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Francisco David Carmona , Teresa Nestares ,
Lara Bossini-Castillo

PII: S0955-2863(25)00225-6
DOI: https://doi.org/10.1016/j.jnutbio.2025.110063
Reference: JNB 110063

To appear in: The Journal of Nutritional Biochemistry

Received date: 25 April 2025
Revised date: 21 July 2025
Accepted date: 8 August 2025

Please cite this article as: Rafael Martı́n-Masot , Nerea Correa-López , Marta Herrador-López ,
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Highlights 

 

 Single-cell RNA-seq revealed that a gluten-free diet downregulated pro-inflammatory genes 

and upregulated immune-regulatory genes in peripheral blood mononuclear cells in pediatric 

celiac disease. 

 

 Regulatory T cells showed increased HLA-G and decreased DDX5 expression post gluten-free 

diet, indicating enhanced suppressive function. 

 

 Novel non-invasive biomarkers for monitoring immune modulation in pediatric celiac disease 

were identified, but validation in larger studies is required due to the limited sample size. 
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ABSTRACT 

 

Celiac disease (CD) is an autoimmune disorder with a strong genetic component, triggered by gluten 

ingestion. Although a Gluten-Free Diet (GFD) is the standard treatment, its short-term effects on 

immune cell modulation in pediatric CD remain largely unexplored. This study aimed to investigate 

transcriptional changes in peripheral blood mononuclear cells (PBMCs) of pediatric CD patients 

following a strict GFD for 9–10 months, using single-cell RNA sequencing (scRNA-seq). An 

observational longitudinal study was conducted on five pediatric CD patients pre-GFD and post-GFD 

(confirmed by gluten immunogenic peptide determination in feces). PBMCs were analyzed using 

droplet-based scRNA-seq to identify cluster markers and differentially expressed genes (DEGs) 

between pre-GFD and post-GFD cells. Nineteen immune cell clusters encompassing a variety of 

classical immune cell subtypes were identified. Key findings included the downregulation of pro-

inflammatory genes and the upregulation of immune-regulatory genes after a GFD in different 

immune cell subsets. Changes in macrophages and monocytes suggested improved immune balance, 

while T cells demonstrated a shift towards reduced effector activity. Notably, post-GFD regulatory T 

cells transitioned into a trajectory towards enhanced immunosuppressive profiles, as evidenced by 

increased HLA-G and decreased DDX5 expression. A strict short-term GFD induced significant 

immune modulation in pediatric CD patients, highlighting potential biomarkers for disease 

monitoring. Nevertheless, due to the small sample size, results should be interpreted with caution, and 

larger cohort studies are needed for further confirmation and validation. These findings provide 

insights into the immunological mechanisms of GFD and suggest avenues for non-invasive diagnostic 

strategies to enhance patient management. 
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Graphical abtract. Experimental design schematic for peripheral blood mononuclear cells (PBMC) scRNA-seq 

analysis in pediatric patients with celiac disease before and after a short-term Gluten-Free Diet (GFD). 
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INTRODUCTION 

 

Celiac disease (CD) is a systemic T-cell mediated autoimmune disorder that primarily affects the small 

intestine as a result of gluten exposure and unclear environmental factors in genetically predisposed 

individuals [1,2]. CD results in a reversible inflammatory process in the small intestinal mucosa than 

can lead to gastrointestinal symptoms such as pain, diarrhea, nausea, and vomiting, among others [3]. 

However, the manifestations of CD can vary widely, affecting multiple organs and ranging from 

asymptomatic cases to those with severe symptoms [4,5]. Although there is significant regional 

variability [6] combined analyses across different study groups showed that 1.4 % of the population 

have CD-associated autoantibodies (seroprevalence), while a 0.7 % of the population is diagnosed 

with CD via biopsy [6]. Additionally, this condition exhibits a sex-bias, affecting women more 

frequently than men (with a 2:1 ratio) [7]. A clear worldwide increase in incidence has also been 

documented [8]. Interestingly, CD has two characteristic onset peaks: the first occurs shortly after 

weaning, within the first two years of life, and the second occurs in adulthood, around the second or 

third decade of life. Moreover, the clinical manifestations differ between children and adults; for 

example, intestinal symptoms predominate in children under 3 years of age, whereas such symptoms 

are less common in adults [9].   

In terms of genetic susceptibility, a strong association has been described between CD and the 

expression of certain variants in the human leukocyte antigen class II (HLA class II) system [10]. CD 

develops in individuals who frequently carry the HLA-DQ2 or HLA-DQ8 haplotypes, which are 

present in about 40% of the general population. This suggests that while these haplotypes are 

necessary for the development of the disease, they are not sufficient on their own [11]. Remarkably, 

these alleles seem to have an allele dose-dependent effect, with homozygous carriers of HLA-DQ2.5 

being at higher risk of developing CD than heterozygotes [1]. 

 

CD is characterized by an inappropriate immune response that culminates in the destruction of 

enterocytes and, consequently, atrophy of the intestinal villi [1]. The activation of the innate immune 
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response, mediated by intraepithelial lymphocytes (IEL), and the adaptive immune response, mediated 

by CD4+ T cells and B cells, occurs in the small intestine. In CD the presence of IL-15 induces the 

activation of antigen-presenting cells (APCs) expressing HLA-DQ2 or HLA-DQ8, which also secrete 

this proinflammatory cytokine. IL-15 binds to CD4+ T cells and promotes their polarization into a T 

helper 1 (Th1) lymphocyte profile, characterized by the cytokine secretion, including interferon 

gamma (IFN-γ) and tumor necrosis factor alpha (TNF-⍺), contributing to inflammation and intestinal 

permeability. Likewise, B cells differentiate into plasma cells capable of secreting antibodies against 

tissue transglutaminase (tTG) [1]. On the other hand, regulatory T cells (Treg), whose primary 

function is maintaining immune regulation, exhibit impaired suppressor function, being unable to 

control disease pathogenesis effectively [12].  

