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Generalized pustular psoriasis (GPP) is a rare, chronic, inflammatory skin disorder
characterized by recurrent flares associated with skin erythema, desquamation,
and widespread superficial sterile pustules, which may be severe (“lakes of pus”).
Systemic symptoms are often present, including malaise, fever, and skin pain. In
GPP, innate immune responses are driven by abnormal activation of the
interleukin (IL)-36-chemokine-neutrophil axis and excessive neutrophil
infiltration. This review highlights the IL-36 pathway in the context of the IL-1
superfamily and describes how unopposed IL-36 signaling can lead to the
development of GPP. Targeted inhibition of the IL-36 receptor (IL-36R) is an
attractive therapeutic strategy in the treatment of GPP, including flare prevention
and sustained disease control. Spesolimab is a first-in-class, humanized,
monoclonal antibody that binds specifically to the IL-36R and antagonizes IL-
36 signaling. Spesolimab was approved by the US Food and Drug Administration
in September 2022 to treat GPP flares in adults and was subsequently approved
for GPP flare treatment in other countries across the world. Anti-IL-36R therapy,
such as spesolimab, can mitigate flares and address flare prevention in GPP,
presumably through rebalancing IL-36 signaling and modulating the pro-
inflammatory response of the downstream effectors.
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Introduction

Generalized pustular psoriasis (GPP) is a rare, chronic, inflammatory skin disorder,
and is characterized by recurrent flares of erythema, desquamation, and the widespread
eruption of superficial sterile pustules (1). In severe cases, the pustules may coalesce to form
larger lesions known as “lakes of pus”. The key features of GPP are shown in Figure 1.
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Key features of GPP. GPP, generalized pustular psoriasis; IL-1RACP, interleukin-1 receptor accessory protein*; IL-36R, interleukin-36 receptor. (*Also

known as IL-1R3).

Systemic symptoms often occur during episodic flares (1), including
fever, malaise, and skin pain. Severe GPP flares often necessitate
emergency or inpatient hospital care (2), due to the potential for
complications, such as sepsis, heart failure, renal failure, and even
death, if timely treatment is not provided (2, 3). The term “skin
failure” was recently proposed to describe the potentially
catastrophic endpoints of GPP (4). Estimates of GPP prevalence
vary considerably in different regions of the world, ranging from
approximately 2 to 120 cases per million persons (5-9). Reported
mortality rates in patients with GPP are also variable, ranging from
0 to 3.3 deaths per 100 patient-years, with older studies (before
2000) stating higher rates than more recent studies (8). A 2021
study of Japanese patients with GPP who required hospitalization
(N =1516) reported a mortality rate of 4.2% (patient-year data were
not available) (8, 10).

The clinical course of GPP is often heterogenous, and may
present as relapsing (>1 episode within weeks, months, or years) or
persistent disease (episode lasting >3 months) (1). GPP flares are
often precipitated by a trigger, such as infection, emotional stress,
pregnancy, hypocalcemia, or exposure to sunlight. A GPP flare may
also be triggered by the withdrawal of systemic corticosteroids (11),
or by exposure to a range of drugs, including lithium, antimalarials,
ustekinumab, and some tumor necrosis factor (TNF) antagonists
(12, 13).

Recent clinical, histological, and genetic data indicate that GPP is
distinct from psoriasis vulgaris (PV, also called plaque psoriasis) (1,
14-16), and warrants separate diagnosis. While GPP can manifest
concurrently with PV (1, 9, 17), GPP may occur in patients with no
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prior history of psoriatic disease (3). Abnormal activation of the
interleukin (IL)-36-chemokine-neutrophil axis, dysregulation of
innate immune responses, and ensuing excessive neutrophil
infiltration are implicated in the pathogenesis of GPP (18); whereas,
PV is an autoimmune disease characterized predominantly by IL-23/
17 signaling and self-sustaining inflammatory cycles [positive feed-
forward inflammatory response (19)] that lead to disordered
proliferation and abnormal differentiation of keratinocytes (20).

The purpose of this review is to provide an overview of the IL-
36 pathway in the context of the IL-1 superfamily and describe how
unopposed IL-36 signaling can lead to the development of GPP. We
will also discuss spesolimab, a novel first-in-class humanized
monoclonal antibody that binds specifically to IL-36 receptor (IL-
36R) and antagonizes IL-36 signaling. Spesolimab was approved by
the US Food and Drug Administration (FDA) in September 2022
for the treatment of GPP flares in adults (21, 22), and was
subsequently approved for GPP flare treatment in other countries
across the world.

