damage causes both local and systemic inflammation and
immunosuppression. While considering the cutaneous response
to environmental stressors, there are a number of cytokines and
cells signaling pathways that are mediated through T-cells,
antigen-presenting cells (APCs), mast cells, fibroblasts, and
keratinocytes. Consequently, the release of many cytokines
including TNF-alpha, IL-6, IL-8, IL-10, and others leading to a
range of pathological processes (11, 109). The aforementioned
effector cells and cytokines create a complex interaction that
initially generates an acute and local reaction that may
eventually progress to a systemic response. It appears that this
UVB-induced systemic response is in part mediated by MVPs,
which act on these effector cells and amplify the UVB-damage.
The end result is an MVP-mediated inflammation and
immunosuppression that may give rise to a number of
pathological processes.

As aforementioned, UVB produces ox-GPC PAFR agonists,
which then activate PAFR in PAFR-positive keratinocytes. More
PAF is created enzymatically as a result of PAFR activation along
with more ROS and hence more ox-GPC. Moreover, its
activation also causes aSMase to translocate, leading to MVP
release. The epidermis then releases MVP, which contains PAF
and ox-GPC (42). Locally, a variety of downstream effects are
then generated as previously mentioned (11, 109). Recently,
MVP release has been found to be associated with the
production of the pro-inflammatory cytokine IL-8. Studies
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done by Bhadri and colleagues explored the possible link
between the pro-inflammatory cytokine IL-8 and MVP. The
authors demonstrated that pretreatment of HaCaT keratinocytes
with PAFR agonists synergizes with low fluences of UBV to
produce increased levels of IL-8 and MVPs (110). Further
illustrating this linkage, application of the FIASM imipramine
blocked both MVP and IL-8 release following UVB treatment
(110). Furthermore, the ability of IL-8 to activate and attract
neutrophils suggests that it may play a role in the acute UVB
response. This is highlighted by the report that treatment with an
IL-8 neutralizing antibody, which reduced UVB-induced
synthesis of fibroblast neprilysin and matrix metalloproteinase
1 (MMP-1) in keratinocyte-fibroblast cocultures (94).
Interestingly, the role of PAF in local immunosuppression is
still under debate due to Sahu and colleagues showing that UVB-
mediated LC depletion is not mediated though PAFR (111).
Rather, UVB-exposed mouse skin treated with the contact
allergen DNFB (2,4-dinitro-1-fluorobenzene) resulted in a
significant inhibition of contact hypersensitive response in
both WT and PAFR knockout mice. Additionally, the presence
of LC was reduced in both types of mice compared to their sham
irradiated controls (111). Thus, it appears that MVP-mediated
PAF release caused by UVB needs further research to establish a
causal role in the local immune response.

The immunological responses to UVB are characterized by
both local and systemic inflammation and immunosuppression.
These phenomena are not mutually exclusive as many acute
mediators serve to bridge the local and systemic responses. The
connection between these two systems is illustrated by the effect
of PAF on keratinocytes with the mast cell playing an effector
role (Figure 3). UVB-induced damage mediated through PAF on
keratinocytes decreases DNA repair mechanisms by decreasing
the expression of response elements such as ataxia telangiectasia
and rad3 related protein (ATR) (112). Additionally, the secretion
of PAF by keratinocytes increases IL-10, activates COX-2 and
decreases delayed type hypersensitivity reactions (102, 113).
Furthermore, PAF release from keratinocytes promotes mast
cell migration into the lymph nodes and subsequent systemic
effects. Moreover, PAF stimulation of mast cells upregulates the
epigenome to increase the expression of DNMT1/3b and p300,
and decreases the expression of HDAC2. Ultimately, this
increases the responsiveness of mast cells to CXCR4 agonist, in
which mast cells will release IL-10 and histamine (112, 114, 115).
Further, this relationship is supported by UV radiation not
suppressing the contact hypersensitivity (CHS) response in
mast-cell deficient mice, but when these mice are reconstituted
with normal bone marrow-derived mast cells, UV-induced
suppression of CHS is restored (115).

The role of LC UV-induced PAF-mediated local
inflammation is still being established, but there appears to be
a relationship between PAF-induced LC migration, consequently
leading to immunosuppression (116). In particular, UV
irradiation induces expression of RANK-L in keratinocytes
which stimulates the migration of LC to the lymph nodes
where they activate immunological Treg cells, decreasing the
DTH, CHS, and tumor immunity (117–120). PAF-induced
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PGE2 may be implicated in the process by upregulation of
RANK-L on keratinocytes since inhibiting PGE2 binding to its
receptor EP4 with specific receptor antagonists inhibits RANK-L
upregulation, impairs UV-induced Treg activation, and
inhibits UV-induced CHS suppression (121). PAF is also
known to induce regulatory dendritic cells through several
cytokines including PGE2 and IL-10 (122). These examples
help illustrate the growing picture linking UV exposure,
MVP-mediated PAF release, and subsequent local and
systemic immunosuppression.

The relationship between UVB-mediated MVP release in
systemic cutaneous disease is still evolving, but current
literature has shown the PAF system induces inflammation in
a variety of skin pathologies. For example, PAF can be found to
be increased in inflammatory lesions of psoriasis favoring Th17
development. More specifically, this appears to occur through
PAF-mediated increase in the expression of IL-1ß, IL-5, and IL-
23 in LC and keratinocyte, subsequently leading to Th17
development (123–125). Other illustrations of the detection of
the PAF in cutaneous disease states are in bullous pemphigoid,
sunburn, cold urticaria and in burn injuries (66, 126–128).
However, it is unclear in these pathogenic states if the PAF
measured is truly contributory or serves as a “bystander effect” of
the concomitant inflammation. In sum, there is a need to use
specific pharmacologic and genetic tools to expand on this body
of knowledge, particularly MVP’s role in UVB-induced
cutaneous inflammation, immunosuppression, and systemic
cutaneous disease.
DELAYED IMMUNOSUPPRESSION AND
BLOCKING OF TUMOR IMMUNITY

Tumorigenesis/Metastasis in Melanoma
Exposure to UVB radiation is a major risk factor in developing skin
cancer, especially melanoma. UVB induces oxidative stress and
generates lipid mediators such as PAF and Ox-GPC (129). These
factors signal inflammatory cytokines that lead to systemic
immunosuppression, which leads to tumor augmentation in
experimental murine models by two-fold (130). Not only are
MVPs released by UVB-induced PAFs, Lima et al. demonstrated
that malignant melanoma cells (B16F10) produce a large quantity of
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microvesicles in vitro that mediate immunosuppression and tumor
progression (131). TGF-beta is an important immunoregulatory
factor produced by phagocytes; B16F10-producedMVP upregulates
this production, leading to changes in the tumor microenvironment
promoting tumor dissemination (131). Moreover, it is noteworthy
that antioxidants attenuate the effect of UVB-irradiation induced
melanoma growth, suggesting that reactive oxygen species (ROS)
leading to PAF release could play an important role in tumor
growth. Likewise, UVB radiation activates tumorigenesis through
the PAF-PAFR pathway. While PAFR are not found in
melanocytes, the release of PAFR agonist due to environmental
stressors, such as UVB, activates a cascade of downstream effects
that leads to tumorigenesis and metastasis. Overexpression of PAFR
has been shown to lead to acanthosis and increased numbers of
dermal melanocytes, fibroblasts, mast cells, filaggrin and endothelial
cells (132, 133). Interestingly, PAFR transgenic mice spontaneously
developed hyperpigmentation on the ears, tails, and external genital
area andmelanocytic tumors in the dermis with age (132). It is likely
that keratinocyte hyperplasia stimulated this growth of dermal
melanocytes directly or indirectly. Of note, topical use of PAFR
antagonist, WEB 2086, inhibited keratinocyte proliferation in both
transgenic mice and control mice, suggesting that PAFR inhibition
may mediate cellular hyperplasia and tumor growth (132).
However, the phenotype of the PAFR transgenic mouse could
likely be due to inappropriate expression of the PAFR using a
widespread actin promoter. Sahu and colleagues found the
mechanism which leads to melanoma tumor progression is due
to the systemic expression and activation of PAFR; and that whether
the tumor cells themselves expressed PAFR or not does not impact
the tumor development, suggesting that PAFR-mediated anti-
tumoral immunity effects are involved (130). Support for this
finding relies on several mechanisms. One, PAF-induced release
of inflammatory cytokines, such as IL-10, Treg, IL-1, and TNF-
alpha lead to systemic immunosuppression and tumor metastasis
(130, 134). Two, UVB-induced immunosuppression can be blocked
by PAFR-antagonists, therefore attenuating the effect on
tumorigenesis (135). Three, administration of a systemic PAFR
agonist, carbamoyl PAF (CPAF), will increase tumor growth in
wildtype mice or mice injected with PAFR onto host cells. However,
CPAF failed to augment the tumor size in PAFR -/- mice (130).
Lastly, PAFR acetylhydrolase (PAFR-AH), an enzyme that breaks
down PAF, will decrease tumor vascularization and growth (133).
FIGURE 3 | UVB-induced MVP release leads to mast cell PAFR activation, which results in immunological responses characterized by both local and systemic
inflammation and immunosuppression.
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These observations suggest that systemic PAF/PAFR expression and
activation contribute to carcinogenesis, and inhibition of these
reactions may provide insight to cancer treatment.

Melanoma is the most lethal skin cancer due to its high
likelihood to metastasize and ability to evade therapy (136). The
PAF-PAFR pathway has been implicated for the promotion of
metastasis in melanoma (134, 137, 138). An inflammatory tumor
microenvironment leads to proliferation, invasion, and
angiogenesis of tumors which may metastasize. Matrix
metalloproteinase-2 (MMP-2) is a main contributor to cancer
cell migration, which can be stimulated by PAFR (139).
Melnikova and their group studied melanoma metastasis to
the lung and found that these cell lines all expressed PAFR to
a varying degree, although the extent of metastasis does not
correspond to the level of PAFR expressed (5). PAF upregulates
multiple pathways that lead to cell migration and metastasis
(137, 138). Importantly, PAF-induced expression of pro-MMP-2
was related to PAF-induced cAMP response element (CREB)
and activating transcription factor (ATF-1) phosphorylation,
and addition of a PAFR antagonist prevented this stimulation
(137). It is thought that PAFR-induced CREB phosphorylation
in more aggressive melanoma is through two intermediate
signaling proteins, PKA and p38 MAPK. In addition,
incubation of melanoma cell lines with the PAF analog, CPAF,
increased phosphorylation of CREB (138). Another study
looking at lung metastasis relating to melanoma also found
that PAF enhances metastasis (134). In Im and colleagues’
experiments, pulmonary metastasis from B16F10 melanoma
were significantly increased with addition of dose- and time-
dependent PAF. Furthermore, administration of PAF-R
antagonists reduced the pulmonary tumor colonization (134).
Additionally, IL-1 and TNF-alpha were thought to be at least
partially mediated by PAF generation, which can cause
metastasis (134). Another important mechanism for metastasis
is the cooperation between PAR-1 and PAFR to regulate the
expression of MCAM/MUC18 (melanoma cellular adhesion
molecules) (138). Taken together, metastatic melanoma carries
higher expression of PAF/PAFR and increases migration
through mechanisms modulated by the inflammatory
tumor microenvironment.

Angiogenesis is an important step in tumor metastasis.
Platelets and factors in the coagulation cascade, especially
thrombin, are stimulated by PAFR and play crucial roles in
vascularization that leads to tumor growth and metastasis (137,
138). Notably, PAF/PAFR modulate tumor cell adhesion to
endothelial cells, angiogenesis, tumor growth, and metastasis
(137). Inhibition of neoangiogenesis by inhibiting PAF could
play a part in mediating metastasis. Indeed, mice bearing
B16F10/PAF-AH tumors survived significantly longer than
those bearing B16F10/neo tumors (133). Thus, it is clear that
the PAF/PAFR systemic activation is implicated in
tumorigenesis, which further highlights the need to understand
how UVB-induced MVPs mediate this process. Finally,
metastatic melanoma has especially poor prognosis due to
failure of response to chemotherapeutics and radiation therapy.
Therefore, understanding mechanisms for metastasis and tumor
survival will provide insight to better treatment in melanoma.
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Chemotherapeutics

Environmental stressors, such as UVB radiation and cigarette
smoke, could help tumors such as melanomas escape antitumor
immunity. Similarly, chemotherapy and radiation therapy
increase PAFR expression in tumors as a protective response
through generating reactive oxygen species (ROS). ROS activates
host-immunity and increases glycerophosphocholine (GPC)
species that can act as PAFR agonists (129, 130, 140). The
release of PAF subsequently augments cytokine production
through the NF-kB pathway, assisting the evasion of
chemotherapy. The NF-kB pathway leads to the loss of E-
cadherin, contributing to melanoma invasion and resistance to
apoptosis (136). Another study showed that cancer therapy
activated PAF-R systems augment the cytokine production,
specifically IL-8 and TNF-alpha through the NF-kB pathway
(141). Cyclooxygenase-2 (COX-2) is a major promoter in
immune suppression in melanoma, through its ability to
stimulate angiogenesis, inhibit apoptosis, increase cellular
proliferation and increase cellular invasiveness, enhance
immunosuppression, and produce mutagens (136). PAF is
deducted to be a component of oxidative stress and these
downstream pathways, and manipulation of PAF/PAFR gene
expression, provides an understanding of tumor cell reactions to
ROS and chemotherapy.

Cell repopulation is the phenomenon where tumor cells that
survive chemotherapy or radiation therapy will undergo
accelerated proliferation (142). Thus, finding the mediator that
allows tumor cell survival will improve cancer treatment
outcomes. Treatment with cisplatin increased PAFR gene
expression and accumulation of its products in SKmel37
(melanoma cells) in vitro that express PAFR (143). Blocking
the release of PAF induced by chemotherapy or the PAF systemic
effect may enhance cancer treatment. Indeed, Onuchic et al.
found a combination therapy with cisplatin and WEB2086, a
PAFR-antagonist, in melanoma-bearing mice showed slowing
tumor progression and increasing tumor regression (143). It is
conceivable that PAF release protects tumor cells. Another
example in the literature was done by Sahu et al. with the
focus on ROS and COX-2 inhibition. Both chemotherapy and
radiation therapy induce the release of PAF and PAF-like ox-
GPC due to oxidative stress and generation of ROS. In a
murine model of melanoma, addition of antioxidant regimen
reduced the formation of PAFR agonist activity, therefore
preventing the augmentation of tumor growth (130).
Moreover, COX-2 inhibitors contribute to antitumor immunity
by downregulating IL-10 and Tregs that modulate the
systemic effect of PAFR-mediated tumor growth (130).
Inhibiting effects of PAFR will block immunosuppression and
photocarcinogenesis as well as accelerating DNA repair.
Therefore, PAF induced immunosuppression may promote
survival response in tumor cells (144). Finally, PAF antagonists
may work synergistically with other agents that reduce immune
suppression, such as 5-HT2A receptor antagonists. Evidence
shows that combination of PAF and 5-HT2A receptor
antagonists blocks skin cancer induction in UV-irradiated mice
(145). These antagonists first prevent UV-induced damage in the
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skin from apoptosis after a single exposure to UV radiation, then
prevent cytokine release and immune suppression (145). In
conclusion, these results provide compelling evidence that
potentially future chemotherapeutics could be created by
manipulating the PAF/PAFR-mediated responses.

Prosurvival Response in Tumor Cells -
Anti-Apoptosis
Most chemotherapeutic agents exert their therapeutic effects
through programmed cell death. It is understood that some
cancer treatment failures can be attributed to tumor cells’
prosurvival response mechanisms that escape the apoptotic
activities induced by chemotherapy. Chemotherapy and
radiation therapy cause oxidative stress and induce PAF/PAF-
like molecules release. PAFR-activated modification of cell
microenvironment and upregulation of anti-apoptotic molecules
favor tumor growth (146, 147). Specifically, PAF increases the
expression of mRNA and protein synthesis of anti-apoptotic
factors and inhibits caspase activities (147). Tumor-derived
microvesicle particles are another source of anti-apoptosis
endorsed by cancer cells to evade cell death (148).
Chemotherapeutic agents induce cell death by increasing
mitochondrial enzyme caspases. De Olivera and colleagues
found that combination of dacarbazine (DTIC) and WEB 2170
(PAFR antagonist) significantly improves survival of B16F10
melanoma-bearing mice compared to either agent used alone
(146). Using a PAFR antagonist alone, however, did
substantially delay tumor growth (146). PAF molecules are
found to inhibit the activities of caspase-3, caspase-8, and
caspase-9, as well as cell death induced by etoposide, a common
chemotherapy agent (147). These findings suggest that tumor cells
release PAF/PAF-like molecules to prolong tumor survival and
escape treatment desired cell death.

While abundant reports provide evidence that PAF leads to
anti-apoptotic activities, some have found that the opposite
could also happen. PAF may produce pro-apoptotic response
to chemotherapy as well as anti-apoptotic response depending
on which agent is being used (149). This finding complicates our
understanding of the effects PAF has on chemotherapeutics and
survival of tumor cells. The differences in PAF effect on
chemotherapy may be due to varying pathways that PAF can
induce. Depending on how the cancer medication works and
what it targets, PAF may augment or attenuate the efficacy of
chemotherapeutics. PAFR, for example, can enhance apoptosis
induced by etoposide and mitomycin C, but not by other agents
such as C2 ceramide or tumor necrosis factor related apoptosis-
induced ligand (TRAIL) (149).. In sum, further research is
needed to study the specifics of how PAF/PAFR affects cancer
treatment and tumor cell survival response.
MECHANISTIC INSIGHT THROUGH
PHARMACOLOGICAL INTERVENTIONS

The downstream effects mediated by UVB-induced MVP release
have been implicated in both local and systemic pathological
processes, including inflammatory responses, immunosuppression,
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and blocking of tumor immunity. As outlined, the mechanism
involves UVB-generated ox-PAFR agonists and subsequent MVP
generation, which then transports several bioactive molecules such
as PAF both locally and systemically. There are a number of
pharmacological agents that may modulate this pathway
including aSMase inhibitors, antioxidants, COX-2 inhibitors, and
PAFR modulators (agonists and antagonists). These agents may
serve as potential pharmaceutical strategies to mitigate the
pathological consequences seen from UVB exposure.

aSMase Inhibitors
MVP and ceramide release are dependent upon the lipid enzyme
aSMase (38, 150). Thus, as evidenced by multiple lines of
evidence, aSMase inhibitors pharmacologically inhibit the
effects of MVPs and PAF. The literature demonstrating the
utility of aSMase inhibitors within the skin is limited.
However, there are many models supporting their value in
other tissues and organ systems. For example, the mechanisms
driving formation of hepatic steatosis are due in part to the
activation of aSMase and the production of ceramide in response
to ethanol consumption. Liangpunsakul and colleagues found
that aSMase inhibitors, such as imipramine, may serve as a
therapeutic target for alcohol-induced hepatic steatosis by
inhibiting the release of ceramides by aSMase (151). In
addition, transfusion-related acute lung injury (TRALI) is
mediated by ceramide-mediated endothelial barrier
dysfunction, in which extracellular vesicles (EVs) may be
required for transport from platelets to endothelial cells.
McVey and colleagues reported that blockage of aSMase
reduced the formation of EVs and may present as a promising
strategy for TRALI prevention (150). By increasing vascular
permeability, PAF is a known mediator of pulmonary edema
in acute lung injury. This is due in part through the activation of
aSMase (152) . Yang and col laborators found that
pharmacological inhibition of the aSMase pathway blocked the
PAF-induced increase in caveolin-1 and endothelial nitric oxide
synthase, suggesting aSMase inhibitors as a novel mechanism to
regulate vascular permeability (152). Importantly, Chauhan and
colleagues explored the role of PAFR signaling in MVP release
and the underlying mechanisms using non-small cell lung cancer
cell lines. They found that aSMase inhibition significantly
blocked MVP release, highlighting the utility of modulating the
aSMase and PAFR pathways for targeted therapies in lung cancer
cells (153). Lastly, the Sahu research group determined the
significance of PAFR in chemotherapy-mediated MVP
generation in human pancreatic cancer cells and found the
inhibition of aSMase blocked the generation of MVP (154).
The aforementioned studies demonstrate the utility of aSMase
inhibition in prevention of various pathologies within
targeted tissues.

While sparse, there is some literature highlighting the
usefulness of aSMase inhibitors within the dermis. Nakatsuji
and collaborators found that C.acnes Christie, Atkins, Munch-
Peterson (CAMP) factor may hijack host aSMase to increase
bacterial virulence in order to impair and invade host cells (155).
Similarly, Ma and colleagues demonstrated how S.aureus a-toxin
activates aSMase in macrophages and precipitates the release of
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ceramides, which activate the inflammasome and mediate the
generation and release of cytokines (156). Of note, a-toxin has
been reported to be a potent stimulus for enzymatic PAF
production (151). These findings suggest that inhibition of
aSMase may block cutaneous microbial-driven pathogenesis.
Furthermore, UV irradiation is known to impart a variety of
negative pathological consequences within the skin. Appelqvist
and colleagues explored the initial signaling during UV-induced
damage in human keratinocytes by investigating apoptosis
induction and lysosomal exocytosis. The authors found that
the addition of anti-aSMase reduced the activation of caspase-
8, which plays a central role in the execution-phase of cellular
apoptosis (157). Likewise, UV irradiation stimulates the
generation of ceramide through the de novo synthesis and
hydrolysis of sphingomyelin. Kim and collaborators found that
UV-induced intracellular ceramide may activate matrix
metalloproteinase-1 (MMP-1) expression in dermal fibroblasts
via JAK1/STAT-1 pathway (158). The findings from these two
reports suggest that the targeted modulation of ceramide
signaling and aSMase may offer a novel therapeutic approach
to allay the risk of UV-mediated cutaneous pathology. Similarly
to aSMase inhibitors, antioxidants have shown utility in the
prevention of MVP release.

Antioxidants and PAFR Antagonists
The PAF/PAFR signaling pathway has been shown to be
exploited by UVB-induced oxidation and PAFR-agonists. This
allows for the therapeutic potential of pharmacological agents
including antioxidants and PAFR antagonists. Antioxidants may
diminish the effects of UVB-induced ROS, which generate PAF
agonists and trigger MVP release (34). There are multiple lines of
evidence exhibiting the ability of antioxidants to block UVB-
mediated PAFR agonist formation and UVB-MVP release (27,
34, 35, 66, 130). Moreover, the antioxidants N-acetyl cysteine,
1,1,3,3-tetramethyl-2-thiourea, and vitamins C and E completely
suppressed PAF synthesis in cultured keratinocytes and human
skin (159, 160). Furthermore, Sahu and colleagues demonstrated
that pretreatment with antioxidants could block PAFR-
dependent tumor growth (129). Antioxidants also restricted
gefitinib and erlotinib ROS generation and subsequent PAFR
activation, which highlights how modulation of PAFR signaling
can modify the cellular responses of targeted cancer therapies
(153). Lastly, pretreatment with PAFR antagonists and the
antioxidant vitamin E resulted in inhibition of UVB-induced
TNF-alpha production, suggesting that epidermal PAF-R may be
a pharmacological target for UVB in skin (19).

As aforementioned, PAF-R antagonist intervention has the
potential to reduce the negative effects of PAFR agonist signaling.
Early in vitro literature showed pretreatment of PAFR positive
keratinocytes with PAFR antagonists Web 2086 and A-85783
reduced UVB-induced TNF-alpha production. Zhang and
collaborators provided additional support of the role of PAFR
antagonist in the skin, demonstrating that sebaceous glands
express PAFRs and PAFR antagonism can suppress COX-2
production in sebaceous glands (161). Interestingly, PAFR
activity has been inhibited by pharmacological inhibitors of
protein kinase C (PKC), implying that PKC mediates some
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PAFR actions (162). Inasmuch the subsequent release of MVP
particles leads to immunomodulatory effects, the role of PAFR
antagonists have also been shown to alter systemic immune
effects (163). Additionally, PAFR antagonists have reduced
experimental tumor repopulation both in vitro and in vivo
(142, 164). These studies further illustrate the utility of PAFR
antagonists as a pharmacological agent aimed at modulating the
PAF/PAFR system and subsequent MVP release. Unfortunately,
selective PAFR antagonists are not commercially available for
clinical application for the targeting of MVP’s.

Selective COX-2 Inhibitors
Nonsteroidal anti-inflammatory drugs (NSAIDs) are
commercially accessible drugs utilized across the globe for
anti-inflammatory, antipyretic, and analgesic use. Through
inhibition of cyclooxygenase (COX) enzymes in the
arachidonic acid metabolism pathway, these pharmaceutical
agents decrease prostaglandin and thromboxane levels. Within
this group of medications, COX-1 and COX-2 isoforms are
inhibited to various degrees of selection by pharmaceutical
agents. Of interest, our lab has shown the activation of
epidermal PAFR leads to increased PAF, eicosanoids, COX-2,
its product PGE2, arachidonic acid, IL-6, and IL-8. Furthermore,
our lab’s findings with HaCaT and KB keratinocytes demonstrate
that PAFR is sufficient to induce epidermal COX-2 production
(165) Additionally, ultraviolet radiation, along with CPAF
induced COX-2 activation, and subsequent PGE2 and IL-10
production, has been found to be inhibited by PAFR and
COX-2 antagonists, further highlighting the linkage between
PAF and its downstream effects with COX-2 (10, 17).

Due to the increased levels of COX-2 and prostaglandins in
cutaneous malignancies, pharmacological intervention with
COX-2 inhibitors for skin cancer has been examined in clinical
trials and systematic reviews. In 2010, a double-blinded placebo-
controlled trial on patients with pre-existing actinic keratoses
found fewer incidences of squamous cell carcinomas and basal
cell carcinomas in patients taking 200 mg of celecoxib twice daily
(161). It has been hypothesized that these changes are linked in
part to the impact of COX-2 inhibitors on UVB-based systemic
immune suppression (42, 166). In particular with melanomas,
COX-2 has been implicated as an important pro-
immunosuppressive agent. COX-2 also enhances tumor-
induced melanoma angiogenesis by increasing vascular
endothelial growth factor (VEGF) through phosphoinositide
3-kinase (PI3K)/protein kinase C (PKC) mechanisms.
Furthermore, there is emerging evidence correlating COX-2
with Breslow thickness and metastasis, indicating COX-2 roles
in prognostic outcomes (136). One mechanism of interest is the
role of COX-2 inhibitors on Treg cell depletion in PAFR
pathways thus inhibiting tumor growth (42, 129). The woven
nature of COX-2 and melanoma implicates roles for COX-2
inhibitors possibly impacting downstream effects of MVPs.
Nonetheless, selective COX-2 inhibitors have associated
cardiovascular risks which must be taken into account when
considering a broad application in skin cancer (167, 168). In
conclusion, targeted therapy of COX-2 offers a prospective
mechanism to inhibit PAFR activation and MVP release.
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CONCLUSION

In conclusion, accumulating evidence has implicated the PAF
family of mediators in UV cutaneous responses. Recent studies
have suggested that their ability to generate and travel in MVP
could provide a mechanism by which a highly potent yet
metabolically labile family of lipids may leave the epidermis
and thus impact the host. Moreover, it is likely that other agents
can utilize subcellular particles such as MVP or exosomes to
travel from the skin. These new areas of study have tremendous
therapeutic implications, especially given the ability of aSMase
inhibitors including FIASM agents such as imipramine and other
FIASMs to potently block this pathway. The use of these
pharmacologic tools can provide important insights into the
roles of this pathway in UV as well as other environmental
cutaneous insults.
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Skin diseases are mainly divided into infectious diseases, non-infectious inflammatory
diseases, cancers, and wounds. The pathogenesis might include microbial infections,
autoimmune responses, aberrant cellular proliferation or differentiation, and the
overproduction of inflammatory factors. The traditional therapies for skin diseases, such
as oral or topical drugs, have still been unsatisfactory, partly due to systematic side effects
and reappearance. Cold atmospheric plasma (CAP), as an innovative and non-invasive
therapeutic approach, has demonstrated its safe and effective functions in dermatology.
With its generation of reactive oxygen species and reactive nitrogen species, CAP exhibits
significant efficacies in inhibiting bacterial, viral, and fungal infections, facilitating wound
healing, restraining the proliferation of cancers, and ameliorating psoriatic or vitiligous
lesions. This review summarizes recent advances in CAP therapies for various skin
diseases and implicates future strategies for increasing effectiveness or broadening
clinical indications.

Keywords: cold atmospheric plasma, reactive oxygen species, reactive nitrogen species, skin disease, therapy
INTRODUCTION

It is widely accepted that there are various kinds of skin diseases, including infectious diseases,
cancers, wounds, and non-communicable inflammatory skin diseases (ncISDs). The pathogenic
factors of these skin disorders include microbial infections, excessive cytokines release,
inflammatory cell infiltration, and aberrant cell proliferation or differentiation (1–3). Currently,
the comprehensive treatments include systemic or topical medications or in combination with
different phototherapies. However, these applications have still been challenged due to systemic side
effects, the high recurrence rate of the disease, or the serious impact on daily life or working (4). As
an innovative non-invasive application, cold atmospheric plasma (CAP) has exhibited significant
efficacy in treating skin diseases such as microbial infections, cutaneous wounds, cancers, and
ncISDs (5, 6). It is well clarified that the biological functions of CAP involve ultra-violet radiation,
reactive oxygen species, and reactive nitrogen species while exhibiting little damage to the normal
cells or tissues (7). CAP may destroy biofilms or even the integrity of cells, degrade cellular proteins
and DNA, generate DNA and protein crosslinking, and dysregulate pH value- or calcium-related
org May 2022 | Volume 13 | Article 868386134
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microenvironments (7–11). In this review, we summarize recent
advances in the applications of CAP in treating skin diseases and
possible therapeutic mechanisms.
THE CHARACTERISTICS OF CAP

Containing with the positive and negative changed species,
plasma is the fourth state of matter, which is different from the
common three substances (solid, liquid, and gas) (12). According
to the gas temperature of plasma, the plasma generated by
different methods can be divided into hot plasm, warm plasma,
and cold plasma. Because high temperature can cause thermal
damage to organisms, the plasma applied to medical treatment
should be considered a kind of plasma at atmospheric pressure
with its temperature close to room temperature (13). CAP has
been used in medical treatments widely (6). As Figure 1
described, there are two common devices for CAP generators,
dielectric barrier discharges (DBD) and atmospheric pressure
plasma jet (APPJ). Surface DBD is consisted of two parallel
Frontiers in Immunology | www.frontiersin.org 235
electrodes sandwiching a ceramic slab to strike a surface
discharge plasma at a high voltage in a narrow discharge gap
(7). The other is the APPJ, consisting of a quartz capillary
equipped with a pin-type electrode at a high voltage generated
in an open space (12). In order to improve the efficiency of CAP,
helium (He), argon (Ar), nitrogen (N2), oxygen (O2), artificial
air, and two or more mixtures of these gases can be utilized to
generate CAP (14). It is documented that reactive oxygen species
(ROS) (15) or reactive nitrogen species (RNS) (16), play an
essential role in CAP application in dermatology. Figure 2 has
shown the interconverting ROS and RNS that could be classified
into short-lived and long-lived species, such as singlet oxygen
(1O2), superoxide anions (O2

-), hydroxyl radicals (•OH),
hydrogen peroxide (H2O2), nitric oxide (NO), peroxynitrite
(ONOO-), nitrite (HNO2/NO2

-) and nitrate (HNO3/NO3
-). 1O2

is a highly reactive molecule that participates in apoptosis
processes and produces some oxidants and cytotoxic
molecules. O2

- has relatively high reactivity and results in
oxidative stress in cells to generate hydroxyl radicals. It is
displayed that •OH belongs to extremely reactive oxidizing
A

B

FIGURE 1 | The compositions of two different CAP platforms. (A) The surface barrier discharges or (B) the atmospheric pressure plasma jet consists of a high-
voltage source, high-voltage probe, oscilloscope, quartz tube, cylinder, and flow controller.
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species, which can damage the lipid peroxidation, protein,
membrane and result in cell death. As for ONOO-, it reacted
with H2O2 to generate 1O2, which inhibited the catalase activity
of tumor cells, resulting in the accumulation of H2O2 in the part
of the peripheral environment. Then H2O2 entered tumor cells
through aquaporin on the cell surface and consumed internal
glutathione, which could promote the apoptosis of tumor cells
via lipid peroxidation (17, 18). Besides, as a long-lived species
and second messenger for signaling cascades, H2O2 can inhibit
the activity of microbes and kill them directly (19). It has been
documented that CAP-induced changes in target cells are often
closely related to intervention time, voltage, and other factors.
For example, CAP could induce cell cycle arrest, senescence, and
autophagy at low doses, but high doses of CAP could lead to
irreversible cell necrosis (20). Moreover, RNS has been
confirmed to regulate cell differentiation, self-renewal, and the
balance between quiescence and proliferation (21). The
occurrence and development of tumors can be influenced by
NO concentration, which can accelerate tumor growth in the
low-level concentration but inhibit it at high levels (22). The
typical functions of ROS and RNS have been presented
in Figure 3.
Frontiers in Immunology | www.frontiersin.org 336
ROS AND RNS INACTIVATED
MICROORGANISMS BY DESTROYING
CELL BIOFILMS AND COMPONENTS

It is well displayed that CAP has shown promising effects in
inactivating microorganisms (Figure 4). CAP can inhibit the
proliferation of microorganisms on the surface of medical
devices but prohibit the infection of various microorganisms,
including Staphylococcus aureus, Streptococcus pyogenes,
Pseudomonas aeruginosa, Yersinia enterocolitica, MRSA, and
MRGN (8, 23, 24). In addition, related studies have reported
that CAP has satisfactory efficacy in treating the pathogens of
infectious skin diseases, such as Trichophyton rubrum,
Mycobacterium canis, and Candida albicans (Table 1) (8, 25).
In this section, we will explore the inactivation mechanisms of
CAP against bacteria, fungi, and viruses, respectively.
Bacteria
Generally speaking, bacterial biofilms have widely existed on the
surfaces of various foods, medical devices, and human tissues or
organs under pathological conditions. Due to the widespread use
A B

D

C

FIGURE 2 | The internal structure of surface DBD and APPJ and the transformation of CAP particles. The internal structures of (A) surface DBD and (B) APPJ were
consisted of electrodes, high-voltage probes, quartz tubes, and a dielectric layer. The (C) RNS and (D) RNS generated under high voltage could be converted into
different molecules or ions and finally synthesized into effective particles like 1O2, ONOO

-, NO2
-, NO3

-, and H2O2.
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of antibiotics, opportunistic pathogen infections caused by
bacterial biofilms have gradually increased. Once a biofilm is
formed, the organism will resist the action of antibiotics, making
it difficult for antibiotics to remove bacterial biofilms or kill
isolated bacteria on the organism’s surface. Due to its anti-
biofilm properties, CAP has been widely used in sterilization
(26, 27). First, CAP can accelerate the death of bacteria via
wrecking bacterial biofilms. Theinkom used SMD to treat
Enterococcus faecalis to investigate the potential effects of CAP
onmicrobial biofilms with 3.5 kV, 4.0 kHz, and 0.5-1W/cm2. And
the results showed that CAP treatment for 1 minute could
inactivate bacterial biofilms and cause bacterial death directly.
Moreover, a 10-min CAP intervention showed higher inactivating
efficiency than a 5-min intervention (28). Utilizing a DBD with
helium gas, Govaert treated the biofilms of L. monochromous and
S. typhimurium for different minutes to explore the sterilization
effects and mechanisms of CAP application by detecting the
density of remaining cells (29). Scientists have confirmed the
inactivating effects of CAP on bacterial biofilms formed by
bacteria, such as S. bacteria, P. aeruginosa, K. pneumoniae, E.
faecalis, S. aureus, L. monochromous, and P. fluorescens (30–33).
Guo and her teams utilized a 6-min CAP intervention to treat S.
aureus to explore the mechanisms of CAP inactivating microbial
Frontiers in Immunology | www.frontiersin.org 437
biofilms. Their results showed that ROS or RNS from CAP could
result in biofilm lysis and bacterial death by promoting the
oxidative modification of bacterial nucleoproteins, accelerating
the filamentous temperature-sensitive Z of S. aureus (SaFtsZ) to
lose its assembly ability, and disrupting the activity of ATP-
dependent caseinolytic protease P subunit of S. aureus (SaClpP)
(34). In conclusion, CAP can expand the ROS/RNS binding area,
enhance the oxidative modification of cellular proteins and
promote the fusion of microbial biofilms with extracellular
matrix components, which triggers the degradation of microbial
biofilms and inhibits the proliferation of microorganisms.

Second, the changes in cell composition and microenvironment
also affect bacterial inactivation. After DBD treatment, Helmke
confirmed that the extracellular environment of bacteria was
significantly acidified, and the cell membrane of bacteria gradually
collapsed. After a while, the cell membrane of bacteria was
destroyed, and its DNA was rapidly broken down (11). The
destruction of bacterial DNA is the cause of bacterial inactivation,
but the modification of bacterial proteins is considered a significant
cause of bacterial inactivation. After DBD treatment, Helmke
confirmed that the extracellular environment of bacteria was
significantly acidified, and the cell membrane of bacteria gradually
collapsed. After a while, the cell membrane of bacteria was
FIGURE 3 | The typical functions of ROS and RNS in CAP. Various kinds of effective particles, including ROS and RNS, are divided into short-lived or long-lived
substances, which display different mechanisms in treating skin diseases by CAP.
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destroyed, and its DNA was rapidly broken down (11). Although
the exact type of DNA damage has not been identified, it is well
documented that ROS and RNS from CAP can destroy bacterial
DNA directly (35, 36). The destruction of bacterial DNA is the cause
of bacterial inactivation, but the modification of bacterial proteins is
also considered a significant cause of bacterial inactivation. Dezest’s
study aimed to explore the interactions between active substances
from CAP and the activity and proliferation of E. coli. Their results
demonstrated that CAP could produce bacterial inactivation
through selective carbonylation of proteins (37). Of course, CAP
can also produce the interaction of DNA and proteins to inactivate
bacteria. Guo, with her faculties, indicated that the CAP could
generate DNA and protein crosslinking (DPC) in vitro. They used a
DBD device to intervene in E. coli with the gas mixture of helium
and artificial air. By analysis of mass spectrometry and
hydroperoxide, the results indicated that the formation of DPC
caused by 1O2 from CAP was the principal mechanism of DNA
damage (7). In addition, other studies also documented that the
shape of bacteria and the thickness of the bacterial cell wall might
also be relevant to the CAP inactivation of bacteria (38–40). Taken
together, CAP could inhibit bacterial infection by attacking the
bacterial biofilms, destroying the integrity of the cell membrane, and
inducing the selective carbonylation protein, DNA degradation, and
protein crosslinking. The phenomenon could be explained by the
mutual transformation and synergy of the ROS/RNS by CAP.
Frontiers in Immunology | www.frontiersin.org 538
The inactivation of CAP for the main pathogenic bacteria in the
skin has been shown in Table 2.
Fungus and Virus
A series of chemical processes based on ROS and RNS have been
considered the main reason for the destruction of fungal biofilm
(40). Fricke, with his faculties, confirmed that the biofilm of C.
albicans could be wrecked by CAP (41). Heinlin et al. used CAP
application to assess its efficacy against the dermatophytes such
as T. rubrum and M. canis in vitro. The fungal growth was then
measured after CAP treatment. The results proved that CAP
exhibited efficient effects on the decontamination of T. rubrum
and M. canis (42). Ouf et al. used CAP to treat five types of skin
fungus- E. floccosum,M. canis,M. gypseum, and T. rubrum. They
found that the fungal cell wall had been damaged under the
scanning electron microscope, which indicated that CAP
exhibited therapeutic effects in inhibiting fungal growth.
Furthermore, they also indicated that the CAP could
ameliorate symptoms of fungal skin diseases by the generation
of NO, which could inhibit the activity of fungal spores via
reducing the activity of keratinase and increasing the mycelium
permeability (43). Generally speaking, ROS and RNS from CAP
could destroy fungal spores and the integrity of cell membrane to
inhibit the growth of fungus.
FIGURE 4 | The functions of CAP on microorganisms. In different gas or liquid media, CAP could produce different ROS and RNS, such as 1O2, ONOO
-, NO2

-, NO3
-,

and H2O2, which inactivated microorganisms effectively. The possible mechanisms that CAP applied in inactivating organic samples included destroying biofilms,
damaging cell membranes, degrading DNA, RNA, and proteins, changing the chemical modification of proteins, and directly leading to the death of microorganisms.
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Initially, research on whether CAP could effectively inactivate
humanpathogenic viruswasmainlybasedon the studies conducted
indifferentphagemodels (8).Yasudaet al. studied the effectsofCAP
treatment onlphage. Theyutilized theDBDdevice to treatlphage
for 20 seconds. Then they found that due to the rapid denaturation
of its protein, the virus was inactivated totally. Their study noted
that CAP inactivated viral proteins through denaturation or
chemical/physical modification (44). Aboubakr et al. supported
that the degradation of viral capsid protein might be the primary
mechanism by which CAP caused viral inactivation. Their study
showed that CAP treatment for 2 min could wreck the capsid
Frontiers in Immunology | www.frontiersin.org 639
protein (45). From the studiesmentioned above, the degradation of
viral protein could be the responsible mechanism for CAP-
dependent virus inactivation. Compared with protein
degradation, was the mechanism by which CAP inactivated
viruses included the destruction of viral DNA or RNA by CAP?
Guo utilized CAP to treat water-containing bacteriophages T4,
F174, andMS2.According to the analysis of the geneticmaterials of
bacteriophages, CAP could destroy both their nucleic acids and
proteins via 1O2 (46). Besides the viral protein and DNA/RNA, the
unique structure “envelope” should also be considered as the third
potential mechanism. CAP is more conducive to suppressing non-
TABLE 1 | The mechanisms of CAP for inactivating pathogens.

