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ABSTRACT

Background. Food allergy is a public health concern affecting quality of life and increasing in prevalence.
Numerous studies suggest that the rapid increase in the prevalence of allergic diseases may be linked to
epigenetic mechanisms, particularly microRNA (miRNA), long non-coding RNA (IncRNA). The aim of this
study was to investigate the effects of oxidative stress and selected non-coding RNAs on the development and
pathogenesis of food allergy.

Methods. A total of 26 children with food allergy and 30 healthy children were enrolled in this study. Real-time
polymerase chain reaction (RT-PCR) was performed to detect the expressions of serum miR-19a, miR-98 and
IncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) in all the participants. Serum levels
of interleukin-4 (IL-4), IL-10, IL-13 and transforming growth factor beta (TGF-f3), along with levels of oxidative
stress markers 8-isoprostane and cysteinyl leukotrienes, were measured by enzyme-linked immunosorbent
assay.

Results. Our study found that the expression of miR-98 was significantly lower in children with food allergies
compared to healthy controls (p < 0.05), whereas there was no significant difference in the expression levels
of miR-19a between the two groups (p > 0.05). There was no difference in gene expression levels (p > 0.05) of
IncRNA MALAT1 between children with food allergies and healthy children. TGF-{ levels of healthy children
were found to be significantly higher than those of children with food allergies (p < 0.05). There was no statistical
difference in cysteinyl leukotriene levels between patients and controls (p = 0.804). However, 8-isoprostane
levels were significantly lower in patients (6.68 pg/mL; interquartile range [IQR]: 1.57-26.55) compared to
controls (37.20 pg/mL, IQR: 18.55-167.58) (p < 0.001).

Conclusions. Considering our findings in conjunction with existing literature, miR-98 appears to be a promising
candidate biomarker for food allergy.
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Food allergy is an inappropriate immune
response that occurs after food intake or
exposure.! The prevalence of food allergies
is increasing all over the world.? The clinical
findings of food allergies can range from
mild itching to life-threatening anaphylaxis.?
Along with reducing the quality of life, food
allergy consumes public health resources
significantly.*> Depending on the type of
immune response, food allergies are classified
into three groups: immunoglobulin E-mediated
(IgE-mediated), non-IgE-mediated food allergy,
and mixed-type food allergy.® IgE-mediated
food allergies are the most common type
and show immediate symptoms.” During the
sensitization phase of IgE-mediated food allergy,
ingestion of the allergenic food protein triggers
the production of food-specific IgE antibodies,
which subsequently bind to tissue basophils
and mast cells. When food crosses the disrupted
barrier, dendritic cells are activated via danger
signals and release inflammatory cytokines.
These activated dendritic cells present the
antigen to naive T cells, the T cells differentiate
into a T helper cell 2 (Th2) phenotype, which
in turn promotes inflammatory signals that
induce food antigen-specific B cells to class
switch and produce food antigen-specific IgE.
In the effector phase of IgE-mediated allergic
reactions, re-exposure to the sensitized food
allergen leads to mast cell degranulation and
mediator release, triggered by cross-linking of
the allergen with allergen-specific IgE bound
to Fc epsilon receptor 1 (FceRI) on mast cells.
Therefore, mast cells release mediators such
as histamine and leukotrienes and allergic
reactions to food occur.?

Epigenetic changes are mechanisms that
regulate genome activity that do not involve
altering the DNA sequence.” The main
epigenetic mechanisms are divided into three
as DNA methylation, histone modifications and
non-coding RNAs."” MicroRNAs (miRNAs) and
long non-coding RN As (IncRNAs) are important
regulators of gene expression, belonging to the
class of non-coding RNAs."!
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MiRNAs are untranslated transcripts found
in clusters within the introns of other genes.'
miRNAs are about 18-26 nucleotides long and
are responsible for the translational repression
of messenger RNA (mRNA). They cause
translational repression by partial binding to
the non-protein-translated region (3’-UTR)
located at the end of the target mRNA via RNA-
induced silencing complex (RISC), or mRNA
degradation by full conjugation.”” MiRNAs play
a role in biological processes such as apoptosis,
cancer, cell differentiation, and inflammation.
MiRNAs are also involved in the regulation
of the immune response. MiRNAs affect the
development of diseases or the strength of
inflammation in the affected tissues.'

