
Journal Pre-proof

IL-36-driven pustulosis: Transcriptomic signatures match between generalized
pustular psoriasis (GPP) and acute generalized exanthematous pustulosis (AGEP)

Theresa Benezeder, PhD, Natalie Bordag, PhD, Johannes Woltsche, MD, Katharina
Falkensteiner, MD, Thomas Graier, MD, PhD, Eva Schadelbauer, MD, Lorenzo
Cerroni, MD, Damian Meyersburg, MD, Valeria Mateeva, MD, Adam Reich, MD,
Marta Kołt-Kamińska, MD, Gudrun Ratzinger, MD, Julia-Tatjana Maul, MD, Barbara
Meier-Schiesser, MD, PhD, Alexander A. Navarini, MD, Romana Ceovic, MD, Knut
Prillinger, MD, Maruska Marovt, MD, Lev Pavlovksy, MD, PhD, Andrea Szegedi, MD,
Maria Sanzharovskaja, PhD, Herwig Zach, PhD, Peter Wolf, MD

PII: S0091-6749(25)00176-9

DOI: https://doi.org/10.1016/j.jaci.2025.01.046

Reference: YMAI 16690

To appear in: Journal of Allergy and Clinical Immunology

Received Date: 18 November 2024

Revised Date: 22 December 2024

Accepted Date: 14 January 2025

Please cite this article as: Benezeder T, Bordag N, Woltsche J, Falkensteiner K, Graier T, Schadelbauer
E, Cerroni L, Meyersburg D, Mateeva V, Reich A, Kołt-Kamińska M, Ratzinger G, Maul J-T, Meier-
Schiesser B, Navarini AA, Ceovic R, Prillinger K, Marovt M, Pavlovksy L, Szegedi A, Sanzharovskaja
M, Zach H, Wolf P, IL-36-driven pustulosis: Transcriptomic signatures match between generalized
pustular psoriasis (GPP) and acute generalized exanthematous pustulosis (AGEP), Journal of Allergy
and Clinical Immunology (2025), doi: https://doi.org/10.1016/j.jaci.2025.01.046.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.jaci.2025.01.046
https://doi.org/10.1016/j.jaci.2025.01.046


© 2025 Published by Elsevier Inc. on behalf of the American Academy of Allergy, Asthma &
Immunology.



IL-36-driven pustulosis: Transcriptomic signatures match between generalized pustular psoriasis (GPP) 

and acute generalized exanthematous pustulosis (AGEP)

AGEP, acute generalized exanthematous pustulosis; GPP, generalized pustular psoriasis; PPP, palmoplantar pustulosis; 

PSO, plaque-type psoriasis; ADR, other cutaneous adverse drug reactions; HCO, healthy control skin 
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Abstract  

Background:  

Due to similarities, the distinction between generalized pustular psoriasis (GPP) and acute 

generalized exanthematous pustulosis (AGEP) has been a matter of debate for long time.   

Objective:  

Our aim was to define the molecular features of GPP and AGEP.  

Methods 

We analyzed skin biopsy samples and clinical data from 125 patients with AGEP, GPP, 

palmoplantar pustulosis (PPP), plaque psoriasis (PSO), and non-pustular cutaneous adverse drug 

reactions (ADRs), as well as from healthy skin controls using RNA sequencing and blinded 

histopathological analyses.  

Results 

The transcriptome and histopathologic features of AGEP and GPP samples exhibited significant 

overlap (177 differentially expressed genes (DEGs) in GPP and AGEP compared to healthy skin, 

only 2 DEGs comparing AGEP and GPP), yet displayed marked differences from those of PPP, 

PSO, and ADR samples, with a notable number of DEGs (131 DEGs comparing AGEP and PSO, 

75 DEGs comparing AGEP and PPP and 52 DEGs comparing AGEP and ADR) and pathways. A 

transcriptome profile subgroup evaluation of more than 13,000 analyzed genes did not reveal any 

differentially expressed genes in drug-induced GPP and AGEP. Moreover, the immune response 

pattern and immune cell composition did not differ between drug-induced GPP and AGEP, 

whereas non-drug-induced GPP had higher expression of Th17-related genes and a higher 

neutrophil count than AGEP.   

Conclusion 

We propose that AGEP is a drug-induced variant of GPP and therefore part of IL-36-related 

pustulosis. A key signature overarching this spectrum was identified, thereby opening the 

therapeutic approach of IL-36 inhibition to all subtypes of the disease. 
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Abbreviations used:  

GPP: generalized pustular psoriasis  

AGEP: acute generalized exanthematous pustulosis  

PPP: palmoplantar pustulosis  

PSO: plaque psoriasis  

ADR: cutaneous adverse drug reactions  

HCO: healthy control subjects  

RNA-Seq: RNA sequencing  

DEGs: differentially expressed genes  

IL-36RN: IL-36 receptor antagonist  

 

Key Messages (2-3 independent statements that present the key findings and comment on 

their implications)  

• We found a strong overlap in the transcriptomic profiles of AGEP and GPP, which differ 

from those of (other) cutaneous drug reactions, palmoplantar pustulosis and plaque 

psoriasis.  

