
Citation: Fukasawa, T.;

Yoshizaki-Ogawa, A.; Enomoto, A.;

Miyagawa, K.; Sato, S.; Yoshizaki, A.

Involvement of Molecular

Mechanisms between T/B Cells and

IL-23: From Palmoplantar Pustulosis

to Autoimmune Diseases. Int. J. Mol.

Sci. 2022, 23, 8261. https://doi.org/

10.3390/ijms23158261

Academic Editor: Lydie

Izakovicova Holla

Received: 22 June 2022

Accepted: 25 July 2022

Published: 27 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Involvement of Molecular Mechanisms between T/B Cells and
IL-23: From Palmoplantar Pustulosis to Autoimmune Diseases
Takemichi Fukasawa 1 , Asako Yoshizaki-Ogawa 1, Atsushi Enomoto 2, Kiyoshi Miyagawa 2, Shinichi Sato 1

and Ayumi Yoshizaki 1,*

1 Department of Dermatology, The University of Tokyo Graduate School of Medicine, Tokyo 113-8655, Japan;
fukasawat-der@h.u-tokyo.ac.jp (T.F.); yoshizakia-der@h.u-tokyo.ac.jp (A.Y.-O.);
satos-der@h.u-tokyo.ac.jp (S.S.)

2 Laboratory of Molecular Radiology, Center for Disease Biology and Integrative Medicine, The University of
Tokyo Graduate School of Medicine, Tokyo 113-8655, Japan; aenomoto@m.u-tokyo.ac.jp (A.E.);
miyag-tky@umin.ac.jp (K.M.)

* Correspondence: ayuyoshi@me.com; Tel.: +81-3-5800-8661

Abstract: Palmoplantar pustulosis (PPP) is a disease that causes recurrent blisters and aseptic pustules
on the palms and soles. It has been suggested that both innate and acquired immunity are involved.
In particular, based on the tonsils and basic experiments, it has been assumed that T and B cells
are involved in its pathogenesis. In addition, the results of clinical trials have suggested that IL-23
is closely related to the pathogenesis. This review describes PPP and the genetic background, the
factors involved in the onset and exacerbation of disease and its relation to the molecular mechanism.
In addition, we describe the usefulness of biological therapy and its implications in relation to the
importance in pathology, the pathogenesis of PPP, the importance of the role of the IL-23–Th17
axis and IL-36 in PPP. Furthermore, we describe an animal experimental model of PPP, the efficacy
and mechanism of action of guselkumab, an anti-IL-23 antibody, the latest research, and finally the
possibility for it to be effective for other autoimmune diseases.
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1. Introduction

Palmoplantar pustulosis (PPP) is a disease that causes recurrent blisters and aseptic
pustules on the palms and soles. Pustules are caused by the accumulation of neutrophils (a
type of white blood cell), which are involved in the inflammatory response, beneath the
stratum corneum, the top layer of the skin. The rash begins as small blisters (bullae) that
gradually turn into pustules. Later, scabs (crusts) form and the stratum corneum (thin layer
on the top surface of the skin) peels off. Later, the rash becomes a mixture of these lesions.
At the beginning, the rash often itches. There are no bacteria (germs) or fungi (molds) in
the ooze of this skin disease. Therefore, there is no infection from the hands and feet to
other parts of the body. Thus far, the cause of PPP is unknown, but we will summarize the
basic findings known to date. In this review, in particular, we will focus on the involvement
of T/B cells and IL-23.

2. PPP and Molecular Genetic Background
2.1. Familial Onset Is Rare, but Genetic Risk Factors Are Presumed

There are few reports of familial onset of PPP [1,2]. Yanai et al. performed human
leukocyte antigen (HLA) typing within a family with PPP and reported that 4 out of 6 family
members with PPP had haplotypes A2, B46, Cw1, DR8, and DQ1 [1]. Matsuoka et al.
reported two families with PPP and psoriasis vulgaris (PsV) in the family [2]. In one family,
the grandmother had PPP, and the mother and daughter had PPP and PsV, and both had
A2, B35, Cw3 DRw8, and DRw52 haplotypes. In another family, where a mother had
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PPP and PsV and a son had PPP, both had haplotypes of A26, Bw60, DRw9, and DRw53.
PPP has also been reported from Japan with IL36RN (Interleukin 36 Receptor Antagonist)
gene mutation [3] and CARD14 (Caspase recruitment domein-containing protein 14) gene
mutation [4]. CARD14 mutations are also considered a risk factor in Europe [5]. However,
there might be other genetic risk factors that have not yet been identified.

2.2. Involvement of Cytokines

Mutations in IL19, IL20, and IL24 have been reported as risk factors for PPP [6–8].
Missense mutations in the CARD14 gene have been reported in PPP. Recently, mutations
in AP1S3 (Adaptor Related Protein Complex 1 Subunit Sigma 3) were reported. ATG16L1
(Autophagy Related 16-like 1) mutation was also detected in PPP [9]. ATG16L1 is an
essential gene for autophagy. These mutations are involved in the production of antimi-
crobial peptides, IL-18, and IL-1. Loss-of-function mutations in IL-36RN activate the IL-36
signaling pathway, resulting in excessive cytokine production [9], which is also seen in PPP,
albeit at a lower frequency [10].

In addition to environmental factors and genetic susceptibility, both innate and ac-
quired immunity are involved in the pathogenesis of PPP. Inflammation of sweat glands
within the epidermis forms blisters and pustules [11]. IL-17 expression is increased in
eccrine sweat glands, suggesting that this site is important in the pathogenesis [12]. It
has been suggested that IL-8 (neutrophil chemoattractant), IL-1α, IL-1β, IL-17A, IL-17C,
IL-17D, IL-17F, IL-22, IL-23A, and IL-23 receptor are elevated in the lesions of PPP [13–15].
Increased serum levels of TNF-α, IL-17, IL-22, and IFN-γ have been detected in patients
with PPP [13–15]. Elevated expression of IL-17, IL-8, and IL-36γ has been reported in sweat
glands. Tonsil infection triggers PPP [16].

3. Factors involved in the Onset and Exacerbation of Disease and Its Relation to the
Molecular Mechanism

Smoking, focal infections such as asymptomatic tonsillitis and asymptomatic peri-
odontitis, severe constipation and irritable bowel syndrome, metal allergies, as well as
stress are involved in the development of PPP. In treating PPP, it is necessary to be properly
informed about its relationship to smoking cessation, to focal infection, and to metal allergy.
In this section, the relationship of PPP to smoking, focal infection, and metal allergy will be
discussed in detail.

3.1. PPP and Smoking

Smoking rates in PPP patients are very high, at about 80%. Smoking cessation tends
to reduce symptoms [17] and improve treatment efficacy [18,19]. Possible mechanisms
include direct stimulation of the tonsils by smoking which increases the production of
inflammatory substances (such as interleukin (IL)-17), induces or aggravates inflammation
in the tonsils, aggravates other factors such as periodontitis, alters immune responses to
commensal bacteria, and activates cholinergic signaling pathways through the production
of Tumor necrosis factor (TNF)-α from epidermal cells and nicotinic acetylcholine receptors.

3.2. PPP and Focal Infection (e.g., Lesional Tonsils, Dental Lesions)

Asymptomatic chronic inflammation somewhere in the body may trigger secondary
inflammation in remote organs (skin, joints, kidneys, etc.) such as PPP or glomerulonephri-
tis. This is called “focal infection”. PPP is a typical disease that is closely associated with
focal infection, and conditions that usually do not require treatment, such as asymptomatic
tonsillitis (focal tonsils) [20], asymptomatic periodontitis (dental foci), chronic sinusitis,
nasopharyngitis, otitis media, and cholecystitis, are thought to be involved in the develop-
ment and persistence of those susceptible to PPP. Due to the high efficacy of tonsillectomy,
PPP, sternoclavicular hyperplasia, and IgA nephropathy are recognized as representative
diseases of tonsil foci infection. Other skin diseases such as psoriasis vulgaris and allergic
purpura, osteoarticular diseases such as some chronic rheumatoid arthritis and nonspe-
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cific joint pain, SAPHO syndrome (A syndrome of unexplained bone and joint symptoms
and cutaneous manifestations. “SAPHO” is an acronym for Synovitis, Acne, Pustulosis,
Hyperostosis, and Osteitis.), RFAPA syndrome (Abbreviation for periodic fever, aphthous
stomatitis, pharyngitis, and cervical adenitis. An “autoinflammatory disease” with four
main symptoms: periodic fever, aphthous stomatitis, pharyngitis, and cervical lymphadeni-
tis, which develops during infancy.), persistent low-grade fever, and Behcet’s disease have
also been reported to be associated with focal infection. More than 3/4 of cases have been
reported to have focal infections or other triggers for disease onset [21] (Figure 1).

