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ARTICLE INFO ABSTRACT

Handling editor: Y Renaudineau Background: Celiac disease (CD) is a chronic immuno-mediated enteropathy caused by dietary gluten in genet-
ically susceptible individuals carrying HLA (Human Leukocytes Antigen) genes that encode for DQ2.5 and DQ8

Keywords: molecules. TRAFD1 (TRAF-type zinc finger domain 1) is a gene recently found associated with CD and defined as

Autoimmunity a master regulator of IFNy signalling and of MHC class I antigen processing/presentation. There is no specific

Inﬂ'amm'atlon drug therapy and the only effective treatment is the gluten-free diet (GFD). The great majority of celiac patients

Celiac disease . . s .

Gluten when compliant with GFD have a complete remission of symptoms and recovery of gut mucosa architecture and

CD4* T lymphocytes function. Until now, very few studies have investigated molecular differences occurring in CD patients upon the

HLA GFD therapy.

TRAFD1 Methods: We looked at the expression of both HLA DQ2.5 and TRAFD1 risk genes in adult patients with acute CD

at the time of and in treated patients on GFD. Specifically, we measured by qPCR the HLA-DQ2.5 and TRAFD1
mRNAs on peripheral blood mononuclear cells (PBMC) from the two groups of patients.

Results: When we compared the HLA-DQ mRNA expression, we didn’t find significant variation between the two
groups of patients, thus indicating that GFD patients have the same capability to present gliadin antigens to
cognate T cells as patients with active disease. Conversely, TRAFD1 was more expressed in PBMC from treated
CD subjects. Notably, TRAFD1 transcripts significantly increased in the patients analyzed longitudinally during
the GFD, indicating a role in the downregulation of gluten-induced inflammatory pathways.

Conclusion: Our study demonstrated that HLA-DQ2.5 and TRAFD1 molecules are two important mediators of
anti-gluten immune response and inflammatory process.

To date, the only effective treatment for CD patients consists of total
and life-long elimination of gluten in the daily diet. Following GFD,
intestinal morphology and function are restored and patients recover
from enteropathy and become negative for anti-tTG2 and anti-EMA.
Several studies have elucidated the key pathogenetic events in CD
occurring in the gut mucosa of CD patients eating gluten [4]. The role of
the tTG2 enzyme is to convert glutamine residues (a neutral amino acid)
to glutamic acid (negatively charged) and the consequence is the high
affinity of gluten peptides for HLA-DQ2 or DQ8 molecules, placed on the
surface of the APCs, thereby promoting the activation of CD4" T cells.
Gluten-specific T lymphocytes mainly produce IFNy and determine the
synthesis of several inflammatory cytokines, that in turn stimulate other
cells, including macrophages and fibroblasts, which potentiate the in-
flammatory response. Thus, T lymphocytes activation induces an

1. Introduction

Celiac disease (CD) is a chronic enteropathy triggered by an in-
flammatory reaction induced by gluten ingestion [1,2]. As a conse-
quence of dietary exposure to gluten and activation of gliadin-specific T
cells, genetically susceptible individuals develop autoimmune reactions
by producing antibodies against tissue transglutaminase (anti-tTG2).
The CD diagnosis is made in symptomatic HLA-DQ2 or HLA-DQ8 posi-
tive subjects with the detection of anti-tTG2 confirmed by the presence
of anti-endomysium antibodies (EMA). The positive serology, the HLA
risk factors, and the presence of classic symptoms of celiac disease avoid
the requirement of an intestinal biopsy, in children and adults to make a
diagnosis of CD [3].
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Nomenclature

APC: Antigen Presenting cells

B-LCL:  B-Lymphoblastoid Cell Line

CD: Celiac Disease

CIITA:  Class II Major Hystocompatibility Complex
transactivator

EMA: Endomysium antibodies
GFD: Gluten Free Diet
HLA: Human Leukocyte Antigen

MHC: Major Histocompatibility Complex
MyD88: Myeloid differentiation primary response 88
PBMC: Peripheral blood mononuclear cells

LPS: Lipopolisaccaride

IFNy: Interferon gamma

tTG2: Tissue transglutaminase

TLR: Toll-like receptor

TRAFD1: TRAF-type zinc finger domain 1

TRIF: TIR-domain-containing adapter-inducing interferon-f

inflammatory milieu in the gut mucosa that leads to the destruction of
small intestinal architecture, resulting in crypt hyperplasia and villous
atrophy. However, mucosal immune responses in CD patients are not
limited to the small intestine but involve also peripheral blood. Indeed, T
lymphocytes specific for tTG2-deamidated gluten peptides have been
found in the blood of untreated CD patients [5], as well as an increased
amount of cytokines secreted by Thl and Th2 lymphocytes have been
documented [6,7]. Children with untreated CD show systemic inflam-
mation consisting of an increased production of proinflammatory cyto-
kines in serum, which gets worse after the introduction of gluten in the
diet while a decrease of IFNy was observed during GFD [8,9].

We previously analyzed the expression of CD-associated HLA class II
risk alleles in peripheral blood B cells from HLA-DQ2.5 CD children and
found a comparable amount of DQ2.5 surface molecules and strength of
gluten-specific CD4™ T cell response between homozygous and hetero-
zygous subjects [10].

In the current study, we compared the HLA-DQ2 risk gene expression
in PBMC (peripheral blood mononuclear cells) from CD patients with
active disease and treated patients on GFD, to evaluate the APC capa-
bility to present gliadin antigens also during remission.

