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Abstract

Background: The pathological mechanism of the gastrointestinal forms of food aller-
gies is less understood in comparison to other clinical phenotypes, such as asthma
and anaphylaxis Importantly, high-IgE levels are a poor prognostic factor in gastroin-
testinal allergies.

Methods: This study investigated how high-IgE levels influence the development of
intestinal inflammation and the metabolome in allergic enteritis (AE), using IgE knock-
in (IgEki) mice expressing high levels of IgE. In addition, correlation of the altered me-
tabolome with gut microbiome was analysed.

Results: Ovalbumin-sensitized and egg-white diet-fed (OVA/EW) BALB/c WT mice
developed moderate AE, whereas OVA/EW IgEki mice induced more aggravated in-
testinal inflammation with enhanced eosinophil accumulation. Untargeted metabo-
lomics detected the increased levels of N-tau-methylhistamine and 2,3-butanediol,
and reduced levels of butyric acid in faeces and/or sera of OVA/EW IgEki mice, which

was accompanied with reduced Clostridium and increased Lactobacillus at the genus
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European Regional Development
Fund, Grant/Award Number: PID2021- level. Non-sensitized and egg-white diet-fed (NC/EW) WT mice did not exhibit any

122490NB-100;

signs of AE, whereas NC/EW IgEki mice developed marginal degrees of AE. Compared
to NC/EW WT mice, enhanced levels of lysophospholipids, sphinganine and sphin-
gosine were detected in serum and faecal samples of NC/EW IgEki mice. In addi-
tion, several associations of altered metabolome with gut microbiome—for example
Akkermansia with lysophosphatidylserine—were detected.

Conclusions: Our results suggest that high-IgE levels alter intestinal and systemic levels
of endogenous and microbiota-associated metabolites in experimental AE. This study
contributes to deepening the knowledge of molecular mechanisms for the development
of AE and provides clues to advance diagnostic and therapeutic strategies of allergic

diseases.

KEYWORDS
food allergy, IgE, metabolomics, microbiome, microbiota, murine model

/—C Study design ) N
Sensitization: Challenge:
m\ m O\{glbumln (OVA)X% Egg white diet Analysis:
» /éy f&ﬁ } Immunplogy
~:]|.~ i %“,:» %ll** \:\“,f - ~ - _ R Microbiota
p ~ y S - Metabolome
4
f h N
ah Microbiota Metabolites a4 Microbiota Metabolites
4 Verrucomicrobia (ph) 7 4 Bacteroidetes (ph) 4 N-Tau-methylhistamine
4 Akkermansia (g) 4 3-Ketosphinganine il 4 Lactobacillus (g) 4 Eicosadienoic acid
4 Parabacteroides (J) 4 Lysophospholipids **Ila 4 Butyricicoccus (g) 4 3-Hydroxybutiric acid
& ¥ Bacteroidetes (ph) L2 ¥ Firmicutes (ph)
“ ¥ Bacteroides (g) || ¥ Clostridium (g) ¥ Lysophospholipids
IgE ¥ Oscillospira (g) ¥ 2,3-Butanediol IgE ¥ Lachnospiraceae (g) ¥ Butyric acid
UUSUUT WIS UL ¥ ULMJTWE VAL RVAIB (it VIS Jmmmwm? Mﬂﬁ fUJUUL
¥
W
25
D O
HWT mice - moderate AE) (IgEki mice - aggravated AE)—‘

GRAPHICAL ABSTRACT

Distinctive metabolome and microbiome signatures were detected among different degrees of AE in WT mice and IgEki mice expressing
high levels of IgE. IgEki mice exacerbated AE development with altered levels of lipids including sphingolipids, glycerophospholipids and fatty
acids and histamine derivative. The exacerbated AE was accompanied with reduced Clostridium and increased Lactobacillus. These findings
contribute to establishing AE diagnostics and therapies. Abbreviations: AE, allergic enteritis; g, genus; Ig, immunoglobulin; IgEki, IgE knock-
in; ph, phylum; WT, wild type.
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1 | INTRODUCTION

Food allergy causes clinical symptoms systemically and/or locally
in cutaneous, respiratory, ocular and gastrointestinal tissues.r3
Allergic enteritis (AE) is a clinical manifestation of gastrointestinal
food aIIergy.4 AE mimics in mice some traits observed in patients
with food allergy-associated intestinal inflammation characterized
by thicker basal layer, crypt elongation, villous atrophy and granu-
locyte infiltration.*”’ Although they are usually described as T-cell
mediated allergies, patients with these pathologies often show
detectable IgE to the offending food in the initial diagnosis or de-
velop allergen-specific IgE during the course of the pathology.é'9
Such patients, in particular those with high levels of IgE, tend to
experience a prolonged and/or severe course of the disease, sug-
gesting that IgE is a poor prognostic factor of AE.10-14 Additionally,
compared to other clinical phenotypes of food allergy such as
atopic dermatitis, allergic asthma, urticaria and anaphylaxis, the
pathological mechanism underlying gastrointestinal forms of al-
lergy is not well understood, partly due to difficulty in the access
to intestinal tissues.*"%”

