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GRAPHICAL ABSTRACT
Capsule summary: IL-18 drives secretion of pathogenic cytokines from TH2 cells in atopic dermatitis (AD), with IL-9

upregulating IL-18 receptor on TH2 cells via an IL-9R–JAK1/JAK3-STAT1 signaling cascade, thus identifying new

potential therapeutic targets for the treatment of AD.
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Abbreviations used

AD: Atopic dermatitis

AP-1: Activator protein 1

APC: Antigen-presenting cell

CRTH2: Chemoattractant receptor-homologous molecule ex-

pressed on TH2 cells

DMSO: Dimethyl sulfoxide

FACS: Fluorescence-activated cell sorting

gc: Common g chain

HD: Healthy donors

IL-18BP: IL-18 binding protein

IL-18R: IL-18 receptor

ILC2: Group 2 innate lymphoid cells

IRAK4: IL-1R–associated kinase 4

JAK: Janus kinase

NF-kB: Nuclear factor kappa–light-chain enhancer of activated B

cells

PBMC: Peripheral blood mononuclear cell

PSO: Psoriasis

pTH: Pathogenic T helper

RNA-Seq: RNA sequencing

RT-qPCR: Real-time reverse transcription–quantitative PCR

STAT: Signal transducer and activator of transcription
Background: TH2 cells crucially contribute to the pathogenesis
of atopic dermatitis (AD) by secreting high levels of IL-13 and
IL-22. Yet the upstream regulators that activate TH2 cells in AD
skin remain unclear. IL-18 is a putative upstream regulator of
TH2 cells because it is implicated in AD pathogenesis and has
the capacity to activate T cells.
Objective: We sought to decipher the role of IL-18 in TH2
responses in blood and skin of AD patients.
Methods: Peripheral blood mononuclear cells and skin biopsy
samples from AD patients and healthy donors were used.
Functional assays were performed ex vivo using stimulation or
blocking experiments. Analysis was performed by flow
cytometry, bead-based multiplex assays, RT-qPCR, RNA-Seq,
Western blot, and spatial sequencing.
Results: IL-18Ra1 TH2 cells were enriched in blood and
lesional skin of AD patients. Of all the cytokines for which TH2
cells express the receptor, only IL-9 was able to induce IL-18R
via an IL-9R–JAK1/JAK3-STAT1 signaling pathway.
Functionally, stimulation of circulating TH2 cells with IL-18
induced secretion of IL-13 and IL-22, an effect that was
enhanced by costimulation with IL-9. Mechanistically, IL-18
induced TH2 cytokines via activation of IRAK4, NF-kB, and
TCR: T-cell receptor

TSLP: Thymic stromal lymphopoietin

TYK2: Tyrosine kinase 2
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AP-1 signaling in TH2 cells, and neutralization of IL-18
inhibited these cytokines in cultured explants of AD skin lesions.
Finally, IL-18 protein levels correlated positively with disease
severity in lesional AD skin.
Conclusion: Our data identify a novel IL-9/IL-18 axis that
contributes to TH2 responses in AD. Our findings suggest that
both IL-9 and IL-18 could represent upstream targets for future
treatment of AD. (J Allergy Clin Immunol 2025;155:491-504.)

Key words: Atopic dermatitis (AD), interleukin-9 (IL-9), IL-9 recep-
tor (IL-9R), interleukin-18 (IL-18), interleukin-18 receptor (IL-18R),
interleukin-1 receptor–associated kinase 4 (IRAK4), pathogenic TH2
cells (pTH2), upstream regulator of TH2 cells

Atopic dermatitis (AD) is a common chronic inflammatory
skin disease with a devastating impact on the quality of life of
affected patients.1,2 Although significant advancements have
been made in the therapeutic landscape of AD, a significant
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proportion of patients remain with inadequately controlled dis-
ease, underscoring the need for novel treatment modalities.3

This gap in effective management may be attributed to the com-
plex nature of AD pathogenesis, which is dominated by the aber-
rant activation of TH2 cells in lesional skin that secrete high levels
of IL-13 and IL-22.4,5 Yet the upstream regulators that activate
TH2 cells in human AD skin remain incompletely understood.
Identifying proinflammatory upstream regulators of pathogenic
T-cell populations holds the promise of uncovering novel thera-
peutic targets. In psoriasis (PSO), targeting IL-23 upstream of
pTH17 cells is more efficient and safer than neutralizing cytokines
such as IL-17A downstream of both pathogenic and homeostatic
TH17 cells.6,7 This clinical observation, together with a broad
range of experimental findings,8,9 suggests that IL-23–specific in-
hibition prevents the activation and maintenance of pTH17 cells
while allowing IL-23–independent production of IL-17A from
homeostatic TH17 cells to maintain epithelial barrier integrity.7

This model helps explain why targeted IL-23 blockade is highly
effective in PSO yet not associated with relevant cutaneous infec-
tions.10 It is therefore tempting to speculate that targeting up-
stream activators of pTH2 cells in a manner analogous to PSO
may be highly efficient and safe for treating AD. As a conse-
quence, identifying upstream cytokines that regulate TH2 cell
activation in AD is of utmost interest. Importantly, TH2 cells
with a ‘‘pathogenic’’ phenotype have been identified in a variety
of atopic diseases, including AD, and termed ‘‘pathogenic’’ TH2
cells because of their intricate link to disease pathogenesis.
Such pTH2 cells commonly express CRTH2 (chemoattractant
receptor-homologous molecule expressed on TH2 cells), a G
protein–coupled receptor that enables them to sense prosta-
glandin D2, which further enhances their activation.11

In AD, IL-18 emerges as a promising candidate for the role as a
proinflammatory upstream regulator of pathogenic T cells, as
multiple lines of evidence link IL-18 to AD pathogenesis. First,
gene variants close to the IL18R1 gene are associated with AD
risk.12-14 Second, elevated IL-18 protein levels in skin of normal in-
fants are strongly associated with the risk of developing severe AD
within the first 2 years of life.15 Third, IL-18 protein levels in both
lesional and nonlesional skin and in serum correlate with disease
severity of AD.16-19 Fourth, IL-18 negatively affects skin barrier
protein levels, including filaggrin, and individuals with filaggrin
gene mutations and low natural moisturizing factor levels show
increased expression of IL-18.20-22 Fifth, mouse models show IL-
18–dependent increase of signs and symptoms of AD-like skin
inflammation.23,24 Finally, murine group 2 innate lymphoid cells
(ILC2s), the evolutionary precursors of TH2 cells,25 express the
IL-18 receptor (IL-18R) specifically in skin, and secrete IL-13 after
IL-18 stimulation.26 Taken together, there is circumstantial and
experimental evidence from both humans and mice to suggest a
proinflammatory, disease-driving role of IL-18 inADpathogenesis.
However, the mechanisms by which IL-18 may promote type 2
inflammation in human AD remain poorly understood.

The IL-1 family member IL-18 is a potent proinflammatory
cytokine that plays a crucial role in the host defense against
infections by regulating both innate and acquired immune
responses. IL-18 is constitutively expressed by various cell types
as proIL-18, an inactive precursor.17 In human skin, it is mainly
produced by keratinocytes and, to a lesser degree, by antigen-
presenting cells (APCs) such as Langerhans cells.27,28 Upon in-
flammasome activation, proIL-18 is cleaved, leading to the secre-
tion of mature IL-18.29 Its biological activity is mediated through
binding to the IL-18R, comprising the IL-18Ra chain (encoded
by IL18R1) and the IL-18R accessory protein (IL18RAP). Bind-
ing of IL-18 to IL-18R activates downstream signaling pathways
involving key proteins such as IL-1 receptor–associated kinase 4
(IRAK4), nuclear factor kappa–light-chain enhancer of activated
B cells (NF-kB), and activator protein 1 (AP-1).30 In human skin,
IL-18R is mainly expressed on T cells, Langerhans cells, and
other APCs. The functional effect of IL-18 on its target cells is
best studied in natural killer cells and TH1 cells, in which IL-18
induces the production of large amounts of IFN-g to promote a
type 1 immune response.17 However, its proinflammatory role
in a prototypical TH2-driven disease such as AD has remained a
conundrum.5

Another cytokinewhose role in AD remains unclear is IL-9. IL-
9 belongs to the family of common g chain (gc) cytokines and is
linked to type 2 immunity and immunopathology.31 In human
skin, IL-9 is mainly secreted by recently activated TH2 cells dur-
ing early phases of allergic skin inflammation, where it has been
shown to have auto- and paracrine proinflammatory func-
tions.32-34 While IL-9 has been shown to be increased in lesional
skin and serum of AD patients,35,36 its functional involvement in
AD remains poorly defined.