Moreover, celiac PBMCs were also analyzed for the expression of
TRAFD1, a regulator of inflammatory phenotype. TRAFDI1 is a tran-
scription factor, which gene has been identified as associated with CD in
a recent genome-wide association study from van der Graaf et al. [11].
Through four in silico approaches, the authors found 118 prioritized
genes across 50 CD-associated regions and identified TRAFD1 as a
trans-regulator of 41 genes that were involved in IFNy signalling and
MHC class I antigen processing/presentation pathways. Notably, the
TRAFD1 gene encodes FLN29 protein which was indicated as a novel
interferon- and LPS-inducible gene, which attenuates TLR-mediated
NF-kB signalling by interacting with TRAF6 factor in macrophages.
When FLN29 was stably overexpressed in macrophage-like RAW cells,
the NF-xB activation and the TNFoa production were impaired [12].
FLN29-knockout mice exhibited enhanced induction of inflammatory
cytokines and higher susceptibility to LPS- and poly (I: C)-induced
endotoxic shock, indicating a TLR-mediated activation of innate im-
munity [13]. In our study, we analyzed TRAFD1 gene expression in
PBMCs from either active or treated patients and correlated its expres-
sion with patients HLA genotypes. Furthermore, we measured TRAFD1
transcripts in a monocyte cell line (THP-1) after stimulation with gliadin
(the main gluten component) to better investigate its involvement in
APC (antigen-presenting cells) function and systemic inflammation
occurring in CD.
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2. Material and methods
2.1. Study design and cohort

Patients with active celiac disease, at the time of diagnosis, and pa-
tients in follow-up, after at least six months of gluten-free diet, were
enrolled at the Department of Gastroenterology of the University Fed-
erico II of Naples, from January 1st, 2020 and September 30th, 2023. All
subjects enrolled in the study were aged between 25 and 65 years and
carried the HLA-DQ2.5 genotype. The inclusion criteria of patients with
active disease were the presence of clinical symptoms, antibodies titer
anti-tTG2> 7 U/mL and anti-EMA positive. The inclusion criteria of
subjects in follow-up, on GFD from at least 6 months were the absence of
clinical symptoms, titer of antibodies anti-tTG2 < 7 U/mL and anti-EMA
negative. Exclusion criteria were: age under 18 years, inability or failure
to give informed consent, doubtful or discordant auto-antibody profile,
lack of clinical and diagnostic data at diagnosis or at follow-up, and
patient’s declaration of poor compliance with the gluten-free diet. Pe-
ripheral blood withdraws were collected from both groups of patients
for the isolation of PBMC from which genomic DNA and total RNA were
prepared. The list of 15 patients with active disease and 29 patients on
GFD enrolled in the study, with the respective HLA genotype, is reported
in Table 1. Three patients affected by the active disease (#CD42, #CD52
and #CD54) were invited to provide another blood withdrawal after six
months of GFD to assess the longitudinal changes in TRAFD1 expression
during remission.

2.2. Ethical approval and consent to participate

The study was approved by the Ethical Committee of the University
Federico II of Naples, Italy (protocol n°178/19) and was conducted in
accordance with Good Clinical Practice guidelines and the Declaration
of Helsinki. The IRB approval date was December 12th, 2019, and the
amendment dated December 3rd, 2020, extended the project to
December 6th, 2023. A written informed consent for participation in the
study was obtained from each patient before the start of the study.

2.3. Cells culture

PBMC were isolated from 10 to 15 ml blood samples by Ficoll-Paque
PLUS (GE Healthcare BioScience, Milano, Italy) gradient separation. The
cells recovered were counted and used either for DNA extraction and
gene expression analysis. The cell line THP-1 was cultured in complete
RPMI 1640 supplemented with 10 % FBS (Foetal Bovine Serum, Gibco)
and 1 % Penicillin/Streptomycin (Lonza). The cells were stimulated with
lipopolysaccharide (LPS) from Escherichia coli (Sigma) at 5 ng/ml for 3 h
and with native gliadin at 50 pg/ml for 16 h. Subsequently, the cells
were centrifuged, and the cell pellets were suspended in TRIZOL for RNA
preparation or lysis buffer for protein isolation and stored at —80 °C.

2.4. Genotyping and gene expression analysis

PBMC (1 x 10% were used to prepare genomic DNA. The HLA ge-
notypes predisposing to celiac disease, were assessed by using a CD-
associated gene typing kit (BioDiagene, Palermo, Italy), a commercial
diagnostic kit requiring a small amount of blood. All DQ alleles not
identified by the BioDiagene kit were determined by the AllSet Gold SSP
HLA-DQ Low Res kit (Thermo Fisher Scientific, Monza, Italy). The ge-
notypes of patients are indicated in Table 1.

