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The immune response induced by gluten is the result of molecular mechanisms involving gliadin peptides,
DQ2 or DQ8 glycoproteins, and the interaction with T lymphocyte receptors. DQ8-glia-al is an immuno-
dominant peptide present in gliadin from wheat Triticum spelta that interacts with the DQ8 protein, as
proven through transgenic mouse models. The research was carried out by performing a computational
analysis aimed at finding antagonistic peptides of the DQ8-glia-al peptide, i.e. peptides obtained by
varying its amino acids to maintain or even enhance the binding towards DQ8 and at the same time to
prevent an immune response by a reduced interaction with the T lymphocyte receptors. Crystallographic
structures of DQ8 and three different T-cell receptors were taken as experimental starting systems, the
peptide—protein interaction was modelled by molecular dynamics simulations and molecular interaction
field calculations, and the optimal mutations of the peptide sequence were identified by using multivariate
analysis. The method provided a list of nine immunodominant peptide candidates, which were produced
by chemical synthesis and validated by tests on transgenic mice. The results showed that immunization
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with the peptide (DQ8-glia-al, designated M1) induced in vitro antigen-specific secretion of IFN-y
restricted to the M1 peptide alone. M1 also stimulated antigen-specific secretion of the regulatory cyto-
kine IL-10. A peptide (i.e., M10) was identified as a potential therapeutic molecule for down-regulating the
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1 Introduction

Coeliac disease (CD) is a widespread food-related and
immune-related disorder triggered by wheat gluten (gliadins
and glutenins). The human leucocyte antigen (HLA)-DQ2/
HLA-DQ8 heterodimers are expressed in almost all CD
patients, suggesting a major role of adaptive immunity in CD
pathogenesis.' In particular, it has been shown that gliadin-
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inflammatory condition triggered by the DQ8-glia-al immunodominant peptide in CD.

specific CD4" T lymphocytes produce high levels of IFN-y, an
inflammatory cytokine, in the small intestine, following site-
specific deamidation of wheat gliadin by tissue transglutami-
nase (tTG).> We have previously shown that gliadin induced a
similar antigen-specific T cell response in HLA-DQ8 (DQ8)
transgenic mice with high levels of IFN-y.>* DQ8 mice rep-
resent a useful model for CD analysis because they express the
CD-related HLA-DQ8 molecule on the surface of immune com-
petent cells in the absence of any endogenous mouse class II
heterodimer.”

On the other hand, several gliadin epitopes have been
identified® and a specific gliadin peptide has been described
to be immunodominant in DQ8 adults.” It is the HLA-DQ8-
restricted immunodominant gliadin peptide DQ8-glia-a1 from
the wheat Triticum spelta (SGEGSFQPSQENP), which will be
hereafter denoted as M1.®

In this study, we aim at identifying immunodominant syn-
thetic peptides derived from M1 which, unlike this one, do not
trigger the immune response typical of CD. Given the large
chemical space to explore, we preferred to adopt a comprehen-

This journal is © The Royal Society of Chemistry 2025
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sive computational approach based on systematic application
of point mutations to M1, followed by molecular dynamics
(MD) and estimation of binding energy with two complemen-
tary calculations. The best candidates have been produced and
validated by the murine model described above.

2 Materials and methods
2.1 Design of synthetic gliadin peptides

The experimental structural models of DQ8 in a complex with
the immunodominant gliadin peptide DQ8-glia-al are
reported in Table 1.

A comparative structural analysis between the structural
models reported in Table 1 highlights a very good overlap for
the DQ8 protein and the DQ8-glia-al interacting peptide
(RMSD < 1 A), while the interaction of the T-cell receptors is
characterized by greater variability, mainly depending on the
type of receptor (Fig. 1). Structural knowledge is available for
the human receptors $13,° L3-12® and Bel502 (UniProt
A0A0B4J274),° included respectively in the crystal structures
with the PDB codes 4Z7U, 4Z7V and 5KS9. Furthermore, by
comparing the configuration of the peptide in the 2NNA
model (in pink in Fig. 1) and that in the remaining structures
(in blue in Fig. 1), it can be concluded that it is only weakly
influenced by the presence of the T-cell receptor. A more in-

Table 1 Crystal structures containing DQ8 in the complex with the
gliadin peptide DQ8-glia-al

PDB Data resolution
code Content N

2NNA DQ8, DQ8-glia-al 2.10

477U DQ8, DQ8-glia-a1, T-cell receptor S13 2.70

477V DQ8, DQ8-glia-a1, T-cell receptor L3-12 2.65

4Z7W DQ8, DQ8-glia-a1, T-cell receptor T316 2.89

4GG6 DQ8, DQ8-glia-a1, T-cell receptor SP3.4 3.20

5KS9 DQ8, DQ8-glia-a1, T-cell receptor Bel502 2.55

T-cell receptor T-cell receptor

a chain B chain
DQ8-glia-al
DQ38
B chain DQ84
o chain

Fig. 1 Overlay of the crystal structures reported in Table 1, with details
of the interaction region between the DQ8-glia-al peptide, the DQ8
protein (a heterodimer composed of the « and p chains encoded by the
DQA1 and DQBL1 genes, respectively) and the T-cell receptor. All pro-
teins are represented using C, tracing. Missing loops are shown as
dashes. The peptide present in the 2NNA structure is shown in magenta.
The figure was prepared by using the Coot program.*®
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depth analysis revealed that the a and p chains of S13 and
L3-12 have the same sequence and similar three-dimensional
arrangements. Moreover, the 4GG6 structure was not con-
sidered, due to the low resolution of its X-ray diffraction data.
Therefore, among the structures reported in Table 1, the 2NNA
model was taken as a representative of the interaction between
the DQ8-glia-a1 peptide and the DQ8 protein, and the 4Z7U,
4Z7W and 5KS9 models as a representative of the interaction
between the DQ8-glia-al peptide, the DQ8 protein and the
T-cell receptor.