To address this, and to shed light on the putative role of IL-18 as
upstream regulator of TH2 cells in AD, we analyzed the functional
effect of IL-18 on TH2 responses in blood and skin of AD patients.
Given the well-established pathogenic function of TH2 cytokines
in AD, we focused our analysis on the ability of IL-18 to promote
secretion of IL-13 and IL-22 from TH2 cells. Although TH22 cells
are an important source of IL-22,37 several studies, including
single-cell RNA sequencing data from AD and other atopic dis-
eases, indicate that TH2 cells can also secrete significant amounts
of IL-22.4,38-41 We found that IL-18 indeed promotes TH2 re-
sponses in AD patients and uncover a hitherto unidentified role
for IL-9 in regulating the expression of IL-18R on TH2 cells.
METHODS

Study design
This study aimed to investigate the functional role of IL-18 in

the pathogenesis of AD. We used human peripheral blood
mononuclear cells (PBMCs) from HD and AD patients as well
as lesional AD skin biopsy samples to assess IL-18Ra expression
and cytokine secretion in CRTH2-expressing TH cells by flow cy-
tometry. Downstream target induction by IL-18 was investigated
using in vitro primed TH2 cells. The transcriptional profile of
fluorescence-activated cell sorting (FACS)-sorted TH2 clones
incubated with IL-9 was analyzed by RNA sequencing (RNA-
Seq) in order to evaluate the molecular signature of IL-9. To
assess the mechanism by which IL-9 induces IL-18R, phosphor-
ylation of downstream targets was measured in TH2 clones by
flow cytometry. Group sizes and numbers of repetitions are indi-
cated in the figures.

Human blood was obtained from HD at the Swiss Blood
Donation Center in Bern and used in compliance with the Federal
Office of Public Health (authorization P_149). The study on
human patient samples was approved by the medical ethics
committee of the canton of Bern, Switzerland (no. 088/13; 2019-
01068; 2019-00803). Written informed consent was obtained
from all participants. Patient demographics are listed in Tables E1
and E2 in the Online Repository available at www.jacionline.org.
Mechanistic studies were carried out using in vitro assays on
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human tissue and blood samples, without implementing blinding
or randomization.
Isolation of human PBMCs
Following the manufacturer’s standard operating procedure,

PBMC isolation using SepMate (STEMCELLTechnologies) was
used to isolate PBMCs.
Generation of in vivo primed TH2 clones
CD41 T cells were isolated from PBMCs using the EasySep

Human CD4 Positive Selection Kit II (catalog 17852, STEM-
CELLTechnologies) as per the manufacturer’s instructions. Indi-
vidual memory TH2 cell subsets were sorted with a purity of
>90% according to the chemokine receptor expression
CXCR32CCR41CRTH2

1 or CXCR32CCR41CCR81 from
CD45RA2CD252CD82CD31 cells using MoFlow ASTRIOS
with Summit 6.3.1 software (Beckman Coulter) into a 96-well
plate. Individual cells were grown by periodic activation with
phytohemagglutinin-L (1mg/mL; 11249738001, Sigma-
Aldrich) and irradiated allogeneic feeder cells (53 104 per
well) in culture medium. Half of the nutrient medium for T-cell
culture was replaced with fresh medium every second day, start-
ing from day 2 after reactivation. TH2 cell clones were analyzed in
the resting state (>_14 days after the last expansion).
Generation of in vitro primed TH2 cells
Human naive T cells were isolated from PBMCs using the

EasySep Human Na€ıve CD41 T Cell Isolation Kit II (17555,
STEMCELL Technologies) as per the manufacturer’s instruc-
tions. Naive T cells were stimulated with aCD3/CD2/CD28
beads (T cell/bead 5 2:1; 130-091-441, Miltenyi Biotec) and
primed into TH2 cells with IL-4 (50 ng/mL) (BioLegend). From
cell culture initiation to analysis at day 25, the culture medium
was supplemented with the indicated cytokines every other day.
At day 10, T cells were polyclonally activated using ImmunoCult
Human CD3/CD2/CD28 T Cell Activator (1:200; 10970, STEM-
CELL Technologies).
T-cell culture
T cells were cultured as previously described.33 For inhibition

of Janus kinase (JAK) 1 and JAK3, in vivo primed TH2 clones
were incubated with upadacitinib (50 nmol) or ritlecitinib
(100 nmol), respectively, in either IL-2 (50 U/mL) and dimethyl
sulfoxide (DMSO) alone or together with IL-9 (5 ng/mL). After
24 hours, IL-18Ra expression levels were measured by flow
cytometry. For IRAK4, degradation, in vitro primed TH2 cells
were preincubated with either DMSO or KT-474 (SAR444656;
1 mmol). After 24 hours, KT-474 and DMSO were replenished,
and IL-18 (100 ng/mL) was added. To assess IL-13 secretion,
cell culture supernatants were collected and analyzed by
LEGENDplex Human Th Cytokine Panel (12-plex) (741027,
BioLegend) according to the manufacturer’s instructions.
Isolation of human T cells from skin biopsy samples
Lesional skin biopsy samples were obtained from patients with

AD. In order to assess IL-18Ra expression levels on CRTH2
1 and

CRTH2
2 TH cells, the subcutaneous fat was removed.
Subsequently, the sample was cut into 4 pieces and digested using
the human Whole Skin Dissociation Kit (130-101-540, Miltenyi
Biotec) according to manufacturer’s protocol. After digestion,
the tissue was cut into small pieces and passed through a 70 mm
filter, followed by a 40 mm cell strainer. After centrifugation,
flow cytometry was used to analyze the cells.

To investigate neutralization of IL-18 signaling, the subcu-
taneous fat of lesional AD skin biopsy samples was removed and
the samples were quartered. Two nonadjecent quarters each were
incubated in culture medium with or without IL-18 binding
protein (IL-18BP; BioLegend). Cells that egressed from the
sample were collected and analyzed by flow cytometry.
Flow cytometry
All antibodies used for flow cytometry are listed in Table E3 in

the Online Repository available at www.jacionline.org. For sur-
face staining, cell suspensions were incubated with antibodies
in CellWASH (349524, BD Biosciences) at room temperature
for 20 minutes. For intracellular detection of IRAK4 and phos-
phorylated STAT (signal transducer and activator of transcription)
proteins, p65, and c-Jun, cells were fixed with fixation buffer
(420801, BioLegend), permeabilized with True-Phos Perm
Buffer (425401, BioLegend), and stained according to the manu-
facturer’s instructions. To assess cytokine production, cell culture
supernatants were collected and analyzed by the LEGENDplex
Human Th Cytokine Panel (12-plex) (741027, BioLegend) or
the human IL-13 Secretion Assay–Detection Kit (PE) (130-093-
479, Miltenyi Biotec), and then cells were collected after treat-
ment and labeled according to the manufacturer’s instructions.
Data were acquired on CytoFLEX (Beckman Coulter) and
analyzed by CytExpert 2.5 (Beckman Coulter) or FlowJo 10.9.0
(Becton Dickinson) software.
Western blot analysis
All antibodies used forWestern blot analysis are listed in Table