IL-36 and the IL-1 superfamily

IL-36 cytokines belong to the IL-1 superfamily of cytokines (23—
25). These are important regulators of the innate immune system,
manifested by inflammation (26), and are essential for skin barrier
function (27). IL-1 (ot and ) was discovered first and, thus, is the
best characterized of the 11 members of the IL-1 cytokine
superfamily (25). IL-1 cytokines include receptor agonists (IL-1a,
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IL-1B, IL-18, IL-33, IL-360, IL-36f, and IL-36Y), receptor
antagonists (IL-1Ra, IL-36Ra, and IL-38), and an anti-
inflammatory cytokine (IL-37) (23). Details of IL-1 family
proteins and genes are presented in Table 1 (23, 28).

IL-1 cytokine members are grouped into three subfamilies (IL-
1, IL-18, and IL-36) based on their consensus sequence and cognate
(i.e. corresponding) receptors; IL-1 and IL-36 subfamilies share
accessory protein IL-1R3 (IL-1RAcP) (26) as their co-receptor,
while the IL-18 subfamily utilizes a different co-receptor (25).
Binding of an agonist to its receptor causes recruitment of the co-
receptor, and activation of intracellular signaling pathways that
result in increased gene expression of pro-inflammatory mediators
(25), as shown for IL-36 in Figure 2 (29). Formation of the receptor
complex recruits intracellular adaptor proteins, including myeloid
differentiation primary response 88 (Myd88), IL-1 receptor-
associated kinase (IRAK), and TNF receptor-associated factor,
which subsequently activate mitogen-activated protein kinase
(MAPK) and nuclear factor-xkB (NFxB) pathways. NFkB
upregulates a broad range of pro-inflammatory gene products.
IL-1 and IL-36 cytokines are negatively regulated by their
receptor antagonist (IL-1Ra and IL-36Ra, respectively), via
competitive binding for the receptor site (25). IL-36R is also
inhibited by cytokine IL-38, which shares 40% sequence
homology with IL-36Ra (and IL-1Ra) (25).

Al IL-1 family cytokines are expressed within the skin to some
extent (27). IL-36 cytokines are expressed mainly in epithelial and
immune cells at barrier sites (skin, lung, and intestine) (24, 30).
Receptor agonists IL-360. and IL-36f are present in healthy skin.
IL-36Y is constitutively expressed at low levels by keratinocytes, and
is upregulated following activation in both PV and GPP lesions (14,
31). IL-36 cytokines are released as precursors, and their activation
is carried out by neutrophil-derived proteases (cathepsin G,
protease 3, and elastase) (32) and cathepsin S (33).

IL-1 and IL-36 cytokines have similar actions in that their
agonists bind to the cognate receptor to trigger pro-inflammatory
activity and are inhibited by their respective receptor antagonist.
Unopposed IL-1 or IL-36 signaling, which may be caused by loss-of-

TABLE 1 IL-1 family ligands, genes, and receptors (23, 28).
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function mutations in the gene encoding the interleukin receptor
antagonist (ILIRN or IL36RN, respectively), leads to
autoinflammatory disease such as Deficiency of the IL-1 Receptor
Antagonist (DIRA) (34, 35), and Deficiency of the IL-36 Receptor
Antagonist (DITRA) (36, 37). DIRA presents at birth, or soon
thereafter, with acute onset pustular dermatitis, systemic
inflammation, nail dystrophy, and inflammation of the bone (sterile
osteomyelitis) and periosteum; DIRA is rapidly fatal if untreated (34,
35, 38-40). DITRA usually presents in childhood with repeated and
severe manifestations of GPP, including high-grade fever, but
inflammation of the bone is lacking (36, 37, 40-42). DIRA and
DITRA represent autosomal recessive loss-of-function mutations in
genes ILIRN and IL36RN, respectively (Table 2) (34-42).

Genetic background of GPP

In 2011, homozygous missense mutations in the IL36RN gene
were identified in nine Tunisian families in which multiple members
had GPP (36). Homozygous and compound heterozygous missense
IL36RN mutations were also identified in three of five unrelated
individuals with GPP (without associated PV) (37). Since that
discovery, multiple types of mutation have been identified in
IL36RN and associated with GPP (42-44). IL36RN mutations were
found far more frequently in patients with GPP alone than in those
with GPP plus PV (15, 45-48), and the presence of IL36RN
mutations was associated with early onset of disease (15, 44, 47).
Several other genes have been identified with loss-of-function
mutations that are associated with a predisposition to develop
GPP; namely, CARDI14 (caspase-activating recruitment domain
member 14, also known as CARMA2) (49, 50), APIS3 (adaptor
protein 1 complex subunit sigma 3 (51, 52), MPO (myeloperoxidase)
(53, 54), SERPINA3 (serine protease inhibitor A3) (55), and possibly
SERPINA1I (56). These genes are all involved in regulating the IL-1/
IL-36-chemokine-neutrophil axis (42, 57), as shown in Figure 3 (58).
However, one study reported that 64% (39/61) of patients with GPP
lacked any causal or disease-contributing mutations in IL36RN,