 

The only treatment currently available for CD, with the exception of refractory CD, is a lifelong GFD. 

Continuing gluten intake exacerbates clinical symptoms and intestinal damage, thus increasing the risk 

to certain gastrointestinal cancers. However, strict adherence to GFD leads to histological and clinical 

remission, reducing complications. Over time, serological parameters stabilize and intestinal villi can 

regenerate, alleviating symptoms such as malabsorption, diarrhea, and weight loss [13]. Interestingly, 

it has been reported that CD patients exhibit a disease-specific gene expression profiles in peripheral 

blood mononuclear cells (PBMCs) despite adherence to a GFD [14]. Moreover, short gluten 

challenges have been shown to alter the gene expression profiles of adult CD patients [15]. However, 

little is known about the short term effects of a GFD in pediatric patients or the mechanisms involved 

in immune balance restoration. The high cost of gluten-free substitute foods, social pressures, travel, 

meals away from home, etc., make following a GFD challenging for CD patients. Novel, non-invasive 

methods for detecting dietary transgressions, such as the determination of the presence of gluten 

immunogenic peptides (GIP) in stool or urine, have revealed that dietary transgressions (voluntary or 

involuntary) are common and must be managed [16–18]. Therefore, early diagnosis and continuous 

patient-follow-up are essential to prevent irreversible complications in pediatric patients. 
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In addition to GFD adherence monitorization, there is room for improvement in CD diagnosis and 

treatment. Diagnosis is often based on serological markers, such as anti-tTg antibodies, and anti-

endomysial antibodies. In some cases, histopathological damage is evaluated using the Marsh 

classification of intestinal villi and lymphocyte infiltration through biopsy, which is invasive method 

[19,20]. However, seronegative cases and conditions with similar symptoms continue posing 

diagnostic challenges [21]. Delayed diagnosis can lead to prolonged immune activation, worsening the 

prognosis [22]. Consequently, there is a need for non-invasive biomarkers that can detect CD in early 

stages. In this line, blood is sampled using minimally invasive techniques, which would be very 

beneficial, especially for very young pediatric patients [23]. Bulk RNA analyses from PBMCs have 

successfully identified some disease biomarkers in the blood of pediatric patients, but failed to provide 

cell subtype-specific gene expression data [24]. In contrast, single-cell RNA sequencing (scRNA-seq) 

techniques, which allow whole transcriptome analysis at single-cell resolution, have revealed 

previously unknown tissue-specific features in human immune cells [25]. Such analyses have been 

proven useful in studying CD progression in the gut and identifying cell-specific quantitative trait loci 

and pre- or post- seroconversion biomarkers in the blood of CD pediatric patients [26–28]. However, 

this approach has not been applied to characterize the short term immune modulation induced by a 

GFD. 

 

Therefore, we carried out the largest analysis of individual immune cells, using a droplet-based 

scRNA-seq technique, to date to characterize the peripheral blood immunological profile of pediatric 

CD patients undergoing a controlled strict GFD for 9-10 months. Identifying significant transcriptomic 

changes and immune regulation biomarkers may facilitate early diagnosis and patient monitoring 

through non-invasive methods, ultimately improving the quality of life of affected individuals.  
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PATIENTS AND METHODS 

 

Study design and patient description 

We designed an observational and longitudinal study in which the immunological gene expression 

profile of the same 5 pediatric CD patients was analyzed using scRNA-seq pre-GFD and after 

following a strict GFD for 9-10 months, as confirmed using GIP determination in feces (post-GFD), 

decreased autoantibody titers in routinary tests and expert clinical routine follow-ups.  

GIP help to reliably determine whether the patients were consuming gluten 3-5 days before sampling, 

which allowed for the precise interpretation of the obtained results by attributing the observed effects 

to a well-implemented GFD. The presence of GIP in stool samples was assessed using the 

iVYCHECK GIP Stool kit (Biomedal S.L., Seville, Spain), which has previously shown a sensitivity 

range of 95–100% and a specificity of 100%, following the manufacturer’s instructions [29,30]. 

Additionally, GIP were measured as an objective biomarker of recent gluten exposure. To improve 

sensitivity and capture potential loss in adherence we measured GIP twice, 4 months after initiation of 

the GFD and before the 9-10 month GFD blood extraction (Supplementary Table 1). Moreover, to 

consider variability between weekdays and weekends, in each GIP determination two separate fecal 

samples were analysed—one on a school day and one on a non-school day—thus aiming to cover the 

full behavioral spectrum. Moreover, dietary adherence was assessed using a structured 24-hour dietary 

recall over three days (including a non-working day), conducted and supervised by a trained dietitian. 

This allowed for detailed analysis of food intake, including portion sizes and brand-specific gluten-

free products. Nevertheless, it should be considered that no current method can definitively confirm 

long-term dietary adherence with absolute certainty. 

All patients were recruited at the Gastroenterology and Pediatric Nutrition Unit of Hospital Regional 

Universitario de Málaga (Málaga, Spain) by specialized clinicians and staff. The legal guardians of all 

patients signed an informed written consent form, and all samples were irreversibly anonymized as 

defined by the EU Directive 2001/20/EC and the applicable national requirements relating to data 
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protection. The study adhered to the standards set by the International Conference on Harmonization 

and Good Clinical Practice (ICH-GCP), and to the ethical principles originating in the Declaration of 

Helsinki. This study was approved by the Ethical Committee ‘Comité de Ética de la Investigación 

Provincial de Málaga’ (1977-N-21). 