E3. For the analysis of JAK1, JAK3, and tyrosine kinase 2 (TYK2)
phosphorylation, 1 3 106 in vivo primed TH2 clones were
collected after treatment, washed with phosphate-buffered saline
containing the Halt Protease and Phosphatase Inhibitor Cocktail
(78446, Thermo Fisher Scientific), and lysed in 20 mmol Tris-
HCl pH 7.5, 0.5% Nonidet P-40, 25 mmol NaCl, and 2.5 mmol
EDTA containing the Halt Protease and Phosphatase Inhibitor
Cocktail (78446, Thermo Fisher Scientific). Protein concentra-
tion was measured using the Pierce BCA protein assay kit
(23227, Thermo Fisher Scientific). Sample loading buffer consist-
ing of 62.5 mmol Tris-HCl (pH 6.8), 2% 2-mercaptoethanol, 2%
SDS, 0.02% bromophenol blue, 14.8% glycerol, and 6 mol urea
were added to the samples, and 7 mg of protein per lane were
loaded onto a 10% SDS-PAGE gel. After electrophoresis
(150 V, 45minutes), proteins were transferred to a 0.45mmNitro-
cellulose Blotting membrane (GE10600002, Amersham Protran)
by wet transfer (100 V, 75 minutes). Nonspecific sites were
blocked for 1 hour with 5% nonfat milk in a TBS-T buffer
(25mmol Tris, pH 7.5, 150mmol NaCl, and 0.1%Tween 20). Pri-
mary antibodies were incubated overnight at 48C. Membranes
were washed with the TBS-T buffer and incubated for 1 hour at
room temperature with the corresponding secondary antibodies.
Using Western Bright Quantum (K-12042-C20, Advansta) or
SuperSignal West Atto Ultimate Sensitivity Substrate (A38556,

http://www.jacionline.org
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Thermo Fisher Scientific), the binding of specific antibodies was
then visualized by Fusion Pulse TS and Evolution Capt Pulse 6
17.02 (Vilber) software.

RT-qPCR
For RT-qPCR (real-time reverse transcription–quantitative

PCR), total RNA was isolated from cultured in vitro–primed T
cells using the RNeasy Kit (74004, Qiagen) according to the man-
ufacturer’s instructions. Total mRNA quality was measured using
the NanoDrop One/One Microvolume UV-Vis Spectrophotom-
eter (701-058112, Thermo Fisher Scientific). The Omniscript
RT Kit (205113, Qiagen) was used to generate complementary
DNA. Real-time PCR was performed using TaqMan probe-
based assays and measured using the 7300 Real-Time PCR Sys-
tem (Applied Biosystems; Thermo Fisher Scientific) and
Sequence Detection 1.4 software. The expression of each ligand
transcript was determined relative to the reference gene transcript
(HPRT-1) and normalized to the expression of the target gene us-
ing the 22DDCt method. Data are displayed as arbitrary relative
units. All primers used are listed in Table E4 in the Online Repos-
itory available at www.jacionline.org.
Next-generation sequencing and data analysis
Five IL-9R1TH2 clones isolated from blood and 3 IL-9R1TH2

clones isolated from skin biopsy samples of HDwere incubated in
recombinant human IL-2 (5 U/mL) and in the presence or absence
of recombinant human IL-9 (5 ng/mL) for 12 hours. The RNeasy
Micro Kit (74004, Qiagen) was used for total RNA isolation ac-
cording to manufacturer’s instructions, and RNA-Seq was per-
formed. The samples were submitted to the Next Generation
Sequencing (NGS) Platform (Institute of Genetics, University
of Bern). RNA integrity was analyzed by Qubit. For all samples,
the RNA integrity number values were >_8. The total RNA was
transformed into a library of template molecules using TruSeq
Stranded mRNA Sample Preparation Kits (Illumina) and the Ep-
Motion 5075 (Eppendorf) robotic pipette system. Single-end
100 bp and paired-end 50 bp sequencing were performed using
HiSeq3000 (Illumina). The RNA-Seq reads were mapped to the
reference human genome (GRCh38, build 81) using the HISAT2
2.0.446 aligner.42 HTseq-count 0.6.147 was used to count the
number of reads per gene,43 and the DESeq2 1.4.548 package44

was used to test for differential expression between groups of
samples. The RNA-Seq data are deposited on BioStudies (acces-
sion no. E-MTAB-12204). Table E5 in the Online Repository
available at www.jacionline.org lists the recombinant proteins
and chemicals used.

To investigate IL18R1 expression in blood of PSO and blood
and skin of AD patients, a publicly available single-cell RNA
sequencing dataset (EGAS00001007055)4 was reanalyzed by
the Seurat 4.0 package.45 The publicly available RNA-Seq dataset
(GSE206391) was reanalyzed as previously described46 to eval-
uate the spatial transcriptomic landscape of IL18, IL13, IL18R1,
and IL18RAP in nonlesional and lesional PSO and AD skin.
Statistical analysis
GraphPad Prism 10.1.2 (GraphPad Software) was used for

statistical analysis. Between-group comparisons were conducted
with either a 1-way or 2-way ANOVA followed by pairwise
comparisons for each group. To correct for multiple testing, the
Dunnett, Tukey, or �S�ıd�ak test was used. Matched samples were
analyzed by 2-tailed paired t tests or repeated-measures ANOVA.
The n values and corresponding statistical methods for individual
experiments are indicated in figures. For all statistical analyses, a
95% confidence interval and P < .05 were considered significant.

Skin tape strip collection and measurement of

protein concentrations
Skin tape strips were collected daily for 10 consecutive days

using CuDerm D-squame tape strips mm in diameter (CuDerm).
Eight tape strips were briefly applied to lesional AD skin with a
standardized pressure (225 g/cm2) for 10 seconds using a
D-Squame pressure application pen. The tape was then removed
with forceps, and a new tape was applied. The tapes were individ-
ually placed in sterile, nuclease-free tubes and stored at 2808C.
The sixth tape was used for protein measurements, which were
performed with a MSD Cytokine Multiplex kit (Meso Scale
Diagnostics).
Spatial transcriptomics
Spatial transcriptomicswas performed as previously described.46
RESULTS

TH2 cells expressing IL-18Ra are present in AD
We first investigated whether TH2 cells from blood and lesional

skin of AD patients expressed IL-18R. We analyzed a published
dataset where single-cell RNA and T-cell receptor (TCR)
sequencing was applied on immune cells from skin biopsy sam-
ples andmatched blood samples ofAD and PSOpatients.4 Indeed,
the AD-specific TH2/TH22 cell cluster (as defined by the authors)

4

had significantly upregulated IL18R1 expression, whereas the
PSO-specific TH17/Tc17 cluster did not (Fig 1, A and B). When
comparing TCR-identical TH2 cell clones from blood and skin
of individual AD patients, TH2 cells in the skin showed upregu-
lated IL18R1 expression compared to their counterparts in the
blood.4 In addition, skin TH2 cells also upregulated markers asso-
ciated with pTH2 cells, including PTGDR2 (encoding CRTH2),
IL17RB, and IL9R (Fig 1, C).11,47,48 We then confirmed increased
IL-18Ra protein expression on CRTH2

1 TH2 cells in the blood of
AD patients compared to healthy donors (HD) (Fig 1, D, and see
Fig E1, A, in the Online Repository available at www.jacionline.
org) and detected IL-18Ra-expressing CRTH2

1 TH2 cells in le-
sional skin of AD (Fig 1, E, and Fig E1, B and C). Taken together,
these findings suggest that IL-18Ra1 TH2 cells are increased in
blood and skin of AD patients and that TH2 cells upregulate
markers of pTH2 cells when entering the skin in AD.
IL-9 induces IL-18Ra expression in IL-9R1 TH2 cells

in synergy with IL-2
We next aimed at identifying the cytokine signals that induce