In light of the above considerations, and of the current
knowledge about the immune response to gluten peptides, a
protocol has been prepared for a comprehensive compu-
tational analysis, aimed at designing antagonistic peptides of
the DQ8-glia-al peptide, ie. peptides obtained from it by
varying its amino acids that are able to maintain or even
enhance the binding towards DQ8 and at the same time to
prevent the triggering of an immune response by a reduced
interaction with the T lymphocyte receptors. The analysis strat-
egy used herein is summarized in Fig. 2, exploiting MD simu-
lation as a computational investigation tool; the 2NNA, 4Z7U,
4Z7W and 5KS9 crystallographic structures as experimental
starting systems; and the systematic execution of mutations in
the peptide sequence as a method to explore the peptide
variants.

2.1.1 Molecular dynamics simulations. MD -calculations
were performed following a protocol appropriately calibrated
on the system under study, which involves the execution of an
energy minimization for 10 ps, followed by heating for 20 ps,
during which the positions of the atoms involved in the
peptide bond are restrained using a spring constant of 0.5 keal
mol ™. Finally, the structure undergoes MD in the explicit
solvent for 100 ps. Coordinates were saved at regular time
intervals of every 2 ps. MD simulations with short timeframes
were intended to explore the local conformational changes
induced by the mutated residues of the peptides already
bound to DQ8 and T-cell receptors, with the aim of improving
comparative energy calculations. The study of the pre-binding
behaviour of the free peptides,'"'* which would have required
larger timeframes, has not been considered in this study.

Optimization of
peptide-DQ8
interaction

DQ8 + peptide
(2NNA)

v’ Preservation of the
peptide-DQ8

interaction

simulations

DQ8 + peptide +T-cell receptor
(4Z7U, 4Z7W, 5KS9)

Molecular dynamics

v’ Decrease of the

peptide-T-cell receptor
interaction
Peptide mutations /

Fig. 2 Strategy for the identification of DQ8-glia-al antagonist pep-
tides through computational modelling.
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The computer program NAMD' was used, with the
CHARMM (PARAM36) force field'* for protein atoms, the
Beglov and Roux force fields for chlorine counterions™ and
the TIP3P model'® for water molecules. Long-range electro-
static interactions were treated with the particle mesh Ewald
method.”” A Fourier spacing of 0.12 nm combined with a
fourth-order cubic spline interpolation was used. A 1.2 nm cut-
off was used for van der Waals interactions, as well as for the
real-space part of the electrostatic interactions. All bond
lengths with hydrogens were constrained with the SHAKE
algorithm™® and the time step was set to 2 fs. NPT ensemble (T
=298 K, P = 1 bar) MD simulations were carried out by coup-
ling the systems with a Nose-Hoover thermostat’® and an
Andersen-Parrinello-Rahman barostat.>%*!

Each of the 13 amino acids constituting the DQ8-glia-a1
peptide was systematically varied for each of the 20 natural
amino acids, by using a PyMOL?? script, resulting in 13 x 19 =
247 single-mutation peptides that have been evolved through
MD simulations. Additional simulations were performed to
investigate multiple mutations of the DQS8-glia-al peptide,
implemented by using the mutator tool of VMD.*?

Calculations were performed at the CINECA supercomputer
facility GALILEO100, through the ELIXIR-IT HPC@CINECA
initiative.**

2.1.2 Analysis of the MD data. For each MD run, the inter-
action energy between the peptide and the DQ8 protein aver-
aged during the simulation time was calculated. It depends on
the mutual position of the peptide and protein atoms and
includes energy terms due to van der Waals and electrostatic
forces. The difference between the energy values obtained for
each single mutation compared to that obtained for the native
peptide (AE) was taken as a benchmark parameter to optimize
the DQ8-peptide interaction. Calculations were performed by
using the computer program VMD.>?

Interaction energy profiles along the peptide residues, cal-
culated from the MD data by summing the energies of the
residue atoms for the last frame, were representative of each
simulated system. They have been compared by Principal
Component Analysis (PCA), followed by hierarchical clustering
by using the RootProf program.>® Energy profiles were rescaled
by the standard normal variate, so that they all have the same
mean and standard deviation. Only two principal components
have been considered, as for most of the cases they explained
more than 60% of the cumulative data variance. An unsuper-
vised hierarchical clustering was carried out on the PCA score
values of the top-two principal components, by using group
average as linkage metrics.

2.1.3 Molecular interaction fields. An alternative calcu-
lation of the binding interaction energy has been carried out
by using the GRID force field implemented into BioGPS soft-
ware developed and licensed by Molecular Discovery Ltd
(https://www.moldiscovery.com). The GRID force field was able
to evaluate the type, strength and direction of the molecular
interactions established between macromolecules by employ-
ing molecular interaction fields (MIFs) based on hydrophobic,
HB acceptor, and HB donor probes as elsewhere reported.*®™>®
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The total computed is thus given as a linear combination of
such energetic terms. Based on the last frame of the MD simu-
lations devoid of water molecules, we computed the difference
of the interaction energy (i.e. AE) for the systems formed by
the DQS8 protein vs. the mutated/native DQ8-glia-al peptide.
The computed values of AE were compared to the data
acquired through MD simulations.

