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The skin is the biggest organ and provides a physical and immunological barrier against
pathogen infection. The distribution of primary cilia in the skin of mice has been reported,
but which cells in human skin have them has not, and we still know very little about
how they change in response to immune reactions or disease. This review introduces
several studies that describe mechanisms of cilia regulation by immune reaction and
the physiological relevance of cilia regulating proliferation and differentiation of stroma
cells, including skin-resident Langerhans cells. We discuss the possibility of primary cilia
pathology in allergic atopic dermatitis and the potential for therapies targeting primary
cilia signaling.

Keywords: primary cilia, immunity, epidermis, atopic dermatitis, keratinocyte, Langerhans cell

INTRODUCTION

Kowalevsky (1867) first reported the presence of non-motile cilia (primary cilia) in a variety of
vertebrate cells. For a long time, many scientists thought that non-motile cilia were a non-functional
vestigial organ. However, almost 150 years after the first finding of non-motile cilia, they are now
recognized as a sensory organelle involving hearing, sight, and other sensory input. A primary
cilium is a unique organelle protruding from the cell surface. Various receptors, including G
protein–coupled receptor (GPCR) and tyrosine kinase type receptor, and ion channels localized
in primary cilia enable cells to sense the extracellular environment and transduce signals inside the
cell that control cell function (Phua et al., 2015; Schou et al., 2015; Christensen et al., 2017). It is
widely accepted that almost all cell types can have primary cilia, including skin cells.

The skin is the heaviest organ in the human body and, including the subcutaneous tissue,
accounts for 16% of body weight (Shimizu, 2018). The skin defines the body and maintains
homeostasis by preventing water loss, regulating body temperature, and sensing mechanical
stimuli. It also functions as an immune organ that prevents foreign materials from invading from
outside (Shimizu, 2018; Figure 1A). The skin has a three-layer structure: epidermis, dermis, and
hypodermis—each with its own anatomy and function (Wong et al., 2016; Shimizu, 2018). The
epidermis is 0.2 mm thick, and about 90% of epidermal cells are keratinocytes (KCs). The most
important role of KCs is forming a skin barrier. Both the physical barrier formed by KCs and the
immune barrier composed of immune cells prevent invasion of pathogens (Eyerich et al., 2018;
Kabashima et al., 2019; Figure 1A).
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Coordinated differentiation and proliferation of KCs—
namely, keratinization—are required for barrier formation and
are strictly regulated depending on the extracellular environment,
such as cell density (Eckert et al., 2002; Simpson et al., 2011;
Roshan et al., 2016). Most keratinocyte stem cells (KSCs) in
the epidermal basal layer continue to proliferate randomly, and
some produce transitory amplifying cells (TAs) by asymmetric
division (Mackenzie, 1970; Clayton et al., 2007). The TAs, with
a much higher proliferative capacity than KSCs, maintain the
stem cell pool (Hsu et al., 2014). Daughter cells produced by
immature KCs asymmetric division of both KSCs and TAs
differentiate by stimuli that are not yet known and then mature
with migration from the basal layer (Lechler and Fuchs, 2005;
Mascré et al., 2012). Terminally differentiated KCs die and form
a cornified layer consisting of keratin and a cornified envelope
(Candi et al., 2005). The cornified envelope is formed from the
plasma membrane of mature KCs and consists of involucrin
and loricrin. Both keratin and the cornified envelope work as
a physical barrier against water loss, damage by UV radiation,
and pathogen infection. Barrier disruption increases the risk of
ichthyosis and atopic dermatitis (AD) (Herrmann et al., 2003;
Palmer et al., 2006; Klar et al., 2009; Rerknimitr et al., 2017;
Yamamoto et al., 2020).

Moisturization is widely accepted to reduce the risk of AD
because barrier dysfunction causes dryness, which activates
peripheral neurons to induce severe itching and scratching, which
exacerbates the disease. We know that the pathology of AD is
complicated and the full picture of its pathophysiology is not
clear, so symptomatic treatment is often used, typically topical
steroids and immunosuppressants in parallel with moisturizer
(Eichenfield et al., 2014a; Katoh et al., 2019).

