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Abstract 

Gliadin, an immunogenic protein present in wheat, is not fully degraded by humans and after the 

normal gastric and pancreatic digestion, the immunodominant 33-mer gliadin peptide remains 

unprocessed. The 33-mer gliadin peptide is found in human faeces and urine, proving not only its 

proteolytic resistance in vivo but more importantly its transport through the entire human body. 

Here, we demonstrate that  33-mer supramolecular structures larger than 220 nm induce the 

overexpression of nuclear factor kappa B (NF-B) via a specific Toll-like Receptor (TLR) 2 and 

(TLR) 4 dependent pathway and the secretion of pro-inflammatory cytokines such as IP-10/CXCL10 

and TNF-α. Using helium ion microscopy, we elucidated the initial stages of oligomerisation of 33-

mer gliadin peptide, showing that rod-like oligomers are nucleation sites for protofilament formation. 

The relevance of the 33-mer supramolecular structures in the early stages of the disease is paving 

new perspectives in the understanding of gluten-related disorders. 

 

Keywords: oligomers, gluten-related disorders, celiac disease, innate immune response, helium ion 

microscopy. 
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Background 

Gluten is a complex protein matrix present in wheat, barley, rye and some varieties of oats that 

elicits complex immunological disorders, which affect around 1 to 7 % of the global population. They 

are named according to clinical symptoms and immunological response as wheat allergy, celiac 

disease (CD), gluten ataxia, dermatitis herpetiformis and non-celiac gluten sensibility.
1
 In wheat, 

gliadin and glutenin are the major components of gluten.
2
 It is known that humans do not fully 

degrade gliadin and after its digestion, some large peptic fragments remain unprocessed.  One of 

these fragments is the immunodominant 33-mer gliadin peptide. 
3
This protein fragment has also 

been found in human faeces and urine, proving not only its proteolytic resistance in vivo but more 

importantly its transport through the entire human system. 
4
 From a molecular point of view, this 

peptide behaves as a non-ionic amphiphile which oligomerizes into soluble nanostructures of 

different sizes which coexist in equilibrium as determined by electron microscopy (EM), atomic force 

microscopy (AFM), and dynamic light scattering (DLS). 
5,6 

 Recently, a radiolabelled mutated 
3
H-33-

mer and its oligomers were found in blood plasma and accumulated in different organs in murine 

models after oral administration.
7
 Moreover, the 33-mer is present in various wheat flours at levels 

ranging from 91–603 μg/g flour. 
8
  

Up to now, the 33-mer peptide activity has been linked mainly to the adaptive immune response 
9
 

but the activation of the innate response remains poorly understood.
10

 Analysis of intestinal mucosa 

from untreated celiac patients 
11

 and various in vitro investigations showed constitutive activation of 

nuclear factor -B (NF-B). 
12-14

 NF-B plays an important role in the immune response by initiating 

the transcription of numerous pro-inflammatory genes such as cytokines and their receptors, stress 

proteins, immunomodulators and adhesive molecules. 
15

 Interesting, Fernandez-Jimenez et al. 

demonstrated that gliadin digest induces an up-regulation of the transcription of at least 22 genes 

involved in the NF-B pathway and that this response is attenuated by the addition of an inhibitor of 

MALT1 para-caspase and inhibits the NF-B-dependent gene modulation, which indicates the 

central role of this transcription factor.
16 

Bacterial immunogenicity is dependent on Toll-like Receptors (TLRs) transmembrane proteins. After 

detection of pathogens, they activate the innate immune system through induction of cytokine 
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transcription factors such as NF-B.
 17

 Normal intestinal cells do not elicit an immune response to 

commensal bacteria thanks to a down-regulation of Toll-like Receptor expression. However, in the 

case of CD, intestinal cells lose the tolerance to gliadin and exhibit an increase of expression of 

some TLR genes.
18

 