Treating these foci of infection (tonsillitis, periodontitis, sinusitis, nasopharyngitis, etc.)
will lead to treatment of PPP. All of them are often asymptomatic and are not usually treated,
but since they may be associated with the onset or worsening of PPP symptoms, they should
be searched for in all cases and treated aggressively. If there is a possible involvement
of pharyngitis/tonsillitis, the tonsils may be removed, and if periodontitis is found in
or around the root of the teeth, dental treatment may improve the symptoms. If during
treatment of a lesion, a temporary worsening of a skin rash or osteoarthritis is observed, it is
assumed that the lesion is involved in the pathogenesis (id reaction). Transient worsening of
the rash or a short interval between the onset of the disease and surgery often results in early
postoperative resolution of the rash. The efficacy rate of a tonsillectomy is as high as 60–90%
for skin rash in PPP and sternoclavicular arthritis in PAO (pustulotic arthro-osteitis) [22].
Pre- and postoperative smoking cessation is recommended because the smoking group
shows less improvement after a tonsillectomy than the nonsmoking group. It has been
speculated that nasopharyngitis may be involved in some cases in which a tonsillectomy
is ineffective. A recent retrospective study showed that skin rash severity (Palmoplantar
Pustulosis Area and Severity Index; PPPASI) improved significantly at 1 month after
a tonsillectomy, with a high rate of improvement at 1 year postoperatively [22]. The
prevalence of dental infections in PPP patients was 87–90% and 62.8–64.5%, respectively,
and the treatment of dental infections was effective in about two-thirds of cases [23,24].
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3.3. PPP and Metal Allergies

Although an association with metal allergies to dental and other metals has been
reported, the percentage is as low as 5% [25], and many cases do not improve with the
mere removal of dental metals [26]. Even when dental treatment is performed first and
dental metal removal is performed in invalid cases, the efficacy rate is not very high at 33%,
suggesting that priority should be given to dental infections first [24].

4. Pathogenesis of PPP

Although PPP is known as a focal infection, its pathogenesis is the activation of
autoimmunity in lymphoid tissues such as the tonsils, and several mechanisms have
been postulated.

The tonsils have a crypt, but at the blind edge of the crypt, the crypt epithelium
and tonsil parenchyma are mixed, and antigen-presenting cells such as dendritic cells
and memory B cells are distributed, and antigen recognition is initiated. The tonsillar
parenchyma is divided into lymphofollicular and interfollicular areas, the former of which
activates helper T cells and B cells and promotes antibody production, and the latter
of which is mainly populated by T cells and where antigen presentation from dendritic
cells to naive T cells occurs. Tonsillar lymphocytes are activated upon stimulation by
pathogens such as Streptococcus pneumoniae and Haemophilus influenzae, while they do not
react against the commensal bacteria, alpha-hemolytic streptococci, and immune tolerance
is established. However, tonsillar lymphocytes of PPP patients develop a breakdown
in immune tolerance to alpha-hemolytic streptococci, resulting in an excessive immune
response. The disruption of immune tolerance against commensal bacteria results in B
cell activation, which induces an autoimmune response against common antigens in the
tonsillar epithelium, palmoplantar skin, and alpha-hemolytic streptococci. In addition, T
cells are over-activated in the lesional tonsil homing to the skin. The tonsils of PPP patients
are a source of autoreactive activated T and B cells, the removal of which may lead to
the suppression of the abnormal autoimmune response. Thus, in tonsillitis, it is believed
that hyperimmune and autoimmune reactions are triggered [27–29] from a breakdown of
immune tolerance to α-hemolytic streptococci (Figure 2).

In patients with PPP, TCR repertoire analysis of peripheral lymphocytes, studies of
anti-keratin antibodies, and tonsils have been performed, and other mechanisms are also
being considered. In the tonsils of patients, chronic inflammation caused by bacterial
infection leads to a severe keratinization of the epithelium of the crypts and an increase in
high molecular weight keratin, which is common to the palmoplantar epithelium, followed
by the prolonged sensitization of lymphocytes of the tonsils to high molecular weight
keratin and other substances in the lymphoepithelial symbionts of the crypts, resulting in
the production of sensitized lymphocytes and autoantibodies. In the palmoplantar surface,
CD4-positive cells, mainly TCRVβ6, infiltrate the skin and react with high molecular weight
keratin and anti-keratin antibodies, activating complement and other factors, resulting in
the formation of blisters and pustules (Figure 2).

In addition, genetic polymorphisms in promoter regions involved in the production
of specific cytokines are thought to be involved in the pathogenesis of the disease [30]. The
high blood TNF-α levels in patients with tonsil foci infection in PPP and the high cytokine
levels produced by the alpha-streptococcal stimulation of excised tonsil mononuclear cells
suggest that some individuals are more likely to have increased TNF-α production due to
their genetic background. The disease is not necessarily caused by focal infection alone,
but rather by a genetic predisposition to produce proinflammatory cytokines in response to
infection, which is added to focal infection.

Similar to the classic IL-23-driven disease psoriasis, therapeutic CD20 blockade can
lead to the emergence of PPP, suggesting that B cell depletion could aggravate this disease.
One mechanism for this phenomenon is that CD20 antibodies eliminate most of the B cells.
Therefore, as we will show later, not only bad pathogenic B cells but also good regulatory B
cells are eliminated. This effect may be strongly influenced by the removal of immature B
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cells that regulate immune responses. Therefore, we believe that treatment that can remove
only pathogenic B cells will be required in the future.
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cells are activated in lymphoid tissues by cytokines such as IL-23. Activated T cells homing to the
lesions on the palmoplantar surface. Activated B cells produce autoantibodies. CLA: cutaneous
lymphocyte-associated antigen, CCR: C-C chemokine receptor, HSP: heat shock protein, AChR:
acetylcholine receptor.

Although specific PPP genetic components have not been identified as class I antigens,
class II MHC antigens do not drive PPP pathogenesis. Therefore, presumably, tissue
antigens but not circulating antigen-presenting cells dominate the immune responses.
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Activation of immune cells such as T cells and B cells in lymphoid tissues such as
the tonsils leads to an infiltration of T cells and the deposition of antibodies in lesions
such as the palmoplantar area. Neutrophils are induced and activated by cytokines and
chemokines, mainly IL-17 and IL-8, produced by these T and B cells. Thus, neutrophils are
activated and infiltrate into the epidermis, causing the pathogenesis of PPP in the palms
and soles. Therefore, therapies targeting IL-23 and its downstream counterpart IL-17 may
be effective in treating PPP. Clinical trials are actually underway that target these molecules,
and they are being shown to be effective in the treatment of PPP.

5. Importance of the Role of IL-23–Th17 Axis and IL-36 in PPP

In recent years, the importance of IL-36 in PPP has received much attention [31].
IL-36 forms a family of three molecules, IL-36α, IL-36β, and IL-36γ. Keratinocytes in
the skin rash area have been shown to express high levels of IL-36. At the same time,
keratinocytes express IL-36R and produce inflammatory cytokines and chemokines via the
auto-activation by IL-36, resulting in exacerbations. IL-36R is also expressed in DCs and
macrophages. Moreover, its expression is increased by IL-36 stimulation.