All individuals were of European origin, with an age at diagnosis ranging between 8-14 years. Female 

patients were overrepresented in the cohort (4 females and 1 male) (Supplemental Table 1). The 

patients fulfilled the ESPGHAN 2020 criteria indicating CD [20]. Exclusion criteria ensured that 

patients were not suffering from an acute infectious process at the time of sample extraction. In 

addition, patients with liver, lung, rheumatologic or chronic renal disease were excluded. Likewise, 

obese patients (according to the criteria of the International Task Force [31]), those with inflammatory 

bowel disease, diabetes, or those who did not sign the consent form to be included in the study were 

excluded. The samples were distributed into 2 groups: 1) pre-GFD: individuals at or close to the 

moment of their diagnosis with CD and, therefore, consuming a gluten-containing diet, and 2) CD 

group after 9-10 months of GFD (post-GFD): individuals following a strict GFD, with negative 

AATG-IgA, in addition to two negative determinations of fecal GIP to discard dietary transgressions 

[32]. 

Peripheral blood mononuclear cell suspension generation and cryopreservation 

Thirty milliliters of peripheral blood from each participant were collected in EDTA tubes (Greiner 

#4550356) and processed for cryopreservation within 3h of extraction. PBMCs were isolated using 

Ficoll Ⓡ Paque Plus (Merk #GE 17-1440-02) density gradients following the manufacturer’s protocol. 

Next, cell suspensions were cryopreserved in 10% DMSO (Merk D2438) and 90% fetal bovine serum 

(FBS, Gibco #10082-147) medium and frozen in a −80ºC ultrafreezer at a controlled rate for at least 

24 h. Finally, cells were stored in liquid nitrogen for long term preservation. 

Generation of scRNA-seq libraries 

For the generation of scRNA-seq libraries, cryopreserved cells were thawed, washed and manually 

counted using a Neubauer counting chamber. Then, living cells underwent the established protocols 
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for the Next GEM technology by 10x Genomics. Samples were assayed following the manufacturer's 

instructions for the following kits: Chromium Next GEM Single Cell 5′ Library Chromium Next GEM 

Chip G Single Cell Kit (10x Genomics, PN-1000127) and Chromium Next GEM Single Cell 5′ 

Library and Gel Bead Kit v2 (PN-1000265). Pools of cells from randomly distributed samples were 

prepared to control for batch effects. The generated cDNA was sequenced on a NovaSeq 6000 

sequencer. An average of more than 90 % of reads in cells was obtained, with an average of more than 

60,000 reads per cell. The GRCh38 genome build was used as an alignment reference and unique 

molecular identifier (UMI) matrix counts were generated using the Cell Ranger Single Cell Software 

Suite (v3.0.0 by 10x Genomics) with default parameters. We identified an average of more than 2,200 

genes per cell. 

Generation of genome-wide genotype data 

Genomic DNA samples obtained from the remnants of PBMCs from the scRNA-seq protocol were 

genotyped at the genome-wide level using the Infinium™ Global Screening Array-24 v3.0 (GSA) in 

an iScan System (Illumina, Inc), following the manufacturer’s protocol. Genotype quality control 

(QC) was then performed as described elsewhere [33]. 

Analysis of scRNA-seq data 

Each cell was assigned to a donor based on the genotype information described above and following 

the procedures implemented in the cellSNP and vireo packages for scRNA-seq donor deconvolution 

[34,35]. Unassigned cells or cells assigned to more than one donor were discarded from further 

analysis.  

The analysis of the generated scRNA-seq dataset was performed using the gold-standard Seurat 

package v4 [36]. We performed cell-wise QC, and only those cells exceeding a minimum of 200 genes 

detected (threshold for low transcriptional complexity signal) and a maximum of 3,500 (putative 

doublet) and less than 5% of reads assigned to mitochondrial genes (cell apoptosis signal) continued in 

the analysis. 
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After QC, the matrices of the different pools were normalized, scaled (considering the number of 

detected genes, the percentage of reads in mitochondrial genes, pool and sex as covariates), and 

integrated using the Canonical Correlation Analysis method implemented in Seurat. Once all datasets 

were integrated, the different clusters were identified based on the 2,000 genes showing the most 

variable expression, the first 30 principal components and high resolution (resolution = 1.2), using the 

FindNeighbors and FindClusters (implementing the Louvain algorithm) functions included in Seurat 

and represented in a UMAP dimension (Uniform Manifold Approximation and Projection for 

Dimension Reduction) graph. Finally, we analyzed the cluster markers and the differentially expressed 

genes (DEG) between the post-GFD and pre-GFD time points in the different clusters using a 

Wilcoxon Rank Sum test with the FindAllMarkers and the FindMarkers functions, respectively. Each 

cluster was assigned to classical immunological cell types based on the expression of previously well-

established cell markers. We confirmed that donor identity was not significantly influencing DEG by 

applying a logistic regression framework (test.use = "LR") including donor as a covariate. Only genes 

showing significant differential gene expression with an adjusted p-value lower than 0.1 were 

considered statistically significant. 

Reclustering was performed by selecting the relevant cells using the subset function in Seurat and 

recalculating HVG, PCAs, distances and clusters considering only the subsetted cells. 

Pseudotime analysis was performed using Monocle 3 to investigate the dynamic trajectories of Tregs 

across identified clusters [37,38]. After pre-processing and dimensionality reduction, cells were 

ordered along a pseudotemporal axis based on their transcriptional profiles. The root node was 

selected according to biologically relevant markers indicative of less suppressive Tregs (e.g. CCR7, 

TCF7). This approach enabled the reconstruction of potential differentiation pathways, revealing 

transcriptional changes associated with Treg functional states and highlighting key genes driving their 

progression along the pseudotime trajectory.  
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RESULTS 

In total, more than 21,000 high quality single cell whole transcriptomes and more than 25,000 genes 

were analyzed from 5 pediatric patients with CD. We dissected the largest scRNA-seq dataset 

generated in pediatric CD patients to date (Supplemental Table 1) as described below. 