PBMC (1 x 10°) were used to prepare total RNA by TRIZOL reagent.
RNA extracted was used for reverse transcriptase reactions, performed
by the SuperScript III Reverse Transcriptase enzyme (ThermoFisher),
following the manufacturer’s protocol. cDNA was used to quantify
different transcripts using SYBR Green Master Mix (EuroClone) and the
BIORAD Real-Time PCR Detection System instrument. An absolute
mRNA quantification was carried out with HLA allele-specific pairs of
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Table 1
List of patients with their HLA-DR and HLA-DQ genotypes and diagnosis. For each sample, the mRNA value was detected by qPCR.
ID sample DR genotype |DQ genotype Diagnosis HLA mRNA detection |[TRAFD1 mRNA detection

CD04 DR3/DR5 DQ2/DQ7 CD on GFD Yes -

CD19 DR3/DR5 DQ2/DQ7 CDon GFD Yes Yes
CD37 DR3/DR5 DQ2/DQ7 CD on GFD Yes -

CD45 DR3/DR5 DQ2/DQ7 CD on GFD Yes Yes
CD38 DR3/DR5 DQ2/DQ7 Active CD Yes Yes
CD42 DR3/DR5 DQ2/DQ7 Active CD Yes Yes
CD51 DR3/DR5 DQ2/DQ7 Active CD Yes -

CDO08 DR1/DR3 DQ2/DQ5 CD on GFD Yes -

CD16 DR1/DR3 DQ2/DQ5 CD on GFD Yes Yes
G227 DR1/DR3 DQ2/DQ5 CD on GFD Yes Yes
¢ha3 DR1/DR3 DQ2/DQ5 Active CD Yes Yes
CD15 DR1/DR3 DQ2/DQ5 Active CD Yes Yes
CD07 DR5/DR7 DQ2/DQ7 CD on GFD Yes -

CD09 DR5/DR7 DQ2/DQ7 CD on GFD Yes Yes
CD11 DR5/DR7 DQ2/DQ7 CD on GFD Yes Yes
CD21 DR5/DR7 DQ2/DQ7 CD on GFD Yes -

CD24 DR5/DR7 DQ2/DQ7 CD on GFD Yes Yes
CD30 DR5/DR7 DQ2/DQ7 CD on GFD Yes Yes
CD54 DR5/DR7 DQ2/DQ7 CD on GFD - Yes
CD55 DR5/DR7 DQ2/DQ7 CD on GFD Yes Yes
CD23 DR5/DR7 DQ2/DQ7 Active CD Yes Yes
CD26 DR5/DR7 DQ2/DQ7 Active CD Yes Yes
CD34 DR5/DR7 DQ2/DQ7 Active CD Yes Yes
CD54 DR5/DR7 DQ2/DQ7 Active CD Yes Yes
CDO02 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes -

CD03 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes -

CDO05 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes -

CD20 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes =

CD25 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes Yes
ehs 1 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes -

CD44 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes Yes
CD48 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes Yes
CD50 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes Yes
CD58 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes Yes
Ch61 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes Yes
CD63 DR3/DR7 DQ2/DQ2.2 CD on GFD Yes Yes
CD35 DR3/DR7 DQ2/DQ2.2 Active CD Yes Yes
CD95 DR3/DR7 DQ2/DQ2.2 Active CD - Yes
CD63 DR3/DR7 DQ2/DQ2.2 Active CD - Yes
CD96 DR3/DR7 DQ2/DQ2.2 Active CD - Yes
CD46 DR3/DRX DQ2/DQX Active CD - Yes
CD46 DR3/DRX DQ2/DQX CD on GFD - Yes
ED52 DR3/DRX DQ2/DQX Active CD - Yes
CD52 DR3/DRX DQ2/DQX CD on GFD - Yes

primers (Supplementary Table 1) and normalized with respect to Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) transcript. Each re-
action was conducted in independent triplicates and each experiment
was repeated three times. mRNA was prepared by TRIZOL reagent from
LPS-stimulated and unstimulated THP-1 cells; TRAFD1 mRNA qPCR was
performed by relative quantitation using primers indicated in Supple-
mentary Table 1.

2.5. Western blot

Western blot analysis was carried out following total protein cell

extraction by RIPA buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM
MgClp, 0.1 % NP-40). Protein concentration was measured by the
Bradford Reagent Spectrophotometer Assay (Bio-Rad Laboratories,
Inc.). A total of 20 pg of protein was loaded in 6-10 % acrylamide gel for
SDS-PAGE. The gel was blotted on an Immobilon-P PVDF membrane
(Millipore) and then treated with anti-TRAFD1 (Invitrogen) and anti-
GAPDH (Sigma) mouse monoclonal antibodies. After incubation with
goat anti-mouse secondary antibody, all membranes were developed
using an ECL kit (Amersham Bioscience) and exposed to X-ray film.
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2.6. Statistical analysis

All results are shown as the mean of at least three independent ex-
periments. We confirmed the normal distribution of HLA and TRAFD1
mRNA values, for both active and GFD patients, by Shapiro-Wilck test in
R software. Statistical analysis was performed using the unpaired Stu-
dent’s t-test with two-tailed distribution and assuming two samples had
equal variance parameters. In the figures, a single asterisk corresponds
to p < 0.05 and double asterisks correspond to p < 0.005.

