Food allergy and gastrointestinal disease
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Background: Food allergy (FA) is one of the most common
chronic conditions in children with an increasing prevalence
facilitated by the exposure to environmental factors in
predisposed individuals. It has been hypothesized that the
increased consumption of ultra-processed foods, containing high
levels of dietary advanced glycation end products (AGEs), could
facilitate the occurrence of FA.

Objective: We sought to provide preclinical and clinical
evidence on the potential role of AGEs in facilitating the
occurrence of FA.

Methods: Human enterocytes, human small intestine organ
culture, and PBMCs from children at risk for allergy were used
to investigate the direct effect of AGEs on gut barrier,
inflammation, Ty2 cytokine response, and mitochondrial
function. Intake of the 3 most common glycation products in
Western diet foods, Ne-(carboxymethyl) lysine, Ne-(1-
carboxyethyl) lysin, and N&-(5-hydro-5- methyl-4-imidazolone-
2-yl)-ornithine (MG-H1), and the accumulation of AGEs in the
skin were comparatively investigated in children with FA and in
age-matched healthy controls.

Results: Human enterocytes exposed to AGEs showed alteration
in gut barrier, AGE receptor expression, reactive oxygen species
production, and autophagy, with increased transepithelial
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passage of food antigens. Small intestine organ cultures exposed
to AGEs showed an increase of CD25" cells and proliferating
crypt enterocytes. PBMCs exposed to AGEs showed alteration
in proliferation rate, AGE receptor activation, release of
inflammatory and Ty2 cytokines, and mitochondrial
metabolism. Significant higher dietary AGE intake and skin
accumulation were observed children with FA (n = 42)
compared with age-matched healthy controls (n = 66).
Conclusions: These data, supporting a potential role for dietary
AGE:s in facilitating the occurrence of FA, suggest the
importance of limiting exposure to AGEs children as a potential
preventive strategy against this common condition. (J Allergy
Clin Immunol 2024;153:742-58.)

Key words: ultra-processed foods, gut barrier, inflammation, Ty2
response, immune tolerance

Food allergy (FA) has increased among children of all ages in
the United States over the past few decades, and similar findings
have been reported in other countries.> A precise understanding
of the pathogenesis of FA is crucial for developing effective pre-
ventive strategies. Although genetic predisposition could be rele-
vant, several environmental factors, such as dietary habits, could
play a crucial role in facilitating the occurrence of FA.>*

Ultra-processed foods (UPFs) are ready-to-eat or ready-to-heat
industrial formulations of processed food substances (oils, fats,
sugars, starch, protein isolates) that are submitted to hydrolysis,
hydrogenation, or other chemical modifications by adding
flavorings, colorings, emulsifiers, and other additives.” In recent
decades, consumption of UPFs has significantly increased among
children in the United States and has consistently comprised most
of their total energy intake. There is a growing body of evidence
that UPFs could exert a detrimental effect on human health facil-
itating the occurrence of chronic nontransmissible diseases.” One
increasingly recognized and potentially detrimental component
of UPFs are advanced glycation end products (AGEs).” Dietary
AGEs are formed during the nonenzymatic reaction between
amino acids, peptides, and proteins and reducing sugars via the
Maillard reaction.” Clinical studies on oral administration of a
single meal rich in AGEs showed that AGEs are absorbed and
contribute significantly to the body’s AGE pool.” Emerging evi-
dence suggests that AGEs could stimulate oxidative stress and
inflammation, leading to alterations in structural and functional
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AGEs: Advanced glycation end products
BLG: B-lactoglobulin
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BSA: Bovine serum albumin
CEL: Ne-(1-carboxyethyl) lysine
CFSE: Carboxyfluorescein succinimidyl ester
CML: Ne-(carboxymethyl) lysine
DAPI: 4’6-diamidino-2-phenylindole dihydrochloride
DCFH-DA: 7’-dichlorofluorescein diacetate
FA: Food allergy
FD-4: 4000 d FITC-labeled dextran
FITC: Fluorescein isothiocyanate
HC: Healthy control
LPS: Lipopolysaccharide
MG-H1: Nb-(5-hydro-5 methyl-4-imidazolone-2-yl)-ornithine
NF-kB: Nuclear factor-xB
OCR: Oxygen consumption rate
OVA: Ovalbumin
PI: Propidium iodide
RAGE: Receptor for advanced glycation end products
ROS: Reactive oxygen species
sAF: Skin autofluorescence
TEER: Transepithelial electrical resistance
TJ: Tight junction
TSLP: Thymic stromal lymphopoietin
UPF: Ultra-processed food
ZO-1: Zonula occludens-1

proteins, cellular apoptosis, damage of multiple tissues and
organs.'’ These mechanisms are mediated at least in part by the
interaction with their cell surface receptor for advanced glycation
end products (RAGE). H-14

It has been hypothesized that the increased exposure to AGEs
may be linked to the increased prevalence of FA.'>"'” Here, we
provide preclinical and clinical evidence supporting the potential
role of AGE:s in facilitating the occurrence of FA. We found that
AGE:s exerted a wide range of detrimental actions on immune
tolerance mechanisms. In addition, we found higher intake of di-
etary AGEs and accumulation of AGEs in the skin in children
with FA. Altogether, these data suggest the importance of limiting
exposure to dietary AGEs in children as a potential preventive
strategy against FA.

METHODS
Study design

The potential role of AGE:s in facilitating the occurrence of FA
was evaluated through in vitro and clinical investigations. In the
in vitro studies, we focused on the direct effects elicited by
AGESs on human cells. Human enterocytes, human small intestine
organ culture, and PBMCs collected from children at risk for al-
lergy were used to investigate the effect of AGEs on gut barrier
integrity, inflammation, immune response, and mitochondrial
function. The clinical investigations were focused on the compar-
ative evaluation of the intake of dietary AGEs and accumulation
of AGE:s in the skin in children with FA and in age-matched
healthy controls (HCs).
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In vitro studies

For all in vitro experiments we used a commercially available
AGE-bovine serum albumin (BSA) (#ab51995, Abcam,
Cambridge, UK; purity: >98%; endotoxin level: <0.100
EU/ug), produced by the reaction of BSA with glycolaldehyde/
glyoxal. AGE-BSA was desalted with Econo-Pac chromatog-
raphy columns (Bio-Rad, Milan, Italy), eluted with 0.5% (vol/
vol) formic acid, and lyophilized. This molecule has been previ-
ously used in studies on human enterocytes and PBMCs,' 7 it is
representative of glycated dietary proteins,'®'***** and the bio-
logical effects are similar to those elicited by other dietary gly-
cated proteins.”®”® All the experiments were performed in
triplicate and repeated 3 times.

Simulated infant gastrointestinal digestion

An aliquot of AGE-BSA (6 mg) was subjected to an in vitro
simulated gastroduodenal digestion substantially adapting the
protocol of a physiologically relevant infant static model.”
Considering the absence of starchy components, the oral phase
of digestion was omitted. Briefly, AGE-BSA (6 mg) was sus-
pended in 0.4 mL of simulated gastric fluid, which was
100 mM sodium chloride, 15 mM potassium chloride, and pH 5
adjusted with 1N hydrochloric acid. Gastric phase of digestion
was carried out with 110 U/mL pepsin at 37°C under gentle stir-
ring. The gastric digestion was stopped after 60 minutes by
increasing the pH at 7 with 1N sodium hydroxide. To mimic the
duodenal phase of digestion, the volume of gastric digests was
doubled with simulated intestinal fluid (150 mM of sodium chlo-
ride, 10 mM of potassium chloride, and 85 mM of sodium bicar-
bonate, pH 7), and the pH was adjusted to 6.6. Duodenal digestion
was simulated with pancreatin (Merck-Sigma, Milan, Italy)
added up to 15 U/mL trypsin activity, omitting bile salts.
A digestion of 6 mg of BSA (purchased from Sigma-Aldrich,
St. Louis, Mo) and a control incubation of digestive enzymes
without any protein substrate included were carried out in paral-
lel. Immediately after 60 minutes of simulated duodenal digestion
at 37°C, the digests were purified using reversed-phase Sep-pak
C18 cartridges (Waters, Milford, Mass), eluting with 70% aceto-
nitrile/0.1% (vol/vol) trifluoroacetic acid. Purified (poly)peptides
were finally vacuum dried and lyophilized. The purification steps
were carried out with toxin-free disposable devices. To limit the
bias potentially induced by lipopolysaccharide (LPS) contamina-
tion, we assessed the LPS content as previously described.*’ To
remove traces of LPS contamination, a 2-phase detergent-based
(Triton X-114; Sigma-Aldrich) extraction was also performed,
as previously described.”

