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ABSTRACT

Background: Asthma is a chronic, heterogeneous disease characterised by airway remodelling, inflammation, and mucus pro-
duction. Airway macrophages' functions are underpinned by changes in cellular metabolism. The TCA cycle-derived metabolite
itaconic acid (whose synthesis is mediated by aconitate decarboxylase) is a master regulator of macrophage function; however, its
role during inhaled allergen challenge is not clear. The objective of this study was to define the role of itaconate during inhaled
allergen challenge.

Methods: Sputum metabolite levels were measured in participants with mild allergic asthma undergoing allergen inhalation
challenge, and in a second cohort, baseline levels in mild, moderate, and severe asthmatics. Airway inflammation, lung function,
and bronchoalveolar lavage metabolite levels were assessed in wild-type and aconitate decarboxylase-deficient mice, or in mice
treated with inhaled itaconate.

Results: Allergen inhalation in mild asthmatics led to a significant reduction in sputum itaconate. We found no difference in
baseline sputum itaconate levels when comparing healthy controls to mild, moderate, or severe asthmatics. Continuous exposure

Abbreviations: AAD, allergic airways disease; AHR, airway hyperresponsiveness; AMs, airway macrophages; BAL, bronchoalveolar lavage; BMDMs, bone
marrow-derived macrophages; BMI, body mass index; cDNA, complementary DNA; DCs, dendritic cells; EAR, early asthmatic response; EDTA,
ethylenediaminetetraacetic acid; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence activated cell sorting; FEV;, forced expiratory volume in one
second; FMO, fluorescence minus one; FVC, forced vital capacity; GC-MS, gas chromatography-mass spectrometry; HDM, house dust mite; HRP, horseradish
peroxidase; i.m., intramuscular; i.n., intranasal; i.p., intraperitoneal; IA, itaconic acid; ICS, inhaled corticosteroids; IgE, immunoglobulin E; IgG1, immunoglobulin G1;
IPF, idiopathic pulmonary fibrosis; LAR, late asthmatic response; MCh, methacholine; Na,EDTA, sodium ethylenediaminetetraacetic acid; NRF2, nuclear factor
erythroid 2-related factor 2; OVA, ovalbumin; PBS, phosphate-buffered saline; PC, , provocative concentration causing a 20% drop in FEV;; PMA, phorbol
12-myristate 13-acetate; qPCR, quantitative polymerase chain reaction; RLT, RNA lysis tissue buffer; RNA, ribonucleic acid; SD, standard deviation; SDH, succinate
dehydrogenase; (TCA) cycle, tricarboxylic acid; (Th2) cells, T helper 2; VC, vital capacity; WT, wild type.
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to aeroallergen in wild type and aconitate decarboxylase-deficient mice showed no change in disease phenotype after 48h, 1, 3, or

5weeks of allergen exposure. Treatment of house dust mite-exposed mice with inhaled itaconate reduced airway inflammation.

Conclusion: Levels of itaconate are altered after allergen challenge in mild asthmatics and in murine models of disease. Itaconate
deficiency did not alter house dust mite-induced pathology at any of the timepoints tested; however, inhaled itaconate amelio-

rated inflammatory responses to inhaled allergen.

1 | Introduction

Asthma is a heterogeneous disease of airways characterised
by variable airflow obstruction, airway hyperresponsiveness
(AHR), and inflammation [1]. Although most patients achieve
good control with conventional asthma therapies (inhaled cor-
ticosteroids and bronchodilators), a proportion experience life-
threatening, severe disease [2]. Evidence suggests that T helper
2 (Th2) cells and their cytokines orchestrate allergic airway in-
flammation, which leads to airway remodelling and lung dys-
function [3]. However, despite systemic sensitization to airborne
allergen, not all allergic individuals develop asthma upon aller-
gen exposure [4-6]. Furthermore, some studies suggest that air-
way inflammation is similar in atopic and non-atopic asthma,
with overlapping infiltration of eosinophils, mast cells, and lym-
phocytes [7]; while other evidence highlights distinct inflamma-
tory profiles [3], including increased eosinophils in the airways
of atopic asthmatics and neutrophils in non-atopic asthma [8, 9].
These findings suggest that while type 2 immunity is a common
feature in both atopic and non-atopic asthma, it may be neces-
sary but not sufficient to define the allergic asthmatic pheno-
type, and additional immune or environmental factors may
contribute to observed clinical differences.

The role of specific metabolites in regulating asthma pheno-
types remains poorly understood. While numerous studies have
examined changes in metabolite levels in serum samples be-
tween individuals with and without asthma, data from primary
airway samples has been relatively limited [10-12]. Activation of
macrophages with a range of pro-inflammatory stimuli induces
a metabolic switch from oxidative phosphorylation to glycoly-
sis, similar to the “Warburg effect’ seen in some cancers [13].
Conversely, activation of macrophages in vitro with type 2 cyto-
kines drives a highly oxidative metabolic phenotype, character-
ised by high mitochondrial metabolism and elevated oxidation
of the tricarboxylic cycle (TCA) intermediates [14, 15]. Itaconate
(IA), a TCA cycle metabolite synthesised by cis-aconitate de-
carboxylase (CAD) encoded for by the gene ACODI [16], has
emerged as a central factor in the regulation of macrophage
function and phenotype. In bone marrow-derived macrophages
(BMDMs), itaconate is one of the most highly upregulated me-
tabolites following stimulation with LPS [17]. While itaconate
has been shown to fine-tune macrophage metabolism by inhibi-
tion of the TCA cycle enzyme succinate dehydrogenase (SDH),
it is also immunomodulatory [18]. For instance, itaconate can
function as an anti-inflammatory molecule via alkylation of
Kelch-like ECH-associated protein 1 (KEAP1), driving the accu-
mulation of nuclear factor erythroid 2-related factor 2 (NRF2),
which can translocate to the nucleus and initiate the transcrip-
tion of anti-inflammatory genes [17]. Recently, we reported that
in murine models of bleomycin-induced pulmonary fibrosis,
and patient samples from patients with idiopathic pulmonary

fibrosis (IPF), itaconate is antifibrotic [19]. Recent studies have
shown that in mice, itaconate or Acodl expression may be pro-
tective [20-23]; however, the role of itaconate across specific
asthma phenotypes, as well as during human allergen exposure,
is yet to be determined.

In this study, we aimed to examine the role of itaconate in human
asthma and AAD under conditions of low-dose, continuous ex-
posure to a relevant aeroallergen (house dust mite, HDM). Our
findings reveal that allergen exposure in sensitised individuals
with mild asthma leads to a rapid decrease in sputum itaconate
levels. However, we observed no significant differences in spu-
tum itaconate concentrations among mild, moderate, or severe
asthmatics compared to healthy controls. In our AAD model,
Acod1 deficiency did not affect disease severity, with cellular
infiltration, lung function, and other disease markers remain-
ing unaltered by the loss of Acodl. While inhaled exogenous
itaconate induced modest shifts in inflammatory infiltrates in
AAD, with an amelioration in pulmonary infiltration, including
neutrophilia. Collectively, our data suggest a role for itaconate
during human allergen exposure; however, murine data indi-
cate that this role may be highly context-dependent.