Thomas et al.
12 

showed that gliadin is a potent inducer of intestinal permeability by the zonulin-

dependent pathway and induces macrophage pro-inflammatory gene expression and cytokine 

secretion. In the case of digested gliadin, these responses in macrophages involve MyD88 

recruitment, an adaptor protein involved in TLR activation and NF-B signalling.
11-14

These reports 

showed that digested gliadin induces secretion of cytokines associated with the NF-κB pathway, but 

this mechanism was independent of TLR.
18,19 

 Which gliadin fragments are responsible and whether 

TLRs are involved in the first stages of gluten disorders is still a matter of debate. 
12, 13, 20

 It is 

important to emphasise that the gliadin effects reported in these studies were carried out before the 

supramolecular organisation of the 33-mer was demonstrated. 

The first aim of the present work is to shed light on the morphology of 33-mer oligomers and 

protofilaments by using helium ion microscope (HIM) which would provide new information about 

the oligomerisation mechanism. The second objective is to investigate the role of 33-mer 

aggregates in the activation of TLRs in macrophages. Considering the importance of endogenous 

protein aggregates and oligomers in other human pathologies, such as Alzheimer’s disease  but 

also exogenous proteins aggregates such as prions; 21
t he role of 33-mer supramolecular structures 

in the activation of the innate immune system might be a first step towards the understanding of the 

early stages of gluten-related diseases. 

 

Methods 

Sample Preparation: An initial stock solution was prepared by dissolution of 33-mer in MilliQ water 

(pH 6.5) at a final concentration of 610 µM, followed by stabilisation of 33-mer colloidal system for 

three days at 4°C. The system reaches a metastable equilibrium and is composed of monomers, 

oligomers (lower than 100 nm) and protofilaments (100-2500 nm), named as 33-mer WS.
6
 After 

syringe filtration, the new dispersion contains mainly monomer and oligomers (lower than 100 nm), 
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designated as 33-mer FS, (Figure 5), see SI Fig S5. The final concentration was recalculated, and 

the corresponding dilutions of the samples were performed with cell medium. Samples were used 

immediately for cell stimulation experiments. 

For further information about materials, methods and techniques refer to SI. 

 

Results 

 

33-mer Oligomer and Protofilaments Imaging. 

Previous, DLS measurements showed that 33-mer, in the micromolar concentration range, forms 

polydisperse nano- and micrometric range particles in aqueous media. This behaviour is 

reminiscent of classical association of colloids, and we hypothesised that 33-mer peptide self-

assemble into micelles that could be the precursors of 33-mer oligomers in water.
6
 TEM 

experiments, using uranyl acetate as chemical staining, revealed different oligomers populations 

mainly with a diameter in the range between 25 nm to 60 nm.
5
 Further deposition of 33-mer peptide 

aqueous solution on bare mica generated nano- and microstructures with a hierarchical 

organisation at increasing concentrations as revealed by AFM. 
6
 At highest concentration (610 µM), 

mainly filaments, plaques and nanostructures were observed. The different morphologies of 

oligomers and filaments suggest that the unique specific geometry of the 33-mer oligomers play a 

pivotal role in the condensation and organisation of its fractal structures into threads. Here we 

present, the first attempt to gain information about 33-mer oligomers geometry/morphology using 

HIM. HIM is functionally similar to scanning electron microscopy (SEM) but uses a single atom of 

helium at the emitter tip. Thus the helium probed can be focused to below 0.25 nm on a small 

section of the sample. The small interaction volume between the helium bean and the sample also 

results in images with remarkable surface detail, providing three-dimensional features elucidation.  

22-24
 A significant advantage is that the method does not require coating which reduces the 

morphological alteration of biological samples. HIM has been primarily used in high-contrast 

imaging of inorganic materials, but some biological samples have been imaged by this technique, 

including nanofibers in hyaluronic-based pericellular matrix, 
25 

edge detection of colon cancer cells 
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26
 and the visualisation of articular cartilage networks. 

27 
 Up to our knowledge, this is the first report 

of peptide nanostructures investigated by using HIM. 