Destruction of the skin barrier allows pathogens to invade in
the body, where they induce an immune response (De Benedetto
et al., 2012). When Langerhans cells (LCs), a type of dendritic
cell (DC), in the epidermis take up pathogens, they become fully
functional and move to the lymph nodes, where they present
the antigens to T cells (Nestle et al., 2009; Pasparakis et al.,
2014; Deckers et al., 2018). Thus, LCs play an important role
in bridging innate immunity and acquired immunity. LCs are
present at a rate of about 2–5% in normal epidermis but increase
in AD: 13–16% of KCs isolated from AD patients in vitro, and
nearly 30% in vivo, were positively stained with a proliferation
marker, ki67 (Czernielewski and Demarchez, 1987; Chorro et al.,
2009; Toriyama et al., 2020). The elimination of LCs suppressed
the immune response induced by protein antigens (Nakajima
et al., 2012). Thus, good control of the count, proliferation,
and maturation of LCs may help to regulate immune responses
and thus treat AD.

It is very difficult to understand the pathophysiology of human
inflammatory diseases because mechanisms of inflammatory
responses are so complicated, and the immune response between
model rodents and humans are usually different (Beura et al.,
2016). Recently, we showed that the primary cilium, which acts
as a signaling hub, regulates the proliferation, differentiation,
and maturation of human KCs and LCs (Toriyama et al., 2020).
This review discusses the function of primary cilia, especially
inflammatory regulation, in human skin in the context of the

literature, and the possible therapeutic potential of targeting
signaling pathways transduced in primary cilia.

PRIMARY CILIA DISTRIBUTION AND
FUNCTIONS IN THE SKIN

The primary cilium is a unique organelle that plays an important
role in transducing extracellular signals into the cytosol. Since
skin is the outermost organ covering the body, it must be able
to sense the extracellular environment, suggesting a role of
primary cilia in it. Primary cilia have been identified in several
skin-resident cells: human/mouse KC and basal cell carcinoma
(BCC) (Elofsson et al., 1984; Strugnell et al., 1996; Wong et al.,
2009; Ezratty et al., 2011; Toriyama et al., 2020), human/mouse
fibroblast (Strugnell et al., 1996; Toriyama et al., 2020), human
melanocyte (Elofsson et al., 1981; Choi et al., 2016), and LC
(Toriyama et al., 2020).

Functions of primary cilia in KCs have been reported.
In mouse embryonic epidermis, inhibition of primary
cilia formation by shRNA targeting ift74 and ift88 caused
hyperproliferation of KCs, whereas inhibition by kif3A
knockdown inhibited cell growth while inhibiting primary
cilia formation (Ezratty et al., 2011). Overexpression of polo-like-
kinase4 increased centrosome number, primary cilia disruption,
and keratin5-positive proliferating KC, with decreasing KC
differentiation markers, including involucrin, filaggrin, and
loricrin (Coelho et al., 2015). In contrast, both primary cilia
counts and ki67-positive KCs in AD patients were significantly
increased relative to healthy epidermis, and there was a relation
between primary cilia increase and loricrin decrease, but not
filaggrin or IgE level (Toriyama et al., 2020). These findings
suggest that primary cilia both promote KC proliferation and
inhibit maturation in allergic conditions and raise the question
of what signaling is transduced in primary cilia to regulate
KC proliferation or maturation in inflammatory conditions.
Ezratty et al. (2011) strongly suggested that downregulation of
ift74, or chloral hydrate treatment to diminish primary cilia,
inhibited the notch signaling pathway, which is transduced in
primary cilia, and decreased the expression of a KC maturation
marker, K10. Another report suggested that proliferation of
KC was promoted by PDGF-AA, the receptor for which,
PDGFRα, is specifically localized in primary cilia (Toriyama
et al., 2020). Thus, understanding KC biology is complicated
by the lack of knowledge of molecular mechanisms by which
proliferation and differentiation signals via primary cilia are
regulated spatiotemporally. Recently, presenilin and arf4 have
been identified as KC differentiation regulators (Ezratty et al.,
2016). These are localized in the basal body and are thought
to regulate K10 expression, but they might not control cilia
formation directly (Ezratty et al., 2016). So, understanding
how they regulate notch signaling will provide insight into
KC differentiation and maturation. Future analysis of tissue
microenvironments, including concentrations of extracellular
molecules, tissue dependency, and age dependency, and
investigation of pathophysiological conditions will explain
primary cilia regulation and signaling.
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FIGURE 1 | Normal skin and disruption of primary cilia in skin disease. In
normal skin, the barrier formed by keratinocytes (KCs) blocks infection.
Langerhans cells (LCs) in the epidermis contribute to skin homeostasis by
working as antigen-presenting cells.