2 | Methods
2.1 | Human Sputum Samples
2.1.1 | Allergen Challenge Cohort

Cell pellets and supernatants of human sputum samples of
10 patients with mild asthma were received from McMaster
University, Canada. Participating male and female patients
between 18 and 55years were screened according to patient
inclusion and exclusion criteria as shown in Table S1. For al-
lergens with seasonal variation, patients were tested out of
season for pollens affecting their asthma; all patients had no
other lung diseases. No asthma-controller treatments were
allowed during the study; however, the use of inhaled short-
acting (32-agonists, administered fewer than 2days per week
as rescue treatment, was permitted. All other asthma medi-
cations were discontinued at least 4 weeks before enrollment.
Patients were excluded from the study if they had worsening
of asthma or respiratory-related visits to the emergency de-
partment within 6 weeks before study enrollment. To choose
the allergen for an inhaled allergen challenge, the patients’
sensitising allergen was determined using a skin prick test.
The methacholine inhalation test was performed to ensure
that only patients with asthma-like responses were included
in the study cohort and was carried out by the standardised
2-min tidal breathing technique [24]. Participants underwent
a minimum washout period of 48 h between the methacholine
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challenge and the allergen inhalation challenge. Allergen was
administered from a Wright nebuliser and inhaled for 2 min.
The optimal concentration of allergen was determined as the
lowest dilution of allergen inducing a skin wheal of 2 Xx2mm
and producing a 20% early asthmatic response (PC,) calcu-
lated using a formula described in Cockcroft et al. [25, 26].
We performed allergen and methacholine challenges and col-
lected venous blood and sputum samples via standard meth-
ods [27] for subsequent analysis. Analysis of samples from this
cohort has been previously reported; a secondary analysis of
these samples was conducted in the present study [28, 29].

2.2 | Mild/Moderate/Severe Asthma Cohort

Induced sputum was collected from 37 participants (20-
67years), enrolled from the National Institute for Health
Research Southampton Respiratory Biomedical Research Unit
and outpatient clinics at University Hospital Southampton
(REC number 10/H0504/2) as previously described [30]: 10
healthy non-atopic participants, six mild patients with asthma
on f2-agonists alone, eight subjects with moderate asthma on
ICS, and 13 subjects with severe asthma with persistent symp-
toms despite high-dose ICS and oral corticosteroids (cohort
characteristics have recently been reported [30]), classified
on enrolment by applying criteria used previously. The study
was approved by the Southampton and Southwest Hampshire
Research Ethics Committee B. All participants provided in-
formed consent.

2.3 | Sputum Processing

Sputum cells were pelleted by centrifugation, resuspended in
0.2% dithiothreitol, and filtered through 48um nylon mesh.
Sputum supernatants were aliquoted and stored at —80°C for
targeted gas chromatography-mass spectrometry analysis.

2.4 | Experimental Animals

Wild type (WT) female C57BL/6 mice were purchased from
Charles River Laboratories or WT male or female littermates
obtained from own breeding colonies bred at Charles River
Laboratories and housed at Imperial College Central Biomedical
Services facilities for experimental procedures. Mice included in
these studies were utilised specifically to delineate the role of
itaconate during AAD. Female Acod1~/~ mice and controls were
on a C57BL/6 background and were purchased from Jackson
Labs. All mice used in in vivo experiments were female. Both
male and female WT mice were used for ex vivo treatment of
airway macrophages. The UK Home Office guidelines under the
Animal (Scientific Procedure) Act 1986 were followed during all
experiments, and experiments were approved by the Imperial
College London Welfare and Ethical Review Body (AWERB)
and the Home Office of the United Kingdom. Mice were sac-
rificed by intraperitoneal (i.p.) injection of pentobarbital and
severing a peripheral artery unless used for assessment of lung
function. All surgery was performed under anaesthesia using
ketamine and sodium pentobarbital, and all efforts were made
to minimise suffering.

2.5 | Gene Expression Analysis

AMs obtained from the BAL of naive male and female C57BL/6
mice were exposed to 10mM itaconate (Sigma Aldrich) for 3h
followed by 50 ug/mL house dust mite (HDM; Dermatophagoides
pteronyssinus; batch 15J02, Citeq Biologics) for 12h. HDM-
exposed AMs or the post-caval murine lung lobe were lysed in
RLT buffer (Qiagen) supplemented with 1% 2-mercaptoethanol
and the murine post-caval lung lobes were homogenised with
Lysing Matrix D beads and a FastPrep-24 homogeniser (MP
Biomedicalws). Total RNA was isolated using the RNeasy Plus
Micro (AMs) or Mini (lung tissue) kit (Qiagen) according to man-
ufacturer's instructions. For gene expression analysis by quan-
titative real time polymerase chain reaction (qPCR), cDNA was
generated from total RNA using the High-Capacity cDNA Reverse
Transcription kit (Thermo Fisher) as per manufacturer's instruc-
tions and a PTC-200 Peltier Thermal Cycler (MJ Research). gPCR
was performing using TagMan Fast Advanced Master mix and
primer probes (Thermo Fisher; Actb: Mm00607939_s1, Acodl:
Mm01224532_m1) as per manufacturer's instructions and assays
were run in 384-well plates on a Viia7 instrument. Gene expres-
sion relative to housekeeping gene Actb was calculated as 279CT,

2.6 | Metabolic Flux Analysis

AMs obtained from the BAL of naive female Acodl~~ mice
and WT littermate controls were exposed to 50pug/mL HDM
(Dermatophagoides pteronyssinus; batch 15J02, Citeq Biologics)
for 24h. Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were measured using the Cell Mito
Stress Test kit and the Glycolysis Stress Test kit (both Agilent
Technologies) as per manufacturer's instructions and as pre-
viously described [19, 30, 31], OCR and ECAR measurements
were made with an XFp Extracellular Flux Analyzer (Agilent
Technologies) and results were analysed with Wave software
version 2.6.0 (Agilent Technologies).

2.7 | InVivo Mouse Models

To induce AAD in WT mice, mice were instilled with 25ug HDM
(Dermatophagoides pteronyssinus; Citeq Biologics, batch 15J02) or
25uL phosphate-buffered saline (PBS; Gibco) intranasally (i.n.)
while anaesthetized using isoflurane three times a week over the
course of 1, 3, or 5Sweeks. To evaluate the effects of exogenous
itaconic acid (IA) administration during AAD, mice were adminis-
tered 5ug itaconate (Sigma Aldrich) in 25uL PBS or 25uL PBS i.n.
in addition to HDM treatment. WT mice were treated with inhaled
itaconate twice weekly either over a period of 3weeks or during
the last 2weeks of a five-week continuous exposure experiment.

2.8 | Lung Function Measurements

Mice were anaesthetised by i.p. injection of 50mg/kg pento-
barbitone (Sigma Aldrich) and intramuscular (i.m.) injection of
200mg/kg ketamine (Fordodge Animal Health Ltd), and lung
function measurements were performed using the flexiVent
system (Scireq). Mice were tracheotomised and connected to
the flexiVent ventilator via a blunt-ended 19-gauge needle and
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TABLE1 | Antibodies, clones and dilutions utilised in murine flow cytometry experiments.