The high magnification imaging and soft nature of HIM enabled us without chemical staining or 

coating to identify two different oligomer populations and to characterise the morphology of the 

protofilaments of 33-mer gliadin peptide (Figure 1). Oligomer association events from small, 

disorganised oligomers to more structured protofilaments have been described for different 

peptides and proteins, such as Aβ-peptides, β2-microglobulin, equine lysozyme, amylin or insulin. 
21 

In amyloid systems, a high polydispersity of metastable oligomers is described in physiological 

conditions. 
28

 In the case of 33-mer gliadin peptide oligomers, at least two populations can be 

observed. One population has a mean diameter of 27.8 ± 4.3 nm and the other a mean diameter of 

36.5± 2.3 nm (Figure 1A). While the smallest oligomers seem to be quasi-spherical (some of them 

have sharp edges), the large ones are square-like. Among these oligomers, it is possible to 

visualise a few large rod-like structures made of two square-like interacting particles.  

  

Protofilaments are made of compact rod-like oligomers (132 ± 26 nm of major diameter, Fig 1C and 

FigS2), associated longitudinally in the protofilament. The minimal length of the protofilaments is 

around 200±50 nm, composed of 3 to 4 matured rod-like oligomers. Further linear and lateral 

association is observed, forming larger protofilaments (see Figure 1C).  

We used STEM and TEM to further investigate the same specimen. In STEM experimental 

configuration, the electron beam is scanned over the specimen. In contrast, in TEM a broad parallel 

beam is used. Using STEM, a low-resolution image provided complementary information about 

protofilament organisation (Figure 2A). At a higher magnification, it is shown that the protofilaments 

are formed by rod-like particles interacting longitudinally (Figure 2B). However, the limits/contacts 

between the nanostructures are not evident. Additionally, square-like oligomers (nanostructures 

with sharp-edges) are observed in the periphery of the protofilaments. Using TEM similar results 

were obtained; this experimental setup was suitable to show again that the smallest isolated 

particles (around 20 nm) have quasi-spherical morphology (Figure 2C insert). Additionally, it was 

possible to detect the early stages of protofilaments formation, which involve rod-like structures 
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nearby (Figure 2D). These results confirm and complement the information of 33-mer oligomers and 

protofilaments obtained by HIM. 

A careful analysis of the images obtained by HIM allows us to capture the square-like particles 

lateral interaction forming rod-like oligomers of 60 nm in length (Figure 3A and 3B). It is likely that 

the rod-like structures are nucleation sites for protofilament formation. We did not observe a linear 

association of the other oligomers (Figure 3C). The observed protofilaments are made of compact 

rod-like oligomers associated longitudinally that grow linearly and form elongated structures. Further 

lateral association of the protofilaments leads to the formation of large structures (Figure 1C).  

 

33-mer gliadin peptide activates NF-B in murine macrophages.  

We evaluated the capability of the 33-mer peptide to activate NF-B in RAW-blue
TM

 cells in a 

concentration-dependent manner. At 5 and 25 µM peptide, the response was similar to the negative 

control. From 50 to 100 µM NF-B induction increased, reaching a maximal response at 100 µM. 

No significant further increase of NF-B was observed at higher concentrations (Figure 4). 

Importantly, neither the increased activation nor the plateau reached at 100 µM resulted from 

impaired viability since it was preserved and stable at all concentrations. The activation of NF-B 

was similar to the other known ligands for TLR4 (LPS) and TLR2 (Pam3CSK4).  

 

Supramolecular structures of 33-mer gliadin peptide are responsible for its inflammatory 

properties. 