3. Results
3.1. Expression analysis of HLA-DQ risk alleles

The HLA DQ2.5 heterodimers, encoded by CD-associated DQA1*05
or DQB1*02 alleles, present the peptide antigens to gliadin-specific
CD4" T lymphocytes. Therefore, the expression of HLA risk genes de-
termines the number of complexes that impact the strength of the
autoimmune CD4" T-cell response. DQA1* and DQB1* gene expression
was assessed in PBMC, a cell population including antigen-presenting
cells and effector T lymphocytes, from both active and GFD patients
enrolled in the study. The amount of mRNA transcribed by DQA1* and
DQB1* genes, either associated or not to CD, was quantified by absolute
qPCR and expressed as a percentage of total transcripts measured. As
shown in Fig. 1, a value of 100 % was assigned to the amount of
DQA1*05 or DQB1*02 mRNA expressed by DQ2.5 homozygous PBMC,
while for DQ2.5 heterozygous patients, we reported the mean percent-
ages of each mRNA within the group with the same genotype. Indeed,
the patients were stratified according to their genotype: DR3/DR5 (n = 4
on GFD, n = 3 with active CD,in panel A), DR1/DR3 (n = 3 on GFD, n =
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2 with active CD, in panel B), DR5/DR7 (n = 7 on GFD, n = 4 with
active CD, in panel C), DR3/DR7 (n = 12 on GFD, n = 1 with active CD,
in panel D). The results indicated that the percentage of CD-associated
DQA1*05 mRNA varies from 75 % to 95 %, while the amount of mRNA
transcribed by DQA1*01 and DQA1*02 alleles, not associated with CD,
ranges from 5 % to 25 %, in all heterozygous genotypes. Similarly, the
percentage of CD-associated DQB1*02 mRNA ranged from 85 % to 99 %
compared to DQB1*03 and DQB1*05 mRNAs, not associated with the
disease, that fluctuated from 1 % to 15 %. Our results confirmed the
greatest expression of DQA1*05 and DQB1*02 risk alleles in PBMCs in
all groups of heterozygous genotypes analyzed, as already demonstrated
in B cells [10,14].

We next grouped the DQA1*05 and DQB1*02 mRNA results obtained
in all patients analyzed and plotted them by grouping separately active
CD and GFD-treated patients, to compare the HLA risk alleles expression
according to the disease state. The results in Fig. 2 demonstrated that
there are no significant differences in the expression of the risk alleles
between active and treated patients. As the DQA1*05 and DQB1*02
alleles encode for DQ2.5 molecules, that have a key role in presenting
antigenic gluten peptides to T cells, these findings provide evidence that
PBMCs have the same capability to stimulate adverse T-cell immunity to
gluten in celiac patients either on active disease or remission.

3.2. Analysis of TRAFD1 expression

TRAFD1 is a transcription factor, regulator of inflammatory path-
ways and associated with CD. We investigated if TRAFD1 expression
varies during disease follow-up of CD patients. The TRAFD1 mRNA
amount, measured by relative qPCR in PBMC, is significantly reduced in
the group of patients with active disease with respect to patients on GFD,
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Fig. 1. Differential expression of DQA1*05 and DQB1*02 CD risk alleles in PBMC from patients with active CD and patients on GFD. The gene expression of
DQA1*05 is shown as a percentage with respect to DQA1*01 (panel B) and DQA1*02 (panels C and D) not associated with the disease. The gene expression of
DQB1*02 is shown as a percentage with respect to DQB1*03 (panels A and C) and DQB1*05 (panel B) not associated with disease. Each histogram shows the mean
value obtained from different patients stratified according to the genotype, and disease state: DR3/DR5 (n = 4 on GFD, n = 3 with CD, panel A), DR1/DR3 (n = 3 on
GFD, n = 2 with CD, panel B) DR5/DR7 (n = 7 on GFD, n = 4 with CD, panel C), DR3/DR7 (n = 12 on GFD, n = 1 with CD, panel D). Statistical analysis was

performed using the unpaired Student’s t-test with a two-tailed distribution.
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Fig. 2. Comparison of HLA-DQ2 risk alleles expression according to the
stage of disease. The graph shows DQA1*05 and DQB1*02 mRNA fold-change
measured in PBMC samples from all patients grouped according to their diag-
nosis, independently by the specific genotype. No significant differences were
observed. Statistical analysis was performed using the unpaired Student’s t-test
with a two-tailed distribution.

independently by their genotype (Fig. 3 panel A) (p < 0.0007). Then we
monitored the TRAFD1 mRNA variation during remission. We prepared
PBMC from patients at diagnosis and after six months of GFD for the
three of them (patients #CD42, #CD5 and #CD54). As shown in Fig. 3
panel B, we observed a 1.5-2.5 fold-increase of TRAFD1 mRNA after
GFD when the specific antibodies were negativized and the clinic
manifestation recovered, according to the data obtained from the entire
cohort analyzed. These results, obtained at different times from the same
patient, allowed the monitoring of TRAFD1 mRNA and confirmed its
contribution to the resolution of inflammation.

Finally, we analyzed the TRAFD1 expression in relation to the HLA
genotype of patients. All groups of DQ2.5 heterozygous patients, with
DR5/DR7, DR3/DR5 and DR1/DR3 genotypes, showed different ex-
pressions between active CD and GFD patients but only the group car-
rying DR3/DR7 genotype, associated with the highest risk of pathology,
showed a significant increase of TRAFD1 expression after disease
remission (Fig. 3 panel C).

3.3. Effect of gliadin stimulation on TRAFD1

We used the THP-1 cell line to analyze the effect of gliadin stimu-
lation on TRAFD1 expression. Firstly, we demonstrated that LPS stim-
ulus, a classical agonist of inflammation, affects TRAFD1 expression. In
fact, in Fig. 4 panel A, we observed a decrease in TRAFD1 mRNA
amount in LPS-stimulated cells [11,15]. Moreover, we verified that
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these changes in TRAFD1 expression were associated with the reduction
of FLN29 protein synthesis, as indicated in panel B. These preliminary
experiments suggested that the THP-1 cell line is a good model to verify
the inflammatory role of gliadin. Upon gliadin stimulation of THP-1
cells, we observed a significant decrease (p < 0.05) of TRAFD1 mRNA
with respect to the unstimulated cells (panel C). In conclusion, our re-
sults revealed that gliadin stimulation determines an inflammation
status that affects the expression of FLN29 proteins consequent to the
decrease of TRAFD1 mRNA amount.