Notably, dysregulated metabolism has been suggested as a major
factor not only in traditional metabolic syndromes but also in mul-
tiple inflammatory disorders including allergy.*®-2° Metabolomics,
which studies the collection of small molecules involved in metab-
olism - called metabolites - has been used to identify biomarkers
in the diagnosis and prediction of disease and to understand the
role of metabolites as active drivers in pathological processes.m’23
Metabolomic profiling of faeces samples collected from subjects
with childhood asthma showed significant interrelationships be-
tween the intestinal metabolome and the intestinal microbiome,
plasma metabolome and diet in association with childhood asthma.?*
Metabolomics of serum samples from paediatric patients with a
history of severe systemic reactions and the presence of multiple
type | food allergies revealed alterations in the levels of tryptophan
metabolites, eicosanoids, glycerophospholipids and fatty acids.?®
However, metabolomics of gastrointestinal forms of food allergies,
as well as the impact of IgE on the metabolome of intestinal tissues
have not been fully investigated.

In this study, we aimed to elucidate whether and how high-IgE
levels influence the development of intestinal inflammation, and
their impact on the metabolome in acute AE using IgE knock-in
(IgEki) mice.?® IgEki mice express the IgE heavy chain instead of
IgG1, which results in an enhanced polyclonal antigen-specific IgE
response, similar to allergic patients. We show that IgEki mice in-
duce marginal degrees of AE only by feeding an allergenic diet,
whereas active sensitizations with an allergen and Alum as adju-
vant and subsequent feeding with the allergenic diet aggravate
AE. By means of non-targeted metabolomics using three com-
plementary platforms—Gas Chromatography-Mass spectrometry
(GC-MS), Liquid Chromatography-Mass Spectrometry (LC-MS)
and Capillary Electrophoresis-Mass Spectrometry (CE-MS)—we
observed remarkable alterations in systemic and gut metabolomes
in the different severity stages of AE in IgEki mice. In addition, we

analysed the association of altered metabolite levels with the gut

microbiome profiles.

2 | MATERIALS AND METHODS
2.1 | Animals

BALB/c wild type (WT) and IgE knock-in mice (C.Ighg1tm1.1Pyu) on
the BALB/c background26 were maintained and bred under specific
pathogen-free conditions in the animal facility of the Paul-Ehrlich-
Institut. Animal experiments were performed in compliance with na-
tional law and approved by the local authority (Regierungsprasidium
Darmstadt, Germany, license number: F107/1020).

2.2 | Induction of AE

Mice (female, 6-8 weeks old) were sensitized by an intraperitoneal
injection with 10pg of ovalbumin (OVA, Sigma-Aldrich) and 1 mg of
Alum (Thermo Fisher Scientific) in 500uL of PBS—or treated only
with PBS as non-sensitized controls—twice at a 2-week interval as
described previously.* Two weeks after the second sensitization, the
mice received an egg-white diet, that contained 100% egg white as
20% of protein source (EW diet: ssniff Spezialdidten GmbH). After
7 days of EW diet feeding, the mice were sacrificed. Intestines were
harvested for histology and FACS analysis. Stool and serum samples

were kept at —~80°C until metabolite extraction.

2.3 | Measurement for serum levels of
OVA-specific antibodies

The serum levels of OVA-specific IgE, 1gG1 and IgG2a antibodies
were measured by ELISA and are described in Data S1 (Table S1).

2.4 | Histology of intestinal samples

Longitudinal sections of intestinal tissue (2cm) were taken from je-
junum (9.5 cm distal to the duodenum). The tissues were fixed in 4%
formalin and embedded in paraffin. Sections 5um thick were pre-
pared and stained with haematoxylin and eosin (H&E) for morpho-
logic analysis and detection of eosinophils. Histological score system
is described in Table S2.

2.5 | Analysis of eosinophil and neutrophil
frequency in intestinal lamina propria cells

Intestinal lamina propria cells were prepared according to a protocol
described by Weigmann et al. with slight modifications.?” A list of
materials and detailed methods is described in Data S1.
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2.6 | Metabolomics

The full list of reagents and standards for metabolomics is available
in Data S1.

2.6.1 | Metabolite extraction

Faecal samples were lyophilized overnight at -80°C (LyoQest -85,
Telstar). The dried samples were treated (i) with MeOH:MTBE (4:1,
v/v) and (i) with MeOH:H,O (4:1, v/v). After centrifugation, equal
volumes (300pL) of the supernatants from (i) and (ii) were mixed
and aliquoted for subsequent analysis. Serum samples (100 uL) were
deproteinized by mixing with cold acetonitrile (300 puL: 1:3v/v) for
15min in a vortex. After cooling on an ice bath for 10 min, the mix-
tures were centrifuged and stored at ~20°C until the start of sample
treatment.?®2? The detailed extraction procedure is available in the
Data S1.

2.6.2 | Preparation of metabolite samples and
quality controls (QCs)

Treatment of metabolic extracts and preparation of individual QC

samples for MS analysis are described in the Data S1.