DCs activated by IL-36 produce IL-23 and differentiate T cells into Th17 cells. IL-17A
produced by Th17 cells provides stimulation to keratinocytes, and activated keratinocytes
induce further IL-36 production. In fact, it has been shown that the expression levels of
IL-36 and IL-17A are correlated in the skin rash area. Thus, IL-36 plays an important role in
the pathogenesis, and the IL-23–Th17 axis and IL-36 are involved in the exacerbation of the
skin rash by forming positive feedback.

6. Animal Experimental Model of PPP

No other mammals are known to spontaneously develop PPP except humans. More-
over, unlike psoriasis, there are few reports on animal models of PPP. In the following, we
describe those animal models.

6.1. Model of PPP Tonsil Cell Transfer in SCID Mice

To directly test whether cells in the tonsils produce skin rashes, a model was created
in mice with severe combined immunodeficiency (SCID). Intraperitoneal administration of
mononuclear cells prepared from excised tonsils of PPP patients with worsening skin rash
to SCID mice resulted in hair loss on the cheeks and forehead and the appearance of a skin
rash 4–8 weeks later [32]. Human IgG was present in their serum for a long period of time,
peaking after 6–8 weeks. Human anti-keratin antibodies, which are reported to be high in
PPP patients, were also present, peaking at 4–6 weeks.

Epidermal thickening and blister formation were seen in the skin of the rash area, with
a small infiltrate of CD4+ T cells, but few CD8+ T cells or B cells were seen. In contrast,
mice transferred with peripheral blood mononuclear cells from PPP patients and mice
transferred with tonsil mononuclear cells from non-PPP patients showed no skin changes.
These results indicate that the tonsil cells of PPP patients can respond to the skin and
produce a skin rash.

6.2. Model of PPP Tonsil Cell Transfer and Skin Grafting in SCID Mice

Next, an experiment was set up in which skin grafts were also used to see if the
amygdala cells of PPP patients responded directly to the patient’s own palmoplantar skin.
The dorsal skin of SCID mice was incised and subcutaneously grafted with rashless skin
from the sole of a PPP patient, and at the same time mononuclear cells from the excised
tonsils of the same patient were conditioned and administered intraperitoneally. After
2 weeks, the mouse skin covering the grafted skin was opened circularly and exposed
externally, and patient skin was harvested from the mice 4 weeks later.

CD3+ T cell infiltration was seen mainly in the papillary layer of the dermis, CD4+
T cells were predominant, but there was also a large infiltration of CD8+ T cells, and
human IgG deposition was seen in about half of the cases [33]. Lymphocyte function-
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associated antigen-1 (LFA-1) and intercellular adhesion molecule-1 (ICAM-1) were highly
expressed when lymphocyte infiltration was high. In the group that received intraperitoneal
peripheral blood mononuclear cells from the same patient, there was some but less T-
cell infiltration, and LFA-1 and ICAM-1 expression was also less than in the tonsillar
mononuclear cell transfer group of the same patient. There was little T-cell infiltration in
the group that received only skin grafts and no transfer of mononuclear cells, or in the
group that received skin grafts from non-PPP patients and transferred peripheral blood
mononuclear cells. These results suggest that in patients with PPP, tonsillar mononuclear
cells migrate to the skin of the distant palms and cause skin rashes.

6.3. PPP Tonsil Cell Transfer in SCID Mice and HSP Administration Model in Skin

Heat shock proteins (HSPs) are present in all cells, from bacteria to mammals, and
have highly homologous amino acid sequences. They are also highly immunogenic and
may be antigens of an immune response. Antibodies to bacterial HSP are elevated in PPP
patients, and there have been reports of a decrease in these antibodies after the treatment of
dental lesion infections and a tonsillectomy.

The above SCID mouse model also showed an increase in human anti-HSP65 IgG
antibodies to bacterial HSP65 when tonsil mononuclear cells and skin grafts from PPP
patients were transferred to these mice. Strong expression of human HSP60 was also
observed in the skin around actual PPP lesions. Therefore, when recombinant HSP60 was
administered subcutaneously on the back of SCID mice transferred with tonsil mononuclear
cells from PPP patients instead of skin grafts, human anti-HSP60 IgG antibodies were raised.
This indicates that PPP’s tonsillar mononuclear cells are immunoreactive to HSP60, which
is expressed in autologous plantar skin. Similarly treated mice also had elevated human
anti-HSP65 IgG antibodies [32]. This indicates a cross-reactivity between human HSP60
and bacterial HSP65. These results suggest that one of the mechanisms of the pathogenesis
of PPP is that tonsillar lymphocytes sensitized to HSP65 from oral bacteria respond to
HSP60 in the skin.

6.4. What We can Learn from Animal Models and the Difficulties

The above models are experimental systems that can only be performed when a
tonsillectomy is performed on PPP patients, and it is quite difficult to use them, including
receiving donations of rash-free skin on the plantar surface. As a control group, the excised
tonsils of patients with sleep apnea and other non-PPP conditions were transferred, which
could have been used because of the otolaryngology department, but would normally be
difficult to obtain at the same time. In addition, although mononuclear cells from the tonsils
are transferred, human neutrophils are not transferred, so the overall immune response
of PPP cannot be seen, and it is considered to be a model of an early stage of the disease
that begins with mononuclear cell infiltration and blistering. However, the results of this
series of human tonsil cell transfer experiments in SCID mice are considered valuable data
because they show how specifically involved tonsil cells are in the pathogenesis of PPP.

7. Efficacy and Mechanism of Action of Guselkumab, an Anti-IL-23 Antibody

In the above mechanism, IL-23, one of the inflammatory cytokines, is deeply involved
in the pathogenesis of PPP (Figure 2). Since IL-23 is involved in Th17 cell differentiation
and proliferation, IL-23 and Th17 cells may be deeply involved in the pathogenesis of PPP.
In fact, the anti-IL-23 antibody, guselkumab, is the only biologic currently indicated for
the treatment of PPP in Japan. Guselkumab 100 mg is injected subcutaneously at 0-week,
4-week, and 8-week intervals thereafter. In the randomized phase II and III studies in
Japan, the primary endpoint was “change from baseline in Palmoplantar Pustulosis Area
and Severity Index (PPPASI) Total Score at 16 weeks”, and the secondary endpoints were
“change from baseline in PPP severity index (PPSI) at 16 weeks”, “PPPASI-50”, which is the
percentage of patients with PPPASI improvement of at least 50% from baseline at 16 weeks,
and “PPPASI-50”, which is the percentage of patients with PPPASI improvement of at least
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50% from baseline at 16 weeks. The investigators reported significant improvements in its
primary endpoint and both of the secondary endpoints [34,35] (Table 1). Data for 1.5 years
have also emerged, showing sustained effects [36].

Table 1. Results of a Phase II, III Randomized Controlled Trial of guselkumab for PPP in Japan.

Domestic Phase II Study [34] Domestic Phase III Study [35]

Guselkumab
Group (n = 25)

Placebo Group
(n = 24) p-Value Guselkumab

Group (n = 54)
Placebo Group

(n = 53) p-Value

Change from baseline in PPPASI −10.2 −6.4 0.009 −15.3 −7.6 <0.001
Change from baseline in PPSI −3.3 −1.8 0.03 −4 −2 <0.001

Number (%) of PPPASI-50 responders 15 (60) 5 (21) 0.009 31 (57.4) 18 (34.0) 0.02

It is safe and has few side effects of Candida, which is considered to be a specific signal.
There are few contraindications, and the drug is considered safe for use in the elderly.

As mentioned above, treatment of focal infection is of primary importance in the
treatment of PPP and PAO, but there are cases in which this is ineffective. Early detection
and early treatment are especially important for PAO, because the progression of PAO
leads to progressive joint destruction. When the treatment of focal infection is ineffective,
the early introduction of guselkumab may be used to prevent progression to PAO. It is
closely related to its mechanism of action of suppressing Th17 cells, and its high safety
profile suggests that it may be used as an anchor drug in PPP therapy. In a subanalysis of
clinical trials, guselkumab was shown to be beneficial for PAO [37].