IL-18R expression on pTH2 cells. We stimulated TH2 clones
(selected for their phenotypic similarity to pTH2 cells in terms
of cytokine and cytokine receptor expression, as described previ-
ously32,33) with a selection of type 2 cytokines for which pTH2
cells express the receptor, namely IL-2, IL-4, IL-7, IL-9, IL-15,
IL-21, thymic stromal lymphopoietin (TSLP), TGF-b, and
IL-25 (Fig 2, A, and see Fig E2, A, in the Online Repository avail-
able at www.jacionline.org).11 Of all cytokines tested, only IL-9
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FIG 1. TH2 cells expressing IL-18Ra are present in AD. (A and B) Volcano plot depicting significantly upre-

gulated genes in AD-specific TH2/TH22 (A) and PSO-specific TH17/Tc17 (B) cells isolated from blood

comparing disease-specific TH cell cluster and other CD41 T cells. (C) Volcano plot showing significantly

differentially expressed genes of TCR-identical TH2 cell clones between blood and skin of AD patients. (D)

Representative histogram plot of 1 donor (left) and summary data of IL-18Ra expression on CD41 CRTH2
1

cells isolated from PBMCs of HD or AD patients (right). (E) Representative FACS plots of 1 donor displaying

IL-18Ra and CRTH2 expression on CD41CXCR32CCR41 T cells in lesional AD skin. Data are representative of

independent experiments with 27 donors (D). In (A-C), differences between cell subsets were calculated as

adjusted log fold change, and hypothesis testing was performed by Benjamini-Hochberg–adjusted P value

(DESeq2). In (D), statistical significance was determined by 2-tailed paired t test. Data are shown asmeans6
SDs. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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induced the expression of IL-18Ra in TH2 cell clones, an effect
that was enhanced by increased concentrations of IL-2 (Fig 2,
B, and Fig E2, C). IL-9–induced IL-18Ra expression was dose-
and time-dependent (Fig 2, C, and Fig E2, D) and relied on direct
binding of IL-9 to its receptor, as evidenced by experiments with
an IL-9R–blocking antibody (Fig 2, D, and Fig E2, E).

To verify the in vivo relevance of the above findings, we
confirmed increased numbers of CRTH2

1/IL-9R1 pTH2 cells in
the peripheral blood of AD compared to HD patients (Fig 2, E,
and see Fig E3, A, in the Online Repository available at
www.jacionline.org). Characterization of the chemokine receptor
profile of memory TH cells revealed that IL-9R expression was
significantly enriched in the CXCR32/CCR41/CCR61/CRTH2

1

memory TH cell population, confirming that IL-9R was
preferentially expressed by pTH2 cells (Fig 2, F, and Fig E3, A
and B). IL-9 induced IL-18Ra expression in CRTH2

1, but not
CRTH2

2, memory TH2 cells from PBMCs of AD patients, as
expected (Fig 2, G, and Fig E1, A).

Together, these data suggest that IL-9 is able to induce IL-18Ra
expression on IL-9R1TH2 cells and that a population of CRTH2

1/
IL-9R1/IL-18Ra1 pTH2 cells is increased in AD patients.
IL-9 induces IL-18R expression in IL-9R1 TH2 cells via

JAK1/JAK3-STAT1
We next investigated the mechanisms by which IL-9 induced

IL-18Ra expression in TH2 cells. First, the transcriptional
response of TH2 clones to IL-9 stimulation was measured by
RNA-Seq. In line with our previous results, IL-9 induced expres-
sion of IL18R1 and IL18RAP, but also, surprisingly, expression of
type I IFN–stimulated genes such as DTX3L, PARP9, STAT1, and
IRF9 (Fig 3, A). This was not the result of secretion of IFN-I by
TH2 clones, as neither transcription nor secretion of IFN-I was
observed after IL-9 stimulation (Fig E3, C). Given that the
signaling events that lead to expression of type I IFN–
stimulated genes typically involve signal transducer and activator
of transcription 1 (STAT1),49 we hypothesized that IL-9R was
unique within the family of gc-cytokine receptors in its ability
to induce signaling through STAT1. Indeed, among all gc-cyto-
kines, only IL-9 induced phosphorylation of STAT1, while the
other gc-cytokines variably induced pSTAT3, pSTAT5, and
pSTAT6 (Fig 3, B and C), but not pSTAT1. Phosphorylation of
STAT1 as a result of IL-9R signaling was confirmed in an inde-
pendent experiment, showing that IL-9R signaling entails phos-
phorylation of STAT1, STAT3, and STAT5 (Fig 3, D). On the
basis of the unexpected finding that IL-9R signaling activated
pSTAT1, we investigated the signaling events upstream of
STAT1. Because previous reports suggested association of
TYK2 with IL-9R,50 we investigated phosphorylation of all Janus
kinase (JAK) family members downstream of IL-9R. We found
phosphorylation of JAK1 and JAK3, but not TYK2, downstream
of the activated IL-9R (Fig E3, D). In line with this, inhibition of
JAK1 and JAK3 by upadacitinib or ritlecitinib, respectively, abro-
gated phosphorylation of STAT1 and upregulation of IL-18Ra by
IL-9 (Fig 3, E and F, and see Fig E4, A, in the Online Repository
available at www.jacionline.org).

http://www.jacionline.org
http://www.jacionline.org


FIG 2. IL-9 induces IL-18Ra expression in IL-9R1 TH2 cells in synergy with IL-2. (A) Representative histogram

plots of 1 donor (left) and summary data of IL-18Ra levels of in vivo primed TH2 clones cultured in presence of

either 1 gc-cytokine, IL-25, TSLP, or TGF-b (right). (B) IL-18Ra levels of in vivo primed TH2 clones cultured in

different concentrations of IL-2 in presence or absence of IL-9. (C) Time course of IL-18Ra levels of in vivo

primed TH2 clones cultured in presence of IL-2 and different concentrations of IL-9. (D) In vivo primed TH2

clones were preincubated for 1 hour with IL-9R–blocking antibody or isotype control, followed by incubation

with IL-9 for 12 hours. IL-18Ra levelsweremeasured by flow cytometry. (E) Frequency of IL-9R1 CRTH2
1mem-

ory CD41 T cells isolated from PBMCs of healthy and AD donors. (F) IL-9R levels of memory CD41 T-cell sub-

sets isolated fromPBMCsof ADpatients, stained for chemokine receptor profiles. (G) IL-18Ra levels of CRTH2
1

and CRTH2
2 TH cells of AD patients cultured in IL-9 for 16 hours. Data are representative of 1 experiment with 1

(D) or 3 (B and C) clones from 1 donor, or independent experiments with 10 clones from 2 different donors (A),

or 11 (F), 12 (G), or 15 (E) donors. Differences between cell subsets were calculated as 1-way ANOVA, followed

by Dunnett test (A), Tukey multiple comparisons tests (F), or 2-way ANOVA, followed by �S�ıd�ak multiple com-

parisons tests (B-D and G). In (E), statistical significance was determined by 2-tailed paired t test. Data are

shown as means 6 SDs. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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Together, these results indicate that IL-9 induces IL-18R
expression in TH2 cells through the activation of the JAK1/
JAK3-STAT1 signaling cascade.
IL-9 enhances IL-18–induced IL-13 secretion from

CRTH2
1 TH2 cells of AD patients

Having established the presence of IL-18Ra1 TH2 cells in AD
and a role for IL-9 in the regulation of IL-18R expression, we next
explored how the IL-9/IL-18 axis might contribute to AD patho-
genesis. We focused our investigations on the ability of IL-18 to
induce production of IL-13 and other TH2 cytokines from TH2
cells, given the well-established role of these cytokines in AD
pathogenesis.51,52 First, we stimulated in vitro primed TH2 cells
with IL-18 and found increased secretion of canonical TH2 cyto-
kines IL-5, IL-13, and IL-22 (Fig 4, A, left). The induction of IL-
13 expression on IL-18 stimulation in in vitro primed TH2 cells
was validated by RT-qPCR (Fig 4, A, right). We next investigated
the ability of IL-18, alone or in combination with IL-9, to induce
IL-13 secretion in TH2 cells from AD patients. While both IL-9
and IL-18 alone induced IL-13 secretion fromCRTH2

1TH2 cells,
costimulation with IL-9 and IL-18 significantly enhanced their
IL-13 secretion (Fig 4, B, middle, and Fig E1, A). This effect
was not observed in CRTH2

2 TH cells from AD patients (Fig 4,
B, right, and Fig E4, B, left) or in CRTH2

1 or CRTH2
2 TH cells

from HD (Fig 4, C, and Fig E4, B, right). This additive effect of
IL-9 and IL-18 on IL-13 secretion is in line with our above find-
ings and further suggests that IL-9 sensitizes CRTH2

1 pTH2 cells
to respond to IL-18 in the setting of AD. However, stimulation of
PBMCs fromADpatients with IL-33 failed to induce IL-13 secre-
tion from CRTH2

1 TH2 cells, whereas stimulation with IL-18
confirmed our previous results (Fig E4, C). We further validated
the lack of IL-33R and IL-1RI expression on CRTH2

1 TH2 cells
in a public RNA-Seq dataset (Fig E4,D).48 These findings suggest
that the increase in IL-13 production in TH2 cells induced by IL-
18 is not observed with other cytokines of the IL-1 family.
Further, IL-18–induced secretion of IL-13 and IL-22 was
confirmed by bead-based immunoassays of cell culture superna-
tants of PBMCs from AD patients (Fig 4, D and E).