2.6.3 | Metabolomics data acquisition

Samples were analysed using three analytical platforms (LC-
MS positive and negative ionization modes, CE-MS positive and
GC-MS) in order to maximize the metabolite coverage. LC-MS
analysis was performed on an Agilent HPLC system (1290 infin-
ity Il series, Agilent Technologies, Waldbronn, Germany), cou-
pled to a quadrupole-time of flight analyser mass spectrometer
(QTOF-MS) series 6545 (Agilent Technologies).?® CE-MS was
performed on a CE system (7100 Agilent) coupled to a TOF ana-
lyser (6224 Agilent).2%3! In GC-MS, the samples were measured
in a GC system (Agilent Technologies 7890A) equipped with an
autosampler (Agilent 7693) and coupled to an MS with an inert
MSD quadrupole detector (Mass Selective Detector, Agilent
5975C).%? Both matrices were analysed in the same analytical se-
guence in two batches: first faeces and then serum, and in each
one of them, the samples were measured in a randomized order.

Further details about the methodology for data acquisition can
be found in the Data S1.

2.6.4 | Data treatment, metabolite annotation and
statistical analysis

After the acquisition of raw data by the MS system, they were pro-
cessed and subsequently filtered following the Quality Assurance

procedure (QA) adapted from Godzien et al.3%%% |n LC-MS, the me-
tabolite annotation was carried out for statistically significant fea-
tures by CEU Mass Mediator (http://ceumass.eps.uspceu.es/).>> The
identity of those compounds with relevant annotations was con-
firmed with LC-MS/MS. In CE-MS, the compound annotation was
performed using an in-house library of standards.®®%! |n GC-MS,
the annotation was performed by using Fiehn RTL (Retention Time
Locked)®® and NIST v.14 libraries (https://chemdata.nist.gov/).>” For
the annotation of the biological class of each metabolite, Human
Metabolome Database (HMDB, http://www.hmdb.ca/)38 and Kyoto
Encyclopedia of Genes and Genomes (KEGG, www.genome.jp/
kegg/)®? were mainly applied.

For the immunological analysis, comparisons of mean val-
ues between different groups were performed by ANOVA in
GraphPad Prism 7 (San Diego, USA). p-Values <.05 and <.01
were designated with * and ** respectively, and considered
significant. For metabolomics, after QA, the data were used to
build multivariate statistic models in SIMCA (v.14.1, Umetrics®,
Ume3d, Sweden). In parallel, a univariate analysis was performed in
MATLAB (v.R2018b, MathWorks®, Natick, Massachusetts, USA)
to obtain the corrected p-value for each metabolite. Compounds
were considered significant if the corrected p <.05 for both two-
factor Kruskal-Wallis (KW) with a Benjamini-Hochberg correc-
tion and Mann-Whitney U test (MWU) with a post hoc Bonferroni
correction.

For the analysis of metabolic pathways, significant pathways
(p <.05) were selected with MetaboAnalyst 5.0 (https://www.metab
oanalyst.ca)®® and IMPaLA (http://impala.molgen.mpg.de).** Data
were plotted by using KEGG database and the Metscape tool (http://
metscape.ncibi.org/) from Cytoscape software (https://cytoscape.
org/).

Detailed information about this section can be found in Data S1.

2.7 | Microbiome analysis
2.71 | Metagenomics sequencing

DNA was extracted from faeces using Qiagen QlAamp DNA Stool
Mini Kit (QIAGEN GmbH), following manufacturer instructions.
Specifically, the V3-V4 region of the bacterial 16S ribosomal RNA
(rRNA) genes were then amplified using primers on a MiSeq platform
(Illumina) with the MiSeq reagent kit v2 (500cycles) as previously
described.***® Demultiplexed sequences were processed with the
DADAZ2 pipeline (g2-dada2 plugin) available in Quantitative Insights
into Microbial Ecology 2 (QIIME 2, version 2021.2).** Unique am-
plicon sequence variants (ASVs) were assigned a taxonomy using
a pre-trained Naive Bayes classifier and the q2-feature-classifier
plugin against the Greengenes 13_8 99% OTUs (https://green

).%5 The diversity indices (alpha and beta) were cal-

genes.lbl.gov/
culated by giime diversity core-metrics-phylogenetic method using
g2-diversity plugin on QIIME2. Furthermore, the 16S read counts

obtained from QIIME2 were further uploaded to the web-based
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MicrobiomeAnalyst 2.0%° to obtain the abundance profiling value of

the taxonomic composition.

2.7.2 | Statistics

The MicrobiomeAnalyst online tool (v. 2.0)46 was used for data
analysis and marker profiling. For the cladogram of differences in
species abundance between groups, we applied the linear discri-
minant analysis (LDA) effect size (LEfSe) tool,*” via the interactive
webpage (https://huttenhower.sph.harvard.edu/galaxy/). This high-
dimensional data analysis tool for biological indicators compares
various groups, focuses on biological correlations and statistical sig-
nificance, and identifies biological indicators that differ significantly
between groups.

GraphPad Prism (v.10.0.3) was used to perform the multivariate
analysis and to represent the correlation matrices by means of heat-
maps. Pearson's correlation was used. All tests were two-tailed.