8. Usefulness of Biological Therapy and Its Implications of Importance in Pathology

Pharmacotherapy for PPP includes topical therapy, phototherapy, oral therapy, and
biologic therapy by injection [25], and the appropriate treatment is selected according to
the symptoms of the patient. The following sections describe the characteristics of each
treatment method. In practice, treatment often requires not only each of these treatments,
but also a good combination of them. The dermatologist must have the knowledge and
experience as a physician to provide immunotherapy as well as ointments.

8.1. Topical Therapy, Phototherapy, and Oral Therapy

Topical therapy includes not only the application of steroid ointments and vitamin
D3 ointments, but also moisturizers and salicylic acid Vaseline [38,39]. It is important to
apply a larger amount of the product externally. It is the basis of all treatment, although it
is unlikely to be cured by topical therapy alone. Because of its common use, dermatologists
should be familiar with its treatment.

Phototherapy may be used in combination with topical therapy when topical therapy
fails to improve the condition. Irradiating lesions with ultraviolet light weakens the immune
system and promotes symptom improvement. The characteristics differ depending on
the wavelength of ultraviolet radiation used, including topical PUVA therapy [40–42] and
narrowband UVB therapy. A combination of topical and phototherapy is often effective.
The dose that can be increased varies from person to person and from site to site. If the dose
cannot be increased to a certain level, it is necessary to consider other treatment options.
Randomized controlled trials have also shown the benefit of phototherapy [43].

Oral therapy should be considered when topical therapy or phototherapy is ineffective
or when arthritis is present. Biotin, etretinate, cyclosporine, methotrexate, salazosulfapyri-
dine, or apremilast are often used [44–49]. Each oral therapy may cause a variety of side
effects, including liver and kidney dysfunction, hypertension, blood cell loss, vomiting, and
diarrhea. Detailed explanation to the patient and regular follow-up with blood sampling
are often required. Apremilast has been tested in clinical trials or retrospective studies, and
significant benefits have been obtained [50–52].
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8.2. Biologic Therapy

Biologic therapy should be considered for patients who have had an inadequate
response to existing therapy, who have a chronic course of moderate or severe disease,
or who have complications of joint symptoms. Guselkumab (Tremfya®) was launched in
November 2018 in Japan and improves symptoms by inhibiting IL-23, which is involved in
the maintenance and proliferation of helper T (Th) 17 cells involved in neutrophil activation
and pustule formation in PPP. Several cytokines are thought to be intricately involved in
PPP and to cause symptoms [53]. However, oral medications and biologic agents should
be used only after the focal infection is under control. Infected foci may become apparent
during treatment with biologics. In such cases, the combined treatment of infected foci
may lead to a cure of the PPP condition. Treatment with biologics also generally requires a
follow-up, including periodic blood draws and tuberculosis. Detailed patient instructions
and periodic testing will be required.

A randomized controlled trial of another biologic, anakinra (an IL-1 receptor an-
tagonist), was conducted but did not yield significant results [54,55]. Clinical trials for
spesolimab, a novel anti-interleukin-36 receptor antibody, have also been conducted. Fa-
vorable results have been obtained [56].

9. Latest Research
9.1. Single-Cell Analysis in PPP

Single-cell RNA sequencing (RNA-Seq) of lesions and PBMCs from PPP patients in
the APRICOT clinical trial (Adaptive Placebo-Controlled Trial) showed elevated Th2 genes
in lesions [57]. In PBMCs, memory CD4+ T cells had a Th17 phenotype. Thus, PPP T cells
showed a complex activation pattern [58]. The present results have indicated systemic
abnormalities in PPP [59]. Th17/Th2 cells have been reported to be IL-4/IL-17-producing
in peripheral blood and from BAL (Bronchoalveolar lavage) of asthmatic patients [60,61].
Th17 cells leaning toward Th2 were suggested to be more pathogenic than Th17 cells [62,63].
Th17 cell plasticity is also associated with tobacco [64]. This suggests that Th17/Th2 cells
detected in the peripheral blood and lesions of PPP patients are deeply involved in the
pathogenesis of the disease. Since both Th17 and Th2 cells are closely associated with B
cells, the involvement of autoantigen-reactive B cells in these pathologies is also assumed.

9.2. B Cells as a Source of IL-23

Thus, based on its pathogenetic hypothesis, IL-23 occupies an important position in
PPP. Dendritic cells and macrophages have long been known to produce IL-23, but recently
we have found that B cells also produce IL-23. We found that autoreactive B cells reacting
to an autoantigen/nuclear antigen, produce a variety of cytokines [65]. We found that B
cells produce not only the well-known proinflammatory cytokine IL-6 and the inhibitory
cytokine IL-10, but also inflammatory cytokines such as IL-23 and inhibitory cytokines such
as IL-35. Inflammatory cytokines such as IL-6 and IL-23 are produced mostly by B cells
with high affinity autoantibodies. Conversely, B cells that produce inhibitory cytokines
such as IL-10 and IL-35 are produced mostly by B cells with low affinity autoantibodies.

In considering B cells, cell–cell interactions with T cells are inseparable. We found that
inflammatory cytokines produced by B cells induce T cells to differentiate into Th17 cells,
and conversely, inhibitory cytokines produced by B cells induce Treg cells to differentiate
into Treg cells. Thus, we reported the importance of B cells [66], especially cytokines
produced by B cells, as factors regulating T cells. In a mouse model of autoimmune
diseases, it was found that B cells producing inflammatory cytokines promote the disease,
while B cells producing inhibitory cytokines suppress the disease.

Using unique microspace-based techniques and methodologies, the function and role
of self-reactive B cells was clarified. The problems associated with this functional analysis
were solved using a new and unique method established through medical-engineering
collaboration research [67,68]. In this study, by analyzing autologous antigen-responsive B
cells using micro-space formed on a microchip, it was possible to detect cytokines produced
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by autologous antigen-responsive B cells and to examine their ability to produce cytokines
when autologous antigen-responsive B cells interact with other cells. It is expected that
analysis using this approach will reveal the function of self-antigen-reactive B cells, which
have been a black box. The new findings from this study are expected to be applicable to
other autoimmune diseases and may create a new etiology for autoimmune diseases as a
whole [69,70].

This study suggests that autoantigen-reactive B cells suppress fibrotic lesions when
their affinity is low and exacerbate them when affinity is high, and that these functions
are exerted via cytokine production from B cells. B cells have a variety of functions and
play an important role in autoimmune diseases. In particular, self-antigen stimulation via B
cell receptors induces the activation of autoreactive B cells and cytokine production, which
in turn may play a major role in the formation and progression of the disease. However,
direct investigations into the function of autoreactive B cells, including their reactivity to
self-antigens, cytokine-producing capacity, and interactions with other cells, have not been
conducted at all due to technical difficulties. The present analysis using these new methods
has revealed the function of autoantigen-reactive B cells, which had been a black box. These
new findings are expected to be applicable to other autoimmune diseases, including PPP,
suggesting the possibility of creating a new etiology for autoimmune diseases as a whole,
including neutrophils [71].

These findings may be true not only for autoimmune diseases but also for PPP. Anti-
IL-23 antibody suppresses the differentiation and proliferation of Th17 cells by inhibiting
IL-23 produced by B cells as well as dendritic cells and macrophages, thereby improving
the skin rash on the palmoplantar surface. One of the mechanisms of action of guselkumab
is that it exerts its effect by “inhibiting T cell-B cell interactions”.

10. Possibility to Be Effective for Other Autoimmune Diseases

From the above, there is no doubt that the anti-IL-23 antibody, guselkumab, is an
effective treatment for PPP. In fact, significant results have been obtained in clinical trials.
The pathogenesis hypothesis of PPP suggests that IL-23 is involved in the regulation of
lymphocytes responsible for acquired immunity, such as B cells and T cells, suggesting that
anti-IL-23 antibodies may be useful in other autoimmune diseases. Guselkumab, an anti-IL-
23 antibody, is currently being investigated for systemic sclerosis in Japan (NCT04683029).
The findings for PPP suggest that it may also be useful for systemic scleroderma, which
would be a great blessing for patients.