• In particular, drug-induced GPP and AGEP have matching transcriptome profiles that 

differ from non-drug-induced GPP.  

 

Capsule Summary (1 sentence, 35 words max)  

Since the transcriptome profiles of drug-induced GPP and AGEP strongly match, and no single 

parameter allows to distinguish between the two conditions, we propose that AGEP can be 

considered as a drug-induced variant of GPP.  
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Introduction  

Pustular psoriasis comprises a spectrum of chronic, persistent to intermittent or recurrent 

inflammatory skin conditions with different clinical phenotypes, including generalized pustular 

psoriasis (GPP), acrodermatitis continua of Hallopeau, GPP of pregnancy (impetigo 

herpetiformis), annular pustular psoriasis and palmoplantar pustulosis, or palmoplantar pustular 

psoriasis (PPP)(1,2). Although patients with pustular psoriasis may have concomitant plaque 

psoriasis, the two forms of psoriasis differ clinically, genetically, and phenotypically. Accurate 

differential diagnosis is important, as GPP flare-ups are potentially life-threatening (3). GPP, a 

rare, severe autoinflammatory systemic disease, is characterized by recurrent relapses with a 

sudden onset of an extensive rash with sterile pustules and widespread erythema on non-acral 

body sites. Supportive diagnostic features accompany the disease and include fever, fatigue, and 

various laboratory abnormalities such as elevated CRP serum levels, hypocalcemia and 

hypoalbuminemia (4–6).  

Clinical and histopathological features of GPP considerably overlap with those of acute 

generalized exanthematous pustulosis (AGEP)(5,7). AGEP is defined by the presence of a drug- 

or infection-induced, scattered pustular rash accompanied by generalized symptoms of varying 

severity, which closely resemble those observed in GPP. It manifests rapidly and resolves quickly 

(4,8,9). Drugs that have been associated with AGEP include antibiotics, antimalarials, and 

antifungals (10,11).  Surprisingly, some of the same medications trigger GPP The pathogenesis of 

AGEP and GPP is similar, including the presence of  mutations in the IL-36 receptor antagonist 

(IL36RN) and the increased production and release of IL-36 and IL-17 in the skin and blood 

(6,7,11–13). Although the exact pathomechanisms for both GPP and AGEP are unknown, several 

hypotheses have been proposed that IL-1 and IL-36 trigger an inflammatory keratinocyte 

response leading to neutrophil recruitment via chemokine expression (9,14). The general efficacy 

of the anti-IL-36 receptor antibody spesolimab in patients with GPP, independent of the presence 

of IL36RN mutations, suggests that the IL-36 signaling pathway plays a crucial role  in the 

pathogenesis of the disease (15) and that other mutations or polymorphisms of the CARD14 and 

AP1S3 gene may also enhance IL-36 signaling (5). Histologically, AGEP and GPP also share 

common features such as sub-corneal or intra-epidermal pustules and a perivascular infiltrate in 

the dermis (7). However, it is important to distinguish between AGEP and GPP given the 

differences in treatment and clinical course. While the skin lesions in patients with AGEP usually 

resolve spontaneously within two weeks, GPP has a longer course with repeated relapses, and can 
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be fatal if not treated adequately (16). According to the European Rare and Severe Psoriasis 

Expert Network (ERASPEN), GPP is not diagnosed until at least one relapse has occurred or the 

disease has persisted for more than three months (1). A history of flares supports the diagnosis, 

however the recently published International Consensus from the International Psoriasis Council 

states that GPP may be diagnosed on first presentation (4). Although GPP can be triggered by 

certain provoking factors, this is not considered a diagnostic criterion. When patients first present 

with pustular skin lesions and an association with medication is made, the “wait-and-watch” 

strategy typical of AGEP may result in the first episode of GPP being overlooked, which may 

lead to a worsening of the patient’s condition.  

Our analyses demonstrate that the transcriptome profiles of AGEP and GPP match and both 

display a dysregulation in genes related to neutrophils and IL-36-related inflammatory signaling. 

In turn, this indicates that AGEP is maybe a drug-induced variant of GPP and therefore part of 

IL-36-related pustulosis spectrum.  
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Materials and Methods  

Patients and biopsy samples  

Clinical data and archived FFPE biopsy samples from lesional skin of patients with AGEP (n = 

49) and GPP (n = 46) were collected. For detailed information regarding clinical data, see 

Supplemental Table 1. In addition, lesional skin samples of patients with palmoplantar pustulosis 

(PPP, n = 9), cutaneous adverse drug reactions (type IV hypersensitivity; ADR, n = 12), plaque 

psoriasis (PSO, n = 9), and skin of healthy control subjects (HCO, n = 9) were included. Detailed 

information about PSO and HCO samples can be found here (17).  