3 | RESULTS

3.1 | IgE promotes development of clinical signs
and intestinal inflammation in a murine AE model

To assess the impact of high-IgE on the development of AE, WT
and IgEki mice were sensitized with OVA and Alum and challenged
with an EW diet (see immunization schedule in Figure S1A). OVA-
sensitized and EW diet-fed (OVA/EW) IgEki mice developed signifi-
cantly stronger clinical signs, that is reduction in body weight and
body temperature during 7 days of EW diet, compared to OVA/EW
WT mice (Figure 1A). Their controls, non-sensitized and EW diet-fed
(NC/EW) WT and NC/EW IgEki mice did not develop clinical signs
(Figure 1A). OVA/EW IgEki mice produced significantly higher levels
of OVA-specific IgE antibodies than OVA/EW WT mice, due to the
expression of the IgE heavy chain, instead of IgG1 as consequence of
the knock-in modification (Figure 1A and Figure S1B). IgG2a produc-
tion was maintained in IgEki mice (Figure S1B). NC/EW IgEki mice,
but not NC/EW WT mice, produced detectable, but marginal levels
of OVA-specific IgE antibodies (Figure 1A).

OVA/EW WT mice developed moderate inflammatory features
of AE, for example elongated crypts, abundant hypertrophic goblet
cells and villi atrophy with oedema in the lamina propria, whereas
OVA/EW IgEki mice aggravated AE (Figure 1B and Figure S2A). FACS
analysis showed that the frequencies of eosinophils (SiglecF*CD11b*
cells) and neutrophils (Ly6G*CD11b* cells) in the lamina propria
CD45" cells were significantly higher in IgEki OVA/EW mice, com-
pared to OVA/EW WT mice (Figure S2B). Such inflammatory fea-
tures could not be detected in NC/EW WT mice, whereas marginal
inflammation was observed in NC/EW IgEki mice (Figure 1B and
Figure S2A). The results indicate that IgE enhances development of
AE in a murine model. Overall, OVA sensitization and/or EW diet
feeding of WT mice and IgEki mice induce four groups with different

degrees of AE severity: allergic mice with aggravated AE (OVA/EW
IgEki mice), allergic mice with moderate AE (OVA/EW WT mice), al-
lergic mice with marginal AE mirroring sensitization stage (NC/EW

IgEki mice) and non-allergic mice (NC/EW WT mice).

3.2 | Metabolic characterization of serum and
faeces points to alterations of metabolome in
different degrees of AE severity

To getinsightinto the metabolome at different inflammatory degrees
of AE, faeces and serum samples of the four mouse groups were ana-
lysed by multiplatform metabolomics. We detected a total of 5155
metabolic features—3059 in faeces and 2096 in serum samples. For
comparisons between the four groups, discriminant multivariate
analysis, univariate analysis and annotation of significant metabo-
lites were performed. The numbers of metabolites after each step of
the data treatment are presented in Table S4. Non-supervised PCA
models show an overview of the differences among the four groups
(Figure S3), which are commented in Results in Data S1. Annotation
of the significant metabolites in all comparisons resulted in a total
of 215 identified metabolites in both serum and faeces samples
(Figure 2 and Tables S5-S8).

3.3 | Marginal and moderate AE alters the
local metabolome to a greater extent than the
systemic metabolome

To investigate the metabolic profile in marginal AE, the levels of
metabolites were compared between NC/EW WT mice and NC/
EW IgEki mice. In this comparison, clear differences of metabolite
levels in the faeces samples were observed in all analytical plat-
forms, since all the PLS-DA models showed a perfect separation
in the first component, with a percentage of prediction (Q%) up to
96%. PLS-DA and PCA-X models for this comparison are depicted in
Figure S4. Regarding serum samples, no significant models could be
obtained in multivariant statistics between the two NC/EW groups.
Metabolites in serum and faeces samples reflect systemic and local
metabolomes, respectively. The results suggest that the systemic
metabolome is less influenced than the local metabolome in mar-
ginal degrees of AE.

After both multivariate and univariate statistics in the compari-
son between NC/EW IgEki and NC/EW WT groups, 56 and 8 me-
tabolites were annotated in faeces and serum samples, respectively
(Figure 2 and Table S5). The heatmap analysis of faeces showed
clear metabolic signatures and a perfect clustering of the two NC/
EW groups (Figure S5). Significantly higher levels of sphingolipids
(sphingosine and sphinganine) and lysophospholipids (LysoPC (14:0),
LysoPC (16:0) and LysoPG (16:0)), and significantly lower levels of
acetylcarnitine, carnitine and amino acids (lysine, aspartic and glu-
tamic acids) were detected in faeces samples of NC/EW IgEki mice
(Figure 3A and Table S5). Metabolites derived from gut bacteria, such
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FIGURE 1
fed EW diet for 7 days. As controls, mice were fed EW diet without sensitization. (A) During EW diet feeding, the weight of the mice was
monitored daily. Body temperature and the serum levels of OVA-specific IgE levels of each mouse on day 7 of EW diet were measured. (B)
Jejunum tissues were harvested from mice and stained with H&E. The data is representative for three independent experiments. NC/EW,
Non-sensitized and EW diet-fed mice; OVA/EW, OVA-sensitized and EW diet-fed mice. *p<.05, **p<.01.

as valeric and shikimic acids, were also increased in faeces samples
of NC/EW IgEki mice (Table S5). Pathway analysis showed that the
urea cycle and glycerophospholipid-, glycosphingolipid- and lysine-
related metabolisms were significantly altered in intestines of NC/
EW IgEki mice (p <.05) (Figure 3B). Regarding serum samples, higher
levels of lysophospholipids—LysoPC (14:0), LysoPC (18:2), LysoPE
(18:1) and LysoPG (16:0)—were detected in NC/EW IgEki mice, com-
pared to NC/EW WT mice (Figure 3A and Table S5).