4. Discussion

Celiac disease is a complex autoimmune enteropathy whose aeti-
ology is determined by a combination of genetic factors (HLA-DQ2 and
DQ8 genes), environmental factors (i.e., gluten diet), and cofactors (e.g.,
microbiota alterations, viral infections, drugs, and winning age). It has
been well characterized that gluten proteins, following digestion by
tissue transglutaminase 2, stimulate both adaptive and innate immune
responses, in the small intestine of CD patients. More specifically, the
gluten immunogenic peptides bind with high affinity to the HLA-DQ2 or
HLA-DQ8 molecules expressed on the surface of APC and stimulate the
activation of antigen-specific CD4™" Th1 cells.

In our previous works, we demonstrated the differential expression
of CD-associated HLA class II risk alleles, DQA1*05 and DQB1*02, with
respect to non-CD-associated ones, in immortalized B cells from DQ2.5
heterozygous children with CD. Moreover, we showed that the expres-
sion of the DQ2.5 molecule, encoded by the risk alleles, influences the
activation strength of gliadin-specific CD4" T cells [10,14]. In the cur-
rent work, we compared the expression of the same risk alleles in APC
from the blood of both patients with active disease and in remission on
GFD, these latters characterized by anti-EMA and anti-tTG2 negative
titers. The PBMC are a heterogenous cell population containing different
types of APC, such as monocytes, B lymphocytes and dendritic cells and
we verified if circulating APCs from patients on GFD have the same
capability to present gliadin antigens compared to APC from patients
with active disease. We confirmed the differential expression of mRNAs
transcribed by risk alleles with respect to non-CD-associated alleles in
the heterozygous patients, as previously demonstrated for B cells. The
novelty of the current work is the evidence that the DQA1*05 and
DQB1*02 alleles expression did not vary between patients with active
disease and patients on GFD. These findings have important implications
as a comparable mRNA amount results in a similar density of DQ2.5
molecules on the APC surface, with the consequence that circulating
APC from GFD patients have the same capability to present the
HLA-DQ2.5-gliadin complexes as APC from patients with active disease.
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Fig. 3. Analysis of TRAFD1 mRNA expression. The graph shows TRAFD1 mRNA fold-change measured in PBMC samples from all patients affected by active CD
respect patients on GFD (panel A). The increase of TRAFD1 mRNA is shown in three patients after six months of GFD (panel B). In panel C, the value of mRNA is
reported in CD and GFD patients stratified according to their genotype. The group with DR3/DR7 genotype shows a significant increment after GFD. Statistical
analysis was performed using the unpaired Student’s t-test with a two-tailed distribution.
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Fig. 4. Variation of TRAFD1 expression in THP-1 cell following LPS or gliadin stimulation. Panels A and C show TRAFD1 mRNA decrease after LPS and gliadin
stimulation, respectively, in the THP-1 cell line. The Western blot of panel B confirmed the downregulation of FLN29 protein after LPS stimulation.

Similar DQ2.5 genes and molecules expression was demonstrated in CD
patients despite the IFNy serum concentration that is reported to be
persistently elevated in patients with active disease both in the lamina
propria and peripheral blood [8,9], whilst, in patients on GFD, the fre-
quency of circulating IFNy-releasing cells increase upon gluten chal-
lenge [16].

IFNy promotes the transcription of HLA class II genes in non-
professional APC, such as monocytes and macrophages, while den-
dritic cells and B lymphocytes constitutively express HLA class II mol-
ecules through a complex molecular pathway that includes CIITA
transactivator [17]. The HLA class II expression in these cell subsets
activates a feed-forward loop wherein IFNy-producing CD4" T cells
induce myeloid HLA class II molecules, which in turn amplifies CD4 "
Tcell responses. For this reason, we investigated if an inflammatory
milieu induced by gluten consumption might regulate the expression of
HLA-DQ2.5 in PBMC in active patients with respect to patients on GFD
[6].

The innate immune system is also involved in the earliest events of
CD pathogenesis, through TLRs-downstream activation [18] that,
through MyD88 and TRIF-dependent pathways, allows NF-kB to trans-
locate into the cell nucleus and activate transcription of several genes
encoding a proinflammatory cascade of cytokines and chemokines. A
gene involved in this inflammatory response is TRAFD1, whose over-
expression in monocyte/macrophage cells resulted in a suppression of
TLR signalling, dampening the inflammatory responses. Otherwise, a
depletion of TRAFD1 in human cells or KO mice determines an increased
susceptibility to LPS with amplified production of pro-inflammatory
cytokines [12,13].

More recently, TRAFD1 has been associated with celiac disease and
defined as a novel master regulator, involved in the regulation of a set of
genes enriched for two major pathways of immune activation, IFNy
signalling and antigen processing/presentation [11]. The authors of this
study suggested for the first time a role of TRAFD1 in signalling response
to both type I and type II IFNs that affects the downstream activation of
the NF-kB pathway.

In the present work, we observed that TRAFD1/FLN29 expression, in
the THP-1 cell line is reduced not only by LPS but also by gliadin
stimulation. To deepen the role of TRAFD1 in inflammation, we next
measured TRAFD1 mRNA in PBMC from both acute and GFD celiac
patients. Interestingly, we found a higher amount in patients in remis-
sion with respect to patients with active CD.