In a next step, we investigated the signaling events engaged by
IL-18 in human TH2 cells.We assessed the phosphorylation of the
NF-kB and the AP-1 pathway, which are known to be downstream



FIG 3. IL-9 induces IL-18R expression in IL-9R1 TH2 cells via JAK1/JAK3-STAT1. (A) Volcano plot depicting

significantly upregulated genes in in vivo primed TH2 clones isolated from blood and skin and cultured in

presence of IL-2 and IL-9 for 12 hours (left) and corresponding pathway analysis (right). (B and C) TH2 clones

were incubated with IL-2, IL-4, IL-7, IL-9, IL-15, or IFN-a for 15 minutes. Induction of pSTAT1, pSTAT3,

pSTAT5, and pSTAT6 were measured by flow cytometry. Representative histogram plots of 1 donor are

shown in (B) and summary data in (C). (D) Phosphorylation of STAT1, STAT3, STAT4, STAT5, and STAT6

proteins in in vivo primed TH2 clones on incubation with IL-9 for 15 minutes. (E) IL-18Ra expression (left)

and pSTAT1 induction (right) in in vivo primed TH2 clones on IL-9 stimulation in presence or absence of

JAK1 inhibitor (JAK1i) upadacitinib and JAK3 inhibitor (JAK3i) ritlecitinib. (F) Schematic illustration of IL-

9 signaling pathway and mechanism of used inhibitors. Data are representative of independent experi-

ments with 5 (D and E, right) or 6 (E, left) clones from 2 donors, 8 (C, STAT6) or 9 (C, STAT1, STAT3,

STAT5) clones from 4 donors, or 18 clones from 7 donors (A). In (A), differences between cell subsets

were calculated as adjusted log fold change, and hypothesis testing was performed by Benjamini-Hoch-

berg–adjusted P value (DESeq2). Differences between groups were calculated as 1-way ANOVA followed

by Dunnett multiple comparisons test (C), or as 2-way ANOVA followed by �S�ıd�ak (D) or Tukey (E) multiple

comparisons tests. Data are shown as means 6 SDs. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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of the IL-18R.30 IL-18 induced the phosphorylation of both p65
(NF-kB pathway) and c-Jun (AP-1 pathway); the former was
phosphorylated rapidly and transiently, while the latter was phos-
phorylated slower and more steadily (Fig 4, F). Given the role of
IRAK4 as key signaling molecule in the IL-18 signaling
pathway53 and the high expression of IRAK4 in TH2 cells (Fig
E4, E), we investigated IL-13 secretion on IL-18 stimulation in
in vitro primed TH2 cells in the presence of the IRAK4 degrader
KT-474.We observed both degradation of IRAK4 and a reduction
in IL-13 secretion in in vitro primed TH2 cells after 24 hours of
incubation with KT-474 (Fig 4, G, and Fig E4, F).
Given the importance of the NF-kB pathway for TCR
signaling, we further investigated whether IL-18–induced NF-
kB signals converge with those downstream of the TCR, thereby
lowering the threshold of the TCR stimulus necessary for IL-13
secretion. Indeed, titration experiments with aCD3/CD2/CD28
showed that the presence of IL-18 lowered the threshold for sub-
maximal IL-13 secretion (Fig E4, G).

These results, taken together, suggest a role of IL-18 as an
upstream regulator of TH2 cells, inducing IL-13 and IL-22 secre-
tion in CRTH2

1 TH2 cells from AD patients via induction of the
IRAK4, NF-kB, and AP-1 pathway. In this setting, IL-13



FIG 4. IL-9 enhances IL-18–induced IL-13 secretion from CRTH2
1 TH2 cells of AD patients. (A) Cytokine expres-

sion measured in cell culture supernatant (left) and IL13 expression normalized to HPRT1 analyzed by RT-

qPCR (right) in in vitro primed TH2 cells treated with IL-18 for 48 hours. (B and C) Representative FACS plots

of 1 AD donor (left) and summary data of IL-13 secretion of CD41CRTH2
1 and CD41CRTH2

2 cells of PBMCs

from AD donors (B) and HD (C), incubated with IL-9 and/or IL-18 for 16 hours, and assessed by IL-13 Secretion

Assay (Miltenyi Biotec) by flow cytometry (right). (D and E) Cytokine expression of PBMCs isolated from AD

patients (D) or HD (E) incubated with IL-18 for 16 hours, measured in cell culture supernatant by flow cytom-

etry. (F) Representative histogram plots of 1 donor (left) and summary data of time course of phosphorylated

p65 and c-Jun in in vitro primed TH2 cells cultured in presence of IL-18 (right). (G) Time course of IRAK4 (left)

and IL-13 expression on IL-18 stimulation for 24 hours (right), measured in cell culture supernatant, in in vitro

primed TH2 cells cultured in presence or absence of IRAK4 degrader (IRAK4d) KT-474 (SAR444656), assessed

by flow cytometry. Data are representative of independent experiments with 2 (G, left), 5 (A, right), 6 (E and F),

7 (C and G, right), 8 (A, left), 17 (D), or 18 (B) donors. In (B, C, and F), differences between treatment groups

were calculated as 2-way ANOVA, followed by �S�ıd�ak (F and G, left), Tukey (B and C), or uncorrected Fisher

LSD (G, right) multiple comparisons tests. In (A, D, and E), statistical significance was determined by 2-

tailed paired t test. Data are shown as means 6 SDs. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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production appears to be enhanced in the presence of IL-9 as a
result of increased IL-18Ra expression on CRTH2

1 TH2 cells.
Neutralization of IL-18 in skin explants of AD

inhibits IL-13 secretion from TH2 cells
Having demonstrated that IL-18 promotes IL-13 secretion

from circulating TH2 cells in AD, we aimed at verifying our find-
ings in explants of lesional AD skin. Indeed, blocking of IL-18
signaling by incubating skin explants with IL-18BP inhibited
IL-13 and IL-22 secretion from lesional immune cells, as
measured by bead-based immunoassays of the cell culture super-
natant (Fig 5, A and B). Single-cell analysis of cells that egressed
from skin explants showed that CD41 TH cells were the main
source of IL-13 in this ex vivo model and confirmed that incuba-
tion with IL-18BP specifically inhibited IL-13 secretion from
CRTH2

1 TH2 cells, but not from CRTH2
2 CD41 TH cells (Fig

5, C, and Fig E4, H).
Finally, we aimed at further substantiating a pathogenic

involvement of IL-18 in AD lesions. For this purpose, we



FIG 5. Neutralization of IL-18 in skin explants of AD inhibits IL-13 secretion from TH2 cells. (A) Schematic

illustration of experimental approach. (B) Cytokine expression of lesional AD skin biopsy samples incubated

with IL-18BP for 48 hours, measured in cell culture supernatant by flow cytometry. (C) IL-13 secretion of

egressed CD31/CD32 (left), CD41/CD81 (middle), and CRTH2
1/CRTH2

2 TH (right) cells from lesional AD

skin biopsy samples, incubated with IL-18BP for 48 hours, assessed by IL-13 Secretion Assay (Miltenyi Bio-

tec) by flow cytometry. (D) In-sample correlations between IL-18 (left) and CCL17 (right) protein levels and