Sub-family

Cytokine ligand

Other name

Receptor Activity

IL-1 IL-1o IL-1F1 ILIA IL-1R1 Pro-inflammatory
IL-1 IL-1B IL-1F2 ILIB IL1-R1 Pro-inflammatory
IL-1 IL-1Ra IL-1F3 ILIRN IL-1R1 Anti-inflammatory
IL-1 1L-33 IL-1F11 IL33 IL-1R4 Pro-inflammatory
IL-18 IL-18 IL-1F4 IL18 IL-1R5 Pro-inflammatory
IL-18 1L-37 IL-1F7 ILIF7 IL-1R5 Anti-inflammatory
IL-36 IL-360 IL-1F6 IL36A IL-1R6 Pro-inflammatory
IL-36 IL-368 IL-1F8 IL36B IL-1R6 Pro-inflammatory
IL-36 IL-36y IL-1F9 IL36G IL-1R6 Pro-inflammatory
IL-36 IL-36Ra IL-1F5 IL36RN IL-1R6 Anti-inflammatory
IL-36 1L-38 IL-1F10 ILIF10 IL-1R6 Anti-inflammatory
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Receptor and signaling pathways activated by IL-1 and IL-36 (29). IL-36 activation pathway. IL-36 cytokines are secreted as low-activity precursors,
pro-IL-36, which by the action of various proteases (cat G-cathepsin G; cat S-cathepsin S; elastase; proteinase-3) are cleaved into biologically active
IL-36 agonists, IL-36a, IL-36f, and IL-36y or antagonist IL-36Ra. IL-36 agonist processing increases their biologic activity by roughly 500-fold. IL-36

agonists form a binary complex with IL-36R, which recruits the IL-1 receptor accessory protein (IL-1RAcP)

co-receptor. The ternary complex then

binds to myeloid differentiated protein 88 (MyD88) to activate nuclear transcription factor kappa B (NF-kB) and mitogen-activated protein kinase
(MAPK) signaling pathways and regulate downstream transcription of target genes and generate inflammatory responses. This pathway may be
antagonized by IL-36Ra or IL-38. Alternatively, protease inhibition by SERPINAL or SERPINA3 can prevent the generation of IL-36 agonists. From:
Pathophysiology of generalized pustular psoriasis, Young KZ, Sarkar MK, Gudjonsson JE. Experimental Dermatology. 2023, Feb 13. doi: 10.1111/
exd.14768. © 2023 John Wiley & Sons A/S. Reproduced with permission of John Wiley & Sons Ltd.

CARDI4, or APIS3 genes (59). Also, none of 11 patients with a
heterozygous IL36RN mutation carried a second non-coding IL36RN
mutation, suggesting the presence of additional disease-causing
genetic factors outside of IL36RN alone, but only 15% (3/20) of
patients with an IL36RN gene mutation also carried a mutation in
CARDI14 or AP1S3 genes (59). Furthermore, no differences in gene
expression in the profiles of patients with and without IL36RN
mutations have been described to date (60). Thus, the genetic basis
for GPP is not completely understood.

IL-36 and GPP in mouse models of
skin inflammation

The overexpression of IL-36 in GPP and PV lesional skin in
patients is similar to data obtained from mouse models of skin
inflammation. Transgenic mice over-expressing ILIF6 (homologous
to IL360 gene) and also bearing a deficiency in IL1F5 (IL36RN gene)
developed a pustular inflammatory skin phenotype (41). Imiquimod
(IMQ), an activator of Toll-like receptor-7, also induces psoriasis-
like dermatitis in mice that is mediated via the pro-inflammatory IL-
23/IL-17 axis (61). IL-36 receptor-deficient mice (1136r™") were
protected from IMQ-induced psoriasis-like dermatitis (62),
whereas loss of IL-36Ra (I136rn™") exacerbated disease severity
(63). Additionally, mice deficient in IL-23, IL-17, or IL-22 were
not as well protected from disease compared with II36r”~ mice,
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indicating an additional distinct activity of IL-36 beyond induction
of the IL-23/IL-17 signaling axis (63). Targeted deletion of II36r"" in
mouse keratinocytes resulted in similar protection from IMQ-
induced psoriasiform inflammation to that observed in mice with
a global deficiency of II36r”", demonstrating the key role of
keratinocytes in IL-36-mediated effects (64). Goldstein et al.
showed that II36r signaling in keratinocytes is critical for IL-23
production and controls the recruitment of neutrophils at early
treatment time points in the IMQ model (62). These data also
indicate that IL-36-dervied signaling in keratinocytes may have an
upstream role in the amplified “feed-forward” response by direct
regulation of IL-17A expression, potentially via IL-23 induction (64).
I136a was required for the development of IMQ-induced murine
psoriasis, whereas deletion of Il36a resulted in significant
improvement in the skin lesions (65, 66); however, deficiency of
1136b or I136g had no impact on reducing disease severity (66). Also,
IL-360. expression was induced by IL-10, and then acted via a
feedback loop to induce IL-1o; thus, the two cytokines appear to
cooperate to promote psoriasis-like dermatitis in mice (66).
Additional investigation of the formation of neutrophil
extracellular traps in the IMQ-mouse model demonstrated that
neutrophils amplified the epidermal inflammatory responses via
activation of TLR4/IL-36 cross-talk (67).