LncRNAs are non-coding RNAs longer than
200 nucleotides. It is estimated that there are
approximately 16,000 IncRNAs in the human
genome.” LncRNAs are structurally similar
to mRNAs, but IncRNAs do not have an open
reading frame (ORF). Therefore, they cannot
code for proteins.® LncRNAs are found in
the nucleus and cytoplasm and are involved
in the regulation of almost every step of
gene expression by various mechanisms.
As epigenetic modulators, IncRNAs bind to
chromatin-modifying enzymes and direct
their activity to specific regions of the genome.
In these regions, IncRNAs direct chromatin
modification by changing the pattern of gene
expression. LncRNAsact on transcription factors
and cause suppression or activation of the target
gene. LncRNAs regulate alternative splicing by
acting on splice factors. In addition, IncRNAs
prevent the miRNA from binding to the target
mRNA by acting as a sponge between the target
mRNA and the miRNA."” Emerging evidence
suggests that IncRNAs are involved in the
transcriptional or epigenetic regulation of gene
expression, various biological processes such
as cell differentiation, embryonic development,
cancer metabolism, and inflammation.®

The expression pattern of miRNAs and IncRNAs
may vary according to different cell types and
disease conditions. miRNAs and IncRNAs are
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stable and detectable in different body fluids
such as serum, urine and saliva. Furthermore,
it has been shown that miRNAs and IncRNAs
may play a role in the prognosis of the disease,
in predicting the response to the treatment,
and following the disease process. Therefore,
it is thought that miRNAs and IncRNA can
be used as biomarkers in airway and allergic
diseases.""

In our study, we aimed to identify candidate
biomarkers that could be used to distinguish
children with food allergy from healthy controls
and to determine the effects of selected non-
coding RNAs on inflammation. Additionally,
by identifying a potential diagnostic biomarker
for food allergy, we sought to reduce the
reliance on food challenge tests, which are both
challenging and carry inherent risks. We also
aimed to explore the relationship between food
allergy and oxidative stress.

Materials and Methods

Patients

Twenty-six children with IgE-mediated food
allergy from the Division of Allergy, and 30
healthy children from the Department of
Child Health and Diseases General Outpatient
Clinic who agreed to participate in the study
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were enrolled between June 2020 and July
2021, at Thsan Dogramaci Children’s Hospital
of Hacettepe University, Ankara, Tiirkiye.
All patients and parents gave their informed
written consent to participate in the study. The
criteria for inclusion in the food allergy group
were as follows: food-specific IgE >0.35 IU/L,
a swelling of 3 mm or more compared to the
negative control in the epidermal prick test
and the presence of clinical symptoms. In the
healthy control group, the criteria for inclusion
in the study were the absence of food allergy
and atopy. Blood samples were collected from
all study participants for miRNA and mRNA
isolation from serum. The study was approved
by Hacettepe University Non-interventional
Clinical Research Ethics Committee (approval
no. GO 20/343).

The demographic characteristics of the study
population are given in Table L

MiRNA and IncRNA isolation and
quantification

The serum samples were separated from the
blood by centrifugation and stored at -80°C
until use for miRNA isolation by miRNeasy
Serum/Plasma Kit (QIAGEN, Germany).

MiRNAs were reversely transcripted to
complementary DNA (cDNA) according to the

Table I. The demographic and clinical characteristics of the study population.

Food allergy (n=26) Controls (n=30) p value
Age (year), mean+SD 454 +2.77 453+2.25 p>0.05
Female sex, n (%) 5(19) 6 (20) p>0.05
Total IgE (IU/mL), median (Q1-Q3) 222 (115-597) n/a NA
Eosinophil count (x10%/puL), median (Q1-Q3) 400 (200-500) n/a NA
Eosinophils (%), median (Q1-Q3) 4.8 (2.8-6.6) n/a NA
Food allergy pattern, n (%) NA
Milk 7 (27)
Milk and egg white 4 (15)
Nuts 12 (46)
Milk and nuts 3(12)