Antigen Clone Flurochrome(s) Manufacturer Dilution Method

CD103 2E7 FITC Biolegend 1:100 Extracellular
CD11b M1/70 PE/Cy7 Biolegend 1:200 Extracellular
CDl11c N418 PE/Dazzle 594 Biolegend 1:100 Extracellular
CD19 6D5 BV605 Biolegend 1:100 Extracellular
CD3e 145-2C11 BV510 Biolegend 1:100 Extracellular
CD4 RM4-5 AF700 Biolegend 1:200 Extracellular
CD8a 53-6.7 BV605 Biolegend 1:100 Extracellular
CD45 30-F11 BV711 Bioloegend 1:200 Extracellular
CDo64 X54-5/7.1 BV421 Biolegend 1:100 Extracellular
CD90.2 (Thy-1.2) 53-2.1 BV605 Biolegend 1:200 Extracellular
Fc Block (CD16/CD32) 2.4G2 Unconjugated Tonbo 1:100 Extracellular
IFN-y XMG1.2 FITC Biolegend 1:100 Intracellular
IL-5 TRFKS5 PE Biolegend 1:100 Intracellular
1L-10 JES5-16E3 FITC BD 1:100 Intracellular
IL-13 eBiol3A PE/Cy7 Thermo Fisher 1:100 Intracellular
IL-17A TC11-18H10.1 PercCP/Cy5.5 Biolegend 1:100 Intracellular
Ly6C HK1.4 AF700 Biolegend 1:200 Extracellular
Ly6G 1A8 BV510, BV605 Biolegend 1:100 Extracellular
MHC II (IA-IE) M5/114.15.2 PerCP/Cy5.5 Biolegend 1:100 Extracellular
NKp46 (CD335) 29A1.4 BV605 Biolgened 1:100 Extracellular
Siglec F E50-2440 PE Biolegend 1:100 Extracellular

ventilated using a tidal volume of 7mL/kg body weight, 150
breaths/min, and positive end-expiratory pressure of approx-
imately 2cm H,O. The lung volume history was standardised
with three deep inflations, and dynamic resistance (R) in re-
sponse to increasing concentrations of nebulised methacholine
(MCh) was calculated by fitting measurements obtained using
the snapchot-150 perturbation, a single frequency sinusoidal
waveform, to a single compartment model. Changes in airway
resistance (R), elastance (E), and compliance (C) were expressed
as cmH,O X s/mL, cmH,0/mL, and mL/cmH,0, respectively.

2.9 | Isolation of Immune Cells From BAL
and Lung Tissue

Mice were tracheotomised, cannulated, and the airways were
lavaged three times with 0.4mL PBS/0.5mM ethylenedi-
aminetetraacetic acid (EDTA; Thermo Fisher), and approximately
1mL of BAL was collected. BAL cells were pelleted by centrifuga-
tion, supernatants were collected, and cells were resuspended in
cRPMI. The left lung lobe was finely chopped and incubated with
cRPMI supplemented with 0.15mg/mL Collagenase D (Roche
Diagnostics) and 25ug/mL DNase I (Roche Diagnostics) at 37°C
for 1h. The recovered cells were passed through a 70 um filter to
obtain a single-cell suspension; erythrocytes were lysed using a
55mM NH,Cl/10mM KMCO,/0.1 mM Na,EDTA lysis buffer, pel-
leted, and resuspended in cRPMI.

2.10 | Flow Cytometry

BAL and lung cells were stained with near-infrared fixable live/
dead dye (1:1000, Thermo Fisher) before staining for extracellular
antigens in fluorescence-activated cell sorting (FACS) buffer (1%
FBS/25mM HEPES (Thermo Fisher)/1mM EDTA in PBS). Cells
were fixed using IC Fixation buffer (Thermo Fisher). For panels
including intracellular cytokine staining, cells were stimulated
with 20ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma
Aldrich), 1.5pug/mL ionomycin free acid from Streptomyces con-
globatus (Merck), and 5ug/mL Brefeldin A (Sigma Aldrich) for
4h prior to extracellular antigen staining. Following stimula-
tion, staining for extracellular antigens and fixation, cells were
permeabilised using permeabilisation buffer (eBioscience) and
stained with intracellular antigens in permeabilization buffer;
see Table 1 for details of antibodies, clones, and dilutions utilised
in murine flow cytometry experiments. For flow cytometry cell
sorting, BAL cells were stained for extracellular antigens diluted
in low-protein FACS buffer (0.1% BSA (Sigma Aldrich)/25mM
HEPES/1mM EDTA in PBS). Immediately before acquisition,
50uL/mL of 1uM ToPro3 viability dye (Thermo Fisher) was
added, and AMs were sorted into 10% FBS/25mM HEPES in
PBS. Data were acquired using a BD LSR Fortessa cell analyser
and analysed using FlowJo (all BD Biosciences). Individual cell
populations were gated using fluorescence minus one (FMO)
controls, and gating strategies are shown in Figure S3 as de-
scribed previously [19, 30].
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2.11 | ELISA

Up to 500uL of blood was collected from mice following 1 or
3weeks of exposure to HDM, and the serum was separated
using serum separator tubes (BD). Total serum titres of IgE and
IgG1 were measured by enzyme-linked immunosorbent assay
(ELISA) using respective capture antibodies (all BD) diluted
in 0.1M NaHCO,, biotinylated detection antibodies (all BD),
streptavidin-conjugated horseradish peroxidase (HRP; R&D
Systems), K-blue substrate (Neogen), and 0.18 M H,SO, to stop
the colorimetric reaction. Absorbance was measured using a
SpectraMax i3x reader (Molecular Devices).

2.12 | Measurement of Metabolites by Targeted
GC-MS

Metabolite levels in freeze-dried murine BAL collected from
mice following 1, 3, or 5weeks of exposure to HDM or in vivo
and human sputum supernatants of healthy individuals and
subjects with atopic asthma were measured by targeted gas
chromatography-mass spectrometry (GC-MS) as previously de-
scribed [30].

2.13 | Histology

The superior lobe of HDM-exposed mice was inflated with PBS,
fixed in 10% neutral buffered formalin, and embedded in paraf-
fin. 4uM sections were stained with Haematoxylin and Eosin
(H&E) as well as Periodic Acid Schiff (PAS) staining. To as-
sess cellular inflammation and immune cell infiltration within
the lungs, H&E-stained lung sections were scored from 0 (no
inflammation) to 5 (highest levels of inflammation) based on

the following criteria: 0=no inflammation, 1=small pocket of
infiltrate, 2 =small pocket of infiltrate (< three cells deep) in at
least two airways, 3=Iless than 50% of airways have large infil-
trates (> three cells deep), 4 =50%-75% of airways have large in-
filtrates, and 5 => 75% of airways have large infiltrates. Goblet
cell hyperplasia was assessed in PAS-stained sections using the
following scoring system: 0 =no mucus staining, 1 =5%-25% of
airway stained, 2=25%-50% of airway stained, 3=50%-75% of
airway stained, 4 =>75% of airway stained. The scores were
normalised to the number of airways assessed.