What is the skin phenotype when primary cilia are inactivated?
PCP effector gene, fuzzy, knockout or specific knockout of
ift88 in adult KCs by K14 promoter induced ventral alopecia,
basaloid hyperplasia, epidermal ingrowth, disorganized hair
follicles, and excess sebaceous gland lobules, with accumulating
1Np63 transcription factor (Croyle et al., 2011; Dai et al., 2011).
Coincident with primary cilia disruption in the epidermis, ift88
or kif3a conditional knockout in the ventral dermis of prx1-
cre mice caused severe hypotrichosis with downregulation of
sonic hedgehog (shh) signaling (Lehman et al., 2009). Molecular
mechanisms by which primary cilia regulate hair growth have
been reported: laminin-511-β1 integrin signaling promoted
primary cilia formation in dermal papillae, which is required for
shh and PDGFRα signaling to develop hair (Gao et al., 2008).
These results suggest that primary cilia in epidermal KCs, dermal
papillae, and fibroblasts are indispensable for hair growth and
that primary cilia are important for skin homeostasis.

Some functions of primary cilia in melanocytes have been
reported. The use of “smoothened agonist” to activate shh
signaling inhibited melanogenesis, whereas the use of specific
cytoplasmic dynein inhibitor, ciliobrevin A1, to inhibit primary
cilia formation promoted melanogenesis (Choi et al., 2016).
In melanoma, primary cilia were deconstructed, while EZH2,
a unit of PRC2 methyltransferase, induced primary cilia loss
by silencing genes involved in primary cilia formation, which
drove metastatic melanoma (Zingg et al., 2018). Since the loss
of primary cilia in melanoma induced the activation of the
Wnt/β-catenin pathway (Zingg et al., 2018), regulation of this
pathway via primary cilia formation may contribute to the
treatment of cancer and pigmentation disorder.

IMMUNOCOMPETENT CELLS IN
EPIDERMIS AND THEIR FUNCTIONS

Many types of cells are involved in inflammatory responses in
skin diseases. In this section, we summarize and discuss the
functions of LCs and KCs. Langerhans (1868) first found and
described LCs. From their morphology, LCs were first interpreted
as a kind of neuronal cell, not as immune cells. For almost 100

years, their function was unknown. However, Stingl et al. (1977)
and Klareskog et al. (1977) identified that LCs express MHC
class II molecules and macrophage antigens, and Schuler and
Steinman (1985) found that they have a role as APCs. LCs are
the sole APCs in the epidermis. When they incorporate microbial
antigens, they rapidly mature, and as functionally activated APCs,
they migrate to the lymph nodes, interact with T cells via MHC
class II molecules, and display the antigen to the T cells. Thus, LCs
act as a bridge between innate immunity and acquired immunity
(Nestle et al., 2009; Pasparakis et al., 2014; Deckers et al., 2018;
Figure 2). Interestingly, activated LCs extend their dendrites
through tight junctions formed by KCs (Kubo et al., 2009). This
fact strongly suggests that activated LCs actively take antigens
and probably present them continuously to T cells to maintain
skin homeostasis.

Recently, to elucidate the role of LCs in antigen presentation
and in disease, researchers generated genetically modified mice
in which LCs can be specifically removed (Bennett et al., 2005;
Kaplan et al., 2005; Kissenpfennig and Malissen, 2006; Honda
et al., 2010). In a series of elegant experiments, Honda et al.
(2010) indicated that LCs are not essential to the development
of contact hypersensitivity caused by small molecules like
dinitrofluorobenzene, because LC-depleted mice swabbed with
hapten (MW <1,000) did not have the decreased immune
reactivity found in contact dermatitis. In contrast, LC-depleted
mice swabbed with protein antigens of MW >5,000 had inhibited
skin inflammation (Nakajima et al., 2012). These analyses
strongly suggest that LCs are involved in the development of AD
caused by protein antigens but not in contact hypersensitivity
induced by small molecules. Thus, LCs especially recognize
protein antigens and play an important role in maintaining
skin homeostasis.