,. ex % —,y:

Induction of allergic enteritis in wild type and IgEki mice. WT and IgEki mice were i.p. sensitized with OVA plus ALUM and

Next, we compared the metabolite levels between NC/EW WT
mice and OVA/EW WT mice to know the metabolic profile of mod-
erate AE. In this comparison, 28 metabolites were annotated in fae-
ces (Figure 2, Table S7). Among them, most of the changes affecting
the metabolism of carbohydrates, lysophospholipids, amines (e.g.
spermidine and putrescine), sphingolipids (e.g. 3-ketosphinganine)
and amino acids (lysine, pipecolic acid and proline) were increased
in OVA/EW WT (Figure 4A,B). The detailed data of the OVA/EW
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FIGURE 2 The number of significantly annotated metabolites in NC/EW or OVA/EW WT and IgEki mice. Stacked bar chart of
biochemical classes of the significant annotated metabolites in the four comparisons of faeces and serum samples. The biochemical class
was taken from HMDB website. NC/EW, Non-sensitized and EW diet-fed mice; OVA/EW, OVA-sensitized and EW diet-fed mice.

WT versus NC/EW WT comparison are included in the Data S1
(Figures S6 and S7, Results in Data S1). These results suggest that
OVA/EW WT and NC/EW IgEki mice show a similar trend to increase

the levels of sphingolipids and lysophospholipids in intestinal tissues.

3.4 | Aggravated AE alters both systemic and local
metabolomes

Next, the influence of aggravated AE on metabolomes was analysed
by comparing OVA/EW IgEki mice and OVA/EW WT mice. Clear dif-
ferences between OVA/EW groups were observed in both faeces
and serum samples in all analytical platforms by means of PLS-DA
models: a percentage of prediction (Q?) up to 95% and 89%, respec-
tively. PLS-DA and PCA-X models for this comparison are shown in
Figure S8.

After all statistical analyses in the comparison of two OVA/EW
groups, 71 and 6 annotations were obtained in faeces and serum
samples, respectively (Figure 2, Table Sé). The heatmap for faeces
samples showed a blind separation of the two OVA/EW groups
and a decrease in most of the significant metabolites in OVA/EW
IgEki mice (Figure S9). The levels of lysophospholipids (LysoPE
(15:0), LysoPE (17:0), LysoPE (17:1) and LysoPE (14:0)) and a sphin-
golipid (3-ketosphinganine) were lower in faecal samples of OVA/
EW IgEki mice (Figure 5A). In addition, a decrease of butyric acid
and an increase of 2,3-butanediol in OVA/EW IgEki mice were de-
tected (Figure 5A). Metabolic pathway analysis suggests alterations
of several pathways in OVA/EW IgEki mice that include butanoate-,
lysine and other amino acid-, urea cycle, vitamin B3-, purine- and
pyrimidine-related pathways (Figure 5B).

In serum samples, increased levels of N-tau-methylhistamine,
cholesterol, ketoleucine and 3-hydroxbutanoate were found in
OVA/EW IgEki mice, compared to OVA/EW WT mice (Figure 6A).
Pathway analysis showed that butanoate, histidine, valine degra-
dation and cholesterol-related pathways are enhanced in OVA/EW
IgEki mice (Figure 6B).

The comparison of metabolite levels between NC/EW IgEki mice
and OVA/EW IgEki mice was also performed. In this comparison,
lower levels of lysophospholipids, sphingolipids and butyric acid
in faecal samples, and higher levels of N-tau-methylhistamine and
3-hydroxbutanoate in serum samples were detected in OVA/EW
IgEki mice (Figures S10 and S11), as seen in the comparison between
OVA/EW IgEki mice and OVA/EW WT mice (Figures 5 and 6). The
detailed data in OVA/EW IgEki versus NC/EW IgEki comparisons
are included in the Data S1 (Table S8, Figures 512 and S13). These
results suggest that high-IgE levels in AE may alter the levels of both
gut microbiota-derived and endogenous metabolites significantly.