2.14 | Statistics

All data processing, analysis and plotting was conducted in
RStudio. A two-sided Mann-Whitney test was used for statisti-
cal analyses comparing two groups and a Wilcoxon signed-rank
test was used to compare paired samples. p values <0.05 were
considered statistically significant. For correlations, exact p val-
ues and rank correlation coefficients (rtho) were calculated using
the Spearman method. Data was visualised using the ggplot2
package.

3 | Results

3.1 | Airway Itaconate Is Altered in Response to
Allergen Challenge

To investigate metabolic changes in sputum of patients with
mild asthma in response to allergen challenge, glycolysis and
TCA cycle metabolite levels in induced sputum were measured
by targeted GC-MS (Figure 1A, Figure S1A,B). Inclusion and ex-
clusion criteria are detailed in Table S1 and Table 2 shows study
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FIGURE 1 | Altered sputum itaconate after allergen challenge. (A) Patients with mild asthma were challenged with sensitising allergen, and
induced sputum was collected at indicated timepoints. Levels of (B) Lactate, (C) succinate, (D) fumarate, (E) malate, and (F) itaconate in sputum
supernatants pre and post allergen challenge, as determined by targeted GC-MS. n =10 matched samples. Data presented as mean + SEM. *p <0.05,

**p<0.01, Wilcoxon signed-rank test.
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TABLE 2 | Subject demographics (allergen challenge cohort).

Mean +SD

Subjects (n) 10
Age (years) 25.1+6.8
Male:female (n) 2:8
BMI (kg/m?) 24.2+3.3
Smoking:non-smoking (n) 0:10
Lung function

FEV, (L/s) 3.6+0.6

VC (L) 43+0.8

FEV,/VC ratio 0.82+0.18

FEV,% predicted 97+12.4

EAR (% fall in FEV,) —29.6+11.2

LAR (% fall in FEV,) ~18.2+10.2
Challenged with

HDM (Dermatophagoides farinae) (n) 2

HDM (Dermatophagoides pteronyssinus) 1

()

Ragweed (n) 1

Horse (n) 1

Timothy Grass (n) 1

Kentucky Blue Grass (n) 2

Cat (n) 2

Note: Table showing subject number, age, sex, body mass index (BMI), forced
expiratory volume (FEV,), FEV, predicted, vital capacity (VC), FEV -to-VC
ratio, early asthmatic response (maximum % fall in FEV, 0-2h post-challenge),
early asthmatic response (EAR, at least 20% decrease in FEV1 within 2h of
allergen inhalation), late asthmatic response (LAR, maximum % fall in FEV,
from 3 to 7h post-allergen) and the allergen extract that subjects were challenged
with. Data presented as mean +SD.

subject demographics and allergen sensitivity. Ten non-smoking
subjects (two males, eight females; mean age 25.1+6.8years;
BMI 24.2+3.3kg/m?) participated in the study. Baseline lung
function was within normal limits (% predicted: 97% +12.4%),
and mean early asthmatic response (EAR) was a 29.6% +11.2%
fall in FEV , while the late asthmatic response (LAR) showed a
mean decline of 18.2% +10.2%. Analysis of sputum metabolite
levels revealed significant changes in the airway metabolome
following allergen challenge (Figure S1C, Figure 1B-F). Notably,
there was a marked reduction in the absolute concentration of
lactate, the end product of glycolysis (Figure 1B), along with key
intermediates of the TCA cycle: succinate (Figure 1C), fumarate
(Figure 1D), and malate (Figure 1E) at 7 or 24h after allergen
exposure, compared to pre-challenge levels. When comparing
pre- and post-challenge, we found no difference in sputum lev-
els of glucose (Figure S1D), glycerol-1-phosphate (Figure S1E),
glycerol-2-phosphate (Figure S1F), pyruvate (Figure S1G), ci-
trate (Figure S1H), cis-aconitate (Figure S1I), or a-ketoglutarate
(Figure S1J). Interestingly, sputum itaconate was decreased
at both 7 (2.01pg/mL or 37.02% decrease) and 24h (3.97pg/
mL or 73.11% decrease) post allergen challenge, compared to

pre-challenge levels (Figure 1F). In a second cohort, we assessed
baseline levels of itaconate in sputum samples obtained from
healthy controls, as well as mild, moderate, and severe asthmat-
ics (Figure S1K). We found reduced citrate in mild asthmatics
(Figure S1L), reduced cis-aconitate in moderate and severe asth-
matics (Figure SIM), and reduced isocitrate in severe asthmat-
ics (Figure S1IN), compared to controls. Interestingly, there was
no difference in itaconate levels, regardless of asthma severity,
compared to controls (Figure S10). These findings suggest that
metabolite levels in asthmatic sputum are strongly influenced by
both disease severity and allergen exposure. Notably, alterations
in itaconate levels are context-dependent, with no differences
observed between asthmatic and control airways at baseline.
However, after allergen exposure, itaconate levels decrease sig-
nificantly at both 7 and 24 h post challenge.

3.2 | Altered Itaconate/Acodlin a Murine Model
of Allergic Airways Disease

To determine the functional role of itaconate during AAD, we
utilised a continuous, clinically relevant, allergen exposure
model. Acodl expression has been shown to be upregulated in
response to HDM in murine lung in DCs [23] and AMs [21].
Consistent with these reports, in our model, repeated exposure
to inhaled HDM in WT mice (Figure 2A) led to significant al-
terations in the lung metabolome (Figure S2A,B), including
elevated levels of BAL itaconate (Figure 2B), as measured by
targeted GC-MS. Itaconate levels remained consistently ele-
vated, compared to controls, throughout the five-week course
of HDM administration and peaked after 3weeks of challenge
(Figure 2B). This increase in BAL itaconate was accompanied
by upregulated Acodl expression in whole lung tissue following
HDM exposure (Figure 2C).

Similarly, the challenge of isolated airway macrophages (AMs)
with HDM also resulted in heightened Acodl expression
(Figure 2D). Thus, chronic HDM exposure induces sustained
increases in itaconate levels in the lung and enhanced Acodl
expression.