Bacteria Time Device Gas Target

E. faecalis 2019 DBD O2 Biofilm
L. monochromous 2019 DBD He Biofilm
S. typhimurium 2019 DBD He Biofilm
S. bacteria 2014 APPJ Air Biofilm
P. aeruginosa 2014 APPJ Air Biofilm
K. pneumonia 2014 APPJ Air Biofilm
S. aureus 2014

2012
APPJ
DBD

He
Air

Biofilm
Membrane

P. fluorescens 2014
2012

APPJ
DBD

He
Air

Biofilm Membrane

S. epidermidis 2011 DBD Air Biofilm
DNA

E. coli 2018
2017

DBD
APPJ

He + air
He + O2

Protein
DNA
DPC

Fungus Time Device Gas Target
C. albicans 2012 APPJ Argon

Argon + O2

Biofilm

T. rubrum 2013 DBD Air Biofilm
M. canis 2015

2013
APPJ
DBD

Air
Air

Biofilm
Protein
Spores

E. floccosum 2015 APPJ Air Protein
Spores

M. gypseum 2015 APPJ Air Protein
Spores

Visus Time Device Gas Target
hAV 2018 DBD Argon Protein

DNA
COVID-19 2021

2022
APPJ
APPJ

He
Argon

Ca2+

ACE2
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E. faecalis, Enterococcus faecalis; L. monochromous, Listeria monochromous; S. typhimurium, Salmonella typhimurium; S. bacteria, Salmonella bacteria; P. aeruginosa, Pseudomonas
aeruginosa; K. pneumonia, Klebsiella pneumonia; S. aureus, Staphylococcus aureus; P. fluorescens, Pseudomonas fluorescens; S.epidermidis, Staphylococcus epidermidis; E. coli,
Escherichia coli; DPC, DNA and protein crosslinking; C. albicans, Candida albicans; T. rubrum, Trichophyton rubrum; M. canis, Microsporum canis; E. floccosum, Epidermophyton
floccosum; M. gypseum, Microsporum gypseum; hAV, Human adenovirus; COVID-19, coronavirus disease-19; ACE2, angiotensin-converting enzyme 2; DBD, dielectric barrier discharge;
APPJ, atmospheric pressure plasma jet.
TABLE 2 | The inactivation of CAP for the main skin pathogenic microorganisms.

Microorganism Skin disease Skin lesion Device Target

S. aureus Impetigo VesiclesBullousBlisters APPJDBD Biofilm
C. albicans Tinea ItchyWhite PlaquesErythema APPJ Biofilm
T. rubrum Tinea capitis, Tinea corporis, Tinea manus ErythemaScalyItchy DBD Biofilm
M. canis Tinea capitis, Tinea corporis, Tinea manus ErythemaScalyItchy APPJDBD Biofilm Protein Spores
M. gypseum Tinea capitis, Tinea manus ErythemaScalyItchy APPJ Protein Spores
Staphylococcus aureus, S. aureus; Candida albicans, C. albicans; Trichophyton rubrum, T. rubrum; Microsporum canis, M. canis; Microsporum gypseum, M. gypseum; DBD, dielectric
barrier discharge; APPJ, atmospheric pressure plasma jet.
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enveloped viruses (47). HAV is a kind of non-enveloped dsDNA
virus. Zimmermann et al. studied the inactivating effect of CAP on
HAV. After CAP treatment for 240 seconds, they found that the
virus was inactivated efficiently. Moreover, before infecting CMS-5
cells, HAV, eGFP, and firefly luciferase, were treated by CAP. The
results showed that the infectivity and replication of HAV were
inhibited directly. They believed that the effect of inactivatingHAV
was mainly due to the RNS from CAP, which could destroy viral
proteins and DNA (48). Virus infection of eukaryotic cells was
complicated, including multiple signaling mechanisms inside and
outside (49). TheCOVID-19 virus has spreadworldwide in the past
twoyears, andpeople’shealth is facinga considerable threat (50).To
explore the interaction between CAP and COVID-19 virus, we
selected surface discharge plasma to inactivate the COVID-19
pseudovirus. We utilized CAP with 8.36 kV, 23 kHz, and 0.25 W/
cm2 to treat deionized water to generate solutions including ROS
andRNS.Then aCOVID-19 pseudovirus incorporatedwith SARS-
CoV-2S protein was recognized as the virus model. The results
showed that the short-lived species from CAP-activated deionized
water, such as ONOO– and O2

–, could modify the amino acids in
proteins, inactivate S protein and prevent the binding between
receptor-binding domain and angiotensin-converting enzyme 2
(ACE2) to achieve the disinfection of COVID-19 virus (25). As we
all know, developing a new coronavirus vaccine is crucial in helping
humans defend against the inflammatory outbreak caused by kinds
of viruses. A recent article demonstrated that CAP could promote
ROS accumulation in host cells, leading to the lipid peroxidation of
the cell membrane, increasing the influx of Ca2+, and activating
selective autophagy. The phenomenon caused by CAP would
accelerate the entry of host cells into G1 and stop at the G2/M
stage to increase the nutrients for viral multiplication, which was
conducive to the development of new vaccines and clinical
treatments (51). Furthermore, although vaccines that treat SARS-
CoV-2 have been produced, the continuous mutation of SARS-
CoV-2 may reduce the specificity of the vaccines. Dai, with his
faculties, explored the effect of CAP on mutant SARS-CoV-2
viruses. Their results confirmed that the interaction of •OH and
other substances produced by CAP or CAP-activated medium
(PAM) could trigger the nuclear translocation of the viral
receptor ACE2 and inhibit the SARS-CoV-2 virus to invasive host
cells (52). Due to the different complexity of virus particles, viruses
infect host cells through a series of strategies, resulting in physical
interactions between host cells and viruses. The ROS and RNS
produced by CAP can promote the inactivation of the viruses by
destroying the virus envelope, degrading their DNAor protein, and
modifying the protein binding site.
ROS AND RNS ACCELERATED WOUND
HEALING VIA CELLS’ PROLIFERATION,
GROWTH FACTORS’ SECRETION, AND
VESSELS’ GENERATION

Recent studies have demonstrated that CAP can promote wound
healing by regulating cell viability, proliferation, migration, and
Frontiers in Immunology | www.frontiersin.org 740
inflammatory reaction (53–55). As a secondary messenger, H2O2

could drive redox signaling pathways and participate in the
steady-state, inflammation, proliferation, and remodeling
stages of wound healing (56). In addition, ROS and RNS also
acted as the mediator of various cellular reactions, affecting cell
differentiation, cell apoptosis, cell structure, and the structural
integrity of connective tissue (57–60). Shome used a co-culture
model to study the effect of CAP on wound healing and paracrine
crosstalk between keratinocytes and fibroblasts in vitro. They
observed that CAP treatment resulted in the up-regulation of the
HIPPO transcription factor YAP in HaCaT and fibroblasts. As
downstream effectors of the HIPPO signaling pathway, CTGF
and Cyr61 were also up-regulated in their studies (56). In
conclusion, their results confirmed that at the beginning of
wound healing, CAP activated regeneration signaling pathways
and stimulated communication between skin fibroblasts and
keratinocytes, which promoted the healing of keratinocyte
wounds co-culture model in vitro.

Schmidt et al. utilized the APPJ with Ar working gas to treat
female mouse wound models for 20 seconds daily. Over 14 days,
compared with the control group, the CAP group significantly
accelerated the wound’s epithelial regeneration from day three to
nine by quantitative analysis. They demonstrated that CAP could
stimulate the migration of keratinocytes and fibroblasts in vitro,
which resulted in the accelerated closure of gaps in scratch
assays. The cause of this effect was related to the down-
regulation of the gap junctional protein Cx43 mentioned
above. Due to the down-regulation of E- cadherin, several
integrins, and actin reorganization after CAP application, they
confirmed that CAP could induce changes in adhesion junctions
and cytoskeleton dynamics to accelerate wound healing (61). Lin
utilized a DBD device with helium gas to treat the wound on the
mice’s skin at 66 kHz and 6.0 kV. They found that galectin-1, as a
b-galactose-binding lectin, was involved in many physiological
functions to induce myofibroblast activation, which wound
secret growth factors and chemoattractants to create new
substrates and proteins in the extracellular matrix in wound
healing. It was reported that galectin-1 accelerated wound
healing by regulating the theneuropilin-1/Smad3/NOX4
pathway and ROS production in myofibroblasts (62). They
examined the efficacy of low-temperature plasma on galectin
expression in the skin using immunoelectron microscopy and
found that the galectins increased quickly after the low-
temperature plasma treatment and accelerated wound healing
through the Smad pathway (6). Besides, CAP could increase the
generation of fibroblasts and inner wall cells of blood vessels in
wounds. The effect resulted from the link to the activity of some
proteins, such as the vascular-associated migration cell protein
(AAMP). CAP could strongly up-regulate the expression of the
gene encoding AAMP, which could drive the RhoA–ROCK and
Nod2–NF-kB signaling pathway to accelerate cell movement and
promote wound healing (63). In summary, as Figure 5 displayed,
CAP promoted wound healing by enhancing the proliferation of
keratinocytes, up-regulating the expression of cell growth-related
genes, strengthening the release of cytokines, inhibiting wound
microbial infection, and inducing the formation of blood vessels.
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ROS AND RNS ATTENUATED NCISDS VIA
KERATINOCYTES’ APOPTOSIS, IMMUNE
REGULATION, AND ANTIOXIDANT
SYSTEMS’ ACCELERATING

According to the lesions and pathological changes of skin
diseases, ncISDs include nearly 100 different immune diseases
caused by immune cells. For example, Th17 and ILC3 cells can
lead to psoriasis characterized by neutrophil infiltration. Th2
cell can lead to eczema characterized by the abnormal
infiltration of eosinophils. As for vitiligo, the CD8+T cell is
critical, resulting in the high secretion of CXCL10, IFN-g, and
IL-17. These diseases have seriously affected the quality of
patients’ lives and caused enormous socio-economic costs.
Due to the genetic susceptibility of the body and the
Frontiers in Immunology | www.frontiersin.org 841
influence of the peripheral environments, ncISDs often lead
to impaired epithelial function and pathological changes,
including immune cell infiltration (64).

As a kind of complex hyperproliferative skin disease, psoriasis
is an autoimmune disease. The typical clinical features are
characterized by erythema, plaques, and scaly (65). In addition,
excessive proliferation of keratinocytes, inflammation,
infiltration, and pathological angiogenesis has been regarded as
the typical pathological changes of psoriasis (66, 67). Our team
used a DBD device with 0.06 W/cm2 to treat keratinocytes and
evaluated the initial treatment effect of CAP on psoriasis by
observing the death of keratinocytes and the release of related
cytokines. We placed a petri dish containing HaCaT cells 10 mm
below the surface DBD device. Then we explored the therapeutic
effects of CAP on psoriasis by detecting the concentrations of
FIGURE 5 | The treatment of CAP on wound. When the skin was hurt, the first step was to form a blood scab to protect the wound. CAP could accomplish wound
healing through short-lived and long-lived ROS and RNS. CAP could promote the formation of new blood vessels, strengthen the release of CTGF and VEGF,
activate the activation of the YAP pathway, and upregulate the expression of Cx43 and Cyr61.
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ROS and RNS, observing the morphology, the viability, the
apoptosis of keratinocytes, and the secretion of different
cytokines, which played an essential role in the pathogenesis in
psoriasis. From the results, we confirmed that CAP could
suppress psoriasis. The main mechanisms of the results were
exhibited: producing keratinocyte apoptosis, inhibiting excessive
proliferation of keratinocyte and T lymphocytes, up-regulating
the expression of IFN-g and the mRNA of VEGF, increasing IL-
6, IL-8, TNF-a, and VEGF release and decreasing the content of
IL-12 (68). Lu et al. used cell and animal experiments to confirm
CAP’s therapeutic function in psoriasis. They chose an APPJ
device that flushed into helium and oxygen working gas with 15
kV and 1 kHz. Firstly, the cell model of psoriasis-like
inflammation was simulated by adding LPS or TNF-a into
HaCaT keratinocytes and then using a CAP-treated medium to
cultivate HaCaT cells. Secondly, APPJ was directly applied to
imiquimod-induced psoriasis-like dermatitis in mice. They
observed that CAP increased ROS in HaCaT keratinocytes and
caused keratinocyte apoptosis. Moreover, it was interesting that
the IMQ-induced psoriasiform dermatitis gradually ameliorated
lesions that displayed weakened epidermal proliferation and
performed a thinner epidermal layer after APPJ treatment (69).
Lee et al. indicated that CAP treatment might suppress psoriasis-
like lesions in mice. Compared with the mice without CAP
treatment, increasing epithelial thickness and the expression of
pro-inflammatory molecules were inhibited in the skin of
psoriasis-like mice treated with CAP. It has been well accepted
that the expression of PD-L1 was relevant to the excessive
activation of T cells. To their surprise, CAP could inhibit
excessive activation of T cells via increasing PD-L1 expression
in HaCaT cells (70). ROS and RNS from CAP could inhibit the
excessive proliferation of keratinocytes and promote their
apoptosis but restrain the proliferation of T lymphocytes and
enhance the expression of PD-L1 protein, which was negatively
correlated with the T lymphocytes’ proliferation. Moreover, ROS
and RNS could also directly regulate the release of inflammatory
factors such as IL-6, IL-12, and VEGF in lesions to achieve the
effects of alleviating psoriasis.

Vitiligo is the most frequent cause of depigmentation globally
(71). Its standard treatment methods make vitiligo treatment
challenging, owing to side effects, low cure, and high recurrence
rates (72). Our team recently conducted experiments on CAP to
treat vitiligo in vitro and in vivo. We used APPJ and DBD
generating devices to treat vitiligo-like mice and patients with
active focal vitiligo up to one month. With 8 kV and 9 kHz, CAP
showed satisfactory efficiency in attenuating vitiligo. We used
CAP-activated hydrogel and APPJ device to observe the
interaction between CAP and vitiligo. From the vitiligo-like
mouse, we documented that CAP could ameliorate vitiligo
lesions and accelerate the distribution of follicular melanin.
Furthermore, we confirmed that CAP could inhibit the
infiltration of immune cells such as CD8+T cells, CD3+ cells,
and CD11c+ cells, decrease the secretion of immune cytokines,
and strengthen the responsibility of anti-oxidative systems.
Moreover, we also observed the same changes in active focal
vitiligo patients in the clinical trial without any side effects.
Frontiers in Immunology | www.frontiersin.org 942
In conclusion, we thought that CAP could inhibit the excessive
activation of immune cells, restrain the release of inflammatory
chemokines, induce the expression of Nrf2 and weaken the
inducible nitric oxide synthase activity to attenuate vitiligo
(73). From these studies, we considered that CAP ameliorated
vitiligo by producing the generation of follicular melanocytes,
inhibiting the excessive infiltration of immune cells, restraining
the release of inflammatory cytokines, and regulating the activity
of oxidative or anti-oxidative systems (Figure 6). As we all know,
ncISDs are chronic and T-cell-associated inflammatory skin
diseases. For psoriasis, with the characteristics of thickening
and scaling, its pathogenesis was considered the proliferation
of keratinocytes, infiltration of inflammatory or immune cells,
and form of vessels. As for vitiligo, it involved oxidative stress
pathways, immune inflammation, and the destruction of
melanocytes. It could be known from the above documents
that CAP attenuated ncISDs by promoting the apoptosis of
keratinocytes, inhibiting the proliferation of keratinocytes,
restraining excessive immune responses, regulating
inflammatory cytokines, and reinforcing antioxidant systems.
ROS AND RNS INHIBITED CANCER VIA
PRODUCING CELL APOPTOSIS,
INCREASING CYTOKINES RELEASE, AND
ACTIVATING THE DIFFERENT PATHWAYS

Recent studies have suggested that researchers have concluded
that the primary mechanism of CAP’s anti-cancer treatment
might be related to the generation of ROS and RNS (74, 75). Free
radicals, especially ROS and RNS, had been reported as the
commonmediator of apoptosis. ROS, RNS, and charged particles
have been determined to be significant contributors to plasma-
induced cell death (76). The excessive generation of ROS and
RNS might damage cellular components, including DNA,
proteins, and lipid membranes. However, most apoptosis
pathways observed in CAP-treated cancer cells mainly depend
on the injury of significant protein and DNA or the damage to
the cell microenvironment.

Melanoma is considered as a highly invasive cancer that is
highly resistant to most traditional chemotherapy and radiation
therapies (77). Previous studies had provided several possible
mechanisms by which CAP inactivated cancer cells, including
ROS and RNS, charged particles, heat, pressure gradients, and
changes in electrostatic and electromagnetic fields. In Keidar’s
study, CAP had been translated into in vivo models of tumor
treatment. From the results, they found that the mid-sized
tumors in nude mice ameliorated after 2-min CAP treatment
without any thermal damage (78). Chernets et al. utilized CAP
application to treat melanoma in a mouse model, and the
results confirmed that CAP could prohibit the activity and
proliferation of melanoma. Their study showed that ROS, RNS,
and its radicals from CAP created a chemistry response for
eliminating subdermal B16 melanoma. They also indicated that
the heat from CAP was insufficient to prohibit melanoma
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proliferation without the presence of reactive species (79).
Ishaq et al. showed that CAP caused melanoma cells to over-
expression TP73, which will lead to growth arrest and apoptosis
(80). Ardnt et al. discovered that CAP treatment for 2 seconds
could lead to irreversible cell cycle arrest, induction of
phosphor-H2AX, and DNA damage (81, 82). In addition,
Schneider et al. analyzed intracellular Ca2+ indicator fura-2
AM to analyze changes in cytoplasmic Ca2+ levels after CAP
treatment of malignant melanoma cells. The results showed
that CAP caused the acidification of water and solution, and the
influx of Ca2+ in melanoma cells induced by CAP was enhanced
in an acidic environment. Besides, NO induced by CAP was
dose- and pH-dependent, and CAP-treated solutions could
cause protein nitrification in cells under acidic conditions.
Therefore, they believed that the decrease in pH caused by
CAP treatment inhibited tumor cells’ proliferation and growth.
The possible mechanism was that the synergistic effect of ROS,
RNS, and acidic conditions produced by CAP affected the
intracellular Ca2+ level of melanoma cells. Since the
microenvironment of tumors was usually acidic, further
acidification may be one reason for the specific anti-cancer
effect of CAP (10). These results might indicate that CAP
shared some similarities in their mechanism of action,
possibly by causing ROS-dependent DNA or protein damage
in melanoma. Of course, acidifying the microenvironment of
tumor cells and enhancing the influx of Ca2+ to tumor cells
could also cause the death of tumors.

Non-melanoma skin tumor primarily includes basal cell and
squamous cell carcinoma. Basal cell carcinoma (BCC), most
common in the head and neck region, is the most common
form of skin tumor and 3 to 5 times more common than
squamous cell carcinoma. Squamous cell carcinoma mainly
occurs in the head and neck region and is more common in
older men (83). Recently, Wang studied the effects and the
related mechanisms of CAP-activated medium on cutaneous
squamous carcinoma cells (SCC). They selected A431
epidermoid carcinoma cell lines and a CAP-activated PBS
Frontiers in Immunology | www.frontiersin.org 1043
medium to incubate the A431 cells for 2 hours. Their results
showed that the CAP-activated PBS medium could increase the
intracellular ROS levels and inhibit the proliferation of A431 cells
in a dose/time-dependent manner. At the same time, the CAP-
activated PBS medium could lead to the apoptosis of A431 cells
(84). Yang’s study aimed to explore the effects and related
mechanisms of two CAP-activated solutions on TE354T cell
and HaCaT keratinocyte cell lines. PAS was prepared by CAP
irradiation of DMEM and PBS. Then they treated TE354T cells
with PAS in vitro and evaluated the viability and apoptosis rate of
TE354T cells and HaCaT cells. Western blotting and RNA
sequencing were also detected. The results showed that CAP-
activated PAS solution strengthened the apoptosis signaling in
BCC, and the mechanisms were related to the activation of the
different signaling pathways (85).

Besides the skin tumors mentioned above, CAP has shown
remarkable effects on other kinds of tumors, such as the triple-
negative breast cancers through hsa_circRNA_0040462 (86–88),
glioblastoma multiforme (89), lung cancers (90), and pancreatic
ductal adenocarcinoma (91). Recent studies confirmed that
invivopen, a new source of CAP for cancer therapy, could
ameliorate triple-negative breast cancer successfully. They
found that CAP or PAM could inhibit the proliferation of
triple-negative breast cancer, which showed a more significant
inactivation on mesenchymal breast cancer than epithelial-
derived breast cancer. Surprisingly, the above results also
applied to the CAP inactivation of mesenchymal-derived
bladder cancers (92, 93). In addition, tumor recurrence is often
related to the rapid proliferation of remaining tumor cells in the
body. In order to solve the threat of residual tumor cells, our team
developed a new type of therapeutic plasma-activated biogel that
could be implanted into mice to inhibit the proliferation of
residual tumor cells. With 10 kHz and 7.5 kV, CAP could
transform the solution into the plasma-activated biogel
containing ROS with its temperature rising to 35°C. Then the
plasma-activated biogel was placed in the tissue where the tumor
cells were removed, and the tumor growth on the skin of the
FIGURE 6 | The application of CAP application on vitiligo. The skin is divided into the epidermis, dermis, and subcutaneous tissue layers. Vitiligo results from the
targeted destruction of melanocytes. ROS and RNS from CAP could promote the release of HIF-1a, cause keratinocytes to release cytokines, inhibit the cytotoxicity
of CD8+T cells and avoid the targeted destruction of melanocytes.
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right-back of the mouse was monitored three times a week. The
results showed that compared with other groups, the mouse in the
plasma-activated biogel group was ameliorated entirely within
two weeks. Moreover, the survival rate was more than six weeks,
and no tumor recurrence had been seen. Through experiments, it
could be known that the effect substances, such as H2O2, NO2

-,
NO3

-, ONOO- and O2
-, could be released by plasma-activated

biogel would inhibit the growth and recurrence of residual tumor
tissues without any side effects (94). All in all, CAP could promote
tumor cell apoptosis by activating the cell culture medium, acting
on tumor cells, and directly inhibiting the proliferation of tumors.
It could be seen from the above findings that the increase in the
concentration of ROS and RNS in tumor cells was the key to the
treatment of tumors by CAP. On the one hand, ROS and RNS
could damage the DNA of tumor cells and the proteins such as
tumor protein 73. On the other hand, the acidification of the
tumor’s microenvironment and the increased concentration of
Ca2+ in the microenvironment were also crucial in prohibiting
tumor cells by CAP. In addition, the MAPK/JNK or NF-kB
signaling pathway was also the main mechanism for CAP to
inhibit the proliferation of tumors.
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CONCLUSION

CAP has shown its apparent effects on different skin diseases such as
infectious diseases, skin tumors, psoriasis, vitiligo, and wound
healing. Figure 7 has described the main mechanisms of CAP
application on skin diseases. In terms of inhibiting microbial
infections, with ROS and RNS, CAP destroyed biofilms or the cell
membranes of microorganisms and damaged the DNA, RNA, or
protein of microbes in a time or dose-dependent manner directly or
indirectly; Inwoundhealing, CAPcould promote the proliferation of
keratinocytes, enhance the expression of genes related to cell growth,
and enhance the release of inflammatory factors. As for the ncISDs,
CAP could promote the apoptosis of keratinocytes, inhibit the
proliferation of keratinocytes, and suppress the excessive activation
of T lymphocytes, which played a crucial role in psoriasis. CAP could
also ameliorate the occurrence of vitiligo by reducing the excessive
activation of the immune response and enhancing the ability of the
antioxidant system. Finally, CAP could activate the apoptosis of cells,
restrain the acidification of the cells’ microenvironment, increase
intracellular Ca2+, and damage DNA to ameliorate melanoma. Last
but not least, for the other tumor such as glioblastoma multiforme,
FIGURE 7 | The treatment of CAP application on skin diseases. Atmospheric plasma has been divided into hot, warm, and cold atmospheric plasma. Two main
kinds of CAP generators, DBD and APPJ, have been utilized to treat skin diseases such as inactivating microorganisms, accelerating wound healing, ameliorating
ncISDs, and inhibiting tumors via ROS and RNS from CAP.
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lung cancers, and pancreatic ductal adenocarcinoma, ROS, and RNS
could activate the apoptosis of the tumor and accelerate the release of
thenecrosis factors related toMAPKorNF-kB signaling pathways to
inhibit tumors. As a new type of non-invasive physical tool, CAP has
shown satisfactory results inmedicine. It is believed that CAPwill be
applied to treat more skin diseases in the future and apply more
therapeutic options for the treatment of skin diseases.
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Inflammation plays an active role during the wound healing process. There is a direct
association between the extent of injury as well as inflammation and the amount of
subsequent cutaneous scarring. Evidence to date demonstrates that high levels of
inflammation are associated with excessive dermal scarring and formation of abnormal
pathological scars such as keloids and hypertrophic scars. In view of the multiple
important cell types being involved in the inflammatory process and their influence on
the extent of scar formation, many scar therapies should aim to target these cells in order
to control inflammation and by association help improve scar outcome. However, most
current treatment strategies for the management of a newly formed skin scar often adopt
a watch-and-wait approach prior to commencing targeted anti-inflammatory therapy.
Moreover, most of these therapies have been evaluated in the remodelling phase of
wound healing and the evaluation of anti-inflammatory treatments at earlier stages of
healing have not been fully explored and remain limited. Taken together, in order to
minimise the risk of developing a poor scar outcome, it is clear that adopting an early
intervention prior to skin injury would be optimal, however, the concept of pre-emptively
priming the skin prior to injury has not yet been thoroughly evaluated. Therefore, the aim of
this review was to evaluate the available literature regarding scar therapies that aim to
target inflammation which are commenced prior to when a scar is formed or immediately
after injury, with a particular focus on the role of pre-emptive priming of skin prior to injury in
order to control inflammation for the prevention of poor scarring outcome.

Keywords: skin scarring, wound healing, hypertrophic scars, keloid scars, inflammation, skin priming, pre-emptive
skin priming
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INTRODUCTION

The wound healing process is highly complex and is comprised
of a series of well-defined stages that include inflammation,
proliferation, and remodelling/scar formation (1). After an
initial injury, clotting occurs and invading microbes activate an
inflammatory response that is spread by the local release of
chemotactic factors (2). There are multiple key players in the
inflammatory process including neutrophils, monocytes, and
other immune cells that are recruited to the wound site to
clear cell debris and infections and aid in the tissue repair
response (1–3). The length of response and the degree vary
which has an effect on the final outcome. Certainly, there are
significant benefits of producing an inflammatory response, but
there are also negative aspects which can lead to non-healing
wounds and excessive scarring, including hypertrophic scar and
keloid formation (4–6). Many studies have suggested a direct
association between the extent of injury/inflammation and
the amount of scarring and there has been evidence that
high levels of inflammation are associated with excessive
scarring or development of abnormal scars, whereas
inflammation is significantly diminished in wounds that heal
without scars (7–11).

A number of immune cells have been associated with scar
formation, including mast cells, macrophages and neutrophils
Frontiers in Immunology | www.frontiersin.org 249
as well as many inflammatory mediators have been shown to
influence scar formation (12, 13) (Figure 1). In particular,
macrophages, T cells, and mast cells have all been shown to be
increased in abnormal scar tissue in particular in keloid,
although in varying degrees. In keloid tissue, macrophages
have been shown to have upregulated M2-associated genes
which are highly relevant to tissue repair and remodelling (12,
13). While macrophages are indeed important for tissue
repair, an overabundance on the other hand can be
detrimental (14, 15). Current research has shown that T cells
have a complex role in regulating scar formation, mainly due
to the diverse T cell subsets (16, 17). Coculture of keloid
fibroblasts with a Treg-enriched condition demonstrated
reduced collagen synthesis in comparison to keloid
fibroblasts cocultured with a Treg deficient T cell population
(18). Neutrophils are the earliest leukocytes to arrive on the
site of injury and they have been identified as the key cells in
preventing microbes spreading and have a role in fibrosis (19)
but there is a lack of in vivo evidence of the role of neutrophils
in scar formation. Mast cells, however, are important in
hypersensitivity responses and allergic reactions and their
link with scar formation has also been studied (8, 20–22).
Observations of their numbers and activation status were
positively correlated with the degree of scar formation (23,
24). They have been identified as being significantly increased
FIGURE 1 | The key inflammatory cells in scar formation include mast cells, macrophages, neutrophils and T cells.
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in hypertrophic and keloid scars (8). Furthermore, our group
has shown that not only is this a problem in excessive scarring
but there are high numbers of mast cells in normal scarring
compared to normal skin and this number is further increased
after injury with levels not returning to normal even by week 8
post-injury (22).

In view of these important cell types being involved in the
inflammatory process and their influence on the extent of scar
formation, many scar therapies aim to target these cells in order
to quench inflammation to improve scar outcome (25–29).
However, most of these therapies have been evaluated in the
remodelling phase of wound healing mainly due to the scar
being most evident at this stage and the amount of
inflammation is most noticeable when correlated to scar
severity. Conversely, the evaluation of anti-inflammatory
treatments at earlier stages (30, 31) have been limited,
because there has been the assumption that inflammation in
the early phase of healing is necessary and beneficial for
infection prevention and neovasculature development in
wound healing. Most current treatment strategies for the
management of a newly formed skin scar often adopt a
watch-and-wait approach prior to commencing targeted
therapy (32, 33). However, in order to minimise the risk of
developing a poor scar outcome, taking an early intervention
prior to skin injury is desirable. Priming is defined as a
substance that prepares the skin for use. Priming the skin
prior to an invasive intervention for achieving an optimal
result has been studied (34–40). However, the concept of pre-
emptively priming the skin prior to injury has not been
thoroughly evaluated. Therefore, the aim of this review was
to evaluate the available literature regarding scar therapies
which aim to target inflammation which are commenced after
a scar has formed or immediately after injury, and we will
particularly focus on the role of pre-emptive priming of skin
prior to injury in order to control inflammation for the
prevention of poor scarring outcome (Figure 2).
Frontiers in Immunology | www.frontiersin.org 350
TARGETING INFLAMMATION TO TREAT
EXISTING SKIN SCARRING

A number of anti-inflammatory treatments for skin scarring
have been evaluated for existing scars including radiotherapy,
compression (pressure therapy), laser and 5-fluorouracil therapy
(40–43). These therapies have been thought to supress
inflammation by inhibiting angiogenesis as inflammatory cells
migrate through blood (5). A non-pharmacological treatment
that has been used is onion extract ointment which is composed
of phenolic compounds. This active ingredient can be converted
to quercetin which is an anti-inflammatory derivative with its
effects including mast cell stabilisation and anti-proliferative
effects (44). This treatment has been used post-operatively to
compare the efficacy of silicone gel containing onion extract and
aloe vera to silicone gel sheets to prevent postoperative
hypertrophic scars and keloids (45). Another study used onion
extract on C-Section scars 4 weeks post-surgery and noted
improved scar pigmentation and pliability (46).

There are a number of pharmacological treatments which
have been used to target inflammation for scarring. Steroids are
well known for their anti-inflammatory effect and are widely
used for treatment of autoimmune diseases. They decrease
inflammation by suppressing the activities of both myeloid and
lymphoid cells (47). As increased inflammation promotes
excessive scarring, steroid administration is one of the most
commonly used treatments for keloid and hypertrophic scars
(47). An anti-cancer drug named, Paclitaxel has been shown to
regulate inflammatory responses and fibrosis. It has been found
to inhibit the NF-kB pathway (48) and attenuate fibrosis by
blocking STAT-3 signaling (49). This anti-inflammatory and
anti-fibrosis effect has also been observed in animal models of
keloid (50) and hypertrophic scars (51). In vitro studies have
shown that the expression of IL-6 and TNF-a, as well as the
production of a-SMA and collagen I, decreased in human keloid
fibroblasts following paclitaxel administration (50).
FIGURE 2 | Scar therapies which aim to target inflammation pre-emptively prior to injury, immediately after injury and post-scar formation.
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Laser therapies have been used to target inflammation for
existing scars. One study used a diode laser with an intralesional
optical fibre delivery device in the treatment of hypertrophic and
keloid scars and showed a significant reduction in pigmentation
and blood perfusion levels (52). A PDL/Nd : YAG laser has also
been used in the treatment of surgical scars and the short-term
effects were evaluated by in vivo confocal microscopy and the
long-term effects by clinical assessment of the scars appearance
(53). The results demonstrated scar improvements with the laser
treatment by showing lower numbers of vessels and decreased
amount of collagen fibers.
TARGETING INFLAMMATION TO TREAT
SCARS IMMEDIATELY POST-INJURY

A number of studies have aimed to explore the effects of early
intervention of inflammation on scar formation with the
outcomes varying by different approaches. Surgery, tapes,
sheets, and pressure garments are considered useful in
decreasing inflammation in the wound area by reducing the
degree of tension at the wound edge and all have been used
immediately during or after surgery/injury (54). Silicone gel is
considered the first line of treatment for most scar management
cases, including hypertrophic and keloid scars (55). This anti-
scar activity could be partly attributed to the occlusive
environment created by silicone gel dressings, and hydration is
also believed to lead to the stabilisation of mast cells (16). This
treatment is usually applied early once a scar has formed.

Laser therapies have been used both on existing scars and
earlier in the healing process. In most studies, the recommended
time frame for commencing scar treatment using fractional CO2
laser has remained relatively consistent at more than 2 months
after surgery (56). However, recent studies have emphasised the
importance of early treatment to reduce scar formation using
fractional CO2 laser (56, 57). Resurfacing of scars using
fractional CO2 laser with early interventional treatment has
been shown to reduce scar formation (58–61). A meta-analysis
has supported the efficacy of lasers in minimizing closed surgical
scars when treated less than 1 month after surgery (62). There
has also been reports on the use of intraoperative fractional CO2
laser treatment of wound edges, which significantly improved the
appearance and texture of the scars (63). Erbium: YAG laser
treatment, performed immediately after surgery, can also
improve the appearance of a surgical scar (64). Thus, it
appears that early treatment to the wound may lessen scar
formation. Non-ablative fractional laser treatment has also
been directly used on the wounded skin barrier immediately
after punch biopsy collection, in order to improve scar
appearance (65).

Botox which is the commercial name of botulinum toxin
(BTX), a neurotoxin produced by clostridium botulinum has
been shown to have anti-inflammatory effects on wound healing
and scar formation (4, 66, 67). A meta-analysis evaluating
intralesional injection of BTX-A versus corticosteroids and
Frontiers in Immunology | www.frontiersin.org 451
placebo in the treatment of hypertrophic scars and keloids
showed that BTX-A was most effective (68). Another study
compared the effects of inflammation intervention in earlier
phases (on the day of operation) with that in later phase (2-
week postoperatively) on scar formation after thyroidectomy
(31). It has been suggested that by injecting BTX-A and its
diffusion into the surrounding muscles at different times during
the wound healing process this may have different effects on scar
cosmesis by reducing the levels of inflammatory cytokines and
mechanical tension on the wound edges (69–71). Although no
difference was observed in scar size, early application of BTX-A
achieved better scar appearance in relation to erythema, skin
elasticity and patient satisfaction, compared to later application.
However, the authors did not perform histopathologic
assessments in order to evaluate the changes in inflammatory
cell infiltration during specific phases of inflammation and
structural changes of the skin.

Another study evaluated the effectiveness of intraoperative
electro-abrasion for scar revision (72). This was a prospective,
randomized, observer-blinded, split-scar study with 24 linear
scar segments from patients undergoing Mohs micrographic
surgery. After placement of dermal sutures, half of the wound
was randomly treated with electro-abrasion whilst the other half
was used as the control. Results showed improved scar
topography but worsened erythema.
PRE-EMPTIVE PRIMING OF SKIN PRIOR
TO INJURY

Several studies support the concept of pre-emptive priming of
skin prior to cutaneous injury (34–39). For instance, research on
the treatment of pigmented acne scars by ablative laser therapy
advocates the use of priming agents to reduce wound healing
time, decrease the risk of post-inflammatory hyperpigmentation
and provide ultraviolet damage protection (34). Additionally,
radiotherapy has been used as an adjuvant therapy for the
treatment of keloid scarring both prior to extralesional excision
and post-surgery and this has been shown to lead to lower
recurrence rates (73).

Another option to target inflammation is by way of topical
therapies which have been thought to be a viable therapeutic
strategy for restricting scar tissue production and enhancing the
cosmetic and functional clinical outcomes resulting from skin
injury (74). Our group has conducted two double-blind
randomised controlled clinical trials in humans to evaluate the
concept of immediate versus delayed application of a topical
formulation post-surgical wounding in an excisional punch-
biopsy model (75) and the concept of pre-emptive priming of
the wound site compared to immediate or delayed application
(76). The objective was to deliver an active compound at the
optimal time post-surgically induced injury, in order to
maximise its impact and improve healing. The results from the
first trial (75) demonstrated reduced mast cell numbers, scar
thickness and angiogenesis plus increased hydration and
May 2022 | Volume 13 | Article 883239
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elasticity when an anti-scarring topical formulation was applied
immediately to the zone of injury and with delayed application of
topical two-weeks post-wounding. The topical formulation used
epigallocatechin-3-gallate (EGCG) as the active ingredient.
EGCG is the most potent anti-inflammatory anti-oxidant and
active component and the most extensively studied green tea
catechin (75). Our group have previously evidenced the
transdermal delivery uptake of EGCG by using high-
performance liquid chromatography and demonstrated this
penetrated to the deep dermal tissue and remained in the
dermis (74). The mechanism of action of EGCG in wound
healing and scarring remain unclear but a number of in vitro
studies have been conducted to identify the mechanism of action
of EGCG on mast cells, angiogenesis and scar shrinkage (77–79).

The findings from the first study provoked the hypothesis that
even earlier application of an active such as EGCG could have
beneficial effects on the outcome of scarring. Therefore, the
second double-blind randomized placebo-controlled trial used
various modes of the same anti-scarring topical formulation
(containing EGCG) application utilising a full-thickness
excisional surgical biopsy approach to identify whether pre-
emptive priming pre-surgically induced injury had a greater
impact on scarring outcome compared to immediate or
delayed application (76). This demonstrated that the effects
were further maximised by targeting the source of
inflammation earlier. Based on our data, early intervention
with the application of topical EGCG particularly 7 days prior
to injury demonstrated greater reduction in mast cells (Figure 3)
and angiogenesis (Figure 4), increases in elastin (Figure 5) and
antioxidant levels and reductions in scar thickness (Figure 6)
compared to the other modes of topical application. The
Frontiers in Immunology | www.frontiersin.org 552
reduction in mast cell numbers and subsequent lower levels of
angiogenesis are beneficial as by targeting these cell types it is
thought that this will contain inflammation to achieve a better
scar outcome. Additionally, healing requires a strong angiogenic
response but high angiogenesis also directly influences scar
formation so partial inhibition of the angiogenic response
could reduce scar formation or the potential for the
development of abnormal skin scarring (78). Furthermore,
animal studies have suggested that knocking out mast cells are
not detrimental to acute wound healing and there have been a
number of studies that have blocked mast cell activation to
improve scar formation (80–82).

The potential therapeutic benefits of priming with
proangiogenic factors and cells prior to surgery with a
combination of proangiogenic growth factors for wound
healing in normoglycemic and diabetic mice has been
investigated (38, 83). Priming with a combination of VEGF,
fibroblast growth factor (FGF) and PDGF has been shown to lead
to more rapid closure times, higher vessel densities and better
functional outcomes (38). In addition to proangiogenic growth
factors, endothelial progenitor cells (EPCs) have presented a
potential pre-treatment option for diabetic wounds (83). A
murine study showed beneficial effects with pre-treatment by
pro-angiogenic growth factors in the healing of diabetic
incisional wounds (83). They demonstrated that priming with
proangiogenic growth factors and EPCs enhanced incisional
wound healing, as defined by a more rapid wound re-
epithelialization, higher wound vascularization and higher
tensile strength. In particular, the assessment of time-to-
closure and functional outcome revealed an advantage for the
groups primed with EPCs in comparison to the control animals.
FIGURE 3 | We evaluated the pre-emptive, immediate and delayed intervention of topical Epigallocatechin-3-gallate (EGCG) on skin scarring by conducting a
randomsied double blind controlled trial on 40 healthy volunteers over 8 weeks. Here, we demonstrate graphical representations of the trends. Application of
topical EGCG, particularly 7 days prior to injury demonstrated greater reductions in mast cells, compared to the other modes of topical application.
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It is noted that while the 7 days pre-emptive treatment is feasible
and beneficial for elective surgeries, this choice may not be
available for traumatic injuries and emergency surgeries.
Further research would be required to identify if application of
this topical formulation for a short period of time, for example a
number of hours prior to trauma surgery, could also be beneficial
to the outcome of the scarring.
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DISCUSSION

We cannot erase scarring, but we can modulate the course of
healing, by reducing excessive inflammation, to achieve a better
scar outcome. Normal wound healing requires inflammation
and tissue remodelling mounting to appropriate degrees.
Excessiveness of either of these two factors can lead to the
FIGURE 5 | We evaluated the pre-emptive, immediate and delayed intervention of topical Epigallocatechin-3-gallate on skin scarring by conducting a randomsied
double blind controlled trial on 40 healthy volunteers over 8 weeks. Graphical representation of the trends for elastin which demonstrates that pre-emptively priming
the skin 7 days prior to injury shows greater increases in elastin compared to all other modes of application.
FIGURE 4 | We evaluated the pre-emptive, immediate and delayed intervention of topical Epigallocatechin-3-gallate on skin scarring by conducting a randomsied
double blind controlled trial on 40 healthy volunteers over 8 weeks. Graphical representation of the trends for angiogenesis (VEGFA) which demonstrates that pre-
emptively priming the skin 7 days prior to injury shows greater reductions in VEGFA compared to all other modes of application.
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development of keloid or hypertrophic scars. Particularly
overabundance of inflammatory cells in the remodelling
phase correlates with pathological scar formation, indicating
the presence of a prolonged inflammatory phase overlapping
with the later phases of healing. Inflammatory cell activation is
vital for the prevention of infection in contaminated wounds
particularly in the early stages of repair and can aid in cleaning
the wound site and clearing debris (25, 26). Blocking the
inflammatory pathway completely would be detrimental to
this process therefore, instead of blocking, by reducing
excessive inflammation this would allow infection prevention
but not lead to abnormal scarring. However, blocking mast cell
activation has been shown to not be detrimental to wound
healing as there have been a number of studies that have
blocked mast cells in order to improve scar formation (80–
82). Furthermore, the concept of inducing altered inflammatory
memory response in immune cells responding to injury or
in tissue stem cells and epithelial cells has been studied.
There have been suggestions that there are benefits in wound
healing and tissue repair by priming these cell types to induce
immune/inflammatory memory, characterized by epigenetic
modifications, leading to increased responsiveness and more
rapid inflammatory resolution upon secondary insult (84, 85).
Further work could be carried out to elucidate the mechanisms
involved in the therapeutic potential of inducing this
inflammatory memory.