3.5 | Microbiome characterization in different
degrees of AE

Next, to assess the impact of high levels of IgE on gut microbiome
and its association with metabolome, 16S rRNA gene sequencing
analysis was performed using feacal samples of WT and IgEki mice.
Analysis of a-diversity and richness revealed a statistically significant
increase in NC/EW IgEki mice, compared to the other groups (p <.05)
(Figure S14). In comparison to NC/EW groups, OVA/EW groups in-
creased Verrucomicrobiota and Actinobacteria at the phylum level
and Akkermansia at the genus level, and decreased Bacteroidetes at
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FIGURE 3 Characterization of key faecal and serum metabolites in NC/EW IgEki versus NC/EW WT comparison. (A) Trajectories of
significant annotated metabolites in faeces and serum between NC/EW IgEki and NC/EW WT groups. Asterisks denote significance of the
MWU test with a post hoc Bonferroni correction: *p <.05; **p <.01; ***p <.001. (B) Significant metabolic pathways (p <.05) detected using
faeces samples. Yellow hexagons are the metabolites significantly altered. The blue border means that it is decreased in that comparison and
the red one that it is increased. Orange hexagons are the metabolites that participate in the route. Grey diamonds are the reactions that take
place. Reactions are described in Table S9. Blue triangles are the enzymes that participate in each of the reactions. NC/EW, Non-sensitized
and Non-sensitized and EW diet-fed mice.
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FIGURE 4 Characterization of key faecal metabolites in e OVA/EW WT versus NC/EW WT comparison. (A) Trajectories of significant
annotated metabolites in faeces between OVA/EW WT versus NC/EW WT groups. Asterisks denote significance of the MWU test with a
post hoc Bonferroni correction: *p <.05; **p <.01; ***p <.001. (B) Significant metabolic pathways (p <.05) detected using the faeces samples.
Yellow hexagons are the metabolites significantly altered. The blue border means that it is decreased in that comparison and the red one that
it is increased. Orange hexagons are the metabolites that participate in the route. Grey diamonds are the reactions that take place. Reactions
are described in Table S12. Blue triangles are the enzymes that participate in each of the reactions. NC/EW, Non-sensitized and EW diet-fed
mice; OVA/EW, OVA-sensitized and EW diet-ed mice.
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FIGURE 5 Characterization of key faecal metabolites in OVA/EW IgEki versus OVA/EW WT comparison. (A) Trajectories of significant
annotated metabolites in faeces between OVA/EW IgEki versus OVA/EW WT groups. Asterisks denote significance of the MWU test with
a post hoc Bonferroni correction: **p <.01; ***p <.001. (B) Significant metabolic pathways (p <.05) detected using faeces. Yellow hexagons
are the metabolites significantly altered. The blue border means that it is decreased in that comparison and the red one that it is increased.
Orange hexagons are the metabolites that participate in the route. Grey diamonds are the reactions that take place. Reactions are described
in Table S10. Blue triangles are the enzymes that participate in each of the reactions. OVA/EW, OVA-sensitized and EW diet-ed mice.
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FIGURE 6 Characterization of key serum metabolites in OVA/EW IgEki versus OVA/EW WT comparison. (A) Trajectories of significant
annotated metabolites in sera between OVA/EW IgEki versus OVA/EW WT groups. Asterisks denote significance of the MWU test with

a post hoc Bonferroni correction: **p <.01; ***p <.001. (B) Significant metabolic pathways (p <.05) detected using serum samples. Yellow
hexagons are the metabolites significantly altered. The blue border means that it is decreased in that comparison and the red one that it is
increased. Orange hexagons are the metabolites that participate in the route. Grey diamonds are the reactions that take place. Reactions are
described in Table S11. Blue triangles are the enzymes that participate in each of the reactions. OVA/EW, OVA-sensitized and EW diet-ed
mice.
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the phylum level and Lachnospiraceae at the family level in both WT
and IgEki mice (Figure 7A). In comparison to WT mice, IgEki mice
increased Bacteroides and Butyricicoccus, and decreased Clostridium,
Desulfovibrio, Enterococcus, Lachnospiraceae and Blautia at the genus
level (Figure 7A). Linear discriminant analysis (LDA) of effect size
(LEfSe) showed that the main genus enriched in the microbiota of
OVA/EW IgEki mice with the severe AE is Lactobacillus, while NC/
EW WT mice, the non-allergic control, is enriched in Clostridium
genus (Figure 7B).

Association analysis of between the levels of OVA-specific IgE, the
metabolome and the microbiome by combining data of all four groups
was performed. The levels of OVA-specific IgE were positively asso-
ciated with those of N-tau-methylhistamine, and 2-aminooctanoic
acid in the serum samples and the ratio of Lactobacillus in the faecal
samples, but adversely associated with those of several purine- and
pyrimidine-related pathways, that is uridine, 2-deoxythyidine, thy-
midine and xanthine in the faecal samples (Figure $15). Among the
associated metabolites with IgE levels, N-tau-methylhistamine was
highly detected in OVA/EW IgEki mice (Figure 6A).

Association analysis of metabolome and microbiome showed
potential links of metabolites and bacteria (Figure 8). Within the me-
tabolites detected in the faecal samples, sphinganine was associated
with Clostridium, Desulfovibrio and Enterococcus at the genera level,
which was highly detected in NC/EW WT mice. LysoPE (14:0) and
LysoPE (15:0) were associated with Akkermansia, Parabacteroides
and/or Adlercreutzia. The levels of LysoPE (17:0) were associ-
ated with Anaerotruncus, Desulfovibrio and Enterococcus. Another
lipid compound, 3-ketosphinganine, displayed association with
Adlercreutzia, Blautia and Parabacteroides, which were observed in
NC/EW IgEki mice. Eicosadienoic acid and 2-3-butanediol were as-
sociated with Butyricicoccus, which was detected in OVA/EW IgEki
group. Aminobutyric acid was associated with Bacteroides, which
was reduced in OVA/EW IgEki group. Within the metabolites de-
tected in serum samples of OVA/EW IgEki mice, 2-hydroxybutyric
acid was associated with Lactobacillus. The results suggested a com-
plex network of potential associations between the microbial envi-

ronment and metabolites in the AE.