SD: standard deviation
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instructions of the miScript II RT Kit (QIAGEN,
Germany) by wusing HiFlex Buffer, which
allows reverse transcription of both mRNA
and miRNA into cDNA. The expression levels
of miR-19a and miR-98 were derermined by
using the miScript SYBR Green Kit (QIAGEN,
Germany). The primer assays for miR-98,
miR-19a, and miR-16 were purchased from
QIAGEN. Maxima SYBR Green/ROX qPCR
Master Mix” kit (ThermoFisher Scientific,
USA) was used to determine expression levels
of IncRNA MALAT1 and elongation factor
1-alpha (EF1-a), housekeeping gene. Primers
for MALAT1 and EF1-a were purchased from
Integrated DNA Technologies (Ilowa, USA). The
expression analyzes were performed by using
Applied Biosystems Fast 7500 Real Time PCR
System device. The relative expression levels of
each miRNA were normalized by endogenous
miR-16, and EF1-a was used as a housekeeping
gene for IncRNA MALATI. Differentiation in
expression levels between samples was revealed
by using the 244 method.

Enzyme-linked immunosorbent assay (ELISA)

The serum levels of interleukin IL-4, IL-10,
transforming growth factor beta (TGF-f) and
IL-13, 8-isoprostane and cysteinyl leukotrienes
were measured by ELISA by using commercial
kits, ~according to the manufacturer’s
instructions. Briefly, standards and samples
were added to the wells of the capture
antibody-coated plates and incubated at room
temperature for the specified time. Unbound
molecules were then washed away, and the
enzyme-conjugated secondary antibody was
added and incubated at room temperature for
the specified time. After the washing process,
the enzyme-specific substrate was added
and incubated at room temperature for the
specified time. After the reaction was stopped,
measurements were made at the appropriate
wavelengths. The concentrations of the samples
were determined by using the standard graphs
obtained.
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Statistical analysis

The SPSS 22 for Windows program was used
for statistical analysis. The comparison of
numerical variables was performed using
parametric or non-parametric tests depending
on whether they were normally distributed.
Categorical variables were evaluated using
the chi-square test or Fisher's exact test.
Expressions of target miRNAs and IncRNA
were normalized according to the expression
of control miRNA and EF-1a, respectively. The
results were analyzed using the 2722t method.
The results are given as fold change. The Mann-
Whitney U test was used to analyze expression
levels. In all analyses, p < 0.05 was considered
statistically significant.

Results

Expression levels of miRNAs

The expression levels of selected miRNAs
miR-19a, and miR-98 were compared between
children with food allergies and healthy controls.
The mean of the ACt values of the control group
was calculated. The miRNA expression level of
the individual whose ACt value was closest to
the mean ACt values of the control group was
accepted as 224t =1, and changes in expression
levels of other individuals in the control group
and food allergy patients were compared with
the expression level of this reference individual.

There was no difference in the level of miR-19a
expression between children with food allergies
and healthy children (p=0.85, Fig. 1A), while the
expression levels of miR-98 were significantly
downregulated in children with food allergy
compared with healthy children. (p<0.001,
Fig. 1B).

Expression levels of IncRNA MALAT1

Although MALAT1 expression levels seem to
be higher in patients, no significant difference
was observed between the patient and control
groups due to high inter-sample variability
(p=0.993, Fig. 2).
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Fig. 1. A) Comparison of miR-19a expressions of food allergy patients (median: 1.08, Q1-Q3: 0.28-3.02) and
control group (median: 0.95, Q1-Q3: 0.31-3.46). B) Comparison of miR-98 expressions of food allergy patients
(median: 0.26, Q1-Q3: 0.09-0.57) and control group (median: 0.95, Q1-Q3: 0.65-1.60).
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Fig. 2. Comparison of MALAT1 expressions of food
allergy patients (median: 1.31, Q1-Q3: 0.25-3.36) and
control group (median: 1.03, Q1-Q3: 0.57-1.78).

MALAT1: metastasis-associated lung adenocarcinoma
transcript 1

Cytokine levels

The serum level of TGF-$ was found to be
significantly lower in the patient group
compared to the control group (p=0.027,
Fig. 3A). In contrast, the IL-13 protein levels in
the serum samples of the patient group were
not different from the control group (p=0.85,
Fig. 3B). IL-4 and IL-10 proteins were not
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detectable at measurable levels in the serum
samples of either group.