Early interventions targeting the source of inflammation
have shown benefits in minimising scar formation. Many of the
treatments used are general anti-inflammatory therapies,
but more specific early interventions that target specific cell
types such as reducing mast cells or supressing macrophage
accumulation may be more optimal. Therefore, more
Frontiers in Immunology | www.frontiersin.org 754
research should be focussed on investigating the roles of the
individual key players in inflammation and the effects of
pre-emptive treatments to target these specific cell types to
improve scar outcomes. By blocking certain pathways in the
early phases of wound healing or prior to wounding this may
have prophylactic effects for the prevention of abnormal
skin scarring.
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FIGURE 6 | We evaluated the pre-emptive, immediate and delayed intervention of topical Epigallocatechin-3-gallate on skin scarring by conducting a randomsied
double blind controlled trial on 40 healthy volunteers over 8 weeks. Graphical representation of the trends for antioxidant levels and skin thickness which
demonstrated that pre-emptively priming the skin 7 days prior to injury shows greater reductions in skin thickness and greater increases in antioxidant levels
compared to all other modes of application.
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Université de Genève,
Switzerland

*CORRESPONDENCE

Jean-François Jégou
jean-francois.jegou@univ-poitiers.fr

SPECIALTY SECTION

This article was submitted to
Inflammation,
a section of the journal
Frontiers in Immunology

RECEIVED 01 July 2022

ACCEPTED 01 September 2022
PUBLISHED 03 October 2022

CITATION

Cordier-Dirikoc S, Pedretti N, Garnier J,
Clarhaut-Charreau S, Ryffel B, Morel F,
Bernard F-X, Hamon de Almeida V,
Lecron J-C and Jégou J-F (2022)
Dermal fibroblasts are the key
sensors of aseptic skin inflammation
through interleukin 1 release
by lesioned keratinocytes.
Front. Immunol. 13:984045.
doi: 10.3389/fimmu.2022.984045

COPYRIGHT

© 2022 Cordier-Dirikoc, Pedretti,
Garnier, Clarhaut-Charreau, Ryffel,
Morel, Bernard, Hamon de Almeida,
Lecron and Jégou. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 03 October 2022

DOI 10.3389/fimmu.2022.984045
Dermal fibroblasts are the
key sensors of aseptic skin
inflammation through
interleukin 1 release by
lesioned keratinocytes

Sevda Cordier-Dirikoc1, Nathalie Pedretti 1, Julien Garnier1,
Sandrine Clarhaut-Charreau1,2, Bernhard Ryffel3,
Franck Morel2, François-Xavier Bernard1,
Valérie Hamon de Almeida1, Jean-Claude Lecron2,4

and Jean-François Jégou2*

1Qima-Bioalternatives (Qima Life Sciences), Gençay, France, 2Université de Poitiers, Laboratoire
Inflammation, Tissus Epithéliaux et Cytokines (LITEC), UR15560, Poitiers, France, 3INEM, CNRS, UMR
7355, Orléans, France, 4Service d’Immunologie et Inflammation, CHU de Poitiers, Poitiers, France
IL-1 plays a crucial role in triggering sterile inflammation following tissue injury.

Although most studies associate IL-1 release by injured cells to the recruitment

of neutrophils for tissue repair, the inflammatory cascade involves several

molecular and cellular actors whose role remains to be specified. In the

present study, we identified dermal fibroblasts among the IL-1R1-expressing

skin cells as key sensors of IL-1 released by injured keratinocytes. After in vitro

stimulation by recombinant cytokines or protein extracts of lysed keratinocytes

containing high concentrations of IL-1, we show that dermal fibroblasts are by

far the most IL-1-responsive cells compared to keratinocytes, melanocytes and

endothelial cells. Fibroblasts have the property to respond to very low

concentrations of IL-1 (from 10 fg/ml), even in the presence of 100-fold

higher concentrations of IL-1RA, by increasing their expression of

chemokines such as IL-8 for neutrophil recruitment. The capacity of IL-1-

stimulated fibroblasts to attract neutrophils has been demonstrated both in

vitro using cell migration assay and in vivo using a model of superficial

epidermal lesion in IL-1R1-deficient mice which harbored reduced

expression of inflammatory mediators and neutrophil skin infiltration.

Together, our results shed a light on dermal fibroblasts as key relay cells in

the chain of sterile inflammation induced after epidermal lesion.
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keratinocytes, fibroblasts, IL-1, skin, sterile inflammation, epidermal lesion
frontiersin.org01
58

https://www.frontiersin.org/articles/10.3389/fimmu.2022.984045/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.984045/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.984045/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.984045/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.984045/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.984045&domain=pdf&date_stamp=2022-10-03
mailto:jean-francois.jegou@univ-poitiers.fr
https://doi.org/10.3389/fimmu.2022.984045
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.984045
https://www.frontiersin.org/journals/immunology


Cordier-Dirikoc et al. 10.3389/fimmu.2022.984045
Introduction

Skin is the outermost tissue of the human body that

represents a primary interface with the external environment.

It provides a protective barrier against mechanical, thermal and

physical injuries and constitutes the first line of defense against

pathogens. In this multilayered tissue, the epidermis plays a

crucial role in the natural barrier function, in association with a

wide repertoire of immune cells both from the innate and

adaptive systems which contribute to host defense and the

maintenance of skin homeostasis (1).

After a primary epidermal lesion in aseptic condition,

keratinocytes have the capacity to trigger a sequence of events

involving a wide diversity of molecular and cellular actors to

initiate a dedicated inflammatory response, leading to local

protection and repair mechanisms. The role of keratinocytes

has been widely studied in the pathogenesis of chronic skin

inflammatory pathologies such as psoriasis or atopic dermatitis

(2, 3). However, much less is known about the contribution of

keratinocytes in the early events of the innate immune response

after a primary epidermal lesion and the downstream

mechanisms that contribute to the development of a sterile

inflammation characterized by the infiltration of injured tissues

by immune cells. In a pathogen-free context, this epidermal

innate immune response can be induced after a cellular stress

by the passive release of alarmins such as heat-shock proteins

(HSPs), adenosine triphosphate (ATP), S100 proteins or IL-33,

which activate sterile inflammation (4). Among these mediators,

interleukin 1a (IL-1a) is also considered as an alarmin and it has

been known for a long time that keratinocytes are a potent source

of proIL-1a, as well as proIL-1b (5, 6), which are both matured

and released under their active forms in response to different

cellular stresses to trigger sterile inflammation. IL-1a and IL-1b
are both leader cytokines of the IL-1 family which encompasses

11 members, including 7 agonists with proinflammatory

activities (IL-1a, IL-1b, IL-18, IL-33, IL-36a, IL-36b, andIL-
36g) and 4 antagonists (IL-1RA, IL-18BP, IL-37, and IL-38) with

anti-inflammatory activities (7, 8). Keratinocytes were also

reported to express and secrete IL-18 (9), IL-33 (10) and IL-

36a/b/g (11) in inflammatory conditions, but most studies

reported a predominant contribution of IL-1a and IL-1b to

cutaneous sterile inflammation. Thus, both cytokines were

described be upregulated and secreted by damaged

keratinocytes after UVB exposure (12, 13). IL-1a represents a

signal for genotoxic stress when keratinocytes and fibroblasts are

exposed to various DNA damage agents, thus initiating a sterile

inflammatory cascade that contributes to efficient tissue repair
Abbreviations: HMVEC, Human dermal microvascular endothelial cells;

NHDF, Normal human dermal fibroblasts; NHEK, Normal human epidermal

keratinocytes; NHEM, Normal human epidermal melanocytes; PBMC,

Peripheral blood mononuclear cells; PMN, Polymorphonuclear cells; RHS,

Reconstituted human skin; WT, Wild-type.
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and wound healing (14). The role of IL-1a and IL-1b has also

been investigated in hypoxia-induced sterile inflammation, both

in vitro and in vivo (15). In this study, Rider et al. demonstrated

the contribution of the proIL-1a and mature IL-1b released by

necrotic keratinocytes to recruit sequentially neutrophils and

macrophages, respectively. In another mouse model of

intraperitoneal sterile inflammation after injured cells injection,

the acute neutrophilic inflammatory response required IL-1a
and the IL-1R1-Myd88 pathway (16).

Although most studies converge to a central role of IL-1

released by injured cells to trigger sterile inflammation and the

recruitment of neutrophils, less is known about the potential

target cells in the skin that express IL-1 receptors and that could

act as intermediate cells contributing to attract neutrophils at the

site of tissue injury. In the present study, we have investigated

the role of IL-1 in the induction of aseptic cutaneous

inflammation after primary epidermal lesion by integrating the

different skin compartments. We have analyzed and compared

the expression of cytokines of the IL-1 family and their receptors

in a panel of skin and immune cells, allowing us to confirm that

keratinocytes are the main source of IL-1a/b and to identify

dermal fibroblasts as central relay cells, highly sensitive to low

levels of IL-1 a/b, even in the presence of high concentrations of

the antagonist IL-1RA, and able to promote skin inflammation

through the release of neutrophil-attracting chemokines.
Materials and methods

Cell cultures, cytokines and reagents

Primary normal human epidermal keratinocytes (NHEK),

normal human dermal fibroblasts (NHDF), normal human

epidermal melanocytes (NHEM) and human dermal

microvascular endothelial cells (HMVEC) were isolated from

human skin and cultured as described in supplementary

materials and methods (17–19). Peripheral blood mononuclear

cells (PBMC) and polymorphonuclear neutrophils (PMN) were

typically isolated from whole blood of healthy adult volunteers

using Ficoll density gradient centrifugation. Subsequently, CD4+

T cells and CD14+ monocytes were isolated from PBMC through

positive selection by magnetic cell sorting using MACS isolation

kits (Miltenyi Biotec). Reconstituted human skins (RHS) were

obtained from Qima-Bioalternatives (Genç ay, France). Briefly, a
collagen (from rat tail, Institut de Biotechnologies Jacques Boy)

lattice containing fibroblasts is cast in a 0.5 cm² culture insert

(Millipore). After polymerization, keratinocytes are seeded onto

the lattice and the latter is incubated at 37°C/5% CO2 for 48 h.

The medium in the inserts is then removed allowing the

reconstructed skins to be placed in an air/liquid interface

condition. The reconstructed skins are then grown for 7 days,

changing the medium under the inserts every 2 or 3 days. The

epidermal surface of RHS was then scarified with a scalpel under
frontiersin.org
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sterile condition and supernatants were collected 48 h after

scarification for IL-8 measurements.

All recombinant cytokines (IL-1a, IL-1b, IL-36g, IL-18, IL-
33) were purchased from R&D systems. Anti-IL-1R1 polyclonal

antibody (PA5-46930) and goat IgG isotype control were

purchased from Thermo Fischer scientific.

ELISA for the detection of human IL-1a, IL-1b, IL-6, IL-8, IL-
36g, IL-18, IL-33, IL-1Ra, IL-18BPa, IL-36Ra and mouse CXCL-1,

in cell culture supernatant or keratinocyte extract was carried out

according to the manufacturer’s instructions (R&D Systems).
RNA isolation and transcriptional analysis

Total RNA was extracted from cell cultures or mouse skin

tissues using TriPure Isolation Reagent® (Roche, Merck) and

treated with DNase I (0.05 U/ml; Clontech). RNA was reverse-

transcribed with « Transcriptor Reverse Transcriptase » (Roche)

and transcripts were amplified and quantified using the

LightCycler-FastStart DNA Master Plus SYBR Green I kit on a

LightCycler 480 instrument (Roche). Oligonucleotides were

designed with Primer 3 and-Blast software and purchased from

Merck (Sigma-Aldrich) or Eurogentec. Primer sequences to amplify

human IL-8 were 5’-CTCTTGGCAGCCTTCCTG-3’(Forward)

and 5’-TTGGGGTCCAGACAGAGC-3’(Reverse). Forward and

reverse primer sequences for mouse gene amplification were

indicated in Supplemental Table 1. Samples were normalized to

the expression of the control housekeeping gene GAPDH.

For Affymetrix analysis, RNA was extracted using the

NucleoSpin RNA kit (Macherey-Nagel), according to the

manufacturer’s instructions. The concentration and the quality of

extracted RNA was determined for each sample using a 2100

bioanalyzer system (Agilent technologies). Probes were prepared

and hybridized to the Affymetrix Human Genome U219 Array as

recommended by the manufacturer. Equal amount and quality of

RNA was used for each sample, constituting the first step of

normalization. Data were obtained from measurements of the

relative signal strength for probes containing ~30,000 transcripts.

The raw intensity values are background corrected, log2

transformed and then quantile normalized according to the RMA

algorithm. Then, a linear model is fit to the normalized data to

obtain an expression measure for each probe set on each array.

Data were submitted to the Gene Expression Omnibus Database

(GSE111191) and to the Database for Annotation, Visualization

and Integrated Discovery (DAVID) for clustering analysis (20).
Keratinocyte extract preparation

NHEK were seeded at 80,000 cells/cm2 in T25 Flasks in

supplemented keratinocyte-SFM medium. The culture medium

was renewed 24 hours later. The next day, the medium was

replaced by keratinocyte-SFM medium containing no
Frontiers in Immunology 03
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supplements and cells were incubated for 48 hours (8 ml/T25

Flask). The cell-free culture supernatant was collected and stored

at -80 C until use. Cells were trypsinized, washed in PBS solution

and then centrifuged. The cell pellet was lysed using freeze/thaw

procedure and sonication in 8 ml of ultrapure water for each

flask (this volume corresponding to the same volume as the

initial culture medium volume). The obtained cell lysate was

aliquoted and stored at -80 C until use. The concentration of IL-

1a was determined for each keratinocyte extract and normalized

from one preparation to another.
Cell stimulation with cytokines or
keratinocyte extract

NHEK, NHDF, NHEM and HMVEC were all seeded at

150,000 cells/well in 24-well plates (Nunc). After 24 hours of

incubation, the culture medium was renewed or replaced by

assay medium, and cells were incubated for 24 hours. The next

day, cells were incubated for 48 hours in presence or not of the

cytokines or keratinocyte extract. On NHDF, keratinocyte

extract was also tested in presence of an anti-IL1R1

neutralizing polyclonal antibody or the isotype control.

Blood cells were seeded in all assays at 200,000 cells/well in

96-well plates (1x106 cells/ml) and incubated for 48 hours in

presence or not of the stimulants (interleukins of IL1Fm or

keratinocyte extract). The treatments with the stimulants were

performed one hour after the seeding for 48 h.

At the end of stimulation, cell culture supernatants were

harvested for ELISA quantification of IL-8 and/or IL-6 and when

necessary and cell layers were used for RNA extraction and gene

expression profiling.
Cell migration assay

PMN migration was assessed using Boyden chamber

transmigration system. Briefly, PMN freshly isolated from whole

blood, were labeled using calcein-AM (Invitrogen, Thermo Fischer

scientific), seeded onto the upper compartment of 3 μm-porous

membrane inserts. Culture medium containing chemoattractant

reference IL-8 or fibroblast culture supernatants was placed in the

lower compartment and the cells were incubated for 90 minutes.

Cells which have migrated through the membrane were quantified

bymeasuring the fluorescence intensity (lexc 485 nm, lem 530 nm)

of the recipient compartment using a fluorescent microplate

reader (Spectramax, Molecular Devices).
In vivo experiments

Male and female wild-type and IL-1R1-deficient C57Bl/6

mice were bred in the specific pathogen-free animal facility at
frontiersin.org
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CNRS (TAAM UPS44, Orleans, France). Mice were provided

food and water ad libitum and maintained on a 12 h light/dark

cycle. Experimental procedures were approved by French

Government’s ethical and animal experiment regulations and

were submitted to the ethics committee for animal

Experimentation of “CNRS Campus Orleans” (CCO) under

number APAFIS#30196-2019021818223038.

For experiments, 8–14-week-old mice were transferred to

experimental animal faci l i ty . Under anesthesia by

intraperitoneal injection of a xylazine (10 mg/mL)/ketamine (1

mg/mL) solution (100 mL/10 g of animal weight), the back skin

of mice was shaved, and remaining hairs were removed using a

depilatory cream (Veet@, Reckitt Benckiser). The skin was

antiseptically cleaned before gentle scarification with a sterile

scalpel for epidermal lesion (star-shaped scar to facilitate

the observation of lesions on skin sections for subsequent

immunohistological analysis). Twenty-four hours later,

mice were euthanized and both lesioned back skin and

non-lesioned skin were collected and snap-frozen in liquid

nitrogen and stored at -80°C for further transcriptional and

immunohistofluorescence analysis.
Immunohistofluorescence

Immunohistofluorescence experiments were performed on

cryopreserved mouse skin samples. Five-micrometer sections

were cut from a tissue block. Sections were fixed in acetone/

methanol and staining was performed using monoclonal

antibodies against Mouse Gr1 (1:100; BD Biosciences; 550291)

and vimentin (1:100; Abcam; ab92547). These stainings were

detected using appropriate secondary antibodies (goat anti-rat

IgG Alexa 488 conjugated secondary antibody for Gr1 and Alexa

568-conjugated goat anti-rabbit for vimentin). Sections were

observed using a NIKON Ci microscope. The images were

captured using a NIKON DS-Ri2 and processed with NIS

Elements software.

For quantitative analyses, the intensity of Gr1 staining was

measured in five representative areas for each section using the

Image J software (National Institute of Health, USA).
Statistical analyses

Statistical analysis of significance was calculated using

either Mann & Whitney’s test or for in vivo experiments,

the Kruskal-Wallis one-way ANOVA test with a Bonferroni

post-test. The p values < 0.05 were considered as significant,

and all data are represented as mean ± SEM. Statistical

analyses were performed using Excel and GraphPad 9

software (Prism).
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Results

Expression of cytokines and receptors of
the IL-1 family by skin cells

Before modelling the epidermal lesion at the cellular level, we

first determined the mRNA expression profiles of the IL-1 family

members and their receptors by the most abundant skin cells,

including primary epidermal keratinocytes, dermal fibroblasts,

melanocytes, and dermal microvascular endothelial cells isolated

from human skin, all cultivated in vitro in physiological

conditions (Figures 1A–D). As expected, keratinocytes were

found to express IL-1a, IL-1b, IL-18 and IL36G at high levels

compared to the other skin cells studied in which the levels of the

proinflammatory cytokines were low or undetectable.

Keratinocytes were also the only skin cells to express significant

levels of the regulatory/antagonist cytokines IL-1RA (IL-1RN) and

IL-36RN. By contrast, dermal fibroblasts represented by far the

cell population expressing the highest level of the IL-1R1 chain

together with the IL-1RAP chain (also named IL-RAcP or IL-1R3)

to form the functional receptor that binds both IL-1a and IL-1b
(Figures 1A–D). The expression of receptors of the IL-1 family in

the other cell types was detectable but at much lower levels. Of

note, none of the analyzed skin cells expressed significant levels of

IL-1R2, a decoy receptor for IL-1. For comparison, we also

analyzed the expression of IL-1 family members in immune

blood cel ls (PBMC, CD4+ T cel ls , monocytes and

polymorphonuclear cells (PMN), Supplementary Figure 1).

Among proinflammatory cytokines, all blood cell types

expressed significant amounts of IL-1b and IL-1a, although at a

lesser extent than keratinocytes. Most blood cells also expressed

regulatory/antagonist cytokines and significant levels of IL-1R1

receptor (together with IL-1RAP), but most strikingly the

expression profile of blood cells clearly differed from skin cells

due to the significant expression levels of the decoy receptor IL1-

R2 (especially in monocytes and PMN).

In conclusion, this transcriptional analysis confirmed that

epidermal keratinocytes are the main cells expressing the

proinflammatory cytokines IL-1a and IL-1b in the skin and

suggests that, among skin cells, dermal fibroblasts could be the

strongest responders to IL-1 after epidermis injury in

aseptic conditions.
Fibroblasts are the most responsive skin
cells to lesioned keratinocytes

To test the hypothesis that dermal fibroblasts could be the

strongest responder cells to IL-1, we compared in vitro the

response of the different populations of cutaneous and immune

cells after exposure to keratinocyte extracts. As keratinocytes do

not release the proinflammatory cytokines IL-1a and IL-1b in
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homeostatic conditions (Figure 2A), we used keratinocyte lysates

for cell stimulation, in which elevated concentrations of IL-1a,
IL-1b, IL-18 and IL-36g were detected (Figure 2B). It is

noteworthy that significant concentrations of the secreted

regulatory cytokines IL-1RA and IL-36RA were found in

culture medium of keratinocytes but even stronger

concentrations of IL-1RA were measured in keratinocyte

extracts, ~100-fold higher than IL-1a concentrations

(Figures 2A, B).

The response of individual skin and immune cells was

analyzed by measuring IL-8 (Figure 2C) and IL-6 (Figure 2D)

release in culture medium after stimulation with increasing

doses of keratinocyte extracts. Our results clearly showed that

dermal fibroblasts are the most responsive cells as demonstrated

by the massive secretion of IL-8 and IL-6 in the presence of

keratinocyte extracts at a dilution of 10% only, corresponding to

an IL-1a/b concentration of 20 pg/ml, despite the presence of
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IL-1RA at a concentration of 2000 pg/ml. Only endothelial cells

and monocytes were found to release detectable but much lower

amounts of IL-8 and IL-6 after exposure to higher

concentrations of keratinocyte extracts (dilutions between 20%

to 50%, corresponding to IL-1 concentrations ranging from 40 to

100 pg/ml and IL-1RA concentrations ranging from 4 to 10 ng/

ml). This experiment showed that, except fibroblasts, most of the

skin cells studied, including keratinocytes, did not respond to

keratinocyte extracts.

To model epidermal lesion in vitro in a more complex

manner, we used a three-dimensional model of human

reconstituted skin (RHS), composed of a stratified epidermis

developed from human primary keratinocytes cultivated at the

air-liquid interface, at the surface of a dermal equivalent (human

primary dermal fibroblasts embedded in a collagen lattice). RHS

were superficially scarified with a sterile scalpel to induce

epidermis injury and IL-8 concentrations were measured in
B

C D

A

FIGURE 1

Gene expression profiles of proinflammatory cytokines, regulatory cytokines and receptors of the IL-1 family by different skin cell populations.
The expression of the IL-1 family members and their receptors was analyzed at the transcriptional level by Affymetrix analysis (hU219 array)
after mRNA extraction of primary cultures of epidermal keratinocytes (A), dermal fibroblasts (B) melanocytes (C) and dermal microvascular
endothelial cells (D), all isolated from human skin and cultivated in healthy conditions. Averaged data obtained from 2 independent cultures for
each cell type are presented in relative expression of the gene of interest.
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the underlying culture medium 48 h after scarification

(Figure 2E). The epidermal lesion induced a significant release

of IL-8 by comparison to the non-lesioned control tissue.

Together, these findings demonstrate that dermal fibroblasts

are the most responsive skin cells to epidermal injury in an

aseptic context.
IL-1 released by keratinocytes is the
most potent inducer of the
fibroblast response

To confirm that the response of dermal fibroblasts to

keratinocyte extracts is mainly mediated by IL-1, we compared

the stimulating effect of single recombinant cytokines on

fibroblasts, including IL-1a, IL-1b, IL-36G, IL-18 and IL-33

(Figure 3A). Among these IL-1 family members, IL-1a and IL-

1b were the most potent cytokines to induce IL-8 release by

fibroblasts, with an increasing effect at concentrations ranging
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from 10-5 to 10-1 ng/ml for both cytokines. The stimulating effect

of IL-1a/IL-1b reached a plateau from 10-1 ng/ml with a massive

induction of IL-8 release which remained constant at higher

concentrations of IL-1a/IL-1b (IL-8 concentrations above 100

ng/ml). IL-36G was also able to stimulate IL-8 secretion but at

higher concentrations than IL-1 (above 1 ng/ml), while IL-18

and IL-33 failed to stimulate fibroblasts. In comparison, a much

weaker effect of IL-1a and IL-1b was observed in human

primary keratinocytes on IL-8 secretion, with stimulating

concentrations observed only above 10-1 ng/ml (Figure 3B).

Also, the highest concentrations observed for IL-8 release by

keratinocytes never exceeded 5 ng/ml.

Considering that IL-1a and IL-1b are the most powerful

cytokines of the IL-1 family and that both members have a

comparable and redundant activity by binding to the shared

ILR1/IL-1RAP receptor, we compared the response of the

different cell populations stimulated with IL-1a only, by

analyzing IL-8 release in culture medium. We confirmed that

dermal fibroblasts were the most responsive cells to IL-1a,
B
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FIGURE 2

Dermal fibroblasts are stimulated by keratinocyte extracts. Concentrations of the IL-1 family members, IL-1a, IL-1b, IL-18, IL-33, IL-36g, IL-1RA,
IL-18BP and IL-36RA were measured by ELISA in culture medium of keratinocytes cultivated in healthy conditions (A) or in keratinocyte extracts
after cell lysis (B). Several cell types including fibroblasts, keratinocytes, melanocytes, endothelial cells, PBMC, CD4 T cells, monocytes and PMN
were stimulated with different dilutions of keratinocyte extracts. IL-8 (C) and IL-6 (D) concentrations were measured by ELISA in culture
medium of stimulated fibroblasts. Concentrations of IL-1 and IL-1RA were measured for each keratinocyte extract dilution and were indicated
above (C, D). Reconstituted human skins were scarified with a scalpel under sterile conditions according to the indicated cross-shaped scheme
(E). Scars are observable on the representative image of the reconstituted human skin. IL-8 concentrations were measured in the underlying
culture medium, 48 h after scarification or in non-lesioned control tissue. Data are representative of three independent experiments done in
triplicate. *P < 0.05, using the Mann & Whitney’s test for comparison between groups.
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followed by endothelial cells, while the other cells were non-

responders or low-responders (Figure 3C). This analysis was

performed on several cultures of dermal fibroblasts isolated from

different anatomical sites (breast, abdomen, ear, foreskin) and

from patients with different ages (from 7 months to 51 years) to

demonstrate that all fibroblasts tested have the same capacity to

respond to IL-1a (Supplementary Figure 2). The comparison

between fibroblasts and keratinocytes responses reveals that

keratinocytes must be exposed to ~10.000-fold higher

concentrations of IL-1a to secrete similar amounts of IL-8 by

fibroblasts (Figure 3D). In addition, starting from the

concentration of 10-3 ng/ml of IL-1a, the response of

fibroblasts is already ~100-fold more elevated than those of

keratinocytes. Finally, by measuring at several time points both

IL-8 expression at the transcriptional level and IL-8 release at the

protein level, we showed that the fibroblast response to IL-1a
exposure is very fast, with a maximum effect observed in few

hours only, including at the protein level (Figure 3E).

We next investigated whether the effect of keratinocyte

extracts on dermal fibroblasts is mediated only by IL-1a/b or

also by other potential proinflammatory mediators. We first

compared the transcriptomic profiles of unstimulated and

stimulated fibroblasts by analyzing the expression of ~30.000

transcripts by microarray experiments. Compared to control
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cells, fibroblasts stimulated by keratinocyte extracts or by

recombinant IL-1a presented highly similar profiles of gene

regulation, explaining why both stimulated conditions (e.g.,

keratinocyte extracts vs IL-1a) showed an overlaying profile

(Figure 4A). Interestingly, among the top twenty genes whose

expressions were the most upregulated, eight were coding for

chemokines including many neutrophil-attracting chemokines

(Supplementary Table 1). We further stimulated fibroblasts with

increasing concentrations of keratinocyte extracts (Figure 4B) or

recombinant IL-1a (Figure 4C) in the presence of a blocking

anti-IL-1R1 antibody or an isotype control. Since the anti-IL-

1R1 antibody blocked efficiently IL-8 secretion by fibroblasts

after keratinocyte extracts stimulation, we can state that the

biological effect of keratinocyte extracts was specifically

mediated by IL-1a/b.
Fibroblasts are very sensitive to low
concentrations of IL-1 even in the
presence of high concentrations
of IL-1Ra

The analysis of the composition of keratinocyte extracts

realized above revealed high concentrations of the antagonist
B C

D E

A

FIGURE 3

Dermal fibroblasts are the best responder skin cells to IL-1a/b. Dermal fibroblasts (A) and epidermal keratinocytes (B) were stimulated for 24 h
with increasing concentrations of IL-1 family members including, IL-1a, IL-1b, IL-36g, IL-18 and IL-33. The fibroblast response to cytokines was
evaluated by measuring IL-8 concentrations in culture medium by ELISA. Several cell types including fibroblasts, keratinocytes, melanocytes,
endothelial cells, PBMC, CD4 T cells, monocytes and PMN were stimulated for 24 h with increasing concentrations of IL-1a before measuring
IL-8 concentrations in culture medium by ELISA (C). Comparison between fibroblast and keratinocyte responses to increasing concentrations of
IL-1a by IL-8 measurements in culture medium after 24 h of stimulation (D). Kinetics of IL-8 mRNA expression and IL-8 protein release by
fibroblasts stimulated with 100 pg/ml of IL-1a (E). IL-8 mRNA expression was determined by RT-qPCR and data were presented as relative
expression to the housekeeping gene GAPDH. IL-8 dosages in culture medium were performed by ELISA.
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IL-1RA, which is known to bind to the IL-1a/b receptor and

block its activity. However, although the concentrations of IL-

1RA were 100-fold more elevated than IL-1 concentrations in

keratinocyte extracts, we showed that the activity of IL-1a/b on

fibroblastic cells was not abolished. This interesting finding led

us to evaluate in vitro the responsiveness of dermal fibroblasts to

IL-1a exposed to increasing doses of IL-1RA. Thus, we analyzed

IL-8 release by fibroblasts, and keratinocytes for comparison,

after stimulation with different concentrations of IL-1a (from 1

pg/ml to 10 ng/ml) in the presence of IL-1RA at different ratios

(1, 2, 5, 10, 20 and 100) (Figure 5A). Up to an IL-1RA/IL-1a
ratio of 10, the activity of IL-1a remained unaffected. The

activity of IL-1a was significantly affected at all tested

concentrat ions (except the lowest) only when the

concentration of IL-1RA reached 100-fold the concentration of

IL-1a (IL-1RA/IL-1a ratio of 100 as in the keratinocyte

extracts), but it should be noted that the activity of IL-1a still

remained elevated (similar to a 10 pg/ml IL-1a stimulation
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without IL-1RA with an IL-8 secretion above 10 ng/ml). By

contrast, when keratinocytes were stimulated with IL-1a at

concentrations of 1 and 10 ng/ml, a blocking effect of IL-1RA

was rapidly observed already at an IL-1RA/IL-1a ratio of 1. For

an IL-1RA/IL-1a ratio ≥ 10, the stimulating effect of IL-1a on

IL-8 secretion was almost abolished (Figure 5B). Altogether,

these results confirmed the high responsiveness of fibroblasts to

IL-1a, even in presence of elevated concentrations of the

antagonist IL-1RA, a feature which was not observed

in keratinocytes.
IL-1-activated fibroblasts have the
capacity to attract neutrophils both in
vitro and in vivo

Finally, we carried out functional experiments to

demonstrate that IL-1-activated fibroblasts have the capacity to
B C

A

FIGURE 4

The response of dermal fibroblasts to keratinocyte extracts is mainly mediated by IL-1a/b. Complementary Affymetrix microarray experiments
(hU219 array) were performed to analyze the expression of 36000 transcripts (corresponding to ~20000 genes) by normal dermal fibroblasts
(control) and fibroblasts stimulated either by keratinocyte extracts (tested at a dilution of 10%, containing ~20 pg/ml of IL-1a) or IL-1a (tested at
20 pg/ml). Comparisons of the transcriptional profiles between two conditions were shown, with up-regulated genes shown in red and down-
regulated genes in green (A). Dermal fibroblasts were stimulated by different dilutions of keratinocyte extracts (B) or increasing concentrations
of IL-1a (C) in the presence of an anti-IL-1R1 blocking antibody or an isotype control. Corresponding concentrations of IL-1a in keratinocyte
extracts were also indicated (B).
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elicit an inflammatory response by attracting immune cells on

the site of injury after aseptic epidermal lesion. As previously

shown, fibroblasts responded to IL-1a by overexpressing

numerous neutrophil-attracting chemokines, particularly IL-8

which has been used constantly as a read-out parameter for our

in vitro studies. To determine the capacity of activated

fibroblasts to attract neutrophils, we firstly performed in vitro

cell migration assays using Boyden chambers. PMN were seeded

in the upper compartment, while the lower compartment

contained different dilutions of culture supernatants of

unstimulated fibroblasts (control supernatant), supernatants

from fibroblasts stimulated either with keratinocyte extracts or

IL-1a, or culture medium containing different concentrations of

IL-8 (positive control). Culture supernatants of fibroblasts

stimulated with 100 pg/ml of IL-1a or keratinocyte extract

(containing approximatively 100 pg/ml of IL-1a), contained
similar concentrations of IL-8 (~ 100 ng/ml), IL-6 (~ 50 ng/

ml) (Figure 6A) and the metalloproteinase MMP- also involved

in cell migration (~ 40 ng/ml, data not shown). Boyden chamber

migration assays showed the capacity of 10%-diluted

supernatants from stimulated-fibroblasts to attract neutrophils

in the lower compartment at the same level as IL-8 at a

concentration of 10 ng/ml (Figure 6B). A weak but significant

cell migration could be observed when supernatants of

stimulated fibroblast were used at a 1% dilution or IL-8 at a

concentration of 1 ng/ml.

To confirm these results in vivo and to demonstrate the major

role of IL-1 in aseptic skin inflammation, we modelled

the epidermal lesion by scarifying superficially the epidermis of

the depilated back skin of C57BL6/J wild-type (WT) mice or IL-

1R1-deficient mice using a sterile scalpel (Figure 7A). In these
Frontiers in Immunology 09
66
transgenic mice, we previously verified in vitro that murine

primary keratinocytes were unable to respond to IL-1

(Supplemental Figure 3). Twenty-four hours after scarification,

the lesioned and unlesioned skins were collected and the detection

of neutrophi l s was ana lyzed in sk in sec t ions by

immunohistofluorescence using Gr1 antibody. A strong

infiltration of Gr1-positive cells could be observed in the dermis

of the lesioned skins of WT mice (Figures 7B, C); however, in the

lesioned skin of IL-1R1-deficient mice, the infiltration of

neutrophils was significantly lower and almost absent in

unlesioned skins in both strains of mice. A transcriptional

analysis of inflammatory mediators was also performed on

unlesioned and lesioned skins of WT and IL-1R1-deficient mice

24 h after scarification (Figure 7D). While an overexpression of

neutrophil-attracting chemokines (e.g., CXCL-1/2/3),

inflammatory cytokines (e.g., oncostatin M, IL-6, TNFa, IL-1a,
IL-1b) and the anti-inflammatory IL-1RA could be observed in

the lesioned skin of WT mice, these overexpressions were almost

abolished in the lesioned skins of IL-1R1-deficient mice at similar

levels to those of unlesioned skins (p < 0.01 using the Mann &

Whitney test for all genes tested, excepted for IL-6 (p < 0.05), and

CD3 (no significant difference). Consistently with our observation

by immunohistofluorescence, the expression of the Gr1 marker

(Ly-6G) was also found reduced in the lesioned skin of IL-1R1-

deficient mice compared toWTmice. By contrast, no difference in

CD3 expression could be observed suggesting that the IL-1-

mediated skin inflammation is not associated with T cells and

adaptative immunity. Altogether, these in vivo results reinforce

our in vitro data on the major contribution of IL-1a/b in sterile

inflammation by attracting neutrophils to the site of

epidermis injury.
BA

FIGURE 5

Dermal fibroblasts are highly sensitive to IL-1a despite the presence of elevated concentrations of IL-1RA. Dermal Fibroblasts (A) and
keratinocytes (B) were stimulated for 24 h with increasing concentrations of IL-1a in presence of different concentrations of IL-1RA at IL-1RA/
IL-1a ratios ranging from 1 to 100. The concentrations of IL-8 released by stimulated cells were measured by ELISA in culture medium. *P <
0.05, **P < 0.01, ***P < 0.001 using the Mann & Whitney’s test.
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Discussion

The role of IL-1 in inflammatory processes has been

described for a long time and has led to substantial body of

literature (21). In the context of sterile inflammation after tissue

injury on which we have focused, Chen and colleagues reported

that dying lymphoblastic cells have the capacity to drive an acute

neutrophilic and monocytic inflammatory response when they

were injected intraperitoneally to mice (16). They demonstrated

that the neutrophil response was dependent on IL-1a and

required IL-1R expression on non-bone marrow-derived cells,

suggesting the involvement of IL-1-sensitive cells playing an

intermediate role in the inflammatory cascade that remain to be

determined. In a model of hypoxia-induced cell death, IL-1a and

IL-1b were both shown to be released by dying keratinocytes to

trigger sterile inflammation along with neutrophil and

macrophage recruitment (15). However, the nature of the

potential IL-1-responder cells was not determined in this
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study. Therefore, we have investigated the role of IL-1 released

by keratinocytes after epidermal injury to provide new insights

on the molecular and cellular mechanisms of sterile skin

inflammation and to identify potential important relay cells in

this process. We first analyzed the mRNA expression profiles of

cytokines and receptors of the IL-1 family in different skin cell

populations and in cells of hematopoietic origin for comparison.

Unsurprisingly, we found that keratinocytes are the main source

of IL-1a and IL-1b in the skin, as well as IL-18, IL-33 and IL-36g,
as previously described (5, 9–11). More interestingly, we show

that dermal fibroblasts have the highest expression level of the

IL-1R1 chain compared to keratinocytes, melanocytes and skin-

isolated endothelial cells. Our results are in accordance with a

previous study in which the expression of the IL-1R1 chain was

analyzed in PBMC and skin-isolated cells (22). This expression

level in fibroblasts was comparable to those of neutrophils,

suggesting that these cells might be a good target for IL-1a
and IL-1b released by injured keratinocytes. To test this
B

A

FIGURE 6

IL-1-activated fibroblasts have the capacity to attract neutrophils in vitro. Concentrations of IL-8 and IL-6 were determined by ELISA in culture
supernatants from dermal fibroblasts stimulated with IL-1a at a concentration of 100 pg/ml or a half-diluted keratinocyte extract containing IL-
1a at a similar concentration of 100 pg/ml (A). Analysis of cell migration determined by Boyden chamber assays (B). Polymorphonuclear cells
were seeded in the upper compartment for migration and the lower compartment contained either culture medium (control), or different
concentrations of IL-8, control supernatant of unstimulated fibroblasts or supernatants from fibroblasts stimulated either with IL-1a (100 pg/ml)
or a half-diluted keratinocyte extract. Data were obtained from 2 independent experiments done in triplicate and presented as mean
fluorescence intensity ± SEM. ***P < 0.001 using the Mann & Whitney’s test.
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hypothesis, we exposed the different skin cells to protein extracts

of lysed kerat inocytes which contained significant

concentrations of IL-1a, IL-1b, IL-18, IL-33 and IL-36g, with
IL-1a concentrations similar to those measured in supernatants

of hypoxia-induced dying keratinocytes (15). Although these

cytokine concentrations are elevated and certainly do not reflect

in vivo conditions of physiological and/or pathological

keratinocyte death, we exposed cells to different dilutions of
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keratinocyte extracts and demonstrated that, among these skin

cells, dermal fibroblasts were by far the most responsive cells by

releasing rapidly the neutrophil-attracting chemokine IL-8 and

the proinflammatory cytokine IL-6. Using a more sophisticated

in vitro model of injured reconstituted human skin, the

superficial lesion of epidermis also resulted in IL-8 release.

As injured keratinocytes could potentially release other

danger-associated molecular patterns or alarmins in addition
C
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FIGURE 7

Aseptic epidermal lesion induces skin infiltration of neutrophils in an IL-1-dependent manner. The epidermis of the back skin of WT and IL-1R1-
deficient (IL-1R1-/-) mice was scarified in aseptic conditions using a sterile scalpel. Representative pictures of mouse unlesioned skin and the
lesioned back skin of mice 24 h after a cross-shaped scarification (A). Immunofluorescence staining of Gr1-positive neutrophils (in green) and
the mesenchymal marker vimentin (in red), in skin sections of unlesioned and lesioned skins of WT and IL-1R1-deficient mice (B). Quantitative
analysis of Gr1-specific fluorescent labelling in unlesioned and lesioned skin sections of WT and IL-1R1-deficient mice (C). Transcriptional
analysis by RT-qPCR after mRNA extraction from lesioned back skins of WT and IL-1R1-KO mice and unlesioned skins (both from WT and IL-
1R1-KO mice) 24 h after scarification (D). The expression of CXCL1, CXCL2, CXCL3, OSM, IL-6, TNFa, IL-1a, IL-1b, IL-1RA, Ly6G and CD3z
(CD247) was analyzed and expressed as mean ± SEM relative expression to the housekeeping gene Gapdh. *P < 0.05, **P < 0.01, ***P < 0.001
using the Mann & Whitney’s test.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.984045
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cordier-Dirikoc et al. 10.3389/fimmu.2022.984045
to cytokines of the IL-1 family (4), we addressed the question of

the real contribution of IL-1a and IL-1b to dermal fibroblast

activation. Both cytokines have the highest capacity to stimulate

dermal fibroblasts at very low concentrations (from 0.01 pg/ml).

When fibroblasts were stimulated with keratinocyte extracts or

recombinant cytokines in the presence of anti-IL-1R1

neutralizing antibodies, fibroblast activation was strongly

abolished, demonstrating that sterile inflammation following

epidermal injury is mainly driven by IL-1a and IL-1b. Of
note, skin-derived endothelial cells were identified as the

second-best responder cells but to higher concentrations of IL-

1 and at a lower intensity than fibroblasts. The capacity of

human dermal microvascular endothelial cells was already

investigated thirty years ago by Kristensen et al., showing that

endothelial cells produced very high, fibroblasts and monocytes

intermediate, and keratinocytes low amounts of IL-8 mRNA

using a dot blot mRNA hybridization method (23). Using more

sensitive and specific techniques at the protein level, we can state

that fibroblasts have a higher capacity to respond to IL-1 than

endothelial cells.