2.2 Peptide synthesis and characterization

2.2.1 Materials. Polypropylene reaction vessels and sintered
polyethylene frits were supplied by Biotage AB (Uppsala,
Sweden), NovaSyn TGA resin, 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium  hexafluorophosphate (HBTU), cyano-
hydroxyimino-acetic acid ethyl ester (Oxyma) and all amino
acids were from Novabiochem-Merck (Nottingham, UK). Kaiser
test,  1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole ~ (MSNT),
1-methylimidazole (MeIm), N,N-dimethylformamide (DMF), N,N-
0-diisopropylethylamine (DIPEA), piperidine, trifluoroacetic acid
(TFA), and scavengers 1,2-ethanedithiol (EDT) and triisopropyl-
silane (TIS) and human serum (Lonza, Basel, Switzerland) were
purchased from Sigma-Aldrich (Milan, Italy). N-Methyl-2-pyrroli-
done (NMP) was purchased from CARLO ERBA Reagents (Milan,
Italy). Acetonitrile (ACN), dichloromethane (DCM) and diethyl
ether were purchased from VWR International (Milan, Italy). All
aqueous solutions were prepared by using water obtained from
an Arium® Pro Ultrapure Water System (Sartorius, conductivity:
0.055 pS em™" (218.2 MQ cm); TOC content: <5 ppb; bacteria:
<0.001 CFU mL™"; no particles: >0.22 pm).

2.2.2 Methods. All peptides were manually synthesized by
the Fmoc solid-phase strategy (scale: 0.1 mmol). The syntheses
were performed on a NovaSyn TGA resin (substitution:
0.29 mmol g™') by using all standard amino acids and poly-
propylene reaction vessels fitted with sintered polyethylene
frits. Activation of the resin with the first amino acid was per-
formed by treating the solid support with Fmoc-GIn(Trt)-OH (5
equiv.)/MSNT (5 equiv.)/MeIm (3.75 equiv.) in anhydrous DCM
for 90 min. The resin activation percentage was determined
spectroscopically by treating the peptidyl-resin with a 30%
piperidine solution in DMF for 5 min, by evaluating the
adsorption at 301 nm of the Fmoc-piperidine adduct (dibenzo-
fulvene) formed and calculating its concentration.

Deprotection reactions were performed by removing the
Fmoc protecting group with 30% piperidine in DMF (3 x
10 min). Coupling reactions were carried out by using 10
equiv. of Fmoc-protected amino acids activated in situ with
HBTU (9.8 equiv.)/Oxyma (9.8 equiv.) in DMF and DIPEA (20
equiv.) in NMP for 1 h. The coupling efficiency was assessed
by the qualitative Kaiser test.

Once the syntheses were completed, the peptides were
cleaved off the resin by treatment with a mixture of TFA/H,0/
EDT/TIS (94:2.5:2.5:1, v/v/v/v) for 3 h at room temperature,
under stirring. The resin was then filtered, and the crude pep-
tides were precipitated with cold diethyl ether dissolved in a
H,O/ACN solution and freeze-dried.

Crude products were purified by preparative RP-HPLC using
an Agilent Technologies PrepStar system equipped with a

This journal is © The Royal Society of Chemistry 2025
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G9309A 325 UV-Vis dual wavelength detector, an Aeris peptide
XB-C18 column (250 x 21.2 mm; 5 pm; 100 A), and a linear gra-
dient of H,O (0.1% TFA)/ACN (0.1% TFA) from 5% to 40% ACN
(0.1% TFA) in 20 min at a flow rate of 20 mL min~". The col-
lected fractions containing the peptides were then lyophilized.

The purity of the compounds was assessed by analysing the
collected fractions by RP-HPLC. Particularly, an Agilent
Technologies 1200 chromatographic system equipped with a
diode array detector, an Aeris peptide XB-C18 column (100 x
4.6 mm; 3.6 pm; 100 13) and a linear gradient of ACN from 5%
to 70% (ACN dissolved in H,O and 0.1% TFA) in 30 min at a
flow rate of 1 mL min~" were used. The identity of the com-
pounds was confirmed by acquiring LC/MS mass spectra using
an LC/MS Agilent single quadrupole system (Agilent 1260
Infinity II LC System) equipped with a diode array detector
combined with a dual electrospray ion source, a single quadru-
pole mass analyzer and an Aeris peptide XB-C18 column (50 x
2.1 mm; 3.6 pm; 100 A) at a flow rate of 200 pL min™" and a
linear gradient of ACN from 5% to 70% (ACN dissolved in H,O
and 0.05% TFA) in 12 min.

2.3 Serum stability assays

The proteolytic susceptibility of M1, M5 and M10 peptides was
determined in a 10% (v:v) human serum (Lonza, Basel,
Switzerland). Human serum was previously activated by
cooling at 4 °C, centrifugation at 13 000g for 5 min and incu-
bation at 37 °C for 10 min to eliminate the lipid fraction con-
tained in it. Then, 50 uL of the serum was added to 250 pL of
ultrapure water and 200 pL of 2.5 mg mL™' peptide mother
solution in ultrapure water, thus obtaining a final peptide con-
centration of 1 mg mL™". The mixture was incubated at 37 °C
and after 1, 2, 4, 6, 8, 24, and 48 h, and the collected samples
(25 pL) were centrifuged at 13 000g for 5 min and 20 pL of the
supernatant was added to 80 pL of H,O containing 0.05% TFA.
Supernatants were finally analyzed by the LC/MS Agilent single
quadrupole system (Agilent 1260 Infinity II LC System)
equipped with a diode array detector combined with an elec-
trospray ion source and a quadrupole mass analyzer using an
Aeris peptide XB-C18 (100 x 4.6 mm; 3.6 pm; 100 A) and a
linear gradient of H,O (0.05% TFA)/CH;CN (0.05% TFA) from
5 to 70% of CH3CN (0.05% TFA) in 30 min at a flow rate of

0.8 mL min™.