The isolation of oligomers/protofilaments, in general, is particularly challenging because of their 

often transient nature and, even more importantly, because of the variability of these species 

regarding size and structure. 
29

 In an attempt to evaluate the relevance of the nanostructures and 

the monomers separately, we performed a syringe filtration of the 33-mer whole system (33-mer 

WS) which is a suitable way to remove protofilaments.
6
 Under these conditions, the equilibrium 

towards highly ordered aggregates was slowed down sufficiently and allows having a solution 

mainly composed of monomers and small oligomers (33-mer FS, Rh below 100 nm, see Fig S5) as 
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shown schematically in Figure 5. Under these conditions, it was possible to evaluate if the 

size/morphology of the oligomers is important to elicit the NF-B induction. 

It is known that amyloid fibrils and fibril-like species of 1-40 β amyloid peptide and lysozyme, but not 

monomers or oligomers, induce an innate immune response via NFκB. 
30-32

 To test our hypothesis, 

immortalised murine bone marrow-derived macrophages (iBMDMs) were incubated overnight with 

different concentrations of filtered solution (FS) and the whole solution (WS) of 33-mer peptide and 

tested for TNF-α and IP-10 secretion; LPS and Pam3CSK4 were used as controls.  

 

As shown in figure 6, the 33-mer WS induced TNF-α and IP-10/CXCL10 secretion in iBMDM cells 

in a concentration-dependent manner. However, after removing the large supramolecular structures 

of 33-mer by filtration, TNF-α production was depleted to the basal condition (non-stimulated 

control), and IP-10/CXCL10 production was significantly decreased. The viability test showed that 

the effect is not due to toxicity of monomer or smaller aggregates as the cells viability was not 

affected.  

 

Supramolecular structures of 33-mer gliadin peptide induce inflammatory response via TLR2 

and TLR4 in murine and human cell lines, respectively. 

 

The specific receptor through which 33-mer system triggers the inflammatory response has not 

been identified so far. In celiac disease, TLR 2 and TLR4 are expressed at a higher level than 

normal individuals 
18

 suggesting that they might play an essential role in the development of the 

immune response. We evaluated the production of TNF-α in wild-type and deficient TLR2 or TLR4 

in the iBMDM cell line to address this aspect in murine TLR. 

As shown in Figure 7, we observed a dose-dependent TNF-α secretion after incubating wild-type 

cells (dashed bars) with 33-mer WS. In TLR 4 KO cells (grey bars) the secretion was significantly 

impaired while it was almost depleted entirely in TLR2 KO cells (white bars), in which a secretion 

was observed only at the highest 33-mer concentration. TNF-α secretion was normalised on cell 

viability to exclude a role of cell numbers on the observed differences. Furthermore, in the same set 
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of experiments the natural TLR ligands LPS (TLR4) and Pam2CSK4 (TLR2) (see FigS3) were 

included. As expected, LPS and Pam2CSK4 induced TNF-α secretion in wild-type cells. The LPS-

induced TNF-α secretion was fully depleted in TLR4 KO cells, whereas cells were still responsive to 

Pam2CSK4. The opposite effect was observed for TLR2 KO cells, these cells responded only to LPS 

and not to Pam2CSK4. 

The human embryonic kidney cell line 293 (HEK293) was used as a human cell model to identify 

the receptor involved in the immunostimulatory properties of 33-mer WS. This cell line is deficient in 

most TLRs, except for TLR1 and TLR6, and transient transfection induced the expression of human 

Toll-like receptors 2 or 4 with their co-receptors CD14 or MD2 and CD14, respectively. As shown in 

Figure 7, NF-κB activation after incubation with gliadin 33-mer WS is dose-dependent when 

HEK293 cells were transfected with TLR4/MD2/CD14 (grey bars). In contrast to cells transfected 

with TLR2/CD14 (white bars) or without any TLR (dashed bars) demonstrating the exclusive 

dependence on TLR4 in the immune response in human cells triggered by 33-mer WS. As 

expected, no activation was detected after stimulation of TLR2/CD14 transfected cells with LPS 

(TLR4 ligand) whereas stimulation with the TLR2 specific ligand, Pam2CSK4 led to high NF-κB 

activation. Likewise, TLR4/MD2/CD14 transfected cells responded only to LPS and not to 

Pam3CSK4 (TLR2 ligand). Cells transfected without TLR did not respond to any compound. Finally, 

to rule out the bacterial contamination of 33-mer samples, polymyxin B has been used to 

demonstrate that TLR4 dependent activation of 33-mer WS is not due to an LPS contamination 

(see FigS3). 