The contribution of fibroblasts as relay cells in the cascade of

sterile inflammation after tissue injury and their capacity to

respond to IL-1 has always been neglected or underestimated,

most studies focusing on the activity of IL-1 on PBMCs, in

particular on neutrophils and monocytes whose activation is

essential for tissue repair (15, 16). If keratinocyte-fibroblast

interactions have been investigated in wound healing

processes, the role of IL-1 released by injured keratinocytes

was focused on the regulation of the TGF-b-induced
transformation of dermal fibroblasts into myofibroblasts

during wound contraction (24). In fact, most studies on

dermal fibroblasts as a target of IL-1 were carried out in the

context of chronic skin inflammatory diseases. In systemic

sclerosis within the fibroblasts play a central role in the

pathophysiology, the interplay between pathological

keratinocytes and the underlying fibroblasts involving IL-1a
was described to be important in the fibrotic process (25). IL-1b
has been also found highly expressed in hidradenitis suppurativa

skin lesions and targets fibroblasts to modulate gene expression

of molecules involved in remodeling of the extracellular matrix,

chemokines, adhesion molecules or cytokines (22). Interestingly,

in this study, they identified, like us, dermal fibroblasts as the

skin-resident cell type harboring the highest number of gene

regulation after IL-1b stimulation.

Surprisingly, our results showed the capacity of dermal

fibroblasts to respond to low concentrations of IL-1a and IL-1b
in the presence of elevated concentrations of the antagonist IL-

1RA, although it is known to bind to IL-1R in a competitive

manner with IL-1a and IL-1b. Four isoforms of IL-1RA exist, one

secreted form and three intracellular forms which can be released

by dying cells and compete extracellularly for IL-1R1 binding in a

manner similar to the secreted IL-1RA (26). Although our

method for IL-1RA dosage do not allow to discriminate
Frontiers in Immunology 12
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between these isoforms, we could detect 100-fold higher

concentrations of IL-1RA compared to IL-1a and IL-1b
concentrations in our keratinocytes extracts without affecting

its capacity to strongly stimulate fibroblasts, whereas the

response of keratinocyte to IL-1 was almost abolished in the

presence of 10-fold higher concentrations of IL-1RA. This finding

might be explained by the difference between IL-1R1 expression

levels between both cell types. Only a small fraction of the cell

surface heterodimeric IL-1R1/IL1-RAP receptor needs to be

bound by IL-1 to induce an activation signal in fibroblasts,

even if the majority of the IL-1R1 chains on fibroblast surface

are mobilized for IL-1RA binding. Our observation is in

agreement with a previous study showing that a 104-fold excess

of IL1-RA over the level of IL-1a was required to significantly

reduce the activity of the agonist cytokine on a murine

fibroblastic cell line (27). As this particularity concerns

fibroblasts only, this might suggest that IL1-RA released

together with IL-1 should protect other skin-resident cells from

activation and limit the local inflammatory response.

Finally, we show that dermal fibroblasts are important relay

cells for neutrophil recruitment to the site of tissue injury through

their capacity to release neutrophil-attracting chemokines. In

response to IL-1 or keratinocyte extract exposure, CXCL-1/2/3

and IL-8 were found among the most up-regulated genes by

stimulated fibroblasts. Our in vitro cell migration assay

demonstrated the capacity of culture supernatant of stimulated

fibroblasts to attract neutrophils efficiently. As well, our in vivo

experiments of superficial epidermal lesions on the back skin of

IL-1R1-deficient mice confirmed the crucial role of IL-1 in the

development of a sterile inflammation and the recruitment of

neutrophils in the underlying dermis. However, since neutrophil

infiltration was reduced, but not abolished, in the lesioned skin of

IL-1R1-deficient mice, this finding suggests that IL-1 is not the

only relevant cytokine responsible for neutrophil recruitment and

that other proinflammatorymediators may also be implicated. For

instance, IL-18 and IL-36 were also found at high concentrations

in our keratinocyte extracts. While IL-18 is mostly associated with

macrophage recruitment in vivo (15), IL-36 has been reported to

attract neutrophils in the skin (28). Altogether, our results are in

accordance with the previous studies reporting the contribution of

IL-1 in sterile inflammation induced by dying cells (15, 16).

In conclusion, we demonstrate that dermal fibroblasts are

key relay cells in the cascade of sterile inflammation induced by

epidermis injury. They are potent responder cells of IL-1

released by injured keratinocytes, extremely sensitive to low

concentrations of IL-1 even in the presence of elevated

concentrations of IL-1RA, and contribute to the recruitment of

neutrophils involved in tissue repair via the secretion of relevant

chemokines. Mostly underestimated in the inflammatory

process, more attention should be paid to dermal fibroblasts

considering their high sensitivity to IL-1, particularly in

strategies which consist in regulating IL-1 activity through the

use of IL-1RA or neutralizing anti-IL-1R1 antibodies.
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Université de Genève,
Switzerland

*CORRESPONDENCE

Jean-Claude Lecron,
jean-claude.lecron@univ-poitiers.fr

SPECIALTY SECTION

This article was submitted to
Cytokines and Soluble
Mediators in Immunity,
a section of the journal
Frontiers in Immunology

RECEIVED 01 July 2022

ACCEPTED 20 September 2022
PUBLISHED 07 October 2022

CITATION

Lecron J-C, Charreau S, Jégou J-F,
Salhi N, Petit-Paris I, Guignouard E,
Burucoa C, Favot-Laforge L, Bodet C,
Barra A, Huguier V, Mcheik J,
Dumoutier L, Garnier J, Bernard FX,
Ryffel B and Morel F (2022) IL-17 and
IL-22 are pivotal cytokines to delay
wound healing of S. aureus and P.
aeruginosa infected skin.
Front. Immunol. 13:984016.
doi: 10.3389/fimmu.2022.984016

COPYRIGHT

© 2022 Lecron, Charreau, Jégou, Salhi,
Petit-Paris, Guignouard, Burucoa, Favot-
Laforge, Bodet, Barra, Huguier, Mcheik,
Dumoutier, Garnier, Bernard, Ryffel and
Morel. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 07 October 2022

DOI 10.3389/fimmu.2022.984016
IL-17 and IL-22 are pivotal
cytokines to delay wound
healing of S. aureus and
P. aeruginosa infected skin

Jean-Claude Lecron1,2*, Sandrine Charreau1,3,
Jean-François Jégou1, Nadjet Salhi1, Isabelle Petit-Paris1,
Emmanuel Guignouard1, Christophe Burucoa1,4,
Laure Favot-Laforge1, Charles Bodet1, Anne Barra1,2,
Vincent Huguier1,5, Jiad Mcheik1,6, Laure Dumoutier7,
Julien Garnier3, François-Xavier Bernard1,3,
Bernhard Ryffel8 and Franck Morel1

1Laboratoire Inflammation, Tissus Epithéliaux et Cytokines, UR15560, Université de Poitiers,
Poitiers, France, 2Laboratoire Immunologie et Inflammation, Centre Hospitalier et Universitaire
(CHU) de Poitiers, Poitiers, France, 3Qima-Bioalternatives (Qima Life Sciences), Gençay, France,
4Laboratoire de Bactériologie, Centre Hospitalier et Universitaire (CHU) de Poitiers, Poitiers, France,
5Service de Chirurgie Plastique, Centre Hospitalier et Universitaire (CHU) de Poitiers, Poitiers,
France, 6Service de Chirurgie Pédiatrique, Centre Hospitalier et Universitaire CHU) de Poitiers,
Poitiers, France, 7De Duve Institute, Université catholique de Louvain, Brussels, Belgium,
8Laboratoire d'Immunologie et Neurogénétique Expérimentales et Moléculaire (INEM) - Unité Mixte
de Recherche (UMR) 7355, Centre National de la Recherche Scientifique (CNRS) et Université
d’Orléans, Orléans, France
Introduction: Although the presence of pathogens in skin wounds is known to

delay the wound healing process, the mechanisms underlying this delay remain

poorly understood. In the present study, we have investigated the regulatory

role of proinflammatory cytokines on the healing kinetics of infected wounds.

Methods: We have developed a mouse model of cutaneous wound healing,

with or without wound inoculation with Staphylococcus aureus and

Pseudomonas aeruginosa, two major pathogens involved in cutaneous

wound bacterial infections.

Results: Aseptic excision in C57BL/6 mouse skin induced early expression of IL-

1b, TNFa and Oncostatin M (OSM), without detectable expression of IL-22 and

IL-17A/F. S. aureus and P. aeruginosa wound inoculation not only increased the

expression of IL-1b andOSM, but also induced a strong cutaneous expression of

IL-22, IL-17A and IL-17F, along with an increased number of infiltrating IL-17A

and/or IL-22-producing gd T cells. The same cytokine expression pattern was

observed in infected human skin wounds. When compared to uninfected

wounds, mouse skin infection delayed the wound healing process. Injection

of IL-1a, TNFa, OSM, IL-22 and IL-17 together in the wound edges induced

delayed wound healing similar to that induced by the bacterial infection. Wound
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healing experiments in infected Rag2KO mice (deficient in lymphocytes)

showed a wound healing kinetic similar to uninfected Rag2KO mice or WT

mice. Rag2KO infected-skin lesions expressed lower levels of IL-17 and IL-22

than WT, suggesting that the expression of these cytokines is mainly dependent

on gd T cells in this model. Wound healing was not delayed in infected IL-17R/IL-

22KO, comparable to uninfected control mice. Injection of recombinant IL-22

and IL-17 in infected wound edges of Rag2KO mice re-establish the delayed

kinetic of wound healing, as in infected WT mice.

Conclusion: These results demonstrate the synergistic and specific effects of

IL-22 and IL-17 induced by bacterial infection delay the wound healing process,

regardless of the presence of bacteria per se. Therefore, these cytokines play an

unexpected role in delayed skin wound healing.
KEYWORDS

skin, wound healing, cytokine, Th17, pathogen, inflammation
Introduction

The wound healing process is the final step to restore tissue

integrity following the acute inflammation induced by a skin injury,

when a chronic inflammatory step is not engaged. The mechanisms

and controls of wound healing (proliferation, migration, extracellular

matrix protein synthesis, angiogenesis…) are complex and involve

collaborative efforts of many cell types (fibroblasts, keratinocytes,

immune cells…) and numerous soluble factors (inflammatory

mediators, growth factors, cytokines, antimicrobial peptides)

produced at the lesion site (1). These mechanisms also depend on

the environment of the wound, including the presence of germs

capable of using skin wound as a gateway to colonize the body. These

germs can modify the inflammatory response, the immune response

and the healing process.

It is a common belief that wound bacterial infection is

detrimental to wound healing, especially by delaying the

process. Beside commensal skin microbiota regulating

homeostasis of skin host immune response (2), wound

infections can disrupt the host-bacteria equilibrium favoring

bacterial growth toward altered wound healing processes. These

processes depend on host immune response, bacterial count,

species and virulence of bacteria, as well as the synergistic effect

of the different species (3). The gram-positive bacteria

Staphylococcus aureus (S. aureus) is a major pathogen of

numerous skin infections such as cellulitis, impetigo or

folliculitis that can be complicated by septicemia, whereas the

gram-negative bacteria Pseudomonas aeruginosa (P. aeruginosa)

is responsible for infection of chronic wounds associated with

delayed wound healing and cutaneous starting point-nosocomial

infections (4, 5). P. aeruginosa and S. aureus are the two most

common causes of chronic wound infection. These both species
02
73
are frequently found together in wounds and may exhibit

synergistic interactions (6–10). Wound infection is a serious

public health concern and could originate from operative

procedures on the skin during surgery, acute trauma during

accidents or chronic pressure ulcers in the context of diabetes.

Wound healing resolution is a medical and surgical

challenge, especially in the case of skin infection, whereas

wound healing delay or inhibition is a critical concern. The

situation is nevertheless more complex since paradoxically, it is

known to surgeons that an infected wound should not be closed,

and that, if necessary, it be reopened to prevent abscess and

bacterial dissemination, summarized about 40 years ago by the

plastic surgeon Raymond Villain’s famous aphorism “Paix sur la

plaie aux germes de bonne volonté” (11).

However, the mechanisms slowing down the wound healing

kinetic during infection remain poorly understood, especially if

it is caused by bacteria or bacterial derived products intra se, or

due to host immune response and the inflammatory mediators

released. For about 15 years, the production and role of growth

factors and proinflammatory cytokines over skin inflammatory

processes have been extensively documented (12), albeit their

precise role on the last phase of the inflammatory process –i.e.,

wound healing- remains partially known (13). Recent studies

report potential involvement of IL-17 and/or IL-22 cytokinesin

this process, with a delicate balance to secure the beneficial and

deleterious effects of these cytokines (14).

By studying wound healing regulation by cinnamaldehyde,

Ferro et al. reported that P. aeruginosa delayed wound healing

and induced IL-17 expression (4). In agreement, exogenous IL-

17 led to delayed wound closure (15), whereas this phenomenon

is abolished in IL-17A KO mice or with IL-17 blocking mAbs

(15, 16). In contrast, it has been suggested that IL-22 could be a
frontiersin.org
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promising therapeutic agent for epithelial repair (17). In a model

of type II diabetic db/db mice, systemic administration of IL-22-

fc (a fusion protein that prolongs cytokine half-life in vivo)

accelerated wound healing in S aureus infected wounds (18).

By studying the role of cytokines on cutaneous physiology

and physiopathology, we and others have shown that the pro-

inflammatory cytokines IL-22, IL-17A and Oncostatin M (OSM)

are produced in inflammatory skin and that they target

keratinocytes and fibroblasts. They induce the production of

antimicrobial peptides (AMP), cytokines and chemokines,

promote cell proliferation and migration and inhibit

keratinocyte differentiation (19–24). In combination with

TNFa and IL-1b , which are also reported to target

keratinocytes, IL-22, IL-17A and OSM (M5 cocktail of

cytokines) have a powerful synergistic effect on these functions

(21, 23). Given their properties, in the present study we have

investigated the expression of these cytokines during skin wound

healing, and questioned their ability to modulate the process.

By using a mouse model of excisional cutaneous wounds co-

infected or not with S. aureus and P. aeruginosa, we show that

the infection specifically increases the expression of IL-17A, IL-

17F and IL-22, and that these cytokines are responsible for the

delayed wound healing observed in infected wounds. We discuss

the beneficial effects of an acceleration or slowing down of the

healing kinetics in view of developing new therapeutic

approaches to skin infections and scarring.
Materials and methods

Bacterial strains and culture

Cultures of S. aureus (ATCC 29213) and P. aeruginosa

(ATCC 27853) were prepared by inoculating Mueller-Hinton

agar growth medium (Biorad) and incubated overnight at 37°C.

For wound inoculation, a bacterial mixture containing both

strains in equal proportions was prepared in 1X PBS

(Dulbecco) by resuspending each strain at a final density of

2.5 x108 CFU/ml. Bacterial concentration was determined by

measuring the absorbance at 600 nm using an Ultrospec-10

spectrophotometer (Amersham Biosciences) and by colony-

forming unit (CFU) counts for each strain controlled by serial

10-fold dilutions of the bacterial suspensions and plating on

either MH (Mueller Hinton)/vancomycin and CNA (Columbia

Naladixic Acid) selective agar plates.
Animals

Eight to ten-week-old C57BL/6J mice were purchased from

Janvier Labs (Le Genest, France). Mice were acclimatized for at

least 1 week before experiments. Rag2KO, IL-17R and IL-17R/IL-

22KO mice were provided by Marc Le Bert (INEM, CNRS,
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Orléans, France). IL-22KO mice were from L Dumoutier (de

Duve Institute, Belgium) All transgenic mice and their WT

littermates were bred and housed in the animal facility of

Poitiers University (Prebios), under specific pathogen-free

conditions and maintained on a 12 h light/dark cycle, with food

and water ad libitum. Protocols and animals were approved by the

regional ethics committee for animal experimentation

(COMETHEA-CE86) under the agreement number CE-2012-21.
Excisional skin wounding, bacterial
infections and measurement of
wound areas

After anesthesia by an intraperitoneal injection of a xylazine

(10 mg/ml)/ketamine (1 mg/ml) solution (100 ml of this solution/
10 g of animal weight), the back skin of mice was shaved and

remaining hairs were removed using a depilatory cream (Veet@,

Reckitt Benckiser, France). Four excisional wounds were

performed by puncturing the skin with a 4 mm-round punch

(Stiefel) and removing the skin biopsy. Twenty microliters of the

bacterial suspension (5X106 CFU) or the PBS control solution

were directly applied on each wound. After spreading of the

bacterial mixture on the wound, mice were housed individually to

avoid grooming behavior of infected wounds.

To follow wound healing kinetics, the surface of each wound

was measured daily using Image J software on pictures of back

skin of mice including a meter stick as reference. The wound

area was determined in mm².

To analyze the effect of cytokines on wound healing kinetics,

three injections of 10 μl of carrier-free recombinant cytokine

solution diluted in 1X PBS at a final concentration of 25 μg/ml

(IL-17A, IL-17F, OSM, TNFa, IL-22 and IL-1a; all from R&D

systems, Europe) or combinations were performed in each

wound edges. Control mice received PBS injections.

For RNA isolation, each wound biopsy was collected using a

6 mm punch (Stiefel) after mouse euthanasia, rapidly snap-

frozen and stored in liquid nitrogen. For flow cytometry analysis,

the whole skin containing the four excisional wounds

(representing an 8 cm² surface) was collected five days after

excision and wound infection, in RPMI medium supplemented

with 10% of Fetal Calf Serum (FCS), 1% penicillin/streptomycin

(P/S) solution and 200 ng/ml of gentamycin (all products were

purchased from Invitrogen) and stored at 4°C until cell

dissociation. For bacterial analysis, the 6 mm punch was

dissociated in 0.5ml PBS and cell count was performed as

described above in bacterial strains and culture.
Patients

This study included adult patients presenting uninfected

(n=12) or infected wounds (n=7). Skin biopsies were obtained
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during surgical treatment of the wound. For uninfected wounds,

sampling was performed from surgical edge wounds without

pathological healing process. For infected wounds, edge

sampling was performed during their surgical trimming before

antibiotherapy. A swab was sampled for culture bacteriological

analysis in the Microbiology Laboratory of the Poitiers Hospital.

Two patient wounds were infected by three germs (hemolytic

Streptococcus-Proteus mirabilis-Corynebacterium spp and S.

epidermitis- Propionobacterium acnes-S. aureus) and the other

ones were infected with S. aureus. Normal skin samples were

obtained from surgical samples of abdominoplasty or breast

reduction surgery and were used as controls (n=16). The

biopsies were immediately frozen in liquid nitrogen before

RNA extraction.

All of our studies involving human tissues were approved by

the Institutional Ethics Committee on Human Experimentation

(Comité de Protection des Personnes Ouest III) of the Poitou-

Charentes Region. This study was conducted according to the

Declaration of Helsinki principles, and oral informed consent

was obtained from participants before inclusion.
RNA isolation and real-time
quantitative RT-PCR

Skin total RNA was isolated and reverse transcribed as

previously described (21). Quantitative real time PCR was

carried using the LightCycler-FastStart DNA MasterPlus

SYBR® Green I kit on LightCycler 480 (Roche Diagnostics,

Meylan, France). The reaction components were 1X DNA

Master Mix, and 0.5 μM of sense and anti-sense

oligonucleotides purchased from Eurogentec (Eurogentec

France, Angers, France), designed using Primer3 software.

Samples were normalized to three independent control

housekeeping genes (G3PDH, RPL13A and ACTB for human

samples and G3PDH, HMBS and B2M for mouse samples) and

reported according to the DDCT method as RNA fold increase:

2DDCT= 2DCT sample- DCT reference.
Cell preparation and flow cytometry

Collected skin biopsies comprising the four excisional

wounds were cut into small pieces using scissors and scalpel

before overnight treatment in a 2.5 U/ml solution of dispase

diluted in complete RPMI at 4°C. Then, skin tissues were

incubated in an enzymatic solution composed of 50 μg/mL of

Liberase TM Research Grade (Roche Diagnostics, Basel,

Switzerland), 25 ng/ml of collagenase I and 100 μg/mL of

DNase I (Sigma-Aldrich, St. Louis, MO) for 4 hours at 37°C

before filtration through a 100 μm cell strainer followed by a

second filtration through a 40 μm cell strainer and two washes in

complete RPMI by centrifugation at 1700 rpm for 10 min. After
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the last centrifugation, cell pellets were resuspended with 250 μl

of StemPro Accutase solution (Gibco) for 2 min at 37°C. After

washing, cells were resuspended in complete RPMI and

stimulated for 4 hours in the presence of phorbol myristate

acetate (PMA, 50 ng/ml), ionomycin (750 ng/ml) and Golgi Plug

(1 μl for/106 cells; BD Biosciences). Before extracellular staining,

cells were incubated with Fc Block (BD Biosciences) for 10

minutes and then for 15 minutes at 4°C with the following

antibodies: V500-conjugated anti-CD45, BV421-conjugated

anti-CD3ϵ, FITC-conjugated anti-TCRgd (all from BD

Biosciences) and Zombie NIR for cell viability (BioLegend, San

Diego,CA). For intracellular staining, cells were permeabilized

with the Cytofix/Cytoperm kit and labelled for 15 min at 4°C

with PE-conjugated anti-IL-17A (BD Biosciences) and PercP-

eFluor710-conjugated anti-IL-22 (eBioscience) antibodies. Data

were collected on a FACS Verse instrument (BD Bioscience) and

analyzed using FlowJo software.
Statistical analysis

Statistical analysis of significance was calculated using either

the Mann-Whitney U-test or the Kruskal Wallis one-way

analysis of variance by ranks followed by a Dunn’s post-test. p

values of 0.05 or less were considered as significant, and all data

are represented as mean +/- SEM. Comparison study used the

Spearman rank correlation test.
Results

S. aureus and P. aeruginosa inoculated in
skin excisional wounds delay the wound
healing process

The kinetics of macroscopic wound closure was studied after

performing 4 mm excisional wounds on the back skin of mice.

By measuring the surface of the lesions every 2 days, we observed

a progressive closure with nearly complete healing on day 8 for

control mice/uninfected wounds. In contrast, when wounds

were co-infected with a mixture of S. aureus and P.

aeruginosa, the wound closure was almost achieved at day 12,

with significant differences with uninfected wound from day 2 to

day 14 (Figures 1A, B).
IL-17 and IL-22 expression in
infected wound

It is well-documented that different sets of proinflammatory

cytokines are produced in injured skin, whatever the etiology.

With multiple target cells in skin, these cytokines have

pleiotropic properties, such as not only to amplify and
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coordinate the inflammatory process, but also to have the ability

to control it. We focused in the present study on the IL-22, IL-17,

OSM, TNFa and IL-1b proinflammatory cytokines, which are

produced in inflammatory human and murine skin and drive an

inflammatory keratinocyte state. Taken together, their

combination (M5 mixture) had a powerful synergistic

biological effect on epidermal cells, stronger than other

cytokine combinations studied (21, 23). Skin excision in

aseptic condition induces the early skin expression of IL-1b,
TNFa and OSM at day 2 and day 7, without detectable

expression of IL-22, IL-17A and IL-17F (Figure 2A). In

contrast, S. aureus and P. aeruginosa wound infection induced

a strong expression of IL-22, IL-17A and IL-17F on day 2, which

remained elevated on day 7. Under these conditions of infection,

TNFa expression remained unchanged when compared to

uninfected wound, while OSM increased about 5 times at day

7, and IL-1b enhanced at day 2 and day 7 (Figure 2A). As IL-22,

IL-17A and IL-17F are mainly produced by T cells, we isolated

CD45/CD3 immune cells from the skin of infected and non-

infected mice collected at day 5 and analyzed cytokine

expression by flow cytometry. This approach allows us to

validate the mRNA cytokine expression pattern at the protein

level and to precise the type of producing cells. We observed a

significant increase in the number of IL-17A- and IL-22-

producing T cells in the skin of infected mice compared to

uninfected mice, while the slightly increased number of IL-17A/

IL-22 double positive cells in the skin of infected mice was not

significant (Figure 2B). These IL-17 and/or IL-22 positive CD3 T

cells were 89.9% TCRgd (Figure 2B).

Finally, we observed a close expression pattern in infected

human skin wounds. Whereas IL-1b and OSM were similarly

overexpressed in uninfected and infected wounds compared to
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normal skin, IL-17A and IL-22 expressions were enhanced only

in infected wounds. In contrast to mice, TNFa levels were

unchanged in wounds when compared to normal

skin (Figure 2C).
IL-17 and IL-22 induced by bacterial
infection have a key role in the delayed
wound healing process

Since S. aureus and P. aeruginosa inoculation delayed skin

wound healing and specifically induced IL-17 and IL-22

expression, we wondered if these cytokines could be

responsible for the delayed healing. We studied the wound

healing process in IL-17RKO or in IL-22KO infected mice and

observed no significant difference with wound closure time

course of infected WT mice (Supplementary Figure 1). In

contrast, the wound healing process in infected IL-17R/IL-22

double knock-out mice (IL-17R/IL-22KO) is reduced and the

wound closure time course similar to that of non-infected WT

mice, highlighting the key role of the combination of IL-17 and

IL-22 in this process (Figure 3A). To confirm their key roles, IL-

17A/IL-17F and IL-22 alone or in combination were injected in

four sites of each wound edge after skin excision, in the absence

of bacteria. As indicated in Figure 3B, neither IL-17A/IL-17F nor

IL-22 alone was able to modify the wound closure time course

compared to the control group, whereas the combination of both

cytokines weakly slowed down the healing process (Figure 3C),

demonstrating that the simple combination of IL-17A/IL-17F

and IL-22 was not sufficient to explain delayed closure of an

infected wound. While TNFa, IL-1b and OSM are produced in

non-infected skin lesions, IL-1b and OSM are produced much
A B

FIGURE 1

Wound closure is delayed in infected skin excisional wounds.(A)Time course of wound closure expressed as the percentage of initial wound
area at each time point, in the control wound (□) or wound infected with a mixture of S. aureus and P. aeruginosa (■). The data are expressed
as the mean +/- SEM of 5 independent experiments, with at least 4 mice/group; ** p<0.01, ***p<0.001. (B) Representative photographs of the
control and infected wounds at days 0, 2, 4, 6, 8, 10, 12 and 14 after injury..
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C

FIGURE 2

IL-17 and IL-22 are produced by T cells in infected skin excisional wounds. (A) Cytokine mRNA expression into control or S. aureus and P.
aeruginosa infected wounds were determined by RT-qPCR at day 2 and day 7. Each bar represents the mRNA fold increase over normal skin, in
control-wounded skin (white) or infected wounded skin (black). The data correspond to the mean +/- SEM of 4 independent experiments;
* p<0.05, ** p<0.01, ***p<0.001; (B) Five days after wound infection by the bacterial mixture (infected, I) or application of a control PBS solution
(uninfected, C), an 8 cm2 biopsy of back skin including 4 excisional wounds was collected and underwent mechanical and enzymatic treatment
for cell dissociation before analysis by flow cytometry. (B, left) Representative gating strategy to analyze IL-17 and IL-22 expressions in CD3-
positive T cells and TCRgd expression among this IL-17+ and/or IL-22+, CD3+ T cell population. (B, right) Quantitative analysis of the number of
IL-17-, IL-22- or IL-17/IL-22-positive T cells infiltrating infected or non-infected wounded skins. Data (mean +/- SEM) are representative of one
out from three independent experiments including 5 mice per group. *p < 0.05. (C) IL-17A, IL-22, OSM, IL-1b and TNFa mRNA levels were
determined by quantitative PCR in human wounds. Each bar represents the mRNA fold increase over normal human skin in uninfected (white)
or infected wounded skin (black). The data correspond to the mean +/- SEM of 12 uninfected and 7 infected skin wound samples; * p<0.05,
** p<0.01, ***p<0.001. ns, not significant..
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more in infected wounds; given these findings, we wondered

whether sufficient amounts of cytokines were necessary to reveal

and potentiate the effects of IL-22 and IL-17A/IL-17F. Indeed,

the injection of IL-1a, TNFa, OSM, IL-17A, and IL-22 mixture

in the edge of uninfected lesions effectively delayed the wound

healing process, as has been observed in the presence of

bacteria (Figure 3C).
The wound healing process in Rag2KO
mice is not delayed by bacterial infection

As IL-17A/IL-17F and IL-22 are produced mainly by T

lymphocytes in infected wounds, we performed wound

experiments in the presence or absence of bacteria in Rag2KO

mice (deficient in mature lymphocytes). The wound healing

process reported at day 7 after aseptic excisions was similar for

WT and Rag2KO mice (Supplementary Figure 2) and wound

healing achieve at day 12. In contrast to WT infected mice, the

wound healing process in infected Rag2KO wounds was not

delayed by infection, with a kinetics of healing comparable to

that of uninfected WT wounds (Figure 4A and Supplementary

Figure 2).

In uninfected Rag2KO wounds, IL-1b, TNFa and OSM

mRNA levels were enhanced at days 2 and 7 when compared

to uninjured Rag2KO skin (Figure 4B). In infected Rag2KO

wounds, the levels of IL-1b, TNFa and OSM were comparable at

day 2 to those of uninfected wounds, whereas their expression

was enhanced at day 7 for TNFa and IL-1b (Figure 4B).

As for uninfected WT mice (Figure 2A), the expression of

IL-22 and IL-17A/F was undetectable or low in uninfected

Rag2KO wounds, except a discrete increase of IL-17F at day 2

when compared to normal skin (Figure 4B). S. aureus and P.

aeruginosa wound inoculation did not significantly induce the
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expression of IL-17A, whereas they stimulated IL-22 on day 2

and IL-17F on day 7. OSM, IL-1b and IL-17A levels in Rag2KO

infected wound remained significantly lower than in infected

WT mice wounds (Figures 2A and 4B). In the same conditions,

although TNFa and IL-17F levels were close in the two strains of

mice, IL-22 levels were strongly reduced at day 7 in Rag2KO

infected wounds (Figures 2A and 4B). It suggests that innate cells

were also involved in the production of IL-17F and at least early

for IL-22.

To further demonstrate the role of IL-22 and IL-17A/F

amongst the proinflammatory cytokines able to delay wound

healing, we injected exogenous recombinant IL-22 and IL-17 in

the edges of infected wounds of Rag2KO mice. Whereas the

healing kinetic of infected Rag2KO wounds was as fast as that of

uninfected WT wounds, the combination of exogenous IL-22

and IL-17A/IL-17F delayed the wound healing process in

infected Rag2KO mice at the same level as with infected WT

mice (Figure 4A).
Regulation of the inflammatory
response by infection during wound
healing process

In the course of the wound healing in Rag2KO mice

compared to WT, we further evaluated markers of the

inflammatory response such as the antimicrobial peptides b-
defensin 3 (BD3) and S100A9, the chemokine CXCL2 or

neutrophil infiltration, all of which were strongly induced by

the M5 mixture (21). In WT mice, BD3 expression was

significantly induced in wounds infected by S. aureus and P.

aeruginosa at day 2 and to an even greater extent at day 7, but

not in uninfected wounds. (Figure 4C). In contrast, S100A9 and

CXCL2 expressions were already highly induced in uninfected
A B C

FIGURE 3

Combination of IL-17 and IL-22 are required for delayed closure in an infected skin wound. Time course of wound closure expressed as the
percentage of initial wound area at each time point, (A) in the uninfected or infected wounds of WT mice (control □; infected ■) or IL-17R/IL-
22KO mice (control ○; infected ●). (B) in the uninfected wound of WT mice injected with IL-17A (♦), IL-22 (▼). (C) in the uninfected wound of
WT mice injected with IL-17A and IL-22 (▲), mix of IL-17A, OSM, TNFa, IL-22 and IL-1a (●) or PBS as a control (□). The data are expressed as
the mean +/- SEM of 5 independent experiments, with at least 4 mice/group. * p<0.05, ** p<0.01, ***p<0.001..
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wounds of WT mice at day 2 as well as day 7, and these levels

were much more highly increased by infection. The same

induction was observed in infected wounds of Rag2KO mice

in particular at day 7, but at levels much lower than those of WT

mice (Figure 4C). Regarding the neutrophil GR1 marker, mRNA

levels increased in non-infected WT and Rag2KO wounds at day

2 (Figure 4C). Application of S. aureus and P. aeruginosa

mixture on wounds resulted in further GR1 mRNA

overexpression at day 2 for WT mice and at day 7 for

Rag2KO mice (Figure 4C).
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Lastly, we compared the impact of the time course of wound

healing on the bacterial load 2 and 7 days after inoculation of

skin wounds. We detected approximately 2.107 S. aureus CFU/

wound in WT mice at day 2 and 1.107 at day 7, and 8.106 P.

aeruginosa CFU/wound at day 2 and 8.105 at day 7. Surprisingly,

we could not point out any clear-cut differences between WT

and Rag2KO mice, either at day 2 or at day 7, both for S. aureus

and P. aeruginosa (Figure 4D). Furthermore, no suggestive signs

of infection were observed in wounds of mice receiving PBS as a

control, and neither S. aureus nor P. aeruginosa were detected.
A

B D

C

FIGURE 4

Wound closure is not delayed in infected skin excisional wounds of Rag2KO mice, and exogenous IL-17A/F and IL-22 make up for this delay.
Time course of wound closure expressed as the percentage of initial wound area at each time point, (A) in the uninfected (□) or infected (■)
wounds of WT mice, infected Rag2KO mice (○) or infected Rag2KO mice with exogenous IL-17A and IL-22 (●). The data are expressed as the
mean +/- SEM of 6 independent experiments, with at least 4 mice/group; ** p<0.01, ***p<0.001. ns, not significant. (B) Cytokine mRNA
expression into control or infected wounds of Rag2KO mice was determined by RT-qPCR at day 2 and day 7. Each bar represents the mRNA
fold increase over normal skin, in control-wounded skin (white) or infected wounded skin (black). The data correspond to the mean +/- SEM of
3 independent experiments; * p<0.05, ** p<0.01, ***p<0.001. ns, not significant. (C) BD3, S100A9, CXCL2, GR1 mRNA expression into control or
infected wounds of WT and Rag2KO mice were determined by RT-qPCR at day 2 and day 7. Each bar represents the mRNA fold increase over
normal skin in control-wounded WT mice skin (white), infected wounded WT mice skin (hatched), in control-wounded Rag2KO mice skin
(dotted), infected wounded Rag2KO mice skin (black). The data correspond to the mean +/- SEM of 3 independent experiments; * p<0.05,
** p<0.01, ***p<0.001. ns, not significant. (D) The bacterial load after inoculation in skin wounds is unchanged between WT and Rag2KO mice.
CFU determination for S. aureus and P. aeruginosa in wounded WT and Rag2KO mice skin 2 and 7 days after inoculation of S. aureus and P.
aeruginosa. The data correspond to the mean +/- SEM of 3 independent experiments, ns, not significant.
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Discussion

Skin wound healing is a regulated sequence of events

controlled by multiple factors in view of restoring integrity,

and it has been known by surgeons and nurses for over a century

that this mechanism is delayed or stopped by bacterial wound

contamination. In addition to the bacterial count and species, it

depends on the number and virulence of the species present, and

on the synergy between them. The wound healing process is also

dependent on host immune response (3). However, despite

numerous studies, the signals slowing down this healing of

infected wounds remain partially understood. The role of

soluble factors associated with inflammatory response is

suggested by delayed wound healing in mice with sepsis

induced by P. aeruginosa (25).

In this study, we reported that S. aureus and P. aeruginosa

inoculated in skin excisional wounds of WT conventional mouse

delay the wound healing process as reported with P. aeruginosa

(4) and S. aureus (5, 26). In contrast to S. aureus, authors

recently reported that P. aeruginosa did not delay healing,

although the ulcers were larger than non-colonized ulcers (26).

In accordance with our results in mice, the presence of different

species such as Pseudomonas and Staphylococcus together

correlates positively with nonhealing in humans (3).

Interestingly, Canesso et al. showed that skin wound healing is

accelerated in the absence of commensal microbiota in germ-

free mice when compared to conventional mice, suggesting that

commensal microbiota can delay the wound healing

process (27).

We showed that if IL-1b, TNFa and OSM were present in

uninfected excisional skin lesions, IL-17A, IL-17F and IL-22

were specifically produced after S. aureus and P. aeruginosa co-

infection of the lesions. The combined action of IL-17, IL-22, IL-

1b, TNFa and OSM delayed wound healing to a level

comparable to the application of both S. aureus and P.

aeruginosa in wounds. In accordance, numerous studies have

reported the production of IL-17A, IL-17F and/or IL-22 in S.

aureus (28–30) or P. aeruginosa infected mouse skins (4). These

two species have the ability to promote cutaneous inflammation

and to induce T cell-recruiting chemokine production (31, 32).

Given that IL-1b, TNFa and OSM are mainly produced by

innate immune cells and other skin resident cells, it would seem

that the inflammatory process of an aseptic skin excisional lesion

is primarily linked to an innate immunity process. By contrast,

infection of the lesion with S. aureus and P. aeruginosa led to T

cell recruitment/activation, mainly TCRgd, and IL-17 and IL-22

production, evidencing the involvement of an additional

adaptive immune response.

Finally, we observed a close expression pattern in infected

human skin wounds, despite the differences between T cell skin

infiltrates between mice and humans. T cell infiltrate in human

skin is dominated by ab Tcells, with less than 10% gdT cells both

present in epidermis and dermis, whereas mouse skin is
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dominated by gd T cells (50-70% in the dermis and more than

90% in the epidermis). In the epidermis, these gd Tcells are

represented by a majority of highly specialized cell subsets with a

dendritic morphology termed DETC (dendritic epidermis T

cells) with an invariant Vg5Vd1 TCR, not clearly evidenced in

humans. Dermic gd Tcells were mainly Vg4 or 6. Thus, these gd
cells were characterized by a restricted TCR. Activation of gd T

cells can be performed both by innate and adaptive ligands,

making these cells intermediate between innate and adaptive

immunity (33). These cells have been reported to produce

growth factors and to be involved in wound healing. Taking

into account the differences between skin human and mouse T

cells, the question of the IL-17/IL-22-producing cells in human

wounded skin remains an opened question. ab T cells, strongly

present in human skin could be candidates. In tcrd-/-mice, skin

resident gd DETC were replaced by ab DETC with polyclonal

ab TCRs, as in humans (34). In humans, both ab and gd T cells

participate to acute wound healing (35).”

The central role of IL-17 and IL-22 in delayed wound healing

is underlined by the accelerated skin wound healing kinetics in

infected IL-17R/IL-22KO mice when compared to infected WT

mice, and it overlaps with those of uninfected WT mice.

Whereas exogenous recombinant IL-17A and F and/or IL-22

injected in the edges of uninfected wounds did not modify the

healing kinetic, the IL-1a-TNFa-OSM-IL-17A-IL-22

combination (the M5 combination) strongly delayed it and

overlapped with those of infected mice. Since IL-1b and OSM

were produced in non-infected skin lesions but much more in

infected wounds, we suggest that additional exogenous cytokines

are required to synergize with IL-17 and IL-22. In accordance,

the M5 combination in other inflammatory skin models has a

huge synergistic effect to induce in vitro a critical inflammatory

phenotype on keratinocytes and a powerful skin inflammation in

vivo in mice (21, 23). In a model of excisional wound, Thomay

et al. reported that disruption of IL-1 signaling (IL-1RKO mice)

improves the quality of skin architecture when compared to WT

mice, but does not change the wound healing kinetics (36). In a

model of subcutaneous infection by S. aureus in mice, Chan et al.

reported that IL-17A and IL-22 have complementary roles in

host defense (28). Using the same model, Cho et al. reported an

increase of IL-17A, IL-17F, and IL-22 in the infected lesions, and

that IL-17RKO mice developed lesions with increased size (30).

Despite controversial data reporting pro-reparative effects for

IL-17 cytokine family, most of the recent studies highlight the

role of IL-17 in pathogenesis and its anti-reparative effects

(review in 37). By using IL-17A KO mice and/or IL-17-

blocking mAb in models of non-infected wound, two recent

studies reported that IL-17A delayed wound closure (15, 16 and

reviewed in 37), also reported in obese diabetic mouse (37, 38). It

was suggested to target IL-17A in a near future to promote

wound healing. However, Hadian et al. indicated that the studies

on the involvement of IL-17 in wound healing are performed on

non-infected models, and have been to be continued in infected
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ones, especially “since chronic wounds display increase relative

abundance of S. aureus and P. aeruginosa” (39)

Regarding IL-22, and in disagreement with our data, another

study reported that C57BL/6 mice deficient for IL-22R display a

delay on day 14 wound healing (18). In contrast with this report,

the same study indicated that IL-22-Fc promotes wound healing

in db/db diabetic mice and S. aureus wound infected C57BL/6

mice (18). The differences could be due to different strategies;

while we studied the behavior of an opened infected wound,

Koluman et al. closed the wound and used dressing, which

meant that two different healing conditions were to be evaluated.

In an attempt to summarize and even though these studies

involved models and conditions (type of lesion, infection or not,

independently studied cytokines…) different from ours, IL-17

increases skin lesion size and delays wound healing in the same

way as in our results, and IL-22 appears to be beneficial

to healing.

In agreement, by using Rag2KO mice, which fail to generate

mature B and T lymphocytes, the healing kinetics of infected

wound were faster compared to infected WT mice and

overlapped with those of uninfected WT mice or infected IL-

17R/IL-22KO mice. If wounds of Rag2KO mice significantly

expressed IL-1a, IL-17F, TNFa and OSM, the production of IL-

17Aand IL-22 was reduced and transient. This is in accordance

with the prominence of gd T lymphocytes in IL-17A, and IL-22

production in infected wounds of WT mice. In Rag2KO mice,

we detected a residual production of IL-17F at day 2, suggesting

that other cells such as innate immune cells are able to produce

the cytokine. We suggest that ILC3 cells can participate to this

production, in agreement with Li et al. reporting that dermis

RORg ILC3 produced IL-17F into wounded dermis (40).

Finally, the injection of exogenous recombinant IL-17 and

IL-22 delayed the wound healing of infected Rag2KO to a similar

degree as that of infected WT mice.