LC-MS/MS

Aliquots of the gastroduodenal peptide digests were used for
LC-MS/MS analysis using a nanoflow HPLC UltiMate 3000
coupled to a Q Exactive Orbitrap mass spectrometer (Thermo
Fisher Scientific, Waltham, Mass). Peptides were reconstituted in
0.1% formic acid quantified with a modified Micro Lowry assay
(kit from Sigma-Aldrich), and nearly 2 g was loaded through
Acclaim PepMap 100 trap columns (75 wm inner
diameter X 2 cm) using a FAMOS autosampler (Thermo Fisher
Scientific). Peptides were separated with an EASY-Spray Pep-
Map C18 column (25 cm X 75 pm with 2-um particles and
100 A pore size) (Thermo Fisher Scientific), applying a 2% to
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50% gradient of B over 60 minutes after 15 minutes of isocratic
elution at 2% B and a constant flow rate of 300 nL/minute. Eluent
A was 0.1% formic acid (vol/vol) in LC-MS-grade water, and
eluent B was 0.1% formic acid (vol/vol) in 80% acetonitrile.
MSI1 precursor spectra were acquired in the positive ionization
mode, scanning the mass-to-charge ratio range of 300 to 1600
with a resolving power of 70,000 full width at half maximum,
an automatic gain control target of 1 X 10° ions, and maximum
ion injection time of 120 ms. The spectrometer operated in
data-dependent acquisition mode, selecting up to the 10 most
intense ions for MS/MS fragmentation and applying a 12-
second dynamic exclusion. The fragmentation of monocharged
ions was allowed, while selection of background ions was
impeded with an exclusion list, which was prepared based on
the peak list obtained from a blank HPLC-MS/MS analysis.
Spectra were elaborated using the software Xcalibur version 3.1
(Thermo Fisher Scientific). Digests of BSA-AGE were analyzed
in triplicate in comparison with digests from unglycated BSA.
Peptides were identified from LC-MS/MS runs using the
Andromeda search engine of MaxQuant version 1.6.2.10
(https://www.maxquant.org/) against the BSA sequence (Uniprot
Knowledgebase accession P02769). Searching parameters were
the following: no modification of cysteines, Met oxidation and
pyroglutamic acid at the N terminus of Gln as variable modifica-
tions. Ne-(carboxymethyl) lysine (CML) (isobaric with glyoxal/
arginine-derived hydroimidazolones, mass shift 58.0055 d) or
Ne-(1-carboxyethyl) lysine (CEL) (isobaric with
methylglyoxal/arginine-derived hydroimidazolones, mass shift
72.0011 d) were considered as possible variable modifications
at uncleaved K or R. No enzyme cleavage specificity was set
up. Mass tolerance default Andromeda values were used for the
tolerance of precursor ion and MS/MS fragments. For the search
of cross-linked peptides, the raw files were converted into Mascot
Generic Format file and analyzed with the Batch Tag Web tool of
the open source ProteinProspector search engine (https:/
prospector.ucsf.edu).

Human enterocyte cell line

We used a well-validated model of human enterocytes, the
Caco-2 cells (ATCC, Middlesex, United Kingdom; accession
number HTB-37). These cells have the typical features of small
intestine human enterocytes,”’ and they are commonly used for
experiments exploring the effects of different substances on hu-
man intestine.””*> The cells were grown in Dulbecco modified
Eagle medium with a high glucose concentration (4.5 g/L) and
L-glutamine, supplemented with 10% FBS, 1% nonessential
amino acids, 1% sodium pyruvate, and 1% penicillin/strepto-
mycin (all Thermo Fisher Scientific). The cells were incubated
at 37°C in a humidified atmosphere containing 5% carbon diox-
ide. The culture was changed every 2 days.

Isolation of peripheral mononuclear blood cells
Peripheral blood samples (8 mL) were obtained from 4 children
(White male, age range 48-60 months, with a positive family
history for allergy in first-degree family members) consecutively
observed at our center for minor surgical procedures. Blood
samples were analyzed in an anonymized manner with the
permission of the ethics committee of our institution. Informed
written consent was obtained from parents or guardians of each
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subject. PBMCs were isolated by Ficoll density gradient centri-
fugation (Ficoll Histopaque-1077; Sigma-Aldrich). Briefly, cells
were stratified on 3 mL of Ficoll and centrifuged 15 minutes at
1000g at room temperature. After centrifugation, the opaque
interface containing mononuclear cells was carefully aspirated
with a Pasteur pipette, and cells were washed with 10 mL of
PBS and centrifuged 10 minutes at 500g at room temperature. Af-
ter centrifugation, the upper layer was discarded, and PBMCs
were collected.

Cells stimulation protocol and RAGE inhibition

Caco-2 cells after 15 days postconfluence (1 X 10° cells/well)
and PBMCs (2 X 10°cells/well) were stimulated at different doses
(10-1000 pg/mL of AGE-BSA or BSA) and times (24 hours and
48 hours). The results of these experiments suggested 200 p.g/mL
of AGE-BSA for 48 hours as the most effective experimental con-
dition for all variables tested. As demonstrated by a recent
study,” 200 wg/mL represents a plausible AGEs dose that would
be encountered by human cells in real life. A similar concentra-
tion was adopted in previous studies performed by
others.'®?%3%% The cells treated with only medium or with
BSA, used as the nonglycated counterpart, were adopted as nega-
tive controls. Afterward, the supernatants were harvested and
stored at —80°C for further use.

In RAGE inhibition experiments, PBMCs (2 X 10 cells/well)
were pretreated with 4 wg/mL of RAGE neutralization antibody
(#ab37647; AbCam) and with 4 pg/mL of IgG Isotype Control
(#ab206215; AbCam) and only medium as controls for 1 hour
at 37°C and then were stimulated with 200 pg/mL of AGE-
BSA for 48 hours. After treatment, the supernatants were
collected for cytokine analysis, and the cells were washed and
harvested for flow cytometry analysis.

Cell apoptosis rate evaluation by flow cytometry

Cell apoptosis rate was measured on stimulated Caco-2 cells
and PBMCs, using Invitrogen Annexin V Apoptosis Detection Kit
FITC (Thermo Fisher Scientific) according to the manufacturer’s
protocol. In brief, after washing with PBS, the collected cells
were incubated with 1X annexin V binding buffer. Then, 3 X 10°
cells were stained with annexin V fluorescein isothiocyanate
(FITC) for 15 minutes at room temperature in the dark, and before
reading, propidium iodide 5 pg/mL was added to flow cytometer.
Each sample was acquired using BD FACSCanto II flow cytome-
ter and analyzed by BD FACSDiva software (BD Biosciences,
Franklin Lakes, NJ). All experiments were carried out in
duplicate.

Transepithelial electrical resistance

To evaluate the monolayer integrity by transepithelial electrical
resistance (TEER), 2 X 10° Caco-2 cells per well were seeded on
polycarbonate 6-well Transwell membranes (Corning Life Sci-
ences, Kennebunk, Maine). After 15 days post-confluence, the
TEER of the monolayer was measured every 24 hours for a total
of 72 hours using an epithelial Millicell ERS-2 Voltohmmeter
(EMD Millipore, Billerica, Mass). Transepithelial resistance
was measured at 24, 48, and 72 hours after AGE stimulation.
The measured resistance value was multiplied by the area of the
filter to obtain an absolute value of TEER, expressed as Q/cmz,
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and the TEER values were measured as follows: TEER =
(measured resistance value — blank value) X single cell layer sur-
face area (cm?).