2.4 Mouse and antigen treatments

2.4.1 Preparation of pt-gliadin. Gliadin was extracted from
commercial common wheat (Triticum aestivum) flour using a
modified Osborne procedure®® and freeze dried. 40 mg of
gliadin was digested in 0.4 ml of 0.1 N HCI (pH 1.8) with
pepsin (2500 units per mg; gliadin : enzyme 100 :1; Merck
Life Science S.r.l, Milan, Italy.) at 37 °C for 4 h in a shaking
bath; the pH was increased at 8.0 and trypsin (2000 BAEE
units per mg; gliadin: enzyme = 100: 1; Merck Life Science
S.r.l.) was added; the reaction was conducted at 37 °C for
further 4 h and stopped by incubating in boiling water for
10 min; the digested gliadin (pt-gliadin) was freeze dried
and stored at —80 °C.

This journal is © The Royal Society of Chemistry 2025
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2.4.2 In vitro treatment. AB° DQ8 transgenic mice expres-
sing the HLA-DQS8 protein were reared on a gluten free diet
(GFD) (Mucedola, SpA, Bolzano, Italy) at the mouse facility of
the Institute of Food Sciences (accreditation no. 05/2024-UT).
All procedures were performed in compliance with the ARRIVE
guidelines, the EU Directive 2010/63/EU and institutional
guidelines (Italian Ministry of Health, D.lgs. 26/2014). The
Institutional Ethics Committee of Ministry of health (DGSAF)
approved the study (approval number no.786/2024-PR). For the
experiments, 6-12 weeks-old mice were administered intraperi-
toneally with M1 peptide or pt gliadin (100 pg) in 50 mM
acetic acid. On day 14, the mice received a boost injection with
the same amount of antigen. On day 24, the mice were sacri-
ficed to collect the spleens.

2.4.3 In vitro cultures. Spleens were passed through a
40 pm cell strainer (Falcon, BD Biosciences, Erembodegem,
Belgium) to dissociate the cells. To remove erythrocytes, spleen
cells were suspended in a Tris-buffered ammonium chloride
solution for 20 min at 4 °C. Then, cells were washed in a
culture medium (RPMI 1640 containing 10% inactivated foetal
calf serum, 100 U mL™" penicillin, 100 pg mL ™" streptomycin,
1% non-essential amino acids, 2 mM glutamine, and 50 pM
2-mercaptoethanol). The cells were cultured at 1.5 x 10° cells
per mL in 48-well flat bottom plates in the presence of ultra-fil-
tered pt-gliadin, M1, analogue peptides (200 pg mL™") or a
combination of equimolar amounts of M1 and analogues.
After 72 h, the supernatants were collected and analysed for
IFN-y and IL-10 protein levels by sandwich-type ELISA or
stored at —80 °C for multiplex analysis.

2.4.4 Multiplex analysis. Culture supernatants were
assayed using a Luminex 200 analyser (Luminex Corporation,
Austin, TX, USA) using a custom mouse cytokine/chemokine
magnetic bead premixed 7-plex kit (ProcartaPlex Mix&Match
7-plex). The kit enabled the simultaneous quantification of the
following molecules: IFN-y, IL-6, TNF-alpha, IL-10, IL-17A, IL-4
and IL-21. Quantitative results were determined from the stan-
dard curve using XPONENT® 4.2, a logistic four-parameter
curve fit software (DiaSorin Corporate, Saluggia-VC, Italy).

2.4.5 Statistical analysis. The ELISA results were evaluated
by the Kruskal-Wallis test and Dunn’s multiple comparisons
test. The multiplex results were evaluated by one-way ANOVA
and Tukey’s multiple comparisons test. P < 0.05 was selected
as the threshold of statistical significance.

3 Results

3.1 Identification of gliadin peptide mutations

As outlined in Fig. 2, the search for possible DQ8-glia-al
antagonists has been divided in two steps, by optimizing first
the interaction with DQ8, and then by hindering the inter-
action with the T-cell receptors.

3.1.1 Design of mutations for improving HLA/DQS8
binding. The crystallographic structure with the PDB code
2NNA, shown in Fig. 3, was used as a starting point for per-
forming MD simulations. A visual analysis of Fig. 3 highlights

Food Funct., 2025, 16, 6898-6909 | 6901


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo01270h

Open Access Article. Published on 29 July 2025. Downloaded on 2/11/2026 3:12:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2NNA)  of

Fig. 3 Crystallographic structure (PDB code the
DQ@8 heterodimer composed of a and B chains (green and yellow car-
toons, respectively) interacting with the DQ8-glia-al peptide (shown
with the stick representation). Electrostatic surface (+5 kT e™%) obtained
by the APBS tool*° is shown. Peptide residues positioned in the inter-
action pockets with DQ8 (E3, F6, P8, S9 and E11) are labelled. The figure
was prepared by using the PyMOL program.

that the amino acidic residues most involved in interactions
with DQS8 are E3, F6, P8, S9 and E11.

The quantity of interest for this study was the energy differ-
ence AE, which highlights the ability of a given mutation in a
given position of the DQ8-glia-al peptide to enhance (negative
AE values) or worsen (positive AE values) the interaction
between the peptide and the DQ8 protein. This difference,
expressed in kecal mol ™", is reported in Fig. 4.

It can be noted that residues E11 and E3 were characterized
by positive AE for most of the mutations, suggesting that chan-
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Fig. 4 Difference in the interaction energy AE calculated for the system
composed of the mutated DQ8-glia-al peptide and the DQ8 protein
with respect to the energy observed for the system with the native
DQ8-glia-al peptide. AE is averaged along the simulation. Peptide resi-
dues (FASTA code and position) of DQ8-glia-al are shown in the X-axis,
from the N-term to the C-term. Y-axis contains the mutated residues.
The peptide residues most involved in interactions with DQ8 are high-
lighted in yellow. Negative AE values are in blue colour (stabilizing inter-
action) and positive AE values are in red colour (destabilizing
interaction).
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ging these residues reduces the interaction of the peptide with
DQ8. In fact, these residues are known to be positioned in
interaction pockets with DQ8.>" Based on the simulations per-
formed, it appears that these residues have higher AE for most
of the mutations (Fig. 4). This evidence represents an impor-
tant validation of the results of the MD, which can therefore
be used to predict the mutations likely to improve the inter-
action of the peptide with DQ8.