The implementation of unsupervised clustering methods allowed us to identify a total of 19 clusters 

(Figure 1A, Supplemental Table 2). Moreover, using known cell markers, the main subtypes of 

immune cells that make up the PBMCs were manually annotated (Figure 1B, Supplemental Figure 

1, Supplemental Tables 3 - 4). Although we observed that the youngest and HLA-DQ2.5 

homozygous patient showed the most relevant effects in cell proportions post-GFD (Supplemental 

Table 1, Supplemental Figure 2), overall the cellular distribution and immune cell subtype 

proportions did not show significant differences before and after the introduction of the GFD or 

between individuals (Figure 1C-D, Supplemental Figures 2-3, Supplemental Table 5). 

Interestingly, when comparing gene expression in each of these cell subtypes between cells obtained 

pre-GFD and post-GFD, a total of 1,082 DEGs were identified, of which 94 corresponded to B 

lymphocytes, 493 to CD4+ T lymphocytes, 298 to CD8+ T lymphocytes, 79 to γδ T lymphocytes, 643 

to macrophages, 80 to NK cells, 23 to NK-T cells, and 8 to regulatory T cells (Tregs) (Supplemental 

Table 6).  
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Figure 1. UMAP clustering scatter plot of peripheral blood mononuclear cells (PBMCs) colored by A) high 

definition non-supervised clustering, B) classical immunological cell subtypes, C) pre-gluten free diet (GFD) or 

post-GFD. D) Boxplots representing percentages of the different cell types pre-GFD and post-GFD. E) Uniform 

Manifold Approximation and Projection (UMAP) colored by single cell expression of 3 DEG between pre-GFD 

and post-GFD. F) Violin plots for 3 DEGs between pre-GFD and post-GFD. ***: Padj < 10
-15

. 

General gene expression changed in response to a Gluten-Free Diet 

The comparison of DEGs between the set of all cells obtained from individuals pre-GFD and after 

following the GFD for 9-10 months yielded relevant results. Among the genes whose expression 

levels were reduced after the GFD (Supplemental Table 7), it is worth highlighting  that we observed 

a decrease in SMAD7 expression levels (Figure 1E-F, Supplemental Table 7). SMAD7 encodes an 

intracellular inhibitor of transforming growth factor ß1 (TGF-ß1), which is implicated in the defective 

function of this factor and promotes the production of inflammatory cytokines in CD [39]. Other 
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notable repressed genes include MAFB, a transcription factor that regulates macrophage differentiation 

[40].  

 

Furthermore, as shown in Supplemental Table 7, an increase in the expression of some genes was 

identified after the GFD. One of the most notable is RBFOX2, a master regulator of alternative 

splicing of a large number of transcripts involved in cell differentiation and development [41]. The 

upregulation of RBFOX2 in different cell subtypes and clusters following the GFD (Figure 1E-F, 

Supplemental Tables 6 and 8) suggests a broad impact on the alternative splicing of key immune and 

cellular function genes, contributing to the modulation of the immune response and tissue recovery in 

celiac patients.  

Another gene highly involved in immune system function and overexpressed after the GFD is HLA-G, 

a molecule capable of inhibiting the action of certain immune cells and inducing immune tolerance 

(Figure 1E-F, Supplemental Table 7). However, it is noteworthy that there was also an increase in 

the expression of genes such as CCL3, CCL3L1, CCL4, and CCL4L2, which are involved in the 

activation of IEL and in chemotaxis [42]. 

The expression of prediagnostic and active celiac disease markers was affected by a Gluten-Free Diet 

One of the key findings of this study is the observation that the expression levels of certain genes, 

previously proposed as potential prediagnostic or disease activity markers in CD, were modulated 

following adherence to a GFD. However, it should be noted that these genes are not yet widely 

recognized or established as clinical biomarkers. For example, TXNIP (Thioredoxin-interacting 

protein), which was proposed as a pre-diagnostic marker for CD in CD4+ T cells and NK cells [27] 

(Figure 2, Supplemental Table 6). After GFD, we observed increased expression levels of TXNIP in 

CD4+, CD8+, gamma-delta T cells and B cells. TXNIP is a gene that acts as a key modulator of the 

immune system by influencing redox balance and immune cell function.     
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In the case of CD4+ T lymphocytes, after a GFD, there was a decrease in the expression of genes 

involved in cellular stress such as GADD45B, DUSP1, PPP1R15A, and RGCC. Notably, the 

expression of IRF1, which acts as an activator of genes involved in innate and adaptive immune 

responses, decreased, while the expression of the anti-inflammatory molecule HLA-G increased. 

Similarly, genes related to both pro-inflammatory and anti-inflammatory contexts, such as NFKBIA, 

KLF6, and TNFAIP3, were downregulated (Supplemental Table 6).  

Regarding CD8+ T lymphocytes, we also observed a dual effect of the GFD (Supplemental Table 6). 

Post-GFD, there was a notable decrease in the expression of stress- and apoptosis-related genes such 

as GADD45B, DUSP1, PPP1R15A, DDIT3, HSPA5, and ZFP36, but also a reduction in the expression 

of anti-inflammatory molecules. i.e. NFKBIA, YPEL5. Additionally, the expression of HLA-G and 

DDX17, which is involved in altering RNA secondary structures and in the assembly of ribosomes and 

the spliceosome, increased after the cessation of gluten intake. 

The NK cell compartment after GFD showed a clear gene expression alteration characterized by a 

decreased expression of pro-inflammatory or activation molecules such as the previously mentioned 

SMAD7, TSC22D3 (which appears to mediate the anti-inflammatory and immunosuppressive effects 

of certain steroids and inhibit pro-inflammatory molecules), and GNLY (which encodes a protein 

localized within cytotoxic granules and is released upon antigen recognition). However, these cells 

also showed an increased expression of pro-inflammatory-, activation-, or migration-related genes, 

such as JAK1, TLN1, CD69, and SKAP1 (Supplemental Table 6). 