It has been reported that the modulation of TRAFD]1 represents a
clear indication of its role in TLR signalling and NF-kB activation, which
in turn controls the transcription of several genes encoding a proin-
flammatory cascade of cytokines and chemokines [12]. The low
expression in active CD is indicative of NF-kB activation while the high
expression of TRAFD1 in GFD patients is associated with the NF-kB
pathway downregulation, as well as the decrease of the innate and

adaptive immune response against gluten [19]. Very attractive is the
significant difference in the TRAFD1 expression among CD and GFD
patients carrying the DR3/DR7 genotype, which is associated with the
highest CD risk, indicating potential involvement of this factor in the
genetic profile that contributes to the pathology predisposition.

Much evidence suggests that gliadin-induced immune response may
pass through TLRs-dependent pathways that induce the production of
some pro-inflammatory cytokines by innate immune cells.

In the lamina propria, the interaction of macrophages with gliadin
peptides leads to a pro-inflammatory cascade that enhances the inter-
action of T cells with APCs, through MyD88 signalling [19]. MyD88
signalling leads to the activation of NF-kB in enterocytes, which prompts
pro-inflammatory cytokines transcription contributing to inflammation.
Palova-Jelinkova et al. [20] reported that whole PBMC and purified
monocytes from celiac patients responded to pepsin-digested gliadin
fraction by a robust secretion of IL-1f, suggesting that gliadin contains
not only T-cell epitopes but other peptides that could play a role as
adjuvants activating the innate immune system via TLR2/4/MyD88
signalling pathway.

Another study [21] demonstrated that the 33-mer gliadin peptide in
murine macrophages induces an overexpression of NF-kB via
TLR2/TLR4-dependent pathways supporting the hypothesis that gliadin
peptides may directly activate TLRs-mediated mechanisms of innate
inflammation. Nanayakkara et al. [22] showed that gliadin peptide
p31-43 can induce the IFNa-mediated innate immune response in
CaCo-2 cells by activating the TLR7, an endosomal receptor that rec-
ognizes viral mRNAs. Upon activation, TLR7 interacts with MyD88,
recruits the MAPKs and leads to NF-kB activation. Finally, Junker et al.
showed that a-amylase/trypsin inhibitors (ATIs) are strong inducers of
innate immune responses in human and murine macrophages, mono-
cytes, and DCs. ATIs are a group of proteins contained in the wheat and
other toxic cereals activating the TLR4-MD2-CD14 complex and stim-
ulating the release of pro-inflammatory innate cytokines in isolated cells
and intestinal biopsies from mice, as well as from celiac and non-celiac
patients [23].

In summary, we demonstrated that high expression of TRAFD1 is
associated with GFD, a condition in which the NF-kB pathway is
downregulated and the innate and adaptive immune response against
gluten is decreased. Otherwise, lower TRAFD1 expression is revealed in
PBMC from patients with active diseases in which the NF-kB activation
has been extensively demonstrated. In conclusion, TRAFD1/FLN29 may
represent a direct biomarker of celiac disease remission and compliance
with a gluten-free diet in treated patients.

5. Conclusions

We present data regarding the expression of HLA-DQ2.5 and
TRAFDI1 genes in celiac disease patients on active disease or remission.
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HLA-DQ2.5 expression does not vary after recovery of symptomatology,
indicating that the introduction of gluten antigen during GFD may again
stimulate adaptive immune response and activate circulating antigen-
specific CD4" T cells. The TRAFD1 gene is an important mediator of
the inflammatory process and could be a useful biomarker of celiac
disease remission and compliance with a gluten-free regimen in treated
patients.

Funding

This study was supported by CNR project FOE 2021 DBA.AD005.225
to GDP and CG, by AIC Associazione Italiana Celiachia APS for the AIC
Grants to CG (Project IG 002_2020) and to ML (Triennial Fellowship
006_2019 )

Informed consent statement

Informed consent was obtained from all subjects involved in the
study.

CRediT authorship contribution statement

Mariavittoria Laezza: Investigation, Formal analysis, Data curation.
Laura Pisapia: Software, Investigation, Formal analysis. Benedetta
Toro: Investigation, Data curation. Vincenzo Mercadante: Software,
Methodology. Antonio Rispo: Supervision, Data curation. Carmen
Gianfrani: Writing — review & editing, Writing - original draft, Funding
acquisition. Giovanna Del Pozzo: Writing — review & editing, Writing —
original draft, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The data that has been used is confidential.
Acknowledgements

We thank Mariarosaria Aletta for her bibliographic assistance.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jtauto.2024.100240.

References

[1] R. Iversen, L.M. Sollid, The immunobiology and pathogenesis of celiac disease,
Annu. Rev. Pathol. 18 (2023), https://doi.org/10.1146/ANNUREV-
PATHMECHDIS-031521-032634.

[2] K.A. Scherf, C. Catassi, F. Chirdo, P.J. Ciclitira, C. Feighery, C. Gianfrani, F. Koning,

K.E.A. Lundin, D. Schuppan, M.J.M. Smulders, O. Tranquet, R. Troncone,

P. Koehler, Recent progress and recommendations on celiac disease from the

working group on prolamin analysis and toxicity, Front. Nutr. 7 (2020) 29, https://

doi.org/10.3389/fnut.2020.00029.

Z.F. Bi, A.C. study group, C. Ciacci, J.C. Bai, G. Holmes, A. Al-Toma, F. Biagi,

A. Carroccio, R. Ciccocioppo, A. Di Sabatino, R. Gingold-Belfer, M. Jinga,

G. Makharia, S. Niveloni, G.L. Norman, K. Rostami, D.S. Sanders, E. Smecuol,

V. Villanacci, S. Vivas, Serum anti-tissue transglutaminase IgA and prediction of

duodenal villous atrophy in adults with suspected coeliac disease without IgA

deficiency (Bi.A.CeD): a multicentre, prospective cohort study, Lancet

Gastroenterol Hepatol (Nov 8 2023) 1005-1014, https://doi.org/10.1016/52468-

1253(23)00205-4.