11. Conclusions

PPP is a pustular disease that produces sterile pustules. However, the pathogenesis
involves not only neutrophils but also B and T cells. Therapy targeting IL-23 may improve
the pathogenesis of PPP not only by targeting Th17 cells, but also by affecting B cells
and neutrophils. Findings for PPP suggest that targeting IL-23 may be useful not only in
neutrophilic diseases but also in autoimmune diseases. The accumulation of future findings
is expected.

Author Contributions: Conceptualization, writing—original draft preparation, writing—review and
editing, visualization, supervision, project administration, funding acquisition, T.F., A.Y.-O., A.E.,
K.M., S.S. and A.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This review received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2022, 23, 8261 11 of 13

References
1. Matsuoka, Y.; Okada, N.; Yoshikawa, K. Familial Cases of Psoriasis Vulgaris and Pustulosis Palmaris et Plantaris. J. Dermatol.

1993, 20, 308–310. [CrossRef] [PubMed]
2. Akiyama, M.; Takeichi, T.; McGrath, J.A.; Sugiura, K. Autoinflammatory Keratinization Diseases: An Emerging Concept

Encompassing Various Inflammatory Keratinization Disorders of the Skin. J. Dermatol. Sci. 2018, 90, 105–111. [CrossRef]
[PubMed]

3. Takahashi, T.; Fujimoto, N.; Kabuto, M.; Nakanishi, T.; Tanaka, T. Mutation Analysis of IL36RN Gene in Japanese Patients with
Palmoplantar Pustulosis. J. Dermatol. 2017, 44, 80–83. [CrossRef]

4. Tobita, R.; Egusa, C.; Maeda, T.; Abe, N.; Sakai, N.; Suzuki, S.; Kawashima, H.; Hokibara, S.; Ko, J.; Okubo, Y. A Novel CARD14
Variant, Homozygous c.526G>C (p.Asp176His), in an Adolescent Japanese Patient with Palmoplantar Pustulosis. Clin. Exp.
Dermatol. 2019, 44, 694–696. [CrossRef] [PubMed]

5. Mössner, R.; Frambach, Y.; Wilsmann-Theis, D.; Löhr, S.; Jacobi, A.; Weyergraf, A.; Müller, M.; Philipp, S.; Renner, R.;
Traupe, H.; et al. Palmoplantar Pustular Psoriasis Is Associated with Missense Variants in CARD14, but Not with Loss-of-Function
Mutations in IL36RN in European Patients. J. Investig. Dermatol. 2015, 135, 2538–2541. [CrossRef]

6. Twelves, S.; Mostafa, A.; Dand, N.; Burri, E.; Farkas, K.; Wilson, R.; Cooper, H.L.; Irvine, A.D.; Oon, H.H.; Kingo, K.; et al. Clinical
and Genetic Differences between Pustular Psoriasis Subtypes. J. Allergy Clin. Immunol. 2019, 143, 1021–1026. [CrossRef]

7. Mössner, R.; Wilsmann-Theis, D.; Oji, V.; Gkogkolou, P.; Löhr, S.; Schulz, P.; Körber, A.; Prinz, J.C.; Renner, R.; Schäkel, K.; et al.
The Genetic Basis for Most Patients with Pustular Skin Disease Remains Elusive. Br. J. Dermatol. 2018, 178, 740–748. [CrossRef]

8. Douroudis, K.; Kingo, K.; Traks, T.; Rätsep, R.; Silm, H.; Vasar, E.; Kõks, S. ATG16L1 Gene Polymorphisms Are Associated with
Palmoplantar Pustulosis. Hum. Immunol. 2011, 72, 613–615. [CrossRef]

9. Freitas, E.; Rodrigues, M.A.; Torres, T. Diagnosis, Screening and Treatment of Patients with Palmoplantar Pustulosis (PPP): A
Review of Current Practices and Recommendations. Clin. Cosmet. Investig. Dermatol. 2020, 13, 561–578. [CrossRef]

10. Wang, T.S.; Chiu, H.Y.; Hong, J.B.; Chan, C.C.; Lin, S.J.; Tsai, T.F. Correlation of IL36RN Mutation with Different Clinical Features
of Pustular Psoriasis in Chinese Patients. Arch. Dermatol. Res. 2016, 308, 55–63. [CrossRef]

11. Hagforsen, E.; Hedstrand, H.; Nyberg, F.; Michaëlsson, G. Novel Findings of Langerhans Cells and Interleukin-17 Expression in
Relation to the Acrosyringium and Pustule in Palmoplantar Pustulosis. Br. J. Dermatol. 2010, 163, 572–579. [CrossRef] [PubMed]

12. Murakami, M.; Ohtake, T.; Horibe, Y.; Ishida-Yamamoto, A.; Morhenn, V.B.; Gallo, R.L.; Iizuka, H. Acrosyringium Is the Main Site
of the Vesicle/Pustule Formation in Palmoplantar Pustulosis. J. Investig. Dermatol. 2010, 130, 2010–2016. [CrossRef]

13. Xiaoling, Y.; Chao, W.; Wenming, W.; Feng, L.; Hongzhong, J. Interleukin (IL)-8 and IL-36γ but Not IL-36Ra Are Related to
Acrosyringia in Pustule Formation Associated with Palmoplantar Pustulosis. Clin. Exp. Dermatol. 2019, 44, 52–57. [CrossRef]

14. Murakami, M.; Kaneko, T.; Nakatsuji, T.; Kameda, K.; Okazaki, H.; Dai, X.; Hanakawa, Y.; Tohyama, M.; Ishida-Yamamoto, A.;
Sayama, K. Vesicular LL-37 Contributes to Inflammation of the Lesional Skin of Palmoplantar Pustulosis. PLoS ONE 2014,
9, e110677. [CrossRef]

15. Misiak-Galazka, M.; Zozula, J.; Rudnicka, L. Palmoplantar Pustulosis: Recent Advances in Etiopathogenesis and Emerging
Treatments. Am. J. Clin. Dermatol. 2020, 21, 355–370. [CrossRef] [PubMed]

16. Harabuchi, Y.; Takahara, M. Pathogenic Role of Palatine Tonsils in Palmoplantar Pustulosis: A Review. J. Dermatol. 2019, 46,
931–939. [CrossRef] [PubMed]

17. Michaëlsson, G.; Gustafsson, K.; Hagforsen, E. The Psoriasis Variant Palmoplantar Pustulosis Can Be Improved after Cessation of
Smoking. J. Am. Acad. Dermatol. 2006, 54, 737–738. [CrossRef]

18. Kase, T.; Hida, T.; Yoneda, A.; Yanagisawa, K.; Yamashita, T. Analysis of 66 Cases of Pustulosis Palmaris et Plantaris Observed at
Sapporo Medical University Hospital. Jpn. J. Dermatol. 2012, 122, 1375–1380. [CrossRef]

19. Fujishiro, M.; Tsuboi, R.; Ookubo, Y. A Statistical Analysis of 111 Cases of Pustulosis Palmaris et Plantaris during the Past 3 Years.
Jpn. J. Dermatol. 2015, 125, 1775–1782. [CrossRef]

20. Kataura, A. Tonsillar Focal Infection-Present Clinical Situation and Prospects in the Future of Tonsillar Focal Infection. Pract.
Otorhinolaryngol. 2002, 95, 763–772.

21. Andrews, G.C.; Birkman, F.W.; Kelly, R.J. Recalcitrant Pustular Eruptions Of The Palms And Soles. Arch. Derm. Syphilol. 1934, 29,
548–563. [CrossRef]

22. Takahara, M.; Hirata, Y.; Nagato, T.; Kishibe, K.; Katada, A.; Hayashi, T.; Kishibe, M.; Ishida-Yamamoto, A.; Harabuchi, Y.
Treatment Outcome and Prognostic Factors of Tonsillectomy for Palmoplantar Pustulosis and Pustulotic Arthro-Osteitis: A
Retrospective Subjective and Objective Quantitative Analysis of 138 Patients. J. Dermatol. 2018, 45, 812–823. [CrossRef]

23. Yamamoto, Y.; Hashimoto, A.; Togashi, K.; Takatsuka, J.; Ito, A.; Shimura, H.; Ito, M. Efficacy of Treatment of Odontogenic Lesions
in Palmoplantar Pustulosis. Jpn. J. Dermatol. 2001, 111, 821–826. [CrossRef]

24. Kouno, M.; Nishiyama, A.; Minabe, M.; Iguchi, N.; Ukichi, K.; Nomura, T.; Katakura, A.; Takahashi, S. Retrospective Analysis of
the Clinical Response of Palmoplantar Pustulosis after Dental Infection Control and Dental Metal Removal. J. Dermatol. 2017, 44,
695–698. [CrossRef]

25. Kobayashi, S. Treatment of Conditions That Are Difficult to Treat -Diagnosis and Treatment of Palmoplantar Pustulosis. Rinsho
Derma 2018, 60, 1539–1544.