4 | DISCUSSION

In the present study, using IgEki mice, we provide evidence that high
levels of IgE enhance the accumulation of granulocytes, the devel-
opment of AE and alterations in systemic and local metabolomes.
The enhanced inflammatory features in OVA/EW IgEki mice—with
intensive granulocyte accumulation and aggravated weight loss—are
similar to those in patients with intestinal allergy.”*® On the other
hand, NC/EW IgEki mice could be a model of the initial stage of the
disease, presenting a marginal degree of inflammation without de-
tectable clinical signs. Untargeted metabolomics identified distinc-
tive metabolomic signatures in WT and IgEki mice with different
degrees of AE. In the comparisons of all tested four groups, the lev-
els of lipids—including sphingolipids, glycerophospholipids and fatty

acids—were significantly altered. Analyses of gut microbiome also
showed differential abundance of microbial communities among the
groups.

We found that the levels of 3-ketosphinganine (a precursor of
sphinganine) and lysoPE (14:0) or (15:0) (lysophospholipids, a class
of glycerophospholipids) were higher in faeces of OVA/EW WT
mice, a model of moderate AE, compared to NC/EW WT mice, a
non-allergic control. The increased levels of lysoPE (14:0) was also
found in faeces of NC/EW IgEki mice with marginal AE. Lee-Sarwar
K et al. showed that 3-ketosphinganine is significantly increased in
faeces samples of subjects with food sensitization.?* Their study
also detected an association of impaired respiratory responses with
plasma levels of sphingolipids (e.g. sphinganine and ceramide) in pa-
tients with asthma. Other studies observed elevations of lysophos-
pholipids in bronchoalveolar lavage fluids of patients with asthma
and animal models with acute lung injury.**=>! The observations, in-
cluding ours, suggest that the elevation of sphinganines or lysophos-
pholipids might be an indication of sensitization or the development
of allergic inflammation.

Several studies showed that lysophospholipids exhibit pro-
inflammatory properties, for example by induction of inflammatory
cytokine/chemokine expression in human monocytes and bronchial
epithelial cell lines.>>>% Nishiyama et al. showed that LysoPC in-
duces eosinophil infiltration and resistance in the airways of a mu-
rine asthmatic model.>* It has also been suggested that the levels
of sphingolipids are increased by dysbiosis.>>™’ In our study, the
levels of LysoPE (14:0) and LysoPE (15:0) were associated with the
abundances of Akkermansia and Parabacteroides, mucin-degrading
genera. Involvement of Akkermansia in sphingolipid metabolism was
detected in DSS-induced colitis.>® In addition, Akkermansia muciniph-
ila promoted food allergic responses by mucosal barrier breakdown
in fibre-deprived mice.>? Sphingolipids are the major components
of cell membranes.®®®! The lipids might be released by damaged
cells at inflammatory sites and trigger the development of inflam-
mation. However, it also needs to be noticed that the abundance of
Akkermansia was lower in OVA/EW IgEki mice, compared to OVA/
EW WT mice. The result suggests that the elevation of Akkermansia
and lysoPE may be involved in the development of AE, but not be
directly associated with the severity of AE.

The most visibly elevated fatty acid in faeces samples of OVA/
EW IgEki mice was eicosadienoic acid, a naturally occurring n-6
polyunsaturated fatty acid (PUFA) derived from linoleic acid.? It is
mainly detected in animal tissues when the activity of Aé-fatty acid
desaturase—the key enzyme in the biosynthesis of polyunsaturated
fatty acids—is inhibited. Reduced desaturase activity was observed
in bronchial epithelial cells from asthma patients,63 suggesting that
inflammation influences the expression of desaturase and thereby
alters lipid metabolism. High levels of eicosadienoic acid, along with
other PUFAs in breast-fed infants (from 6 to 12 months of age) have
been associated with asthma-like symptoms.®* Eicosadienoic acid
is a precursor for the biosynthesis of eicosanoids providing pro-
inflammatory signals®? and could be involved in the development
and aggravation of AE.
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mice.

The abundance of Butyricicoccus, a genus belonging to the
Clostridiales order, was correlated with the levels of 2-3-butanediol,
which were significantly higher in OVA/EW IgEki mice. Significant tax-
onomic differences in atopic dermatitis (AD) and allergic rhinitis (AR)

including higher abundance of Butyricicoccus have been described.>%7
Meanwhile, 2,3-butanediol is produced by the gut bacteria genera
Klebsiella, Enterobacter and Serratia genera, which are reportedly linked
to anincreased risk of aIIergy."s'71 In contrast, reduced levels of butyric
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FIGURE 8 Correlation matrices between metabolites and gut microbiome at the levels of genera. Pearson correlation index: *p-value
<.05; **p-value <.01. (A) Correlation matrix identified in faecal samples. (B) Correlation matrix identified in serum samples.