However, it was surprising that infected wounds of mice

devoid of mature B and T cells were able to heal faster than those

of infected WT mice, and we may wonder whether such

processes are beneficial or detrimental. Moreover, the bacterial

load of S. aureus and P. aeruginosa in the wounds of WT mice

and Rag2KO mice were almost the same during the healing

process, suggesting that adaptive immunity had a limited effect

on this process. Regarding innate immunity, the production of

BD3 and S100A9 was strongly reduced in Rag2KO wounds

when compared to WT, as was that of the neutrophil-attracting

chemokine CXCL2. However, the expression of the neutrophil

marker GR1 was strongly enhanced in uninfected and infected

wounds when compared to normal skin, and similar between

infected wounds of WT and Rag2KO mice. By using a model of

pneumonia induced by methicillin-resistant S. aureus in

Rag2KO mice, Parker et al. reported that adaptive immunity is

involved in lung pathology, and ascribe these deleterious effects

to inflammatory cytokines (41). They described comparable

levels of neutrophils in both WT and Rag2KO mice as in the
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present study, and that the clearance of bacteria is more effective

in Rag2KO mice. It reminds, if necessary, the central role of

neutrophils at least in such infectious models. In a model of

colitis induced by Citrobacter rotendium, Vallance et al. reported

that colitis, crypt hyperplasia and inflammation were attenuated

in Rag1KO mice compared to WT, and suggest that adaptive

immune response can be deleterious for tissues (42). In contrast

to Parker et al. and the present study, bacteria were not cleared in

these KO mice, but show few signs of disease. Taken together,

these studies demonstrate that the adaptive immunity can also

have paradoxical effects during bacterial defense, as deleterious

impact on tissues, in part mediated by cytokines production by

lymphocytes. Depending of the models, bacteria clearance can

be delayed in lung or unaffected in lesional skin of RagKO mice.

Different reports have indicated that neutrophils are able to

delay the wound healing process (43–45). This dependence of

neutrophils is observed not for young mice (2-month-old) but

only for older mice (6 to 20 months), whose wound healing is

delayed when compared to young mice (43, 45). However, a

reduced accumulation of neutrophils is observed in skin wounds

of germ-free mice with accelerated wound healing compared to

conventional mice (27). As we studied young mice (2.5 months),

we suggest that the cytokine-delayed wound healing reported in

our model could be independent of neutrophils

The ultimate goal is to evaluate the beneficial/deleterious

effects of an acceleration or a slowing down of the healing

kinetics in infected wounds. By studying regeneration after

skin excision in the African spiny mice (Acomys), which is

characterized by skin autonomy (capacity to regenerate missing

skin), Seifert et al. suggested that too much inflammation would

be detrimental, whereas no inflammation was not helpful either

(46). We can hypothesize that in the case of acute infected

wounds, slowed healing would allow a control of the infection by

avoiding sepsis and would be beneficial. By contrast, in the case

of chronic ulcers, we may wonder if IL-17 and IL-22 are involved

in the lack of wound closure, which can consequently be

deleterious. The deleterious effect of inflammatory cytokines in

skin has been reported in hypertensive leg ulcer (HLU) and

associated with impaired wound healing, displaying skin IL-1b
and OSM hyperexpression. Furthermore, injection of exogenous

IL-1b and OSM in the skin of mice mimics the skin

characteristics of HLU (47).

This unexpected role of the proinflammatory cytokines IL-

17 and IL-22 in control of the healing process provides new

directions in control of kinetic wound healing by cytokines.

Taken together, we have described new properties for IL-17 in

association with IL-22 in control of skin wound healing kinetics.

In inflamed tissues, it is always not one but a complex “cytokine

network” that leads to a specific signature and response. In the

present study, we have reported a specific cytokine signature

associated with aseptic or infected wound skin, and

demonstrated that IL-17 and IL-22 act synergistically with IL-

1, TNFa and OSM are responsible for the delayed healing
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observed in infected wounds. Depending on the context

-infected or not-, -acute or chronic wound inflammation- we

suggest that these cytokines could be used to slow down the

wound healing process, or could be blocked to accelerate the

process, in view of developing new therapeutic approaches to

treat skin infections and scarring. In this perspective, a

recombinant human IL-22 dimer (F-652) has been designed

and tested safety in phase I studies, with the purpose of

controlling epithelial repair (48). We are looking forward to

observing its effects on wound healing kinetics.

By extension, such approaches to modulate wound healing

could facilitate and accelerate skin grafts, an emerging strategy

that remains to be explored (49).

However, the precarious balance between beneficial and

deleterious properties of numerous cytokines, depending on

the target cells, the inflammatory and/or the infectious states,

should make us more cautious before using them for beneficial

adjuvant therapies.
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Gain-of-function of TRPM4
predisposes mice to
psoriasiform dermatitis

Daisuke Yamada1, Simon Vu2, Xuesong Wu1, Zhenrui Shi3,
Desiree Morris4, Joshua D. Bloomstein1, Mindy Huynh1,
Jie Zheng2 and Samuel T. Hwang1*

1Department of Dermatology, University of California, Davis, Sacramento, CA, United States,
2Department of Physiology and Membrane Biology, University of California, Davis, Davis,
CA, United States, 3Department of Dermatology, Sun Yat-sen Memorial Hospital, Sun Yat-sen
University, Guangzhou, China, 4Kirk Kerkorian School of Medicine at University of Nevada, Las
Vegas, Las, Vegas, NV, United States
Transient receptor potential melastatin 4 (TRPM4) is a Ca2+-activated,

monovalent cation channel that is expressed in a wide range of cells. We

previously reported two gain-of-function (GoF) mutations of TRPM4 as the

cause of progressive symmetric erythrokeratodermia (PSEK), which shares

similar clinical and histopathological features with psoriasis. Using CRISPR/

Cas9 technology, we generated TRPM4I1029M mice that have the equivalent

mutation to one of the two genetic mutations found in human PSEK (equivalent

to human TRPM4I1033M). Using this mutant mice, we examined the effects of

TRPM4 GoF at the cellular and phenotypic levels to elucidate the pathological

mechanisms underlying PSEK. In the absence of experimental stimulation,

TRPM4I1029M mice did not show a phenotype. When treated with imiquimod

(IMQ), however, TRPM4I1029M mice were predisposed to more severe

psoriasiform dermatitis (PsD) than wild-type (WT), which was characterized

by greater accumulation of CCR6-expressing gd T cells and higher mRNA levels

of Il17a. In TRPM4I1029M mice, dendritic cells showed enhanced migration and

keratinocytes exhibited increased proliferation. Moreover, a TRPM4 inhibitor,

glibenclamide, ameliorated PsD in WT and TRPM4I1029M mice. Our results

indicate elevated TRPM4 activities boosted susceptibility to cutaneous

stimuli, likely through elevation of membrane potential and alteration of

downstream cellular signaling, resulting in enhanced inflammation. Our

results further suggest a possible therapeutic application of TRPM4 inhibitors

in psoriasis.

KEYWORDS

TRPM4, keratinocyte, dendritic cell, psoriasis, imiquimod (IMQ), mouse model,
progressive symmetric erythrokeratodermia, glibenclamide
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Introduction

Transient receptor potential melastatin 4 (TRPM4) is a

Ca2+-activated nonselective cation (CAN) channel involved in

diverse physiological processes and implicated in several human

hereditary diseases (1, 2). Increase in TRPM4 activity induced by

elevating intracellular Ca2+ concentration is expected to

depolarize the membrane potential and induce subsequent

cellular response (3). Like most transient receptor potential

(TRP) channels, TRPM4 is thought to be tetramer made of

four subunits, each of which containing six transmembrane

segments and intracellularly located N- and C-terminal.

Recently, its cryo-EM structure was reported by four

independent groups, showing a four-fold symmetrical complex

(4–7). TRPM4 proteins are found in various cell types and

determine important functions, including insulin secretion in

pancreatic beta cells, cardiac excitability in ventricular cells,

immune response in lymphocytes, dendritic cells (DCs), and

mast cells as well as excitability and contractility in vascular

smooth muscle cells (8–14). Several heterozygous mutations of

TRPM4, leading to gain-of function (GoF) have been identified

in familial heart conduction diseases (15, 16), signifying its

importance in maintaining cellular homeostasis. Recently, two

GoF mutations (p.I1033M and p.I1040T) in TRPM4 were found

in patients with an autosomal dominant-inherited skin disease

termed progressive symmetric erythrokeratodermia (PSEK).

Both of the mutation sites are located in ion permeation pore

region. The mutant channels were found to induce increased

sensitivity to Ca2+ leading to elevation of resting membrane

potential and keratinocyte proliferation (17). These new findings

suggest TRPM4 may be important in the maintenance of skin

homeostasis as well as response to inflammatory stimuli.

Abnormalities in the immune response are involved in many

dermatoses, including potentially PSEK. TRPM4 affects the

function of various types of immune cells. For example,

TRPM4 has been demonstrated to regulate migration, but not

the maturation, of DCs (13). Inhibition of TRPM4 by siRNA in

Jurkat T cells resulted in enhanced IL-2 production (18), and

inhibition of TRPM4 expression led to increased Ca2+ influx

and oscillatory levels in Th2 cells, but decreased Ca2+ influx and
Abbreviations: TRPM4, transient receptor potential melastatin 4; GoF, gain-

of-function; PSEK, progressive symmetric erythrokeratodermia; CRISPR/

Cas9, clustered regularly interspaced short palindromic repeats and

CRISPR-associated protein 9; IMQ, imiquimod; PsD, psoriasiform

dermatitis; IL, interleukin; DC, dendritic cell; EAE, experimental

autoimmune encephalomyelitis; WT, wild-type; gRNA, guide RNA; HDR,

homology directed repair; p-STAT3, phosphorylated signal transducer and

activator of transcription 3; SUR, sulfonylurea receptor; IHC,

Immunohistochemistry; H&E, hematoxylin and eosin; gd-low, TCR gd-low

expressing; Th, T helper; CCR6, CC chemokine receptor-6.
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oscillations in Th1 cells. Inhibition of TRPM4 expression also

significantly altered T cell cytokine production and motility (12).

Other studies indicate that TRPM4 affected the function of

monocytes, macrophages (19) and mast cells (14, 20), but does

not alter intracellular Ca2+ mobilization in neutrophils (19).

In vivo roles of TRPM4 have been explored in several

experimental animal models using TRPM4 knockout

(TRPM4-/-) mice. TRPM4-/- mice have shown increased

mortality in a model of sepsis induced by cecal ligation

and puncture (19), as well as more severe IgE-mediated acute

cutaneous anaphylactic response (14). Additionally, they showed

reduced axonal and neuronal degeneration and attenuated

clinical disease scores in mice models of experimental

autoimmune encephalomyelitis (EAE), but this occurred

without altering EAE-relevant immune function (21). While

these studies highlighted the role of TRPM4 in maintaining

cellular homeostasis including the immune system, it remains

unclear how TRPM4 GoF mutants lead to PSEK and other

human diseases. To address this question, we generated TRPM4

GoF mice using the CRISPR/Cas9 method which have the

equivalent mutation to one of the two genetic mutations found

in human PSEK (equivalent to human TRPM4I1033M). The

mutation site is located in ion permeation pore region

(Supplementary Figure 1). The TRPM4 GoF mice did not

show any skin phenotype in the absence of stimulation,

however, the results of our in vitro experiments indicated that

this mutation affects the membrane potential and proliferation

of keratinocytes, suggesting that cells harboring GoF mutant

TRPM4 channels might be more susceptible to disease-causing

environmental stimuli. Considering that the skin manifestations

and histopathological findings of PSEK are similar to those of

psoriasis (17) as manifested by thickened, red scaly plaques, we

employed an imiquimod (IMQ)-induced PsD model. When

stimulated by IMQ, TRPM4 GoF mice showed enhanced

cutaneous inflammation. Both GoF mice and wild-type (WT)

littermates showed reduction of IMQ-induced dermatitis when

treated with glibenclamide, a TRPM4 inhibitor. Thus, TRPM4

plays a critical role in regulating psoriasis-like features in mice,

which possibly explains the resemblance of the skin lesions in

PSEK patients to human psoriasis and may point to TRPM4 as a

relevant target in psoriasis.
Materials and methods

Generation of TRPM4 mutant (I1029M)
mice (C57BL/6J background)

To generate TRPM4 I1029Mmice, we obtained purified Cas9, a

TRPM4-targeting guide RNA (gRNA; 5’-CAGGTTGAGCA

ACAGGATATTGG-3’) that targets Cas9 to a site near the I1029

codon, and donor oligos for HDR resulting in p.I1029M

(c .C3087G) mutat ions (HDR donor sequence ; 5 ’-
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CCCAGTATGCCAACTGGCTGGTGGTGTTGCTCCTTATCG

TCTTCTTGCTGGTGGC CAATATGCTGTTGCTCAACCT

GCTCATCGCCATGTTCAGGTGTGCCT-3’). Purified Cas9,

TRPM4-targeting gRNA, and HDR oligos were procured from

Integrated DNATechnologies. All three products were injected into

C57BL/6J zygotes at the University of California, Davis mouse

biology program. C57BL/6J mice were purchased from Jackson

laboratories. The resulting pups were genotyped by amplifying a

374 bp region flanking the I1029M site and subsequent Sanger

sequencing. Heterozygous mice from the founder line were then

intercrossed to produce litters with WT, heterozygous, and

homozygous animals. Mice were maintained under specific

pathogen free conditions throughout this study. For the

genotyping of the mice, we used RT-qPCR of mutant TRPM4,

i.e., homozygous mouse expressed twice as high mutant TRPM4 as

heterozygous mice whereas no mutant TRPM4 was detected inWT

mouse. All animal experiments were performed under protocols

(#20960) approved by the Institutional Animal Care and Use

Committee at the University of California, Davis.
Primary keratinocyte isolation
and culture

Adult mouse keratinocytes were cultured following the

procedure described by Li (22). Briefly, the tail skin from an

adult mouse was digested in dispase digestion buffer, which

contains 4 mg/ml dispase II in supplemented KC growth

medium (KC basal medium with 0.06 mM CaCl2, Defined

Growth Supplement, antibiotics) overnight 4°C. Epidermal

sheet was removed, digested in trypsin-based digestion

solution. Then cells were filtered and seeded in supplemented

KC growth medium in culture dishes pre-coated with a collagen-

based coating material. For WST-1 assay, cells were seeded at

1.0x105 cells/well in a 96-well plate. After 24 hours of incubation,

medium was changed and thereafter WST-1 (Sigma-Aldrich, St.

Louis, MO) was added to each well. For cell counting, 1.0x105

cells/well were seeded in a 24-well plate. After 4 days of

incubation, cell numbers were counted using a hemocytometer.
Electrophysiology

Recordings were performed using a HEKA EPC10 amplifier

with PatchMaster software. The bath solution consisted of 140 mM

NaCl,5mMKCl,1mMCaCl2,1mMMgCl2,10mMHEPES,10mM

Glucose, pH 7.4; the pipette solution consisted of 150 mMK-Asp, 5

mMKCl, 10mMHEPES, 10 µMPIP2, 2mMEGTA, 1.8mMCaCl2,

pH 7.4 (resulting in 10 µM free Ca2+, calculated by

MAXCHELATOR program, http://maxchelator.stanford.edu).

Patch pipettes were fashioned from borosilicate glass and fire

polished within the range of 3-5 MW. All recordings were

performed at room temperature (~22°C). Membrane potential was
Frontiers in Immunology 03
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recorded in the whole-cell patch configuration. The liquid junction

potentials were tested experimentally and adjusted accordingly.
Cell cycle assay

Cell cycle assay was performed following the procedure

described by Kim (23). Briefly, primary keratinocytes isolated

from adult mouse tail were fixed in ice cold 70% ethanol. Then,

the cells were stained with anti-Ki-67 antibody (Cat# 151211,

BioLegend) and propidium iodide containing RNase (Cat# 4087,

Cell Signaling Technologies).
IMQ-induced PsD model

IMQ-induced PsD model was described previously (24). 50

mg of 5% IMQ (Aldara; 3M Pharmaceuticals) in total was

applied once daily to both sides of both ears for 5 consecutive

days. Vanicream (Pharmaceutical Specialties, Cleveland, GA,

USA) was applied on ears of WT mice as a vehicle control.
Scoring severity of skin inflammation

To score the severity of inflammation of the ear skin, an

objective scoring system was used as described before (24). Briefly,

erythema, scaling, and thickening were scored independently on a

scale from 0 to 4: 0, none; 1, slight; 2, moderate; 3, marked; 4, very

marked. We calculated the cumulative score (erythema plus scaling

plus thickening) as psoriasis severity index (PSI) score (scale 0–12).

Ear skin thickness was measured with a thickness gauge (Peacock,

Ozaki, MFG.CO., LTD, Japan) having 0.01 mm accuracy.
Histopathological analysis and
immunohistochemistry

Formaldehyde-fixed, paraffin-embedded ear skin samples were

stained with H&E using standard procedures. Images were

acquired using a Nikon Optiphot 2 microscope (Nikon, Tokyo,

Japan). Epidermal thickness was measured with a computer-

assisted image analysis software. For immunohistochemical

analysis, skin sections were incubated with primary antibodies

against murine p-STAT3, followed by the appropriate secondary

antibodies. Rinsed sections were counterstained with hematoxylin.
DNFB-induced contact hypersensitivity

One day after shaving the back hair with electrical clippers,

the back skin was treated with 50 µl of 0.5% DNFB (1-fluoro-2,4-

dinitrobenzene) (Sigma-Aldrich, St. Louis, MO) in a 4:1 mixture
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of acetone and olive oil. Five days later, the mice were challenged

with 40 µl 0.2% DNFB. WT mice without sensitization served as

a control group. Ear thickness was evaluated before challenge

and after challenge (24 hours, 48 hours, and 72 hours).
Croton oil-induced irritant
contact dermatitis

25 ml of 2% croton oil (in a 4:1 mixture of acetone and olive oil)

was applied to the dorsal side of the ear. Ear thicknesswas evaluated

2, 4, 6, and 24 hours after challenge. WT mice applied with 4:1

mixture of acetone and olive oil served as a vehicle control group.
Flow cytometry

Anti–mouse gd-TCR (clone GL3), CD3 (17A2), CD45 (30-

F11), CCR6 (29-2L17), CD11b (M1/70), CD11c (N418), and

Ly6G (IA8) antibodies were from BioLegend (San Diego, CA).

Anti-mouse IL-17A (eBio17B7) antibody was from eBioscience

(San Diego, CA). Flow cytometry was performed and analyzed

using anAccuri C6 (BDBiosciences, San Jose, CA). After recovery

of mouse ears, the ears were cut into small pieces with a blade. To

obtain cell suspensions, small pieces of ear skinwere digestedwith

Liberase TM (Roche,Mannheim, Germany) andDNase I (Sigma-

Aldrich, St. Louis,MO)with addition of 5% fetal bovine serum for

90 minutes before passing tissue through a 100-mm cell strainer.

Anti-mouseCD16/32 (BD, San Jose, CA)were added to cells prior

to staining to block binding to Fc receptors. Flow gating for

CCR6+ gd-low T cells was performed using a gating strategy

described in detail in our previous reports (25, 26). Representative

flow gating for the population is shown in Supplementary

Figure 2. Intracellular staining for IL-17A was done after

incubating cells for 5 hours with cell stimulation cocktail plus

protein transport inhibitors (eBioscience 00-4975-93).
Quantitative real-time PCR

Total RNA of mouse ear skin was extracted using a RNeasy

Fibrous Tissue Kit (Qiagen, Hilden, Germany). Quantitative

real-time PCR was performed using CFX connect Real-Time

PCR Detection System (Bio-Rad, Hercules, CA). Predesigned

primers were obtained from Integrated DNA Technologies, Inc

(Skokie, IL).
DC migration assay

We applied 100ml of 1% FITC (Sigma-Aldrich, St. Louis,

MO) solution in acetone and dibutyl phthalate (1:1) on mouse

ears to label phagocytic antigen presentation cells, such as
Frontiers in Immunology 04
88
dermal and epidermal DCs, and quantified their migration

from skin to regional LN. Six hours after the FITC application,

we collected the cervical LNs and quantified the FITC+ DCs by

flow cytometry.
Glibenclamide treatment

We administered 10 µg glibenclamide daily by intra-

peritoneal injections to all mice in the treatment group (21).

We daily dissolved 25 mg glibenclamide (Sigma-Aldrich, St.

Louis, MO) in 5 ml DMSO and diluted 200 µl of this solution in

9.8 ml PBS. Mice received 100 µl of this solution or 2% DMSO in

PBS as vehicle control.
Statistical analysis

All data are shown as mean ± SEM. Data were analyzed

using GraphPad Prism version 8 (GraphPad Software, San

Diego, CA). A two-sided unpaired Student’s t-test was used to

compare two groups, and one-way analysis of variance (27) with

Tukey’s post hoc test was used for multiple comparisons unless

otherwise indicated. A p-value less than 0.05 was considered

statistically significant.
Results

TRPM4 I1029M mutant mice show
minimum phenotype without stimulation

To examine if mice harboring the human PSEK mutation

can spontaneously exhibit a similar skin phenotype, we

generated TRPM4 I1029M mutant mice using CRISPR/Cas9

methodology (Figure 1A; see Materials and Methods). This

mutation is equivalent to human I1033M mutation. Briefly,

purified Cas9, TRPM4-targeting guide RNA (gRNA), and

homology directed repair (HDR) oligos were injected into

C57BL/6J zygotes. The resulting pups were genotyped by

amplifying a 374 bp region flanking the I1029M site and

subsequent Sanger sequencing. Since clinical manifestations of

PSEK are erythematous hyperkeratotic plaques at hands, foots,

or periorificial sites, we observed those sites carefully. TRPM4

I1029M GoF mice, housed under standard specific-pathogen

free conditions, did not show an obvious skin phenotype

throughout the first 5 months of their lives (Figure 1B).

Because other TRPM4 mutations in humans have been

associated with familial heart block (9), we performed

electrocardiograms in our mutant mice and found no

abnormalities compared to WT siblings (data not shown).

This is consistent with clinical observations from PSEK

patients who do not have cardiac abnormalities (17).
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TRPM4 I1029M mutant keratinocytes
exhibit an elevated resting
membrane potential

Since we did not find obvious skin changes in TRPM4 GoF

mice in vivo, we next asked if cells harboring this mutation show

any changes compared toWT cells in vitro. Previously, we reported

that the two TRPM4 missense mutations (I1033M, I1040T;

human) exhibited an elevated resting membrane potential in

HEK293 cells (17). To determine if this phenomenon occurs in

TRPM4 mutant cells in vitro, we compared the resting membrane

potential in isolated primary keratinocytes from TRPM4 I1029M

mutant (and WT) mice. Indeed, the resting membrane potential

was elevated in homozygous and heterozygous keratinocytes

compared to WT (-23.6 ± 4.3 mV, -22.2 ± 3.7 mV, -54.6 ± 5.8

mV; homozygous, heterozygous, and WT, respectively)

(Figure 1C). These results confirmed that TRPM4 activity is

indeed enhanced (as expected) with the I1029M mutation.
Frontiers in Immunology 05
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Notably, there was no obvious difference between homozygous

and heterozygous mutation with regard to the resting membrane

potential. Thus, despite similarities in baseline skin characteristics

in TRPM4 mutant and WT mice in vivo, keratinocytes from the

GoF mutant show elevated resting membrane potential.
TRPM4 I1029M mutant keratinocytes
exhibit enhanced proliferation

Since one of the major histological characteristics of

PSEK is epidermal hyperplasia, we next asked whether TRPM4

I1029M mutation alters keratinocyte proliferation. In the

electrophysiological study, we observed no substantial difference

in resting membrane potential between homozygous and

heterozygous keratinocytes (Figure 1C). This suggested that a

single heterozygous mutation was enough to alter cellular

physiology and was consistent with the autosomal dominant
A B

D E FC

FIGURE 1

Het I1029M mice do not show phenotype without stimulation, however keratinocytes derived from the mutant mice are more proliferative.
(A) Schematic diagram showing the site-directed mutation of ATC, encoding I1029, to ATG, encoding an M, using CRISPR/Cas9 technology.
(B) Representative images of mice at neonate, 6-weeks, and 5-month. (C) Primary keratinocytes were isolated from the skin of I1029M
homozygous, heterozygous, or WT mouse. Resting membrane potential was measured using patch-clamp technique with intracellular Ca2+

concentration of 100 mM (n = 5-8). (D) Left: Percentages of cells in G1, S, and G2/M phase. Right: Percentages of cells in S phase (n = 4-5).
(E) The relative cell numbers of WT mice or Het mice-derived keratinocytes, determined by WST-1 assay (n = 14). (F) Cell numbers of WT mice
or Het mice-derived keratinocytes, determined by cell counting (n = 8-10). Viable cell number was evaluated using WST-1 assay (n = 14).
The data are presented as mean ± SEM. Data are representative of two independent experiments. *p < 0.05, **p < 0.01, ****p < 0.0001 by using
one-way ANOVA with Tukey’s test in multiple comparison, Student’s T test in two group comparison.
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genetic inheritance of PSEK.While homozygous mutant mice were

generated along with heterozygous TRPM4 GoF mutant mice, our

in vivo experiments focused on heterozygous mice (Het I1029M) in

order to replicate the human PSEK disease, which is only known to

occur in the heterozygous state. Comparing Het I1029M and WT

keratinocytes, we found that I1029M keratinocytes weremore likely

to be inG1, S, G2/Mphase or S phase (Figure 1D).WST-1 assaywas

performed to examine the number of viable cells after 24 hours of

incubation with equal numbers of either Het mice-derived or WT

mice-derived keratinocytes. The relative cell number of Het mice-

derived keratinocytes was significantly higher than those of WT

mice-derived keratinocytes (Figure 1E). We performed cell

counting, which also confirmed Het keratinocytes were more

proliferative (Figure 1F).

Thus, these results show that the Het I1029M mutation

stimulated keratinocytes proliferation in vitro.
Het I1029M mice exhibit enhanced
susceptibility to IMQ-induced
psoriasiform dermatitis

AlthoughHet I1029Mmice did not display any skin phenotype

in the absence of stimulation (Figure 1 B), the results of our in vitro

experiments indicate that this mutation affects the membrane

potentials and proliferation of keratinocytes (Figures 1C–F),

suggesting that cells harboring GoF mutant TRPM4 channels

might be more susceptible to disease-causing environmental

stimuli. The skin manifestations and histopathological findings of

PSEK are similar to those of psoriasis (17). Thus, to determine if

there is a difference betweenHet I1029M andWTmice in response

to stimulation, we used an IMQ-induced PsD model. As a vehicle

control group, we applied Vanicream to WT mice. To see if the

application of Vanicream alone can cause any difference between

WT and Het I1029M mice, we compared WT and Het I1029M

with applying Vanicream only and there was no difference between

WT and Het I1029M (Supplementary Figure 3). Firstly, to

determine if TRPM4 is expressed in psoriasis skin, we analyzed a

publicly available RNA sequencing dataset and found that TRPM4

was expressed in both psoriasis skin lesions and healthy skin

controls (Gene Expression Omnibus GSE117405). Het I1029M

mice showed more severe inflammation that was characterized by

increased ear thickening, erythema, and scale (Figures 2A, B).

Changes in ear thickness and clinical score (as assessed by

psoriasis severity index score, PSI score) were larger in Het

I1029M mice versus their WT littermates (Figure 2B). Consistent

with the observation that Het I1029M keratinocytes were more

proliferative (Figure 1D–F), epidermal thickness was greater in Het

I1029M mice than WT controls (Figure 2C). Interestingly, other

parameters such as erythema and scale that reflect inflammation

rather than keratinocyte proliferation also showed significant

differences (Figure 2B), suggesting that this mutation could affect

other aspects of inflammation in this mouse model.
Frontiers in Immunology 06
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Het I1029M mice do not show altered
phenotype in croton oil-induced irritant
contact dermatitis or DNFB-induced
allergic contact dermatitis

We next asked if TRPM4 GoF mice have susceptibility to

other stimuli using two other dermatitis models, i.e., croton oil-

induced irritant contact dermatitis and di-nitro-fluoro-benzene

(DNFB)-induced allergic contact dermatitis. However, Het

I1029M mice did not show altered phenotype in these contact

dermatitis models (Supplementary Figures 4, 5). In the croton oil-

induced model, WT mice were treated with a 4:1 mixture of

acetone and olive oil and served as a vehicle control group. In the

DNFB-induced model,WTmice which received DNFB challenge

only served as a control group. The results indicate that the effect

of TRPM4 GoF had relatively specific functional effects in the

PsD-related IMQ model compared to the other two models.
Enhanced inflammation observed
in Het I1029M mice is characterized
by accumulation of CCR6-expressing
gd-low T cells and higher expression
levels of Il17a

We next sought to characterize the immunological features of

the enhanced skin inflammation observed in Het I1029M mice.

One day following the last application of IMQ (day 5), mice were

sacrificed and cell suspensions from the ears were prepared. We

have previously shown that CC chemokine receptor-6 positive

(CCR6+) gd-low T cells are one of the dominant sources of IL-17A

and play an important role in IMQ-induced PsD (28–30).We first

evaluated this cell subset by flow cytometry. Het I1029M mice

showed an increased proportion of CCR6+ gd-low T cells as well

as neutrophils among CD45+ cells (Figure 2D).We next evaluated

mRNA expression levels from mouse ears. mRNA expression

levels of Il17a were greater in Het I1029M mice than WT

(Figure 2E). This was consistent with the IHC staining of p-

STAT3 where Het I1029M mice showed higher expression of p-

STAT3 (Figure 2A), which is a downstream signaling of IL-17A

and plays important roles in psoriatic keratinocytes (31). mRNA

expression levels of other cytokines such as Il6 did not show a

difference (data not shown). We next asked if IL-17A+ T cells in

the regional lymph node (LN) were increased in Het I1029M

mice. IMQ was applied on the mouse ears for 2 days, 24 hours

after the second IMQ application, mice were sacrificed and cell

suspension from cervical LNs was prepared. Indeed, greater

numbers of IL-17A+ CD3+ T cell or IL-17A+ gd T cells were

observed in Het I1029M mice (Figure 2F). LN cells from non-

stimulated WT or Het I1029M mice had similar rate of IL-17A+

gd T cells (Supplementary Figure 6). Collectively, at the

immunological level, Het I1029M mice displayed augmented

skin inflammation mainly characterized by enhanced Th17
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response compared to WT counterparts following application

of IMQ.
Enhanced accumulation of DC in Het
I1029M mice

We next sought to identify a functional explanation for the

enhanced dermatitis in Het I1029M mice. Since TRPM4

contributes to efficient migration of DC (13), we hypothesized

that DC migration is accelerated in Het I1029M mice. To test

this idea, we applied 1% FITC solution on mouse ears to both

label phagocytic antigen presentation cells, such as dermal and

epidermal DC, to measure the efficiency of their migration from

skin to regional LN. Six hours after the FITC application, we

collected the cervical LNs and determined the FITC+ DC.

Indeed, significantly increased numbers of FITC+ DC were

observed in Het I1029M mice (Figure 3A), indicating that DC

migration is enhanced in Het I1029M mice compared to WT

mice. Moreover, this increased DC migration in Het I1029M

mice was also observed under the skin was stimulated with IMQ

(Figure 3B). Because DCs are one of the key players in PsD, it is

possible that this increased migration of DCs contributes to the

more severe inflammation observed in the mutant mice.
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Glibenclamide, a TRPM4 inhibitor,
attenuates IMQ-induced PsD in Het
I1029M and WT mice

Since TRPM4 GoF predisposes mice to more active PsD, we

predicted that a TRPM4 inhibitor may ameliorate PsD.

Glibenclamide, a classic diabetes drug, is known to also act as an

inhibitor of TRPM4 (21). Het I1029M andWTmice received daily

IMQ application and glibenclamide i.p. injection for 5 days. Indeed,

glibenclamide ameliorated IMQ-induced PsD clinically and

histologically in both groups of mice (Figures 4A–C). Clinical

evaluation represented by the changes in ear thickness revealed

that glibenclamide significantly ameliorated IMQ-induced PsD

both in WT and Het I1029M mice (Figure 4B). In addition,

glibenclamide treatment reduced the epidermal thickness in Het

I1029M mice. Flow cytometry of mouse ear showed that the

numbers of CCR6+ gd-low T cells and neutrophils tended

(although not reaching statistical significance) to be reduced by

glibenclamide in Het I1029M mice (Figure 4D). Furthermore,

mRNA levels of Tnf were reduced by glibenclamide both in WT

andHet I1029Mmice, and Il17a, Il17f,Cxcl1, andK16were reduced

by glibenclamide in Het I1029Mmice. (Figure 5). Lastly, we sought

to investigate if DC migration is inhibited by glibenclamide.

Glibenclamide was intraperitoneally injected, then IMQ was
A B

D

F

C E

FIGURE 2

Het I1029M mice have enhanced susceptibility to PsD in response to IMQ treatment with more accumulation of CCR6 expressing gd-low T cells and
higher expression levels of Il17a. IMQ was applied to the ears of Het I1029M or WT mice for five consecutive days. (A) Representative photographs,
images of H&E section (scale bars, 50 mm), and images of immunohistochemistry for p-STAT3. (B) Changes in ear thickness, erythema score, scale
score, and total PSI score (n = 8-10, vehicle; n = 4). (C) Histological analysis of epidermal thickness (n = 8-10, vehicle; n = 2). (D) Left: proportions of
CCR6+ gd-low T cells among CD45+ cells, right: proportions of neutrophils among CD45+ cells in the lesional skin, determined by flow cytometry
(n = 4-5, vehicle; n =2). (E) Il17a expression levels in the ear skin (n = 8-10, vehicle; n =4). (F) Cell from the regional lymph node were collected and
evaluated by flow cytometry (n = 11). Vanicream was applied on ears of WT mice as a vehicle control (vehicle; n = 7). The data are presented as
mean ± SEM. Data are representative of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by using Student’s t-test.
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applied on mice ear. On the next day of the IMQ application, 1%

FITC solution was applied on mice ear. Six hours after FITC

application, the regional LN was collected and evaluated by flow

cytometry. Indeed, DC migration was inhibited by glibenclamide
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(Figure 6). Thus, a known inhibitor of TRPM4 ameliorates PsD in

TRPM4 mutant as well as WT mice, suggesting that TRPM4 may

have a regulatory role in PsD and possibly introducing this protein

as a therapeutic target in psoriasis.
A B

FIGURE 3

Enhanced accumulation of DCs is observed in Het I1029M mice. (A)100ml of 1% FITC solution was applied on mouse ears. Six hours after the
FITC application, cervical LNs were collected. Left: increased FITC+ rate among CD11c+ cells, right: increased numbers of FITC+ DCs were
observed in Het I1029M mice compared to WT (n = 8). (B) DC migration assay was conducted under IMQ applied condition. Left: increased
FITC+ rate among CD11c+ cells, right: increased numbers of FITC+ DCs were observed in Het I1029M mice compared to WT (n = 4). Data are
presented as mean ± SEM and are representative of two independent experiments. **p < 0.01, ***p < 0.001 by using Student’s T test.
A B

D

C

FIGURE 4

Glibenclamide, a TRPM4 inhibitor, attenuates IMQ-induced PsD in Het I1029M andWTmice. Het I1029Mmice orWTmice received daily imiquimod
application and daily glibenclamide i.p. injection for 5 days. (A) Representative photographs, histology images, and immunohistochemical images for Ki-67.
(B)Changes in ear thickness (n = 8, vehicle; n = 4). (C)Histological analysis of epidermal thickness (n = 4, vehicle; n = 2). (D) Left: numbers of CCR6+ gd-low
T cells per ear, right: numbers of neutrophils per ear in the lesional skin (n = 4, vehicle; n = 2), determined by flow cytometry. The data are presented as
mean ± SEM. Data are representative of two independent experiments. *p < 0.05, **p < 0.01, ***<0.001 by using one-way ANOVAwith Tukey’s test.
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Discussion

Recently, we and our collaborators reported two TRPM4

GoF mutations that we suggest are the genetic basis of PSEK

(17). Though PSEK is a genetic disease, it is clinically

characterized by keratotic erythema that resembles the ones

observed in inflammatory skin conditions such as psoriasis (32).

Therefore, we hypothesized TRPM4 was involved in not only

PSEK but could potentially play a regulatory role in other

inflammatory skin diseases. To investigate the role of TRPM4

in the physiology and pathophysiology of dermatitis and PSEK,

we generated TRPM4 GoF mutant mice (I1029M) that have an

equivalent mutation to human PSEK.

Since PSEK is a disease that develops spontaneously during

early childhood without known triggers or stimulation, we

carefully observed the mutant mice from birth. Interestingly,

our mutant mice did not show an obvious skin phenotype

(Figure 1B) despite our observation that Het I1029M

keratinocytes showed increased proliferation (Figures 1D–F).

We speculate that compensatory mechanisms may inhibit the

tendency of the mutant keratinocytes to undergo enhanced

proliferation. Another important fact is that PSEK is a

spontaneously resolving disease. We hypothesize that some

unknown inflammatory trigger that is present in humans (and

not present in mice) may be the necessary trigger for the

development of PSEK. We further hypothesize that this

stimulus may resolve spontaneously as children get older,

leading to the eventual disappearance of the PSEK skin disease

in older patients. While we have not identified the exact trigger

in human PSEK, it is worthwhile noting that several common

skin diseases, including atopic dermatitis and acne, that have

complex interactions with skin microbiota, occur in younger

individuals and tend to resolve in adults.
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When subjected to IMQ topical application, a standardmodel

of human psoriasis, Het I1029M mice showed exacerbated

inflammation compared to WT (Figure 2A). This inflammation

was characterized by higher mRNA expression levels of Il17a and

accumulation of CCR6+ gd T cells that is reported to be a major

source of IL-17A in thismodel (Figures 2D, E). Then, we sought to

investigate what cells are affected and contribute to the

exacerbated inflammation in Het I1029M mice. Among the

inflammatory cells, DCs are known to have a pivotal role in

psoriasis. Importantly, TRPM4 is reported to be essential for DC

migration (13). Our migration assay results clearly demonstrated

that DCmigration is enhanced in Het I1029Mmice. In summary,

the TRPM4 mutation may have two independent impacts on the

exacerbation of PsD via increased proliferation of keratinocytes

and enhanced migration of DCs. In Het I1029M mice, DC

migration to the regional LN is enhanced (Figure 3A). These

migrated DCs potentially stimulate LN T cells leading to expand

IL-17A producing gd T cells. As a result, increased accumulation

of IL-17A producing gdT cells in the lesions could lead to IL-17A-

mediated dermatitis. Because keratinocytes are not the

predominant cells that directly respond to IMQ, other cell types

such as DCs expressing TLR7 should be activated by IMQ,

resulting in the production of proinflammatory cytokines that

then secondarily activate keratinocytes that express TRPM4.

Recently in microglia, TRPM4-mediated NLRP3 inflammasome

activation was reported (33). It is possible that TRPM4 GoF may

mediate inflammasome-mediated signaling in the context of skin

inflammation although this should be tested in future studies.

Interestingly, exaggerated inflammation in Het I1029M mice

was only observed in IMQ-induced psoriasiform dermatitis model,

but not observed in the croton oil-induced or DNFB-induced

dermatitis models. Our results at least showed that DC migration

and keratinocyte proliferation are associatedwithTRPM4GoF.We
FIGURE 5

Glibenclamide ameliorates proinflammatory cytokine expressions. Het I1029M mice or WT mice received daily imiquimod application and daily
glibenclamide i.p. injection for 5 days. RNA was extracted from mice ear skin. RT-qPCR was performed for Il17a, Il17f, Cxcl1, Tnf, and K16. The data
are presented as mean ± SEM (n = 4, control; n = 2). Data are representative of two independent experiments. *p < 0.05, **p < 0.01, ***<0.001
by using one-way ANOVA with Tukey’s test.
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speculate that diseases in which DC migration and keratinocyte

proliferation play important roles would be greatly affected by

TRPM4GoF. As bothDCmigration and keratinocyte proliferation

are the important features in psoriasis-like skin inflammation, that

may explain why this GoF mutation specifically enhanced IMQ-

induced skin inflammation. Clearly, other models of skin

inflammation (such as tape-stripping) could be tested in the

future to examine the specificity of TRPM4-mediated signaling.

Consequently, an important question is whether or not this

exacerbated PsD in Het I1029Mmice or spontaneous PsD inWT

mice can be ameliorated by a TRPM4 inhibitor. TRPM4 channels

can exist as homomers or assemble with sulfonylurea receptors

(SURs) as complexes (34, 35). Glibenclamide inhibits SUR-

TRPM4 heteromeric channels (34), but it may also directly

inhibit TRPM4 channels (36, 37). Glibenclamide clearly

ameliorated PsD both in Het I1029M and WT (Figures 4A–D,

5). Moreover, glibenclamide clearly inhibited DCmigration to the

regional LN (Figure 6). These results help to re-affirm that the

enhanced PsD observed in Hetmice is a direct consequence of the

TRPM4 channel. Since both WT and Het TRPM4 mice had

reduced PsD when treated with glibenclamide, we suggest that

TRPM4may be a new and relevant target for psoriasis in humans.

There are several limitations in this study. One of the

limitations is some of the results showed trends, but did not
Frontiers in Immunology 10
94
reach statistical significance due to the lack of availability of

larger numbers of mutant mice. However, we note that these

trends were observed in multiple experiments. Furthermore, we

used only glibenclamide as a TRPM4 inhibitor because it is most

widely used TRPM4 inhibitor used in vivo. Future studies using

TRPM4 inhibitors other than glibenclamide are warranted.