Measurement of intestinal permeability

To investigate the effect of AGEs on intestinal permeability,
we used 4000 d FITC-labeled dextran (FD-4) as previously
described.** Briefly, stimulated Caco-2 monolayers were
washed twice with PBS, and after removing the medium, the
cells were treated with FD-4 solution (1 mg/mL) on the apical
side and were incubated at 37°C for 2 hours. After the 2-hour
treatment, samples (200 wL) were taken under sink conditions
at 0, 60, 120, and 180 minutes from the basolateral side. The
amount of FD-4 was determined using a 96-well plate fluores-
cence reader (Universal Microplate Analyzer, Model AO-
PUSO1 and AI53601; Packard BioScience, Meriden, Conn)
with the excitation and emission wavelengths of 400 and 535
nm, respectively. Results were expressed as relative intensity.

Transport and release assays

For transepithelial transport and release measurement to assess
the gut barrier integrity, Caco-2 cells were pretreated with AGE
and BSA (200 pwg/mL) for 48 hours. Then, 3-lactoglobulin (BLG)
(500 pg/mL) and ovalbumin (OVA) (500 wg/mL) were added to
the apical side of the cells. After 24 hours, apical and basal media
were collected for the BLG and OVA determination, using a
commercially available specific ELISA kit (MyBioSource, Kam-
penhout, Belgium; detection limit of 0.05 ng/mL for BLG and 6
pg/mL for OVA).

Quantitative real-time PCR

Total RNA was extracted from stimulated Caco-2 cells with
TRIzol reagent and reverse transcribed in cDNA with a High-
Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. cDNA was stored at —80°C
until use. Quantitative real-time PCR analysis was performed us-
ing Tagman Gene Expression Master Mix (Thermo Fisher Scien-
tific) to evaluate the effects of intestinal exposure to AGE-BSA or
BSA on the gene expression of tight junction (TJ) proteins occlu-
din (Hs00170162_m1), and ZO-1 (Hs05378890_cn), involved in
the regulation of barrier integrity. The Tagman probes for these
genes were inventoried and tested by Applied Biosystems at the
Thermo Fisher Scientific manufacturing facility in Grand Island,
NY (quality control). The amplification protocol was 40 cycles of
15 seconds of denaturation a 95°C, 60 seconds of annealing at
60°C, and 60 seconds of elongation at 60°C in an Applied Bio-
systems Light Cycler 7900HT (Thermo Fisher Scientific). Data
were analyzed using the comparative threshold cycle method.
We used the GADPH gene (Hs00483111_cn) to normalize the
level of mRNA expression.

Assessment of IL-25, IL-33, and thymic stromal
lymphopoietin

The epithelial cell-derived danger signal mediators, IL-25,
IL-33, and thymic stromal lymphopoietin (TSLP), were as-
sessed using commercially available ELISA kits specific for
human IL-25 (Elabscience Biotech Co, Ltd, Wuhan, China;
detection limit of 18.75 pg/mL), human IL-33 (BioVendor
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Research and Diagnostic Products, Brno, Czech Republic;
detection limit of 0.2 pg/mL) and for human TSLP (Elabscience
Biotech Co, Ltd; detection limit of 18.75 pg/mL) on the Caco-2
cell supernatants.

Immunofluorescence and confocal microscopy

To investigate TJ proteins and RAGE receptor, Caco-2 cells
were washed and fixed with ice-cold methanol and 4% para-
formaldehyde, respectively, for 10 minutes at room temperature.
Then, the cells were washed twice with PBS and permeabilized
with TERGITOL 15-S-9 (PanReac AppliChem) in PBS for 10
minutes. After washing, the cells were blocked for 1 h using 1%
BSA in PBS/Tween 20 (PanReac AppliChem) and then
incubated overnight at 4°C with specific primary antibody for
occludin (1:100) (Abcam), ZO-1 (1:100) (Abcam), and RAGE
(1:100) (AbCam; #37647). Coverslips were washed with PBS
and incubated with fluorochrome conjugated secondary anti-
bodies (1:200; Alexa Fluor 488; Thermo Fisher Scientific) for
1 hour at room temperature. Nuclei were stained with 4'6-
diamidino-2-phenylindole dihydrochloride (DAPI) (Thermo
Fisher Scientific). Finally, cells were mounted in Mowiol. Glass
slides were allowed to cure overnight in the dark. Cells were
observed with 63X objective on a Zeiss LSM980 confocal sys-
tem equipped with an electronically switchable illumination and
detection module and controlled by ZEN blue software (Carl
Zeiss Microscopy GmbH, Jena, Germany). Fluorescence images
presented are representative of cells imaged in at least 3 inde-
pendent experiments.

Reactive oxygen species production

Reactive oxygen species (ROS) production was measured
using 7’'-dichlorofluorescein diacetate (DCFH-DA) spectrofluo-
rometric assay. After stimulation, cells were exposed to DCFH-
DA 20 pL (D6665; Sigma-Aldrich) for 30 minutes at 37°C in the
dark, with 10 mM of H,0, (Sigma-Aldrich) used as a positive
control. Intracellular ROS production was measured using a spec-
tral fluorescence monitor (SFM 25; Kontron Instruments, Tokyo,
Japan).

Western Blot analysis

Total proteins were extracted from Caco-2 cells using RIPA
Buffer (Thermo Fisher Scientific) following the manufacturer’s
instructions. The concentrations were determined by using a
protein assay kit adopting BSA standards, according to the
manufacturer’s instructions (Bio-Rad Laboratories, Hercules,
Calif). A total of 30 pg protein was separated by SDS-PAGE,
and blots were prepared on a nitrocellulose membrane (Immobi-
lon-P PVDF Membrane; Merck, Darmstadt, Germany). The
membranes were then incubated with anti-p-ERK 1/2 (#65142;
Abcam), anti-nuclear factor-kB (NFkB) p65 (1:1000; sc-372,
Santa Cruz Biotechnology, Dallas, Tex), anti-p-(Ser 311)/
p65-NF-kB (1:500; sc-101748; Santa Cruz Biotechnology),
anti-LC3 (1:500; Novus Biologicals, Centennial, Colo; NB100-
2220), anti-p62/SQSTM1 (1:1000; Sigma-Aldrich; P0067),
anti-GAPDH (1:2000; Thermo Fisher Scientific; AM4300),
anti-a-tubulin (1:5000; Sigma-Aldrich; T6074), and anti-f3-actin
(ACTBD11B7; Santa Cruz Biotechnology) primary antibodies at
different dilutions, overnight at 4°C. The peroxidase-linked
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(horseradish peroxidase) conjugated anti-rabbit IgG (1:2000; Ab-
cam; ab205718) or anti-mouse IgG (1:5000; ImmunoReagents;
Raleigh, NC; GtxMu-003-DHRPX) was used as a secondary anti-
body. Bound immunoglobulins were revealed by the enhanced
chemiluminescence detection system, and the quantification
was performed by ChemiDoc (Bio-Rad Laboratories). Densitom-
etry analysis was obtained by the normalization to the band inten-
sity of a-tubulin, $-actin, GAPDH, and loading control, using
Image Lab Software (Bio-Rad Laboratories).