Not only do KCs form a physical barrier, but they also
produce cytokines in response to immune stimulation and thus

FIGURE 2 | LC function in epidermis. When LCs incorporate antigens, (1) they
are rapidly functionally activated, and then (2) they migrate to the lymph node.
(3) In the lymph node, LCs interact with T cells to present antigens.
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confer skin immunity. The secretion of cytokines by KCs, their
effects, and their secretion mechanism have been studied for
decades (see reviews Hänel et al., 2013; Noske, 2018). KCs
express toll-like receptor, which recognize molecules derived
from microbes. Ligand–receptor combination changes their
cytokine expression profiles. Differences in cytokine profiles
greatly contribute to the development of specific skin diseases
such as psoriasis and AD (Hänel et al., 2013; Noske, 2018; Zhang,
2019). Since these cytokines are thought to induce maturation
of immune cells, which lead to further cytokine production, it is
important to prevent the vicious cycle of cytokine networks in the
treatment of disease.

Some recent reports have shown that KCs interact with
T cells (Banerjee et al., 2004; Peters et al., 2013; Albanesi
et al., 2018; Orlik et al., 2020) and LCs (Tang et al., 1993;
Mohammed et al., 2016; Sumpter et al., 2019) to regulate their
immune responses (Figure 3). Since T cells and LCs play an
important role in cytokine secretion and disease development,
understanding their regulation mechanisms by KCs may provide
novel insight into disease mechanisms. Orlik et al. (2020)
reported that IFNγ-stimulated KCs could interact with naïve T
cells through CD2 and CD54 to promote differentiation into
proinflammatory Th1 and Th17 cells. Although this ability is
low compared with monocytes or DCs (Orlik et al., 2020), this
finding raises an important possibility that T cell differentiation
by KCs is pathophysiologically important because KCs are much
more abundant than APCs, including LCs, in the epidermis.
In addition, interaction of CD4 or CD8 T cells with IL-
1α/TNFα-stimulated KCs increased the secretion of CCL2,
CCL20, and CXCL10 chemokines and increased Th17-like T cells
(Peters et al., 2013). These reports suggest that the interaction
between T cells and KCs may cause a Th17-dominant bias,
leading to disruption of skin homeostasis (Figure 3). For the
interaction between KC and LC, E-cadherin and integrins are
required (Tang et al., 1993; Mohammed et al., 2016; Figure 3).
Downregulation of αvβ6 integrins in KCs decreased epidermal
LCs but increased lymph node LCs (Mohammed et al., 2016).
This result suggests the function of KCs as the “anchor” of LCs,
which might be important in regulating immune reactivity (Tang
et al., 1993). Future investigation of how KCs regulate immune
reactivity is required.

PRIMARY CILIA FUNCTION IN
IMMUNITY

For a long time, it had been considered that immune cells
have an immunological synapse (IS), instead of primary cilia
(Cassioli and Baldari, 2019). IS is a ring structure containing
adhesion molecules, T cell antigen receptor (TCR), Major
Histocompatibility Complex (MHC), which mediate cell–cell
interaction between APCs and lymphocytes (Cassioli and Baldari,
2019). IS promotes lymphocyte activation by sustaining signaling
required for T cell activation (Finetti et al., 2011). The function
of intraflagellar transport (IFT) protein IFT20 has been reported
in immune synapse formation in T cells (Finetti et al., 2009;
Finetti et al., 2011). Although IFTs are required for the assembly

FIGURE 3 | KC interaction with T cells (TCs) and LCs. KCs interact with TCs
via CD2 and CD54, which promote TC differentiation. Differentiated TCs
promote cytotoxic responses. In contrast, KC–LC interactions via E-cadherin
and integrins decrease LC migration activity the to lymph node.

and maintenance of primary cilia, primary cilia in immune
cells have been undetected until 2015. Prosser and Morrison
(2015) reported that with regard to immortalized Jurkat T cell,
and NALM-6 B cells had them at a low rate of 1% or less
in the presence of serum. Recently, we found primary cilia-
like structures in human primary LCs, which are APCs present
in the epidermis (Toriyama et al., 2020). In contrast, we did
not find such structures in epidermal or dermal CD4 + or
CD8 + T cells. This finding raises the possibility that the tissue
microenvironment or the extracellular environment controls
primary cilia formation.