A similarly striking profile was observed in macrophages after the GFD, characterized by increased 

expression of genes related to the production of pro-inflammatory cytokines and inflammatory 

processes, such as CCL4, CCL3, TNFAIP6, IL1B, TNF, CCL3L1, CCL4L2, NFKBIZ, and NLRP3. 

However, among the upregulated DEGs post-GFD, we also observed anti-inflammatory loci such as 

NFKBIA. Moreover, several proinflammatory genes were also downregulated after GFD, for instance, 

KLF2 (implicated in T-cell viability and inflammation), PTGER4 (responsible for activating T-cell 

signaling factors), and ANXA1 (associated with inflammation). Nevertheless, we observed a significant 
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decrease in MAFB, which might be related to reduced anti-inflammatory M2-polarization [40] 

(Supplemental Table 6). 

In summary, the results of the analysis of classical immune cell subtypes revealed that adherence to a 

GFD significantly modulated the gene expression of various prediagnostic and active CD markers, 

even over a relatively short period. Specifically, the GFD impacted the regulation of genes involved in 

immune system function, affecting both pro-inflammatory and anti-inflammatory immune responses. 

However, while these genetic changes suggest modulation of the immune profile, the phenotypic 

consequences at the level of immune cells and their clinical impact within the context of CD still 

require further investigation. Consequently, we decided to analyze the contribution of high-definition 

clusters to identify specific sets of cells that might mediate the clinically observed immunomodulation 

associated with long-term GFD. 
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Figure 2. Volcano plots illustrating the DEGs between post-GFD and pre-GFD in A) CD4+ T cells, B) CD8+ T 

cells, C) Natural killer cells and D) Macrophages. E) Dotplot showing the expression of several DEGs post-GFD 

and pre-GFD in CD4+ T cells and macrophages. 

 

Gluten-Free Diet mediates a shift towards a less effector phenotype in T cells 

Although the overall frequency of cells in the different clusters was not significantly affected by the 

GFD (Supplemental Figure 2), we observed two CD4+ T cell clusters that showed the largest 

differences between pre-GFD and post-GFD: cluster 7 and cluster 8 (Supplemental Figure 2, 

Supplemental Table 5).  
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Both cell clusters shared the expression of naïve T cell markers such as CCR7 and TCF7 

(Supplemental Table 2). However, we observed that, compared to cluster 8, cluster 7 was 

overrepresented post-GFD (Figure 3A). This overrepresentation of cluster 7 was particularly evident 

in the youngest and the only HLA-DQ2.5 homozygous donor (CEL_05), but the tendency toward a 

more populated cluster 7 and especially a reduced cluster 8 after a GFD was shared by the majority of 

the patients (Figure 3A). Cluster 7 exhibited a decrease in the expression of several relevant genes for 

CD and T cell activation and differentiation (Figure 3B, Supplemental Table 9). For example, the 

expression of early activation T cell markers, such as CD69, was reduced in this subset of CD4+ T 

cells. Moreover, this cluster showed a downregulation of TNFAIP3, which is a known genetic risk 

factor for CD with increased expression levels in adult untreated CD PBMCs and in early stages of 

differentiation predisposed to a pro-inflammatory Th17 phenotype [43-45]. We also observed that 

CXCR4, which is associated with TCR-mediated activation [46], and CREM, which is known to 

induce an inflammatory phenotype in oligoarticular juvenile idiopathic arthritis [47], had decreased 

expression after a GFD. Finally, the most significant gene expression reduction observed in cluster 7 

corresponded to NR4A3 (log2FC = -3.723), which has been reported as an early-responding gene after 

T cell receptor stimulation in gluten-specific CD4+ T cells [48]. 

In the CD8+ T cell compartment, we observed a shared tendency to increased proportions of a specific 

naïve CD8+ T cell cluster (cluster 13) after the short term GFD, which is consistent with a reduction in 

the numbers of effector cells. Again this tendency was distinctly evident for the youngest and HLA-

DQ2.5 homozygous donor, but shared by the majority of the other patients (Figure 3A). Interestingly, 

the post-GFD cells showed a less activated phenotype with reduced expression levels of FOS, FOSB, 

and KLF2 (Figure 3C, Supplemental Table 8). 
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Figure 3. A) Scatter plot showing cell proportion changes in different clusters for each donor pre-GFD and post-

GFD, B) Violin plots of DEGs in the comparison between clusters 7 and 8 (CD4+ T cells). Dot plots showing C) 

DEGs in cluster 13 comparison between pre-GFD and post-GFD (CD8+ T cells), and D) DEGs in cluster 12 

comparison between pre-GFD and post-GFD (non-classical macrophages). ****: Padj < 10
-90

; ***: Padj < 10
-40

. 

 

Non-classical monocyte frequency in peripheral blood is decreased post-GFD 
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We observed that the only monocyte cluster that showed a slightly decreased frequency after a GFD, 

shared by the majority of the rest was cluster 12 (Figure 3A). This monocytic cluster was 

predominantly composed of non-classical monocytes (CD14
low

, CD16
high

), which are known to be 

affected by lifestyle and dietary habits. We observed a significant reduction post-GFD (Figure 3D). 

Although the role of this monocyte subset is often associated with a patrolling and anti-inflammatory 

profile, increased proportions of non-classical monocytes in the blood of patients with several chronic 

immune-mediated disorders have been described [49,50]. Therefore, this decrease in non-classical 

monocyte numbers might be linked to a better immune balance in the monocyte compartment. 

Moreover, we observed that post-GFD the remaining non-classical monocytes showed increased 

expression of CD16 and decreased expression of genes associated with activation, such as CD86. 

Nevertheless, we observed increased expression of migration markers, i.e. CCL4 and TNF (Figure 3D, 

Supplemental Table 8) [51], which might reflect that these cells are actively migrating to affected 

locations to promote inflammation resolution. 