Duodenal organ culture and immunohistochemistry

Small intestinal biopsy specimens were collected by esoph-
agogastroduodenoscopy from 3 healthy subjects (all Caucasian
males, mean age 17 years, range 15-18 years with a positive
family history for allergy in first-degree family members) who
had undergone endoscopy due to the presence of abdominal pain
and/or diarrhea from at least 4 weeks and with normal endoscopic
appearance of small intestine without histological inflammation.
None of these subjects presented with organic conditions. Biopsy
specimens were used to perform organ culture experiments as
reported previously.”> The biopsy culture was performed in
RPMI-1640 medium (Sigma-Aldrich) without L-glutamine and
supplemented with 10% fetal calf serum and antibiotic/antimy-
cotic mixture (Thermo Fisher Scientific) for 24 hours at 37°C in
medium alone or in presence of AGE (200 pwg/mL) or BSA
(200 wg/mL). The fragments were placed on a stainless steel
mesh positioned over the central well of an organ culture dish
with the villous surface of the specimens uppermost. After
24 hours of culture, the biopsy specimens were embedded in an
optimal cutting temperature compound (Killik; Bio-Optica, Mi-
lan, Italy) and processed for immunohistochemistry as follows.
Staining for activated mononuclear cells (CD25 ") was performed
using 4-wm frozen duodenal sections as previously reported.*®
The density of cells expressing CD25 in the lamina propria was
evaluated within a total area of 1 mm”. The cutoff value was
4 cells/mm? lamina propria. Crypt epithelial cell proliferation
was evaluated in cultured intestinal biopsy specimens by Ki-67
antigen detection as previously reported.”® The number of Ki-
67—positive cells in crypts divided by total crypt enterocytes re-
sulted in the percentage of Ki-67—positive cells. All sections
were evaluated with a light microscope Axioskop 2 Plus (Carl
Zeiss Microscopy GmbH).

Cell proliferation assay and RAGE analysis by flow
cytometry

PBMCs were stained with carboxyfluorescein succinimidyl
ester (CFSE) at final concentration of 2.5 uM (CellTrace CFSE
Proliferation; Thermo Fisher Scientific) according to manufac-
turer’s protocol. Briefly, the cells were incubated with CFSE
for 15 minutes in darkness, stirring occasionally. Then, the re-
action was stopped by adding PBS with 20% FBS, followed by
centrifugation. This wash step was repeated 2 times. The
stained cells were counted and seeded at 2 X 10°cells/well
in 200 pL of RPMI-1640 medium supplemented with 10%
FBS, 1% L-glutamine, and 1% penicillin/streptomycin (all
Lonza, Basel Switzerland) in a 96-well plate reader. The cells
were treated for 48 hours with 200 pg/mL of AGE-BSA, or
BSA or medium alone as negative controls. A portion of cells
plated were treated with 1 pg/mL of PHA in combination with
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200 pg/mL of AGE, or BSA or medium only as negative con-
trols. After treatment, the supernatants were collected for cyto-
kine analyses, and the cells were washed and harvested for flow
cytometry analysis. The cells treated with PHA were also
stained with anti-CD4 phycoerythrin monoclonal antibody
(CYTOSENS, Naples, Italy).

To analyze surface expression of RAGE and to assess RAGE
neutralization, Caco-2 cells and PBMCs were harvested, washed,
and suspended in FCS buffer (ice-cold PBS, 0.1% fetal calf
serum). Then, the cell suspension was plated in a 96-well U-
bottom plate and labeled with recombinant Alexa Fluor 647
Anti-RAGE rabbit monoclonal antibody (Abcam; #ab237362) or
the respective isotypes control antibody Recombinant Alexa
Fluor 647 Rabbit IgG Isotype Control (Abcam; #199093),
previously titrated. The cells were incubated at 4°C in the dark
for 30 minutes, and after the incubation wash for 2 times with
FACS buffer, before flow cytometer analysis. All phenotypes
were analyzed with BD FACSCanto II system and elaborated us-
ing BD FACSDiva software.

Assessment of Ty1, Ty2, and proinflammatory
cytokines in PBMC culture supernatants

The concentrations of IL-4 and IL-10 were measured with a
human IL-4/IL-10 enzyme immunoassay kit (Boster Biological
Technology, Pleasanton, Calif). IL-5, IFN-vy, and IL-13 concen-
trations were measured using a human ELISA assay kit (Bio-
vendor Research and Diagnostic Products). The minimum
detection concentrations were 1.5 pg/mL for IL-4, 7.8 pg/mL
for IL-5, 0.5 pg/mL for IL-10, 0.99 pg/mL for IFN-vy, and 0.7
pg/mL for IL-13. The concentrations of TNF-a and IL-6 were
measured with a human ELISA kit (4.32 pg/mL for TNF-a and
1.6 pg/mL for IL-6) (Abcam). ELISAs were performed according
to the manufacturer’s recommendations.

Mitochondrial function assessment by Seahorse
XFp analyses

Mitochondrial metabolism in PBMCs was assessed by the
Seahorse XFp analyzer (Agilent, Santa Clara, Calif), by using the
Cell Mito Stress Test kit (#103010-100; Agilent). Before the Cell
Mito Stress analyses, the cells were centrifuged at room temper-
ature at 1200 rpm for 10 minutes, and the medium was replaced
with a buffered base medium (Agilent Seahorse 103193)
supplemented with 2 mM glutamine, 1 mM pyruvate, and
10 mM glucose at pH 7.4. In Seahorse miniplates, precoated
with poly-D-lysine, 350,000 cells/well were seeded. The plate was
centrifuged at 200g for 5 minutes at room temperature and equil-
ibrated at 37°C in a carbon dioxide—free incubator for at least
1 hour. Basal oxygen consumption rate (OCR) was determined
in the presence of glutamine (2 mM) and pyruvate (1 mM). The
proton leak was determined after inhibition of mitochondrial
ATP production by 1 wM oligomycin, as an inhibitor of Fy-F; AT-
Pases. Furthermore, measurement of ATP production in the basal
state was obtained from the decrease in respiration by inhibition
of the ATP synthase with oligomycin. Afterward, the mitochon-
drial electron transport chain was stimulated maximally by the
addition of the uncoupler Trifluoromethoxy carbonylcyanide phe-
nylhydrazone, Carbonyl cyanide 4-(trifluoromethoxy)phenylhy-
drazone (1 wM). Coupling efficiency is the proportion of the
oxygen consumed to drive ATP synthesis compared with that
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driving proton leakage and was calculated as the fraction of basal
mitochondrial OCR used for ATP synthesis (ATP-linked OCR/
basal OCR). Spare capacity is the capacity of the cell to respond
to an energetic demand and was calculated as the difference be-
tween the maximal respiration and basal respiration. Mitochon-
drial respiration was expressed as the OCR per minute
normalized to the number of cells. The data normalization of
OCR can be performed in different ways to minimize inconsis-
tency and variations from well to well.*’ The same cell number/
well was plated before the OCR measurements; the cell count
was obtained by using the Burker chamber. Cell counting is a
nondestructive method to generate data for Seahorse normaliza-
tion. In addition, at the end of analyses, we determined the protein
content/well by Bradford assay and did not observe significant
differences.

Study participants

Consecutive pediatric patients (both sexes, age range 5-13
years) observed at our tertiary Program for Pediatric Allergy
because of a recent diagnosis of FA were evaluated for the study.
We excluded patients <5 or >13 years of age and patients
presenting with tattoos or skin lesions/diseases; eosinophilic
disorders of the gastrointestinal tract; allergic disorders other than
FA; chronic systemic diseases; congenital cardiac defects; acute
or chronic infectious diseases; autoimmune diseases; genetic and
metabolic diseases; primary or secondary immunodeficiencies;
inflammatory bowel diseases; celiac disease; food intolerances;
obesity; neurologic and neuropsychiatric disorders; cystic
fibrosis; malignancy; chronic pulmonary diseases; malformations
of the gastrointestinal, respiratory, or urinary tract; history of
gastrointestinal tract surgery; insufficient reliability or conditions
that made compliance with the protocol unlikely; participation in
other studies; and FA diagnosis obtained >4 weeks from
evaluation. Thus, in all patients with FA, the diagnosis of FA
was made in the last 4 weeks according to standard criteria*®*’
and were in stable clinical condition without symptoms attribut-
able to FA when the AGE dietary intake and skin accumulation
data were evaluated.

During the same study period, consecutive age-matched
healthy children with negative history for any allergic condition
who were visiting the center because of minor surgical
procedures or vaccination were also evaluated for the study.
Among the age-matched healthy children with a family risk for
allergy (defined by the presence of >1 first-degree family
members with allergy), 4 subjects were randomly selected for
collecting PBMCs.