[3

=

[4]

[5]

[6]

71

(8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Journal of Translational Autoimmunity 8 (2024) 100240

V. Abadie, V. Discepolo, B. Jabri, Intraepithelial lymphocytes in celiac disease
immunopathology, Semin. Immunopathol. 34 (2012) 551-556, https://doi.org/
10.1007/s00281-012-0316-x.

A. Lammi, P. Arikoski, O. Vaarala, T. Kinnunen, J. Ilonen, Increased peripheral
blood CD4 + T cell responses to deamidated but not to native gliadin in children
with coeliac disease, Clin. Exp. Immunol. 168 (2012) 207-214, https://doi.org/
10.1111/j.1365-2249.2012.04575.x.

J.S. Manavalan, L. Hernandez, J.G. Shah, J. Konikkara, A.J. Naiyer, A.R. Lee,

E. Ciaccio, M.T. Minaya, P.H.R. Green, G. Bhagat, Serum cytokine elevations in
celiac disease: association with disease presentation, Hum. Immunol. 71 (2010)
50-57, https://doi.org/10.1016/J. HUMIMM.2009.09.351.

G. Goel, A.J.M. Daveson, C.E. Hooi, J.A. Tye-Din, S. Wang, E. Szymczak, L.

J. Williams, J.L. Dzuris, K.M. Neff, K.E. Truitt, R.P. Anderson, Serum cytokines
elevated during gluten-mediated cytokine release in coeliac disease, Clin. Exp.
Immunol. 199 (2020) 68-78, https://doi.org/10.1111/cei.13369.

S. Bjorck, S.R. Lindehammer, M. Fex, D. Agardh, Serum cytokine pattern in young
children with screening detected coeliac disease, Clin. Exp. Immunol. 179 (2015)
230-235, https://doi.org/10.1111/CEL.12454.

R. Auricchio, I. Calabrese, M. Galatola, D. Cielo, F. Carbone, M. Mancuso,

G. Matarrese, R. Troncone i, S. Auricchio, L. Greco, Gluten consumption and
inflammation affect the development of celiac disease in at-risk children, Sci. Rep.
12 (2022), https://doi.org/10.1038/s41598-022-09232-7.

L. Pisapia, A. Camarca, S. Picascia, V. Bassi, P. Barba, G. Del Pozzo, C. Gianfrani,
HLA-DQ2.5 genes associated with celiac disease risk are preferentially expressed
with respect to non-predisposing HLA genes: implication for anti-gluten T cell
response, J. Autoimmun. 70 (2016) 63-72, https://doi.org/10.1016/].
jaut.2016.03.016.

A. van der Graaf, M.M. Zorro, A. Claringbould, U. Vosa, R. Aguirre-Gamboa, C. Li,
J. Mooiweer, I. Ricano-Ponce, Z. Borek, F. Koning, Y. Kooy-Winkelaar, L.M. Sollid,
S.W. Qiao, V. Kumar, Y. Li, L. Franke, S. Withoff, C. Wijmenga, S. Sanna, I. Jonkers,
Systematic prioritization of candidate genes in disease loci identifies TRAFD1 as a
master regulator of IFNy signaling in celiac disease, Front. Genet. 11 (2021) 1-16,
https://doi.org/10.3389/fgene.2020.562434.

R. Mashima, K. Saeki, D. Aki, Y. Minoda, H. Takaki, T. Sanada, T. Kobayashi,

H. Aburatani, Y. Yamanashi, A. Yoshimura, FLN29, a novel interferon- and LPS-
inducible gene acting as a negative regulator of toll-like receptor signaling, J. Biol.
Chem. 280 (2005) 41289-41297, https://doi.org/10.1074/jbc.M508221200.

T. Sanada, G. Takaesu, R. Mashima, R. Yoshida, T. Kobayashi, A. Yoshimura,
FLN29 deficiency reveals its negative regulatory role in the toll-like receptor (TLR)
and retinoic acid-inducible gene I (RIG-I)-like helicase signaling pathway, J. Biol.
Chem. 283 (2008) 33858-33864, https://doi.org/10.1074/jbc.M806923200.

L. Pisapia, S. Picascia, F. Farina, P. Barba, C. Gianfrani, G. Del Pozzo, Differential
expression of predisposing HLA-DQ2.5 alleles in DR5/DR?7 celiac disease patients
affects the pathological immune response to gluten, Sci. Rep. 10 (2020) 1-8,
https://doi.org/10.1038/5s41598-020-73907-2.

S. Molaaghaee-Rouzbahani, N. Asri, A. Sapone, K. Baghaei, A. Yadegar, D. Amani,
M. Rostami-Nejad, Akkermansia muciniphila exerts immunomodulatory and anti-
inflammatory effects on gliadin-stimulated THP-1 derived macrophages, Sci. Rep.
13 (2023) 3237, https://doi.org/10.1038/541598-023-30266-y.

A. Camarca, G. Radano, R. Di Mase, G. Terrone, F. Maurano, S. Auricchio,

R. Troncone, L. Greco, G. Gianfrani, Short wheat challenge Is a reproducible in-
vivo assay to detect immune response to gluten, Clin. Exp. Immunol. 169 (2)
(2012) 129-136, https://doi.org/10.1111/j.1365-2249.2012.04597 .x.