 

Histopathologic analyses  

FFPE blocks (GPP, n = 46; AGEP, n = 49; PPP, n = 9; PSO, n = 9; ADR, n = 12) were cut into 

3.5µm sections, routinely processed, stained with hematoxylin and eosin (HE), and examined for 

the presence of parakeratosis, psoriasiform epidermal hyperplasia, spongiosis, necrotic 

keratinocytes, intracorneal/subcorneal non-follicular pustules, intraepidermal non-follicular 

pustules, large pustules (> 50 neutrophils), elongated dermal papillae, dilated tortuous vessels in 

dermal papillae, papillary dermal edema, neutrophils in the dermal infiltrate, and eosinophils in 

the dermal infiltrate. The two dermatopathologists (E.S. and L.C.) were blinded with regard to the 

group assignment of the samples. Of 125 sections, 3 were excluded due to insufficient tissue size 

or staining artifacts, resulting in n = 43 for the GPP group. Histopathologic features of AGEP and 

GPP samples were compared in R with Fisher’s exact test with rstatix:: pairwise_fisher_test() 

and multiple test adjustment by false discovery rate (18). 

 

RNA extraction, sequencing and data analysis  

Total RNA was extracted from FFPE skin biopsies of lesional skin of patients and healthy control 

skin and libraries were prepared with the QuantSeq 3’mRNA-Seq FWD Library Preparation Kit 

(Lexogen, Vienna, Austria) and samples were sequenced on an Illumina NextSeq 2000 system 

with NextSeq 2000 at Lexogen GmbH (Vienna, Austria). A detailed description of RNA 

isolation, library preparation, sequencing and data analysis can be found in the Supplementary 

methods section.  
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Results 

Study population  

In a multi-center team effort, we worked together with members of the Central Eastern and 

Europe (CEE) GPP expert network (2) and collected clinical data and archived FFPE biopsy 

samples from the lesional skin of patients with AGEP (n = 49) and GPP (n = 46), from 12 sites in 

8 countries. The diagnoses were confirmed based on evaluation of clinical data and the courses of 

disease provided by the investigators. In addition, lesional skin samples of patients with 

palmoplantar pustulosis (PPP, n = 9), cutaneous adverse drug reactions (ADR, n = 12), plaque 

psoriasis (PSO, n = 9), and for control purposes, from healthy skin (HCO, n = 9) were included. 

Clinical characteristics of the study population can be found in Supplementary Table 1. 

 

Histopathologic patterns of AGEP and GPP 

GPP and AGEP samples displayed widely overlapping histologic features, consistent with 

previous findings (8,19–21). Overall, dilated tortuous vessels in dermal papillae, elongated 

dermal papillae, intracorneal/subcorneal non-follicular pustules, large pustules (>50 neutrophils), 

and psoriasiform epidermal hyperplasia were present in more cases of GPP than AGEP samples, 

while the presence of eosinophils in the dermal infiltrate was less common in GPP than in AGEP 

samples (Fig. 1, Suppl. Table 2).  

 

Transcriptomic profiles of AGEP and GPP 

Out of 129 samples included in the RNA sequencing analysis, 21 samples had to be excluded due 

to insufficient quality of the sequencing data, resulting in the following number of samples for 

each group: AGEP (n = 40), GPP (n = 30), PPP (n = 9), PSO (n = 8), ADR (n = 12) and HCO (n 

= 9) (Fig. 2A, exclusions listed in Supplementary Data 1). Across all samples, approximately 

13,000 genes had sufficiently good signals with a median count > 10 across all samples. These 

were included in the analyses of differentially expressed genes (DEGs). The mean age of the 

archived FFPE blocks of the included samples was 5.3 years, displaying a remarkable range of 

0.1 to 20.2 years. However, a higher block age did not correlate with sample quality 

(Supplementary Fig. 1). The results of multivariate principal component analysis (PCA) show 

that the gene expression profiles for AGEP and GPP samples largely overlap, while these profiles 

show some differences to PPP and PSO and a clear difference to ADR and healthy skin (Fig. 2B). 

Furthermore, the PCA results show that the distribution of female and male patients had no effect 
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on the clustering of gene expression profiles for the different groups (Fig. 2C). Next, we 

examined the differentially expressed genes (DEGs) by carrying out 15 pairwise comparisons 

(Fig. 2D) and found that the GPP samples had the highest number of significantly altered genes, 

with 1547 DEGs in the GPP compared to the healthy skin group, followed by the AGEP group 

with 906 DEGs compared to HCO. In the ADR group, 757 DEGs were found, 647 DEGs in the 

PPP group, and 268 DEGs in the PSO group, compared to healthy skin (Fig. 2D). In agreement 

with a previous study performing microarray analyses of FFPE samples from GPP, PPP, and 

AGEP (22), we found that the GPP samples displayed the most unique gene expression profiles, 

with 494 DEGs (167 up-regulated, 327 down-regulated) uniquely found in the GPP group 

compared to healthy skin, followed by ADR (130 DEGs, 60 up-regulated, 70 down-regulated), 

PPP (122 DEGs, 45 up-regulated, 77 down-regulated), and AGEP (40 DEGs, 24 up-regulated, 16 

down-regulated) (Fig. 3 A, B). However, we saw that 177 DEGs (92 upregulated, 85 

downregulated) were found in both GPP and AGEP compared to healthy skin (Fig. 3 A, B).  