Ethics

The study protocol, subject’s information sheet, informed con-
sent form, and clinical charts were reviewed and approved by the
Ethics Committee of the University Federico II, Naples, Italy. The
study was performed in accordance with the Helsinki Declaration
(2004 Tokyo revision) and with the pertinent European and Italian
regulations regarding privacy. The study was an observational
study and was registered on ClinicalTrials.gov (https:/classic.
clinicaltrials.gov/ct2/show/results/NCT04273152), with the Clini-
cal.Trials gov Identifier NCT04273152.
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Data collection

At the baseline, after obtaining informed consent from the
parents or guardians of each child, the anamnesis and the clinical
status of the study children were carefully assessed by a
multidisciplinary team composed of pediatricians, dietitians,
and pediatric nurses to exclude children with concomitant
comorbidities. Infectious diseases or other conditions were ruled
out via a complete physical examination including vital signs;
neurologic status; body growth status; nutritional status; hydra-
tion; skin evaluation; otoscopy; evaluation of oral cavity; respi-
ratory, abdomen, and lymph node examination; and genital
examination for pubertal staging. At enrollment, anamnestic,
demographic, anthropometric, and clinical data were obtained
from the parents of each child and collected in a specific clinical
chart. In addition, data on weekly frequency and duration of
physical activity were collected in the clinical chart due to the
evidence that lower levels of physical fitness could be associated
with higher levels of skin AGEs.”

At study enrollment, after collection of written informed
consent, the participants and their parents or guardians were
asked to complete a 7-day (5 weekdays, 2 weekend days) food
diary in the form of a printed chart to investigate dietary AGE
intake.”' Experienced pediatric dietitians explained to partici-
pants and to their parents or guardians about how to weigh foods
and invited them to record in the food diary detailed information
about food quantity, food preparation methods and times, ingredi-
ents of mixed dishes and recipes, and drinks consumed. To esti-
mate the daily dietary AGE intake from the food diaries, a
reference database of >200 food products commonly consumed
in a Western diet built at the Maastricht University (Maastricht,
The Netherlands) was used.” This database reports the content
of the AGEs CML, CEL, and NG&-(5-hydro-5 methyl-4-
imidazolone-2-yl)-ornithine (MG-H1), in milligrams per 100 g
of food, quantified in the protein fractions of food products using
highly specific ultra-performance LC-MS/MS. The daily dietary
AGE intake was reported in the clinical chart.

Assessment of skin autofluorescence

Selected AGEs have structural properties that cause them to
emit fluorescent light across a specific range of wavelengths on
excitation by UV light.”*”* This unique characteristic has been
used to develop a noninvasive device (AGE Reader; DiagnOptics
Technologies BV, Groningen, The Netherlands) that quantifies
accumulated AGEs within the human skin through the evaluation
of skin autofluorescence (sAF) as previously described.”>> For
the measurement, the participants were asked to place the domi-
nant forearm on the device for 60 seconds. The AGE Reader illu-
minated a skin area of 4 cm? with UV-A light with a single peak
excitation wavelength of 370 nm. Emission light (fluorescence in
the wavelength of 420-600 nm) and reflected excitation light
(with a wavelength of 300-420 nm) from the skin were measured
using a spectrometer. Skin AGE levels were calculated as the ratio
between the emission light and reflected excitation light, multi-
plied by 100 and expressed in arbitrary units. The intraday and in-
terday coefficient was 2.6%. In all children, skin oils/ointments
were not recently applied on the site of measurement before
SsAF measurement. Three measurements were performed on
different sites of the skin on the volar side of the dominant fore-
arm, as previously described.’® The mean sAF value of the 3 mea-
surements was reported.
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FIG 1. Effects of AGEs on gut permeability in human enterocytes. (A) Caco-2 cells were stimulated with
AGEs or BSA at 200 p.g/mL for 48 hours. TEER values were measured as follows: TEER = (measured resis-
tance value — blank value) X single cell layer surface area (cm?). AGE stimulation affects intestinal epithelial
permeability, as demonstrated by TEER measurement at up to 48 hours of incubation, compared with BSA-
treated and nontreated cells. (B) Caco-2 cells were stimulated with AGEs or BSA at 200 ng/mL for 48 hours.
Then, the cells were treated with FD-4 solution (1 mg/mL) on the apical side and were incubated at 37°C for
2 hours. The amount of FD-4 was determined using a 96-well plate fluorescence reader and expressed as
relative intensity. AGE stimulation affects intestinal epithelial permeability, as demonstrated by an
increased permeability to FITC-dextran compared with BSA-treated and nontreated cells. (C and D) Caco-
2 cells were stimulated with AGEs or BSA at 200 wg/mL for 48 hours. Cells were processed for mRNA anal-
ysis by real-time PCR and fixed for immunofluorescence. Occludin (C, upper panel) and ZO-1 (D, upper
panel) expression levels were significantly reduced in Caco-2 cells exposed to AGEs. Real-time PCR analysis
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Data quality assurance

All data were recorded anonymously. At the study center,
designated investigators were required to enter all collected data
in the case report form. Two researchers performed separate
checks of data completeness, clarity, consistency, and accuracy
and instructed site personnel to make any required corrections or
additions. Using a single data entry method, all data recorded in
the case report form were entered in the study database by the
same researcher. Then, the study dataset was reviewed and
underwent data cleaning and verification according to standard
procedures. Finally, the database was locked once it was declared
complete and accurate, and the statistical analysis was performed.

Statistical analysis

The Kolmogorov-Smirnov test was used to determine whether
variables were normally distributed. Descriptive statistics are
reported as means * SDs for continuous variables or median and
interquartile range, and discrete variables are reported as the
number and proportion of participants with the characteristic of
interest. To evaluate the differences among continuous variables,
the independent sample ¢ test or Mann-Whitney U test was per-
formed. Differences among 3 groups were compared by one-
way ANOVA test, followed by Tukey post hoc test. Differences
were considered statistically significant at P < .05. Correlation
analysis between skin AGE levels and age, sex, body mass index
(BMI), and weekly duration of physical fitness was performed by
Pearson correlation. All data were collected in a dedicated data-
base and analyzed using IBM SPSS for Windows version 23.0
(IBM Corp, Armonk, New York).

RESULTS
Dietary AGEs could facilitate occurrence of FA
through direct interaction with human cells

FA derives from a breakdown of the immune tolerance
mechanisms.® In the first phase of our research, we focused on
the direct effects elicited by AGEs on human cells assessing the
most relevant nonimmune and immune variables involved in im-
mune tolerance. For all experiments we used digested glycated
BSA (AGE-BSA), a well-validated model of dietary
AGEs' - 7%30-3235 previously used in studies on a human enter-
ocytes cell line (Caco-2 cells) and on PBMCs.'®?? Before the ex-
periments, AGE-BSA was digested in an infant gastrointestinal
digestion model and monitored by SDS-PAGE (see Figs E1 and
E2 in this article’s Online Repository at www.jacionline.org).
The process is described in the Online Repository at www.
jacionline.org.

PAPARO ET AL 749

Apoptosis analysis by flow cytometry

To see whether AGEs could affect cell viability, we performed
a double staining with annexin V and propidium iodide (PI). The
exposure to AGEs increased the rate of necrotic (positive only for
PI) and late apoptotic (positive for both PI and annexin V) cells
(Fig E3 in the Online Repository at www.jacionline.org).

Alteration of gut barrier

The integrity of the gut barrier has a pivotal role in the
maintenance of immune tolerance.”’ Human enterocytes exposed
to AGEs showed an alteration of gut barrier integrity, as demon-
strated by a reduction of TEER and by an increased permeability
to FITC-labeled dextran (Fig 1, A and B). Exposure to AGEs caused
an alteration of TJ proteins, as demonstrated by occludin and ZO-1
redistribution (Fig 1, C and D), and a reduction of their expression
(Fig 1, C and D) in human enterocytes. These effects have been pre-
viously associated with TJ proteins alteration and barrier dysfunc-
tion in the intestinal epithelium.’® To see whether these alterations
could be responsible for an abnormal exposure to food antigens, we
assessed BLG and OVA concentrations in the basal media of human
enterocyte cultures before and after AGEs exposure. We observed
that the exposure to AGEs was able to elicit increased BLG and
OVA passage across the gut barrier (Fig 1, E).