26. Masui, Y.; Ito, A.; Akiba, Y.; Uoshima, K.; Abe, R. Dental Metal Allergy Is Not the Main Cause of Palmoplantar Pustulosis. J. Eur.
Acad. Dermatol. Venereol. 2019, 33, e180–e181. [CrossRef]

http://doi.org/10.1111/j.1346-8138.1993.tb01397.x
http://www.ncbi.nlm.nih.gov/pubmed/8340537
http://doi.org/10.1016/j.jdermsci.2018.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29422292
http://doi.org/10.1111/1346-8138.13551
http://doi.org/10.1111/ced.13926
http://www.ncbi.nlm.nih.gov/pubmed/30723930
http://doi.org/10.1038/jid.2015.186
http://doi.org/10.1016/j.jaci.2018.06.038
http://doi.org/10.1111/bjd.15867
http://doi.org/10.1016/j.humimm.2011.03.009
http://doi.org/10.2147/CCID.S240607
http://doi.org/10.1007/s00403-015-1611-x
http://doi.org/10.1111/j.1365-2133.2010.09819.x
http://www.ncbi.nlm.nih.gov/pubmed/20426778
http://doi.org/10.1038/jid.2010.87
http://doi.org/10.1111/ced.13689
http://doi.org/10.1371/journal.pone.0110677
http://doi.org/10.1007/s40257-020-00503-5
http://www.ncbi.nlm.nih.gov/pubmed/32008176
http://doi.org/10.1111/1346-8138.15100
http://www.ncbi.nlm.nih.gov/pubmed/31556151
http://doi.org/10.1016/j.jaad.2005.07.024
http://doi.org/10.14924/DERMATOL.122.1375
http://doi.org/10.14924/DERMATOL.125.1775
http://doi.org/10.1001/archderm.1934.01460100066006
http://doi.org/10.1111/1346-8138.14348
http://doi.org/10.14924/DERMATOL.111.821
http://doi.org/10.1111/1346-8138.13751
http://doi.org/10.1111/jdv.15434


Int. J. Mol. Sci. 2022, 23, 8261 12 of 13

27. Iwai, C.; Shin-ichi, T.; Ohara, Y.; Obuchi, M.; Segami, N. Dental Focal Infection Associated with Skin Diseases. A Specific Reference
to α-Hemolytic Cocci. J. Oral Biosci. 2001, 43, 310–315. [CrossRef]

28. Hayashi, Y.; Yamanaka, N. Focal Infection and Tonsillectomy. Jpn. J. Clin. Dermatol. 1996, 50, 143–148.
29. Kouno, M.; Akiyama, Y.; Minabe, M.; Iguchi, N.; Nomura, T.; Ishihara, K.; Takahashi, S. Dysbiosis of Oral Microbiota in

Palmoplantar Pustulosis Patients. J. Dermatol. Sci. 2019, 93, 67–69. [CrossRef]
30. Niizeki, H. Palmoplantar Pustulosis, Tonsillar Focal Infection. JOHNS 2006, 22, 1753–1756.
31. Furue, K.; Ito, T.; Tsuji, G.; Kadono, T.; Nakahara, T.; Furue, M. Autoimmunity and Autoimmune Co-Morbidities in Psoriasis.

Immunology 2018, 154, 21–27. [CrossRef]
32. Hayashi, M.; Fujihara, K.; Beder, L.B.; Yamamoto, Y.; Hotomi, M.; Yamanaka, N. Pathogenic Role of Tonsillar Lymphocytes in

Associated with HSP60/65 in Pustulosis Palmaris et Plantaris. Auris Nasus Larynx 2009, 36, 578–585. [CrossRef] [PubMed]
33. Yamanaka, N.; Yamamoto, Y.; Kuki, K. Engraftment of Tonsillar Mononuclear Cells in Human Skin/SCID Mouse Chimera—

Validation of a Novel Xenogeneic Transplantation Model for Autoimmune Diseases. Microbiol. Immunol. 2001, 45, 507–514.
[CrossRef] [PubMed]

34. Terui, T.; Kobayashi, S.; Okubo, Y.; Murakami, M.; Hirose, K.; Kubo, H. Efficacy and Safety of Guselkumab, an Anti-Interleukin
23 Monoclonal Antibody, for Palmoplantar Pustulosis: A Randomized Clinical Trial. JAMA Dermatol. 2018, 154, 309–316.
[CrossRef] [PubMed]

35. Terui, T.; Kobayashi, S.; Okubo, Y.; Murakami, M.; Zheng, R.; Morishima, H.; Goto, R.; Kimura, T. Efficacy and Safety of
Guselkumab in Japanese Patients With Palmoplantar Pustulosis: A Phase 3 Randomized Clinical Trial. JAMA Dermatol. 2019, 155,
1153–1161. [CrossRef] [PubMed]

36. Okubo, Y.; Morishima, H.; Zheng, R.; Terui, T. Sustained Efficacy and Safety of Guselkumab in Patients with Palmoplantar
Pustulosis through 1.5 Years in a Randomized Phase 3 Study. J. Dermatol. 2021, 48, 1838–1853. [CrossRef] [PubMed]

37. Yamamoto, T.; Fukuda, K.; Morita, A.; Kimura, T.; Morishima, H.; Goto, R.; Zheng, R.; Terui, T. Efficacy of Guselkumab in a
Subpopulation with Pustulotic Arthro-Osteitis through Week 52: An Exploratory Analysis of a Phase 3, Randomized, Double-
Blind, Placebo-Controlled Study in Japanese Patients with Palmoplantar Pustulosis. J. Eur. Acad. Dermatol. Venereol. 2020, 34,
2318–2329. [CrossRef]

38. Umezawa, Y.; Nakagawa, H.; Tamaki, K. Phase III Clinical Study of Maxacalcitol Ointment in Patients with Palmoplantar
Pustulosis: A Randomized, Double-Blind, Placebo-Controlled Trial. J. Dermatol. 2016, 43, 288–293. [CrossRef]

39. Muro, M.; Kawakami, H.; Matsumoto, Y.; Abe, N.; Tsuboi, R.; Okubo, Y. Topical Combination Therapy with Vitamin D3 and
Corticosteroid Ointment for Palmoplantar Pustulosis: A Prospective, Randomized, Left-Right Comparison Study. J. Dermatol.
Treat. 2016, 27, 51–53. [CrossRef]

40. Aichelburg, M.C.; Pinkowicz, A.; Holzer, G.; Radakovic, S.; Sator, P.G.; Tanew, A. Short- and Long-Term Efficacy of Fumaric Acid
Esters or Acitretin in Combination with a 12-Week Course of PUVA in the Treatment of Palmoplantar Pustulosis: Results from a
Prospective Randomized Trial. J. Eur. Acad. Dermatol. Venereol. 2021, 35, e198–e200. [CrossRef]

41. Su, L.-N.; Ren, J.; Cheng, S.-M.; Liu, J.-L.; Ding, Y.-F.; Zhu, N.-W. UVA1 vs. Narrowband UVB Phototherapy in the Treatment of
Palmoplantar Pustulosis: A Pilot Randomized Controlled Study. Lasers Med. Sci. 2017, 32, 1819–1823. [CrossRef]

42. Layton, A.M.; Sheehan-Dare, R.; Cunliffe, W.J. A Double-Blind, Placebo-Controlled Trial of Topical PUVA in Persistent Palmo-
plantar Pustulosis. Br. J. Dermatol. 1991, 124, 581–584. [CrossRef] [PubMed]