From Fig. 4, it can also be seen that the most favorable
mutations are those replacing short side-chain residues with
long side-chain residues. Mutations with D, E, K or R, which
are also ionizable residues at physiological pH, systematically
have very low AE among all the residues of the peptide. In fact,
by analyzing the final structures obtained from MD, it was
possible to observe that the long side-chain amino acidic resi-
dues interacted more with the nearby residues of DQ8 and
with solvent molecules present in the vicinity of the peptide.
Apart from E3 and E11, amino acidic residues F6, P8 and S9
were involved in more than one interaction with DQ8 and were
known to be positioned in DQ8 pockets.**> Therefore, amino
acidic residues E3, F6, P8, S9 and E11 were studied in detail,
choosing among the mutations that stabilize the peptide +
DQ8 system (those colored in blue in Fig. 4, mainly consider-
ing mutations towards long side-chain amino acidic residues)
and performing the selected mutations simultaneously.
Further simulations were then launched with multiple
mutations, which produced the results shown in Fig. 5.
Residue E11, which is essential to establish a peptide/protein
interaction, given that no mutation performed produces a
negative AE (Fig. 4), was not considered in the study of com-
bined mutations.

It can be noted that the mutations on residues E3, F6, P8
and S9 towards long side-chain residues (K, E, D and D,
respectively) produced clear decrements in the AE values. Such
values were additive, meaning that the reductions obtained by
performing all mutations simultaneously were nearly equal to
the sum of the reductions obtained from single mutations.
Importantly, the effects of these mutations were almost inde-

E3KF6E E3KF6E E3K F6E
S9D E3KF6E E3KP8D E3KS9D P8D S9D P8D S9D

E3K F6E P8D
0
-Egugj
-100
-150
-200

-400

AE (kcal/mol)

-450

Fig. 5 AE values obtained by mutating the amino acidic residues of the
DQ8-glia-al peptide most involved in interactions with DQ8: E3, F6, P8
and S9 (E11 was not subjected to mutations). The mutations were per-
formed individually and in combination.
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pendent, and each contributed to the interaction between the
peptide and DQ8.

3.1.2 Study of the correlated effects among the mutations.
Overall, MD results have been interpreted by using multi-
variate analysis applied on the residue-by-residue peptide
energy profiles, which represent the effect of the mutation on
the interaction between DQ8-glia-a1 and DQS8. In Fig. 6, each
point represents the effect of a point-mutation on the peptide.
The location of the point in the score plot depends on the
characteristics of the corresponding energy profile. A clear sep-
aration can be noted among the representative points along
the first principal component (PC1), which explains 59.3% of
the total data variance. Points having negative PC1 values are
all relative to the mutations of E11, and the energy profiles
shown in the insets indicate that the effect of these mutations
is a strong reduction of the interaction energy due to this
residue. This confirms that any mutation of residue E11
worsens the interaction properties of the peptide with DQS8.
Points having positive PC1 values can be divided into three
clusters, among which the most populated is the one compris-
ing mutations E3R, F6E, PS8D and S9D. The features of the
energy profiles belonging to this cluster are optimal, since they
preserve the interaction energies at the E3 and E11 sites.
Mutations located in the other two clusters can reduce or com-
pletely eliminate the E3 interaction pocket. For this reason,
these mutations should be avoided. Such results confirm the
validity of the chosen mutations E3R, F6E, PS8D and S9D.

3.1.3 Design of mutations for reducing T-cell receptor
binding. The previous analysis has allowed us to obtain the
peptide M2: SGKGSEQDDQENP, which is supposed to have
greater interactions with the DQ8 protein than the peptide M1.
The underlined residues have already been optimized for this
purpose, while the remaining ones are more involved in the
interaction with the T-cell receptors, as can be seen in Fig. 7.
These latter residues were subjected to a computational study
based on MD simulations aimed at investigating the inter-
action with these receptors. MD simulations have been per-
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o
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1 3
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Fig. 6 Score plot of the first two principal components PC1 and PC2,
calculated by PCA of the residue-by-residue interaction energy profiles
for the DQ8-glia-al peptide. The percentage of data variance explained
by each of the components is reported on their respective axes. 95%
probability ellipses show the result of a hierarchical clustering procedure
applied to the representative points. The insets show the superposed
energy profiles for each cluster.
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Fig. 7 Crystallographic structure (PDB code 4Z7U) of the T-lymphocyte
receptor composed of a and B chains (green and yellow cartoons,
respectively) interacting with the DQ8-glia-al peptide (shown with the
stick representation). Electrostatic surface (+5 kT e™!) obtained by the
APBS tool®° is shown. Peptide residues closest to the receptor surface
are labelled. The figure was prepared by using the PyMOL program.

formed on the complexes between the T-cell receptor, DQS8
protein and selected peptides to assess which mutations of the
peptide involved in the binding with the T-cell receptor worsen
the interaction energy with respect to the DQ8 protein.
Particularly, we exploited the crystal structures having the PDB
code 4Z7U containing the T-cell receptor S13, 4Z7W contain-
ing the T-cell receptor L3-12, and 5KS9 containing the T-cell
receptor Bel502 as the starting points of the simulations.

A visual analysis of the crystallographic structures allowed
us to further select the residues to mutate and to select the
possible mutations to be applied to these residues. In particu-
lar, among the residues in red, it was decided not to mutate
the residues S1, G2 and N12, as they were positioned far from
the receptor residues (Fig. 7). For the residues G4, S5, Q7, Q10
and P13, a total of 64 mutations were selected on the basis of
the nature of the receptor residues located in their immediate
vicinity. For example, G4 was located near a region of the
receptor characterized by basic residues (shown in blue in
Fig. 7), thus mutations towards negatively charged residues,
such as D or E, were excluded for this residue.