However, these findings in the IMQ-mouse model, and other
murine models of psoriasis, have significant limitations due to
inconsistent laboratory protocols, contradictory findings, and the
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TABLE 2 Genetic and Clinical Features of DIRA and DITRA.

Details DIRA DITRA
(Deficiency of (Deficiency of
IL-1 Receptor IL-36 Receptor
Antagonist) Antagonist)
Overview « Autosomal recessive o Autosomal recessive
autoinflammatory disease, autoinflammatory disease, first
first reported in 2009 (34, reported in 2011 (36, 37)
35) o Loss-of-function mutations
+  Loss-of-function in IL36RN gene result in lack of
mutations in ILIRN gene functional IL-36 receptor
result in lack of functional antagonist & unopposed
IL-1 receptor antagonist & activity of agonists IL-3601/B/y
unopposed activity of
agonists IL-10/f
Genetics « Homozygous or « Homozygous, heterozygous,
compound heterozygous or compound heterozygous
mutations in ILIRN gene mutations in IL36RN gene
producing truncated inactive | ¢ Predominantly missense
protein product substitutions, but also nonsense
o Deletion of chromosome and frameshift mutations (42)
segment encompassing « Homozygous and
ILIRN gene heterozygous variants in
« Heterozygous carriers are | IL36RN gene were identified in
asymptomatic (34) healthy cohorts
Clinical « Presents at birth or « Commonly presents during
presentation | within weeks thereafter childhood
« Acute onset of pustular o Severe manifestation of
dermatitis, inflammation of GPP; repeated episodes of
the bone and periosteum, generalized rash and
systemic inflammation disseminated pustules, systemic
« Fever is usually absent inflammation
« Rapidly life-threatening if | « High-grade fever
untreated; 30% mortality « Potentially life-threatening
rate in original case series complications if untreated
(34
Effects in « BALB/c mice lacking IL- o Transgenic mice expressing
mouse 1 receptor antagonist IL1F6 (homologous to IL-36¢¢
model developed spontaneous skin gene) with a deficiency in
inflammation, but without ILIF5 (IL36RN gene) developed
full DIRA phenotype (39) a pustular inflammatory skin
disorder (41)
Treatment « Rapid remission in « Varying responses to
response to anakinra anakinra; other agents have
(recombinant IL-1 receptor been used (other anti-IL-1,
antagonist), as reported in anti-TNF-0,, anti-IL-12/23), as
case series & case reports reported in case series & case
(40) reports (40)

inability to fully recapitulate complex, multigenic diseases such as
psoriasis (68). This underscores the importance of translational
human studies, and carefully designed clinical trials that allow for
the collection and laboratory evaluation of tissues derived from
patients with GPP. Interestingly, mice deficient in II36rn do not
exhibit any phenotypic manifestations on their skin, unlike humans
with GPP. The only exception is when they are crossed with
transgenic mice over-expressing I136a or have IMQ applied to the
skin. One hypothesis for this is that IL-8 is a critical cytokine for
stimulating neutrophil chemotaxis in skin (only IL-8 activates both
CXCRI and CXCR2) (69). IL-8 is strongly up-regulated by IL-36 in
human keratinocytes; thus, strong activation of IL-8 by IL-36 (even
in the presence of an active IL-36Ra molecule in humans) may be a
key driver of pustulosis. However, cases of IL36RN deficiency have
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even higher activation of IL-8 and the associated neutrophilic axis.
Mice do not have a gene for IL-8 and depend on orthologs of IL-8
such as CXCL-1 (which is also present in GPP); thus, mice may
require even higher activation of CXCL1 (as IL-8 is absent) to
stimulate a neutrophil response in the skin. This threshold may
require not only over-expression of IL-36, but also the absence of
IL-36RN. Furthermore, mice are relatively neutropenic compared to
humans; typically, only 5-10% of circulating leukocytes in mice are
neutrophils, whereas >50% is more usual in humans (70). This may
also suggest a higher threshold for activating a neutrophil-
predominant infiltrate in mouse skin. Other murine factors may
also contribute to differences in the manifestation of inflammatory
skin diseases in mice, such as their predominance of gamma-delta
T-lymphocytes, intrinsic differences in the immune system of
various genetic strains of mice, method of disease induction
(knockout models versus intralesional or topical induction),
increased keratinocyte turnover, and thinner skin tissue layers (68).