When comparing AGEP with GPP samples, we found only 2 DEGs, again indicating largely 

overlapping gene expression profiles, while 131 DEGs were found when comparing AGEP and 

PSO samples, 75 DEGs when comparing AGEP and PPP and 52 DEGs when comparing AGEP 

and ADR (Fig. 2D, Supplementary Fig. 2). In contrast, in GPP we found 191 DEGs when 

comparing with ADR, 70 DEGs when comparing GPP with PSO and only 17 DEGs when 

comparing GPP with PPP (Fig. 2D), consistent with their clinical classification as pustular 

psoriasis variants (1). Interestingly, we found 57 upregulated DEGs (Fig. 3A) and 13 

downregulated DEGs (Fig. 3B) that co-occurred in the pairwise comparisons of AGEP, GPP, 

ADR, PSO, and PPP with HCO, which might represent an “inflammatory core signature”. These 

included genes associated with inflammation and psoriasis (e.g., S100A12, IL1B, AREG)(23), 

keratinization (e.g., KRT6A, SPRR1B)(24), cytotoxicity (e.g., GZMB)(25), and DSG3, which is 

associated with blister formation and programmed cell death (26,27) (data not shown). The 

common signaling pathways that were found to be significantly enriched in the pairwise 

comparisons between AGEP, GPP, ADR, PSO and PPP with HCO included mainly 

inflammation-related pathways (e.g., cytokine-mediated signaling pathway, immune response-

regulating signaling pathway, immune effector process, immune response-activating signaling 

pathway) (Fig. 3C). The two significantly altered genes in AGEP vs. GPP were PDK4 (pyruvate 

dehydrogenase kinase 4) and ZBTB16 (zinc finger and BTB domain containing 16) (Fig. 4A, B). 

PDK4 is a key enzyme of energy metabolism (28), and ZBTB16 is a lineage-determining 
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transcription factor expressed by innate-like T cells (29). The comparison of their gene 

expression in all diagnostic groups revealed that this was downregulated in GPP, PPP and PSO, 

while AGEP and ADR samples displayed similar expression levels to healthy skin (Fig. 4A). 

When we looked at all significant genes in AGEP vs. HCO and GPP vs. HCO samples, we saw 

that 60% of all genes were significantly regulated in the same direction in both comparisons (i.e., 

either up- or downregulated). The remaining genes were all changed in the same direction, but 

significant in only one of the two comparisons, most often due to lower LFCs. This result 

underlines the very strong agreement between the transcriptomic profiles of AGEP and GPP (Fig. 

4C, D, H). A gene set enrichment analysis (GSEA) indicated the presence of metabolic 

differences between AGEP and GPP samples, as significantly enriched pathways include 

mitochondrial ATP synthesis, oxidative phosphorylation and cytoplasmic translation, in addition 

to keratinocyte-associated pathways such as keratinization (Fig. 4E). When comparing the 15 

most strongly enriched gene ontology (GO) terms between AGEP and HCO and GPP and HCO, 

these were again shown to largely overlap. In fact, 13 terms were shared by both comparisons 

(e.g., chemotaxis, cytokine-mediated signaling pathway, immune effector process, leukocyte 

chemotaxis and migration, and immune response-activating signaling pathway) (Fig. 4F, G).  

 

Immune response pattern genes and anti-IL-36R responder genes in AGEP and GPP  

To further characterize the different groups in terms of their expression of immune signatures, we 

examined the expression of marker genes for type 1/Th1-related, type 2/Th2-related, type 

3/Th17-related, neutrophil-related, and cytotoxicity-related immune response patterns (Fig. 5A; 

marker genes adapted from (30–32)). We found that GPP samples had the highest expression of 

Th17- (e.g., IL17A, IL23A, IL17C, IL36G, IL36B, S100A12) and neutrophil-related genes (e.g., 

CXCL1, CXCR1, CXCL8), while AGEP showed a weaker expression of Th17-related genes, 

moderately high expression of neutrophil-related genes, but a higher expression of cytotoxicity-

related genes (e.g., GNLY, RIPK3, PRF1) than GPP. ADR samples showed a high expression of 

type 1/Th1 (e.g., TBX21, IL15), type 2/Th2 (e.g., GATA3, IL10, IL33) and cytotoxicity-related 

transcripts (e.g., FAS, GZMB, GNLY, RIPK3, CASP3, PRF1). As expected, a moderately high 

expression of Th17-related genes was found in PSO samples, although the expression of known 

pro-inflammatory cytokines (e.g., IL17A, IL23A, TNF) was surprisingly low. PPP samples 

showed high expression of type 3/Th17-related transcripts, and a high expression of neutrophil 

chemoattractants (e.g., CXCL6, CXCL8, CCL3, CCL4) (Fig. 5A).  
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Subsequently, we conducted an analysis of marker genes that have recently been described as a 

means of rapidly improving aberrant expression in GPP skin lesions following treatment with 

spesolimab, with a view to establishing a correlation between this and disease improvement (30). 