Lastly, while we were able to study keratinocytes and dendritic

cells in greater detail, one limitation of this study is that we were

not able to assess the biochemical characteristics of other

immune cells such as T cells that might also be impacted

by TRPM4 function. Because of multiple known functions of

TRPM4 in different cell types, it is possible that TRPM4

GoF mutation regulates PsD in several ways, but, of note, a

TRPM4 inhibitor blocks PsD in WT as well as TRPM4 GoF

mice. Overall, these data indicate that TRPM4 may contribute to

PsD in humans and that it warrants further study as a target in

human psoriasis.
Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Materials, further

inquiries can be directed to the corresponding author/s.
FIGURE 6

DC migration was attenuated by glibenclamide treatment. Glibenclamide was intraperitoneally injected, then IMQ was applied on mice ear. On
the next day of the IMQ application, 1% FITC solution was applied on mice ear. Six hours after FITC application, the regional LN was collected,
and evaluated by flow cytometry. Left: FITC+ rate among CD11c+ cells, right: numbers of FITC+ DCs. Data are presented as mean ± SEM (n = 7-
8) and are representative of two independent experiments. **p < 0.01 by using Student’s T test.
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CEBPB is associated with active
tumor immune environment
and favorable prognosis of
metastatic skin
cutaneous melanoma
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Wenying Zhong4* and Xinhua Liu3,5*

1Department of General Surgery, The First Medical Center of Chinese People’s Liberation Army
(PLA) General Hospital, Beijing, China, 2Key Laboratory of Bio-inspired Materials and Interfacial
Science, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing, China,
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Normal University, Hangzhou, China, 4Department of Dermatology, The Affiliated Hospital of
Hangzhou Normal University, Hangzhou, China, 5Key Laboratory of Aging and Cancer Biology of
Zhejiang Province, Hangzhou Normal University, Hangzhou, China
Metastatic skin cutaneous melanoma (SKCM) is a common malignancy that

accounts for low morbidity but high mortality of skin cancer. SKCM is

characterized by high lymphocytic infiltration, whereas the states of

infiltrated cells are variable in patients leading to a heterogeneous prognosis

and hindering appropriate clinical decisions. It is therefore urgent to identify

markers associated with lymphocytic infiltration, cellular conditions, and the

prognosis of SKCM. In this study, we report that CEBPB, a transcriptional factor,

is mainly expressed in macrophages in metastatic SKCM and associated with an

active tumor immune environment and a favorable prognosis through

integrated analysis of single-cell and bulk RNA-seq datasets. High CEBPB

expression is significantly associated with active inflammation and immune

response pathways in both macrophages and bulk SKCM tumor tissues. A

signature based on CEBPB-associated genes that are specifically expressed in

macrophages could robustly and prognostically separate different metastatic

SKCM patients. In addition, the associations between the metastatic SKCM

tumor signature and microenvironment with respect to T-cell recruitment and

state, inflammation response, angiogenesis, and so onwere also determined. In

conclusion, we present here the first report on CEBPB in tumor immune

environment and prognosis regulation in metastatic SKCM and construct a

reliable signature, which should provide a useful biomarker for stratification of

the patient’s prognosis and therapeutic selection.
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CEBPb, SKCM, tumor immune microenvironment, single cell RNAseq, immune subtype
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Introduction

Skin cutaneous melanoma (SKCM), which occurs in the

skin, is the most common type of melanoma. SKCM is one of the

most aggressive and lethal malignancies, which accounts for only

3–5% of morbidity but almost 75% of mortality of skin cancer

(1). Surgical resection followed by adjuvant chemotherapy or

radiotherapy to control tumor spread represents the optimal

therapeutic method for localized SKCM (2). Additionally, the

development of targeted therapy and immunotherapy has

significantly prolonged the overall survival (OS) of SKCM

patients (3, 4). However, metastasis continues to pose a great

threat to the prognosis of SKCM patients, and the probability of

5-year OS of metastatic SKCM is only approximately 19% (5).

Systemic treatment, including chemotherapy and a combination

of chemotherapy and biochemotherapy, has been extensively

used in metastatic SKCM, but only low clinical benefits have

been achieved and were often accompanied by great toxicity (6).

A high level of lymphocytic infiltration in both primary lesions

and metastatic sites enables SKCM to be an ideal candidate for

immunotherapy, which aims to modulate the immune

environment of tumor tissue, and a significant improvement

and less toxicity compared to conventional chemotherapy are

obtained (7). In contrast, great heterogeneities of response to

immunotherapy exist in metastatic SKCM patients, largely due

to the heterogeneous tumor microenvironment (TME) (8, 9). As

a result, the identification of molecular biomarkers for metastatic

SKCM stratification with different TME would be helpful for

appropriate clinical decision-making.

The TME is a complex community composed of multiple

cell types and interactions among them. Lymphocytes and

myeloid cells could infiltrate the solid tumor tissue through

tumor vasculature or other means, consisting of the immune

part of the TME (9). Infiltration levels and states of cells are

dynamically regulated by various factors. For example, the

migration of T cells from the second lymphoid organ to the

solid tumor tissue is regulated by some chemokines (10). High

expression of PD-1, CTLA4 on the T cell surface, or PD-L1/L2

on the malignant cell surface could induce the exhaustion of T

cells, resulting in the reduction and even the loss of their

cytotoxicity on malignant cells (11). Cell–cell interactions via

an autocrine or paracrine manner could also influence the states

of infiltrated cells in the TME. Such malignant cells could induce

the differentiation of fibroblasts into cancer-associated

fibroblasts (CAFs) and promote tumor metastasis. Macrophage

polarization to the M2 subtype induced by CAFs could in turn

result in a suppressed immune environment mainly through

manipulation of T-cell states (12). Additionally, it turned out

that a growing number of molecules were involved in the

regulation of the TME. For example, PTEN has been

extensively studied solely in the epithelial context as a tumor

suppressor, whereas its indispensable role in CAF regulation in

the TME has recently been identified and approved for
Frontiers in Immunology 02
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participation in cancer progression (13). CDR1, as a circular

RNA, was found to be closely associated with the infiltration and

state of immune cells in multiple cancers (14). However, the

understanding of TME regulation in cancers, including

metastatic SKCM, is far from complete, which represents an

obstacle to the development of therapeutic methods and the

determination of appropriate treatments.

CEBPB is a transcriptional factor (TF) that has three

subtypes, namely, LAP-1, LAP-2, and LIP. LAP-1 and LAP-2

play important roles in transcriptional activation, while LIP is

mainly involved in transcriptional repression (15). One of the

most known functions of CEBPB is immune modulation in

multiple inflammatory diseases, including sepsis (16, 17) and

skin or fibrotic diseases (18–20). Furthermore, it has been

demonstrated that CEBPB is the master regulator of

macrophage differentiation, which could define the

macrophage identity by marking the macrophage-specific

chromatin regulatory elements for the following TF binding

(21). The regulatory roles of CEBPB in the onset of cancer and

the progression of its transcriptional regulatory function in

malignant cells have also been uncovered (22, 23). A few

studies have also reported potential associations between

CEBPB and metastasis (24) or treatment response in

melanoma (25). However, relationships between CEBPB and

tumor immune landscape as well as the prognosis of metastatic

SKCM have never been systemically reported.

In this study, we report that CEBPB is mainly expressed as

macrophages in the TME of metastatic SKCM and is associated

with an active immune environment. A signature based on

CEBPB-regulated genes that are expressed specifically in

macrophages could robustly separate prognostically and

immunologically different metastatic SKCM patients.
Materials and methods

Datasets, normal fibroblast, and
melanoma cell line

A total of three metastatic SKCM datasets were used for

survival analysis in this study. The TCGA-SKCM cohort

contains a total of 472 samples including one adjacent normal

tissue sample, out of which 349 metastatic ones, including

distant metastasis, regional lymph node metastasis, and

regional skin metastasis, with complete prognosis information,

were retained in this study. Another metastatic SKCM cohort

was obtained from the study of Garraway et al. (26) and

abbreviated as DFCI2015 hereafter, which contains 40

metastatic SKCM samples with transcriptome and complete

survival information freely available. Notably, all 40 patients of

the DFCI2015 cohort experimented with anti-CTLA4 treatment

and the molecular data were obtained before the treatment.

GSE59455 (27) from the Gene Expression Omnibus (GEO;
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https://www.ncbi.nlm.nih.gov/geo/) contains 141 SKCM

samples including 39 primary and 102 metastatic ones, only

those metastatic samples were retained for analysis, and all the

samples were deceased at the end of the follow-up. Additionally,

GSE46517 (28) contains 121 samples including 73 metastatic

SKCM samples, 31 primary SKCM samples, nine nevus samples,

and seven normal skin samples, and one normal epithelial

melanocyte sample was also included in this study for CEBPB

expression comparison. CEBPB mRNA level was compared

between the 73 metastatic SKCM and the seven normal skin

samples. Gene Expression Profiling Interactive Analysis

(GEPIA; http://gepia.cancer-pku.cn/) online tool was also

adopted to estimate the difference in CEBPB mRNA level by

including the SKCM tumor samples from The Cancer Genome

Atlas (TCGA) and normal skin samples from Genotype-Tissue

Expression (GTEx; https://www.gtexportal.org/). A single-cell

RNA-seq dataset GSE115978 (29), which contains gene

expression profiles of 7,186 cells from 31 melanoma samples,

was used for CEBPB cell-specific expression analysis.

Normal dermal fibroblast was obtained from a 67-year-old

male keloid patient in a Chinese PLA hospital with signed

consent obtained. The ethics committee of PLA General

Hospital approved this study (Ethics Approval No. S2018-223-

02). The details for fibroblast extraction and culture could be

found in our previous study (30). Additionally, skin melanoma

cell lines A375 and SK-MEL-2 were obtained from the RE-

STEM cell bank (Jiangsu, China).
Cell culture

A375 cells were cultured in a complete medium (DMEM:

serum:double antibody = 100:10:1) and placed in a 5% CO2, 37°

C incubator for culture. Subculture was carried out every 3 days,

and seeds were grown on plates.
Transfection

A total of 1 × 105 cells were plated on a 6-well plate and

transfected with 2 mg of either pcDNA3.1-3×Flag as mock

control or CEBPB-pcDNA3.1-3×Flag. Transfection was done

using 4 ml of PEI 40000 following the manufacturer’s protocol.

Cells were transfected overnight for cell proliferation assay.
Reverse transcription–PCR

Total RNA was extracted using the Steady Pure Quick RNA

Extraction Kit (AG) according to the manufacturer’s instructions

and used for first-strand cDNA synthesis using the Evo M-

MLVRT Mix Kit (AG). The quantification of all gene

transcripts was performed on a QuantStudioTM5 Real-Time
Frontiers in Immunology 03
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PCR Instrument (Applied Biosystems Inc., Foster City, CA,

USA) using the SYBR R Green Premix Pro Taq HS qPCR Kit

(Rox Plus, Hunan, China) (AG), and RNA levels were normalized

to those of 18S rRNA. 2−DDct was applied to analyze the data.

Three parallel duplicate wells were designed for the experiment,

and all samples were tested three times. Error bars represent the

mean ± standard deviation (SD) from three independent

experiments. The primer sequences used were as follows: 18S

rRNA forward: 5′-GTAACCCGTTGAACCCCATT-3′, reverse:
5′-CCATCCAATCCGTAGTAGCG-3′; CEBPB, forward: 5′
TTTCGAAGTTGATGCAATCGG-3 ′ , r e v e r s e : 5 ′ -
CGTAGGAACATCTTTAAGCGA-3′.
Assessment of cell proliferation with cell
counting kit-8 test

Cells were divided into the control group and the

overexpression-CEBPB group. The cells were spread in 96-well

plates with 3,000 cells per well, and then an appropriate amount

of Cell Counting Kit-8 (CCK-8) reagent was added to detect the

absorbance of each experimental group, so as to measure the

proliferation activity at different times.
Differential expression analysis

Differential expression analysis between metastatic SKCM

samples with higher and lower CEBPB mRNA levels was

performed by using the DESeq2 R package (31) based on the

raw count data. For the single-cell RNA-seq, which provides

fragments per kilobase of transcript per million mapped reads

(FPKM) data for each cell, the limma R package (https://

bioconductor.org/packages/release/bioc/html/limma.html) was

applied for differential expression analysis between cells with

CEBPB FPKM > 1 and those without CEBPB detected.

Threshold of absolute log2(Fold Change) (|log2FC|) > 1 and

false discovery rate (FDR) adjusted p-value<0.05 was used as the

criteria for screening significantly differentially expressed

genes (DEGs).
Functional enrichment analysis

Significantly enriched Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathways were obtained by using the

clusterProfiler R package (32) to the DEGs with the threshold

of Benjamini–Hochberg (BH) adjusted p-value<0.05. In

addition, Gene Set Enrichment Analysis (GSEA) was also

adopted to identify hallmarks (gene signatures) that are

associated with CEBPB expression in both bulk metastatic

SKCM tissue and the macrophages in the TME by using

GSEA software (33) with the threshold of nominal p-value<0.05.
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Construction of death risk signature

Univariate Cox regression analysis was first applied to the

candidate genes, namely, CEBPB-regulated genes in macrophages,

to identify prognostically significant genes based on the metastatic

melanoma samples in the TCGA-SKCM cohort with the

threshold of p-value<0.05. Least absolute shrinkage and

selection operator (LASSO) Cox regression analysis by using the

glmnet R package (https://cran.r-project.org/web/packages/

glmnet/) was then performed to further prioritize genes from

the significant ones in univariate Cox regression analysis for death

risk signature construction. The signature was finally constructed

as an equation for the estimation of death risk for each metastatic

SKCM patient: risk score (RS) = on
i=1Coei � Ei , in which Coei

and Ei represent the LASSO Cox coefficient and mRNA level of

the ith gene, respectively.
Survival analysis

Kaplan–Meier (KM) analysis by using the survival R package

(https://CRAN.R-project.org/package=survival) was used for

determining the significance of the difference in OS probability

between metastatic SKCM patients with higher and lower

CEBPB expression as well as with higher and lower RS.

p-Value<0.05 was used as the significant threshold.
Statistical analysis and visualization

A comparison of expression of CEBPB and antigen

presentation-related genes between different patient groups

was performed by using the Wilcoxon test with the threshold

of p-value<0.05. Visualization of gene expression boxplot and

volcano plot of differential expression analysis was performed

through the ggplot2 R package (https://ggplot2-book.org/). The

KM survival probability plot was visualized through the

survminer R package (https://cran.r-project.org/web/packages/

survminer/). The expression heatmap was visualized through the

pheatmap R package (https://cran.rstudio.com/web/packages/

pheatmap/). All the statistical analyses of this study were

performed in R version 4.0.2 (https://www.r-project.org/).
Results

CEBPB is downregulated in metastatic
skin cutaneous melanoma and
associated with favorable prognosis

To explore alterations of CEBPB expression in SKCM

initiation, we first performed a comparison analysis through
Frontiers in Immunology 04
100
GEPIA online tool (http://gepia.cancer-pku.cn/), which includes

SKCM tumor tissue samples from TCGA and normal tissue

samples from GTEx. As a result, CEBPB was significantly

downregulated in SKCM tumor tissues (Figure 1A), which was

further confirmed by another independent cohort GSE46517,

which included 73 metastatic SKCM samples and seven normal

skin samples (primary and nevus samples were excluded from

this study) (Figure 1B). To validate the downregulation of

CEBPB in melanoma, we performed RT-PCR of CEBPB in

dermal fibroblast from the normal skin of a keloid patient and

A375 and SK-MEL-2 melanoma cells. As a result, the CEBPB

mRNA level was significantly lower in A375 and SK-MEL-2 cells

compared with that in dermal fibroblast (Figure 1C). To confirm

the repression of CEBPB protein expression in SKCM tissue, we

obtained the immunohistochemical staining results of CEBPB in

three normal skin and three tumor tissues of malignant

melanoma patients from the Human Protein Atlas (HPA;

https://www.proteinatlas.org/). The staining intensity of

CEBPB is obviously higher in normal skin samples than that

in melanoma tumor tissues (Figure S1). Additionally, a high

CEBPB mRNA level was proved to be associated with a favorable

prognosis, namely, longer overall survival here, of metastatic

SKCM in both the TCGA cohort (Figure 1D) and DFCI2015,

another independent patient cohort (Figure 1E, not significant,

which might be attributed to its relatively small sample size, but

the survival probability difference between the two groups is

obvious). These indicated that CEBPB could inhibit the

initiation and progression of SKCM.

To explore if CEBPB has any influence on melanoma

proliferation, we overexpressed CEBPB in both A375 and SK-

MEL-2 cell lines and performed a CCK-8 assay. Strikingly,

CEBPB overexpression (OE-CEBPB) almost had no influence

on the proliferation ability of the two cell lines (Figure S2). We

speculated that CEBPB might affect skin melanoma mainly by

influencing other cell types in the tumor microenvironment

rather than the malignant cell itself.
CEBPB is associated with immune
pathway activity in metastatic skin
cutaneous melanoma

CEBPB is a transcription factor that plays important roles in

gene expression regulation. To identify genes regulated by

CEBPB in metastatic SKCM tumor tissue, we selected the 10

metastatic SKCM tumor tissues that have the highest CEBPB

expression (CEBPB_High) and the 10 with the lowest CEBPB

expression (CEBPB_Low) from the TCGA cohort and

conducted differential gene expression analysis between the

two sample groups. As a result, a total of 2,039 DEGs,

including 842 downregulated and 1,197 upregulated genes,

were obtained in CEBPB_High compared with CEBPB_Low

samples (Figure 2A). Functional enrichment analysis of those
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DEGs obtained many immune-related or TME regulation-

related pathways, such as cytokine–cytokine interaction, JAK–

STAT signaling pathway, and TNF signaling pathway

(Figure 2B; Supplementary Table 1). GSEA indicated that

immune response-related pathways were significantly activated

in CEBPB_High metastatic SKCM samples (Figure 2C;

Supplementary Table 2). These indicate that CEBPB

participates in the immune activation in metastatic SKCM.
CEBPB is mainly expressed in
macrophages of metastatic skin
cutaneous melanoma tumor tissue and is
associated with immune activation

To explore if CEBPB was specifically expressed in some cell

types in the TME of metastatic SKCM tumor tissue, we analyzed

its mRNA level in a single cell RNA-seq dataset (GSE115978) of

metastatic SKCM patients across multiple cell types. Strikingly, it

was mainly expressed in macrophages but nearly depleted in

other cell types (Figure 3A). CEBPB has been previously
Frontiers in Immunology 05
101
reported to be a master regulator in macrophages; we here

proposed to explore genes regulated by CEBPB in

macrophages of metastatic SKCM TME. We first identified

macrophage-specific genes in the TME by comparing the gene

expression in macrophages with other cell types with the

threshold of |log2(Fold Change)| > 0.5 and FDR-adjusted p-

value<0.05, which obtained a total of 2,516 genes (Figure 3B),

and CEBPB was expectedly identified. Then we selected the

macrophages that have no CEBPB mRNA detected and those

with FPKM of CEBPB > 1 and performed differential expression

analysis between those two macrophage groups. As a result, a

total of 41 upregulated and seven downregulated genes in

addition to CEBPB itself were identified in CEBPB_High

macrophages compared with those without CEBPB detected

(Figure 3C). Additionally, GSEA indicated that immune

response-related pathways, such as inflammatory response and

IL6–JAK–STAT3 signaling pathway, were significantly activated

in CEBPB_High macrophages (Figure 3D; Supplementary

Table 3), which was consistent with the bulk tumor tissue

analysis. These indicated that CEBPB might manipulate the

TME of metastatic SKCM by influencing the macrophage state.
A B C

D E

FIGURE 1

CEBPB is downregulated in metastatic SKCM and associated with superior prognosis. (A) Boxplot of relative CEBPB mRNA level in SKCM tumor
samples from TCGA and normal skin samples from GTEx analyzed based on GEPIA. Asterisk indicates significant difference. (B) Boxplot of
relative CEBPB mRNA level in metastatic SKCM tumor samples and normal skin samples from GSE46517. Exact p-value was provided. (C)
Relative mRNA level of CEBPB in normal dermal fibroblast, A375, and SK-MEL-2 melanoma cell lines. (D, E) The KM survival probability curve of
metastatic SKCM patients from TCGA-SKCM and DFCI2015 cohorts. The patients were grouped according to the best cut-point of CEBPB
expression obtained through survminer R package. p-Value was determined by using log-rank test. SKCM, skin cutaneous melanoma; TCGA,
The Cancer Genome Atlas; GTEx, Genotype-Tissue Expression; GEPIA, Gene Expression Profiling Interactive Analysis; KM, Kaplan–Meier.
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A macrophage-specific CEBPB-
associated gene signature could
robustly distinguish prognostically
different metastatic skin cutaneous
melanoma patients

As TME state is closely associated with the prognosis of

multiple cancers, we here proposed to explore if the CEBPB-
Frontiers in Immunology 06
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associated genes could predict the prognosis of metastatic

SKCM patients. We performed a univariate Cox regression

analysis of the 48 DEGs in macrophages that were regulated by

CEBPB along with CEBPB itself for their association with OS

probability of metastatic SKCM patients from TCGA, which

identified 36 prognostic-related genes. The top 20 most

significant genes along with their hazard ratio and p-value

were provided as a forest plot in Figure 4A. To further
A B

C

FIGURE 2

CEBPB is closely associated with immune response in metastatic SKCM tumor tissue. (A) Volcano plot of differential expression analysis between
the 10 metastatic SKCM patients with the highest CEBPB expression (CEBPB_High) and the 10 with the lowest CEBPB expression (CEBPB_Low)
from TCGA-SKCM cohort. Green, red, and gray dots represent significant downregulated, upregulated, and non-significant genes in
CEBPB_High samples compared with CEBPB_Low samples. x-Axis and y-axis are log2FC and log10-based FDR-adjusted p-value, respectively.
(B) The top 20 most significantly enriched KEGG pathways of the 2,039 DEGs in CEBPB_High samples. Dot size and color illustrate the number
of genes included in the corresponding pathway and significance, respectively. Full list of significant KEGG pathways is provided in
Supplementary Table 1. (C) Enrichment plot of three hallmark gene sets that are significantly enriched and specifically activated in the
CEBPB_High samples compared with CEBPB_Low samples. The full list of significantly enriched gene sets in CEBPB_High samples is provided
in Supplementary Table 2. SKCM, skin cutaneous melanoma; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes;
DEGs, differentially expressed genes.
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prioritize genes for prognostic signature construction, we

applied the LASSO Cox regression method to the 36

prognostically significant genes, which finally retained five

genes (Figure 4B), including FPR2, AIF1, LILRB2, SOD2, and

FCGR2C, and the death RS of metastatic SKCM patients could

be calculated by the sum of multiply–accumulate of each gene’s

relative expression, namely, log2-based raw sequencing reads,

and its regression coefficient: RS = −0.0194 × FPR2 − 0.0202 ×

AIF1 − 0.0254 × LILRB2 − 0.0387 × SOD2 − 0.1226 ×

FCGR2C. We calculated the RS for the metastatic SKCM

patients in TCGA cohort and found that patients with high
Frontiers in Immunology 07
103
RS had relatively short OS than those with low RS (Figure 4C).

Additionally, KM analysis also illustrated the association

between high RS and inferior OS of metastatic SKCM

patients in TCGA cohort as well as another two independent

validation metastatic SKCM patient cohorts (Figure 4D).

Receiver operating characteristic (ROC) curve analysis for

the prediction ability of RS for 3-year OS probability of

metastatic SKCM patients obtained the area under the curve

(AUC) of TCGA, DFCI2015, and GSE59455 as 0.690, 0.677,

and 0.669, respectively (Figure 4E), which indicated the good

performance of RS in prognosis prediction.
A B C

D

FIGURE 3

CEBPB is mainly expressed in macrophages of metastatic SKCM TME and associated with the immune activity of macrophages. (A) Distribution
of CEBPB expression across different cell types in the metastatic SKCM TME. (B) Heatmap illustrating the expression of macrophage-specific
markers across different cell types in the metastatic SKCM TME. (C) Volcano plot of differential expression analysis between macrophages with
CEBPB FPKM > 1 and those macrophages without CEBPB detected. Only macrophage-specific genes were included in this analysis, and CEBPB
itself was not included in this plot. Green, red, and gray dots represent genes that were significantly downregulated, upregulated, and non-
significant in CEBPB FPKM > 1 macrophage compared with those without CEBPB detected. (D) Enrichment plot of three significantly enriched,
specifically activated hallmark gene sets in CEBPB FPKM > 1 macrophage compared with macrophages without CEBPB detected. The full list of
significantly enriched hallmark gene sets is provided in Supplementary Table 3. SKCM, skin cutaneous melanoma; TME, tumor
microenvironment.
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CEBPB-associated risk score is related to
tumor immune landscape in metastatic
skin cutaneous melanoma

RS could robustly separate prognostically different metastatic

SKCM patients, and the TME plays fundamental roles in cancer

initiation, progression, and drug resistance, so we proposed to

explore the potential association between RS and TME landscape

in metastatic SKCM tissues. First, the relative infiltration level of

lymphocyte, myeloid cell, and the stromal cell was determined by

the MCPCounter algorithm and compared between metastatic

SKCM patients of the TCGA cohort stratified by their median

RS. As a result, T cells, CD8 T cells, cytotoxic lymphocytes, NK cells,

and monocytic lineage cells were among the most differential cell

types, which had significantly high infiltration levels in SKCM
Frontiers in Immunology 08
104
patients with low RS. In contrast, neutrophils, endothelial cells, and

fibroblasts only showed a slight difference between the two patient

groups (Figure 5A). We then comprehensively collected genes

closely related to TME modulation, including cytokines and

chemokines associated with immune activity, namely, T-cell

chemotaxis and activation and tertiary lymphoid structures here,

and those associated with immune suppressive, including T cell-

specific suppression, angiogenesis, and immunosuppression, and

we compared their expressions between metastatic SKCM patients

with high and low RS. Expectedly, mRNA levels of all the genes

related to T-cell chemotaxis and activation as well as tertiary

lymphoid structures (TLSs) were significantly higher in metastatic

SKCM patients with low RS than those with high RS. Strikingly,

most of the genes related to immune suppressive also showed

higher expression in RS_low patients except angiogenesis-related
A B C

D E

FIGURE 4

The signature based on the CEBPB-regulated genes in macrophages could robustly distinguish prognostically different metastatic SKCM
patients. (A) Forest plot illustrating the hazard ratio (HR) and significance of the top 20 most significant CEBPB-regulated genes in macrophages
in univariate Cox regression analysis of their association with overall survival probability of metastatic SKCM patients in TCGA-SKCM cohort. (B)
LASSO Cox regression plot showing the optimal number of genes to be included in the death risk score (RS) signature. (C) RS and the overall
survival time (month) as well as the survival status of each metastatic SKCM patient in TCGA-SKCM were altogether provided as a dot plot along
with a heatmap. Each dot represents a patient, with dot color indicating the survival status, and the corresponding RS could be obtained
through the last row of the heatmap. The relative expression of genes included in the signature was also illustrated in the heatmap. (D) KM
survival probability curve of metastatic SKCM patients in TCGA-SKCM (left panel), DFCI2015 (middle panel), and GSE59455 (right panel) cohorts.
The patients were grouped by the median RS value. p-Value was determined by using log-rank test. (E) Survival ROC curve for estimating the
reliability of the RS in predicting the 3-year overall survival probability. The curve color represents the dataset used as indicated in the plot.
SKCM, skin cutaneous melanoma; LASSO, least absolute shrinkage and selection operator; KM, Kaplan–Meier; ROC, receiver operating
characteristic.
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VEGFB and immunosuppression-related LGALS1, which were

significantly higher in patients with higher RS (Figure 5B). This

was partially controversial, for lower RS was associated with

superior OS (Figure 4). We speculated that the immune active

environment might stimulate the response of immunosuppression

signals of multiple origins, such as high expression of immune

checkpoint ligand gene in malignant cells and chemokine cascade

secreted from tumor-associated macrophage (TAM) for regulatory
Frontiers in Immunology 09
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T-cell recruitment. Antigen presentation (AP) is a core process for

the recognition and the following cytotoxicity of T cells for

malignant cells. Hence, we collected a comprehensive list of AP-

related genes and compared their mRNA levels inmetastatic SKCM

patients from the TCGA cohort stratified by the median RS. As a

result, 13 of the 14 genes showed significantly higher expressions in

patients with low RS (RS_low) than in those with high RS

(RS_high) as shown in Figure 5C, indicating that the RS_low
A B

C D

FIGURE 5

The signature based on the CEBPB-regulated genes in macrophages is closely associated with immune activity in metastatic SKCM TME. (A)
Relative abundance of lymphocytes, myeloid cells, and stromal cells in metastatic SKCM patients’ tumor samples of the TCGA-SKCM cohort
stratified by the median RS value. (B) Relative expression of genes of several immunologically suppressive and active signatures in metastatic
SKCM patients’ tumor samples of the TCGA-SKCM cohort stratified by the median RS value. (C) Relative expression of antigen presentation-
related genes in metastatic SKCM patients’ tumor samples of the TCGA-SKCM cohort with higher and lower RS stratified by the median RS
value. Asterisk indicates a significant difference, namely, p-value< 0.05. n.s. represents non-significance. (D) Relative expression of genes used
for defining immune cluster in the study of Shmulevich et al. (34) in the metastatic SKCM patients’ tumor tissues of the TCGA-SKCM cohort
stratified by the median RS value. RSStatus, risk score status based on the median RS value; SKCM, skin cutaneous melanoma; TME, tumor
microenvironment.
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patients had a more intact AP system, which might underlie the

better OS of those patients. Additionally, Shmulevich et al. grouped

cancer patients into five immune clusters according to gene

expression signatures associated with immune activity (34). To

explore the relationship between RS and the immune cluster, we

collected the genes used for defining each immune cluster and

compared their mRNA levels between RS_low and RS_high

metastatic SKCM patients. As a result, genes enriched in the

macrophage and leukocyte infiltration cluster showed obviously

higher expressions in RS_low patients than RS_high patients,

whereas differences in expressions of TGFb, IFNg, and wound

healing-related genes were nearly indistinguishable between the two

patient groups (Figure 5D). These indicated that low RS is

associated with high immune activity and might have predictive

value for immunotherapy response.
Discussion

Metastatic SKCM is a common malignancy worldwide that

accounts for low morbidity but very high mortality in all skin

cancers (35). High exposure to UV irradiation represents the

most common pathogenesis , which induces a high

accumulation of mutation and in turn causes aggressive

lymphocytic infiltration (36). Systemic treatment, including

radiotherapy, chemotherapy, and the recently developed

immunotherapy, are the most adopted therapeutics, and they

provide some clinical benefits to metastatic SKCM, but

heterogeneous clinical outcomes stand in the way of

widespread adoption (37, 38). Therefore, it is urgently

necessary to identify biomarkers or signatures that may

immuno log i c a l l y and progno s t i c a l l y d i s t i ngu i sh

different patients.

In this study, we reported the associations between CEBPB

and prognosis as well as the TME landscape of metastatic

SKCM patients, and a genetic signature associated with CEBPB

was developed for immune activity and stratification of OS

probabilities. The results showed that high CEBPB expression

is associated with a favorable prognosis of metastatic SKCM

and activated immune response-related pathways in bulk

tumor tissue as well as pure macrophages. It has been

extensively reported that CEBPB participates in immune

regulation (16, 39), and CEBPB contributes to immune

activation in many scenarios and relates to the occurrence of

many autoimmune diseases (40, 41). Particularly, it represents

a master regulator for macrophage identity determination (21).

Indeed, CEBPB has proven to be nearly specifically expressed

in the macrophages of metastatic SKCM tissues and regulates

several immune response-related pathways in both

macrophage and bulk tumor t issue in this s tudy.

Macrophages exhibit controversial roles at different tumor
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stages. For example, macrophages could cause tumor

regression by directly killing malignant cells or promoting

the presentation of tumor cells to T cells. In contrast,

macrophages might transform into TAMs and promote

tumorigenesis, progression, metastasis, and drug resistance

when type 2 T helper cell dominates the TME contexture

(12). Above all, we speculated that CEBPB could prompt the

polarization of macrophages to the immunologically

stimulative subtype in metastatic SKCM TME and in turn

inhibit tumor progression. In addition, the CEBPB mRNA level

was significantly lower in melanoma cells than in normal

dermal fibroblasts. In contrast, CEBPB overexpression almost

had no influence on the proliferation ability of melanoma cells.

CEBPB therefore might affect the initiation and progression of

melanoma through the modula t ion of the tumor

microenvironment rather than the malignant cell itself. In

contrast, correlations between the change in malignant cells

caused by CEBPB inhibition and tumor microenvironment

perturbation should still be further studied.

For the important roles of macrophages in the determination

of a relationship between the TME and tumor progression, we

specially screened the macrophage-specific genes that were

regulated by CEBPB in the metastatic SKCM and constructed

a prognostic signature by using several CEBPB-regulated genes.

The robustness of the gene signature in prognosis stratification

was confidently validated with the assistance of three

independent patient cohorts. In addition, we found obvious

differences in the TME landscape between the signature-

derived RS in high and low patients. Generally, the RS_low

metastatic SKCM patients illustrated a more active immune

environment than RS_high patients with respect to T-cell

infiltration and state as well as antigen presentation.

Unexpectedly, certain genes related to immunosuppression

and angiogenesis also showed higher mRNA levels in the

RS_low patient group than in the RS_high group. The TME is

a complex contexture in which immunologically active and

suppressive signals coexist and transition from high tumor

immunity in the initial tumor to low tumor immunity in the

late-stage tumor, which could occur in tumor progression (42,

43). In quantitative terms, the relative increment in the

expression of immunologically active-related genes in RS_low

samples compared to RS_high samples is much higher than

that of immunologically suppressive-related genes, which

might indicate that the RS could discriminate between

patients with dominant immunoactive TME versus those with

dominant immunosuppressants.

Immunotherapy is a recently developed therapeutic that

aims to modulate the TME, and significant prognostic

improvement has been achieved. However, the efficacy of

immunotherapy is highly heterogeneous across different

cancers and among individuals of the same cancer with
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differences in their immune environment (44). Some

biomarkers, such as tumor mutation burden, neoantigen load,

and lymphocytic infiltration, have been proposed to be

associated with immunotherapy responses (45, 46). However,

there is evidence that the predictive values are limited in

numerous investigations. In this study, the RS is closely

associated with TME state: the lower the RS, the more active

the immunity. In addition, the DFCI2015 patient cohort is

comprised of immunotherapy-experienced metastatic SKCM

patients, and the RS could robustly discriminate against the

different prognostic patients. These indicate the potential

predictive value of the RS in the immunotherapy response of

metastatic SKCM patients.

This study also has several limitations. First of all, the

conclusion about the influence of CEBPB on the tumor

microenvironment of melanoma patients was mainly based

on the prediction of the immune cell infiltration ratio in

tumor tissues. An animal model with an intact immune

system along with CEBPB perturbation would be more

precise for exploring associations between CEBPB and the

tumor microenvironment. Another limitation of this study

was the lack of normal melanocytes for validation of CEBPB

mRNA level, which was superseded by dermal fibroblast,

although the CEBPB expression was indeed very low in

A375 and SK-MEL-2 melanoma cells. These efforts will

continue into the future.
Conclusion

In conclusion, we validated the positive role of CEBPB in

metastatic SKCM patients and its function in enabling the

immune response pathway in both bulk SKCM tissue and

macrophages of SKCM TME for the first time. Additionally, a

signature based on genes regulated by CEBPB in macrophages

was also constructed, which could robustly distinguish

prognostically and immunologically different metastatic SKCM

patients. It might be a potentially useful marker for

immunotherapy response.
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Immunohistochemical staining of CEBPB in normal skin samples and
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SUPPLEMENTARY FIGURE 2

Cell proliferation ability detected by CCK-8 assay for control and OE-

CEBPB A375 (A) and SK-MEL-2 (B) cell lines.
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Indirubin combined with
umbilical cord mesenchymal
stem cells to relieve psoriasis-
like skin lesions in BALB/c mice

XiaoJuan Lu1†, Hao Wang2†, Hongwei Wang2, Fan Xie2,
Cuibao Jiang2, Danpeng Shen2, Hongpeng Zhang2,
Jie Yang3* and Youshu Lin3*

1Department of Dermatology, Guangzhou Red Cross Hospital of Jinan University, Guangzhou,
China, 2Lab Animal Research Center, Asia Stem Cell Regenerative Pharmaceutical Co. Ltd.,
Shanghai, China, 3Department of Dermatology, The Fifth People’s Hospital of Hainan Province,
Haikou, China
Objective: To investigate the efficacy of indirubin combined with human

umbilical cord mesenchymal stem cells (hUC-MSCs) in the treatment of

psoriatic lesions in BALB/c mice and to explore the related mechanism of

indirubin in the treatment of psoriasis.

Methods: A BALB/c mouse psoriasis model induced by imiquimod was

established and randomly divided into the control group, model group,

indirubin group, hUC-MSCs group, and indirubin combined with hUC-MSCs

group. Psoriasis area and severity index (PASI) score was used to observe skin

lesion changes in the psoriasis-like mouse model. The epidermal scale, the

degree of keratinization, and the infiltration of inflammatory cells were

observed by hematoxylin eosin (HE) staining. The concentrations of TNF-a,
IFN-g, IL-17A, and IL-23 in serum of mice were measured using enzyme-linked

immunosorbent assay (ELISA).

Results: The PASI integral trend chart indicates that hUC-MSCs and indirubin

and the combination of drugs could relieve the appearance of skin lesions and

accelerate the recovery of skin lesions. The indirubin group had the best effect

in improving the scale of skin lesions. HE staining showed that the number of

parakeratosis cells in the three treatment groups was significantly reduced, the

degree of erythrocyte extravasation dermis hyperplasia and inflammatory cell

infiltration was significantly lower than that in the model group, and the skin

thickness and spleen index of the combined treatment group exhibited the

most noticeable improvement. ELISA showed that the concentrations of TNF-

a, IFN-g, IL-17A, and IL-23 in serum of mice in the hUC-MSCs treatment group,

indirubin group, and combined administration group were all decreased

compared with those in the model group, and the concentrations of IFN-g,
IL-17A, and IL-23 could be decreased significantly in the indirubin group.
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Conclusions: Both hUC-MSCs and indirubin can effectively reduce psoriasis-

like lesions in BALB/c mice, and the combined administration of these drugs

has the best effect.
KEYWORDS

psoriasis, indirubin, umbilical cordmesenchymal stem cells, combined administration,
inflammatory factor
1 Introduction

Psoriasis is an immune-mediated chronic, recurrent,

inflammatory skin disease. It’s typical clinical manifestations are

scaly erythema or plaques, which may be localized or widely

distributed. The etiology of psoriasis involves various factors such

as heredity, immunity, and environment. Excessive proliferation of

keratinocytes or inflammation of synovial cells and chondrocytes in

joints is caused by the immune response mediated mainly by T

lymphocytes and jointly participated by various immune cells.

Psoriasis is an incurable disease, and many therapeutic drugs and

methods are available at present. The treatment plan of psoriasis

should be determined according to the symptoms of patients; mild

patients can undergo external treatment, moderate and severe

patients can use system treatment, and patients that respond

poorly to traditional systemic drug treatment can choose targeted

biological treatment. The selection of drugs and methods suitable

for patients is important to control the disease and maintain long-

term efficacy (1).

Although great progress has been made in the study of the

pathogenesis of psoriasis in recent years, there is still a long way to

go before the pathogenesis of psoriasis is fully elucidated. The high

responsiveness of Th1 and Th17, the dysregulation of Tregs, and the

complex relationship among immune system cells, keratinocytes,

and vascular endothelial cells play an important role in the

pathogenesis of psoriasis (2). The interleukin-23/Th17/IL-17 axis

and Th1/IFN-g axis play a key role in the inflammation of psoriasis.

A series of biologics has been developed and put into use for the

above immune mechanisms. However, the current biologics

targeted therapy cannot completely cure psoriasis, which

manifests in a small number of patients who are not sensitive to

drugs or gradually develop treatment resistance. Therefore, the

treatment of psoriasis is still under constant exploration (2).

The role of stem cells has attracted increasing attention. The

effects of epidermal stem cells and stem cells on T cells have been

found. The dysfunction of various types of stem cells may be the

main reason for the dysregulation of inflammatory response in

psoriasis (3, 4). Human umbilical cord mesenchymal stem cells

(hUC-MSCs) are characterized by low immunogenicity, high

expansion rate in vitro, and pluripotent differentiation potential,

and they can be used as the ideal choice of mesenchymal stem cells
02
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for the treatment of psoriasis. Previous studies found that hUC-

MSCs can produce IL-35 and induce the proliferation of Treg cells,

thereby reducing the active expression of Th17 and Th1 cells (5, 6).

Study also found that subcutaneous injection of hUC-MSCs may

reduce the production of IL-17 by inhibiting gdT cells, thereby

inhibiting skin inflammation and having therapeutic effects on

psoriasis (7).

Due to the increasing application of Traditional Chinese

Medicine in diseases, a variety of Traditional Chinese Medicine

ingredients have been proved to have therapeutic effects on

psoriasis, such as total glucosides of paeony, coptis coptidis,

curcumin and so on (8, 9). Indigo naturalis has the functions of

heat clearing, detoxifying, cooling blood, and calming nerves, and it

is widely used in modern medicine to treat inflammation-related

and autoimmune diseases. The external application of indigo

naturalis ointment can significantly improve the erythema, scale,

and infiltration of skin lesions in patients with psoriasis vulgaris and

significantly reduce the psoriasis area and severity index (PASI)

score. Its efficacy is proportional to the use time and concentration

of indigo naturalis, and its safety is good (10, 11). Qingdai oil can

improve psoriasis damage to nails (12, 13). Indirubin is a bisindole

compound extracted from the leaves of indigo, which together with

indigo constitutes the main active component of indigo naturalis.

Many studies have shown that indirubin can inhibit inflammatory

response and reduce psoriasis-like skin injury in mice (14, 15).

Indirubin is stable and effective in the treatment of psoriasis, and

can be used as a new topical agent for the treatment of psoriasis.

By observing the therapeutic effect of indirubin combined with

stem cells in the treatment of psoriasis-like skin lesions in BALB/C

mice, this paper aims to elucidate the immune mechanism of

indirubin combined with stem cells in the treatment of psoriasis

and the mechanism of regulating psoriasis-like inflammation.
2 Experimental materials
and methods

2.1 Primary reagent

For the experiments, 5% imiquimod cream (Batch No.

17010139) was purchased from Sichuan Mingxin Lidi Co.,
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LTD. Recombinant mouse interleukin-12 (RMIL-12 p70) was

purchased from BD Pharmingen Inc (Batch No. 6278771,

specification: 5 mg). Lipopolysaccharide (LPS) lyophilized

powder was purchased from Sigma Company, USA (Batch No.

045M4087V; specification: 10 mg). IL-17A, IL-12 enzyme-linked

immunosorbent assay (ELISA) kits were purchased from

Shenzhen Dakewe Bioengineering Co., LTD (Batch No.

DKW12-2170-048, DKW12-2020-048). Indirubin (Batch No.

110717-201805) was purchased from China Institute for Food

and Drug Control and diluted at 0.5% CMC for use. Multiple

Electrolytes Injection was purchased from Shanghai Kelun

Pharmaceutical Co., Ltd. (Batch No. T14102120).