So, what is the physiological role of primary cilia in immune
cells? It is difficult to say because research to answer this question
is scarce; however, we can say that primary cilia would have
a role in promoting immune signaling. Interestingly, recent
studies have reported that various immune signals promoted
by cytokines regulate primary cilia formation in non-immune
cells. Treatment with IL-1β or TNFα significantly increased the
length of primary cilia in chondrocytes and fibroblasts (Wann
and Knight, 2012; Wann et al., 2013; Mc Fie et al., 2020; Figure 4).
Primary cilia were elongated 1 h after IL-1β treatment, suggesting
that their length might change during acute inflammation (Wann
et al., 2013). A mutation in tumor necrosis factor alpha receptor
3–interacting protein 1, also known as MIPT3, inhibited primary
cilia formation (Berbari et al., 2011). MIPT3 inhibits IL-13–
mediated phosphorylation of Stat6 (Ling and Goeddel, 2000;
Niu et al., 2003). These findings strongly suggest that cytokine
signals regulate primary cilia formation. In addition, promotion
of iNOS and COX2 expression caused by IL-1β was decreased
in chondrocytes with an ift88 hypomorphic mutation, the Oak
Ridge Polycystic Kidney (ORPK) mutation (Wann et al., 2014).
In these cells, nuclear localization of p65, a transcription factor
induced by NFκB signal activation, was decreased (Mc Fie et al.,
2020). These findings suggest that IL-1β and TNFα elongate
primary cilia, and NFκB signals activated by these cytokines
are transduced in primary cilia (Figure 4). It should be noted,
however, that there is no description of how the combination
of Th1 and Th2 cytokines regulates primary cilia formation
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FIGURE 4 | Hypothetical cilia regulation by immune signals. Cytokines
including IL-1 and TNFα elongate primary cilia length. NFκB localized in
primary cilia is activated and promotes immune responses.

in inflammatory diseases. To answer this, further investigation
using patient samples and cells will be required.

In ORPK mice with polycystic kidney disease (PKD), the
number of infiltrating macrophages was increased, but the
number of residential macrophages was decreased in renal lesions
(Zimmerman et al., 2018). In human PKD patients, the number
of T cells in lesions was also increased (Zimmerman et al., 2019).
Further investigation using ORPK mice showed that bile duct
epithelial cells increased the expression of C-C motif chemokine
2 (CCL2) (Zimmerman et al., 2018). Knockout of CCR2, a
receptor for CCL2, in ORPK mice reduced numbers of infiltrating
macrophages and PKD symptoms relative to those in ORPK
single-dysfunction mice. Since primary cilia have not been found
in macrophages, the regulation of macrophages by primary cilia
is unknown; however, the importance of primary cilia signals
transduced in epithelial cells that interact with immune cells
and stroma cells to the regulation of macrophage infiltration
is suggested (Zimmerman et al., 2018). Future studies need
to elucidate the physiological role of primary cilia in immune
cells during immune responses and the mechanism of primary
cilia control by immune signals. Profiles of ciliary receptors/ion
channels have not been identified in immune cells, so it is not
clear what signals are transduced in the primary cilia in immune
cells. As the signaling molecules in the primary cilia become
clarified, the physiological role of primary cilia in immune cells
will be elucidated.

Chargaff and West (1946) first described extracellular vesicles
(EVs) in serum. EVs are cell-released vesicles, or ectosomes,
surrounded by a lipid bilayer and contain various molecules:
signaling proteins and enzymes, DNA, mRNA, and miRNA
(Valadi et al., 2007). They are known to mediate intercellular