Treg function might be enhanced by the Gluten-Free Diet 

After high resolution clustering, we were able to identify a unique cluster (cluster 15) including almost 

400 CD4+ CD25+ FOXP3+ Tregs in the dataset (Figure 4A, Supplemental Figure 1, Supplemental 

Tables 2 and 4). Remarkably, out of the observed pre-GFD versus post-GFD DEGs, HLA-G stands 

out as the most significantly upregulated gene and DDX5 as the most downregulated after the GFD 

(Figure 4B, Supplemental Table 8). Although neither gene has been studied in the context of CD 

before, we consider that this post-GFD expression profile reflects a more immunoregulatory 

phenotype that would likely be linked with the amelioration of symptoms when gluten is absent in the 

diet. In fact, the expression of HLA-G in T cells and even a specific Treg subset not expressing 

FOXP3 but with high levels of HLA-G expression has been identified as a relevant player in 

pregnancy and immune-mediated diseases as they exert immunosuppression by different mechanisms 

[52,53]. Moreover, DDX5 has been shown to restrict the suppression function of RORɣt
+ 

Tregs, which 

was directly linked with increased gut inflammation in mice [54].  
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Finally, we performed reclustering of Tregs and identified 3 different Treg clusters (Figure 4C). 

Although the cell proportion differences were not statistically significant after a GFD, we found a 

trend toward enrichment in clusters 0 and 2, which showed pro-Treg development and intermediate 

profiles, respectively  (Figure 4D). On the contrary, we observed a decrease in cluster 1, which was 

related to the expression of anti-Treg development genes (Figure 4E). For example, cluster 0 was 

characterized by high levels of IL32, CD74, CD52, DUSP4, and a variety of HLA class II genes. 

Conversely, in cluster 1, we identified increased levels of TCF7 (Supplemental Table 10). 

Interestingly, we observed that these cluster markers seemed to be expressed in a gradient that could 

be related to the suppressive functions of the Tregs. Finally, we discovered the existence of a 

trajectory underlying this dynamic process that, starting from cluster 1, transitioned through cluster 2, 

which would be associated with an intermediate suppressive state, and finalized in cluster 0 with an 

enhanced immuno-modulatory capacity (Figure 4F). Moreover, we observed that after a GFD, the 

cells that belonged to cluster 1 showed a tendency toward a more suppressive profile compared to their 

pre-GFD counterparts (Figure 4G).  
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Figure 4. Regulatory T cell (Treg) characteristics in CD pre- and post-GFD after reclustering. A) Dot plot 

showing the expression of classical Treg markers in the 19 high-definition clusters, B) Violin plots for 3 DEGs 

between pre-GFD and post-GFD in Tregs, C) UMAP clustering scatter plot colored by Treg clusters after 

reclustering, D) Cell proportions of each Treg cluster pre-GFD and post-GFD, E) UMAP clustering scatter plots 

colored by single cell expression of 6 Treg cluster markers, F) UMAP clustering scatter plot colored by 

pseudotime, G) Violin plots for 2 DEG between pre-GFD and post-GFD in cluster 1 Tregs. ***: Padj < 10
-3

; **: 

Padj < 0.1; *P < 10
-3

 but Padj > 0.1; NS: not significant.  
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DISCUSSION  

The GFD is the only treatment for patients with CD, and numerous studies have demonstrated its long-

term clinical benefits. However, the specific impact of GFD on immune responses in children shortly 

after diagnosis remained largely unexplored. Traditionally, the effects of gluten in patients have been 

studied through controlled gluten exposures (challenges), focusing primarily on the alterations in the 

gut or in gluten-specific T cells in peripheral blood. Our study is the first to analyze the effects of a 

GFD for 9-10 months after diagnosis under natural conditions. Remarkably, we showed that the 

application of scRNA-seq to CD PBMCs demonstrated the potential of this technology to identify 

biomarkers for monitoring immune responses and supporting the follow-up of CD patients through 

minimally invasive methods.  

Among the various immune cell types analyzed, T cells exhibited the most pronounced transcriptional 

alterations. Although we observed a general downregulation of inflammation-related genes in T cells, 

indicating a potential reduction in inflammatory responses, it is noteworthy that certain pro-

inflammatory genes (such as CCL3, CCL4, TNF, and IL1B) showed increased expression in specific 

immune cell subsets after GFD. This apparent paradox suggests that immune modulation following 

GFD is complex, involving both anti-inflammatory and residual or adaptive pro-inflammatory signals. 

We would like to highlight that the overexpression of HLA-G, observed across several groups, 

emerged as a potential key biomarker of GFD-mediated immunomodulation. Noteworthy, the 

expression of HLA-G in CD contexts has been observed to help restore tolerance to dietary gluten and 

different polymorphisms in the 3′ untranslated and 5′ upstream regulatory regions of this gene, which 

control its expression levels, have been associated with susceptibility to CD [55-57].  Moreover, HLA-

G, present in both membrane-bound and soluble forms, is known to suppress inflammatory and 

immune responses by 1) inhibiting cytotoxic CD8+ T cells and NK cells, 2) inducing their apoptosis, 

3) suppressing CD4+ T cell proliferation while promoting an immune-suppressive phenotype, 3) 

impairing the function of antigen-presenting cells and B cell differentiation, 4) shifting the immune 

response toward a Th2 profile, and 5) promoting the development of regulatory T cells and IL-10-

secreting dendritic cells [58].  
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Recent studies further reinforce the central role of IL-10-producing regulatory cells in celiac disease. 