43. Peng, C.; Hu, Y.; Chen, W.; Ding, Y.; Li, X.; Yu, N.; Lu, J.; Shi, Y. A Randomized Prospective Study of Different Dose Regimens
Using the 308-Nm Excimer Laser in the Treatment of Palmoplantar Pustulosis. Dermatol. Ther. 2021, 34, e15079. [CrossRef]
[PubMed]

44. Shah, S.; Nikam, B.; Kale, M.; Jamale, V.; Chavan, D. Safety and Efficacy Profile of Oral Cyclosporine vs Oral Methotrexate vs Oral
Acitretin in Palmoplantar Psoriasis: A Hospital Based Prospective Investigator Blind Randomized Controlled Comparative Study.
Dermatol. Ther. 2021, 34, e14650. [CrossRef] [PubMed]

45. Ara, S.; Mowla, M.R.; Alam, M.; Khan, I. Efficacy of Oral Methotrexate (MTX) Monotherapy vs Oral MTX plus Narrowband
Ultraviolet Light B Phototherapy in Palmoplantar Psoriasis. Dermatol. Ther. 2020, 33, e13486. [CrossRef]

46. Reich, K.; Graff, O.; Mehta, N. Oral Alitretinoin Treatment in Patients with Palmoplantar Pustulosis Inadequately Responding to
Standard Topical Treatment: A Randomized Phase II Study. Br. J. Dermatol. 2016, 174, 1277–1281. [CrossRef]

47. Erkko, P.; Granlund, H.; Remitz, A.; Rosen, K.; Mobacken, H.; Lindelöf, B.; Reitamo, S. Double-Blind Placebo-Controlled Study of
Long-Term Low-Dose Cyclosporin in the Treatment of Palmoplantar Pustulosis. Br. J. Dermatol. 1998, 139, 997–1004. [CrossRef]

48. Reitamo, S.; Erkko, P.; Remitz, A.; Lauerma, A.I.; Montonen, O.; Harjula, K. Cyclosporine in the Treatment of Palmoplantar
Pustulosis: A Randomized, Double-Blind, Placebo-Controlled Study. Arch. Dermatol. 1993, 129, 1273–1279. [CrossRef]

49. Foged, E.; Holm, P.; Larsen, P.O.; Laurberg, G.; Reymann, F.; Roesdahle, K.; Ullman, S. A Randomized Trial of Etretinate (Tigason)
in Palmoplantar Pustulosis. Dermatologica 1983, 166, 220–223. [CrossRef]

50. Wilsmann-Theis, D.; Kromer, C.; Gerdes, S.; Linker, C.; Magnolo, N.; Sabat, R.; Reich, K.; Mössner, R. A Multicentre Open-Label
Study of Apremilast in Palmoplantar Pustulosis (APLANTUS). J. Eur. Acad. Dermatol. Venereol. 2021, 35, 2045–2050. [CrossRef]

51. Kato, N.; Takama, H.; Ando, Y.; Yanagishita, T.; Ohshima, Y.; Ohashi, W.; Akiyama, M.; Watanabe, D. Immediate Response to
Apremilast in Patients with Palmoplantar Pustulosis: A Retrospective Pilot Study. Int. J. Dermatol. 2021, 60, 570–578. [CrossRef]
[PubMed]

http://doi.org/10.2330/joralbiosci1965.43.310
http://doi.org/10.1016/j.jdermsci.2018.12.003
http://doi.org/10.1111/imm.12891
http://doi.org/10.1016/j.anl.2008.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19268507
http://doi.org/10.1111/j.1348-0421.2001.tb02651.x
http://www.ncbi.nlm.nih.gov/pubmed/11529556
http://doi.org/10.1001/jamadermatol.2017.5937
http://www.ncbi.nlm.nih.gov/pubmed/29417135
http://doi.org/10.1001/jamadermatol.2019.1394
http://www.ncbi.nlm.nih.gov/pubmed/31268476
http://doi.org/10.1111/1346-8138.16132
http://www.ncbi.nlm.nih.gov/pubmed/34453358
http://doi.org/10.1111/jdv.16355
http://doi.org/10.1111/1346-8138.13064
http://doi.org/10.3109/09546634.2015.1052036
http://doi.org/10.1111/jdv.16909
http://doi.org/10.1007/s10103-017-2280-0
http://doi.org/10.1111/j.1365-2133.1991.tb04955.x
http://www.ncbi.nlm.nih.gov/pubmed/2064943
http://doi.org/10.1111/dth.15079
http://www.ncbi.nlm.nih.gov/pubmed/34333826
http://doi.org/10.1111/dth.14650
http://www.ncbi.nlm.nih.gov/pubmed/33296549
http://doi.org/10.1111/dth.13486
http://doi.org/10.1111/bjd.14401
http://doi.org/10.1046/j.1365-2133.1998.02555.x
http://doi.org/10.1001/archderm.1993.01680310043006
http://doi.org/10.1159/000249872
http://doi.org/10.1111/jdv.17441
http://doi.org/10.1111/ijd.15382
http://www.ncbi.nlm.nih.gov/pubmed/33454961


Int. J. Mol. Sci. 2022, 23, 8261 13 of 13

52. Kt, S.; Thakur, V.; Narang, T.; Dogra, S.; Handa, S. Comparison of the Efficacy and Safety of Apremilast and Methotrexate in
Patients with Palmoplantar Psoriasis: A Randomized Controlled Trial. Am. J. Clin. Dermatol. 2021, 22, 415–423. [CrossRef]
[PubMed]

53. Murakami, M.; Hagforsen, E.; Morhenn, V.; Ishida-Yamamoto, A.; Iizuka, H. Patients with Palmoplantar Pustulosis Have
Increased IL-17 and IL-22 Levels Both in the Lesion and Serum. Exp. Dermatol. 2011, 20, 845–847. [CrossRef] [PubMed]

54. Cro, S.; Cornelius, V.R.; Pink, A.E.; Wilson, R.; Pushpa-Rajah, A.; Patel, P.; Abdul-Wahab, A.; August, S.; Azad, J.; Becher, G.; et al.
Anakinra for Palmoplantar Pustulosis: Results from a Randomized, Double-Blind, Multicentre, Two-Staged, Adaptive Placebo-
Controlled Trial (APRICOT). Br. J. Dermatol. 2021, 186, 245–256. [CrossRef]

55. Cro, S.; Patel, P.; Barker, J.; Burden, D.A.; Griffiths, C.E.M.; Lachmann, H.J.; Reynolds, N.J.; Warren, R.B.; Capon, F.; Smith, C.; et al.
A Randomised Placebo Controlled Trial of Anakinra for Treating Pustular Psoriasis: Statistical Analysis Plan for Stage Two of the
APRICOT Trial. Trials 2020, 21, 158. [CrossRef]

56. Mrowietz, U.; Burden, A.D.; Pinter, A.; Reich, K.; Schäkel, K.; Baum, P.; Datsenko, Y.; Deng, H.; Padula, S.J.; Thoma, C.; et al.
Spesolimab, an Anti-Interleukin-36 Receptor Antibody, in Patients with Palmoplantar Pustulosis: Results of a Phase IIa, Multicen-
ter, Double-Blind, Randomized, Placebo-Controlled Pilot Study. Dermatol. Ther. 2021, 11, 571–585. [CrossRef]

57. Cro, S.; Smith, C.; Wilson, R.; Cornelius, V. Treatment of Pustular Psoriasis with Anakinra: A Statistical Analysis Plan for Stage 1
of an Adaptive Two-Staged Randomised Placebo-Controlled Trial. Trials 2018, 19, 534. [CrossRef]

58. McCluskey, D.; Benzian-Olsson, N.; Mahil, S.K.; Hassi, N.K.; Wohnhaas, C.T.; Burden, A.D.; Griffiths, C.E.; Ingram, J.R.;
Levell, N.J.; Parslew, R.; et al. Single-Cell Analysis Implicates T H 17-to-T H 2 Cell Plasticity in the Pathogenesis of Palmoplantar
Pustulosis. J. Allergy Clin. Immunol. 2022. [CrossRef]