signals and to control various cell activities, including immune
response, early development of the embryo, and cancer
progression (Latifkar et al., 2019; Margolis and Sadovsky, 2019).
The physiological role of EVs released by immune cells has been
studied in recent years; EVs released by APCs carry surface
MHC class I and class II molecules and therefore directly activate
CD4 + and CD8 + T cells. EVs derived from DCs, macrophages,
and fibroblasts carry cytokines, including IL-1β and TNFα,
which seem to have a role in mediating inflammatory and
autoimmune diseases (see review Robbins and Morelli, 2014).
The release of EVs is regulated by various mechanisms, but
interestingly, primary cilia also play an important role in their
production (Wood and Rosenbaum, 2015; Nager et al., 2017;
Phua et al., 2017). What is the physiological role of ectosomes
released from the primary ciliary tip? Ectosome release seems to
be involved in the shortening of primary cilia associated with
cell cycle progression (Phua et al., 2017), modulation of signal
transduction by GPCR ectocytosis (Nager et al., 2017), and outer
segment structure formation in photoreceptor cells (Salinas et al.,
2017; Figure 5). Is there another function? To investigate the
ectosome role, Zuo et al. (2019) identified the molecules in it
by mass spectrometry. They found that Madin–Darby canine
kidney (MDCK) cell–derived EVs contained MAPK regulating
molecules, including Erk and phosphorylated (active) Erk (Zuo
et al., 2019). The quantities of EVs are changed by primary
cilia formation (Zuo et al., 2019), and a mutation in an exocyst
protein, including RAB5, was found in Joubert syndrome, which
features PKD due to ciliopathy (Dixon-Salazar et al., 2012).
Ectosome formation and release into the extracellular space
may contribute to tissue homeostasis, or to the development
of disease, by regulating the MAPK pathway regulated by
primary cilia and EV formation (Figure 5). Given the significant
increase in primary cilia in AD (Toriyama et al., 2020), it is
possible that the amount of ectosome derived from primary
cilia may be altered in AD epidermis. Analysis using patient
samples may reveal the physiological role of ectosomes derived
from primary cilia.

RELATIONSHIP BETWEEN THE
DEVELOPMENT OF SKIN DISEASES
AND PRIMARY CILIA

Failure of skin immunity can lead to skin diseases. The skin
immune response is excessive in AD, which affects up to 20%
of children and up to 3% of adults (Nutten, 2015). Although the
number of AD patients is increasing each year, only symptomatic
treatment is currently used. As exacerbation and remission often
repeat, details of the mechanism of AD onset and aggravation are
required to develop therapeutic drugs (Eichenfield et al., 2014a,b;
Katoh et al., 2020). Recently, one paper reported that particulate
matters with aerodynamic diameter of 2.5 µm (PM2.5) inhibited
ciliogenesis by increasing c-Jun expression in human KCs
(Bae et al., 2019). PMs are known to cause AD, psoriasis,
epithelium injury, eye injury, endothelial dysfunction, asthma,
and chronic bronchitis with increasing inflammation (Gehring
et al., 2010; Wang et al., 2012; Ahn, 2014; Hwang et al., 2016).
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FIGURE 5 | Potential of EVs released from primary cilia tip. EVs contain signal
molecules including G protein–coupled receptor (GPCR) and Erk. Release of
EVs regulates primary cilia length, outer segment formation in photoreceptor
cells, and signal transduction.

Furthermore, the JNK pathway is known to be a critical element
in inflammatory skin disease, as JNK is involved in multiple
mechanisms that lead to gap junction and barrier protein
defect (Hammouda et al., 2020). In this finding, Bae et al.
did not investigate the direct relationship among inflammation
caused by PM2.5, AD development, and primary ciliogenesis;
however, they provided important insights that primary cilia
signaling was necessary for the c-Jun pathway to regulate KC
differentiation (Figure 6).

Interestingly, primary cilia-related genes, kinesin family
member 3A (KIF3A), are related to AD development by
modulating epidermal barrier functions (Stevens et al., 2020;
Figure 6). Epidermal barrier formation is regulated by KC
differentiation, and failure of the skin’s barrier function elevates
the risk of developing AD (Sakai et al., 2015; Katoh et al.,
2020). Since cornification is induced by mature KCs, filaggrin and
loricrin are known as KC maturation markers. The expression
of filaggrin and loricrin is decreased in 20–30% of AD patients,
which causes disruption to barrier formation or cornification
(Palmer et al., 2006; Kim et al., 2008; O’Regan et al., 2008).
Single nucleotide polymorphisms (SNPs) in the KIF3A gene have
been associated with AD, which decreased KIF3A in primary
KCs from individuals (Stevens et al., 2020). Stevens et al. (2020)
clearly demonstrated that KIF3A deficiency in mice caused
skin barrier dysfunction. Even though they did not investigate
primary cilia in donor skin, this finding suggests that primary
cilia in KCs regulate differentiation and maturation balance,
which is required for adequate skin barrier formation (Figure 6).
Interestingly, the KIF3A gene was also identified as an asthma-
related gene in childhood (Kovacic et al., 2011). Furthermore,
ciliopathy patients frequently develop AD with other clinical
features (Aldahmesh et al., 2014). In AD epidermis, when