Simulations were performed by mutating the residues G4,
S5, Q7, Q10 and P13 of the peptide M1. For each simulation,
the interaction energy of the peptide with both DQ8 (« and f
chains) and with the T lymphocyte receptor (a and p chains)
was calculated. Results are shown in Fig. 8a and b, for the two
receptors S13 and L3-12, whose crystal structures were taken
from the PDB models 4Z7U and 4Z7W, respectively. The most
promising mutations were those whose representative points
were positioned in the upper left quadrant (in Fig. 8, quad-
rants are delimited by the dotted lines passing through the
reference peptide M1) of each plot, that is the quadrant includ-
ing the peptide showing an enhanced interaction with DQ8
and a worsened interaction with the T-cell receptor with
respect to M1. In this perspective, favourable mutations were
found for residues S5, Q7, and Q10; in fact, S5R, Q7R and
Q10I allow to optimize the anti-binding performance of the
peptide with respect to both the S13 and L3-12 T-cell recep-
tors, without substantially modifying its binding properties
with DQ8.
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Interaction energy with DQS (kCal/mol)
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Interaction energy values, averaged along the simulation, between the DQ8-glia-al peptide and the DQ8 protein, on the abscissa, of the S13

(a and c), L3-12 (b and d) and Bel502 (e) receptors, on the ordinate. Each point represents a simulation, performed by mutating one of the residues
of DQ8-glia-al. The red point represents the peptide optimized with respect to the binding properties with DQ8 (M2). It is taken as a reference to
evaluate the energy variations of the introduced mutations (dashed lines). In a and b are reported the mutations of peptide residues not involved in
strong interactions with DQ8: G4, S5, Q7, Q10 and P13. In ¢, d and e are reported multiple mutations applied to the M1 peptide. Here, the points
labelled in red refer to the mutations performed on the DQ8-glia-al peptide.

The effect of these mutations, performed in a combined
manner on the residues involved, was verified by performing
further simulations of the optimized peptide M2, DQ8 and
T-cell receptor. In addition to the two receptors already con-
sidered (S13 and L3-12), the study on these multiple
mutations was also performed on the Bel502 receptor, whose
crystal structure was taken from the PDB model 5KS9, in order
to validate the procedure on a system not used for the analysis
of single mutations. Furthermore, multiple mutations were
also applied to the DQ8-glia-al peptide (M1), in order to verify
their effect on binding with DQ8 also for this peptide.

The results shown in Fig. 8 highlight that the optimized
peptide M2 has systematically better properties than the M1
peptide with regard to the interaction with DQ8. In fact, the
interaction energy with DQ8 of M2 and its mutations were
always lower than those of M1 and its mutations, even if this
difference was reduced by not considering the role of the sol-
vation waters (Fig. 8c, d and e). However, it was observed that
the optimized peptide also had a lower interaction energy with
the receptor than the native peptide, and this difference was
preserved by applying multiple mutations. Furthermore, Fig. 8
shows that the S5R, Q7R and Q10I mutations present interest-
ing additive properties, that is, their effect was additive if used
in combination, and in general goes in the direction of
decreasing the interaction energy with DQ8 and increasing
that with the receptor. This property was observed equally on
the optimized peptide and on the M1 one.

6904 | Food Funct., 2025, 16, 6898-6909

3.1.4 Improvement of the peptide design. Fig. 4 shows that
mutations toward specific charged residues, i.e. E, D, K, and R,
favour the interaction with DQS8. Calculations based on the
molecular interaction fields, by using the GRID force field
does not hold this bias and present differences compared to
MD calculations, based on the CHARMM force field. In this
regard, Fig. 9 shows the mutations that present low AE values
for both CHARMM and GRID calculations by considering the
peptide residues involved in the interaction with the DQS8

® CHARMM m GRID
50

FpErpecy
-100

-200

AE (kCal/mol)

E3R E3K F6Y F6E P8R P8H P8D S9R S9D

Fig. 9 Difference in the interaction energy AE calculated by using the
CHARMM and GRID force fields for the system composed of the
mutated DQ8-glia-al peptide and the DQ8 protein with respect to the
energy observed for the system with the not-mutated DQ8-glia-al

peptide.
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protein. For the residue at position 3, the E3K mutation still
presents negative AE values even for GRID calculations, even if
it suggests that the E3R mutation is more appropriate. For the
residue at position 6, the F6E mutation was not confirmed by
the GRID calculation, as a positive AE value was obtained. For
this residue, a consensus analysis between CHARMM and
GRID calculations suggested that a F6Y mutation could be
considered. For the residue at position 8, the GRID calculation
returned a positive AE for P8D mutation, while the consensus
analysis indicated that a mutation with a protonable residue
such as arginine or histidine could be more appropriate.
Finally, for the residue at position 9, the previous S9D
mutation was disfavoured by the GRID calculation compared
to the S9R mutation, as confirmed by the CHARMM calcu-
lation. Considering the need to reduce the number of in vitro
tests on murine models, the mutations F6Y and P8R were
selected, returning higher AE values in absolute value for both
CHARMM and GRID force fields.

The list of peptides selected by the computational analysis
is reported in Table 2, where the peptides M9 and M10 rep-
resent, respectively, the new peptide optimized for the inter-
action with DQ8 and the one optimized for the simultaneous
interaction with DQ8 and anti-interaction with T cell
receptors.

