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SUMMARY
IL-23 signaling plays a key role in the pathogenesis of chronic inflammatory and infectious diseases, yet the
cellular targets and signaling pathways affected by this cytokine remain poorly understood. We show that IL-
23 receptors are expressed on the large majority of human mucosal-associated invariant T (MAIT), but not of
conventional T cells. Protein and transcriptional profiling at the population and single cell level demonstrates
that stimulation with IL-23 or the structurally related cytokine IL-12 drives distinct functional profiles,
revealing a high level of plasticity of MAIT cells. IL-23, in particular, affects key molecules and pathways
related to autoimmunity and cytotoxic functions. Integrated analysis of transcriptomes and chromatin acces-
sibility, supported by CRISPR-Cas9 mediated deletion, shows that AP-1 transcription factors constitute a
key regulatory node of the IL-23 pathway in MAIT cells. In conclusion, our findings indicate that MAIT cells
are key mediators of IL-23 functions in immunity to infections and chronic inflammatory diseases.
INTRODUCTION

IL-23 plays critical roles in the pathogenesis of both infectious

and chronic inflammatory diseases (CID), as demonstrated by

the susceptibility of IL-23R-deficient patients to mycobacterial

infections, and the success of IL-23-blockers in the treatment

of several CID, respectively.1–3 Key evidence of the importance

of IL-23 in brain, joint, and intestinal inflammation came from

the analysis of mice deficient for IL-23 or the IL-23 receptor

(IL-23R).4–8

In parallel, genome-wide association studies (GWASs) re-

vealed a strong association of genetic variants in the IL23R

gene and other molecules in this signaling pathway with Crohn’s

disease (CD), psoriasis (Pso), and axial spondyloarthritis (ax-

SpA).9,10 IL23R variants affect both IL-17A and IFNg production

by human CD4+ T cells from axSpA patients, and stimulation of

activated CD4+ T cells with IL-23 increased IL-17A and IFNg

secretion.11,12
iScience 28, 111898, Febr
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Experimental models have shown that IL-23 plays a central

role for the expansion and function of proinflammatory T helper

17 (Th17) cells.8,13 In addition, more recent studies have pointed

to important roles of innate-like immune cells expressing the

IL-23 receptor (IL-23R) in the pathogenesis of CID. Systemic

expression of IL-23 induced hallmarks of SpA in a mouse model

mediated by CD3+CD4�CD8�RORgt+ cells, establishing a direct

link between IL-23 and tissue inflammation.14 IL-23R+ gd T cells

were enriched in the blood of SpA patients and IL-23 was shown

to increase production of IL-17 and IL-21 by RORgt+ iNKT and gd

T cells.15,16 Mucosal-associated invariant T (MAIT) cells from

SpA patients were also shown to produce IL-17 and we have

recently demonstrated that MAIT cells from axSpA patients

expressed the highest levels of IL23R transcripts.17,18

MAIT cells are innate-like T cells that express a semi-invariant

Va7.2-Ja33/12/20 (TRAV1-2 – TRAJ33/12/20) T cell receptor

(TCR).19,20 These cells predominantly reside in tissues, such as

the liver, lung, skin, and the gastrointestinal tract.21 MAIT cells
uary 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:lars.rogge@pasteur.fr
https://doi.org/10.1016/j.isci.2025.111898
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.111898&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


iScience
Article

ll
OPEN ACCESS
are restricted by the MHC class I-related protein 1 (MR1) pre-

senting riboflavin (vitamin B2) metabolites.22,23 These cells

have important functions in anti-microbial immunity but also in

tissue repair and homeostasis.24–28 In addition to MR1-bound

antigens, MAIT cells can be activated by cytokines, in particular

IL-12 and IL-18, but also by type I IFN, IL-7, IL-15, and TNF,

underlining their innate-like characteristics.17,27,29

A recent study has shown that patients homozygous for loss-

of-function IL23R alleles display Mendelian susceptibility to

mycobacterial diseases (MSMD) and, less frequently, chronic

mucocutaneous candidiasis (CMC). In this context, IL-23 is

necessary for Mycobacterium-induced type 1 immune re-

sponses and Candida-induced type 17 immunity in MAIT cells,

documenting a non-redundant role of IL-23 signaling in this cell

population.2

However, little is known about the signaling pathways and reg-

ulatory networks affected by IL-23 in humanMAIT cells. Here, we

have compared signaling by IL-23 and the structurally related

cytokine IL-12 by protein and transcriptional profiling at the pop-

ulation and single-cell level of circulating human MAIT cells.