Passerini et al. demonstrated that IL-10-secreting dendritic cells (DC-10) and Tr1 cells are 

fundamental in controlling pathological T-cell responses to gluten, protecting the intestinal mucosa 

from damage and representing a marker of potential celiac disease. Their data suggest that the 

accumulation of IL-10-producing cells in the gut after a GFD contributes to the restoration of immune 

homeostasis, and that the IL-10 axis is a critical checkpoint in disease evolution. Moreover, innovative 

approaches using tolerogenic dendritic cells engineered to secrete IL-10 have shown efficacy in 

dampening antigen-specific T cell responses and inducing Tr1 cells with regulatory phenotypes, both 

in vitro and in preclinical models. These findings open new avenues for antigen-specific tolerance 

induction and support the translational potential of targeting IL-10 pathways in CD management [59-

60]. 

Moreover, the upregulation of RBFOX2 after GFD may have several functional consequences, for 

example: shifting the immune system towards a more balanced state, (reducing inflammation and 

allowing for tissue recovery in the gut), influencing the splicing of genes related to cell adhesion and 

migration (important in restoring the integrity of the intestinal epithelium), and modulating the 

expression of splicing variants related to stress and inflammatory signaling pathways (contributing to 

the reduced inflammatory profile observed after GFD). Our findings also show that the levels of CD-

associated molecules such as TXNIP remain elevated after a short-term GFD [27]. We consider that 

the increase in TXNIP levels after-GFD might reflect a reduced effector capacity of T cells as naive 

human T cells exhibit higher TXNIP production than stimulated T cells [61]. Moreover, it has been 

reported that re-expression of TXNIP and consequently inhibition of Trx1 are important to restrain late 

T-cell expansion and that the absence of TXNIP leads to increased B cell response in mice [62]. 

Consequently, the transition to restored immune balance seems to be complex and disease-specific. 

Studying the balance between pro-inflammatory and anti-inflammatory signals in different dietary 

scenarios will be crucial to better understand the pathophysiology of CD, as our data suggest that even 

after a strict GFD, low-grade inflammation and heightened sensitivity to pro-inflammatory stimuli 

may persist. This may reflect intrinsic immune system features in CD that are not fully normalized by 
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dietary intervention alone, reinforcing the importance of personalized patient management and the 

development of targeted therapeutic strategies.  

One of the most critical findings of this research is the downregulation of DDX5, a transcriptional 

corepressor involved in anti-inflammatory pathways. We observed that the expression of DDX5 was 

reduced post-GFD in several lymphocyte populations, including B cells, CD8+ T cells, CD4+ T cells 

and Tregs. We hypothesize that this reduction might be particularly relevant in Tregs, as reduced 

expression of DDX5 in RORγt Tregs has been associated with increase in their immunosuppressive 

capabilities [54]. Although we were unable to identify a distinct RORγt Treg cluster, likely due to the 

low numbers of these cells in PBMCs, the GFD-induced repression of DDX5 expression in Tregs was 

evident. Given that Tregs are crucial in immune-mediated diseases by maintaining immune tolerance 

and preventing excessive immune responses [63,64], DDX5 could represent a therapeutic target in CD. 

Interestingly, DDX5 has been implicated in the specification and function of the anti-inflammatory 

tuft cells to regulate microbial repertoire, suggesting its relevance also in gut-related contexts [37]. 

Exploring DDX5 inhibition to enhance Treg function in CD patients and tracking it as a biomarker for 

CD activity or early detection warrant further investigation.  

In addition to DDX5, we observed substantial transcriptional changes in Tregs following adherence to 

the GFD. There was a notable decrease in the expression of inflammation-related genes, while genes 

associated with immune tolerance and the inhibition of effector cell populations were upregulated. We 

identified the existence of a pseudotime associated with an increased suppressive capacity post-GFD, 

driven by the expression gradients of different genes that have been linked to Treg suppressive 

abilities. For example, IL32 is highly expressed in tumor-infiltrating Tregs within esophageal 

squamous cell carcinoma, promoting FOXP3 expression in CD4+ T cells [65]. Moreover, CD74 is 

selectively overexpressed in tumor-infiltrating Tregs, where it plays a critical role in maintaining their 

function and stability, with its deletion impairing Treg cytoskeletal organization, Foxp3 expression, 

and tumor accumulation, ultimately accelerating tumor rejection in preclinical models [66].  Likewise, 

CD52 and DUSP4 have been identified as markers of highly suppressive Treg subsets [67,68]. Finally, 

the increasing gradient of HLA class II transcripts, known to be expressed in activated effector T cells 
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and Tregs [69], indicates enhanced immune regulation. Conversely, as the pseudotime advanced, we 

observed a decreasing gradient of TCF7 expression, known to limit the development of Tregs [70], 

which is indicative of a shift toward a more tolerant immune environment. These findings indicate the 

generation of GFD-induced Treg subsets with increased suppressive power, which may help mitigate 

the harmful effects of gluten exposure in susceptible individuals. 

Regarding macrophages, we observed a slight decrease in non-classical anti-inflammatory monocyte 

proportions and reduced M2 polarization markers. Although these proportion differences were not 

statistically significant, we found a significant increase in migration marker expression post-GFD in 

this cluster. This might indicate active migration of anti-inflammatory monocytes to sites of 

inflammation, contributing to immune balance restoration after a GFD. Such recruitment of disease-

relevant monocytes to affected tissue and depletion of their populations in the blood to maintain 

immune homeostasis is well-established and has been observed in other immune-mediated diseases 

[71,72]. If confirmed in CD post-GFD in the long term, it could be used as a relevant biomarker 

patient monitorization in the future.  

Despite the relevant findings reported here, our study has several limitations that should be considered. 

First, individual variability and a limited sample size challenge the generalization of results. Notably, 

the youngest and HLA-DQ2.5 homozygous donor displayed significant deviations in cellular profiles, 

especially in cluster 7. However, these differences might be due to age-related variability or other 

known (such as HLA-DQ alleles) or unknown parameters. But pairing pre-GFD and post-GFD 

samples from each donor likely ensured consistent tendencies by controlling for interindividual 

differences and the general tendencies and expression profiles were shared between all the patients. 