59. Benzian-Olsson, N.; Dand, N.; Chaloner, C.; Bata-Csorgo, Z.; Borroni, R.; David Burden, A.; Cooper, H.L.; Cornelius, V.; Cro, S.;
Dasandi, T.; et al. Association of Clinical and Demographic Factors With the Severity of Palmoplantar Pustulosis. JAMA Dermatol.
2020, 156, 1216–1222. [CrossRef]

60. Cosmi, L.; Maggi, L.; Santarlasci, V.; Capone, M.; Cardilicchia, E.; Frosali, F.; Querci, V.; Angeli, R.; Matucci, A.; Fambrini, M.; et al.
Identification of a Novel Subset of Human Circulating Memory CD4+ T Cells That Produce Both IL-17A and IL-4. J. Allergy Clin.
Immunol. 2010, 125, 222–230.e4. [CrossRef]

61. Irvin, C.; Zafar, I.; Good, J.; Rollins, D.; Christianson, C.; Gorska, M.M.; Martin, R.J.; Alam, R. Increased Frequency of Dual-Positive
TH2/TH17 Cells in Bronchoalveolar Lavage Fluid Characterizes a Population of Patients with Severe Asthma. J. Allergy Clin.
Immunol. 2014, 134, 1175–1186.e7. [CrossRef] [PubMed]

62. Stockinger, B.; Omenetti, S. The Dichotomous Nature of T Helper 17 Cells. Nat. Rev. Immunol. 2017, 17, 535–544. [CrossRef]
[PubMed]

63. Cosmi, L.; Santarlasci, V.; Maggi, L.; Liotta, F.; Annunziato, F. Th17 Plasticity: Pathophysiology and Treatment of Chronic
Inflammatory Disorders. Curr. Opin. Pharmacol. 2014, 17, 12–16. [CrossRef] [PubMed]

64. Xu, W.; Li, R.; Sun, Y. Increased IFN-γ-Producing Th17/Th1 Cells and Their Association with Lung Function and Current
Smoking Status in Patients with Chronic Obstructive Pulmonary Disease. BMC Pulm. Med. 2019, 19, 137. [CrossRef]

65. Fukasawa, T.; Yoshizaki, A.; Ebata, S.; Yoshizaki-Ogawa, A.; Asano, Y.; Enomoto, A.; Miyagawa, K.; Kazoe, Y.; Mawatari, K.;
Kitamori, T.; et al. Single-Cell-Level Protein Analysis Revealing the Roles of Autoantigen-Reactive B Lymphocytes in Autoimmune
Disease and the Murine Model. elife 2021, 10, e67209. [CrossRef] [PubMed]

66. Ebata, S.; Yoshizaki, A.; Oba, K.; Kashiwabara, K.; Ueda, K.; Uemura, Y.; Watadani, T.; Fukasawa, T.; Miura, S.;
Yoshizaki-Ogawa, A.; et al. Safety and Efficacy of Rituximab in Systemic Sclerosis (DESIRES): A Double-Blind, Investigator-
Initiated, Randomised, Placebo-Controlled Trial. Lancet Rheumatol. 2021, 3, e489–e497. [CrossRef]

67. Nakao, T.; Kazoe, Y.; Mori, E.; Morikawa, K.; Fukasawa, T.; Yoshizaki, A.; Kitamori, T. Cytokine Analysis on a Countable Number
of Molecules from Living Single Cells on Nanofluidic Devices. Analyst 2019, 144, 7200–7208. [CrossRef]

68. Fukasawa, T.; Yoshizaki, A.; Ebata, S.; Nakamura, K.; Saigusa, R.; Miura, S.; Yamashita, T.; Hirabayashi, M.; Ichimura, Y.;
Taniguchi, T.; et al. Contribution of Soluble Forms of Programmed Death 1 and Programmed Death Ligand 2 to Disease Severity
and Progression in Systemic Sclerosis. Arthritis Rheumatol. 2017, 69, 1879–1890. [CrossRef]

69. Enomoto, A.; Fukasawa, T.; Tsumoto, H.; Karube, M.; Nakagawa, K.; Yoshizaki, A.; Sato, S.; Miura, Y.; Miyagawa, K. Prevention
of Calpain-Dependent Degradation of STK38 by MEKK2-Mediated Phosphorylation. Sci. Rep. 2019, 9, 16010. [CrossRef]

70. Enomoto, A.; Fukasawa, T.; Terunuma, H.; Nakagawa, K.; Yoshizaki, A.; Sato, S.; Miyagawa, K. Decrease in MAP3Ks Expression
Enhances the Cell Death Caused by Hyperthermia. Int. J. Hyperth. 2022, 39, 200–208. [CrossRef]

71. Kuzumi, A.; Yoshizaki, A.; Matsuda, K.M.; Kotani, H.; Norimatsu, Y.; Fukayama, M.; Ebata, S.; Fukasawa, T.; Yoshizaki-Ogawa, A.;
Asano, Y.; et al. Interleukin-31 Promotes Fibrosis and T Helper 2 Polarization in Systemic Sclerosis. Nat. Commun. 2021, 12, 5947.
[CrossRef] [PubMed]

http://doi.org/10.1007/s40257-021-00596-6
http://www.ncbi.nlm.nih.gov/pubmed/33712987
http://doi.org/10.1111/j.1600-0625.2011.01325.x
http://www.ncbi.nlm.nih.gov/pubmed/21732985
http://doi.org/10.1111/bjd.20653
http://doi.org/10.1186/s13063-020-4103-z
http://doi.org/10.1007/s13555-021-00504-0
http://doi.org/10.1186/s13063-018-2914-y
http://doi.org/10.1016/j.jaci.2022.04.027
http://doi.org/10.1001/jamadermatol.2020.3275
http://doi.org/10.1016/j.jaci.2009.10.012
http://doi.org/10.1016/j.jaci.2014.05.038
http://www.ncbi.nlm.nih.gov/pubmed/25042748
http://doi.org/10.1038/nri.2017.50
http://www.ncbi.nlm.nih.gov/pubmed/28555673
http://doi.org/10.1016/j.coph.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/24980083
http://doi.org/10.1186/s12890-019-0899-2
http://doi.org/10.7554/eLife.67209
http://www.ncbi.nlm.nih.gov/pubmed/34854378
http://doi.org/10.1016/S2665-9913(21)00107-7
http://doi.org/10.1039/C9AN01702J
http://doi.org/10.1002/art.40164
http://doi.org/10.1038/s41598-019-52435-8
http://doi.org/10.1080/02656736.2021.2024281
http://doi.org/10.1038/s41467-021-26099-w
http://www.ncbi.nlm.nih.gov/pubmed/34642338

	Introduction 
	PPP and Molecular Genetic Background 
	Familial Onset Is Rare, but Genetic Risk Factors Are Presumed 
	Involvement of Cytokines 

	Factors involved in the Onset and Exacerbation of Disease and Its Relation to the Molecular Mechanism 
	PPP and Smoking 
	PPP and Focal Infection (e.g., Lesional Tonsils, Dental Lesions) 
	PPP and Metal Allergies 

	Pathogenesis of PPP 
	Importance of the Role of IL-23–Th17 Axis and IL-36 in PPP 
	Animal Experimental Model of PPP 
	Model of PPP Tonsil Cell Transfer in SCID Mice 
	Model of PPP Tonsil Cell Transfer and Skin Grafting in SCID Mice 
	PPP Tonsil Cell Transfer in SCID Mice and HSP Administration Model in Skin 
	What We can Learn from Animal Models and the Difficulties 

	Efficacy and Mechanism of Action of Guselkumab, an Anti-IL-23 Antibody 
	Usefulness of Biological Therapy and Its Implications of Importance in Pathology 
	Topical Therapy, Phototherapy, and Oral Therapy 
	Biologic Therapy 

	Latest Research 
	Single-Cell Analysis in PPP 
	B Cells as a Source of IL-23 

	Possibility to Be Effective for Other Autoimmune Diseases 
	Conclusions 
	References