The role of IL-36 in skin pathology in GPP
and psoriatic disease

IL-36 cytokines (IL-360,, IL-36[3, and IL-36Y) maintain circuits
that recruit and activate neutrophils, and this process plays a central
role in pathogenesis of GPP (71), as shown in Figure 4. Under
normal conditions, IL-36 agonist activity is balanced by a high level
of IL-36Ra, while IL-36R remains inactive or signals at a low-level,
and this equilibrium maintains a regulated downstream
inflammatory response (72). However, if the IL-36 axis becomes
hyperactivated (due to increased IL-36 agonist, or impaired IL-36Ra
activity from IL36RN mutation), uncontrolled pro-inflammatory
responses ensue, amplifying neutrophil chemotaxis and neutrophil-
driven inflammatory responses in the skin (18). The detection of IL-
360 and IL-36y overexpression in lesional skin and peripheral blood
samples from patients with GPP further supports the central role of
IL-36 dysregulation in this condition (14, 73), and there is a strong
association between loss-of-function mutations in IL36RN
(producing faulty IL-36Ra protein) and increased susceptibility to
GPP (36, 37, 46).

It is likely that the IL-36 pathway plays a major role in
regulating inflammatory responses at barrier epithelia, such as
keratinocytes in the epidermis. From immunohistochemical
(IHC) staining of human skin samples, IL-36R expression is
strong and dominant on epidermal keratinocytes within the
viable epidermal layers, and this pan-epidermal expression is
maintained in both PV and in GPP lesions (74). In contrast, IHC
staining of dermal cell types, such as fibroblasts and vascular cells,
shows IL-36R expression is relatively weak in human skin (74).
From in vitro experiments with cultured keratinocytes
(representing a model where the agonist actions of IL-36
cytokines are relatively unopposed, due to the relative absence of
IL-36Ra in the model), it is clear that IL-36 can self-induce
expression of all IL-36 ligands (IL-360, IL-36f, and IL-36Y), but
also expression of other inflammatory cytokines such as TNF, IL-6,
IL-8, S100A7 (psoriasin), defensins, and other anti-microbial
proteins (AMPs) (75). There is also a strong synergistic
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Genetic factors related to GPP pathogenesis (58). Schematic representation of the signal transduction pathway activated by cytokines and genes
involved in IL-36 autocrine and autoinflammatory circuits. The pathogenesis of GPP is related to mutations in multiple genes, such as the human
IL-1Ra gene (ILIRN), IL-36Ra (IL36RN), caspase recruitment domain-containing protein 14 (CARD14), adapter protein complex 1 subunit sigma 3
(AP1S3), TNFAIP3-interacting protein 1 (TN/P1), and the gene coding for alpha-1 antichymotrypsin, also known as serine protease inhibitor gene
serpin family A member 3 (SERPINA3). IL-1, TNF, and IL-17A promote the expression of IL-36 by keratinocytes. IL-36 cytokines are released as
precursors requiring enzymatical cleavage by neutrophil-derived proteases (elastase, cathepsin G, or protease 3) and keratinocyte-derived cathepsin
S. Mature IL-36 cytokines have 500-fold greater biological activity than their precursors and bind to IL-36R on the keratinocyte cell surface, acting in
an autocrine manner to further induce IL-36 expression. In addition, they induce the production and secretion of neutrophil chemokines CXCL1,
CXCL2, CXCL6, and CXCLS8 (IL-8), increasing the attraction of neutrophils to the skin. Serine protease inhibitors such as alpha-1 antitrypsin or
alpha-1 antichymotrypsin (encoded by SERPINA1 and SERPINA3, respectively) can inhibit neutrophil proteases. Adapted from Iznardo et al. (25).
From: Generalized Pustular Psoriasis: A Review on Clinical Characteristics, Diagnosis, and Treatment; Rivera-Diaz R, Daudén E, Carrascosa JM,
Cueva P, Puig L; Dermatology and Therapy (Heidelb). 2023 Mar;13(3):673-688.
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Dysregulated IL-36 signaling in epidermal keratinocytes in GPP. In patients with GPP, unopposed, dysregulated IL-36 signaling activates epidermal
keratinocytes via the IL-36R (auto-amplification loop) (A). This induces the release of a wide range of inflammation-associated products, and leads