In our dataset, genes related to keratinocyte-mediated inflammation (IL17C, IL36G, IL19, IL20, 

IL24), neutrophil recruitment and neutrophil transcripts (e.g., CXCL1, CXCL5, CXCL8, CXCR2) 

exhibited the highest expression in GPP, followed by slightly lower expression in PPP and 

AGEP. PSO, ADR, and healthy skin exhibited low expression levels, with the exception of 

ELANE (elastase expressed by neutrophils that inhibits neutrophil enzyme release and 

chemotaxis), which demonstrated high expression levels in HCO and PSO and lower expression 

levels in all other groups (Fig. 5B). The expression of pro-inflammatory mediator genes (IL1B, 

IL6, and TNF) exhibited heterogeneity across groups. IL1B demonstrated the highest expression 

in GPP, followed by PPP and AGEP. IL6 exhibited similar expression in AGEP, GPP, ADR, and 

PPP. TNF exhibited the highest expression in ADR, followed by PPP and PSO. As anticipated, 

the expression of genes for proinflammatory mediators was minimal in healthy skin. In 

conclusion, our findings corroborate that anti-IL-36R responder genes are markedly expressed in 

GPP samples, while expression is only moderately reduced in PPP and AGEP (Fig. 5B). These 

results suggest that AGEP, GPP, and PPP exhibit a shared dysregulation in genes pertaining to 

neutrophils and IL-36-related inflammatory signaling. 

Immune cell composition patterns in AGEP and GPP 

To estimate the immune cell composition, we used CIBERSORTx, also called digital flow 

cytometry, a computational approach that allows the identification of the relative proportions of 

different cell types based on transcriptome data (33,34). Of the 22 different immune cell types 

represented in CIBERSORTx, we detected 10 cell types (CD8+ T cells, regulatory T cells, 

resting dendritic cells, activated NK cells, neutrophils, naïve B cells, plasma cells, monocytes, 

M1 macrophages, and M2 macrophages) in our bulk RNA-Seq dataset (Fig. 6). For the remaining 

12 cell types (naïve CD4+ T cells, active and resting CD4+ memory T cells, follicular Th cells, 

γδ T cells, memory B cells, eosinophils, activated and resting mast cells, activated dendritic cells, 

resting NK cells, and M0 macrophages), the cell numbers or marker gene expression levels were 

too low to allow for deconvolution. Confirming our findings on immune response patterns, we 

found that neutrophil numbers were highest in GPP, followed by PPP and AGEP, and a 

significant difference was observed between AGEP and GPP. Consistent with cytotoxic marker 

genes being highly expressed in ADR, the number of CD8+ T cells was highest in ADR, 
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followed by AGEP, which had significantly higher levels than in GPP. The number of activated 

NK cells was also highest in ADR, followed by GPP and AGEP. When comparing AGEP and 

GPP, we found higher cell counts of CD8+ T cells, naïve B cells and M2 macrophages in AGEP, 

suggesting that AGEP may have a stronger cytotoxic profile than GPP. Resting dendritic cell 

numbers were significantly increased in ADR and lower in GPP than in HCO, while monocyte 

numbers were significantly higher in AGEP, GPP, and ADR than in healthy skin (Fig. 6). 

 

To further investigate the subtle differences between AGEP and GPP, we divided the GPP 

samples into two groups, drug-induced and non-drug-induced GPP, and analyzed their gene 

expression profiles compared to AGEP. Of the 40 AGEP and 30 GPP samples initially included 

in the RNA-Seq data analysis, 20 were excluded due to the lack of information on flare triggers. 

Results of multivariate principal component analysis (PCA) reveal that the expression profiles of 

drug-induced GPP samples were more similar to AGEP than non-drug-induced GPP, which 

clustered separately (Fig. 7A). When comparing AGEP with drug-induced GPP, we found no 

evidence of differentially expressed genes (Fig. 7B), but when comparing AGEP with non-drug-

induced GPP, we found 7 DEGs (3 upregulated, TXNIP, IRX3, ZBTB16 and 4 downregulated 

genes, FERMT1, IL1RN, PNP, ALOX12B) (Fig. 7C, D). In addition, the CIBERSORTx results 

show that the number of neutrophils was significantly higher in non-drug-induced GPP than in 

AGEP and drug-induced GPP. The number of CD8+ T cells was slightly higher in AGEP than in 

non-drug-induced GPP, but did not reach significance (Fig. 7E, F, Supplementary Fig. 3). 

Furthermore, the expression of immune response patterns in drug-induced GPP was very similar 

to those in AGEP samples, with considerably lower expression of type 3 immune response- and 

neutrophil-related genes compared to non-drug-induced GPP (Fig. 7G). The analysis of 

histological features revealed no significant differences between AGEP, drug-induced and non-

drug-induced GPP (data not shown).   
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Discussion  

This multicenter study identified a strong overlap between the transcriptome profiles of AGEP 

and GPP, with only two significantly altered genes. Thirteen out of the 15 top significantly 

enriched gene ontology terms were present in both AGEP and GPP compared to healthy skin 

(e.g., cell chemotaxis, cytokine-mediated signaling pathway and immune effector process). 