Integration of these data with the analysis of open chromatin re-

vealed a remarkable level of plasticity of these cells and pointed

to the AP-1 transcription factor BATF as a key regulatory node

affecting MAIT cell functions.

RESULTS

A large majority of human MAIT cells express IL-23R on
their surface
IL-23 plays key roles in infectious and inflammatory dis-

eases,2,10 therefore the identification of the immune cells that

respond to IL-23 is important for the understanding of the path-

ophysiology of these diseases. However, monitoring the

expression of the receptor for IL-23 on human cells has re-

mained challenging because of the inadequate specificity

and/or sensitivity of commercially available reagents. Using a

newly generated anti-IL-23R monoclonal antibody, we found

that MAIT cells from peripheral blood of healthy donors were

the population with the highest frequency of IL-23R expressing

cells (median: 62.21%, interquartile range (IQR): 48.65–71.66),

followed by CD3+CD56+ cells (18.03%, 8.96–13.1) and gd

T cells (12.16%, 7.25–18.76). In contrast, only low percentages

of resting CD4+ and CD8+ T cells or NK cells expressed IL-23R

(1.89, 1.82, and 1.54%, respectively) (Figure 1A; Table S1,

representative staining in Figure S1). These data are consistent

with our previous analysis of IL23R transcripts in stimulated

MAIT, gd, CD4+, and CD8+ T cells isolated from PBMC of axial

spondyloarthritis (axSpA) patients.18

Given the preferential expression of IL-23R on MAIT cells, we

next investigated the function of IL-23 signaling in this popula-

tion. We stimulated MAIT cells with MR1 tetramers loaded with

5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (MR1/5-OP-

RU, Tet)30 in the absence or presence of IL-23, or of the structur-

ally related cytokine IL-12. Only low levels of cytokines were

detected in unstimulated MAIT cells. We found that IL-23 signif-

icantly enhanced secretion of granzymeB, perforin, IL-21, IFN-g,

IL-18, and IL-10 by MAIT cells (Tet+IL-23, Figures 1B and C;

Table S2), Of note, IL-23 only modestly increased IL-17A pro-
2 iScience 28, 111898, February 21, 2025
duction, while secretion of IL-17A, as well as of IL-1b and IL-18

was strongly enhanced in the presence of IL-12 (Tet+IL-12,

Figures 1B and 1C).

Analysis of protein secretion at the single-cell level confirmed

that IL-23 and IL-12 increased the frequency of MAIT cells pro-

ducing granzyme B, perforin and IFN-g, compared to the MR1/

5-OP-RU tetramer (Tet) alone stimulation (Figure 1D). At the sin-

gle-cell level we could also detect a small increase in the fre-

quency of MAIT cells secreting IL-7, MIP-1a, and MIP-1b in

response to IL-23. Most of the cells showed co-expression of

different cytokines and cytotoxic molecules, arguing for a poly-

functional response to IL-23 (Figure 1D). Together, our analysis

of protein secretion both at the bulk and single-cell levels re-

vealed substantially enhanced cytotoxic functions of MAIT cells

by IL-23.

Single-cell profiling reveals the plasticity of MAIT cells
To investigate the heterogeneity of the response to IL-23 and

IL-12, we performed ‘‘cellular indexing of transcriptomes and

epitopes by sequencing’’ (CITE-seq)31 on MAIT cells from 3

healthy donors, stimulated either with Tet alone (17594 cells after

filtering), or Tet+IL-23 (19153 cells) or Tet+IL-12 (9876 cells). We

identified 16 clusters (Figure 2A) characterized by preferential

expression of both genes (Figure 2B; Table S3) and cell surface

markers (Figures S2A; Table S4). Projection of the stimulation

conditions on the UMAP revealed that cells stimulated with

Tet alone or in the presence of IL-23 cluster together; while Te-

t+IL-12 stimulated cells cluster separately, in clusters 2, 11, 12,

and 15 (Figures 2C, 2D, and S2B). Of note, clusters 4 and 5 are

composed of cells from the 3 stimulation conditions and corre-

spond to cycling cells (Figures 2D and S2D).