3.3 | Acodl Deficiency Does Not Alter Lung
Function or Innate Immunity During Continuous
HDM Exposure

To determine the functional role of itaconate during AAD, we
exposed WT or Acodl~~ mice which lack Acodl to inhaled
HDM and assessed pulmonary cellular changes at 48h, 1, 3,
or 5weeks post initial challenge (Figure 3A). Gating strategies
for the identification of immune cell types in BAL and lung are
detailed in Figure S3 and have been previously detailed [30].
In brief, live, CD45% cells were selected and CD19~, CD90.2~
or NKp46* cells deselected to identify CD64*SiglecF*CD11ct
AMs, SiglecFTCD64-CD11c™ eosinophils, and SiglecF-Ly6G*
neutrophils. SiglecF-Ly6G~ cells were further identified as
MHCII*CD11c*CD103* cDCl1s, CD647CD11b*CD103~ moDCs,
or CD64-CD11b*CD103~ ¢DC2s, and the remaining MHC-
II*"CD11c*-CD11b*CD64* cells assigned as IMMs. Using
a separate staining panel, CD4 T cells were identified as live,
CD457CD3*CD8-CD4+ cells, and CD8 T cells were identified
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as live, CD45*CD3+*CD4~CD8+ cells. CD4 T cell subsets were
identified using intracellular staining for IL-10, IL-5, IL-13, IL-
17, or IFN-y (Figure S3). Assessment of the cellular composition
revealed no changes in total cell counts in BAL (Figure 3B)
when comparing WT or Acodl~~ after 48h, 1, 3, or 5weeks
of HDM exposure. Similarly, we detected no changes in pro-
portions of eosinophils (Figure 3C), neutrophils (Figure 3D),
AMs (Figure 3E), interstitial macrophages/monocytes (IMMs;
Figure 3F), or dendritic cells (DCs; Figure 3G) when compar-
ing WT to Acod1~/~ mice. Similar patterns were observed in
lung cell populations (Figure S4A-F). Additionally, we ob-
served no impact of Acod1 deficiency on numbers of CD4* cells
(Figure 3H), nor IL-5% (Figure 31) T cells. Acodl deficiency did
not influence lung function, as we observed no alteration in
resistance (Figure 3J-L), elastance, or compliance parameters
(Figure S4G-L) after 1, 3, or 5weeks of allergen exposure in
Acod1~/~ mice compared to WT controls. Measurement of serum
IgE (Figure S4M) and IgG1 (Figure S4N) indicated that there
was no impact of Acodl deficiency on allergic sensitisation at
any of the time points tested. In addition, we assessed the effect
of AcodI deficiency on soluble mediators by multiplex assay and
expression of disease-relevant genes and found no differences
between HDM-treated WT or Acodl~/~ mice (Figure S5A-J).
Analysis of H&E and PAS stained lung sections indicated that
airway lumen cell infiltration (Figure S5K) and mucus secre-
tion (Figure S5L) were unaffected by AcodI deficiency. Finally,
extracellular flux analysis indicated that AMs stimulated with
HDM ex vivo were unaffected in Acodl~/~ mice compared to
controls (Figure S5M-O0). Together, these data indicate that
Acod1 deficiency does not affect key disease parameters of AAD,

such as BAL and lung immune cell populations, serum antibody
production, or AHR in a model of continuous HDM exposure.

3.4 | Administration of Exogenous Itaconate to
WT Mice Alters Innate Immune Cell Composition
of the Airways

To investigate the effect of exogenous itaconate on the progres-
sion of AAD, WT mice were exposed to HDM for 5weeks, with
inhaled itaconate administered during the final 2weeks of
HDM exposure, and immune cell populations were analysed in
BAL and lung tissue (Figure 4A-C). In HDM-exposed mice, in-
haled itaconate led to a significant reduction in absolute num-
bers of AMs (Figure 4D), neutrophils (Figure 4E), no change in
eosinophils (Figure 4F), and reductions in total dendritic cells
(DCs; Figure 4G) as well as interstitial macrophages (IMMs;
Figure 4H). Despite these notable shifts in immune cell pop-
ulations, no changes were observed in blood IgE (Figure 41)
or IgG1 (Figure 47J). Interestingly, in mice exposed to HDM
for three weeks, itaconate did not alter any of the immune cell
populations evaluated (Figure S6). We assessed the expression
of key inflammatory chemokines, cytokines, and transcription
factors involved in the regulation of macrophage phenotypes
in primary murine AMs ex vivo treated with itaconate prior
to HDM exposure (Figure 4K). Our data show that itaconate
treatment significantly reduced the gene expression of Acodl,
Ccl5, Cxcll, and Tgfbl, but not Hifla, interferon regulatory
factor-5 (Irf5), or Tnf (Figure 4K), consistent with its anti-
inflammatory effects.
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bers of (C) eosinophils, (D) neutrophils, (E) AMs, (F) IMMs, (G) DCs, (H) lung CD4%, (I) CD4*IL-5*. Airway resistance at one (J), three (K) or
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4 | Discussion

Accumulating evidence suggests that itaconate plays a poten-
tially crucial role in orchestrating pulmonary immune responses
and has emerged as a promising therapeutic target for the treat-
ment of respiratory conditions. Although a role for itaconate
has been explored in models of asthma in mice, the function of
itaconate across specific human asthma phenotypes, as well as
during human allergen exposure, has not yet been explored. Our

study is, to our knowledge, the first to report alterations in levels
of airway itaconate in human asthma.

Our work shows that allergen exposure in mild asthmatics led to
areduction of airway itaconate. In contrast, we observed no sig-
nificant differences in baseline sputum itaconate levels among
healthy controls and individuals with mild, moderate, or severe
asthma. Notably, a recent study suggests that glucocorticoids
can modulate macrophage phenotype by influencing the TCA

Allergy, 2025



cycle [32]. It is therefore possible that the use of corticosteroids
by some patients potentially masked underlying differences in
itaconate levels. Further investigation is warranted to assess the
impact of corticosteroid treatment on the itaconate pathway. Of
note, in the allergen challenge cohort at —24h, one particularly
high value for itaconate at 7h was observed. This data point was
retained in the analysis, as no clinical or biological rationale for
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its exclusion was identified. While its removal affected the sta-
tistical significance of certain metabolites (lactate and malate at
24h, and itaconate at 7h), the overall conclusions of the study
remain unchanged.

It has recently been reported that Acodl deficiency promotes
Th2 immune responses and airway inflammation induced by

B C
BAL Lung
avs 06 O | O0 O ams O O/l o ©
Neutrophils O O [o) O Neutrophils  Q O le) O
Eosinophis O O | 0 | O Eosinophis O O | 0 | O
mis o OQlo O ms O OO O
s o O/ 0 O cs O O|Jo| O
DC1 o
mocs 0o (Ol o O eocts O O o
Tcels @ (@) (o) (@)
cDC1s (o) O o [e)
cD8*Tcells O (o] (o] lo)
cDC2s (o) O o o
coa'teels O O | O O
PBS HDM | PBS HDM
IFNv'cas O O | O O
PBS 1A
Absolute cell count ¢, cp4s5* IL17A* CD4s o fo)
(fc WT PBS) 5 60 O O
0 o 0 w'eoais O Ol O O
Qm "
O 200 0 IL5'IL13*cnas O O o O
L13*coas O O o O
we'ecdss O O | O O
PBS HDM | PBS HDM
PBS 1A
J Absolute cell count o, cp45*
(fc WT PBS) i 20
IgG1 O o 15
— 1.25e+07 . 10
£ " O 20 5
\g 1e+07 °
g 7.5e+06
< H
3 5e+06 °
2
£ 25e+06] 9 °
<
0 [§'| cin

Allergy, 2025



FIGURE 4 | Exogenous itaconate alters innate immune cell composition (A) WT mice were exposed to inhaled HDM or PBS for five weeks and
dosed with inhaled itaconate (IA) or PBS during the last two weeks of allergen challenge. Overview of all analysed immune cell populations in the
(B) BAL and (C) lung. The size of the circle illustrates the absolute cell count as fold change relative to WT control mice receiving PBS for both treat-

ments and the colour indicates the proportion of the respective cell type as percentage of all CD45* cells. Significant changes in the proportion of