TLSS in lesional skin of AD patients (n 5 41). (E) Unique molecular identifier (UMI) counts of IL13, IL18,

IL18R1, and IL18RAP expressed in manually annotated tissue layers ‘‘upper, middle, and basal epidermis’’

and ‘‘dermis depth 1, 2, 3, and 5’’ and corresponding total UMI counts (F) in nonlesional (NL) and lesional (L)

skin of AD and PSO patients (n 5 36). (G) Spatial weighted Spearman correlation indicating spatial relation

of IL13 and IL18R1 and IL18RAP located in epidermis and dermis. Shown is radius 0 with highest correlation

value. Each point represents a cluster of IL13, IL18R1, and IL18RAP, and size of each point indicates number

of IL13 transcripts in a cluster. Each spot’s color corresponds to respective tissue layer. Data are represen-

tative of independent experiments with 4 donors (B and C). Statistical significance was determined by

2-tailed paired t test (B and C, left, middle), Spearman correlation (D), or ordinary least squares model

(G). In (C, right), differences between treatment groups were calculated as 1-way ANOVA, followed by mul-

tiple comparisons test. Data are shown as means 6 SDs. Shaded areas in (D) and (G) indicate 95% confi-

dence intervals. *P < .05, **P < .01, ***P < .001, ****P < .0001. CCL17, C-C motif chemokine ligand 17;

TLSS, target lesion severity score.
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correlated epidermal protein levels from lesional AD skin of
young adults, as measured by multiplex immunoassays of skin
tape strips, with the target lesion severity score.54 Indeed, IL-18
protein levels correlated positively with AD severity (Spearman
correlation coefficient r5 0.3589, P <.0001), thereby correlating
to a similar degree with lesion severity as did CCL17 (C-C motif
chemokine ligand 17; Spearman correlation coefficient r 5
0.4238, P < .0001), a well-established biomarker of AD severity
(Fig 5, D).15,55,56 IL-13 protein levels were not measured above
the level of detection, hence precluding correlation analysis
with IL-18.

To gain insights into the spatial distribution of IL-18 and IL-
18R expression in lesional AD skin, we reanalyzed a publicly
available spatial sequencing dataset including nonlesional and
lesional skin of PSO and AD patients. Transcripts of IL13, IL18,
and IL18R1 were readily detected in the epidermis and upper
dermis of lesional AD skin, whereas nonlesional AD and lesional
PSO skin showed markedly lower levels of these transcripts. No
IL13, IL18, or IL18R1 transcripts were detected in nonlesional
PSO skin. IL18RAP was only detected at low levels in the upper
dermal layers of lesional AD and, to a lesser degree, PSO skin, in
line with the relatively low mRNA expression levels of IL18RAP
in immune cells. Strikingly, the distribution of the IL13, IL18, and
IL18R1 transcripts showed a congruent pattern throughout all
epidermal and upper dermal layers, suggesting coexpression of
these transcripts in close spatial proximity (Fig 5, E and F).
Indeed, spatial correlation between IL13 and IL18R1/IL18RAP
in the epidermis and dermis of lesional AD skin showed strong
and significant correlation (considering their presence in the
same spot; radius 0) (Fig 5, G).

Taken together, the above data support the presence of
biologically active IL-18 in lesional AD skin and uncover its
ability to promote the secretion of pathogenic cytokines such as
IL-13 from IL-18Ra1 TH2 cells.
DISCUSSION
Our study assessed the functional role of IL-18 in the

pathogenesis of AD by analyzing its ability to promote cytokine
secretion from TH2 cells. We found that functional IL-18Ra is ex-
pressed on CRTH2

1 TH2 cells in both blood and lesional skin of
AD patients and that IL-9, in synergy with IL-2, upregulates its
expression via binding to IL-9R. Stimulation of TH2 cells with
IL-18 induced secretion of IL-13, a well-established pathogenic
cytokine in AD, and this effect was increased by costimulation
with IL-9. Importantly, experiments with skin explants suggested
that biologically active IL-18 is present in lesional AD skin and
that blocking IL-18 in this context reduces the secretion of
IL-13 from TH2 cells. The only partial reduction of IL-13 and
IL-22 secretion by IL-18BP indicates that pTH2 cells might
additionally be under the influence of other activating cytokines
or that pTH2 cells express certain levels of IL-13 and IL-22 inde-
pendent of upstream activation.1,2 When comparing AD to PSO,
we did not detect upregulation of IL18R1 expression in the
PSO-specific TH17/Tc17 cluster of PSO patients.4 Furthermore,
we detected lower IL18 and IL18R1 transcripts in lesional PSO
skin, suggesting that IL-18 plays a specific role in AD.46 Our
data provide functional evidence that IL-18 plays a proinflamma-
tory role in AD by inducing the secretion of pathogenic cytokines
from TH2 cells and uncover a role of IL-9 in the regulation of
IL-18R expression on TH2 cells.
Our findings add to a growing body of evidence linking IL-18
to AD pathogenesis and close an important knowledge gap by
showing how this innate cytokine may promote TH2-mediated
skin inflammation. While IL-18 has been shown to promote
both TH1 and TH2 cell responses depending on the inflammatory
and genetic environment,57 it has never been shown to directly
promote secretion of pathogenic cytokines from TH2 cells in
AD patients. The implications of a putative IL-18/TH2 axis
driving AD are manifold.

The existence of an IL-18/TH2 axis prompts the question of
how proIL-18 might be activated and secreted from keratinocytes
in AD. In this regard, Staphylococcus aureus has been demon-
strated to activate the canonical NLRP1 inflammasome in kerati-
nocytes, resulting in the secretion of active IL-18.58 This
establishes a direct connection between S aureus, a prevalent
colonizer and pathogen in AD skin,59 and the secretion of IL-
18. In addition, IL-18 has also been identified as a target of the
noncanonical inflammasome, wherein lipopolysaccharide-
activated caspase-4/5 can directly process IL-18 during gram-
negative bacterial infections.60 Given that gram-negative bacteria
are not associated with skin inflammation in AD,61 it will be inter-
esting to investigate whether there are lipopolysaccharide-
independent activators of the noncanonical inflammasome that
play a role in triggering IL-18 release in AD skin.

Our findings underscore the potential role of IL-18 as an
upstream regulator of pTH2 cells and as a drug target in AD.
Several epithelial-derived cytokines and mediators have been
proposed as upstream drivers in AD. These include prostaglandin
D2, TSLP, IL-1a, and IL-33.1,2 However, clinical trials investi-
gating inhibitors of these pathways in AD have all failed
(NCT04988308),62-65 leaving IL-18 as one of the few potential
upstream regulators of TH2 responses worth targeting. Notably,
an anti–IL-18 antibody has shown promising efficacy in
moderate-to-severe AD in a phase 1b study (NCT04975438)
and is now being further developed. In addition to neutralizing
IL-18 directly, blocking IL-18R signaling appears promising
too. Inhibiting IRAK4 downstream of the IL-18R has indeed
been shown to reverse pathogenic molecular signatures and
improve clinical signs and symptoms of AD in early clinical tri-
als.53,66 Therefore, the promise of targeting upstream activators
to reverse aberrant activation of TH2 cells in AD skin might
become a reality in the future.

Our study supports the complex role of IL-18 in mediating both
TH1 and TH2 immune responses.67 Traditionally, IL-18 has been
viewed as a proinflammatory mediator initiating IFN-g
production in TH1 and natural killer cells.17 However, the effect
of IL-18 on memory TH cells appears to be context-dependent
and predetermined by their polarization state. Our data, in
conjunction with the current literature,17 suggest that IL-18 will
amplify cytokine expression according to the differentiation state
of the target memory T cell—that is, it will induce IFN-g
production from TH1 cells and IL-13 from TH2 cells. In the
TH2-dominant environment of AD skin, IL-18 might thus induce
IL-13 rather than IFN-g. However, this hypothesis warrants
further investigation to fully elucidate the dichotomous role of
IL-18 in human skin inflammation.