Interestingly, the stark contrast of the GPP transcriptome compared to ADR (191 deregulated 

genes) was much smaller in AGEP vs. ADR (52 genes), as might have been expected given that 

AGEP is regarded a severe cutaneous drug reaction. Breaking down the expression of marker 

genes for type 1, type 2, type 3, neutrophil, and cytotoxicity-related immune response patterns, 

AGEP samples had a stronger cytotoxic signature than GPP, with higher expression of 

cytotoxicity marker genes (e.g., PRF1, GZMB, and GNLY), again explainable as a drug reaction. 

GPP, on the other hand, had the strongest Th-17/type 3 and neutrophil-related signature, while 

AGEP samples had weaker Th-17/type 3 signature expression and a slightly weaker expression of 

neutrophil-related transcripts. The cytotoxic signature in AGEP was confirmed by CIBERSORTx 

(34,35), revealing higher number of CD8+ T cells, naïve B cells and M2 macrophages in AGEP, 

while the number of neutrophils was higher in GPP. All these findings confirm in AGEP, drug-

specific cytotoxic T cells, possibly together with NK cells and NKT cells, induce apoptosis of 

keratinocytes via cytotoxic proteins such as granzyme B, perforin and granulysin (7,36). IL-17 

expression by neutrophils, mast cells and macrophages is increased in AGEP patients, suggesting 

that innate cells may also be involved in the pathogenesis (37). Drug-specific T cells from 

patients with AGEP were shown to have a predominant Th1 cytokine profile and an increased 

production of interferon (IFN)-γ and granulocyte/macrophage colony-stimulating factor (GM-

CSF), which regulate neutrophilic inflammation through the production of CXCL-8 (38). Indeed, 

we saw that the expression of Th1/type 1-related immune response patterns was highest in ADR, 

while AGEP samples had moderately high expression and GPP samples showed lower 

expression.  

The only two significant genes in AGEP compared to GPP were PDK4 and ZBTB16, both of 

which were downregulated in GPP, PPP and PSO as compared to AGEP and ADR, both showing 

similar expression levels to healthy skin. PDK4 (pyruvate dehydrogenase kinase 4) is a key 

mitochondrial enzyme that regulates energy metabolism (28) and is enriched in monocytes, 

eosinophils and myeloid DCs according to the human protein atlas (39,40). Furthermore, PDK4 
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expression is increased in wound healing (41) and negatively regulates IL-10 production by 

macrophages (42)). ZBTB16 (zinc finger and BTB domain containing 16) is a lineage-

determining transcription factor for innate-like T cells and is expressed in mucosa-associated 

invariant T (MAIT) cells, NKT- cells, NK cells and γδT cells (29,39,40), and has been shown to 

be expressed by γδT cells in psoriasis (43). However, we were unable to detect γδ T cells, and no 

significant difference was detected in NK cell numbers between AGEP and GPP samples, so the 

clinical relevance of these two significantly altered genes remains to be determined.   

AGEP and GPP have a similar pathogenesis, such as mutations in IL-36 receptor antagonist 

(IL36RN) (12,13), aberrant IL-36 signaling (11,44,45), and increased expression of IL-17 (7,46). 

In GPP, IL-1 and IL-36 trigger an inflammatory response of keratinocytes via the expression of 

chemokines, leading to neutrophil recruitment. In our dataset, the expression of the key 

neutrophil chemoattractants CXCL1 and CXCL8 was highest in GPP and PPP, considerably lower 

in AGEP and PSO, and showed levels similar to healthy skin in ADR. Furthermore, in vitro 

models have shown that neutrophils regulate IL-36 activity in GPP (47), in addition to their 

recently described role as IL-26 producers (31), emphasizing the importance of neutrophils in 

pustular psoriasis (47). IL-26 induces overexpression of IL-1, leading to keratinocyte activation 

via IL-26R and increased neutrophil recruitment via CXCL-1 and CXCL-8 (31,48,49). We found 

that IL26 expression was highest in GPP and PPP, whereas AGEP had levels similar to healthy 

skin, suggesting that the autoinflammatory circuit (leading to keratinocyte activation and 

neutrophil recruitment) may not yet be fully developed in AGEP. Unexpectedly, we found that 

the expression of IL36G (the gene encoding IL-36γ), was highest in PPP, followed by PSO and 

GPP, and only moderately expressed in AGEP. In addition, the expression of genes related to 

Th17 signaling and the number of neutrophils and neutrophil-related transcripts were slightly 

lower in AGEP than in GPP samples, suggesting that these two subtly differ and that important 

features of chronic autoinflammatory disease are not yet fully established in AGEP.   

Consistent with previous studies, we found high expression of type 1 and type 2 signature genes 

(50,51) and a very strong cytotoxic pattern in ADR (50,52) with a high expression of genes for 

granulysin, known to be expressed by NK cells and cytotoxic T cells, and granzyme B and 

perforin, known to be highly expressed by cytotoxic T cells (36). The immune cell composition 

in ADR samples was characterized by the highest number of CD8+ T cells, activated NK cells, 

and macrophages. AGEP samples shared common features with ADR, as evidenced by only 52 
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significantly altered genes between the two, upregulation of genes related to cytotoxicity, and 

significantly increased numbers of CD8+ T cells and macrophages. In agreement with previous 

studies (22,53), we found that the transcriptome profiles of GPP were similar to those of PPP 

(only 17 DEGs), demonstrating that both share common modulated genes. The expression of 

immune response patterns was also similar, although the expression of most neutrophil transcripts 

was weaker in PPP. This is consistent with the CIBERSORTx results, which indicate similar 

immune cell compositions in GPP and PPP, with slightly more neutrophils, monocytes and M2 

macrophages in GPP, consistent with their classification as variants of pustular psoriasis (5,54).  