to a gradient of IL-36-regulated neutrophil chemotactic signals (B). The expression of IL-36R is strong and dominant on epidermal keratinocytes
within the viable epidermal layers (C). GPP, generalized pustular psoriasis; IL-36R, interleukin-36 receptor. [Panel C, immunohistochemical sample
was kindly provided by Dr JG Krueger.].
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interaction between IL-36 ligands and IL-17 isoforms, such as IL-
17A, that are produced by activated T-cells for these gene products.
The role of IL-17A in GPP disease is supported in part by case
reports and small clinical trials from Japan detailing the clinical
improvement and resolution of systemic symptoms in some
patients with GPP treated with selective IL-17A (secukinumab
and ixekizumab) and IL-17R (brodalumab) antagonists (76-80).
The breadth of the keratinocyte response to IL-36 family
cytokines was only appreciated recently by whole-genome gene
profiling experiments using IL-36y and IL-17A cytokines in human
keratinocytes (74). These experiments show that both IL-17A and
IL-36y induce hundreds of gene products that are only partly
overlapping, while the response to these combined cytokines is
up-regulation of several thousand gene products that are also highly
characteristic of genes activated in PV and GPP. Included in this
response are numerous chemokines that regulate neutrophil
chemotaxis in skin (CXCL1, CXCL2, CXCL3, and CXCLS8/IL-8),
attract T-cells or inflammatory dendritic cells into skin (CXCL9 and
CCL20), and induce or further amplify IL-36 synthesis/signaling in
the skin (IL-17C). In addition, IL-1, IL-6, IL-19, and IL-24 are also
induced, which can promote broad inflammatory responses as well
as induce keratinocyte proliferation (74). Thus, the response of
keratinocytes to IL-36 agonists includes increased expression of
broad AMPs, the production of inflammatory cytokines and
chemokines, and the broad-modification of keratinocyte gene
expression programs to mimic psoriatic tissues. Figure 4C shows
increased staining of IL-367, IL-36R, and IL-17C in the epidermis of
GPP lesions, along with the influx of neutrophils into the dermis
and epidermis of lesions (neutrophil elastase stain). There are
extensive overlaps between gene sets induced in cultured
keratinocytes by IL-36 and gene expression in GPP, but especially
for CXCL chemokines that are induced by IL-36 that would be
expected to regulate neutrophil trafficking (74). In addition,
abnormal IL-36 activity was found to correlate with a prominent
IFN-1 signature in patients with GPP and PV, and IFN-1 gene
activation was also associated with extracutaneous morbidity (acute
systemic flares in GPP and chronic systemic inflammation in PV)
(81). However, despite the significant overlapping immune
functions of IL-36 and IL-17 cytokines in the skin, the
predominant role of IL-36 signaling in GPP is underscored by the
variable and inconsistent clinical efficacy of off-label IL-17
antagonists for the treatment of GPP; in contrast, most patients
with PV have consistent clinical responses to selective IL-17 and IL-
23 inhibitors. While IL-36 could have a pathogenic role in PV,
clinical studies investigating the clinical efficacy of IL-36 blockade in
PV patients are lacking and are necessary to determine the exact
contribution of IL-36 signaling in plaque and non-GPP subtypes.
Studies of the effects of IL-36 on inflammatory gene expression
in peripheral blood mononuclear cells (PBMCs) showed that IL-36
induced expression of TNF, IL-1, IL-6, and IL-8 in normal control
PBMCs, but that much higher induction of these cytokines occurred
in PBMCs from a patient with a mutation in IL36RN (37). Thus,
effects of amplified IL-36 signaling in GPP patients likely extends to
many connective tissue and blood leukocyte cell types in which
expression of IL-36R has been identified. Patients with GPP have
high levels of these inflammatory cytokines in their blood prior to
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treatment (causing high fever, leukocytosis, and systemic
inflammatory symptoms), and this may be driven by the
extended release of IL-36-induced cytokines produced by various
cell types under intensified IL-36 signaling in GPP.