acid, valeric acid and 2-hydroxyisocaproic acid were also detected in
OVA/EW IgEki mice. The abundance of the genera Lachnospiraceae
and Clostridium, that cover butyrate-producing species, was also re-
duced in the mice. This is consistent with previous studies showing a

reduction in butyrate-producing gut bacteria in allergic patients.””*

Butyrate is an anti-inflammatory bacteria-derived short-chain fatty
acid (SCFA) that has the potential to induce resolution from allergy by
developing regulatory T cells and enhancing intestinal epithelial barrier
integrity.m’77 In addition, 2-hydroxyisocaproic acid is known as a me-
tabolite of Lactobacillus species.
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Lactobacillus was highly abundant in OVA/EW IgEki mice.
We had also observed increased abundance of Lactobacillus in
food allergic mice with severe symptoms previously.78A low rel-
ative abundance of Lactobacillus was reported to be associated
with asthma development early in life and inflammatory bowel
disease.”” 8! Conversely, intestinal abundance of Lactobacillus
was positively correlated with Crohn's disease (CD) patients.®?
Notably, the genus Lactobacillus comprises more than 180 spe-
cies.®? Further analysis is required to determine whether certain
Lactobacillus species or genotypes are induced in high-IgE envi-
ronments and are involved in the development of allergies.

It is worth noticing that serum levels of N-tau-methylhistamine
were significantly elevated in OVA/EW IgEki mice with severe in-
flammation, and positively associated with the levels of OVA-specific
IgE antibodies. N-tau-methylhistamine is a major metabolite of his-
tamine produced by the enzyme histamine N-methyltransferase83
and constitutes a reliable parameter for histamine release from
mast cells in serum.8+® Previous studies described that histamine
N-methyltransferase is responsible for 70%-80% of histamine bio-
transformation to N-tau-methylhistamine.®%®” Increased N-tau-
methylhistamine has been detected in serum and urine samples in
mastocytosis.88’89 Taken together, these studies suggest that high
levels of allergen-specific IgE increase histamine release from mast
cellsand thereby promote the serum levels of N-tau-methylhistamine
in OVA/EW IgEki mice. Thus, N-tau-methylhistamine could consti-
tute a marker of mast cell activation and disease severity in AE.

Pathway analysis showed that multiple energy metabolism path-
ways were dysregulated in OVA/EW IgEKi mice: the urea cycle, pyrim-
idine and purine metabolisms. OVA/EW IgEKi mice exhibited severe
inflammation and weight loss. Weight loss is one of the clinical signs
often caused by severe intestinal allergy.”'%*#4879 We have also no-
ticed that many of the metabolite differences in OVA/EW WT mice
and OVA/EW IgEki mice may be induced by changes in nutrient ab-
sorption due to weight loss and inflammation. The absorption of certain
micronutrients is hindered during inflammation, that would influence
on the levels of metabolites.”* Cellular metabolism of immune cells and
profile of gut microbiome are also altered in inflammation.”??® Weight
loss alone could also drive changes in metabolism and microbiota.”
AE could alter the absorption levels of micronutrients, that would also
alter intestinal and systemic metabolome. This could be considered as
a potential limitation of our study since metabolites differences might
be due to changes in nutrient absorption. Further studies are neces-
sary to elucidate whether and how the absorption of micronutrients
influences on the intestinal and systemic metabolome in AE condition.

In addition, the use of IgEki mice to induce aggravated AE is a lim-
itation of this study. IgEki mice express high total IgE and do not ex-
press IgG1 antibodies, since the exons encoding the soluble form of IgE
are preceded by the I1gG1 class switch region and downstream by the
membrane exons of IgG in the animals.2¢ NC/EW IgEki mice exhibited
a greater number of significant metabolite changes than OVA/EW WT
mice, when those were compared to NC/EW WT mice. Although IgA
antibodies play the main role in intestinal immunity and homeostasis,
1gG antibodies are partly involved in the maintenance of commensal

bacteria and the induction of oral tolerance in gut-associated lymphoid
tissues.” In addition to the high levels of IgE antibodies, the defect
of 1gG1 antibodies might influence the gut microbiome profile and in-
duction of AE, thereby altering metabolome in NC/EW and OVA/EW
IgEki mice. In conclusion, our study demonstrated remarkable shifts
in metabolism in experimental AE. Furthermore, high-IgE levels alter
broader metabolisms at the severe inflammation stage, including those
related to the gut microbiota. However, to determine the direct influ-
ence of IgE on the gut microbiome, it may be necessary to perform IgE-
seq to identify IgE-coated gut bacteria and verify whether the bacteria
are involved in the onset and development of allergies. Although this
study could be valuable in understanding the molecular mechanisms
of AE, further studies in humans are needed to analyse and validate
the proposed panel of biomarkers. Our results also showed the impact
of high-IgE levels on the gut microbiome. Association studies between
gut metabolome and bacterial composition are challenging. The gut
metabolome is influenced by diet, nutrient absorption, host-derived
and microbial-derived metabolites, and the effects of specific metabo-
lites on the gut microbiota remain largely unknown. Hence the value of
our study, whose findings reiterate the complexity of AE and guide our

approaches to the prevention, treatment and control of this disease.
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