Although the gene expression analysis of FFPE tissues is associated with challenges such as 

formalin-induced RNA degradation, protein-coding transcripts of fresh-frozen and FFPE tissues 

strongly correlate (55), and FFPE-RNA-Seq is a valuable tool for analyzing archived skin biopsy 

samples (22,56). We have successfully analyzed samples with a remarkable age range of 0.1 to 

20.2 years, making our approach particularly relevant for the study of rare skin diseases such as 

GPP and AGEP, where tissue availability is limited. In agreement with previous studies (57–59),  

a moderately high expression of Th17-related genes was observed in PSO, although the 

expression of known proinflammatory cytokines (e.g. IL17A, IL23A, TNF) was surprisingly low. 

In addition, the analysis of immune cell composition revealed generally low levels, which could 

be explained by the fact that the skin biopsy samples are usually from chronic skin lesions, in 

which the expression of immune cell transcripts could be lower than in the skin with acute 

inflammation present in AGEP, GPP and ADR. 

In a recent study, Baum et al. investigated the molecular expression patterns after IL-36R 

blockade with spesolimab in patients with GPP and defined marker genes with expressions that 

changed rapidly after treatment and correlated with clinical improvement (53). The genes that 

responded to anti-IL-36R blockade were categorized into: keratinocyte-mediated inflammation, 

neutrophil recruitment, neutrophilic transcripts and pro-inflammatory mediators. When analyzing 

their gene expression in our dataset, we confirmed that these anti-IL-36R blockade responder 

genes are highly expressed in our GPP samples, and found that their expression pattern is similar, 

albeit slightly weaker, in AGEP and PPP, highlighting that AGEP, and GPP share a common 

dysregulation in genes related to neutrophils, neutrophil chemotaxis and inflammatory IL-36 

signaling, which could be potentially targeted with spesolimab. Surprisingly however, spesolimab 

failed to demonstrate efficacy in the examined study populations in PPP (60,61). 
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To test the hypothesis that AGEP is a drug-induced variant of GPP, we compared the 

transcriptome profiles and histologic features and found them to be very similar. However, when 

comparing AGEP with non-drug-induced GPP, slight differences in the transcriptome profile 

were observed. Non-drug-induced GPP samples were clustered separately, (as evident in the PCA 

plot), and we found seven significantly changed genes. These included IL1RN, which encodes the 

receptor antagonist of IL-1 (62), FERMT1, which is associated with Kindler syndrome and 

epidermis development (63), and TXNIP, which regulates keratinocyte differentiation (64). 

Furthermore, the immune response signatures of non-drug-induced GPP differed from those of 

AGEP and drug-induced GPP, displaying a higher expression of type 3/Th17 and neutrophil-

related genes and significantly higher numbers of neutrophils.  

 

Conclusion  

Taken together, the transcriptome profiles of drug-induced GPP and AGEP strongly matched, 

and not a single parameter examined allowed us to differentiate between the two conditions. 

Therefore, we propose that AGEP can be considered a drug-induced variant of GPP. This is 

consistent with a recent report that anti-IL-36 treatment with spesolimab (approved for GPP) has 

been clinically effective in AGEP (65). Together, these findings are particularly important for the 

clinical diagnosis of IL-36 spectrum diseases such as GPP (6), as the “wait-and-watch” strategy 

commonly used in AGEP may lead to the first episode of GPP being overlooked, in turn, leading 

to exacerbation and potential progression of the patient’s disease. 
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Figure legends  

Figure 1: Histopathologic features of AGEP and GPP. HE-stained sections of AGEP (n = 49) and GPP 

(n = 43) samples were examined for the presence (black; “yes”) or absence (gray; “no”) of histologic 

features. Significance was set at *p < 0.05; **p < 0.01; ***p < 0.001 and tested with Fisher’s exact test.  

 

Figure 2: Transcriptome profiles of AGEP and GPP samples largely overlap, but differ from PPP, 

PSO, ADR, and HCO samples and the numbers of differentially expressed genes differ between 

pairwise comparisons of groups. Overview of approach and number of included samples for histological 

and transcriptomic analyses (A). PCA scores plot representing the transcriptome profile of each sample (n 

= 108 in total), where nearness signifies similarity in expression. The PCA was based on the top 500 genes 

(highest row variance) and the ellipses mark the 95% confidence interval for each group with sample 

numbers given in (B). PCA scores plot as in (B) colored by female (red; n = 61) and male patients (blue; n 

= 47) shows no notable trend by sex (C). The bar graph shows the number of significantly changed genes 

(BH adjusted p < 0.05, s-value (estimated false sign/small effect rate) < 0.005 and absolute LFC > 1 in 

each comparison (n = 15). Blue symbolizes significant downregulation and red upregulation (D). AGEP, 

acute generalized exanthematous pustulosis; GPP, generalized pustular psoriasis, ADR, cutaneous adverse 

drug reaction; PPP. palmoplantar pustulosis; PSO, plaque psoriasis; HCO, healthy control subjects.  