HUC-MSCs were produced by the GMP laboratory of

Shanghai Quansheng Biotechnology Co., Ltd. The umbilical

cord donor had signed an informed consent form for donation

for scientific research and passed infectious disease tests. The

collected umbilical cord tissue was cut and separated by cell

climbing. After passage culture and expansion, 1 × 108 cells/mL

saline cell suspension was prepared (Batch No. 20191201). The

extracted hUC-MSCs were cultured in DMEM medium

supplemented with 10% fetal bovine serum and 100 U/ml

penicillin/streptomycin. After passing the quality inspection of

sterility, mycoplasma, endotoxin, and molecular phenotyping, it

was used in this experiment. The experimental instruments were

provided by Shanghai Quansheng Biotechnology Co., Ltd.
2.2 Experiment animals

Fifty SPF male BALB/c mice aged 6–8 weeks and weighing

about 20 g were purchased from Beijing Weitong Lihua

Laboratory Animal Co., Ltd. Experimental animals were kept

in the laboratory for at least 1 week and then tested under

standard feeding conditions (room temperature 25°C–27°C)

with alternating 12 h light and dark cycles. Free access to food

(standard pellet feed) and water was allowed. Experiments were

performed under a project license (No. 2016LL003) granted by

institutional board of The Fifth People’s Hospital of Hainan

Province, in compliance with The Fifth People’s Hospital of

Hainan Province guidelines for the care and use of animals.
2.3 Animal model establishment
and grouping

Animal protection and use guidelines were followed during

the experiment. Fifty SPF male BALB/c mice were randomly

divided into five groups: group A (blank group), group B (model

group), group C (hUC-MSCs group), group D (indirubin

group), and group E (indirubin + hUC-MSCs group), with 10

animals in each group. In group B, 5% imiquimod cream was

applied to the back of the mice at 62.5 mg/day for 7 days. At the

beginning of modeling, RMIL-12 10 ng (5 mL) and LPS 20 mg
Frontiers in Immunology 03
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(5 mL) were injected subcutaneously once to make the psoriasis-

like rash of mice more durable and typical (16). On the basis of

the same modeling as group B, 2 × 107/kg hUC-MSCs were

injected through the tail vein in group C on the first day. Group

D was given the indirubin solution (50 mg/kg, 200 mL, 0.5%
CMC dilution) by gavage once a day. In group E, stem cell

preparation was injected once through the tail vein on day 1, and

indirubin solution (50 mg/kg, 200 mL, 0.5% CMC dilution) was

administered by gavage once a day. All mice were sacrificed after

observation on day 7, and the blood and skin tissue were

collected for use. The spleen was taken and weighed, and the

spleen index (spleen mass/body mass) was calculated.
2.4 Stemness identification of hUC-MSCs

Fluid identification: The second passage cells were collected

and digested with 0.25% TrypLE trypsin (Gibco), and the

appropriate amount of cells was incubated with CD73, CD90,

CD105, CD34, CD45, and HLA-DR antibodies (1 mg/100 mL,
CST) conjugated to PE luminescent groups for 30 min on ice.

Flow cytometry (Beckmancoulter) was used to detect the level of

antibodies on the cell surface.

Osteogenic induction: hUC-MSCs were seeded in a six-well

plate at a density of 1 × 105 cells/well. In addition, 10 mmol/L b-
sodium glycerophosphate, 1 mmol/L dexamethasone, and 50

mmol/L vitamin C were added to the conventional medium as

the osteogenic induction medium. Cells were cultured in

osteogenic induction medium for 4 weeks, and mineral bone

nodules were detected using Alizarin Red S dye.

Adipogenic induce supplements: hUC-MSCs were seeded in

a six-well plate at a density of 1 × 105 cells/well. The

conventional medium was supplemented with 0.5 mmol/L

isobutyl methyl xanthine, 200 mmol/L indomethacin, 1 mmol/L

dexamethasone, and 10 mmol/L insulin as adipogenic induction

medium. After the cells were cultured in adipogenic induction

medium for 1 week, lipid droplets were detected using oil Red

O dye.

Chondrogenic induction: hUC-MSCs cells were seeded in a

six-well plate at a density of 1 × 105 cells/well. The conventional

medium was supplemented with 10 mg/L transforming growth

factor-b1, 0.1 mmol/L dexamethasone, 100 mmol/L ascorbic acid,

200 mmol/L glutamine, and 1% ITS as chondrogenic

induction medium.
2.5 Appearance scoring detection

The skin lesions of mice in each group were observed with

naked eye and photographed with camera every day before drug

administration. PASI was used to evaluate the appearance of

mice, including three subscales of erythema, scale and skin

hypertrophy. The total PASI score was obtained by adding the
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scores of the three subscales. At the same time, two professional

technicians besides the experimenter were asked to evaluate the

degree of skin injury of the mice in a blind way. The scoring

criteria are shown in Table 1.
2.6 Pathological evaluation

The skin tissue from the back of mice was fixed with 4%

paraformaldehyde, embedded in paraffin, and sectioned with a

thickness of 5 mm. Tissue sections were dewaxed with alcohol,

stained with hematoxylin, differentiated with alcohol

hydrochloride, and stained with eosin. Finally, the slices were

washed and dehydrated by adding absolute ethanol. The slices

were sealed, and the histopathological changes of mice were

observed and photographed using a microscope. After pictures

were taken, the thickness of the epidermis was measured. After

photography, epidermal thickness of histopathological sections

was measured by a chief of pathology using ORIGIN 8.0

software and light microscopy, and the measurement process

was performed in a blind manner.
2.7 Immunological evaluation

Serum from mice was collected and a serum sample of 50 mL
was taken from each group of mice and diluted with 1×Dilution

buffer R (DAKEWE). The diluted serum samples were added to
Frontiers in Immunology 04
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the culture plates, and antibody solution was added to detect the

concentrations of Th1 and Th17 related immune molecules

TNF-a, IFN-g, IL-17A and IL-23 in mouse serum. The

experimental procedure was performed according to the

instructions of the ELISA kit (DAKEWE) manufacturer.
2.8 Data collection and
statistical analysis

Statistical software SPSS13.0 was used to process the data,

and the measurement data were expressed as mean ± standard

deviation, and comparison between groups was performed by

ANOVA analysis and linear regression analysis. The Dunnett’s

test was used as post-hoc test of the data. P < 0.05 was considered

statistically significant.
3 Result

3.1 Identification of HUCMSCs

Flow cytometry analysis confirmed that the positive rates of

hUC-MSCs surface markers CD73, CD90 and CD105 were all

more than 90%, while the positive rates of CD14, CD19, CD34,

CD45 and HLA-DR were all less than 5% and negative

(Figures 1A–H). The analysis of oil red O staining, alizarin red

staining and alcian blue staining showed that HUC-MSCs could

be successfully trans-differentiated into adipocytes, osteocytes

and chondrocytes (Figures 1I–K). The results showed that hUC-

MSCs had high purity and excellent differentiation potential.
3.2 Gross findings and skin lesion
score results

Linear regression analysis was conducted with time as the

independent variable and the scores of each part of PASI as the

dependent variable. The erythema, scale, skin lesion thickness,

and total score were linearly correlated with time (P < 0.001).

Table 2 shows the results. The coefficient of determination of

erythema, scale, skin lesion thickness, total score, and time were

0.99, 0.99, 0.97, and 0.99, respectively. The score of skin lesions

in group B continued to increase over time, and the model was

successfully established.

Changes in skin lesions on the back of mice were observed

with the naked eye (Figure 2). Erythema began to appear on the

skin of the back of the mice 1 day after modeling, significant scale

formation was observed on the third to fourth day after modeling,

and the scales on the surface of the back began to increase on the

fifth day after modeling. On the sixth day after modeling, the skin

erythema of mice in the model group (group B) aggravated, the

infiltration thickened obviously, and the surface scales continued
TABLE 1 PASI scoring criteria.

Symptom Standard for evaluation

Erythema 0 points: No erythema

1 points: Blush

2 points: Red

3 points: Deep red

4 points: Very dark red

Skin
hypertrophy

0 points: The lesions are level with normal skin.

1 points: The skin lesions are slightly higher than the normal
skin surface.

2 points: The skin lesions have a medium elevation.

3 points: The skin lesions were hypertrophic and eminently
raised.

4 points: The skin lesion was highly thickened, with several
obvious ridges.

Scale 0 points: No scale on the surface.

1 points: The surface of some lesions is covered with fine scales.

2 points: The surface of most lesions is covered with flaky
scales.

3 points: The surface of most lesions is covered with non-
viscous thick scales.

4 points: All lesions were covered with viscous extremely thick
scales.
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to increase. The skin rash was similar to the appearance of human

psoriasis. The psoriasis model induced by imiquimod cream

+LPS/IL-12 was established.

The differences in erythema scores, scale score, skin lesion

thickness score, PASI score among the four groups were compared.
Frontiers in Immunology 05
113
The results of ANOVA showed that there were differences in

erythema score, scale score, skin lesion thickness score and PASI

score among the four groups on day 7. (P < 0.001) (Figure 3).

The difference of infiltration score among the four groups

was compared. ANOVA results showed a difference in
B C

D E F

G H

I J K

A

FIGURE 1

Detection of surface markers, osteogenesis, adipogenesis, and cartilage‐induced differentiation of HUCMSCs. FACS was used to detect the
surface markers and ICC was used to detect the differentiation. (A–C) The expression of positive surface marker CD73, CD90, and CD105.
(D–H) The expression of surface negative markers CD14, CD19, CD34, CD45, HLA‐DR. (I) The cells osteogenic differentiation was analyzed by
alizarin red staining (scale bar = 20 mm). (J) The cells adipogenic differentiation was analyzed by oil red O staining (scale bar = 20 mm). (K) The
cells chondrogenic differentiation was analyzed by alcian blue staining (scale bar = 100 mm). HUCMSCs, human umbilical cord mesenchymal
stem cells.
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infiltration score among the four groups on day 7 (F = 6.842, P <

0.001) (Table 3). Further pairwise comparisons were performed,

and Tukey’s method was used to adjust the multiplicity. The

results showed significant differences between groups C and B,

groups D and B, and groups E and B, and relative differences of

−0.7 (P = 0.04), −0.8 (P = 0.015), and −1.1 (P < 0.001),

respectively. No significant difference was found among

groups D, E, and C (Table 4). The results showed no

difference between the indirubin group and the stem cell group.
Frontiers in Immunology 06
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3.3 Spleen index results

At the end of the experiment, spleens of each group were

measured, and the spleen index (spleen index = spleen mass/body

mass) was calculated (Figure 4A). The experimental results showed

that the spleen size and spleen index of each group were

significantly higher than those of control group A, and statistical

differences existed between model group B and the combined

administration group E (P < 0.01) (Figures 4A, B). The mean
TABLE 2 Results of correlation analysis between PASI score and time in model group B.

Intercept b SE t p R-squared

Erythema 0.04167 0.44881 0.02077 21.61 6.41E−07 0.9873

Scale 0 0.52143 0.02143 24.33 3.17E−07 0.99

Skin lesion thickness 0.30833 0.41548 0.02878 14.438 6.92E−06 0.972

Total score 0.325 1.30714 0.06165 21.2 7.18E−07 0.9868
fr
SE, standard error.
B C D EA

FIGURE 2

Representative images of psoriasis-like rash in each experimental group from 0 to 7 days after modeling. (A) Control-A; (B) Model-B; (C) hUC-
MSMCs-C; (D) Indirubin-D; (E) Indirubin+hUC-MSCs-E.
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spleen index of group A was 0.302, and that of group B was 1.338;

the difference between the two groups was 1.036 (t = −11.558, P <

0.001), thus indicating significant differences. Xenogeneic

exogenous stem cells in the combined administration group may

cause stress response activation of the immune system of

experimental animals, leading to splenomegaly, so the spleen

index in the combined administration group will increase.

Moreover, compared with model-B group, the spleen index of
Frontiers in Immunology 07
115
indirubin group was lower, which proved that indirubin had a

certain therapeutic effect on spleen enlargement in mice.

The difference of spleen index among the four groups was

compared. ANOVA results showed a difference in spleen index

among the four groups on day 7 (F = 8.98, P < 0.001) (Table 5).

Further pairwise comparisons were performed, and Tukey’s

method was used to adjust the multiplicity. The results showed

significant differences between groups E and B, groups C and E, and
B

C D

A

FIGURE 3

The erythema, scale, infiltration and PASI score of animals from 0 to 7 days after modeling. (A) Erythema score of mice in each group. (B) Skin
lesion thickness score of mice in each group. (C) Scale score of mice in each group. (D) Total PASI score of mice in each group (one-way
ANOVA/Dunnett’s test). ****P < 0.0001, ***P < 0.0001, compared with model B.
TABLE 3 Results of ANOVA of infiltration score.

n SS MS F P

Group 3 6.5 2.1667 6.842 0.000914

Residuals 36 11.4 0.3167
frontie
SS, sum of square; MS, mean square.
TABLE 4 Results of pairwise comparison of infiltration score among groups.

Relative difference Lower confidence limits Upper confidence limits P

Groups C and B −0.7 −1.3777806 −0.02221936 0.0407417

Groups D and B −0.8 −1.4777806 −0.12221936 0.0153569

Groups E and B −1.1 −1.7777806 −0.42221936 0.0005615

Groups D and C −0.1 −0.7777806 0.57778064 0.9784162

Groups E and C −0.4 −1.0777806 0.27778064 0.3972374

Groups E and D −0.3 −0.9777806 0.37778064 0.6357029
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groups D and E, and the relative differences were 0.409 (P = 0.005),

0.268 (P = 0.03), and 0.42 (P < 0.001), respectively. No significant

difference was found among groups C, D, and B, and between

groups E and C (Table 6). The results showed that the combined

groupwas superior to the stem cell group and was different from the

indirubin group, and the stem cell and indirubin groups were not

different from the model group.
3.4 Pathology results

3.4.1 Pathological features
An observation of the dorsal skin of mice in each group

(Figure 5A) shows that the epidermal layer of mice in control-A
Frontiers in Immunology 08
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group is thin, and the morphology of epidermal cells is roughly

normal. The epidermis of other groups was significantly thickened,

being thicker than normal skin epidermis. In the model-B group, it

was observed that the epidermic cells hyperkeratosis with

integration parakeratosis, acanthosis cell layer thickening,

epidermal sudden downward extension of in-depth dermis, and a

large number of inflammatory cells were infiltrated in the dermis,

which were basically the same as the pathological changes of human

psoriasis. Compared with the model-B group, the hUC-MSCs-C

group, indirubin-D group had significantly fewer keratinized cells,

acanthosis cell layer mild hyperplasia, epidermal sudden downward

extension reduced, and the inflammatory cell infiltration was

significantly reduced. Compared with model-B group, the

epidermal thickness of mice was reduced after drug treatment,
B

C D E

A

A B

FIGURE 4

The spleen index (spleen mass/body mass) was calculated on day 7 in each group. (A) Spleen index of mice in each group (one-way ANOVA/
Dunnett’s test). (B) Comparison of spleen size. ****P < 0.0001, compared with model B. A, Control-A; B, Model-B; C, hUC-MSMCs-C; D,
Indirubin-D; E, Indirubin+hUC-MSCs-E.
TABLE 5 Results of ANOVA of spleen index.

n SS MS F P

Group 3 1.146 0.3821 8.98 0.000142

Residuals 36 1.532 0.0425
frontie
SS, sum of square; MS, mean square.
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and the epidermal thickness in hUM-MCSs combined with

indirubin group was the lowest, but still higher than that of

control group-A group. In indirubin+hUM-MCSs group, some

mild hyperkeratinized cells were observed in the epidermis, but no

inkeratinized cells were observed, the acanthosis cell layer was

mildly hyperplasia. Therefore, hUM-MCSs combined with
Frontiers in Immunology 09
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indirubin has the best effect in inhibiting skin damage and

epidermal thickening of psoriasis.

3.4.2 Epidermal measurement results
The thickness of the epidermal layer of the mice in each

group was measured, and the results were as follows: group B
B

A

FIGURE 5

Thickness of epidermal layer was measured by H & E staining images of mice in each group. (A) HE staining results of pathological changes of skin
tissues of mice in each group (200×). (B) Thickness of epidermal layer of mice in each group (one-way ANOVA/Dunnett’s test). ****P < 0.0001,
***P < 0.001, compared with model (B) Red arrow: Munro microabscess; Black arrow: spinous cells; Green arrow: inflammatory cells.
TABLE 6 Results of pairwise comparison of spleen index among groups.

Relative difference Lower confidence limits Upper confidence limits P

Groups C and B −0.1405282 −0.10791124 −0.38896755 0.4344881

Groups D and B −0.0110871 −0.25952650 0.23735229 0.9993672

Groups E and B 0.4089165 0.16047707 0.65735587 0.0004679

Groups D and C −0.1516153 −0.40005465 0.09682414 0.3678707

Groups E and C 0.2683883 0.01994892 0.51682771 0.0300334

Groups E and D 0.4200036 0.17156417 0.66844297 0.0003287
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(122 ± 17.0 mm) > group C (79 ± 14.3 mm) > group D (78 ± 8.7

mm) > group E (64 ± 13.1 mm) (Figure 5B). Statistically

significant differences were found between each treatment

group and model group B (P < 0.01). Compared with the

other treatment groups, the combined treatment group E had

the smallest epidermal thickness.
3.5 ELISA test results

ELISA was used to detect the concentrations of Th1- and

Th17-related immune molecules TNF-a, IFN-g, IL-17A, and IL-
23 in serum of mice in each group (as shown in Tables 7–14 and

Figure 6). The expression concentrations of cytokines in group B

were higher than those in other groups. The concentrations of

the four factors in serum of mice in each group were significantly

different from those of group B (P < 0.01).

The mean IFN-g of group A was 369.261, and the mean IFN-

g of group B was 666.478; the difference between the two groups

was 17.803, which was significant (t = −8.1453, P <

0.001) (Figure 6A).

The difference of IFN-g among the four groups was

compared. ANOVA results showed a difference in IFN-g
among the four groups on day 7 (F = 17.82, P < 0.001)

(Table 7). Further pairwise comparisons were performed, and

Tukey’s method was used to adjust the multiplicity. The results
Frontiers in Immunology 10
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showed significant differences between groups D and B, groups E

and B, and groups D and C, and the relative differences were

−134.824 (P = 0.005), 0.250.822 (P < 0.001), and −115.998 (P =

0.019), respectively. No significant difference was observed

between groups E and C, and groups E and D (Table 8). The

results showed that the indirubin group had stronger IFN-g
intervention than the stem cell group.

The mean value of TNF-a in group A was 378.823, and that

in group B was 605.863; the difference between the two groups

was 17.733, which was significant (t = −8.3208, P <

0.001) (Figure 6B).

The difference of TNF-a among the four groups was

compared. ANOVA results showed a difference in TNF-a
among the four groups on day 7 (F = 16.3, P < 0.001)

(Table 9). Further pairwise comparisons were performed, and

Tukey’s method was used to adjust the multiplicity. The results

showed significant differences among groups C, D, E, and B, and

the relative differences were −117.253 (P = 0.001), −164.291 (P <

0.001), and −183.553 (P < 0.001). No significant difference was

found among groups D, E, and C (Table 10). No difference

existed between the indirubin group and the stem cell group.

The mean value of IL-17A in group A was 17.583, and that in

group B was 29.766; the difference between the two groups was

17.861, which was significant (t = −9.8441, P < 0.001) (Figure 6C).

The difference of IL-17A among the four groups was

compared. ANOVA results showed a difference in IL-17A
TABLE 7 Results of ANOVA of IFN-g.

n SS MS F P

Group 3 376322 125441 17.82 2.95 × 10−7

Residuals 36 253431
fron
SS, sum of square; MS, mean square.
TABLE 8 Results of pairwise comparison of IFN-g.

Relative difference Lower confidence limits Upper confidence limits P

Groups C and B −134.82388 −235.88094 −33.76682 0.0051310

Groups D and B −250.82234 −351.87940 −149.76528 0.0000005

Groups E and B −218.86098 −319.91805 −117.80392 0.0000068

Groups D and C −115.99846 −217.05552 −14.94140 0.0191699

Groups E and C −84.03710 −185.09416 17.01996 0.1316457

Groups E and D 31.96136 −69.09571 133.01842 0.8292858
t

TABLE 9 Results of ANOVA of TNF-a.

n SS MS F P

Group 3 203527 67842 16.3 7.43 × 10−7

Residuals 36 149858 4163
SS, sum of square; MS, mean square.
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among the four groups on day 7 (F = 37.16, P < 0.001)

(Table 11). Further pairwise comparisons were performed, and

Tukey’s method was used to adjust the multiplicity. The results

showed no significant difference between groups D and E, while
Frontiers in Immunology 11
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significant differences existed between the other two groups

(Table 12). No difference was observed between the indirubin

group and the combined group, and the indirubin group was

superior to the stem cell group.
TABLE 10 Results of pairwise comparison of TNF-a.

Relative difference Lower confidence limits Upper confidence limits P

Groups C and B −117.25312 −194.96316 −39.54309 0.0013716

Groups D and B −164.29147 −242.00150 −86.58143 0.0000103

Groups E and B −183.55267 −261.26271 −105.84264 0.0000013

Groups D and C −47.03834 −124.74838 30.67169 0.3750147

Groups E and C −66.29955 −144.00958 11.41048 0.1174843

Groups E and D −19.26120 −96.97124 58.44883 0.9085997
front
TABLE 11 Results of ANOVA of IL-17A.

n SS MS F P

Group 3 621.3 207.09 37.16 4.05 × 10−11

Residuals 36 200.6 5.57
SS, sum of square; MS, mean square.
TABLE 12 Results of pairwise comparison of IL-17A.

Relative difference Lower confidence limits Upper confidence limits P

Groups C and B −5.9159186 −8.759176 −3.0726615 0.0000136

Groups D and B −9.7532558 −12.596513 −6.9099986 0.0000000

Groups E and B −9.5193331 −12.362590 −6.6760760 0.0000000

Groups D and C −3.8373371 −6.680594 −0.9940800 0.0045776

Groups E and C −3.6034145 −6.446672 −0.7601573 0.0083306

Groups E and D 0.2339227 −2.609334 3.0771798 0.9960904
TABLE 13 Results of ANOVA of IL-23.

n SS ,MS F P

Group 3 3713 1237.6 26.57 4.05 × 10−11

Residuals 36 1677 46.6
SS, sum of square; MS, mean square.
TABLE 14 Results of pairwise comparison of IL-23.

Relative difference Lower confidence limits Upper confidence limits P

Groups C and B −14.631466 −22.851869 −6.4110625 0.0001597

Groups D and B −24.827428 −33.047832 −16.6070250 0.0000000

Groups E and B −22.081641 −30.302044 −13.8612373 0.0000001

Groups D and C −10.195963 −18.416366 −1.9755593 0.0100991

Groups E and C −7.450175 −15.670578 0.7702284 0.0873333

Groups E and D 2.745788 −5.474616 10.9661909 0.8050746
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The mean value of IL-23 in group A was 44.60, and that in

group B was 72.77; the difference between the two groups was

17.996, which was significant (t = −7.833, P < 0.001) (Figure 6D).

The difference of IL-23 among the four groups was

compared. ANOVA results showed a difference in IL-23

among the four groups on day 7 (F = 26.57, P < 0.001)

(Table 12). Further pairwise comparisons were performed, and

Tukey’s method was used to adjust the multiplicity. The results

showed no significant difference among groups C, D, and E,

whereas significant differences were found between the other
Frontiers in Immunology 12
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two groups (Table 14). No difference existed between the

indirubin group and the stem cell group and between the

indirubin group and the combined group. The combined

group was superior to the stem cell group.
4 Discussion

Psoriasis, like most autoimmune diseases, is an immune-

mediated skin disease influenced by genetic and epigenetic
B

C D

A

FIGURE 6

Concentrations of Th1- and Th17-related immune molecules TNF-a, IFN-g, IL-17A, and IL-23 were detected by relative Elisa kits.
(A) Concentrations of cytokine IFN-g in serum of mice in each group. (B) Concentrations of cytokine TNF-a in serum of mice in each group.
(C) Concentrations of cytokine IL-17A in serum of mice in each group. (D) Concentrations of cytokine IL-23 in serum of mice in each group
(one-way ANOVA/Dunnett’s test). ****P < 0.0001, ***P < 0.001, **P < 0.01, compared with model B.
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modifications that can be triggered by environmental factors. To

date, several important immune cell subsets have been found to

play a role in the pathogenesis of psoriasis and other

autoimmune diseases, including Th1, Th2, Treg, and Th17

cells, and the corresponding cytokines may involve IFN-g,
TNF-a, IL-23, and IL-17 (17).

hUC-MSCs are cells with self-renewal and multi-differentiation

potential. They can promote tissue repair and regulate immune

function by secreting a variety of cytokines. They also have low

immunogenicity and have many advantages in the treatment of

immune-related diseases. Reports have indicated that hUC-MSCs

transplantation can treat psoriasis patients (4). hUC-MSCs are a

safer psoriasis treatment option than topical glucocorticoids and

can effectively avoid the adverse reactions caused by topical

glucocorticoids on the epidermis. Electron microscopy showed

that the epidermis of psoriasis cured by hUC-MSCs had uniform

thickness, complete epidermis layers, clear boundary between the

dermis and the epidermis, complete basement membrane, and no

gap between tightly connected basal layer cells and basement

membrane. Moreover, hUC-MSCs treatment could also reduce

the expression of CD4, CD8 and CD31 in T cells (18). hUC-

MSCs can significantly reduce the severity and development of

psoriasis, inhibit the infiltration of immune cells into the skin, and

downregulate the expression of various proinflammatory cytokines

and chemokines, including first inhibiting neutrophil function and

then downregulating the production of type I interferon in

plasmacytoid dendritic cells (19). In this study, hUC-MSCs were

used to treat imiquimod-induced BALB/c psoriasis mouse model.

hUC-MSCs could significantly reduce the skin lesion score of the

psoriasis mouse model and also reduce the epidermal thickness of

skin lesions. In addition, Th1 cytokines (TNF-a and IFN-g) and IL-
27 and Th17 cytokines (IL-17A and IL-23) in serum of mice could

be significantly inhibited by hUC-MSCs. Compared with the model

group, hUC-MSCs in this experiment did not significantly reduce

the spleen index of mice (20), which may be due to the different

experimental protocols. The difference is that the spleen index of

mice was directly proportional to the concentration of UC-MSCs in

previous studies (6), this may be because xenogeneic exogenous

stem cells introduced into mice may activate the immune system

stress response in mice, leading to spleen enlargement, and then

increase the spleen index of mice. Therefore, UC-MSCs in the

combined administration group may lead to the increase of spleen

index in mice. Compared with the model group, the spleen index in

the indirubin group showed a downward trend, which proved that

indirubin could improve the prognosis of mice. Considering that

the mechanism of UC-MSCs in the treatment of psoriasis is

different from immunosuppression, spleen index cannot be

simply used as a measurement index, which will be further

discussed in subsequent research.

Indirubin is one of the main active components in indigo

naturalis. Current studies have shown that indirubin has a dose-

dependent therapeutic effect on alleviating psoriasis-like skin

lesions in mice (21), among which CD274 is a regulatory factor
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of indirubin-mediated effect on psoriasis-like skin lesions in

mice (14). Indirubin attenuates imiquimod-induced psoriatic

dermatitis mainly by reducing the inflammatory response

mediated by gdT cells generated by IL-17A involving Jak3/

Stat3 activation (22). Therefore, indirubin and its preparations

may be developed as new drugs for the treatment of psoriasis. An

in vitro experiment found that indirubin could significantly

reduce the mRNA expression levels of proinflammatory

cytokines IL-1b, IL-6, and TNF-a in HaCaT cells and cell

culture supernatant, and the differences were statistically

significant (P < 0.05). Moreover, the inhibitory effect was

enhanced with the increase in the concentration of indirubin.

A certain concentration dependence is observed (23). According

to relevant literature analysis, the scholar treated mice with 50

mg/kg indirubin instillation to explore the therapeutic effect of

indirubin on CD274 and skin lesions. The experimental results

were clear and the mice had normal activity (22). Therefore,

mice treated with 50 mg/kg indirubin in this experiment showed

normal activity without obvious toxic and side effects, and the

experimental results were significant.

This study confirmed that the three groups had significant

inhibitory effects on IFN-g, IL-17A, and IL-23 in mouse serum.

However, further intergroup comparison indicated that the

indirubin group had more obvious effects on the above three

indicators than the hUC-MSCs group did. These results suggest

that indirubin has a strong inhibitory effect on the psoriasis-

related IL-23/Th17/IL-17 axis and Th1/IFN-g axis. In addition,

although the improvement of PASI score was significantly

different among the three groups, the indirubin group was

significantly better than the hUC-MSCs group in reducing

scale, considering that indirubin can inhibit the mitosis of cells

in psoriatic lesions and regulate cell keratinization. The

systematic use of UC-MSCs therapy combined with indirubin

external preparation may further improve the efficacy.

After the combination of hUC-MSCs and indirubin, the

epidermis was the thinnest in the pathological sections of mice,

thereby suggesting that the combination of hUC-MSCs and

indirubin could exert a synergistic effect to better inhibit the

proliferation of psoriasis epidermis. The spleen index of mice

increased significantly after the combination of drugs, but single

treatment of indirubin or hUC-MSCs had no obvious effect on

the spleen index of mice, which may be due to the synergistic

effect of the two groups of drugs in strengthening the regulation

of immune function.

In general, according to the PASI score and pathological

analysis of skin lesions, this study confirmed that hUC-MSCs,

traditional Chinese medicine indirubin, and the combination of

the above two groups had therapeutic and intervention effects on

skin lesions of mice with psoriasis. Moreover, the concentrations

of IFN-g, TNF-a, IL-17A, and IL-23 in skin lesions and serum of

mice decreased significantly, suggesting that hUC-MSCs and

indirubin are involved in the process of immune regulation in

the treatment of psoriasis, and the targets and focuses are
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different. This subject needs to be further explored in

future research.
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Single-cell RNA sequencing (scRNA-seq) is a novel technology that characterizes

molecular heterogeneity at the single-cell level. With the development of more

automated, sensitive, and cost-effective single-cell isolation methods, the

sensitivity and efficiency of scRNA-seq have improved. Technological

advances in single-cell analysis provide a deeper understanding of the

biological diversity of cells present in tissues, including inflamed skin. New

subsets of cells have been discovered among common inflammatory skin

diseases, such as atopic dermatitis (AD) and psoriasis. ScRNA-seq technology

has also been used to analyze immune cell distribution and cell-cell

communication, shedding new light on the complex interplay of components

involved in disease responses. Moreover, scRNA-seq may be a promising tool in

precision medicine because of its ability to define cell subsets with potential

treatment targets and to characterize cell-specific responses to drugs or other

stimuli. In this review, we briefly summarize the progress in the development of

scRNA-seq technologies and discuss the latest scRNA-seq-related findings and

future trends in AD and psoriasis. We also discuss the limitations and technical

problems associated with current scRNA-seq technology.

KEYWORDS

single-cell RNA sequencing, inflammation, atopic dermatitis, psoriasis, transcriptomics
Introduction

Inflammatory skin diseases are induced by skin barrier disorders and dysregulation

of innate and adaptive immunity. Atopic dermatitis (AD) and psoriasis are two of the

most common chronic inflammatory skin diseases (1, 2). The Global Burden of Disease

study showed that AD is the 15th most common non-fatal disease and the skin disorder
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with the highest disease burden, with a prevalence of 15% to 20%

among children and up to 10% in adults (3). Approximately 125

million people worldwide are estimated to have psoriasis (4).

Although genetic, immune dysregulation, and environmental

factors play important roles in the pathogenesis of AD and

psoriasis (1, 2), the detailed mechanisms of AD and psoriasis

remain unclear. In recent years, specific immune component

targeted therapies have been reported in AD and psoriasis, with

substantially positive effects. However, some patients do not

respond to these treatments, have a secondary failure, or relapse

after drug withdrawal; thus, the underlying mechanisms

regarding the treatment of these diseases remain unclear.

Bulk RNA sequencing is an indispensable tool for

analyzing transcriptional variations, which determine the

average gene expression among pooled populations of cells

and reported as single data. However, tissues consist of

multiple cell types in various states; hence, the results of such

a technique can be misleading. Newly developed single-cell

RNA sequencing (scRNA-seq) technologies facilitate the

analysis of transcriptional activity at the single-cell level (5).

scRNA-seq facilitates the assessment of cellular heterogeneity,

identification of new or rare cell populations, and clarification

of cellular transition states at a high resolution. In addition,

Thus, organ- or tissue-specific transcriptomic characteristics of

keratinocytes (KCs), fibroblasts, endothelial cells, and immune

cells hosted within or infiltrated after inflammation can be

assessed to elucidate the function of cell heterogeneity in AD

and psoriasis.
A brief introduction to single-cell
RNA sequencing

scRNA-seq is a powerful tool for providing precision and

detail to individual cells (6). The workflow of scRNA-seq usually

includes sample preparation, single-cell capture, reverse

transcription of full-length mRNA, cDNA amplification,

preparation of a sequencing library, high-throughput

sequencing, and bioinformatics analyses. Single-cell isolation

and amplification of cDNA are the main steps in various

single-cell sequencing strategies.

Methods of traditional single-cell isolation have eventually

developed after many optimizations. Micromanipulation is a

classic technique for manually capturing under a microscope (7,

8). It can accurately select single cells under microscopic

observation and is suitable for analyzing a limited number of

cells (9). However, this method is time-consuming, has low

throughput, and may cause cellular injury due to mechanical

shearing (10). Laser capture microdissection (LCM) is another

approach for obtaining single cells from solid tissue. In this

technique, a laser beam is used to capture the cells of interest
Frontiers in Immunology 02
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from the tissue specimen quickly and accurately, attaching these

cells to a thin and transparent film (11). Here, the spatial

positional information of the target cells is retained (12);

however, in addition to being laborious and inconvenient,

there is a risk of destroying the integrity of cells and damaging

cellular RNA (13), which could impact subsequent analyses.

Fluorescence-activated cell sorting (FACS) is a specialized type

of flow cytometry that sorts large numbers of cells based on cell

surface markers and physicochemical properties and completes

quantitative analyses quickly (14). Time consumption and low

throughput limit the use of these traditional technologies. To

circumvent this, scRNA-seq technology platforms have been

rapidly developed based on the application of microfluidic and

single-cell identification technologies.

Novel single-cell capture methods based on microfluidics

include integrated fluidic circuits (IFCs), droplets, microwells,

traps, and the SlipChip (15). Popular platforms have recently

enabled droplet-based scRNA-seq, which sorts cells into

aqueous compartments in a lipid suspension (16). Using this

system, the cell capture rate of a single sample can be as high as

65%, and 80,000 cells can be simultaneously isolated and

amplified in minutes (17). Split pool ligation-based

transcriptome sequencing (SPLiT-Seq) uses combinatorial

barcodes to label individual cells (18), which is expected to

decrease operational costs and does not involve microfluidic

devices. The development of these technologies has led to the

widespread use of scRNA-seq. The advantages and

disadvantages of these single-cell isolation methods are

summarized in Table 1.

Single-cell bioinformatics analysis, typically involves

fundamental analytical procedures such as quality control,

normalization, dimensionality reduction, differential

expression gene analysis, visualization, clustering, and cell type

annotation. Thus, this analysis can obtain the basic single-cell

landscape of specific disease. Some advanced analyses, such as

trajectory and cell-cell communications, can help us further

capture specific disease-related cells, genes, functional pathways,

and cell-cell interactions. scRNA-seq technology has been

applied in skin cancer and autoimmune skin diseases. For

example, ferroptosis-related genes and resident memory CD8+

T cells in regional lymph nodes have been identified to predict

the prognosis of melanoma using scRNA-seq analyses (19, 20).

Moreover, patterns of dedifferentiation in melanoma are

predictive of the response to immune checkpoint inhibitor

therapy (21). Type 1 cytokine signaling plays a central role in

vitiligo, and Treg cells inhibit disease progression in non-lesional

skin (22). A unique cluster of CXCL13+ T cells identified via

scRNA-seq appears to promote B- cell responses within the

inflamed skin of patients with systemic sclerosis (23). These data

provide critical insights into the pathogenesis of melanoma,

vitiligo, and systemic sclerosis, respectively.
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Applications of single-cell RNA
sequencing in inflammatory
skin diseases

Atopic dermatitis

Atopic dermatitis (AD) is one of the most common

inflammatory skin diseases. The prevalence of AD has been

reported up to 20% among children and 10% among adults

(24), and the causes are complex. Genetic susceptibility, a

dysfunctional epidermal barrier, skin microbiome abnormalities,

and type-2 immune dysregulation predominantly play a role in

the pathogenesis of AD (2). The endotype is the molecular

mechanism underlying the disease phenotypes (25, 26). Aside

from the presence of IgE that can distinguish between intrinsic

and extrinsic AD, AD is characterized by a highly diverse

endotype repertoire, including the dysregulation of Th1/Th2/

Th17/Th22 cells and impaired epidermal barrier integrity (27).

In addition to the unclear specific pathogenic mechanisms of

AD, the treatment options for this disease vary. Targeted therapies

for specific AD endotypes, such as those directed against Th2/Tc2,

and Th17 cells and general anti-inflammatory agents, have been

proved by the FDA or are currently in different phases of clinical

trials (28). Additionally, addressing the unsatisfactory efficacy of

current therapies and identifying biomarkers that will improve

therapy selection for biological agents and small-molecule drugs

should be the focus for AD.

RNA sequencing and gene microarray analysis of skin biopsy

specimens have provided insights into AD pathogenesis (29, 30).
Frontiers in Immunology 03
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scRNA-seq was performed on lesional and non-lesional samples

from patients with AD and skin from healthy individuals. It was

found that COL6A5+COL18A1 +
fibroblast, which express the

cytokines CCL2 and CCL19, were a novel cell subpopulation

unique to AD lesional skin. A dendritic cell population that

expresses the CCL19 receptor CCR7 is also unique to AD

lesions (31). Prx1+ fibroblasts overexpressing the eosinophilic

chemokine CCL11 may also contribute to the pathogenesis of

AD by dysregulating IKKb/NF-kB signaling; hence, targeting

CCL11 upregulation in Prx1+ fibroblasts may be a way to treat

AD-like skin diseases (32). Whether these subpopulations of

fibroblasts recruit T cells and other inflammatory cells into the

local lesions or play a role in the initiation, maintenance, and

regression phases needs further research.

Meanwhile, myeloid dendritic cells (DCs), including

inflammatory dendritic epidermal cells, form the most

expanded immune cell population in AD lesions (33). It has

been demonstrated that unique inflammatory fibroblasts may

interact with immune cells, such as DCs expressing CCR7, to

regulate type 2 inflammation. Moreover, innate lymphoid cells

(ILC), especially ILC2, have been implicated in AD pathogenesis.

ILC2s are activated by various tissue-derived factors and exhibit

different functions in both the steady- state and inflammation.

The number of ILC2s in lesional skin biopsies from patients with

AD was significantly higher than in healthy individuals (34, 35).

Skin ILC2s were further sub-classified into skin-resident and

circulating ILC2s through scRNA-seq in a transgenic mouse line

expressing skin-specific IL-33 expression. Here, these transgenic

mice showed ILC2- dependent atopic dermatitis-like skin
TABLE 1 Comparison of the advantages and disadvantages of single-cell isolation methods.

Techniques Automation
level

Impact
on cell
integrity

Advantages Disadvantages

Micromanipulation (8–10) Manual Gentle Precise capturing of single cells under direct
visualization. Low cost.

Time-consuming and low throughout.

Laser capture microdissection
(LCM) (11–13)

Manual Often
impairing

Isolation of single cells from solid samples, not need
the preparation of cell suspensions.

Time-consuming, low throughout. and influence
subsequent amplification.

Fluorescence-activated cell
sorting (FACS) (14)

Automatic Often
impairing

Suitable for sorting different types of cells. High
hroughout.

Hard to detect cellular characteristics expressed
at a low level and differentiate with similar
marker expressions.

Integrated fluidic circuits-
based microfluidics (15)

Automatic Few Capture and process 800 small or medium-size single
cells simultaneously.

High cost.

Microdroplet-based
microfluidics (16, 17)

Automatic Few Isolation and amplification of 80,000 cells
imultaneously in minutes.

A risk of blockage.

Microwell-based
microfluidics (15)

Automatic Few Single cells settled by gravity and microwells replaced
droplets. Simultaneously capture approximately
10,000 single cells.

May not provide adequate space for the
proliferation and movement of the cells.

Split pool ligation-based
transcriptome sequencing
(SPLiT-Seq) (18)

Automatic / Independent to microfluidic devices and low cell
requirement of samples.

/

/: Not mentioned.
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inflammation (36). Patients with AD have a high percentage of

ILC2s in their peripheral blood that respond better to IL-4/13

inhibitors, such as dupilumab (37). Furthermore, ILC2s in lesional

AD skin have been shown to be biologically heterogeneous and

are involved in the IL-33 signaling pathway. ILC2s are flexible and

co-express typical genes, either type 2 or type 3/17 immunity

markers, within individual cells (38). It is well known that type3/

17 immunity is associated with the development of psoriasis.

However, whether the plasticity of ILC2s is responsible for

psoriasis-related dermatitis remains unclear.

AD typically starts in infancy or early childhood, showing

spontaneous regression after puberty in a subset of patients

while waxing and waning for life in many others. However, the

factors that modify the natural course of spontaneous remission

remain to be elucidated. The overall cell composition of patients

with spontaneously healed AD was comparable to that of healthy

individuals. Compared to healthy controls, melanocytes exhibit

many differentially expressed genes in all cell types in

spontaneously healed atopic dermatitis. Specifically, the

expression of the potential anti-inflammatory, maker PLA2G7

(Lipoprotein-associated phospholipase A2 or “platelet-activating

factor acetylhydrolase) is increased. Regulatory markers

are also upregulated in conventional T-cells (39). Moreover,

skin-resident memory T cells showed the greatest transcriptional

dysregulation in AD (40), which may be responsible for the

recurrence of the disease. KCs also play an important role in the

pathogenesis of AD. Epidermal proliferation and chemokines

(CCL2 and CCL27) were significantly upregulated in the KCs of

lesional AD. Such KCs were found to be enriched during

epidermis development and immune responses (31).