FIGURE 6 | Relation between primary cilia defects and skin disease.
Dysfunction of primary cilia caused by ciliary gene defects or
immunostimulants changes KC and LC phenotypes. Cilia dysfunction causes
JNK signal and hyperproliferation in KC and LC, respectively. These, in turn,
cause maturation defect in both KC and LC. Maturation defect then causes
skin barrier defect and cytokine production in KC and LC, respectively. Cilia
regulation may have potential as a drug target.

compared to healthy epidermis, the number of ciliated KCs and
LCs were significantly increased and were immature (Toriyama
et al., 2020). This finding raised the important possibility that
primary cilia disruption was associated with allergic diseases, and
it is required to investigate the pathophysiological function of
other cilia-related genes in inflammatory diseases (Figure 6).

THERAPEUTIC POTENTIAL OF
TARGETING PRIMARY CILIA

Previous studies have suggested that abnormalities in primary
cilia may be involved in the development of allergic diseases
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including AD (Aldahmesh et al., 2014; Bae et al., 2019; Stevens
et al., 2020; Toriyama et al., 2020). Therefore, is it possible to
treat allergic diseases by regulating primary cilia? Ciliobrevin
A and chloral hydrate have been reported as agents that
shorten primary cilia formation, while lithium chloride and
folic acid have been reported as agents that extend them
(Praetorius and Spring, 2003; Firestone et al., 2012; Thompson
et al., 2016; Toriyama et al., 2017). Inhibitors of the folate
metabolism pathway are widely used as anticancer agents and
immunosuppressive agents to treat rheumatoid arthritis and
severe asthma (Dyer et al., 1991; Singh et al., 2016; Koźmiński
et al., 2020). Recent findings suggest that cytokines regulate
primary ciliogenesis (Berbari et al., 2011; Wann and Knight,
2012; Wann et al., 2013; Mc Fie et al., 2020). Currently, the
development of monoclonal antibody drugs targeting cytokines
and cytokine receptors is progressing, and their numbers, both
in use and in clinical trials, are increasing every year (Deleanu
and Nedelea, 2019; Kamata and Tada, 2020). They may contribute
to the suppression of inflammation by suppressing primary
cilia formation.

However, even if primary cilia are directly involved in
the control of inflammation, the control of primary cilia
formation itself could be problematic on account of strong
side effects because the primary cilia contain many signaling
molecules, including receptors and channels, which would
affect various cellular responses. Targeting specific molecules
localized in primary cilia may contribute to the development of
therapeutic agents.

Currently, the signal via the primary cilia that controls
immune regulation is not well understood, but suppression
of EP4, TRPV4, or PDGFRα, which are localized in primary
cilia, may offer one therapeutic target (Kabashima et al., 2003;
Schneider et al., 2005; Jin et al., 2014; Wang et al., 2019;
Toriyama et al., 2020). As EP4 antagonist impaired contact
hypersensitivity of skin with decreasing LC activation, it is one
of the promising therapeutic candidates. Adjusting the number
of LCs would be important in treatment because LCs are involved
in cytokine/chemokine production and in exacerbation of disease
(Yoshiki et al., 2014). However, proliferation and maturation

mechanism of LCs are not fully understood, so it is necessary to
understand the mechanisms of proliferation of LCs in the steady
state, in the inflammatory state, and in disease (Merad et al.,
2002; Seré et al., 2012; Collin and Milne, 2016). It is important
to note that imatinib, a specific inhibitor of PDGFRα that is used
for the treatment of leukemia, causes edema and keratosis pilaris
as side effects (Leong and Aw, 2016). It is necessary to elucidate
how this happens.

Taken together, identifying new signaling molecules in
primary cilia will require the development of novel therapies
and drugs to regulate immune responses. This will need a
comprehensive search for primary cilia-localized receptors in
various cell, tissue, and disease models.

CONCLUDING REMARKS

Research to uncover the relationship between primary cilia
regulation and immunoregulation has progressed in recent years
and has brought new insights in the fields of immunology,
physiology, cell biology, and pathology. What types of immune
cells have primary cilia? What diseases are involved in primary
cilia regulation? What are the characteristic features of ciliated
cells? What signals are transduced in primary cilia? What is
the physiological function of primary cilia in vitro? Answering
these questions will contribute to new knowledge in biology and
to drug discovery.
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