The reference peptide M2 was optimized for the interaction
with DQS8, therefore it contains the mutations E3K, F6E, PSD
and S9D (base peptide). Three variants of the M2 peptide were

Table 2 List of mutations performed on the peptide DQ8-glia-al.
Mutations on residues E3, F6, P8 and S9 improve the interaction with
DQ@8, and those on residues S5, Q7 and Q10 hinder the interaction with
T-cell receptors

View Article Online
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optimized for anti-interaction with the receptor. They contain
the S5R, Q7R and Q10I mutations in addition to the previous
ones. In particular, the combined mutations S5RQ10],
S5RQ7RQ10I and S5RQ7R, respectively, called R, R’ and R",
were selected. Ultimately, the R, R’ and R” peptide variants
were used to evaluate the anti-binding properties towards
T-cell receptors of the parent peptide, while the Base + R, Base
+ R’ and Base + R” peptide variants were used to evaluate the
combined effect of an optimization for binding to DQ8 and
anti-binding towards T-cell receptors.

3.2 Characterization of the synthesized peptides

The peptides reported in Table 3, which correspond to the
DQ8-glia-a1 one (M1) plus those listed in Table 2, have been
all synthesized at the level of milligrams, obtaining yields of
around 30%. A glutamine was added at the C terminal of each
peptide to avoid the presence of proline residues in this posi-
tion that are especially prone to cause diketopiperazine for-
mation, due to the basicity of their secondary amine.*”

The HPLC and mass profiles of all the synthesized peptides
are shown in Fig. S1 ESL.{

3.3 Evaluation of peptide stability in serum

Peptide degradation experiments were performed on M1, M5
and M10 in 10% human serum at 37 °C. The data are reported
in Table 4 as the percentage of intact peptide over time
obtained by integrating the peak area of the RP-HPLC profile.
The results obtained showed the stability of M1, M5 and
M10 peptides over 8 h incubation with intact peptides of a per-

Table 4 Peptide degradation evaluated over 48 h incubation in 10%
human serum at 37 °C

1d Description Mutations M1 M5 M10
M2 Base E3K, F6K, P8D, S9D % intact peptide

M3 R S5R, Q101 100 100 100

M4 Base + R E3K, F6K, P8D, S9D + S5R, Q101 99 96 95

M5 Base + R’ E3K, F6K, P8D, S9D + S5R, Q7R, Q101 98 90 90

M6 R’ S5R, Q7R, Q101 80 89 83

M7 Base + R” E3K, F6K, P8D, S9D + S5R, Q7R 75 83 69

M8 R” S5R, Q7R 73 82 60

M9 Base’ F6Y, PS8R 65 78 0.4

M10 Base’ + R’ F6Y, PSR + S5R, Q7R, Q101 51 — —

Table 3 List of peptides synthesized for in vivo testing. Residues found in the interaction pockets with DQ8 (humbers with underbars) and with the
T-cell receptor (numbers with overbars) are highlighted. Not-mutated residues are numbered with no bars

d 1 2 3 4 5 6 7 8 9 0 11 12 13 14
M1 S G E G S F Q P S Q E N P Q
M2 S G K G S E Q D D Q E N P Q
M3 S G E G R F Q P S I E N P Q
M4 S G K G R E Q D D I E N P Q
M5 S G K G R E R D D I E N P Q
M6 S G E G R F R P S I E N P Q
M7 S G K G R E R D D Q E N P Q
M8 S G E G R F R P S Q E N P Q
M9 S G E G S Y Q R S Q E N P Q
M10 S G E G R Y R R S I E N P Q

This journal is © The Royal Society of Chemistry 2025
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centage of 73%, 82% and 60%, respectively, that remained
almost the same for M1 and M5 after 24 hours, but definitely
decreased for M10, which was completely degraded. A full
degradation of M5 peptide occurred in 48 h, after that no
intact peptide was detectable anymore. In contrast, M1 peptide
was still present (51%) even after 48 h. Although the stability
of M5 and M10 peptides was not fully comparable to that of
M1, it was nevertheless optimal since peptide uptake onto the
APC surface occurred very quickly. The long-term stability of
M1 peptide was to be expected as it was already a product of
gliadin digestion by pepsin and trypsin.

3.4 Invitro tests on DQ8 mice

We evaluated the immune effects generated by the immunodo-
minant DQ8-restricced M1 peptide and its derivatives
(Table 3). To induce systemic sensitisation, mice were immu-
nized intraperitoneally with M1, whereas the control mice were
immunized with gliadin or not immunized. M1 immunization
induced INF-y secretion following the in vitro challenge of sple-
nocytes with M1, as well as with gliadin (Fig. 104, left panel).
Interestingly, M1 immunization, but not gliadin immuniz-
ation, also stimulated IL-10 secretion following in vitro chal-
lenge with M1 or gliadin (Fig. 10A, right panel). Furthermore,
none of the M1 analogues was able to stimulate in vitro IFN-y
in M1-sensitised spleen cells (Fig. 10B).

Notably, co-incubation of M1 with each single analogue
showed that the M1-specific secretion of IFN-y could not be
suppressed by any tested analogue (Fig. 10C). To characterize
further the M1-specific immune response in DQ8 mice, a
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Fig. 10 ELISA analysis of IFN-y and IL-10 secretions from splenocytes
of DQ8 mice parenterally immunised with M1 peptide after 72 h stimu-
lation in vitro (A). IFN-y (left panel) and IL-10 (right panel) cytokines
secreted following the challenge with pt-gliadin (gliadin), M1 or medium
alone; the symbols represent means of duplicate values from a single
mouse; the bars represent the medians (B). IFN-y secreted following
challenge with M1, M1 analogues or medium alone; the columns rep-
resent the means + standard error of values from 5 mice per group. (C)
IFN-y secreted following the challenge with an equimolar amount of M1
+ each analogue; the dots represent the means of duplicate values from
a single mouse; the bars represent the medians. In (C), the medium
values are subtracted. ***P < 0.0001; ** P < 0.01; *P < 0.05.
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Fig. 11 Multi-parametric analysis of the secreted cytokines from the
splenocytes of DQ8 mice parenterally immunised with M1 peptide after
72 h stimulation in vitro with wheat gliadin or M1. The columns represent
the means + standard error of values from 5 mice per group. ***P <