Oxidative stress markers

There was no statistical difference in cysteinyl
leukotriene levels (p=0.804) between controls
and patients (Fig. 4A). However, 8-isoprostane
levels were significantly lower in patients (6.68
pg/mL; interquartile range [IQR]: 1.57-26.55)
compared to controls (37.20 pg/mL; IQR: 18.55-
167.58) (p<0.001, Fig. 4B).

Discussion

Food allergy, defined as an inappropriate
immune response to a harmless food antigen,
is an important disease that can recur when
exposed to the same food and can be life-
threatening.®® The prevalence of food allergy
and other allergic diseases is increasing all
over the world.? A growing body of evidence
suggests that this increase may be associated
with epigenetic mechanisms, particularly
involving miRNA and IncRNA.

MiR-19a, a member of the miR-17~92 cluster,
promotes Th2 cytokine production by
simultaneously targeting inhibitors of the
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Fig. 3. A) Comparison of TGF-{3 protein levels in serum samples obtained from food allergy group (median:
45.39, Q1-Q3: 35.7-61.32) and healthy controls (median: 65.98, Q1-Q3: 43.07-81.59) B) Comparison of IL-13
protein levels in serum samples obtained from food allergy group (median: 1.76, Q1-Q3: 0.41-6.15) and healthy
controls (median: 0.85, Q1-Q3: 0.26-7.29).

IL-13: interleukin-13; TGF-p: transforming growth factor-beta
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Fig. 4. A) Comparison of cysteinyl leukotriene levels in serum samples obtained from food allergy group
(median: 1292.35, Q1-Q3: 842.46-1858.87 pg/mL) and healthy controls (median: 1102.62, Q1-Q3: 894.91-1557.52
pg/mL) B) Comparison of 8-isoprostane levels in serum samples obtained from food allergy group (median:
6.68, Q1-Q3: 1.57-26.55 pg/mL) and healthy controls (median: 37.20, Q1-Q3: 18.55-167.58 pg/mL).

NF-KB, JAK-STAT and PI3K pathways. It has
also been observed that mir-19a is increased
in allergic inflammation and supports the
production of IL-5 and IL-13.*' Another study
revealed that the levels of thrombospondin-1
(TSP1), molecule involved in the maintenance
of immune tolerance, were significantly
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decreased, while the levels of miR-19a were
significantly increased in intestinal CD35+ B
cells of mice sensitized to ovalbumin (OVA) as
compared to naive controls. They concluded
that IL-4 suppresses the expression of TSP1 in
the intestinal CD35+ B cells by up regulating
miR-19a.%
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In a study that aimed to investigate the role
of miR-17-92 cluster in the induction of food
allergen-related inflammation in the intestine,
the authors found that the levels of miR-19a were
significantly higher in the B cells of the intestine
of food allergic mice than those in naive control
mice. They also showed that exposure of B cells,
which were isolated from the mouse spleen, to
IL-4 in the culture led to increased expression of
miR-19a and suppressed expression of IL-10 in
these cells.”

As a result of our study, when miR-19a gene
expression levels were compared between
the patient and control groups, there was no
significant difference (p > 0.05). However, a
negative correlation was found between miR-
19alevels and patient eosinophil count (p=0.009,
r=-0.505).

MiR-98, another miRNA selected in our study, is
an important member of the Let-7 family. MiR-
98 may serve as aregulator of the T cell mediated
immune response.* Xie and Xu® found that
patients with systemic lupus erythematosus
had lower expression of miR-98 and higher
Fas mRNA and protein levels in CD4+ T cells
compared to healthy donors. In the study by Xie
et al.”*® CD4+ cells were isolated from the lamina
propria mononuclear cells of mice exposed to
peanut extract and the expression level of miR-
98 was examined. As a result of the study, an
increase in miR-98 expression level was found.

Luo et al.” showed that the levels of IL-10 in
peripheral B cells were significantly lower in
patients with airway allergy as compared with
healthy subjects. High levels of miR-98 were
detected in peripheral B cells of patients when
the B cells were stimulated with IL-4 to mimic
allergy status. In this study, it was shown that
miR-98 mediated IL-4 inhibited IL-10 expression
in B cells.