 

Discussion 

In this work, we have shown that 33-mer gliadin peptide oligomerizes forming square-like (mean 

diameter of 36.5± 2.3 nm) and rod-like (mean diameter of 132 ± 26 nm) nanostructures (Figure 1 

and 2). The rod-like oligomers are forming the 33-mer protofilaments. In general, transient oligomer 

populations are difficult to detect, 
33 

however, in the case of the non-ionic amphiphilic 33-mer, 

different oligomers that differ not only in size but also in shape where detected, co-existing in 
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equilibrium. This behaviour is described for other non-ionic anionic surfactants and polymers, and 

for amylogenic oligomers.
 34,35,21 

Oligomers shape’s transition occurs with increasing oligomers size. 

The smallest particles, around 20 nm, seem to be spherical or quasi-spherical. Taking into account 

the similarities between the mechanism of nucleation and growth of nanoparticles in solution and 

amyloid oligomerization, 
36-38

 one can hypothesise that the equilibrium shape of the oligomer is 

reached by minimising the sum of the elastic and interfacial energy. 
39

 In this respect, the elastic 

energy scales with the volume of the nanostructure, and the interfacial energy scales with the 

corresponding surface area. Therefore, the interfacial energy dominates at the small oligomers and 

generates spherical-like oligomers. Subsequent addition of monomers increases the size and the 

elastic energy dominates, which can develop regions of low curvature, favoring a shape that 

resembles cubes or square-like structures. As lateral interaction among these particles led to the 

rod-like structures, we hypothesised that the square-like nanostructures might be transient 

intermediates in the oligomerisation process. Since oligomers already contain potential interactive 

regions between constitutive monomers, the interaction could be shifted from intra-oligomeric to 

inter-oligomeric resulting in the rod-like structures. Due to the higher aspect ratio of the rod-like 

particles, the surface chemical potential could be unevenly distributed, thereby providing the 

necessary anisotropy to foster the formation of the protofilaments (Figure 3). Similar mechanisms 

have been shown for protein aggregates in which alterations in the structure of oligomers and 

subsequent elongation by monomer addition led to the formation of the observed square-like 

particles and further association towards rod-like structures which further interact forming the 

protofilaments.
40

 As mentioned, during 33-mer self-assembly, there is a conformational equilibrium 

between an unfolded helical polyproline II (PPII) structure and a parallel β sheet structure. 
5,6

 The 

geometry of the inter-peptide contacts might have an intrinsic anisotropy that favours the interaction 

of square like/rod-like structures along a preferred axis of the aggregate, which is a typical 

nucleation mechanism of growing β sheets. 
41,42

 In the case of α-synuclein, it has been reported 

recently that cylindrical oligomers with marked similarities with amyloid fibrils are responsible to 

early stages of fibril formation, suggesting that these types of oligomers are kinetically trapped 

during protein self-assembly. 
29
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At the molecular level, the forces involved in the 33-mer self-assembly process are correlated with 

the 33-mer primary structure. The 33-mer peptide, LQLQPF(PQPQLPY)3PQPQPF, contains 65% of 

proline and glutamine, suggesting that hydrophobicity could be the driving force for self-assembly. 

Moreover, it is known that glutamine residues can interact via complementary hydrogen bonding, in 

addition to the aforementioned hydrophobic effect. 
43 Glutamine (Q) can link beta-strands together 

into beta-sheets by a network of hydrogen bonds between the main chain amides and the polar 

side chains. The importance of Q lateral chain in the formation protofilaments has been highlighted 

in different amylogenic disease, including Huntington’s disease. Finally, proline (P) is known to form 

loops, which can trigger oligomerisation driven by elastic energy, 
44-46

 thus supporting our 

hypothesis based on the detection of shape transition depending on oligomers’ size. The interplay 

between molecular flexibility and supramolecular organisation must be further investigated. 