0.01; *P < 0.05.

multi-parametric assessment of the inducible cytokine pattern
was performed. The analysis confirmed that the in vitro chal-
lenge with M1 stimulated the secretion of both IFN-y and IL-10
in M1-sensitised splenocytes (Fig. 11). In addition, we found
that M1 specifically increased the secretion of IL17a (Fig. 11),
a marker of active CD,** whereas IL-21, which contributes to
enhance the Th1 response in CD,** was undetectable (data not
shown); both cytokines were involved in adaptive immunity.
Interestingly, we also found a specific increase of IL-6 and
TNF-a, which were mainly related to innate immunity (Fig. 11).
Next, we focused on the ability of M1 analogues to hold, in the
absence of IFN-y secretion, the ability to stimulate IL-10
secretion, in consideration of its anti-inflammatory nature.
The results showed heterogeneity in the response. However,
among the different tested peptides, M5 appeared to elicit a
more consistent secretion of IL-10, not significantly different
from M1 (Fig. 12A). Next, we focused on analogues designed
on the M5 peptide to detail the aminoacidic sequence associ-
ated with the anti-inflammatory properties. A multi-parametric
test was performed on M1-specific splenocytes that confirmed
the absence of INF-y stimulation by all analogues (Fig. 12B).
Interestingly, IL-10 secretion was better induced by M10.
Furthermore, we found that M5 still induced secretion of
IL-17A, whereas M5-derived peptides were unable to induce it.
Also, the ability to stimulate the secretion of innate immunity
cytokines was reduced, but not completely abolished in M5
and its derivatives (Fig. 12B).

4 Discussion

In this work, we analysed the down-regulation of the gliadin-
specific inflammatory response in sensitized HLA-DQ8 trans-
genic (DQ8) mice and identified an anti-inflammatory ana-
logue. Mice were from a colony bred for several generations on
a GFD; therefore, they lacked the naturally induced immune
tolerance toward gluten, similar to CD. To dissect the mecha-

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 (A) ELISA analysis of IL-10 secretion from the splenocytes of
DQ8 mice parenterally immunised with M1 peptide following challenge
with M1 or M5 analogues; the dots represent the means of duplicate
values from a single mouse; the bars represent the medians. (B) Multi-
parametric analysis of the secreted cytokines from the splenocytes of
DQ8 mice parenterally immunised with M1 peptide after 72 h stimulation
in vitro with M1, M5 or M5 analogues. The columns represent the means
+ standard error of values from 5 mice per group. The medium values
were subtracted. ***P < 0.001; **P < 0.01.

nisms underlying the immunomodulatory activity of M1-ana-
logue peptides, we studied the in vitro recall response of the
antigen-specific splenocytes. We found an important feature of
M1 when used as an immunogen in contrast to whole gliadin,
which was its ability to stimulate both pro- (IFN-y) and anti-
inflammatory (IL-10) secretions in spleen cells following an
in vitro challenge with either antigens. This was instrumental
in the perspective of designing analogues able to induce only
an anti-inflammatory response. In the first round of screening,
all M1 analogues showed a loss of the inflammatory capacity;
however, we also found that they were non-M1 antagonists. In
particular, we focused on the analogue M5 that elicited a sig-
nificant secretion of IL-10. To more precisely identify the ami-
noacidic sequence responsible for the anti-inflammatory
activity, a new series of analogues was synthesized and
assessed. Interestingly, IL-10 secretion was better induced by
M10. Another interesting property of M1, when used as an
immunogen, was to stimulate in vitro the secretion of IL-17a, a
multi-tasking cytokine of adaptive immunity, as well as of
innate immunity markers (IL6 and TNF-a). IL-17a could
inhibit the development of Th1 cells,*® limiting the inhibitory
effects of IFN-y on Th17 development. Furthermore, Th17 cells
could fully differentiate into Treg cells,>” contributing to
resolve an inflammatory condition. TNF-a is mainly produced
by macrophages and classically promotes the inflammatory
response. IL-6 has been associated with both pro- and anti-
inflammatory effects.*® Notably, IL-6 could induce the differen-
tiation of naive T cells into inflammatory Th17 cells, character-
ized by IL-17a secretion,*® which was the condition reported
herein. Interestingly, secretions of IL-6 and TNF-a were
induced by M1, but not by gliadin. Furthermore, this ability
was still held by M5 and cognate analogues. Therefore, we
speculated that this capacity was the consequence of the direct
peptide binding onto the surface of antigen-presenting cells.

This journal is © The Royal Society of Chemistry 2025
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In contrast, the secretion of IL17a was completely missed by
all the M5 analogues, including M10.

5 Conclusions

Based on virtual mutagenesis studies, we designed and pre-
pared nine new synthetic peptides derived from the gliadin
HLA-DQ8-restricted immunodominant gliadin peptide M1.
Their interaction energies, estimated with two complementary
approaches, have been optimized to enhance their binding
properties with DQ8 and their anti-binding properties with
different human T-cell receptors. This latter feature was
researched to avoid triggering the immune response typical of
CD. These peptide candidates have been validated by a murine
model already calibrated and wused for CD studies.
Immunological data confirmed the ability of the selected ana-
logues to down-regulate the age-specific Th1/Th17 adaptive
response, still preserving the ability to stimulate IL-10
secretion. Th1- and Th17-associated cytokines increased in the
small intestinal mucosa of active CD.***! In contrast, IL-10-
producing cells controlling TH1/Th17
responses to gliadin.*? In particular, the results indicated the
M10 peptide as a potential therapeutic molecule for down-reg-
ulating the inflammatory condition triggered by the DQ8-glia-
al immunodominant peptide in CD.
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