Targeted inhibition of the IL-36
receptor for the treatment of GPP

Selective blockade of the IL-36 pathway via targeted inhibition of
IL-36R is an attractive therapeutic strategy for the treatment of GPP,
and other diseases involving dysregulated IL-36 signaling. Spesolimab
(SPEVIGO®; Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield,
CT, USA) is a first-in-class humanized monoclonal immunoglobulin
G1 antibody that binds specifically to IL-36R and antagonizes IL-36
signaling (82). Spesolimab was approved by the US FDA in September
2022 to treat GPP flares in adults (21, 22), and regulatory approval in
numerous other countries has followed (83). Key clinical trials data
that supported FDA approval of spesolimab were the phase 1 proof-
of-concept trial (NCT02978690; N = 7) and the phase 2 randomized,
placebo-controlled trial, EﬁisayilTM 1 (NCT03782792; N = 53), the
results of which have been published in detail (84-87). In EﬁisayilTM 1,
spesolimab was administered as a single 900 mg dose via intravenous
(IV) infusion over 90 minutes, with the option of a second 900 mg
dose IV given 1 week later if symptoms persist (85). Spesolimab
efficacy was assessed via the GPP Physician Global Assessment
(GPPGA), and the GPP Area and Severity Index (GPPASI) (88).
Biomarkers in skin and blood were evaluated (60, 89), and patient-
reported outcome instruments were reported (90). In the proof-of-
concept and EfﬁsayilTM 1 trials, spesolimab treatment led to rapid
(within one week) and sustained (to end of trial) clinical improvement
and pustular clearance in patients with GPP flares, and was safe and
well-tolerated (84, 85). Efficacy and safety were also consistent for the
trial duration across prespecified subgroups in EﬁﬁsayilTM 1 (91, 92).
Pyrexia was observed in both spesolimab (6%) and placebo (22%)
groups during EfﬁsayilTM 1 (85), suggesting that this reported adverse
event was more likely GPP-associated rather than a treatment-specific
effect. Infections were the most frequent adverse reactions observed in
patients treated with spesolimab (22); during the 1-week placebo-
controlled period in EﬁisayilTM 1, infections were reported in 14%
of the spesolimab group versus 6% of the placebo group (22).
EﬂisayilTM 2 and Eﬁﬁsayil® ON are additional clinical trials to
investigate the efficacy and safety of spesolimab in patients with a
history of GPP. Effisayil "~ 2 (NCT04399837; N = 123 [ (93)]) was
completed in December 2022, and was published recently (94).
Effisayil  ON (NCT03886246; N = 131 [ (95)]) is an active 5-year
open-label extension study, in which participants of EﬁisayilTM 1 and
EfﬁsayilTM 2 were recruited (96).

Gene expression profiles following
spesolimab treatment in GPP

Pre- and post-treatment skin and blood samples were collected
from participants in the phase 1 proof-of-concept trial and
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Efﬁsayil® 1 trial to compare gene expression profiles in GPP lesions
versus non-lesional skin, and assess molecular changes before
versus after spesolimab treatment (60, 97). In lesional skin,
spesolimab treatment led to significant decreases in the
expression of genes associated with pro-inflammatory mediators
(e.g. TNF, IL1B, IL6), neutrophil recruitment (e.g. CXCRI,
CXCR2), keratinocyte-mediated inflammation and proliferation
(eg. 1120), and IL-36 ligands (IL36A, IL36B, IL36G) (60, 97),
as shown in Figure 5 (60). Reductions in select serum biomarker

Rapid down-regulation of genes in GPP
lesions after spesolimab treatment

« Inflammatory pathway

« Neutrophil activation

« Innate immune response
« Th1/Th17 pathways

FIGURE 5

The effect of spesolimab on differential gene expression in GPP (60). Heatmap of 71 differentially expressed genes that are deregulated between
lesional (L) and nonlesional (NL) skin at baseline (BL), and lesional skin 1 week after treatment with spesolimab compared with lesional skin at
baseline (absolute log, fold change > 2, adjusted P <.05). GPP, generalized pustular psoriasis. From: Pustular psoriasis: Molecular pathways and
effects of spesolimab in generalized pustular psoriasis; Baum P, Visvanathan S, Garcet S, Roy J, Schmid R, Bossert S, et al; J Allergy Clin Immunol.

2022;149(4):1402-12.
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levels were also identified; including those linked to inflammation
(C-reactive protein, TNFa), neutrophilic markers (CXCLI,
IL-8), innate pathways (IL-1RN, IL-6), and Thl7 pathways
(IL-17A, CCL20) (89). These reductions were associated with
clinical improvement in GPP, as assessed by the respective
primary endpoints of each trial (89). These changes in gene
expression and protein biomarker data demonstrate that
spesolimab treatment reverses the lesional skin molecular profile
associated with GPP.
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Other investigational agents in the
treatment of GPP