Additionally, time-resolved experiments are needed to describe the 33-mer oligomerization pathway 

by the rate equations approach of nucleation theory.
47,48

  It is among our future objectives to get 

more information about the kinetics of formation of spheres, square- and rod-like oligomers, and the 

protofilaments to establish a better link with the existing models.
49

  

 

In the meantime, considering the relevance of 33-mer monomer in gluten-related pathologies, we 

evaluated the role of 33-mer oligomers in the context of innate immune response. Interestingly, 

innate lymphoid cells (ILCs) of CD patients produce more innate cytokines as TNF- α and Interferon 

ɣ than in controls. 
50 

The production of IP-10/CXCL-10 is a consequence of Interferon ɣ expression, 

and it has been detected at high concentrations in the serum and duodenal biopsies of untreated 

CD patients compared with non-CD controls or treated patients. TNF-α and IP-10/CXCL10 have 

complex signalising feedback with NF-κB, and they act synergically inducing transglutaminase 2 to 

deamidate gliadin peptides, which could contribute to exacerbating the pathogenic mechanism of 

the CD. 
51

  

Our work demonstrates that 33-mer peptide activates the innate immune system inducing the 

production of NF-κB, TNF-α and IP-10 (Figure 4 and 6). Furthermore, we observed the secretion of 

TNF-α only in the presence of protofilaments larger than 220 nm (33-mer WS); the filtered 33-mer 
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system (33-mer FS) completely lost its ability to induce TNF-α secretion, and IP-10/CXCL-10 

secretion was strongly impaired (Figure 6). These results demonstrate that the large 

supramolecular structures of 33-mer are exclusively responsible for NF-κB activation and pro-

inflammatory cytokine secretion and may play an important role in the pro-inflammatory response 

previously reported for gliadin digest. 
12, 13, 49, 51

 

The innate immune response is initiated by the interaction of binding epitopes from the pathogens 

with transmembrane receptors in phagocytic cells, which present antigens to T cells, providing a link 

between innate and adaptive immunity. 
52

 Among these receptors, TLRs recognise different specific 

patterns present in pathogens and activate a molecular signal to initiate the first events of 

inflammation such as the induction of NF-B. 
16

 Immune activation mediated by TLRs has been 

reported for other protein aggregates involved in several neurodegenerative diseases including 

multiple sclerosis, Parkinson’s disease, HIV-associated dementia, and Alzheimer’s disease (AD). 

53,54 Using WT and KO murine bone marrow dendritic cells, Palová-Jelínková et al. showed that 

gliadin peptides obtained by pepsin digestion induced the secretion of IL-1β. This event requires the 

concomitant activation of the NF-κB pathway, to express pro- IL-1β, and the inflammasome system 

to cleave it. They identified that both TLR2 and TLR4 receptors are involved in the gliadin 

dependent IL-1β secretion in murine cells. However, the use of blocking antibodies in celiac human 

peripheral blood mononuclear cells showed that TLR4 but not TLR2 is involved in the pro-IL-1β 

expression. 
14

 In our stimulation experiments on wild-type and TLR- knockout murine-derived 

macrophages, we demonstrated a primary role of TLR2 in the 33-mer dependent cytokine 

secretion, whereas TLR4 seems to have a minor role (Figure 7). However, the functional analysis of 

the effect of 33-mer on HEK293 cells transfected with human TLR4 or human TLR2 demonstrated 

that 33-mer peptide activates human TLR4 but not human TLR2 (Figure 8). This result strongly 

indicates a key role of TLR4 in the early inflammatory response in celiac disease.  

