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            Abstract
Combining HLA-DQ–gluten tetramers with mass cytometry and RNA sequencing analysis, we find that gluten-specific CD4+ T cells in the blood and intestines of patients with celiac disease display a surprisingly rare phenotype. Cells with this phenotype are also elevated in patients with systemic sclerosis and systemic lupus erythematosus, suggesting a way to characterize CD4+ T cells specific for disease-driving antigens in multiple autoimmune conditions.
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                    Fig. 1: Distinct non-proliferative phenotype of gluten-specific CD4+ gut T cells.[image: ]


Fig. 2: Distinct, antigen-induced phenotype of gluten-specific CD4+ blood T cells and occurrence of a similar subset in other immune conditions.[image: ]
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                Data and code availability

              
              The raw sequences of the RNA-seq data are deposited at the EGA European Genome Phenome Archive (https://ega-archive.org/studies/EGAS00001003017). The source code is available on https://github.com/eivindgl/natmed_gluten_tcell_mass_cytometry. All other data supporting the findings of this study are available from the corresponding authors on request.
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Extended data

Extended Data Fig. 1 Establishing HLA class II tetramer staining with mass cytometry.
a, Gluten-specific T cell clone binding a corresponding or negative control HLA-DQ2.5:gluten tet reagent metal tagged with secondary binding to PE, APC or FITC (one T cell clone in one experiment). b, Comparison of tet staining in mass cytometry and flow cytometry with a gluten-specific T cell clone binding the corresponding or non-corresponding HLA-DQ2.5:gluten tet reagent (n = 8 distinct T cell clones in two mass cytometry and two flow cytometry experiments, respectively). c, Tet enrichment of a gluten-specific T cell clone binding the corresponding PE-Cy7-coupled HLA-DQ2.5:gluten tet reagent (one T cell clone in one experiment). The T cell clone was spiked into PBMCs, enriched with anti-Cy7 beads and metal tagged with anti-PE (one T cell clone in one experiment). d, Unspecific HLA-DQ2.5:gluten tet binding was excluded with APC-Cy7-coupled HLA-DQ2.5:CLIP2 and metal-tagged anti-APC (n = 7 patients with UCeD and 10 controls in 9 experiments. Here, two distinct T cell clones and three PBMC samples were analyzed in two pilot experiments before the tet staining approach was established).


Extended Data Fig. 2 Gating strategy for cells analyzed with mass cytometry.
From the initial plot to the plot and gate that encounters CD4+ blood or gut T cells. Anti-CD45 coupled with 89Y or 108Pd was used for sample barcoding.


Extended Data Fig. 3 On the CD4+ gut T cells analyzed with mass cytometry.
a, Heat map showing the fold-change expression of indicated markers in CD4+ HLA-DQ2.5:gluten tet-negative gut T cells of six patients with UCeD versus CD4+ gut T cells of seven healthy controls (five experiments in total). b, Expression level of mass cytometry panel markers (Supplementary Table 1) in gluten tet-positive and tet-negative CD4+ gut T cells in six patients with UCeD (five experiments). The y axis indicates the ArcSinh-transformed intensity. Box plots show the median frequency, the interquartile range and the whiskers show largest and smallest values below 1.5 times the interquartile range. c, t-SNE plots separately highlighting the presence of cells expressing the markers in a and b in CD4+ gut T cells merged from 1 patient with UCeD and 1 control subject (1 of n = 6 patients with UCeD and 1 of n = 7 controls, 5 experiments). For comparison, the location of HLA-DQ2.5:gluten tet-binding CD4+ gut T cells of the same patient is visualized in the upper left plot.


Extended Data Fig. 4 Mass cytometry and RNA-seq data correlation.
a,b, Correlation between RNA-seq-derived and mass cytometry-derived fold-change expression of HLA-DQ2.5:gluten tet-positive versus HLA-DQ2.5:gluten tet-negative CD4+ gut T cells in patients with UCeD (a) and versus CD4+ gut T cells in controls (corresponding data depicted as a heat map in Fig. 1e,f) (b). For RNA-seq data: n = 5 patients with UCeD, 4 control subjects in 2 experiments. For mass cytometry data: n = 6 patients with UCeD, 7 controls in 5 experiments. The shaded region indicates the 95% confidence interval around the regression line.


Extended Data Fig. 5 On the CD4+ blood T cells analyzed with mass cytometry.
a, Heat map showing the log2 fold-change expression of indicated markers in CD4+ blood T cells of seven patients with UCeD (pre-tet-enriched sample) versus ten healthy controls in nine experiments. b, Expression level of mass cytometry panel markers (Supplementary Table 1) in gluten tet-positive and pre-tet-enriched CD4+ blood T cells in seven patients with UCeD (six experiments). The y axis indicates the ArcSinh-transformed intensity values. The box plots show the median frequency, the interquartile range and the whiskers show the largest and smallest values below 1.5 times the interquartile range. c, t-SNE plots separately highlighting the presence of cells expressing the markers in a and b in CD4+ blood T cells merged from 1 healthy control and 1 patient with UCeD (1 of n = 7 patients with UCeD and 1 of n = 10 controls in 9 experiments). For comparison, the location of HLA-DQ2.5:gluten tet-binding CD4+ blood T cells of the same patient with UCeD is visualized in the upper left plot.