Activation of epithelial cell-derived danger signal
mediators

The epithelial cell-derived danger signal mediators, IL-25, IL-
33, and TSLP, are often characterized as alarmins that are released
by the gut epithelium in response to external insults and are
responsible for driving Ty2 cell-mediated response and allergic
inflammation.””® The exposure to AGEs elicited a significant in-
crease of IL-25 and IL-33 production in human enterocytes
compared with nontreated or BSA-treated cells (Fig 2, A and
B). In contrast, no TSLP modulation was observed in cells
exposed to AGEs (Fig 2, O).

Activation of AGE-RAGE and autophagy pathways

Oxidative stress is involved in FA pathogenesis.”’ " AGE-
RAGE signaling has been shown to increase oxidative stress
through extracellular signal-regulated kinase (ERK) 1/2 and
NF-kB activation.”” To analyze the intracellular mechanisms
involved in the observed effects of AGEs in human enterocytes,
we investigated RAGE expression, ROS production, and ERK1/
2 and NF-kB activation. We found that stimulation with AGEs eli-
cited a significant increase of RAGE and ROS production (Fig 3,
A and B). Activation of RAGE was also confirmed by flow

d
-

was performed using the comparative Ct method. Gene expression was normalized against the expression
of the reference gene GADPH. Immunofluorescence analysis demonstrated that AGE exposure elicited a
significant redistribution of TJ proteins occludin (C, lower panel) and ZO-1 (D, lower panel) in Caco-2 cells
compared with BSA-treated and nontreated cells. Occludin (C, lower panel) and ZO-1 (D, lower panel) were
visualized using Alexa Fluor 488 (green), and nuclei were stained with DAPI (blue). Cells were observed
through a confocal microscope in the zy plane. Representative images of immunofluorescence are shown.
Scale bar, 10 um. (E) Caco-2 cells were pretreated with AGEs and BSA (200 p.g/mL) for 48 hours. Then, BLG
(500 wg/mL) and OVA (500 png/mL) were added to the apical side of the cells. After 24 hours, the basal media
were collected for BLG and OVA determination. We observed that exposure to AGEs was able to elicit
increased BLG and OVA transepithelial passage. Data are expressed as means = SDs of 3 independent ex-
periments, each performed in triplicate. Data were analyzed using one-way ANOVA. *P < .05, **P < .001 vs
BSA-treated and nontreated cells. NT, Nontreated cells.
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FIG 2. Effects of AGEs on activation of epithelial cell-derived danger signal mediators in human
enterocytes. Caco-2 cells were stimulated with AGEs or BSA at 200 pg/mL for 48 hours. IL-25, IL-33, and
TSLP production were assessed by specific human ELISA kit. (A and B) Exposure to AGEs elicited a signif-
icant increase of IL-25 and IL-33 production compared with BSA treated and nontreated cells. (C) No mod-
ulation was observed in TSLP production in cells stimulated with AGEs. Data are expressed as means = SDs
of 3 independent experiments, each performed in triplicate. Data were analyzed using one-way ANOVA.
**P < .001 vs BSA-treated and nontreated cells. NT, Nontreated cells.

cytometry analyses (Fig E4 in the Online Repository at www.
jacionline.org). In addition, we observed that exposure to AGEs
led to activation of signal transduction ERK1/2 and NF-«B in hu-
man enterocytes (Fig 3, C and D; Figs E5 and EG6 in the Online
Repository at www.jacionline.org). As the existence of a crosstalk
between the autophagic pathway and oxidative stress has been
documented and that enhanced ROS production induces auto-
phagy,’®” we also investigated the level of specific autophagic
markers. We found that treatment with AGEs induced reduction
of both the LC3-I/LC3-II ratio and p62/SQSTM levels in human
enterocytes, suggesting an activation of the autophagic pathway
(Fig3, E; Fig E7 in the Online Repository at www.jacionline.org).

Effects of AGEs on inflammatory response in
human small intestine organ culture

The proinflammatory action elicited by AGEs was also
evaluated in experiments performed on small intestinal biopsy
fragments collected by endoscopy from healthy children. Immu-
nohistochemical analysis of AGE-treated small intestine cultures

showed signs of activated mucosal inflammation (Fig 4, A). The
density of lamina propria CD25* mononuclear cells resulted in
significantly higher fragments stimulated with AGEs compared
with fragments exposed to medium alone or to BSA (Fig 4, A
and B). Early mucosa alteration in cultures stimulated with
AGEs was also observed, as demonstrated by the higher rate of
proliferating crypt enterocytes (Ki-67" cells) compared with
both fragments exposed to medium alone or to BSA (Fig 4, C
and D). The release of 2 proinflammatory cytokines, IL-6 and
TNF-a, in the medium of small intestinal fragment cultures was
also investigated. The exposure to AGEs induced a significant in-
crease in production of these 2 inflammatory cytokines (Fig 4, E
and F).

Effects of AGEs on cell apoptosis, proliferation, and
cytokines response in human PBMCs

To further assess the ability of AGEs to facilitate the occurrence
of FA, we tested cell viability and cytokine response in PBMCs
collected from children at risk for atopy. We observed the same
negative effects on viability of PBMCs previously observed in
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FIG 3. Effects of AGEs on activation of AGE-RAGE and autophagy pathways in human enterocytes. (A)
Caco-2 cells were stimulated with AGEs or BSA at 200 g/mL for 48 hours. Cells were fixed and processed
forimmunofluorescence. RAGE was visualized using RAGE Alexa Fluor 488 (green), and nuclei were stained
with DAPI (blue). AGE treatment increased RAGE expression compared with BSA-treated and nontreated
cells. Representative images are shown. Scale bar, 10 wm. (B) Caco-2 cells were stimulated with AGEs or
BSA at 200 pg/mL for 48 hours. ROS production was measured using DCFH-DA spectrofluorometry. AGE
exposure elicited a significant increase in ROS production in a time-dependent manner. H,0, was a positive
control. (C-E) Caco-2 cells were stimulated with AGEs or BSA at 200 pg/mL for 48 hours. Western blot assay
of phosphorylated ERK1/2 (pERK1/2) (C), NF-xB p65 (D), and LC3 and p62/SQSTM (E) was performed on pro-
tein extracts from Caco-2 cells. AGE exposure induced ERK1/2, NF-kB-p65 activation, LC3, and p62/SQSTM
compared with BSA-treated and nontreated cells. The amounts of proteins a-tubulin, B-actin, and GADPH
were measured by Western blot. The histogram below the Western blot shows optical density of the pro-
teins, obtained with Image Lab Software. Relative quantification of proteins was normalized vs a-tubulin
for ERK, B-actin for NF-kB-p65, and GAPDH for LC3 and p62/SQSTM protein and was calculated using
the ratio between phosphorylated and total proteins. The figures show representative images of 3 experi-
ments qualitatively similar. Data are expressed as means = SDs of 3 independent experiments, each per-
formed in triplicate. Data were analyzed using one-way ANOVA. *P < .05 vs BSA-treated and nontreated
cells. NT, Nontreated cells.
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FIG 4. Effects of AGEs on inflammatory response in human small intestine organ culture. (A) Small intes-
tinal biopsy fragments were exposed to AGEs or BSA at 200 ng/mL for 24 hours. The fragments were pro-
cessed for immunostaining of mononuclear CD25" cells in lamina propria of sections from cultured
duodenal fragments. The activated cells are grouped under the epithelium in fragments treated with
AGEs (cells surrounded by the black line). A few single CD25" cells are shown in fragments treated with
BSA (arrows). Magnification X200. (B) Graph reporting density of CD25" cells/mm? of lamina propria in
small intestinal fragments cultured for 24 hours with AGEs or BSA-treated or nontreated cell fragments.
(C) Immunostaining of Ki-67" cells in crypts in fragments treated with AGEs (arrows) or with BSA-treated
or nontreated fragments. (D) Graph reporting the rate of proliferating crypt enterocytes expressed as per-
centage of Ki-67" crypt enterocytes. (E and F) Exposure to AGEs induced a significant increase of IL-6 (E)
and TNF-a (F) production in the medium of duodenal fragments compared with BSA-treated or nontreated
fragments. Data are expressed as means * SDs of 3 independent experiments and were analyzed using

one-way ANOVA. *P < .05, **P < .001 vs BSA-treated and nontreated cells. NT, Nontreated cells.