The observed differences between human and murine TLR2 response may be due to species 

differences of the receptors, previously observed for other ligands. On the other hand, the 

differences in term of time of incubation and cell type, suggest that the murine TLR2 activation (22 

hours) might be a non-canonical secondary mechanism on KO cells whereas the activation of HEK 
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cells expressing human TLR4 after only 6 hours of incubation is typical of canonical TLR4 ligand. 

Although TLR2 and TLR4 are dedicated to the recognition of bacterial lipopeptides and 

lipopolysaccharide (LPS) respectively, 
55

 they are also activated by non-bacterial endogenous or 

exogenous substrates, such as α-amylase/trypsin inhibitors (ATI) in the case of CD. 
56

 The 

implication of contaminants or non-canonical pathways in those activations is a matter of 

controversy. 
57

 However, TLR4 and TLR2 are activated by sterile components such as Nickel ions 
58

 

and synthetic cationic lipids, 
59 

or by HMGB1 protein that activates TLR2 or TLR4 depending on 

cellular type, 
60

 which excludes the involvement of contaminations and demonstrates the 

promiscuity of these TLRs. Here, the synthetic nature of 33-mer gliadin peptide and the use of 

Polymyxin B, rule out bacterial contamination and support our findings. 

In summary, our report is focused on the initial stages of 33-mer gliadin peptide oligomerisation and 

the role of its large supramolecular structures in the activation of the innate system before the onset 

of disease. Our findings strongly suggest that 33-mer supramolecular structures larger than 220 nm 

are responsible for NF-κB activation and pro-inflammatory cytokine secretion through TLR4 and 

TLR2 activation. The identification of square-like 33-mer oligomers interacting together and forming 

rod-like structures may be a critical step in the formation of protofilaments. It seems that the rod-like 

oligomers are the nucleation sites towards protofilaments. The proteolytic resistance of 33-mer and 

its self- assembly behaviour could explain the up to now unresolved question of the initial stages of 

gluten-related disorders in connection with the immunodominant 33-mer peptide. 

Modulation/Inhibition of 33-mer protofilaments formation and their interaction with TLRs may 

suggest new treatment of CD beyond gluten-free diet. 
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Figure Legends 

Figure 1. Morphology of the 33-mer oligomers in MilliQ water at 610 µM, pH 6.5. A) Helium ion 

microscopy photomicrographs of spherical-, square- and rod-like 33-mer oligomers, as highlighted 

in the sphere, square and rod cartoon, respectively. B) Diameter distribution of the oligomers 

detected in A (n=200). Curves were fitted using a bimodal Gaussian distribution were average 

diameter correspond to 27.8 ± 4.3 nm and 36.5± 2.3 nm. Diameter differs significantly (p<0.05, see 

Methods). C) Protofilaments are formed by the longitudinal association of compact rod-like 

oligomers that are interacting linearly (some of them are shown with arrows). Lateral organization 

leads to higher order structures. Field of view 2.5 µm. (For diameter distribution analysis refer to 

FigS2) 

 

Figure 2. Bright field images of 33-mer protofilaments and oligomers obtained by using STEM and 

TEM, in MilliQ water at 610 µM, pH 6.5. A) Low magnification STEM image, the square shows the 

region further investigated in panel B. B) Higher magnification STEM showing protofilaments. 

Square-like particles are near the protofilaments. The limits between particles are not evident. C) 

TEM image showing isolated nanostructures and the early stages of protofilament organization, 

where rod-like structures are in a line. In the insert, higher magnification image of the smallest 

particles. D) Higher magnification TEM image of image C, showing the rod-like structures. The high 

contrast was achieved thanks to the transparency of the SiO2 coated grid. 

 

Figure 3. Selected sections of the above HIM images which show a plausible pathway of 33-mer 

peptide protofilaments formation, in MilliQ water at 610 µM, pH 6.5. A) Contact between two 

square-like oligomers. B) A rod-like oligomer of around 60 nm, C) Protofilaments formed by the 

longitudinal association of matured rod-like oligomers, approximately 100 nm, which are interacting 

linearly.  
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Figure 4. 33-mer gliadin peptide induces NF-kB activation in a concentration-dependent manner. 