In a study performed by Chen et al.*® the levels
of miR-98 were found to be higher, but the levels
of TSP1 were lower, in B cells isolated from the
peripheral blood in patients with asthma. A
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negative correlation was identified between the
levels of miR-98 and TSP1 in B cells.

In our study, when miR-98 gene expression
levels were compared between children with
food allergy and healthy controls, statistically
significant differences were found between the
two groups (p<0.05). The expression results of
miR-98 we obtained are inconsistent with the
results obtained in other studies in the literature.
But we also found a positive correlation (p=
0.032, r= 0.494) between miR-98 levels and IL-13
levels in patients with food allergy. When we
evaluated both groups together, no correlation
was found between miR-98 levels and IL-13
levels (p=0.273, r= 0.175).

MALAT1 is a prominent intergenic IncRNA
known to be associated with metastasis in
non-small cell lung cancer.” Through its
essential role in T helper cell differentiation
and function, MALAT1 has important roles
in immune response.*® MALAT1 regulates
the innate immune response.’ In lung tissue
biopsy samples taken from patients with
chronic obstructive pulmonary disease (COPD)
and a control group, MALAT1 expression
levels of patients with COPD were found to be
significantly higher than those of the control
group.”? In the study by Qiu et al.® it was
observed that MALAT1 was expressed more in
CD4+ cells from asthmatic patients compared
to healthy patients. A recent study used
bioinformatics to uncover the IncRNA-miRNA-
mRNA regulatory network of bronchial
epithelial cells in severe asthma. Five mRNA
datasets from bronchial brushing samples from
severe asthmatic patients and healthy controls
were downloaded from the Gene Expression
Omnibus (GEO) database, and MALAT1
was identified as one of the top 10 competing
endogenous RNAs (ceRNAs) upon analysis.**

A study conducted by Yu et al. investigated
Morinda officinalis extract (MOE) and its
interaction with the long non-coding RNA
MALATT1 in the treatment of atopic dermatitis.
They showed that MOE inhibited MALAT1
expression in atopic dermatitis, leading to
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reduced expression of C-C chemokine receptor
type 7 (CCR7), which is regulated through a
ceRNA mechanism involving MALAT1 acting
as a sponge for miR-590-5p. This, in turn,
suppressed tumor necrosis factor alpha (TNF-«)
/ interferon gamma (IFN-y)-induced cellular
proliferation and inflammation.®® In another
study, the authors demonstrated that MALAT1
increased NLRP3 expression by targeting miR-
124-3p in a mouse model of atopic dermatitis.
They reported that suppression of MALAT1
suppressed NLRP3 inflammasome activation
and attenuated the Th1/Th2 imbalance in Th2-
conditioned CD4+ T cells.* Feng and colleagues
showed that MALAT1 was highly expressed in
mice with food allergy, and its silencing relieved
allergic reactions with reduction in intestinal
inflammatory cells and mast cells in food allergy
mice by using BALB/c mice that were sensitized
to ovalbumin in accordance with a model of
food allergy protocol. They also found that
MALAT1 aditionally promotes IL-6 secretion
by dendritic cells and their maturation. As a
result of their findings the authors suggested
that therapeutically blocking MALAT1 in food
allergy could reduce the severity of food allergy
by decreasing the secretion of IL-6 by dendritic
cells and suppressing the immunomodulation
of T regulatory cells.”

In our study, there was no difference between
the two groups in the expression levels of
MALAT1 (p>0.05). When we examine the
existing literature, most studies have utilized
tissue samples or inflammatory cells. In contrast,
our study used serum samples, which may
explain why we did not observe any significant
differences between the groups.

We determined that the 3'-UTRs of the IL-6,
IL6R, IL-8, IL-10, IL-13, TGFBR1, TGFBR3 and
IL22RA1 genes contain putative binding sites
of miR-98 using target estimation programs
TargetScan (http://www targetscan.org/),
miRDB  (http://mirdb.org/), and miRBase
(https://www.mirbase.org/). Among these
target genes we selected IL-10, IL-13, TGF-3,
which are effective in allergic diseases and the
pathogenesis of food allergy, and IL-4, which
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has been shown to be associated with miR-98 in
the literature, to investigate the role of miRNAs
in disease pathogenesis. Protein levels were
measured by the ELISA method. When the
TGEF-f3 protein levels were examined, there was
a statistically significant difference between the
patient and control groups (p<0.05).