human enterocytes exposed to AGEs. As shown in Fig 5, A and B,
the exposure to AGEs induced a significant increase of late
apoptotic cells (positive for both PI and annexin V) and a signif-
icant reduction of proliferation rate of PBMCs. Furthermore, to
strengthen the evidence that AGEs affect cell proliferation, we
conducted an additional proliferation test, treating PBMCs for
48 hours with 1 pg/mL of PHA, a mitogen,’® with 200 pg/mL
of AGE-BSA or BSA or medium alone as negative controls. As
shown in Fig E6, treatment with AGEs reduces the proliferation
rate, demonstrated by the reduction of CFSE dilution peaks,
compared with medium and BSA alone. The result was confirmed
both by analyzing the total population of PBMCs (Fig E8, A, in
the Online Repository at www.jacionline.org) and by selecting
CD4™" T cells with an anti-CD4 phycoerythrin monoclonal anti-
body (Fig ES, B).

An increased production of Ty2 (IL-4, IL-5, IL-13) and proin-
flammatory (IL-6, TNF-ca, IFN-v) cytokines was also observed in
PBMCs exposed to AGEs (Fig 5, C-H). No modulation was

detected for IL-10 production (Fig 5, I). These effects were medi-
ated by RAGE activation (Fig 5, J), as demonstrated by the exper-
iments of RAGE inhibition (Fig E9, A-D, in the Online Repository
at www.jacionline.org).

Effects of AGEs on mitochondrial function in
PBMCs

Emerging evidence suggests that mitochondrial dysfunction,
and the consequent excessive generation of ROS, could be related
to response of T2 cytokines in FA.** We investigated the effects
of AGEs on mitochondrial function in PBMCs collected from
children at risk for atopy. We found that the exposure to AGEs
induced an alteration of mitochondrial metabolism in PBMCs
(Fig 6, A). Specifically, we found that PBMCs exposed to AGEs
showed a significant decrease of the basal and maximal respira-
tion rate compared with nonexposed and BSA-exposed PBMCs
(Fig 6, B and C). These results were consistent with the reduction
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FIG 5. Effects of AGEs on cell apoptosis, proliferation, T2, tolerogenic and proinflammatory cytokines
response, and RAGE activation in human PBMCs. PBMCs collected from 4 children at risk for atopic disor-
ders were exposed to AGEs at 200 n.g/mL for 48 hours. Cells were harvested for flow cytometry analysis, and
the supernatants were collected for analysis of cytokines. (A) Representative dot plots obtained by flow cy-
tometric analysis after dual staining with annexin V-FITC and PI (upper panel). Exposure to AGEs induced a
significant increase of late apoptotic cells (positive for both Pl and Annexin V) (lower panel). Apoptosis and
necrosis were quantified and expressed as percentage of cell distribution by flow cytometer after annexin
V-FITC and Pl labeling. (B) Representative dot plots and histograms of CFSE-labeled PBMCs. Exposure to
AGEs elicited a significant reduction of proliferation rate of PBMCs (left panel). The proliferation rate was
quantified and expressed as percentage of proliferating cells by flow cytometer after CFSE labeling (right
panel). (C-1) Exposure of PBMCs to AGEs showed a significant increase of proinflammatory cytokines, IL-
6 (C), TNF-a (D), and IFN-vy (E), and of all T2 cytokines production, IL-4 (F), IL-5 (G), and IL-13 (H). In contrast,
no modulation was observed for IL-10 (/) production. (J) Representative dot plots obtained by flow cytomet-
ric analysis after labeling with recombinant Alexa Fluor 647 Anti-RAGE antibody and relative isotype control
(left panel). Exposure of PBMCs to AGEs showed a significant increase of positive cells for RAGE (right
panel). RAGE expression was quantified and expressed as percentage of positive cells by flow cytometer
after labeling with recombinant Alexa Fluor 647 Anti-RAGE antibody. Data are expressed as means *
SDs and were analyzed using one-way ANOVA. *P < .05, **P < .001 vs BSA-treated and nontreated cells.
ctrl, Control; NT, nontreated cells.



754 PAPARO ET AL

Mitochondrial Respiration

E

0 10 20 30 40 50 60 70

Time (min)
EWNT M BSA AGE

80 T

ATP produc

J ALLERGY CLIN IMMUNOL
MARCH 2024

B c D Proton leak

F G

Coupling o1

iciency
" Spare respiratory capacity

FIG 6. Assessment of mitochondrial respiration-linked parameters in human PBMCs exposed to AGEs.
PBMCs collected from 4 children at risk for atopic disorders were exposed to AGEs or BSA at 200 pg/mL for
48 hours. Cells were analyzed by the Seahorse XFp analyzer. (A) Representative graph of Cell Mito Stress
assay performed by Seahorse XFp analyzer. Each point in the OCR time courses is the mean = SE of 2 tech-
nical replicates. (B-G) PBMCs exposed to AGEs showed a significant decrease of basal (B) and maximal (C)
respiration rate and a significant reduction of ATP production (E) and the spare respiratory capacity (F). No
modulation was observed for the mitochondrial proton leak (D) and the coupling efficiency (G). Data are ex-
pressed as means *+ SEs and were analyzed with one-way ANOVA. **P< .01, ***P<.001 vs BSA-treated and

nontreated cells. NT, Nontreated cells.

of ATP production and spare respiratory capacity (ie, the cell
competence to respond to increased energy demand or under
stress) in AGE-treated cells (Fig 6, E and F). No modulation
was observed for the mitochondrial proton leak and the coupling
efficiency (Fig 6, D and G).

Higher dietary AGE intake and skin AGE levels in
children with FA

We also focused on the comparative evaluation of dietary AGE
intake and skin AGE accumulation in children with FA and in
age-matched HCs. From January 2018 to March 2020, 200
consecutive eligible subjects were evaluated for the study. After
60 subjects were excluded due to exclusion criteria, 140 subjects
were invited to participate in the study, of whom 32 declined to
participate. Thus, 108 children subdivided into 2 groups,
42 patients with FA and 66 HCs, were enrolled. All children
were from families of middle socioeconomic status and lived in
urban areas. The weekly duration of physical activity was similar
in the groups. The main features of the study population are
reported in Table I.

Considering that preclinical studies have shown that some
dietary AGEs elicit proinflammatory and allergic effects,'” the
daily intake of the 3 most common glycation products in Western
diet foods, CML, CEL, and MG-H1, was comparatively evaluated
in the 2 study groups, using a database reporting the content of
these dietary AGEs in several foods commonly consumed in
Western countries.” We found that the daily dietary intake of
CML, CEL, and MG-HI1 was significantly higher in patients
with FA compared with HCs (Fig 7, A). Concomitantly, children
with FA demonstrated significantly higher skin AGE accumula-
tion compared with HCs (Fig 7, B). No significant correlations
with skin AGE levels were observed for age (r = 0.149; P =

.125), sex (r = 0.099; P = .306), BMI (r = —0.095; P = .329),
or weekly duration of physical activity (r = 0.164; P = .171).