CD45* cells are highlighted by a black tile outline for comparisons between mice receiving PBS or IA as secondary treatment and blue tile outlines
for comparison between mice receiving PBS or HDM. Numbers of (D) AMs, (E) neutrophils, (F) eosinophils, (G) DCs, (H) IMMs in BAL of HDM- or
PBS-exposed mice with or without IA treatment. Serum (I) IgE and (J) IgG1 in HDM-exposed mice or controls. Data shown from one experiment

with n=4-5 mice per group. Significant differences between matched HDM- and PBS-treated groups are indicated by stars above the HDM bar. (K)

Gene expression of Acodl, Ccl5, Hifla, Irf5, Tgfbl and Tnfin AMs ex vivo pre-treted with itaconate followd by HDM exposure as fold change of con-

trol AMs treated with HDM. Data shown from two independent experiments with n=3-4 mice per group. Significant changes compared to HDM-
treated controls are indicated by start above the bars. Data presented as mean + SEM. Mann-Whitney test, *p <0.05, **p <0.01.

HDM in mice [23]. Of note, this study used an AAD with in-
traperitoneal administration of adjuvant with HDM, followed
by three intranasal HDM challenges. Similarly, utilising a
model with intranasal HDM sensitisation followed by HDM
challenge, Li et al. [21] reported increased type 2 immunity
and increased serum IgE in Acodl~/~ mice compared to WT
controls. In our model, disease severity was not impacted by
Acodl deficiency, with AHR and innate immune cell popu-
lations comparable between WT and AcodI~/~ mice. Notably,
there are several key differences between our model and the
one used in these studies, including the duration of allergen
exposure, the supplier of HDM extract, and the HDM dosing
strategy. The protocol employed by Li et al. for instance, may
result in a greater induction of AcodI and itaconate than ob-
served in our model. This suggests the presence of a thresh-
old level of itaconate activity, above which itaconate begins to
play a significant role. Supporting this idea, we found that in
our model, exogenous itaconate mitigated several aspects of
AAD, including neutrophilia. Although ACOD1 and itaconate
are closely linked, ACODI1 deficiency may alter immune re-
sponses through both itaconate-dependent and -independent
mechanisms, which may explain the context-dependent pro-
tective phenotypes observed in some infectious disease mod-
els. For example, ACOD1 plays contrasting roles in infectious
disease models, providing antiviral protection in the context
of Zika [33] and hepatitis B infection [34], but can also pro-
mote viral pathogenesis, as seen with respiratory syncytial
virus [35] and vesicular stomatitis virus [36].

Recently, we reported that inhaled itaconate was protective in a
murine model of lung fibrosis [19]. Our current study highlights
the potential for itaconate, or itaconate analogues, as potential
therapeutic tools for the treatment of asthma. Two recent stud-
ies reported that the administration of 4-OI, a polar itaconate
analogue, limited AAD in HDM as well as ovalbumin (OVA)-
induced models of AAD [23, 37]. While 4-OI limited mitochon-
drial respiration in macrophages and mitochondrial stress in
DCs, it furthermore reduced IL-5 and IL-13 levels via inhibition
of the phosphorylation of STAT1 in CD4* T cells. However, it
has been reported that itaconate derivatives such as 4-OI or di-
methyl itaconate are not converted into intracellular itaconate
and have distinct properties compared to endogenous itaconate
[38, 39]. In our study, we exposed mice to ‘free’ itaconate via
the inhaled route. Itaconate was delivered intranasally in a PBS
vehicle; the rationale for using this delivery method was that
this approach directly targets the airways. The selected dose
was chosen based on our prior study, where we titrated dosing

and timing, arriving at a dose that effectively modulates airway
inflammation without inducing systemic/local effects [19]. In
our experience, alternate-day dosing is required to maintain
efficacy, suggesting relatively rapid clearance or catabolism. Of
note, although both AcodI expression and itaconate levels were
elevated during HDM exposure, their dynamics were distinct.
Notably, although the most pronounced change in Acodl ex-
pression was observed in AMs, Acod1 is also expressed outside
the AM compartment in the airways. Therefore, as AcodI is
expressed in various lung cell types, itaconate production may
be localised to certain regions of the lung or to specific cell pop-
ulations, which could result in lower levels of itaconate being
detected in the BAL fluid. Moreover, the dynamics of itaconate
release from lung tissues into the BAL fluid may be influenced
by factors such as cellular uptake, secretion, or degradation
processes that are not fully captured by our current analysis.
Itaconate catabolism remains incompletely understood; how-
ever, recent in vivo tracing studies show that free itaconate
is rapidly catabolised into metabolites such as mesaconate,
citramalate, and acetyl-CoA, supporting its fast turnover and
the need for frequent dosing to sustain bioactivity [40]. In our
model, exogenous itaconate limited neutrophilia and Th2 cell
numbers after five weeks of HDM exposure. However, we did
not observe significant effects in itaconate-treated mice at the
three-week time point. In the five-week model, mice received
four doses of itaconate during weeks four and five, while in the
three-week model, nine doses were given from week one. The
differing outcomes may reflect the timing of treatment relative
to disease progression, with itaconate having a greater impact
when administered later, after endogenous levels have begun to
accumulate. Consistent with our finding that exogenous itacon-
ate limits type 2 responses, Li et al. [21] found that exogenous
itaconate suppressed Th2 differentiation in vitro by reducing
Gata3 expression and IL-5/IL-13 secretion in naive CD4* T
cells. Thus, accumulating clinical and preclinical data suggest
that insufficient or dysregulated itaconate production may con-
tribute to allergic airway disease, and that restoring this path-
way could represent a promising therapeutic strategy. These
findings position itaconate not only as a biomarker of inflam-
mation but as a potential metabolic checkpoint for intervention
in Th2-driven asthma.

In conclusion, our findings highlight a complex and context-
dependent role for itaconate in asthma. While allergen exposure
alters itaconate levels, the absence of Acodl did not impact dis-
ease outcomes in mice. This discrepancy may stem from differ-
ences in experimental models, duration of allergen exposure, or
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compensatory mechanisms in the absence of Acodl. The ther-
apeutic efficacy of inhaled itaconate suggests that exogenous
modulation of this pathway could have clinical relevance, par-
ticularly in neutrophilic asthma phenotypes.

Author Contributions

G.J.A. and A.J.B. designed the study; G.J.A., P.P.O.,C.M., H.S,, SAW,, A.C.,
and J.M.H. carried out the work. All authors were involved in the interpre-
tation of the results and in drafting and/or revising the manuscript, provid-
ing final approval, and vouching for the content of the final manuscript.

Acknowledgments

The authors would like to acknowledge the support of the flow cytom-
etry facility at the South Kensington campus, particularly Ms. Jane
Srivastava, Dr. Jessica Rowley, and Loraine Lawrence from the histol-
ogy facility at the South Kensington campus. Schematics were created
with biorender.com.