RAW-Blue cells were incubated in complete medium (DMEM + 10% FBS) in the presence of 

increasing amounts of 33-mer gliadin (0, 5, 25, 50, 75, 100, 200, 250 µM). After 6 hours of 

incubation, the supernatant was recovered for assessment of the NF-B activation. Cells were 

washed using complete medium and incubated with the MTT reagent for 1.30 h. to assess the 

viability of cells at the end of the experiment. LPS (100 ng/mL) and Pam (Pam3CSK4, 100 ng/mL) 

were used as positive controls. Error bars represent SD (n=3), with at least two experiments. 

 

Figure 5. Cartoon representation of the size distribution of the two 33-mer colloid systems as 

established by dynamic light scattering. 
6
 After syringe filtration, the 33-mer filtrate system (33-mer 

FS) is composed of mainly of nanostructures with hydrodynamic radii (Rh) lower than 100 nm, see 

Fig S5. 

 

Figure 6. The large supramolecular structures of 33-mer gliadin peptide rather than small oligo- and 

monomers induce cytokine secretion in murine macrophages. Immortalized bone-marrow derived 

macrophages (iBMDMs) were incubated in complete medium (DMEM + 10% FBS) with increasing 

amounts of filtered (33mer FS) or non-filtered (33-mer WS) gliadin peptide. LPS (100 ng/mL) and 

Pam (Pam3CSK4, 100 ng/ml) were used as controls. After 22 hours incubation, supernatants were 

recovered, and cells were washed using complete medium and incubated with the MTT reagent for 

1.30 h. to assess viability (Panel C), while TNF-α and IP-10/CXCL10 cytokine secretion were 

quantified in the supernatant by ELISA assay (Panels A and B). Error bars represent SD (n=3), 

representative for at least two experiments. 

 

Figure 7.  The TNF-α secretion promoted by the 33-mer gliadin supramolecular structures in 

murine iBMDM cells is dependent on both TLR2 and TLR4. WT, TLR4KO and TLR2KO iBMDM 

cells were incubated 22 hours with the indicated amount of 33-mer WS (0 µM, 125 µM, 250 µM). 

Then cell supernatants were collected, and TNF-α was quantified using ELISA assay following 
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manufacturer's instructions. TNF-α secretion was normalized on cell viability quantified by MTT test. 

Error bars represent SD (n=3), with at least three experiments. 

 

Figure 8. Supramolecular structures of 33-mer activate NF-κB through a mechanism dependent on 

human TLR4. HEK 293 cells were transfected with a constitutively active reporter vector encoding 

Renilla luciferase, an empty vector and a luciferase reporter plasmid dependent on NF-κB activation 

together with plasmids encoding TLR2 and CD14 (white bars), TLR4, MD2 and CD14 (grey bars) or 

with empty vector (dashed bars). Two days after transfection, cells were incubated for 6 hours with 

the indicated amount of 33-mer WS, LPS or Pam (Pam2CSK4). Luciferase and Renilla were then 

quantified in the cell lysate, normalized and reported here as fold induction as compared to control 

(0) on a logarithmic scale. Error bars represent SD (n=3), with at least three experiments. 
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Graphical Text 

The 33 –mer fragment of gliadin is directed involved in celiac disease and probably in 

other immune pathologies associated with gliadin, such as to gluten sensitivity. Here we showed 

that 33-mer rod-like oligomers are nucleation sites for protofilament formation and considering 

microscopic evidence that 33-mer square-like oligomers might be transient structures important 

towards the protofilaments formation. Moreover, large supramolecular structures of 33-mer are 

responsible for the overexpression of nuclear factor kappa B (NF-B) via specific Toll-like Receptor 

(TLR) 2 and 4.  Our findings are paving new perspectives in the understanding of gluten-related 

disorders before the onset of inflammation. 
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