Cluster 2 is characterized by SELL (encoding L-selectin,

CD62L) and LAG3 (encoding CD223) expression, both at the

level of gene expression (Figures 2B and S2C) and cell surface

protein expression (Figure S2A). These markers are not

restricted to cluster 2, but more globally to IL-12 stimulated

cells (Figure S2C). CCL3 and CCL4 (encoding MIP-1a and

MIP-1b, respectively) characterize cluster 6 (Figures 2B

and S2C).

We identified clusters characterized by the expression of

GNLY, encoding the cytotoxic molecule granulysin, both in

Tet/Tet+IL-23 (cluster 1) and in Tet+IL-12 cells (cluster 11,

Figures 2B and S2C). Similarly, clusters 3 and 12 are character-

ized by expression of TYROBP (encoding DAP12, Figures 2B

and S2C), a signaling molecule containing an ITAMmotif that as-

sociates with activating receptors, such as KIR2DS2 or CD94/

KLRD1 on NK cells.32,33

Previous studies have suggested the presence of distinct

MAIT1 and MAIT17 subsets, in particular in the mouse.34,35 We

asked whether we could identify these subsets in our samples

computing UCell scores36 using previously published MAIT1

and MAIT17 signatures, as well as Th1 and Th17 signatures.37,38

Consistent with recent reports in humans,29,37 our analysis did

not reveal specific MAIT1 and MAIT17 subsets (Figures 2E and

S3A–S3C). The apparent increase in the MAIT17 signature in

the Tet+IL-12 condition was driven by the increased expression

of two genes, namely ITGAE (a resident T cell marker) and IL23R

(Figure S3B). Consistent with this notion, recent work has
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Figure 1. IL-23 enhances production of cytotoxic molecules and IL-10 by MAIT cells

(A) Percentage of IL-23R positive cells in different immune cell populations was assessed by flow cytometry on freshly isolated PBMCs (n = 11).

(B andC) PBMCwere activatedwith Tet for 6 days or left unstimulated (black). SortedMAIT cells (CD3+CD161+Va7.2+) were re-stimulatedwith Tet in the absence

(gray) or presence of IL-23 (red) or IL-12 (blue) for 24 h. Cytokine secretion in the supernatants was measured using Luminex technology (n = 9). (B) Heatmap of

measured cytokines. Dendograms on the top and left sides correspond to hierarchical clustering. (C) Boxplots (lines correspond to the first quartile, the median

and the third quartile) representing the concentration of the indicated cytokines (adjusted p values, paired Wilcoxon test, Benjamini-Hochberg correction).

(D) Single cell secretome of MAIT cells activated for 6 days with Tet in the presence or absence of IL-23 or IL-12 was assessed using Isolight technology. The

heatmap represents the single-cell co-secretion patterns and their frequencies (n = 4). The values for granzyme B are �15% for the Tet+IL-23 condition, and

�17% for Tet+IL-12. See also Figure S1 and Tables S1 and S2.
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Figure 2. Combined transcriptomic and phenotypic analysis of MAIT cells by single-cell profiling

PBMCs were activated with Tet in the presence or absence of IL-23 or IL-12 for 6 days, MAIT cells were sorted (CD3+MR1/5-OP-RU+) and CITE-seq was

performed (n = 3).

(A) UMAP of stimulated MAIT cells colored by the 16 identified clusters. Numbers and frequencies of cells in each cluster are indicated.

(B) Heatmap showing row-scaled log-transformed normalized expression of the top marker genes for each MAIT cell cluster.

(C) UMAP of stimulated MAIT cells colored by the stimulation condition.

(D) Proportion of cells from the different stimulation groups in each cluster. Gray: Tet, red: Tet+IL-23, blue: Tet+IL-12.