Conflicts of Interest

A.J.B. has, via his institution, received consultancy fees or industry-
academic funding from Ammax Bio, Devpro Bio, GRI Bio, and Ionis
Pharma. A.J.B. holds two patents relating to the use of itaconate or
itaconate analogues for the treatment of fibrotic lung disease (PCT/
GB2023/050629 and PCT/GB2020/052218). G.M.G. has received re-
search funding from AstraZeneca, Biohaven, Genentech, Jasper
Therapeutics, and Third Harmonics Bio paid to the institution. P.P.O.
holds the patent related to the use of itaconate for the treatment of fi-
brotic lung disease (PCT/GB2020/052218).

Data Availability Statement

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due
to privacy or ethical restrictions.

References

1. A.J. Byrne, C. P. Jones, K. Gowers, S. M. Rankin, and C. M. Lloyd,
“Lung Macrophages Contribute to House Dust Mite Driven Airway Re-
modeling via HIF-1a,” PLoS One 8 (2013): 1-10.

2. P. Nagakumar, L. Denney, L. Fleming, A. Bush, C. M. Lloyd, and S.
Saglani, “Type 2 Innate Lymphoid Cells in Induced Sputum From Chil-
dren With Severe Asthma,” Journal of Allergy and Clinical Immunology
137 (2016): 624-626.

3.D. S. Robinson, Q. Hamid, S. Ying, et al., “Predominant TH2-Like
Bronchoalveolar T-Lymphocyte Population in Atopic Asthma,” New En-
gland Journal of Medicine 326 (1992): 298-304.

4. R. Shaaban, M. Zureik, D. Soussan, et al., “Allergic Rhinitis and
Onset of Bronchial Hyperresponsiveness: A Population-Based Study,”
American Journal of Respiratory and Critical Care Medicine 176 (2007):
659-666.

5.E. A. B. Kelly, W. W. Busse, and N. N. Jarjour, “A Comparison of the
Airway Response to Segmental Antigen Bronchoprovocation in Atopic
Asthma and Allergic Rhinitis,” Journal of Allergy and Clinical Immu-
nology 111 (2003): 79-86.

6.S. K. Huang, H. Q. Xiao, J. Kleine-Tebbe, et al., “IL-13 Expression at
the Sites of Allergen Challenge in Patients With Asthma,” Journal of
Immunology 155 (1995): 2688-2694.

7. A. M. Bentley, G. Menz, C. Storz, et al., “Identification of T Lympho-
cytes, Macrophages, and Activated Eosinophils in the Bronchial Mu-
cosa in Intrinsic Asthma. Relationship to Symptoms and Bronchial

Responsiveness,” American Review of Respiratory Disease 146 (1992):
500-506.

8.S. Gerday, F. Schleich, M. Henket, F. Guissard, V. Paulus, and R.
Louis, “Revisiting Differences Between Atopic and Non-Atopic Asth-
matics: When Age Is Shaping Airway Inflammatory Profile,” World Al-
lergy Organization Journal 15 (2022): 100655, https://doi.org/10.1016/].
waojou.2022.100655.

9.K. Amin, D. Ludviksdottir, C. Janson, et al., “Inflammation and
Structural Changes in the Airways of Patients With Atopic and Nona-
topic Asthma. BHR Group,” American Journal of Respiratory and Criti-
cal Care Medicine 162 (2000): 2295-2301.

10.J. Jung, S.-H. Kim, H.-S. Lee, et al., “Serum Metabolomics Reveals
Pathways and Biomarkers Associated With Asthma Pathogenesis,”
Clinical & Experimental Allergy 43 (2013): 425-433.

11. M. Ostroukhova, N. Goplen, M. Z. Karim, et al., “The Role of Low-
Level Lactate Production in Airway Inflammation in Asthma,” Amer-
ican Journal of Physiology. Lung Cellular and Molecular Physiology 302
(2012): L300-L307.

12. R. M. Effros, K. W. Hoagland, M. Bosbous, et al., “Dilution of Respi-
ratory Solutes in Exhaled Condensates,” American Journal of Respira-
tory and Critical Care Medicine 165 (2002): 663-669.

13.J. Van den Bossche, L. A. O'Neill, and D. Menon, “Macrophage Im-
munometabolism: Where Are We (Going)?,” Trends in Immunology 38
(2017): 395-406.

14.S. C.-C. Huang, B. Everts, Y. Ivanova, et al., “Cell-Intrinsic Lyso-
somal Lipolysis Is Essential for Alternative Activation of Macrophages,”
Nature Immunology 15 (2014): 846-855.

15. E. L. Mills, K. A. Pierce, M. P. Jedrychowski, et al., “Accumulation of
Succinate Controls Activation of Adipose Tissue Thermogenesis,” Na-
ture 560 (2018): 102-106.

16. A. Michelucci, T. Cordes, J. Ghelfi, et al., “Immune-Responsive Gene
1 Protein Links Metabolism to Immunity by Catalyzing Itaconic Acid
Production,” Proceedings of the National Academy of Sciences 110 (2013):
7820-7825.

17.E. L. Mills, D. G. Ryan, H. A. Prag, et al.,, “Itaconate Is an Anti-
Inflammatory Metabolite That Activates Nrf2 via Alkylation of KEAP1,”
Nature 556 (2018): 113-117, https://doi.org/10.1038/nature25986.

18. V. Lampropoulou, A. Sergushichev, M. Bambouskova, et al., “Itacon-
ate Links Inhibition of Succinate Dehydrogenase With Macrophage
Metabolic Remodeling and Regulation of Inflammation,” Cell Metabo-
lism 24 (2016): 158-166.

19. P. P. Ogger, G. J. Albers, R. J. Hewitt, et al., “Itaconate Controls the
Severity of Pulmonary Fibrosis,” Science Immunology 5 (2020): 1-14.

20. Q. M. Xie, N. Chen, S. M. Song, et al., “Itaconate Suppresses the Ac-
tivation of Mitochondrial NLRP3 Inflammasome and Oxidative Stress
in Allergic Airway Inflammation,” Antioxidants 12 (2023): 12, https://
doi.org/10.3390/antiox12020489.

21.Y. Li, S. Singh, H. A. Breckenridge, et al., “Itaconate Suppresses
House Dust Mite-Induced Allergic Airways Disease and Th2 Cell Dif-
ferentiation,” Mucosal Immunology 17 (2024): 1174-1183, https://doi.
org/10.1016/j.mucimm.2024.08.001.

22.R. He, Y. Zuo, K. Yi, et al., “The Role and Therapeutic Potential
of Itaconate in Lung Disease,” Cellular & Molecular Biology Letters 29
(2024): 129.

23. A. K. Jaiswal, J. Yadav, S. Makhija, et al., “Irgl/Itaconate Metabolic
Pathway Is a Crucial Determinant of Dendritic Cells Immune-Priming
Function and Contributes to Resolute Allergen-Induced Airway In-
flammation,” Mucosal Immunology 15 (2022): 301-313.

24. D. W. Cockcroft, B. E. Davis, L. P. Boulet, et al., “The Links Between
Allergen Skin Test Sensitivity, Airway Responsiveness and Airway Re-
sponse to Allergen,” Allergy 60 (2005): 56-59.