Figure 3: Gene intersections and top 15 shared pathways representing an inflammatory core 

signature in AGEP, GPP, ADR, PPP and PSO samples. UpSet plots showing all possible overlaps of 

differentially expressed genes (DEGs) across all pairwise comparisons with intersections being visualized 

as connected dots. The number of overlapping DEGs is shown on the top of each column. The columns on 

the left show the number of DEGs for each pairwise comparisons. Significantly upregulated genes are 

shown in (A) and significantly downregulated genes are shown in (B). Pathway analysis showing the top 

15 significantly enriched gene ontology terms that are shared in the pairwise comparisons of AGEP, GPP, 

ADR, PPP, and PSO with HCO (C).  

Figure 4: Differentially expressed genes and pathways in AGEP and GPP samples compared to each 

other and to HCO samples. Heatmap showing the two significantly upregulated protein-coding genes 

comparing AGEP with GPP (A). Volcano plots showing differentially expressed genes (DEGs, BH 

adjusted p < 0.05, s-value < 0.005, |LFC| > 1) for the comparisons of AGEP vs. GPP (B), AGEP vs. HCO 

(C), and GPP vs. HCO (D). Blue symbolizes significant downregulation and red upregulation. Dots plot of 

GSEA (gene set enrichment analysis) results illustrating GO (gene ontology) biological processes in 

AGEP vs. GPP (E), AGEP vs. HCO (F) and GPP vs. HCO (G), with the top 15 significant positively or 

negatively enriched pathways based on co-expressed genes. The gene ratio is the percentage of genes that 

significantly correlated from the total number of genes associated to that process. Terms are ranked by 

decreasing gene ratio; NES, normalized enrichment score, reflecting enrichment of a gene set, adjusted for 

size and directionality. Comparison of DEG results for GPP vs. HCO with AGEP vs. HCO (H). The bar 

chart summarizes the overlap of up- and downregulated genes. Gray symbols mark genes that are not 

significant in both comparisons (cut-offs as in B-D). Red-pink hues mark genes that are significantly 

upregulated in both or only of the comparisons, while blue-yellow hues mark the downregulated genes. 

Note that none of the significantly regulated genes show an opposing regulation direction.  

Figure 5: Expression of immune response patterns and anti-IL-36R blockade responder genes. 

Heatmap showing the average expression per group of pre-defined immune response patterns genes, 

grouped into type 1/Th1-, type 2/Th2, type 3/Th17-, neutrophil-, and cytotoxicity-related genes (A). 

Heatmap showing the average expression (z-scaled vst expression levels) per group of anti-IL-36R 

blockade responder genes grouped into keratinocyte-mediated inflammation, neutrophil recruitment, 

neutrophilic transcripts and pro-inflammatory mediator (marker genes adapted from (53)). 

Jo
urn

al 
Pre-

pro
of



 25 

Figure 6: Immune cell infiltration differs slightly between AGEP and GPP skin biopsy samples 

shown by digital flow cytometry via a CIBERSORTx analysis of RNA-Seq data. Of the 22 immune 

cell types included in CIBERSORTx, ten cell types were detected and are shown here. Comparison of 

different immune cell types in AGEP vs. GPP and AGEP, GPP, ADR, PPP, and PSO vs. HCO pairwise 

comparisons. Bars represent mean ± SD; significance was set at *p < 0.05; **p < 0.01; ***p < 0.001 and 

determined with linear mixed effects models.  

Figure 7: Transcriptome profiles of AGEP and drug-induced GPP samples largely overlap, but 

profiles of non-drug-induced GPP samples subtly differ from those of AGEP samples. PCA scores 

plot representing the transcriptome profile of each sample (n = 50 in total), where nearness signifies 

similarity in expression. PCA was based on the top 500 genes (highest row variance), the ellipses mark the 

95% confidence interval for each group: AGEP (n = 35), drug-induced GPP (n = 8) and non-drug-induced 

GPP (n = 7) (A). Volcano plots showing differentially expressed genes (DEGs, BH adjusted p < 0.05, 

s-value < 0.005, |LFC| > 1) for the comparisons AGEP vs. drug-induced GPP (B) and AGEP vs. non-drug-

induced GPP (C). Blue symbolizes significant downregulation and red upregulation. Heatmap showing the 

seven differentially expressed genes comparing AGEP with non-drug-induced GPP (D). Digital flow 

cytometry via a CIBERSORTx analysis of RNA-Seq data for neutrophils (E) and CD8+ T cells (F). Bars 

represent mean ± SD; significance was set at *p < 0.05; **p < 0.01; ***p < 0.001 and determined with 

linear mixed effects models (E, F). Heatmap showing the average expression (z-scaled vst expression 

levels) per group of pre-defined immune response patterns genes, grouped into type 1/Th1-, type 2/Th2, 

type 3/Th17-, neutrophil-, and cytotoxicity-related genes (G).  
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