(E) Violin plots of the scores of the indicated signatures by cluster.

(F) UMAP of stimulated MAIT cells colored by cytotoxicity genes score.

(G) Expression of cytotoxicity genes in MAIT cells from the different stimulation groups. See also Figures S2–S5, Tables S3 and S4.
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demonstrated that IL23R is an IL-12 target gene in murine CD4+

T cells.39

Although we did not detect a discrete MAIT1 subset in non-

polarizing Tet only conditions, treatment with IL-12 had amarked

effect on the expression of genes detectable at the single-cell

level, resulting in a functional polarization toward a type 1

response, with increased expression of TBX21, IL12RB2, and
4 iScience 28, 111898, February 21, 2025
IFNG, and reduction of RORC and CCR6 expression (Figures

S3B and S4).

With the exception of cycling cells (clusters 4 and 5), all MAIT

cells were characterized by a high cytotoxicity genes score

(Figures 2E, 2F, and S3C), however IL-12 and IL-23 stimulated

cells did not express the same cytotoxic molecules. IL-12 stim-

ulated MAIT cells expressed preferentially PRF1, GZMA, and
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GZMK, while IL-23 stimulated cells expressed GNLY, GZMB,

and GZMM (Figures 2G and S5).

IFN-inducible genes are markers for clusters 7 (IFI27, IFITM1,

and IFI44L) and 10 (ISG15 and IFIT3), suggesting an important

role for type I IFN onMAIT cell functions in these specific clusters

(Figures 2B and S2C). Consistently, a high IFN response

score was restricted to these two clusters (IFN signature from

https://github.com/carmonalab/SignatuR, Figure 2E). Cluster 7

specifically expressed high levels of IFI27, while cells in cluster

10 expressed high levels of several IFN inducible genes (Fig-

ure S3D). The IFN response score was reduced in MAIT cells

stimulated in the presence of IL-12 (Figure S3C).

Overall, our single-cell profiling of human MAIT cells isolated

from the peripheral compartment did not reveal discrete MAIT1

and MAIT17 sub-populations as observed in the mouse, but

rather a functional polarization that may reflect the plasticity of

these cells.

Integrative analysis of CITE-seq data reveals IL-23-
dependent upregulation of MHC class II genes in MAIT
cells
As the analysis described previously did not highlight clusters of

cells specifically associated to IL-23 stimulation, we performed

an additional matrix factorization decomposition of the CITE-

seq data. The aim of this matrix factorization step is to jointly

reduce the surface protein and gene expression data from

CITE-seq into a linear combination of latent factors shared

among the two omics datasets. Each latent factor represents a

biological signal contributing to the state of the cells under anal-

ysis.40 We used Multi-Omics Wasserstein inteGrative anaLysIs

(Mowgli), a matrix factorization tool combining optimal transport

and non-negative matrix factorization, shown to have higher

interpretability than other state-of-the-art tools.41 We applied

the Mowgli framework to the CITE-seq data keeping the three

available donors separated to avoid the batch correction step

hiding part of the relevant biological signals.

The UMAPs of the cell embeddings resulting from the integra-

tion are provided in Figures 3A–3C. Based on the UMAP repre-

sentations, all donors seem to present a separated cluster of

cycling cells, in agreement with the previous clustering analysis.

In addition, all three donors show some separation between the

Tet+IL-12 stimulated cells and the other conditions. Interest-

ingly, the cell embeddings of donor 1 (Figure 3A) also shows

some separation between the Tet+IL-23 and Tet conditions.

Regarding then the latent factors identified by Mowgli, factors

specifically associated to IL-12 and IL-23 stimulations could be

identified. Among the factors associated with Tet+IL-23, one

was consistently present in all three donors (Figures 3D–3F)

with correlation between its projections on the gene space of

�0.8 and on the protein space of �0.9 (Figure 3G). The top

contributing genes and proteins associated to the IL-23-specific

factor include a striking number of the MHC class II genes HLA-

DRA, HLA-DRB1, HLA-DQB1, HLA-DMA, HLA-DPB1, HLA-

DPA1, the genes encoding cytotoxic molecules, such as

GZMH andGZMB (Figure 3H), and the anti-HLA-DR surface pro-

tein (Figure 3I). The top factor associated with the Tet+IL-12

stimulation in the 3 donors is shown in (Figures S6A–S6C). The

top contributing genes include P2RX5 and MAP3K5, and the
top protein is CD223, encoded by the LAG3 gene (Figures S6D

and S6E). This factor is consistently found in all donors, with cor-

relations between its projections on the gene space of �0.8 and

on the protein space of �0.9 (Figure S6F).