The identification of IL-9 as a regulator of IL-18R expression on
TH2 cells suggests a novel role of this enigmatic cytokine in skin
inflammation. Paracrine IL-9, coming from TCR-stimulated TH2
cells in the context of acute skin inflammation,32,68,69may sensitize
IL-9R1 TH2 cells to IL-18 signals, thereby promoting IL-13
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secretion. Thus, IL-9R–expressing TH2 cells might represent a
tissue-resident TH cell population poised to react to the tissue alar-
min IL-18.70 Interestingly, IL9R is among themost consistently ex-
pressed genes on pTH2 cells from multiple atopic diseases
including AD, further supporting a role of IL-9/IL-9R signaling
in atopic diseases.4,11 Moreover, our data propose that IL-9R is
the only gc-receptor on TH2 cells to signal through STAT1, which
helps explain the unique ability of IL-9 to induce IL-18R expres-
sion. Although STAT1 activation via IL-9R has been reported pre-
viously in cancer cell lines and genetically modified T cells,71,72 it
has never been observed in primary human TH cells. These findings
have therapeutic implications, given the emergence of JAK inhibi-
tors in clinical practice and the development of STAT1
degraders.73-75

Our study has a number of limitations and raises important
questions that need to be addressed in future investigations. By
focusing on TH2 cells, we have not investigated the contribution
of other IL-18R1 cells in AD skin to the overall immune response
to IL-18. Even though TH2 cells can be viewed as a key node in
AD pathogenesis,5,39 a relevant contribution of additional IL-
18–responsive immune cells cannot be ruled out, and this war-
rants further investigation. Notably, murine ILC2s have been
identified as significant contributors to type 2 skin inflammation
by several lines of evidence. First, the numbers of ILC2s are
elevated in lesional AD skin and mouse models of AD-like
inflammation. Second, they are preferentially activated by IL-
18, resulting in the secretion of type 2 cytokines. Third, IL-18
deficiency results in attenuated AD-like skin inflammation in
mice.26 However, the role of ILC2s in human AD remains to be
investigated.76 Further, the need for concomitant TCR
stimulation of IL-18–responsive TH2 cells in AD remains largely
unanswered. Whether IL-18 modulates the response of antigen-
stimulated TH2 cells or whether IL-18 might activate TH2 cells
in the absence of cognate antigen, possibly in conjunction with
additional nonspecific T-cell–extrinsic factors, requires further
investigations. Finally, we have not investigated the role of
IL-37 and IL-18BP, two naturally expressed modulators of IL-
18 activity, in our study.17 In view of their potent immunomodu-
latory function, further research is required to understand the
intricate relationship between IL-18, IL-37, and IL-18BP in AD.

Despite these limitations, our data provide new insights into the
role of IL-18 in AD pathogenesis and uncover a role for IL-9 in
regulating IL-18R expression on TH2 cells. This has important
implications for the development of novel therapeutics for AD
that target upstream activators of pTH2 cells.
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Key messages

d TH2 cells expressing the IL-18Ra are increased in both
blood and lesional skin of AD patients compared to HD.

d IL-9 induces IL-18R expression on TH2 cells through an
IL-9R-JAK1/JAK3-STAT1 signaling pathway, facilitating
IL-18–mediated secretion of IL-13 and IL-22.

d Neutralizing IL-18 downregulates pathogenic cytokine
expression from TH2 cells in lesional AD skin biopsy sam-
ples, suggesting IL-18 may be a potential therapeutic
target for AD treatment.
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FIG E1. Gating strategies for flow cytometry and cell sorting. (A) Gating strategy for identification of IL-13

secretion and IL-18R expression in CRTH2
1 TH cells in PBMCs of AD patients and HD by flow cytometry for

Fig 1, D, Fig 2, G, and Fig 4, B and C. (B) Gating strategy for detection of IL-18R–expressing

CXCR32CCR41CRTH2
1CD41 T cells in lesional AD skin for Fig 1, E. (C) IL-18R expression of CD31/CD32,

CD41/CD81, CXCR32CCR41/CXCR31CCR42, andCXCR32CCR41CRTH2
1/CXCR32CCR41CRTH2

2 cells from

lesional AD skin for Fig 1, E.
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FIG E2. Gating strategies for flow cytometry. (A) Gating strategy for TH cell subset clones sorted for Fig 2, A-

D, and Fig 3,A-D. CD41 T cells were isolated from PBMCs of HD and stained for subsequent sorting of TH cell

subset. In vivo primed TH2 clones were generated according to chemokine receptor expression

CXCR32CCR41CRTH2
1 from CD45RA2CD252CD82CD31 cells. (B) Gating strategy for Fig 2, A-D, Fig 3, B-

D, and Fig 4, F and G (left), of in vitro primed TH2 cells or FACS in vivo primed TH2 clones. Cells were gated

based on forward scatter height (FSC-H) and forward scatter area (FSC-A), as well as side scatter height

(SSC-H) and side scatter area (SSC-A) to ensure singlets. Live cells were then selected by excluding zombie

aqua (ZAq)-positive cells. Finally, receptor expression or phosphorylation of targets of interest were

analyzed in selected live cells. (C) Representative histogram plots of 1 donor displaying IL-18R expression

levels in in vivo primed TH2 clones on different IL-2 concentrations, in presence or absence of IL-9 for Fig 2,

B. (D) Representative histogram plots of 1 donor displaying time course of IL-18R expression levels in in vivo

primed TH2 clones cultured in IL-2 and different concentrations of IL-9 for Fig 2, C. (E) Representative histo-

gram plots of 1 donor displaying IL-18R expression in in vivo primed TH2 clones on IL-9R blockade or isotype

control, in presence or absence of IL-9 for Fig 2, D.
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FIG E3. Gating strategies for flow cytometry. (A and B) Gating strategy for assessing IL-9R-expressing

CRTH2
1memory CD41 T cells for Fig 2, E (A), and representative histogram plots of 1 donor displaying IL-9R

expression in memory CD41 T-cell subsets for Fig 2, F (B), in PBMCs of AD patients by flow cytometry. (C)

IFN-a2 expression measured in cell culture supernatant of in vivo primed TH2 clones incubated with IL-9 for

48 hours. (D)Western blot of pJAK1 (left), pJAK3 (middle), and pTYK2 (right) in in vivo primed TH2 clones on

IL-9 stimulation for 5 minutes.
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FIG E4. Gating strategies for flow cytometry. (A) Representative histogram plots of 1 donor displaying IL-

18R expression and pSTAT1 induction in in vivo primed TH2 clones on IL-9 stimulation in presence or

absence of JAK1 inhibitor (JAK1i) upadacitinib and JAK3 inhibitor (JAK3i) ritlecitinib for Fig 3, D. (B) IL-

13 secretion of CD41 CRTH2
2 cells of PBMCs from AD donors incubated with IL-9 and/or IL-18 for 16 hours,

assessed by IL-13 Secretion Assay (Miltenyi Biotec) by flow cytometry. (C) IL-13 secretion of CD41 CRTH2
1

cells of PBMCs from AD donors incubated with IL-18 and IL-33 for 16 hours, assessed by IL-13 Secretion

Assay (Miltenyi Biotec) by flow cytometry. (D) IL18R1, IL1RL1, and IL1R1 expression in sorted CRTH2
1

TH2 cells from HD assessed by RNA-Seq. (E) IRAK4 expression in sorted TH cell subsets from HD assessed

by RNA-Seq. (F) Representative histogram plots of 1 donor displaying time course of IRAK4 expression

levels in in vitro primed TH2 cells cultured in presence or absence of IRAK4 degrader (IRAK4d) KT-474

(SAR444656) for Fig 3, G. (G) IL-13 secretion of CD41 CRTH2
1 cells of PBMCs from AD donors incubated

with different concentrations of aCD3/2/28 and/or IL-18 for 16 hours, assessed by IL-13 Secretion Assay (Mil-

tenyi Biotec) by flow cytometry. (H) Gating strategy for identification of egressed IL-13–secreting CRTH2
1

and CRTH2
2 CD41 T cells from lesional AD skin measured by IL-13 Secretion Assay (Miltenyi Biotec) by

flow cytometry for Fig 5, C.
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TABLE E1. Baseline demographics for Fig 5, B and C

Characteristic Value (N 5 4)

Age (years), median (IQR) 54 (37.25-69.5)

Female 25 (1)

EASI*

Mild 0

Moderate 50 (2)

Severe 50 (2)

Atopic comorbidities 75 (3)

Data are presented as % (nos.) unless otherwise indicated.