Based on previous studies, innate immune cells (ILC2s and

DCs), fibroblasts, and KCs, as well as their interplay and

interactions, play a role in AD development. Melanocytes and

skin-resident memory T cells may contribute to the specific

regulatory microenvironment in the spontaneous remission and

recurrence of AD, respectively.
Psoriasis

Psoriasis is also a common, chronic inflammatory skin disease,

and its incidence in ethnic groups and countries is significantly

different (41). The pathogenesis of psoriasis is complex and

multifactorial, involving genetic, immune, and environmental

factors. The IL-23/Th17 pathway is thought to be the

predominant pathway governing the progression and

development of psoriasis (42). Biologics that target IL-17/IL-17

receptor and IL-23 have shown significant clinical efficacy in

patients with psoriasis (43, 44). Cutaneous type 17 T-cells showed

markedly different g transcriptome profiles depending on various

cytokines, including IL-17A, IL-17F, and IL-10 (45). CD8+ T cells
Frontiers in Immunology 04
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are increased in abundance within psoriatic lesions (46) and are

found to produce inflammatory cytokines, such as IL-17, at sites of

the active phase of psoriasis (47). However, CD8+ T cells are

phenotypically heterogeneous and have distinct functional

properties with cytotoxic and cytokine-producing features (48).

Two pathogenic cytotoxic type 17 T-cell (Tc17) subsets of CD8+

T cells were identified in psoriatic skin from lesional skin biopsies of

11 patients with psoriasis and five healthy control individuals via

single-cell transcriptomics. CXCL13- expressing Tc17 cells appear

to be specific to psoriatic lesions and are associated with disease

severity (49). Up to 30% patients with psoriasis may develop

psoriatic arthritis (PsA), presenting with peripheral arthritis,

enthesitis, and (or) dactylitis (50). The expansion of memory

CD8+ T cells in the joints of PsA patients was significantly

higher than that in their peripheral blood. CD8+ T cells have also

been previously reported in the synovial fluid of PsA patients (51).

single-cell sequencing showed that in the synovial fluid, CD8+T

cells that express CXCR3, a tissue-homing receptor, are increased in

abundance and that the expression of its ligands (CXCL9 and

CXCL10) were elevated, providing molecular insight into the

cellular immune mechanism of PsA (52). Compared to healthy,

patients with psoriasis are characterized by Treg expansion and CD8

+ T cell exhaustion. Moreover, differentially expressed genes in

skin-resident memory T cells have been recently reported to

discriminate psoriasis vulgaris from AD. Other T cell subsets,

such as dysfunctional T cells that regulate and express NR4A1,

are also involved in psoriasis (53).

In addition to adaptive immunity, innate immunity plays an

important role in the pathogenesis of psoriasis. Cutaneous

antigen-presenting cells (APCs) are divided into three groups:

Langerhans cells in the epidermis, classical dendritic cell type 1

(cDC1) and cDC2 in the dermis, and macrophages (54). A new

subset of inflammatory DCs expressing CD5-CD163+CD14+

(DC3) was identified in human blood (55). CD14+ DC3 cells

expressing genes related to IL-17 and neutrophil activation

signaling were enriched in psoriatic lesions, which were

considered potential promoters of inflammation in psoriasis.

Higher proportions of macrophage-expressing genes related to

inflammatory chemokines and cytokines (CXCL8 and CXCL2)

were found in psoriatic lesions compared to non-lesional skin

(56). ILC3s have been reported in human and mouse psoriatic

lesions (57, 58). The response to therapeutic compounds has

decreased the number of ILC3 cells (59). Fate mapping analysis

suggested that ILC3-like cells may arise from quiescent-like cells

and ILC2s, highlighting the flexibility of skin ILC responses and

driving the pathological remodeling process (60).

Even though immune cell infiltration plays a fundamental

role in cutaneous inflammation, KCs can also influence the

inflammatory microenvironment (61). scRNA-seq analysis

showed that aberrant inflammatory transcription of A20 in

KCs in psoriasis is related to the IL-17 and tumor necrosis
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factor-a(TNF-a) signaling pathways (62), suggesting a potential
targeted therapy. Hence, Th17 cells, CD8+ T cells, DC3 cells,

macrophages, ILCs and KCs play an important role in the

development of psoriasis. And Tc17 cells, a subtype of CD8+

T cells, are associated with disease activity.
Discussion

Since 2009, the first conceptual and technical breakthrough of

the single-cell RNA sequencing method was made by Tang et al.

(8). An increasing number of improved scRNA-seq technologies

were developed to introduce essential modifications and

improvements in sample collection, single-cell capture, barcoded

reverse transcription, cDNA amplification, library preparation,

sequencing and streamlined bioinformatics analysis. Freshly

tissues, high cost of per sample and scRNA-seq data analysis

still remain challenge. Subsequent studies are expected to explore

fixed tissue sample and to downregulate costs. And automatic sc-

RNA-seq data analysis pipelines and visualization platforms are

expected to be available in the future.

Most of studies related in this review prepare the libraries

and sequence depending on 10X Genomics platform. These

findings highlight KCs, fibroblasts, and different types of

immune cells in mechanisms for coping with the different

stages of AD and psoriasis. scRNA-seq offers a novel method

to identify the receptors, ligands, and cytokines expressed in

each cell type to further highlight intercellular communication

in the skin microenvironment. However, the detailed

mechanisms driving the pathogenicity of these cells and the

relationship between them require further study. And the

clinical characteristics of AD and psoriasis varied. Therefore,

more specific studies are necessary to elucidate the

characteristics of AD and psoriasis based on the differences in

the stages and subtypes of these diseases. Patients with clinical

characteristics of both AD and psoriasis have been described as

having psoriasis dermatitis, typically found in children (63). In

addition to the co-existence of both AD and psoriasis, disease co-

occurrence but alternating flare-ups or co-occurrence at

different life stages may also be observed (64). The overlap

condition not only presented in children but also in adult

patients. With the increasing application of biologics agents,

the psoriasiform reaction during dupilumab therapy has been

reported in AD, and an eczematous reaction to anti-interleukin

(IL)-17 treatment has been reported in psoriasis (65, 66).

However, the pathophysiology should be further clarified.

Moreover, it will be beneficial to analyze cell lineage

trajectories and patient-specific cell heterogeneity using

scRNA-seq data.

Analyzing the non-coding RNAs (ncRNAs) with scRNA-

seq and combining proteomics with epigenomics will get closer

to a ture global examination of single cell. In addition, the

analysis of minimally invasive or non-invasive samples, such as
Frontiers in Immunology 05
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blood or urine specimens, may also hold promise in diagnosis

process and treatment response prediction. Considering the

rapid development of sequencing methods, scRNA-seq can be

expected to enter the clinics soon and facilitate personalized

therapeutic decisions for patients with inflammatory

skin diseases.
Limitations of single-cell RNA
sequencing

Although scRNA-seq can identify cell type-specific

transcriptional regulation and cellular heterogeneity, its

limitations can be challenged. Firstly, high-throughput single-cell

analysis requires cell dissociation, quality control, and are largely

tend to examine freshly isolated cells. More research will use such

technology to explore cryopreserved and fixed tissue samples. And

the preparation of single-cell suspensions destroys spatial

information of tissues. In addition, researchers have mostly

focused on protein-coding RNA. An increasing number of studies

have indicated that ncRNAs have important roles in cell function

and specialization (67–69). Even though it has been neglected in

previous scRNA-seq studies, nanopore sequencing and Smart-seq-

total technology may also address current gaps in the technology

(70, 71). Bioinformatics analysis of DEGs in scRNA-seq strongly

depends on the cell count in each identified cluster, whether the

transcriptional changes obtained via scRNA-seq are specific

biological findings, or a biased subset clustering data that is prone

to misinterpretation (72, 73). The development of scRNA-seq

technology has raised a wide range of computational and

analytical challenges. Even though several methods have now

been designed to efficiently perform upstream (quality control

and normalization) and downstream (cell-, gene- and pathway-

level) analyses of scRNA-seq data (74), there are limited guidelines

on how to define quality control standards, remove technical

artifacts, and interpret results. Deep-learning based methods, such

as machine learning, may also provide more benefits than

traditional statistical models in dealing with high-dimensional data.
Conclusions

In recent years, transcriptomics has made a great leap from

bulk RNA-seq, which measures the average gene expression, to

analyzing gene expression data in individual cells. This mini-

review summarizes and discusses the applications of scRNA-

seq in AD and psoriasis (Figure 1). Single-cell RNA sequencing

has provided new insights into inflammatory skin disease

heterogeneity, revealed complex interactions between cell

types, and allowed a more comprehensive understanding of

inflammatory skin disease initiation, progression, and
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regression. New insights are crucial for developing targeted and

innovative therapeutic strategies, to advance precision

medicine for inflammatory skin diseases. Although some

limitations remain, scRNA-seq will pave the way for

personalized medicine once solving the challenges.
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FIGURE 1

Application of scRNA-seq in AD and PS. Single-cell RNA sequencing (scRNA-seq) is especially useful in the detection of rare cell populations,
identifying cell-to-cell interactions, reconstructing skin cell trajectories, spatial transcriptomic mapping of skin (75), and developing more
precision medicine tools for the better prediction of patient-specific drug responses. The future trends involved cell-to-cell communication,
skin cell trajectories, spatial transcriptomic mapping of skin, and precision medicines in these diseases. AD, atopic dermatitis; PS, psoriasis; FBs,
fibroblasts; KCs, keratinocytes; MCs, melanocytes; Th1, T helper 1; Th17, T helper 17; Tc17, expressing IL-17 cytotoxic CD+8 T cell; Trm, skin-
resident memory T cell; Treg, regulatory T cell; DC, dendritic cell; Mreg DC, mature dendritic cell enriched in immunoregulatory molecules; ILC,
innate lymphoid cell; Mø, macrophage; CCL, CC chemokine ligand; CXCL, C-X-C motif ligand; GRN, gene regulatory network; t-SNE, t-
distributed stochastic neighbor embedding.
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Background: Global patterns of immune cell communications in the immune

microenvironment of skin cutaneous melanoma (SKCM) haven’t been well

understood. Here we recognized signaling roles of immune cell populations

andmain contributive signals. We explored howmultiple immune cells and signal

paths coordinate with each other and established a prognosis signature based on

the key specific biomarkers with cellular communication.

Methods: The single-cell RNA sequencing (scRNA-seq) dataset was downloaded

from the Gene Expression Omnibus (GEO) database, in which various immune

cells were extracted and re-annotated according to cell markers defined in the

original study to identify their specific signs. We computed immune-cell

communication networks by calculating the linking number or summarizing

the communication probability to visualize the cross-talk tendency in different

immune cells. Combining abundant analyses of communication networks and

identifications of communication modes, all networks were quantitatively

characterized and compared. Based on the bulk RNA sequencing data, we

trained specific markers of hub communication cells through integration

programs of machine learning to develop new immune-related prognostic

combinations.

Results: An eight-gene monocyte-related signature (MRS) has been built,

confirmed as an independent risk factor for disease-specific survival (DSS).

MRS has great predictive values in progression free survival (PFS) and

possesses better accuracy than traditional clinical variables and molecular

features. The low-risk group has better immune functions, infiltrated with

more lymphocytes and M1 macrophages, with higher expressions of HLA,

immune checkpoints, chemokines and costimulatory molecules. The pathway

analysis based on seven databases confirms the biological uniqueness of the two
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risk groups. Additionally, the regulon activity profiles of 18 transcription factors

highlight possible differential regulatory patterns between the two risk groups,

suggesting epigenetic event-driven transcriptional networks may be an

important distinction. MRS has been identified as a powerful tool to benefit

SKCM patients. Moreover, the IFITM3 gene has been identified as the key gene,

validated to express highly at the protein level via the immunohistochemical

assay in SKCM.

Conclusion: MRS is accurate and specific in evaluating SKCM patients’ clinical

outcomes. IFITM3 is a potential biomarker. Moreover, they are promising to

improve the prognosis of SKCM patients.
KEYWORDS

skin cutaneous melanoma, single-cell, tumor immune microenvironment, monocyte,
machine learning, IFITM3
Introduction

Skin cutaneous melanoma (SKCM) is the most aggressive type

of all skin malignancies. Worldwide, an increase in the morbidity of

SKCM has particularly raised alarm (1). For localized lesions,

surgery is the most recommended treatment modality, perfectly

able to assure wound healing, and is warranted in all stages of the

disease (2, 3). Once the aggressive dissemination happens, other

forms of therapies (chemotherapy, immunotherapy, targeted

therapy and radiotherapy, or integrated combinations of them)

must be provided simultaneously (4, 5). However, the overall

prognosis of SKCM patients still stays poor (6) due to drug

resistance, distant metastasis and high recurrence rate, etc.

Therefore, more specific molecular biomarkers with prognostic

and therapeutic significance are required.

In solid cancer, tumor microenvironment (TME) has been

reckoned as an important structure. TME encompasses multiple

cell types (stromal cells, fibroblasts, endothelial cells, innate and

adaptive immune cells, etc.) and extracellular components (growth

factors, cytokines, extracellular matrix, hormones, etc.) that

surround cancerous cells (7). TME co-opts innate immune cells

for tumor promotion (8). Abundant studies have given the

importance of immune compositions in TME that can

dynamically regulate cancer progression and influence therapeutic

outcomes, which has made TME a promising therapeutic target (9–

11). Tumor immune microenvironment (TIME) refers to the

highly-heterogenous immune context in TME, and great attention

has been drawn on understanding its potential role in

tumorigenesis. Though ICI therapy has exhibited astonishing

efficacy because of the high immunogenicity in SKCM (12), not

all patients can be benefited. What’s more, the available tumor

staging system is inadequate for a qualified screening of patients

who are suitable to accept ICI therapy. Thus, it is necessary to

explore novel biomarkers and to understand their roles in the TIME

of SKCM, which helps to uncover the potential biology background

behind SKCM.
02133
Single-cell RNA-sequencing (scRNA-seq) provides unprecedented

opportunities to deconvolve immune system heterogeneity by

uncovering novel distinct immune cell subsets, characterizing

stochastic heterogeneity within a cell population and building

developmental ‘trajectories’ for immune cells (13). This

technique can overcome the limitations of traditional RNA-

sequencing methods. Another classic population-based RNA-

sequencing approach (bulk RNA-seq) is also important in

deciphering genome-wide transcriptome variations (14, 15), and

it may mask the transcriptional trends of distinct subpopulations

with the most abundant cell types or states (16). The organic

combination of scRNA-seq and bulk RNA-seq has been applied in

studying onco-immunology (17). For example, Joanito I et al. (18)

used it to identify two epithelial tumor cell states and refine the

consensus molecular classification of colorectal cancer. Kang

B et al. (19) revealed key features of the gastric tumor

microenvironment through it. Gong L et al. (20) used it to reveal

the stromal dynamics and tumor-specific characteristics in the

microenvironment of nasopharyngeal carcinoma. Tumor

heterogeneity and prognosis-related signatures have been

explored with the integrative combination of the two approaches

in uveal melanoma (21, 22). However, there is a lack of excavation

of the TME in SKCM using scRNA-seq along with bulk RNA-seq.

Besides, machine learning is an else indispensable tool, leveraging

sophisticated algorithms in processing big, heterogeneous data

automatically, professional at prediction problems by revealing

useful patterns (23, 24). With the development of bioinformatics,

machine learning has become a routine tool for assessing the risk

and treatment needs of specific patients. At present, Lasso-Cox is

the mainstream algorithm used for generating massive prognosis

signatures (25, 26). However, limitations of relying on a single

machine learning algorithm may hinder its ability to deliver

optimal clinical care to patients, because of the uncertainty to

ensure whether the data information of the current algorithm is

sufficiently employed, let alone to compare whether the results have

reached the population optimal solution. Such inadequate practices
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can lead to potential overtreatment or undertreatment. Integrated

approaches based on various algorithm combinations can fit a

consensus model in predicting prognosis, which means the

generated model could provide a more personalized evaluation

methods to implement clinical decisions.

In the present study, we innovatively integrated afore-

mentioned methods. A novel prognostic signature was described

and validated to be a potential biomarker. Moreover, as scRNA-seq

enables inference of cell-cell communication between tumor cells

and their microenvironment (27), we also probed into the profiles

of communication networks in SKCM and depicted the specific

markers and the indispensable cell–monocyte. The results were

confirmed to provide insights in deciphering TME and unveil

biological mechanism in SKCM.
Materials and methods

Collection of SKCM sample data

The scRNA-seq dataset was obtained with accession number

GSE115978 from the Gene Expression Omnibus (GEO) database.

Immune cells in it were extracted according to cell markers defined

in the original study and 2106 cells were included from 16 pre-

immunotherapy patients (28). Raw mapped reads were normalized

with counts per million (CPM) and analyzed with quality control

using the “Seurat” R package from the normalized. The

“FindVariableFeatures” function was performed on the scaled

data to screen out the top 2000 genes with higher intercellular

coefficient of variation for the downstream analysis (29, 30). The

Bulk RNA-seq datasets (TCGA-SKCM, GSE65904 and GSE54467)

were acquired from the TCGA and GEO databases respectively. The

HTSeq-FPKM gene expression data and related clinical information

of SKCM patients were downloaded from the TCGA database as the

training group. We enrolled 446 samples whose follow-up time was

greater than 0 days with full expression information. For further

verification, we adopted the same inclusion criteria. The GSE65904

dataset included 210 SKCM patients, and the GSE54467 dataset

included 71 SKCM patients. Via the “Combat” algorithm of the R

package “sva”, the possibility of batch effects caused by abiotic bias

among the TCGA-SKCM, GSE65904 and GSE54467 datasets was

correspondingly reduced (31). It should be noted that both TCGA

and GEO databases are open to the public, free of charge. Therefore,

this study strictly complies with the data extraction policy of the

databases and does not require ethical review and approval from the

ethics committee.
ScRNA sequencing and cell-cell
interaction analysis

Principal components analysis (PCA) was conducted on the

expression matrix of variable genes. The “FindClusters” function

was used with a 0.8 resolution to identify clusters. Also, we

performed the “RunTSNE” function to accomplish the
Frontiers in Immunology 03134
dimensionality reduction and visualization processes of t-

Distributed Stochastic Neighbor Embedding (t-SNE). The

“singleR” package was applied and the cluster-specific markers

(log2 |Fold Change| threshold of 1 and FDR threshold of 0.05)

were recognized by “FindAllMarkers” function to automatically re-

annotate all immune-cell clusters. Immune cells were annotated

using the Monaco Immune Database in the Celldex package (1.3.0)

(32). The “CellChat” R package (1.1.3) was utilized to infer the

immune cell-immune cell communication in the tumor

microenvironment (TME) of SKCM on the basis of receptor-

ligand interactions (33). The linking numbers were calculated and

the communication probability was collected to compute

communication networks. The interacting times and total

strength of interactions between two arbitrary cell groups were

visually displayed. Scatter plots were drawn in order to visualize the

dominant sender (signal source) and receiver cells (target) in 2D

space, which could help identify the largest contributor signals to

the efferent or afferent signals in immune cell sets. We adopted a

pattern recognition approach, the global communication model, to

discern the way how multiple immune cell types and signaling

pathways work in coordination. The “select” function was applied

to infer the quantity of patterns, which was comprehensively

determined according to two indexes, Cophenetic and Silhouette

based on the “non-negative matrix factorization (NMF)” R

package (34).
Signature derived from machine learning-
based integrative approaches

Considering the unquestioned importance of monocytes to cell

communication, we exploited the monocyte-related signature

(MRS). Warranting validations were conducted to make sure

MRS has satisfying accuracy, stability and repeatability. We

integrated up to 10 machine learning algorithms including

random survival forest (RSF), elastic network (Enet), Lasso,

Ridge, stepwise Cox, CoxBoost, partial least squares regression for

Cox (plsRcox), supervised principal components (SuperPC),

generalized boosted regression modeling (GBM), and survival

support vector machine (survival-SVM). Upon these methods, a

consensus model was produced. Altogether 101 algorithm

combinations were performed to match prediction models based

on the leave-one-out cross-validation (LOOCV) framework. The

TCGA-SKCM dataset was set as a training dataset, the GSE65904

and GSE54467 datasets were set as external validation datasets.

Further, the concordance index (C-index) in each pattern in all

validation datasets was calculated (35). In total, eighty-seven genes

with higher expression level in monocytes than in other immune

cells based on scRNA were included in the analysis (log2| Fold

Change| threshold of 2 and FDR threshold of 0.05). In line with

included gene expression levels from different patterns, we used the

linear combination function of each pattern to calculate risk scores.

The combined pattern pair from the two external validation

datasets with the highest average C-index value was ultimately

considered as the most superior one.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1094042
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2023.1094042
Verifying the accuracy of the signature

After determining the best pattern pairs, we set the median

value of the risk scores based on the training dataset as the cutoff to

divide patients in both training and validation datasets into either

high- or low-risk group. Kaplan-Meier (KM) survival analysis and

log-rank test were used on the two groups via the “survival” and

“survminer” R packages. Receiver operating characteristic

(ROC) curves were depicted to evaluate the accuracy of this

signature. What’s more, we performed both the univariate and

multivariate cox analysis to prove the independence of the

signature. Time-dependent C-index was applied to compare the

efficacy of this signature versus traditional clinical variables. In

addition, decision curve analysis (DCA) was conducted to judge if

the signature can benefit patients in clinical practice. The

specific or preponderant cell type that the hub genes from MRS

are expressed on were further verified in three independent single-

cell datasets (GSE123139, GSE120575, GSE72056) using the

“RunUMAP” function.
Immune microenvironment analysis

Seven different software were utilized to quantify the abundance

of immune infiltration of SKCM patients, compare differences of

the abundance between the high- and low-risk group, and calculate

the Pearson correlations between analysis scores and immune cell

contents (36–42). Furthermore, we employed the single sample

gene set enrichment analysis (ssGSEA) enrichment scores to assess

immune functions. Also, differences of the functions between the

high- and low-risk group were then compared using the “wilcox”

test (43). Additionally, Thorsson V et al. (44) rendered

immunogenomics analyses of more than 10,000 cancers,

identifying six immune subtypes that encompass multiple cancer

types and are assumed to define immune response patterns

influencing prognosis. Four types consist in the TCGA-SKCM,

namely wound healing, IFN-gamma dominant, inflammatory and

lymphocyte depleted. Subsequently, we focused on the distribution

of each subtype in the high- and low-risk group.
Gene expression, pathway activity and
transcriptional heterogeneity analyzes

On account of the training dataset, we compared expression

differences of immune checkpoints, costimulatory molecules,

chemokines and HLA related genes between the high- and low-

risk group. The Molecular Signatures Database (MSigDB) is the

most broadly used and comprehensive resource of >10,000

annotated gene sets for use with GSEA software, divided into

Human and Mouse collections (45). Nine categories (H, C1-C9)

are embodied in Human collections. We chose C2-C8 gene sets to

conduct the gene set enrichment analysis (GSEA) for a thorough

exposition in differential pathway activities between the high- and

low-risk group. To expound on transcriptomics differences a bit

further, we analyzed regulon activities of 18 kinds of transcription
Frontiers in Immunology 04135
factors to speculate differential regulation modes in the high- and

low-risk group (46).
Identifying hub genes in the signature

It’s typically believed that if two gene products have similar

functions, then terms annotated by them in the Gene Ontology

(GO) tree would be close to each other and have high semantic

similarity too. The “mgeneSim” function was used to gauge

similarity by calculating geometric means of molecular functions

and cellular components. Furthermore, we evaluated the

importance of each gene by calculating its average similarity to

other genes in the signature (47). In addition, we expounded hub

gene expression in immune and nonimmune cells in ten SKCM

single-cell datasets with the aid of tumor immune single-cell hub

(TISCH) database (48, 49). On a final note, the Human Protein

Atlas (HPA) database was used to verify whether the expression of

hub genes in SKCM was different from that in normal skin at the

protein level.
Statistical analysis

All data processing, statistical analysis, and plotting were

performed in R 4.2.0 software. Correlations between two

continuous variables were assessed by Pearson’s correlation

coefficients. Differential analysis was realized via the wilcox test. P

< 0.05 was regarded as statistically significant.
Results

T cells and B cells are main cellular
components in immune microenvironment
of SKCM

We applied the scRNA-seq dataset (GSE115978) and selected

16 samples from untreated patients for further investigations. Strict

quality control measures were taken to obtain 2106 immune cells

from predetermined samples, which had 23686 different features.

After that, we used the t-SNE algorithm on those 2186 cells to

achieve dimension reduction and unsupervised clustering. To

decide a desirable resolution parameter for cell clustering, we

produced a cluster tree using various resolution values. It was

noticed that along with the increase of the resolution, clusters

weren’t intertwined much. Therefore, we chose 0.8 as the best

resolution because maximum fork clusters were observed

(Figure 1A). From the t-SNE algorithm, 13 various cell clusters

were revealed (Figure 1B). Using the “singleR” function, 7 kinds of

immune cells were annotated, and the “plotScoreHeatmap”

function showed the scores of all cells in all reference labels to

check the confidence of the predictive labels throughout the dataset

(Figure 1C). Among all immune cells, 5 types were annotated as

main labels of the cluster. That is, the 0, 6, 8, 11 cell clusters were

annotated as CD8+T cells, the 1, 4, 9 cell clusters were annotated as
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CD4+T cells, the 2, 3 cell clusters were annotated as B cells, the 5, 10

cell clusters were annotated as monocytes and dendritic cells and

the 7-cell cluster was annotated as NK cells (Figure 1D). It is

interesting to note that, the number and proportion of the five main

types of immune cells showed a high degree of similarity among 16

samples, suggesting that T and B cells were the major compositions

of the SKCM immune microenvironment (Figures 1E, F).
Monocytes are major contributors to both
incoming and outgoing signals in immune
communication networks

We observed over-expressed ligands or receptors and their

interactions in seven immune cell groups to identify interactions
Frontiers in Immunology 05136
between immune cells (Figure 2A). Circle diagrams showed the

interaction times and general strengths of interactions (proportion)

between any two cell groups to visualize the integrated cell

communication networks. Compared to other immune cells,

monocytes were found to contribute the most to both incoming

and outgoing signals in immune communication networks

(Figures 2B–D). Different immune cell groups had obviously

different contributive signals on the incoming and outgoing

signals (Figure 2E). Then the cophenetic and silhouette indexes

were combined to recognize 6 efferent and 5 afferent patterns

(Figures 3A, D). Also, the incoming and outgoing signals were

cell-specific. Notably, incoming signals of T cells, CD8+ T cells and

NK cells bore similarity (Figures 3B, E). At last, Figures 3C, F

displayed how much diverse signals in efferent and afferent patterns

contributed to various cell groups.
D
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FIGURE 1

Profiles of immune cells in the TIME of SKCM on the scRNA transcriptome level. Clustering tree for the immune cells clustered using various
resolution parameters and the best resolution was 0.8 (A). The t-SNE algorithm helped visualize 13 various cell clusters (B). 7 kinds of immune cells
were annotated in the plotScoreHeatmap (C). 5 types of immune cells were annotated as the main labels of the cluster (D). T and B cells were the
major compositions of the TIME in SKCM (E, F).
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MRS exhibits robust and stable DSS
predictive performances

In view of the dominant position of monocytes in cell

communication, 87 biomarkers in the TCGA-SKCM that are

specifically highly expressed in monocytes compared with other

immune cells were fitted to 101 prediction models by the LOOCV

framework. The C-index of each model was calculated in all

validation datasets. An interesting fact was noticed that the best

model combination was CoxBoost and stepCox (both) with the

highest average C-index (0.638) (Figure 4A). Ultimately, an 8-gene

monocyte-related signature (MRS) was accordingly established. In

the training dataset TCGA-SKCM, we found that the low-risk

group owned a relatively longer progression-free survival (PFS)

(Figure 4B). The high-risk group had a significantly lower disease-

specific survival (DSS) in the training dataset (Figure 4C), external

validation datasets GSE65904 (Figure 4D) and GSE54467

(Figure 4E). Besides, the area under curve (AUC) values of the 1-,

3- and 5- year PFS (Figure 4F) and DSS (Figures 4G–I) identified by

the MRS proved that MRS was a potent prediction tool with
Frontiers in Immunology 06137
stability and strength. MRS had satisfactory specificity and

sensitivity. Samples in GSE54467 with DSS within 1 year were too

few, hence we chose to evaluate the AUC value of the 2-year DSS.

Univariate Cox regression analysis showed that MRS, age, stage, T

staging and N staging had close relation to DSS (Figure 4J). And the

multivariate Cox regression analysis showed that MRS could be

treated as an independent prognostic factor for SKCM patients (P<

0.001) (Figure 4K). This time-dependent C-index indicated that

MRS outperformed conventional clinical variables (Figure 4L).

Speaking of DCA, it explained that MRS could exactly

benefit patients in contrast with conventional clinical variables

(Figure 4M). All these indicators declared that MRS was

stable and robust in the training queue. The classification of

different risk groups could be repeated and verified in two

independent validation datasets which manifested that MRS was

hardly a spurious finding due to technique artifacts, chances or

deviations of the sample eligibility criteria in TCGA. Moreover, the

cell type that eight MRS-genes were expressed most intensively

on was confirmed as monocyte in three single-cell external

datasets (GSE123139 (Figure 5A), GSE120575 (Figure 5B),
D
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C

FIGURE 2

The landscape of immune cell-cell communication. The bubble chart shows overexpressed ligand–receptor interactions. Bubble size represents P
value generated by the permutation test, and the color represents the possibility of interactions (A). The circle diagrams show the interaction
strength (B) and number (C) between immune cells. The dot plot shows dominant senders and receivers. The X and Y axes are the total outgoing or
incoming communication probabilities associated with each cell group, respectively. The size of the dots is positively related to the number of
inferred links (both outgoing and incoming) associated with each cell block. The colors of the dots represent different cell groups (D). The heatmap
shows the efferent or afferent contributions of contributions of all signals to different groups of immune cells (E).
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1094042
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2023.1094042
GSE72056 (Figure 5C), which further proved that MRS was stable

and repeatable.
Transcriptome-defined subclasses are
biologically distinct and immune infiltration
is statistically associated with a more
favorable prognosis

Seven immune infiltration algorithms exerted consistence in

which the high-risk group was always infiltrated with less immune

cells (Figure 6A). Risk scores were significantly positively related to

the cell contents of lymphocytes and M1 macrophages (Figure 6B).

Among immune subtypes of SKCM, we observed that in the low-

risk group, there were significantly more patients with IFN-gamma

Dominant subtype, but less patients with Lymphocyte Depleted

subtype (Figure 6C). Besides, ssGSEA results consistently showed

that the low-risk group had better immune functions (Figure 6D).

Immune filtration statistically correlated with better prognosis.

The pathway analyzes on the seven datasets vigorously

confirmed biological uniqueness of the high- and low-risk

group. In the low-risk group, lymphocyte activation,

antigen presentation and other related pathways were activated.

While in the high-risk group, melanogenesis, keratinization and

other related pathways were significantly enriched (Figure 7A).

HLA, immune checkpoints, chemokines and costimulatory

molecules were highly expressed in the low-risk group

(Figure 7B). Moreover, the cell-regulon activity profiles

encompassing 18 types of transcription factors highlighted the

possible differential accommodative patterns between the high-

and low-risk group (Figure 7C).
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IFITM3 has been identified as the core
gene in MRS with its high expression
in SKCM

Using the “mgeneSim” function, we uncovered the key gene

IFITM3 in MRS (Figure 8A). We employed the TISCH database to

locate the expression situations of IFITM3 in immune and

nonimmune cells in all ten SKCM single-cell datasets. It was

found that IFITM3 not only was highly expressed in

mononuclear macrophages, but also in those nonimmune and

melanoma cells in the microenvironment (Figure 8B). Learning

from the immunohistochemical data in the HPA database, we

discovered that the expression of IFITM3 in SKCM at protein

level was also higher than that in normal skin (Figures 8C, D). To

sum up, all these results provided corroborative evidence for the

exploration value of IFITM3 in the future study of SKCM.
Discussion

Due to the high rate of metastasis, invasiveness, and annually

increasing morbidity, skin cutaneous melanoma (SKCM) is

regarded as one of the most lethal skin malignancies globally

(50). Conventional histopathology is the mainstay of the

diagnosis of SKCM (51), immunohistochemistry and molecular

testing have also been introduced to assist with diagnosis (52).

Generally speaking, the present staging system for SKCM refers to

the 8th edition of TNM classification issued by the American Joint

Committee on Cancer (AJCC) in 2017 (53). After the diagnosis

confirmed, timely and appropriate staging is of utmost significance,

with which an accurate prognostic prediction along with an
D
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FIGURE 3

Identifying patterns of outgoing and incoming signals. Numbers of outgoing (A) and incoming (D) signals based on the Cophenetic and Silhouette
indexes. The sankey diagram shows the relations between cell groups and outgoing communication patterns, outgoing communication patterns and
signals (B). And relations between cell groups and incoming communication patterns, incoming communication patterns and signals (E). The dot plot
shows the contributions of different signals to cell groups in the outgoing communication patterns (C), and incoming communication patterns (F).
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individualized treatment protocol shall be then provided (54).

However, this traditional staging method uses a limited range of

parameters equally for all patients, irrespective of clinical context

(55) and person-specific heterogeneity. Therefore, sometimes there

are limitations on proper treatments and the prognosis may be

estimated imprecisely. The emergence of immune checkpoint

inhibitors (ICIs) therapy, has made milestone advances in the

treatment of SKCM in the last decade, benefiting thousands of
Frontiers in Immunology 08139
SKCM patients and their survival has been prolonged (56, 57).

However, only a subset of patients can benefit from ICI therapy.

Further still, immune-related toxicities can be a more dangerous

dilemma where up to 55% of the patients in the ipilimumab and

nivolumab combination trail experienced grade 3 or 4 toxicities

(58). As a result, development of a robust biomarker or gene

signature to predict response and/or resistance and clinical

outcomes is in dire need in SKCM patient management.
D

A B

E

F G

IH

J K

L
M

C

FIGURE 4

Establishment and validations of a consensus MRS via the machine learning-based integrative procedure. A total of 101 types of prediction models
using the LOOCV framework and further calculated the C-index of each model in all validation datasets (A). KM curves of PFS (B) and DSS
(C) between the two risk groups in the training dataset TCGA-SKCM. KM curves of DSS in GSE65904 (D) and GSE54467 (E) datasets. ROC curves
show the 1-, 3- and 5- year PFS in the TCGA-SKCM (F) and DSS in the TCGA-SKCM, GSE65904 and GSE54467 datasets (G–I). Univariate (J) and
multivariate Cox regression analysis (K) illustrated that the MRS could be used as an independent prognostic factor for SKCM patients (P< 0.001).
Time dependent C-index curves (L), DCA curves (M) show the MRS has the good potency in predicting prognosis of SKCM patients.
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In this research, sophisticated, integrated multi-parameter

analysis was conducted. We used PCA and t-SNE to cluster

massive immune cells, utilizing the “singleR” to annotate them

and eventually specific markers of each type of immune cell were

identified. Significant specificity existed in the afferent and efferent

signals of every immune cell. Monocytes, however, was discovered

as a dominant contributor to immune cell-cell communications.

Based on the LOOCV framework, we further screened out

monocyte-specific markers, on which 101 combination patterns

derived from 10 machine learning methods were fitted to ultimately

establish a consensus monocyte-related signature (MRS). MRS was

subsequently validated in two independent datasets, and the result

showed that the best combination pattern consisted of CoxBoost

and stepCox (both). MRS was then proved to have negative impact

on DSS and PFS, namely the high-risk group identified by the MRS

possessed relatively lower DSS and PFS. Our MRS had an excellent
Frontiers in Immunology 09140
and stable performances in clinical use. It was an independent,

superior index compared to other traditional clinical variables, and

could be served as a good complement to them and their limitations

shall be offset in a certain degree. The time-dependent C-index and

DCA showed that MRS was a prominent prognosis prediction tool

in contrast with those clinical variables, and can benefit patients in

an actual way. What’s more, its repeatability was also verified on

two external independent queues.

Patients in the high- and low-risk group showed significant

biological distinctness too. Hot and cold tumors, are an informal

notion to reflect tumor immunogenicity, and the former is highly

infiltrated (59). The very reverse, cold tumors is characterized by the

lack or low presence of lymphocytes in the TME, resulting in non-

responsiveness to ICI therapy (60). Therefore, recent studies have

concentrated on the possibility and actuality to turn cold to hot

tumors which shows the dynamic changes in the TIME (61), in
A
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FIGURE 5

Using three single-cell datasets GSE123139 (A), GSE120575 (B), and GSE72056 (C) to verify eight MRS-gene expression location in different cell
types. UMAP respectively displays dimension reduction clustering of the dataset. The violin map displays characteristic genes and cell annotation.
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order to enhance the efficacy of ICI therapy. Notably, the low-risk

samples demonstrated phenotypes of hot tumors, infiltrated with

abundant lymphocytes and M1 macrophages, significantly enriched

with immune-related pathways, and expressed highly of immune-

related molecules. This consistently supported that the patients in

the low-risk group may be more prone to respond to ICI therapy.

The MRS was composed of 8 genes (C1QA, DAB2, F13A1,

FCGR2A, FCGRT, HMOX1, IFITM3, SOD2). Among the 8 hub

genes, some have been demonstrated as prognostic biomarkers of

cancers already. For example, FCGR2A has been experimentally

validated as a positive factor for OS in SKCM (62). Heme

Oxygenase 1 (HMOX1) is also regarded as a tumorigenesis-

related regulator and is being explored also as a therapeutic target

(63). After a comprehensive assessment of the relative importance

of each gene, interferon induced transmembrane protein (IFITM3)
Frontiers in Immunology 10141
was recognized as the one with a strong academic exploring value.

IFITM3 belongs to the family of interferon induced antiviral

proteins. IFITM3 is a well-studied gene in multiple diseases, and

has close relation to cancers because it overexpresses in various

types. Min J et al. once testified IFITM3’s promotion influences on

hepatocellular carcinoma (HCC) invasion and metastasis by

regulating MMP9 through p38/MAPK signaling (64). Also in

HCC, IFITM3 was demonstrated to facilitate proliferation by

upregulating c-myc expression via the ERK1/2 signal pathway

(65). Moreover, an investigation led by Chu PY et al. has revealed

that the IFITM3 can expand malignant progression, promote

cancer stemness and chemoresistance of gastric cancer by

targeting MET/AKT/FOXO3/c-MYC axis (66). In addition, high

expression of IFITM3 represents adverse prognosis in acute

myeloid leukemia (67), and it can cause B-cell malignancies by
D
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FIGURE 6

Immune infiltration profiles. Seven immune infiltration software exhibit different numbers of immune cells between the high- and low-risk group (A). The
bubble plot shows the correlation between different immune cells and risk scores (B). The block diagram shows the proportion of the high- and low-risk
samples in four TCGA-SKCM representative immune subtypes (C). Comparisons of ssGSEA scores between the high- and low-risk group (D). *** means
P<0.001.
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motivating PI3K pathway (68). Considering that IFITM3

participates in diverse signaling pathways that are likely to cause

for oncogenesis and tumor development, it is deemed as a new

therapeutic biomarker. Nevertheless, the potential role of IFITM3

in SKCM has not been fully understood yet. In the single-cell

research, it is common to respectively study immune cells,

nonimmune cells, and tumor cells, to avoid the situation where

important information of life beings are mutually obscured by

different types of cells. Our research aimed at the immune cell,

hence we further evaluated the expression of IFITM3 in

nonimmune and tumor cells based on the 10 single-cell datasets

in the TISCH database. And the results showed that IFITM3 was

highly expressed in the fibroblasts, myofibroblasts, endothelial cells

and tumor cells. Via the HPA database, again IFITM3 was proved to
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express highly in SKCM at the protein level than in normal skins.

The synthesis findings helped verify that IFITM3 is of great

exploring values and more studies of it as a novel biomarker

are needed.

The MRS can be duplicated via some basic PCR-based detection

methods, making MRS an attractive tool for clinical transformation

and implementation. But it is important to admit that our research

has certain limitations as well. To begin with, this study was

retrospective. The data and corresponding clinical information

were obtained from public accessible TCGA and GEO databases,

pretty limited sample size, absence of partial treatment and

recurrence records and other artificial errors may potentially

distort the findings. Secondly, since the role of IFITM3 in SKCM

was not clear, more real-world studies enrolling more tumor
A B

C

FIGURE 7

Exploration of the potential risk mechanism. The bar charts show GSEA results in seven gene sets (A). Differential expressions of HLA, immune
checkpoints, chemokines and costimulatory molecules between the high- and low-risk group (B). The heatmap shows the cell-regulon activity
profiles between the high- and low-risk group (C). *** means P<0.001.
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specimens and more experiments in vitro or in vivo should be

performed in the future to reveal its actual function. Finally,

the current algorithm was based on transcriptome analysis. In the

future, the exploration from a global perspective is needed on the

law of organism’s life activity. It’s believed that multi-omics

integration analysis can promote the deep understanding of life

processes and physiological mechanisms, and improve the stability

and accuracy of the algorithm to make it gradually perfect, because

it provides more features for learning. Additionally, deep learning,

as a special kind of machine learning, will automatically find the

features that are important for classification, while in machine

learning we have to provide these features manually. Therefore,

developing new deep learning algorithms and combining multi-

omics data can be a powerful and promising tool to help us improve

clinical outcomes for individual SKCM patients.
Conclusions

Our study is the first to establish an 8-gene monocyte-related

signature based on abundant machine learning methods. Through

adequate validations, the signature has been proved to have stability

and strength as a promising predictive biomarker and therapeutic

target for SKCM patients. Also, the IFITM3 gene is identified from
Frontiers in Immunology 12143
the signature, and its potential exploring values have been

preliminarily confirmed, which may give new inspirations in

future clinical use.
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SKCM skin cutaneous melanoma

GEO gene expression omnibus

MRS monocyte-related signature

DSS disease specific survival

PFS progression free survival

HLA human leukocyte antigen

ICIs immune checkpoint inhibitors

TME tumor microenvironment

TIME tumor immune microenvironment

scRNA-seq single-cell RNA sequencing

CPM counts per million

TCGA the cancer genome atlas

PCA principal component analysis

t-SNE t-Distributed Stochastic Neighbor Embedding

NMF non-negative matrix factorization

RSF random survival forest

Enet elastic network
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plsRcox partial least squares regression for Cox

SuperPC supervised principal components

GBM generalized boosted regression modeling

survival-SVM survival support vector machine

LOOCV leave-one-out cross-validation

ROC receiver operator characteristic curve

DCA decision curve analysis

ssGSEA single sample gene set enrichment analysis

MsigDB Molecular Signatures Database

GSEA gene set enrichment analysis

GO Gene Ontology

TISCH tumor immune single-cell hub

IFITM3 interferon induced transmembrane protein

AJCC American Joint Committee on Cancer

HMOX1 Heme Oxygenase 1

HCC hepatocellular carcinoma
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