TGF-p, the main regulator of the immune
response, has important anti-inflammatory and
immunosuppressive functions. TGF-3, which
has a chemoattractant effect, leads to rapid
accumulation of macrophages, granulocytes,
and other cells at the site of inflammation. TGF-{3
stimulates the secretion of other inflammatory
cytokines, and in the meantime recruits
granulocytes to the site, which strengthens the
immune response. TGF-f1 inhibits immune
cell differentiation (Thl and Th2 cells and B
cells) and cytokine production (IFN-y and IL-
2) and is also involved in the development
and differentiation of T regulatory cells.®® In a
study that included 37 patients with allergic
rhinitis and 30 healthy people, TGF-3 protein
levels were found to be significantly lower in
patients with allergic rhinitis than in healthy
controls.* The concentration of TGF-B-1 was
found to be significantly higher in patients with
rhinosinusitis compared to the control group.
In our study, TGF-B level was found to be
significantly higher in the control group.*’ This
finding is in line with the data in the literature
due to the anti-inflammatory properties of
TGF-B and its effects on the differentiation and
development of Treg cells.

In our study, IL-4 and IL-10 proteins were not
found in the samples at a measurable level,
however, no significant difference was observed
between food allergy patients and the control
group in terms of IL-13 protein levels (p>0.05).

Oxidative stress is often defined as an imbalance
of pro-oxidants and antioxidants, which causes
damage to cells or tissues. 8-isoprostane, a
marker of oxidative stress, is a non-enzymatic
peroxidation product of arachidonic acid. Levels
of 8-isoprostane were found to be higher than
normal in the exhaled breath condensate (EBC)
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of asthmatic adults or children.* It has also been
shown that elevated levels of 8-isoprostane
is associated with exercise-induced
bronchoconstriction in asthmatic children and
adolescents.*? In our study, contrary to the
literature, 8-isoprostane levels were found to be
significantly lower in patients than in controls.
The available data in the literature primarily
stem from studies on other allergic conditions,
such as asthma and atopic dermatitis, and to the
best of our knowledge, no study has specifically
investigated isoprostane levels in food allergy.
Due to the small sample size in our study and
the lack of comparable data in the literature, the
relationship between oxidative stress and food
allergy remains unclear. Further comprehensive
studies are needed to elucidate this connection.

Our study has several limitations. The most
significant is the small sample size in the study
groups. Additionally, the lack of correlation
analysis between miRNA expression levels
and inflammatory markers, such as cytokines
and oxidative stress indicators, represents a
notable gap in our investigation. One of the
aims of the study was to find a biomarker that
could distinguish those with food allergies from
those who are healthy, thereby reducing the
need for risky and laborious food provocation
tests. However, the data obtained at the end of
the study, although weak, indicated that miR-
98 alone could be a candidate for this purpose.
Another weakness of our study is the lack of a
comparison group for allergic diseases such as
asthma, in addition to a healthy control group.
Including another allergic disease group would
have allowed us to determine whether miR-98,
which was prominent in our study, is a food
allergy-specific biomarker.

Another limitation of our study is that blood
samples were collected outside the context of
active food allergic reactions. This may partly
explain the discrepancies between our findings
and those reported in the literature. We believe
that conducting future studies using samples
collected both before and after a food challenge
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test with the suspected allergen would provide
a clearer understanding of the relationship
between food allergies and non-coding RNAs.

One of the strengths of our study is the limited
number of clinical studies demonstrating the
relationship between food allergies and non-
coding RNAs. Most of these studies are related
to milk and peanut allergies. The miRNAs
we selected, miR19a and miR-98, have been
previously shown to be associated with
food allergy in animal models and have not
previously been included in clinical studies.
In this respect, despite the small sample size,
they contribute new data to the literature.
Similarly, as mentioned above, to the best of
our knowledge, our study is the first to date to
explore the relationship between food allergy
and oxidative stress.

In conclusion, when considered alongside
the existing literature, miR-98 may serve as a
potential biomarker for food allergy. There is
a need to replicate these findings in a larger
patient population and to further investigate the
relationship between miR-98 and inflammatory
markers.
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