R.H. Wijdeven, M.M. Luijn, A.F. Wierenga-Wolf, J.J. Akkermans, P.J. Elsen, R.
Q. Hintzen, J. Neefjes, Chemical and genetic control of IFN y-induced MHCII
expression, EMBO Rep. 19 (2018) 1-14, https://doi.org/10.15252/
embr.201745553.

D. Talipova, A. Smagulova, D. Poddighe, Toll-like receptors and celiac disease, Int.
J. Mol. Sci. 24 (2022) 1-24, https://doi.org/10.3390/ijms24010265.

K.E. Thomas, A. Sapone, A. Fasano, S.N. Vogel, Gliadin stimulation of murine
macrophage inflammatory gene expression and intestinal permeability are MyD88-
dependent: role of the innate immune response in celiac disease, J. Inmunol. 176
(2006) 2512-2521, https://doi.org/10.4049/jimmunol.176.4.2512.

L. Palova-Jelinkova, K. Danova, H. Drasarova, M. Dvofdk, D.P. Funda, P. Fundova,
A. Kotrbova-Kozak, M. Cernd, J. Kamanov4, S.F. Martin, M. Freudenberg,

L. Tuckovd, Pepsin digest of wheat gliadin fraction increases production of IL-1 b
via TLR4/MyD88/TRIF/MAPK/NF- k B signaling pathway and an, NLRP3
Inflammasome Activation 8, Plos One (2013), https://doi.org/10.1371/journal.
pone.0062426.

M.G. Herrera, M. Pizzuto, C. Lonez, K. Rott, A. Hiitten, N. Sewald, J.

M. Ruysschaert, V.I. Dodero, Large supramolecular structures of 33-mer gliadin
peptide activate toll-like receptors in macrophages, Nanomedicine 14 (2018)
1417-1427, https://doi.org/10.1016/J.NANO.2018.04.014.

M. Nanayakkara, G. Lania, M. Maglio, R. Auricchio, C. De Musis, V. Discepolo,
E. Miele, B. Jabri, R. Troncone, S. Auricchio, M.V. Barone, P31-43, an undigested
gliadin peptide, mimics and enhances the innate immune response to viruses and
interferes with endocytic trafficking: a role in celiac disease, Sci. Rep. 8 (2018),
https://doi.org/10.1038/541598-018-28830-Y.

V.F. Zevallos, V. Raker, S. Tenzer, C. Jimenez-Calvente, M. Ashfag-Khan, N. Riissel,
G. Pickert, H. Schild, K. Steinbrink, D. Schuppan, Nutritional wheat amylase-
trypsin inhibitors promote intestinal inflammation via activation of myeloid cells,
Gastroenterology 152 (2017) 1100-1113.e12, https://doi.org/10.1053/j.
gastro.2016.12.006.


https://doi.org/10.1016/j.jtauto.2024.100240
https://doi.org/10.1016/j.jtauto.2024.100240
https://doi.org/10.1146/ANNUREV-PATHMECHDIS-031521-032634
https://doi.org/10.1146/ANNUREV-PATHMECHDIS-031521-032634
https://doi.org/10.3389/fnut.2020.00029
https://doi.org/10.3389/fnut.2020.00029
https://doi.org/10.1016/S2468-1253(23)00205-4
https://doi.org/10.1016/S2468-1253(23)00205-4
https://doi.org/10.1007/s00281-012-0316-x
https://doi.org/10.1007/s00281-012-0316-x
https://doi.org/10.1111/j.1365-2249.2012.04575.x
https://doi.org/10.1111/j.1365-2249.2012.04575.x
https://doi.org/10.1016/J.HUMIMM.2009.09.351
https://doi.org/10.1111/cei.13369
https://doi.org/10.1111/CEI.12454
https://doi.org/10.1038/s41598-022-09232-7
https://doi.org/10.1016/j.jaut.2016.03.016
https://doi.org/10.1016/j.jaut.2016.03.016
https://doi.org/10.3389/fgene.2020.562434
https://doi.org/10.1074/jbc.M508221200
https://doi.org/10.1074/jbc.M806923200
https://doi.org/10.1038/s41598-020-73907-2
https://doi.org/10.1038/s41598-023-30266-y
https://doi.org/10.1111/j.1365-2249.2012.04597.x
https://doi.org/10.15252/embr.201745553
https://doi.org/10.15252/embr.201745553
https://doi.org/10.3390/ijms24010265
https://doi.org/10.4049/jimmunol.176.4.2512
https://doi.org/10.1371/journal.pone.0062426
https://doi.org/10.1371/journal.pone.0062426
https://doi.org/10.1016/J.NANO.2018.04.014
https://doi.org/10.1038/S41598-018-28830-Y
https://doi.org/10.1053/j.gastro.2016.12.006
https://doi.org/10.1053/j.gastro.2016.12.006

	Changes upon the gluten-free diet of HLA-DQ2 and TRAFD1 gene expression in peripheral blood of celiac disease patients
	1 Introduction
	2 Material and methods
	2.1 Study design and cohort
	2.2 Ethical approval and consent to participate
	2.3 Cells culture
	2.4 Genotyping and gene expression analysis
	2.5 Western blot
	2.6 Statistical analysis

	3 Results
	3.1 Expression analysis of HLA-DQ risk alleles
	3.2 Analysis of TRAFD1 expression
	3.3 Effect of gliadin stimulation on TRAFD1

	4 Discussion
	5 Conclusions
	Funding
	Informed consent statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