EASI, Eczema Area Severity Index; IQR, interquartile range.

*Mild AD was defined as EASI index score 0-7; moderate AD, 7.1-20.9; and severe

AD, >21.
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TABLE E2. Baseline demographics for Fig 5, D

Characteristic Value (N 5 41)

Age (years), median (IQR) 24 (22-25)

Female 63.41 (26)

TLSS, mean 6 SD 2.95 6 1.58

EASI

Mild 63.41 (26)

Moderate 24.39 (10)

Severe 12.20 (5)

Atopic comorbidities 58.54 (24)

Data are presented as % (nos.) unless otherwise indicated.

EASI, Eczema Area Severity Index; IQR, interquartile range; TLSS, target lesion

severity score.

Mild AD was defined as EASI index score 0-7; moderate AD, 7.1-20.9; and severe

AD, >21.
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TABLE E3. Antibodies used

Characteristic Antibody Clone Conjugation Company (catalog no.) Dilution

Flow cytometry—

surface staining

Mouse anti-human CXCR3, mAb G025H7

G025H7

AF647

BV785

BioLegend (353712)

BioLegend (353738)

1:60

1:100

Mouse anti-human CD45RA, mAb HI100 APC-Cy7 BioLegend (304127) 1:200

Mouse anti-human CD8, mAb RPA-T8

RPA-T8

SK1

RPA-T8

AF488

PE

BV421

BV650

BioLegend (301021)

BD Biosciences (555367)

BioLegend (344747)

BioLegend (301042)

1:100

1:400

1:400

1:400

Mouse anti-human CD25, mAb BC96 FITC BioLegend (302603) 1:100

Mouse anti-human CCR8, mAb L263G8 PE BioLegend (360604) 1:60

Mouse anti-human CCR4, mAb L291H4

L291H4

L291H4

PE-Cy7

BV421

BV510

BioLegend (359410)

BioLegend (359414)

BioLegend (359416)

1:60

1:200

1:100

Mouse anti-human CCR6, mAb G034E3

G034E3

PerCP-Cy5.5

BV421

BioLegend (353406)

BioLegend (353407)

1:60

1:100

Mouse anti-human CD3, mAb OKT3

OKT3

BV650

BV785

BioLegend (317324)

BioLegend (317330)

1:200

1:400

Mouse anti-human CD4, mAb OKT4

OKT4

APC-Cy7

PerCP-Cy5.5

BioLegend (317417)

BioLegend (317427)

1:400

1:400

Mouse anti-human IL-9R, mAb AH9R7 PE BioLegend (310404) 1:200

Mouse anti-human IgG2b, mAb MG2b-57 PE BioLegend (401207) 1:200

Mouse anti-human IL-18Ra, mAb H44 APC BioLegend (313813) 1:200

Mouse anti-human IgG1, mAb MOPC-21 APC BioLegend (400119) 1:200

Mouse anti-human CRTH2, mAb BM16 PE-Cy7 BioLegend (350117) 1:50

Zombie Aqua BV510 BioLegend (423101) 1:800

Flow cytometry—

intracellular staining

Rabbit anti-human phospho-STAT1

(Tyr701), mAb

58D6 AF488 Cell Signaling (9174) 1:200

Rabbit anti-human IgG, mAb MOPC-21 AF488 Cell Signaling (4340) 1:600

Mouse anti-human phospho-STAT3

(Tyr705), mAb

13A3-1 BV421 BioLegend (651009) 1:200

Mouse anti-human IgG1, mAb MOPC-21 BV421 BioLegend (400158) 1:400

Mouse anti-human phospho-STAT4

(Tyr693), mAb

4LURPIE PE Thermo Fisher (12-9044-41) 1:200

Mouse anti-human IgG1, mAb MOPC-21 PE BioLegend (400111) 1:1600

Mouse anti-human phospho-STAT5

(Tyr694), mAb

A17016B.Rec PE-Cy7 BioLegend (936907) 1:200

Mouse anti-human IgG1, mAb MOPC-21 PE-Cy7 BioLegend (400125) 1:800

Mouse anti-human phospho-STAT6

(Tyr641), mAb

A15137E APC BioLegend (686017) 1:200

Rabbit anti-human phospho-NF-kB p65

(Ser536), mAb

93H1 PE Cell Signaling (5733) 1:200

Rabbit anti-human phospho-c-Jun

(Ser73), mAb

D47G9 PE Cell Signaling (8752) 1:100

Human anti-human IRAK4, mAb REA462 APC Miltenyi Biotec (130-120-307) 1:200

Human anti-human IgG1, mAb REA293 APC Miltenyi Biotec (130-120-709) 1:200

Western blot

analysis

Rabbit anti-human phospho-JAK1, mAb D7N4Z Unconjugated Cell Signaling (74129) 1:1000

Rabbit anti-human phospho-JAK3, mAb D44E3 Unconjugated Cell Signaling (5031) 1:1000

Rabbit anti-human phospho-TYK2, mAb D7T8A Unconjugated Cell Signaling (68790) 1:1000

Mouse anti-human F-actin, mAb ACTN05 Unconjugated Invitrogen (MA5-11869) 1:6000

Goat anti-rabbit IgG, pAb HRP Thermo Fisher Scientific (31462) 1:5000

Goat anti-mouse IgG, pAb HRP Thermo Fisher Scientific (G21040) 1:5000
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TABLE E4. RT-qPCR primers

Gene transcript Gene Species TaqMan primer Company

IL-13 IL13 Human Hs00174379_m1 Thermo Fisher Scientific

HPRT1 HPRT1 Human Hs99999909_m1 Thermo Fisher Scientific
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TABLE E5. Recombinant proteins and chemicals used

Characteristic Name Format Company (catalog no.) Final concentration

Recombinant proteins Recombinant human IL-2 Purified Hoffmann-La Roche 5/50/100/250/500 U/mL

Recombinant human IL-4 Purified BioLegend (574006) 50 ng/mL

Recombinant human IL-7 Purified BioLegend (581904) 20 mg/mL

Recombinant human IL-9 Purified BioLegend (594404) 1/5 ng/mL

Recombinant human IL-15 Purified BioLegend (570304) 100 ng/mL

Recombinant human IL-18 Purified BioLegend (592104) 100 ng/mL

Recombinant human IL-21 Purified BioLegend (571204) 100 ng/mL

Recombinant human IL-17E/IL-25 Purified BioLegend (598904) 1 mg/mL

Recombinant human IL-33 Purified BioLegend (581802) 50 ng/mL

Recombinant human IFN-a2 Purified BioLegend (592704) 5.4 ng/mL

Recombinant human TGF-b1 Purified R&D Systems (240-B-010/CF) 5 ng/mL

Recombinant human TSLP Purified BioLegend (582404) 50 ng/mL

Chemicals Anti-human CD129 (IL-9R), mAb LEAF purified BioLegend (310408) 10 mg/mL

Anti-human mouse IgG2b, k, mAb LEAF purified BioLegend (400339) 10 mg/mL

DMSO Purified Sigma-Aldrich (D8418) 50/1000 nmol

Upadacitinib (ABT-494) Purified Selleckchem (S8162) 50 nmol

Ritlecitinib (PF-06651600) Purified Selleckchem (S8538) 100 nmol

KT-474/KYM-001 (SAR444656) Purified LubioScience (HY-145483) 1 mmol

Recombinant human IL-18BP-Fc chimera Purified BioLegend (789804) 1.25 mg/mL
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