A second IL-36 receptor blocker, imsidolimab [AnaptysBio,
Inc., San Diego, CA, USA (98)], completed a phase 2 clinical trial in
patients with active moderate-to-severe GPP (GALLOP;
NCT03619902; N = 8) (99, 100). Participants received
imsidolimab 750 mg via IV infusion, followed by three further
doses of 100 mg given subcutaneously at approximately 30-day
intervals, with a 12-week follow-up. Six of the eight participants
achieved the primary endpoint of improvement in Clinical Global
Impression (based on the modified Japanese Dermatology
Association Severity Index) at Week 4 and at Week 16 (100). A
phase 3 clinical trial of imsidolimab in patients with GPP flare is
now being conducted (GEMINI-1; NCT05352893; N = 45), with a
long-term extension trial to follow (GEMINI-2; NCT05366855; N =
45 planned), and top-line data from GEMINI-1 are expected by the
end of 2023 (101). Other investigational agents that may target the
IL-36 pathway include REGN6490 (Regeneron), an antibody that
blocks the IL-36 receptor, and the small molecule A-522 (AbbVie,
Inc.) that antagonizes IL-36y (102). However, phase 1 development
of REGN6490 was terminated recently (103, 104).

Unmet needs in GPP and the future of
IL-36 pathway modulation

Several other pustular skin conditions can mimic the clinical
presentation of GPP (105); such as acute generalized
exanthematous pustulosis (AGEP), other severe drug reactions,
infections, IgA pemphigus, subcorneal pustular dermatosis (also
called Sneddon-Wilkinson disease), acute psoriasis subtypes (e.g.
erythrodermic and pustular disease flares), and localized forms of
pustular psoriasis, such as palmoplantar pustulosis (PPP). Though
IL-36 cytokines are highly expressed in AGEP lesional skin, the
precise relationship between AGEP and IL-36 signaling is unclear
(106-108). IL36RN mutations have been detected in a small
proportion of patients with PPP, but the relationship is unclear
given the lack of response in patients given an IL-36R inhibitor (15,
109, 110).

Consequently, GPP is often misdiagnosed, or may go
unrecognized by clinicians who are unfamiliar with managing this
disease. Patients often present in the emergency room or urgent
care clinics with severe manifestations of GPP (111), which, if not
treated effectively, may result in complications such as infection/
sepsis, renal and liver dysfunction, or even death (112). Current
biologic treatments approved for PV are often ineffective at
controlling GPP; thus, GPP-specific treatment is needed to
prevent and control flares. Furthermore, clinicians may be unable
or unwilling to prescribe biologics that are not specifically FDA-
approved for the treatment of GPP (111), and these agents are
inconsistently effective for the treatment of GPP. In the CorEvitas
(formerly Corrona) Psoriasis Patient Registry study, 67% of
dermatologists (N = 29) reported that flare prevention was a
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challenge when treating patients with frequent flares (two or
more episodes per year) (111). Thus, multi-level support from
dermatologists, emergency physicians, and primary care providers
is needed to facilitate rapid decision-making during acute illness to
control skin and systemic symptoms in patients with GPP (113).
Consensus guidelines for the diagnosis and management of GPP are
also lacking, but are greatly needed to broaden disease
understanding and improve disease management by healthcare
professionals (111, 113). Importantly, the recent development of
an evidence-based clinical management algorithm is now available,
following a recent Delphi panel involving 21 expert dermatologists
who established global consensus on the clinical course, diagnosis,
treatment goals, and disease management of GPP (114).

In addition to the central role of IL-36 receptor signaling in the
pathogenesis of GPP, evidence suggests that IL-36 may have a role
in the pathogenesis of other diseases (115, 116); including
inflammatory bowel disease (117, 118), hidradenitis suppurativa
(119, 120), arthritis (121-123), systemic lupus erythematosus (124,
125), pyoderma gangrenosum (126), and Netherton syndrome
(127). Phase 2 clinical trials of spesolimab in the treatment of
hidradenitis suppurativa are active (NCT04876391), or recently
completed (NCT04762277 (128), and a Phase 2/3 clinical trial of
spesolimab in the treatment of Netherton syndrome is in progress
(NCT05856526). However, a recent Phase 2b randomized placebo-
controlled trial of spesolimab in patients with PPP did not meet its
primary endpoint (110). Investigations are also underway into the
possible role of IL-36 cytokines in fibrotic disorders (115) and
malignancy (129-131).

Conclusions

Dysfunctional elements in the IL-36 pathway drive the clinical
features and symptoms of GPP. Targeted inhibition of IL-36R (via
spesolimab, imsidolimab, or other novel agents) is an attractive
therapeutic strategy for the treatment of GPP. Therapies that target
IL-36R, such as spesolimab, could mitigate flares, address flare
prevention, and provide sustained disease control in patients with
GPP, presumably through rebalancing IL-36 signaling and
modulating the pro-inflammatory response of downstream
effectors. However, investigation is needed to explain why
patients with the same IL36RN mutations can present with
differences in flare severity and frequency, and to better
understand the underlying differences in the disease mechanisms
in patients with GPP who do not have identifiable causal or disease-
contributing mutations.
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