DISCUSSION

The prevalence of pediatric FA has increased in recent decades
in the United States and in other westernized countries.'*” Poten-
tial drivers for this changing epidemiologic scenario, other than
genetic predisposition, include several environmental factors,
such as mode of delivery, exposure to drugs and pollution, and
diet.>’""" Dietary habits in the first years of life could be partic-
ularly relevant in influencing the occurrence of FA.”*”’” Observa-
tional studies have suggested that a dietary pattern rich in AGE-
containing UPFs is associated with increased prevalence of
FA. 7678

FA depends on an alteration of mechanisms of immune
tolerance.’ Here, we explored the effects of AGEs on the main tol-
erogenic mechanisms involved in protecting children against
FA.”” Among nonimmune mechanisms, gut barrier integrity rep-
resents the first line of defense against external insults targeting
epithelial cells, and it is of pivotal importance in preserving im-
mune tolerance.”’*” We demonstrated that AGEs had negative ef-
fects on gut epithelial barrier integrity as demonstrated by
increased FITC-labeled dextran permeability, reduced TEER,
and TJ protein expression. These effects were associated with
an increased transepithelial passage of food antigens.

When epithelia are injured, danger signal molecules called
alarmins are released.”’ AGEs mimic alarmins; through binding
with RAGE, they induce the release of epithelial cytokine—
derived danger signal mediators IL-33, IL-25, and TSLP.>’
Then, the production of IL-33 functions as an alarm warning of
epithelial damage leading to Ty2 cell activation.®” We demon-
strated that AGEs stimulate IL-33 production by human entero-
cytes. RAGE is the receptor of AGEs.*” A pivotal mechanism
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TABLE l. Baseline features of study participants
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FA patients (n = 42) HCs (n = 66)
Sex, male, no. (%) 25 (59.5) 36 (54.5)
Age at enrollment (mo), mean * SD 929 + 23 103.5 = 23.7
Cesarean delivery, no. (%) 24 (57.1) 41 (62.1)
Breastfeeding, no. (%) 33 (78.6) 48 (72.7)
Duration of breastfeeding (mo), mean * SD 10.1 = 10 7.7 = 7.1
Exposure to passive smoking, no. (%) 6 (14.3) 25 (37.9)
Familial risk of allergy, no. (%) 34 (81) 17 (25.8)
First-degree relatives with allergy (count), median (IQR* 1 (0) 1 (0)
Weight at enrollment (kg), mean = SD 294 =119 34.6 = 13.1
Height at enrollment (cm), mean = SD 125.6 = 144 133.7 = 13
BMI at enrollment, kg/mz, mean = SD 18 = 3.6 18.7 £ 43
Physical activity, no. (%) 27 (64.3) 44 (66.7)
Physical activity at least 3 times per wk, mean * SD 241 = 0.8 28+ 14
Total serum IgE (kU/L), mean = SD 151.7 = 87.1 0.1 = 0.08
Gastrointestinal symptoms, no. (%) 31 (73.8) —
Cutaneous symptoms, no. (%) 14 (33.3) —
Respiratory symptoms, no. (%) 5(11.9) —
IOR, Interquartile range.
*Calculated only for the subjects with familial risk of allergy.
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FIG 7. Evaluation of CML, CEL, and MG-H1 and skin AGEs levels in pediatric patients with FA and in HCs. (A)
Median dietary intake of CML, CEL, and MG-H1 (mg/day) was significantly higher in patients with FA
compared with HCs. (B) The median of sAF values in the study groups was reported. Significantly higher
levels of skin AGEs were observed in patients with FA compared with HCs. Data are expressed as median
and interquartile range. Data were analyzed using the Mann-Whitney U test. *P < .05 vs HCs. AU, Arbitrary

units.

by which interaction of AGEs and RAGE mediates oxidative cell
stress and upregulates inflammatory pathways is via activation of
ERK1/2 and NF-kB.**** According to these findings, we found
that RAGE activation is still present after AGE-BSA gastrointes-
tinal digestion. This suggests that digested dietary glycated pep-
tides can maintain the ability to interact with the receptors. As a
consequence of RAGE activation, stimulation with AGEs
increased ROS production and elicited ERK1/2 and NF-kB
pathway activation in human enterocytes. Moreover, according
to previous results,” we found that AGEs induced autophagy in
human enterocytes. The negative impact of AGEs on human gut
was also confirmed in experiments using small intestine organ
cultures, where we found early alteration of human intestinal mu-
cosa stimulated with AGEs, characterized by increased number of

CD25" mononuclear cells and increased rate of proliferation of
crypt cells, biomarkers of intestinal mucosa inflammation and
damage, respectively.*

Previous studies reported that RAGE is highly expressed on
dendritic cells, macrophages, T lymphocytes, and B cells as well
as mast cells and basophils.**” In addition, it has been demon-
strated that binding of AGEs to RAGE activates mast cells and
generates histamine and oxidative stress products.®®

The activation of NF-kB, mediated by AGEs and RAGE, leads
to enhanced expression of vascular cell adhesion molecule 1 and
intercellular adhesion molecule 1 on leukocytes and macrophages
and production of proinflammatory cytokines such TNF-c, IL-1,
and 1L-6.""% In accordance with these findings, we observed
higher production of inflammatory (IL-6, TNF-a, IFN-vy) and
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Ty2 (IL-4, IL-5, IL-13) cytokines in PBMCs from children at risk
for atopy and exposed to AGEs. These results are in line with pre-
vious data reporting that the stimulation of dendritic cells by
AGEs resulted in T2 cytokine response.'””” The ability of
AGE:s to elicit T2 cytokine production in immune cells of at-
risk children further supports the hypothesis that AGEs could
facilitate the occurrence of FA. These effects were not involved
in a modulation of IL-10 production.

The mitochondria, in addition to being the powerhouses of the
cell, also represent the key regulators of immunity.' """ Prelim-
inary data on a potential bidirectional cause-and-effect relation-
ship between mitochondrial dysfunction and FA has been
previously reported in the animal model.' Here, we provided ev-
idence that AGEs could alter the mitochondrial metabolism of hu-
man PBMCs as shown by the reduced basal respiration rate, ATP
production, and spare respiratory capacity in AGE-treated cells.
These effects could be responsible, at least in part, for the negative
effects elicited by AGEs on viability of PBMCs, as previously
suggested by other authors.”

Finally, we described a significantly higher dietary intake of
AGEs and higher levels of skin AGE levels in pediatric patients
with FA compared with age-matched HCs. This evidence further
supports the potential role of AGEs in facilitating the occurrence
of FA.

The major limitations of our study are the lack of measure-
ments of plasmatic AGEs and soluble secretory RAGE in the
study population, both of which have an important role in
detoxification of AGEs in human body. Preliminary evidence
suggested that the effects of AGEs could also involve epigenetic
mechanisms through the activation of RAGE.”*” A study
demonstrated that RAGE activation increased histone deacetylase
1 expression, inducing airway inflammation in a murine asthma
model.” This could be a relevant aspect for clinical practice sug-
gesting a long-lasting detrimental action of these compounds
beyond childhood. Future studies are recommended to explore
the epigenetic effects of the relationship of AGEs to the occur-
rence of FA and the effects of other components of UPFs,
including emulsifiers, thickeners, and artificial sweeteners, that
could have detrimental effects on immune tolerance
mechanisms.' '

In conclusion, this is the first study to our knowledge exploring
how AGEs could facilitate the occurrence of FA. Using different
experimental models, our data suggest that dietary AGEs, through
a direct interaction with human cells, could have a negative
impact on immune tolerance. Higher intake of dietary AGEs and
subsequent skin accumulation of AGEs further support the
hypothesis that increased exposure to dietary AGEs could
facilitate pediatric FA. Dietary AGEs do not represent the only
components of UPFs with detrimental effects on human health.
Other UPF components, such as preservatives, sweeteners, color
additives, flavors and spices, flavor enhancers, emulsifiers,
leavening agents, anticaking agents, stabilizers, and thickeners,
have been associated with adverse health outcomes in chil-
dren.'”*'%° Based on this evidence, lifestyle changes that include
decreased consumption of ultraprocessed foods could be a prom-
ising strategy to prevent FA.
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