Extended Data Fig. 6 Flow cytometry staining confirms CXCR5/ICOS expression.
General gating strategy for flow cytometry analysis of tet-binding cells, including the expression of CXCR5 and ICOS in tet-positive and tet-negative (+/−) CD4+ blood T cells in one patient with UCeD (in one experiment).


Extended Data Fig. 7 Expression of regulatory T cell-associated markers on gluten-specific CD4+ T cells in vitro and ex vivo.
a, CD4+ blood T cells of a patient with UCeD were HLA-DQ2.5:gluten tet-sorted ex vivo and cultured in vitro with phytohemmagglutinin and irradiated PBMCs for 2 weeks before re-staining with HLA-DQ2.5:gluten tets to analyze for the expression of Foxp3 and CD25 (n = 2, 1 experiment). b, The same experiment as in a, only with tet-sorted CD4+ gut T cells from the patient in a (n = 1, 1 experiment). c, RNA-seq-derived log2 fold-change expression of glycoprotein A repetitions predominant (GARP) in tet+ (<2 GARP transcripts per million) versus tet− CD4+ gut T cells of five patients with UCeD and in tet+ of five patients with UCeD versus CD4+ gut T cells of four control subjects. GARP was differentially expressed in tet+ versus tet− cells, but not when compared to CD4+ gut T cells in controls (indicated by asterisks) (differentially expressed genes in Supplementary Table 5). d,e, Ex vivo flow cytometry staining of tet+/− CD4+ gut T cells from a patient with UCeD with anti-CD127, anti-CD25 and anti-Foxp3 (d) and summarized CD25/Foxp3 staining in gut biopsies of five patients with HLA-DQ2.5+ UCeD and one patient with UCeD HLA-DQ8+ (five experiments) (e). The median frequency and interquartile range are indicated. f,g, Tet+/− CD4+ blood T cells from a patient with UCeD with anti-CD127, anti-CD25 and anti-Foxp3 (f) and summarized CD25/FoxP3 staining in blood of five patients with UCeD and four gluten-challenged patients with UCeD (four experiments) (g). The median frequency and interquartile range are indicated. Samples in a and b were stained with a different anti-CD25 antibody than samples in d, e, f, and g.


Extended Data Fig. 8 Different pattern of activated CD4+ T cells in patients with autoimmune diseases versus influenza infection.
a, In Fig. 2h, t-SNE visualization and unsupervised clustering of activated (CD38+) memory (CD45RA−) CD4+ blood T cells in indicated participant groups and gluten tet-positive (tet+) cells of patients with UCeD are shown. One cluster containing 75% of tet+ cells (cluster 1) from seven patients with UCeD and one cluster dramatically upregulated in subjects with influenza infection (cluster 2) are color coded in Fig. 2h. The prevalence of activated CD4+ memory T cells belonging to cluster 1 and cluster 2, respectively, for each indicated participant group is shown. Here, we randomly selected n = 5 distinct samples per participant group, except for the gluten challenge group for which we only had n = 4 distinct samples with sufficient cells. The median frequency and the interquartile range are shown, as well as the whiskers, showing the largest and smallest values below 1.5 times the interquartile range. The single data points depict outliers. b,c, Heat map of the indicated proteins in cluster 1 and cluster 2 with absolute expression (staining intensity) (b) and versus CD4+ blood T cells depicted as the log2 fold change of the grand mean of donor marker intensity (c).


Extended Data Fig. 9 Supervised clustering model predicting the gluten-specific T cell profile.
a, Diagram illustrating the workflow for model training and prediction. PBMC samples from donors with UCeD are split into two parts as indicated. One part (right) is not tet enriched and is later used for estimation of gluten-specific T cell profile cell prevalence within the sample. The tet-enriched part (left) is used to train a random forest classification model using repeated K-fold cross-validation on the phenotype of the tet-positive cells. b, Scatter plot of the mean decrease in the Gini score for each predictor provides information on how important the predictor variables are to the final model.


Extended Data Fig. 10 Cells with profile of gluten-specific CD4+ T cells in celiac, autoimmune and viral disease identified with manual gating.
a, Manual gating strategy with markers giving a well-defined shift in staining intensity that define gluten-specific T cells, encompassing 41% and 48% of HLA-DQ2.5:gluten tet-binding CD4+ T cells in the gut and CD4+ effector memory T cells in the blood, respectively, in patients with UCeD (although the gluten-specific cells were phenotypically similar, not all of the cells had a staining intensity for all ten markers above or below the manually set threshold, as also visualized in Figs. 1c and 2c). Here, visualized in the peripheral blood of a patient with UCeD. b–d, Frequency of cells gated as in a in the gut (b) and in the blood (c) (pre-tet-enriched sample) of patients with UCeD, TCeD (gluten-free diet) and healthy controls, and in patients with TCeD before and following gluten challenge (differing from gating encountering gluten-specific cells in patients with UCeD chiefly by lower CD39 expression, as also visualized in Fig. 2f) (d). Blood and gut samples analyzed in 12 and six experiments, respectively. Gluten challenge samples were analyzed in two experiments. e,f, Frequency of cells gated as in a within patients with the indicated autoimmune disorders and different set as in b of control subjects (seven experiments in total) (e), and within a cohort during and after influenza infection (f) (three experiments in total). Statistics: an unpaired, two-tailed t-test was used and the median frequency and interquartile range are indicated in b, c and e. *A paired, two-tailed t-test was used and the lines indicate paired samples in d and f.
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