Secondly, the low proportion of Tregs limited the identification of specific clusters and insights into 

their heterogeneity. Larger and more homogeneous cohorts are needed to validate these findings. 

Additionally, a direct functional validation of the transcriptomic findings was beyond the scope of this 

study. While scRNA-seq provides valuable insights into potential regulatory mechanisms, functional 

assays are necessary to determine the actual impact of these gene expression changes on immune cell 

function. Future research should address this gap by combining transcriptomic profiling with targeted 
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functional experiments to better elucidate the mechanisms underlying immune modulation after a 

GFD. 

In summary, the application of scRNA-seq has uncovered significant transcriptional changes related 

with immune-modulation in immune cells following a GFD in patients with CD. Importantly, the 

observed upregulation of certain pro-inflammatory genes post-GFD nuances the overall 

immunoregulatory narrative, highlighting that immune restoration is a dynamic and potentially 

incomplete process in the short term. These findings underscore the need for cautious interpretation of 

transcriptomic changes and further studies to clarify the clinical significance of persistent or 

fluctuating inflammatory gene expression after dietary intervention. The identification of novel 

biomarkers for CD monitoring, such as HLA-G and DDX5, can improve tracking and reduce 

complications. Nevertheless, a critical assessment of the identified biomarkers highlights several 

challenges. Translational application will depend on demonstrating that these biomarkers outperform 

or complement existing serological and clinical tools. Furthermore, analytical validation (ensuring 

accurate and reproducible measurement) and clinical validation (proving association with meaningful 

clinical outcomes) are essential steps before clinical implementation. Finally, several necessary steps 

must be addressed to advance toward clinical utility: validation in larger, independent cohorts to 

confirm the reproducibility and robustness of the findings; inclusion of patients across a broader age 

range to ensure the biomarkers are applicable throughout the pediatric and potentially adult spectrum; 

assessment of different durations of adherence to a GFD, which would help determine the temporal 

dynamics and stability of the biomarkers; longitudinal studies to evaluate the performance of these 

biomarkers over time and in various clinical scenarios. Only through such comprehensive validation 

and extension of the study population can these candidate biomarkers be reliably translated into 

clinical practice for celiac disease monitoring and diagnosis. 

Ultimately, our goal is to enhance the quality of life for CD patients by identifying novel biomarkers, 

such as HLA-G and DDX5 among others, that reflect immune modulation following a GFD. The 

measurement of these biomarkers could support non-invasive monitoring of disease activity and 

remission, and help stratify patients according to their immunoregulatory response to dietary 
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intervention. Our findings suggest that a panel of transcriptomic markers, including HLA-G, may 

provide greater sensitivity and specificity for clinical applications. These results lay the groundwork 

for future translational research aimed at validating and integrating these biomarkers into personalized 

management and therapeutic strategies for CD. 
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FIGURE LEGENDS 
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Graphical abstract. Experimental design schematic for peripheral blood mononuclear cells (PBMC) 

scRNA-seq analysis in pediatric patients with celiac disease before and after a short-term Gluten-Free 

Diet (GFD). 

 

Figure 1. UMAP clustering scatter plot of peripheral blood mononuclear cells (PBMCs) colored by A) 

high definition non-supervised clustering, B) classical immunological cell subtypes, C) pre-gluten free 

diet (GFD) or post-GFD. D) Boxplots representing percentages of the different cell types pre-GFD and 

post-GFD. E) Uniform Manifold Approximation and Projection (UMAP) colored by single cell 

expression of 3 DEG between pre-GFD and post-GFD. F) Violin plots for 3 DEGs between pre-GFD 

and post-GFD. ***: Padj < 10-15. 
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Figure 2. Volcano plots illustrating the DEGs between post-GFD and pre-GFD in A) CD4+ T cells, 

B) CD8+ T cells, C) Natural killer cells and D) Macrophages. E) Dotplot showing the expression of 

several DEGs post-GFD and pre-GFD in CD4+ T cells and macrophages. 

                  



33 
 

 

Figure 3. A) Scatter plot showing cell proportion changes in different clusters for each donor pre-GFD 

and post-GFD, B) Violin plots of DEGs in the comparison between clusters 7 and 8 (CD4+ T cells). 

Dot plots showing C) DEGs in cluster 13 comparison between pre-GFD and post-GFD (CD8+ T 

cells), and D) DEGs in cluster 12 comparison between pre-GFD and post-GFD (non-classical 

macrophages). ****: Padj < 10-90; ***: Padj < 10-40. 
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Figure 4. Regulatory T cell (Treg) characteristics in CD pre- and post-GFD after reclustering. A) Dot 

plot showing the expression of classical Treg markers in the 19 high-definition clusters, B) Violin 

plots for 3 DEGs between pre-GFD and post-GFD in Tregs. C) UMAP clustering scatter plot colored 

                  



35 
 

by Treg clusters after reclustering, D) Cell proportions of each Treg cluster pre-GFD and post-GFD, 

E) UMAP clustering scatter plots colored by single cell expression of 6 Treg cluster markers, F) 

UMAP clustering scatter plot colored by pseudotime, G) Violin plots for 2 DEG between pre-GFD 

and post-GFD in cluster 1 Tregs. ***: Padj < 10-3; **: Padj < 0.1; *P < 10-3 but Padj > 0.1; NS: not 

significant. 

Supplemental Figure 1. Heatmap representing the gene expression levels of the top 10 classical 

immune cell cluster markers stratified by cell type. 

Supplemental Figure 2. Bar plots showing cell proportions of A) each high definition cluster 

stratified by pre-GFD or post-GFD samples, B) each high definition cluster stratified by donor and 

GFD status, C) each classical immune cell cluster stratified by pre-GFD or post-GFD samples, D) 

each classical immune cell stratified by donor and GFD status. 

Supplemental Figure 3. UMAP clustering scatter plot colored by patient. 
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