Allergy, 2025

11


http://biorender.com
https://doi.org/10.1016/j.waojou.2022.100655
https://doi.org/10.1016/j.waojou.2022.100655
https://doi.org/10.1038/nature25986
https://doi.org/10.3390/antiox12020489
https://doi.org/10.3390/antiox12020489
https://doi.org/10.1016/j.mucimm.2024.08.001
https://doi.org/10.1016/j.mucimm.2024.08.001

25.D. W. Cockeroft, K. Y. Murdock, J. Kirby, and F. Hargreave, “Pre-
diction of Airway Responsiveness to Allergen From Skin Sensitivity to
Allergen and Airway Responsiveness to Histamine,” American Review
of Respiratory Disease 135 (1987): 264-267.

26. P.M. O'Byrne, J. Dolovich, and F. E. Hargreave, “Late Asthmatic Re-
sponses,” American Review of Respiratory Disease 136 (1987): 740-751.

27. E. Pizzichini, M. M. Pizzichini, A. Efthimiadis, et al., “Indices of
Airway Inflammation in Induced Sputum: Reproducibility and Validity
of Cell and Fluid-Phase Measurements,” American Journal of Respira-
tory and Critical Care Medicine 154 (1996): 308-317.

28. G. M. Gauvreau, J. M. Hohlfeld, J. Mark FitzGerald, et al., “Inhaled
Anti-TSLP Antibody Fragment, Ecleralimab, Blocks Responses to Aller-
gen in Mild Asthma,” European Respiratory Journal 61 (2023): 2201193,
https://doi.org/10.1183/13993003.01193-2022.

29. G. M. Gauvreau, R. Sehmi, J. Mark FitzGerald, et al., “Benralizumab
for Allergic Asthma: A Randomised, Double-Blind, Placebo-Controlled
Trial,” European Respiratory Journal 64 (2024): 2400512, https://doi.
0rg/10.1183/13993003.00512-2024.

30. G. J. Albers, C. Michalaki, P. P. Ogger, et al., “Airway Macrophage
Glycolysis Controls Lung Homeostasis and Responses to Aeroaller-
gen,” Mucosal Immunology 18, no. 1 (2024): 121-134, https://doi.org/10.
1016/j.mucimm.2024.10.002.

31. G. J. Albers, J. Iwasaki, P. McErlean, et al., “IRF5 Regulates Airway
Macrophage Metabolic Responses,” Clinical and Experimental Immu-
nology 204 (2021): 134-143.

32. U. stifel, E. M. Wolfschmitt, J. Vogt, et al., “Glucocorticoids Coordi-
nate Macrophage Metabolism Through the Regulation of the Tricarbox-
ylic Acid Cycle,” Molecular Metabolism 57 (2022): 101424, https://doi.
org/10.1016/j.molmet.2021.101424.

33. B. P. Daniels, S. B. Kofman, J. R. Smith, et al., “The Nucleotide Sen-
sor ZBP1 and Kinase RIPK3 Induce the Enzyme IRG1 to Promote an
Antiviral Metabolic State in Neurons,” Immunity 50 (2019): 64-76.e4.

34.X. Liu, L. Zhang, X. P. Wu, et al., “Polymorphisms in IRG1 Gene
Associated With Immune Responses to Hepatitis B Vaccination in a
Chinese Han Population and Function to Restrain the HBV Life Cycle,”
Journal of Medical Virology 89 (2017): 1215-1223.

35.K.Ren, Y. Ly, Y. Zhuo, et al., “Suppression of IRG-1 Reduces Inflam-
matory Cell Infiltration and Lung Injury in Respiratory Syncytial Virus
Infection by Reducing Production of Reactive Oxygen Species,” Journal
of Virology 90 (2016): 7313-7322.

36.S.Yin, Y. Tao, T. Li, et al., “Itaconate Facilitates Viral Infection via
Alkylating GDI2 and Retaining Rab GTPase on the Membrane,” Signal
Transduction and Targeted Therapy 9 (2024): 371, https://doi.org/10.
1038/s41392-024-02077-8.

37.M. Yin, R. Wadhwa, J. E. Marshall, et al., “4-Octyl Itaconate Alle-
viates Airway Eosinophilic Inflammation by Suppressing Chemok-
ines and Eosinophil Development,” Journal of Immunology 212 (2024):
13-23.

38. M. ElAzzouny, C. T. M. B. Tom, C. R. Evans, et al., “Dimethyl
Itaconate Is Not Metabolized Into Itaconate Intracellularly,” Journal of
Biological Chemistry 292 (2017): 4766-4769.

39. A. Swain, M. Bambouskova, H. Kim, et al., “Comparative Evalua-
tion of Itaconate and Its Derivatives Reveals Divergent Inflammasome
and Type I Interferon Regulation in Macrophages,” Nature Metabolism
2(2020): 594-602.

40. H. F. Willenbockel, A. T. Williams, A. Lucas, et al., “In Vivo Itacon-
ate Tracing Reveals Degradation Pathway and Turnover Kinetics,” Na-
ture Metabolism 7 (2025): 1781-1790, https://doi.org/10.1101/2025.01.
02.629617.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: (A) Patients with mild
asthma were challenged with sensitising allergen and induced sputum
was collected at indicated timepoints. (B) Schematic of glycolysis and
TCA cycle. (C) Heatmap showing sputum metabolites at 7h and 24h
post allergen challenge. Levels are shown as log, fold change compared
to sputum metabolite level 24h prior to allergen challenge. Levels of
(D) Glucose, (E) Glycerol-1-phosphate, (F) Glycerol-2-phosphate, (G) py-
ruvate, (H) citrate, (I) cis-aconitate, and (J) a-ketogluterate in sputum
supernatants pre and post allergen challenge, as determined by targeted
GC-MS. n=10 matched samples. Data presented as mean. (K) Sputum
samples were obtained from healthy controls, or mild, moderate or se-
vere asthmatics. Baseline levels of (L) citrate, (M) cis-aconitate, (N) isoc-
itrate, (O) itaconate in sputum supernatants, as determined by targeted
GC-MS. n=6-13 per group. Data presented as mean+SEM. Mann-
Whitney test, *p <0.05, **p <0.01. Figure S2: Metabolite levels in BAL
of WT or AcodI~~ mice exposed to inhaled HDM for (A) three or (B)
five weeks as measured by targeted GC-MS. Figure S3: Gating strategy
for granulocytes, macrophages and Th2 cell populations. Figure S4:
all70107-sup-0004-FigureS4.pdf. Acod1~~ and WT control mice were
exposed to inhaled HDM or PBS and BAL immune cell populations
were assessed by flow cytometry 48 h after the first dose of HDM or 1, 3
or S5weeks of repeated HDM challenge. Figure S5: Soluble mediators in
the BAL of WT and Acodl~~ mice were measured after exposure to in-
haled house dust mite (HDM) allergen for 3weeks. Figure S6: (A) WT
mice were exposed to inhaled HDM or PBS and inhaled itaconate (IA)
or PBS for 3weeks. Table S1: Patient inclusion and exclusion criteria
(allergen challenge cohort).
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