Together, this analysis revealed that stimulation of MAIT cells

in the presence of IL-23 results in a remarkable regulation of

MHC class II and cytotoxic molecules.

Genes and pathways regulated by IL-23 or IL-12 in MAIT
cells
Although the majority of MAIT cells express the IL-23R, very little

is known about the genes and signaling pathways regulated by

IL-23 in these cells.

We defined transcriptomic signatures of stimulated MAIT cells

by RNA sequencing. Stimulation in the presence of IL-23 re-

sulted in differential expression of 607 genes, compared to

Tet alone (adj.p < 0.05, Table S5). Consistent with the single-

cell data, stimulation with Tet+IL-12 impacted a larger number

of genes (1013, adj.p < 0.05, Table S6). Analysis of IL-23- versus

IL-12-regulated gene expression (Figure 4A), revealed that a

fraction of these genes (242) were co-regulated by the two cyto-

kines, while 365 and 771were specifically regulated by IL-23 and

IL-12, respectively (Figure 4B). Pathway analysis of differentially

expressed genes using the GLAD4U (Figures 4C and 4D) or the

KEGG (Figures S7A and S7B) databases underscored the

distinct biological functions of the two cytokines. Genes regu-

lated by IL-23 were enriched in signaling pathways associated

with ‘‘classical’’ autoimmune diseases, such as multiple scle-

rosis (MS), systemic lupus erythematosus (SLE), type 1 diabetes

(T1D), and rheumatoid arthritis (RA) (Figures 4C and S7A;

Table S7). IL-12-regulated genes, in contrast, were associated

with infectious disease pathways, consistent with the role of

type 1 responses in these diseases (Figures 4D and S7B;

Table S8).

IL-23 regulates MHC class II and AP-1 transcription
factor genes in MAIT cells
Chronic inflammatory diseases associated with genetic variants

in the IL-23 signaling pathway, such as CD, Pso, and axial SpA10

are primarily linked to innate immune activation and MHC class I

genes.42 Our observation that IL-23-regulated genes were asso-

ciated with pathways linked to classical autoimmune diseases

was therefore somewhat unexpected as these diseases are typi-

cally associated with the adaptive arm of the immune system.

We therefore investigated further the expression of the genes en-

riched in the autoimmune pathways (Table S7) inMAIT cells stim-

ulated in the presence of IL-23, and asked how they were

affected by IL-12 or IL-23 stimulation (Figure 5A). We found

that expression of 10 genes encoding MHC class II molecules

was upregulated by IL-23 but not by IL-12 (Figures 5A and 5B),

contributing to the strong enrichment of autoimmune pathways.

HLA-DR, HLA-DM, and HLA-DP cell surface expression was up-

regulated by IL-23 but not by IL-12, confirming our gene expres-

sion data (Figure 5C).

We also observed that IL-23 affected several members of the

AP-1 family of transcription factors. IL-23 enhanced expression

of the transcription factors BATF and JUNB and downregulated

BACH2 expression in MAIT cells (Figure 5D). GWAS have shown
iScience 28, 111898, February 21, 2025 5
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Figure 3. Mowgli analysis of CITE-seq data identifies factors associated to IL-23 stimulation

(A–C) UMAPs of the integration of protein and RNAmodalities in CITE-Seq Data for donors 1 (A), 2 (B) and 3 (C). Gray: cells treated with Tet; red: Tet+IL-23; blue:

Tet+IL-12.

(D–F) Distribution of the weights associated to each factor according to treatment. D: Donor 1, Factor 95; E: Donor 2, Factor 90; F: Donor 3, Factor 98.

(G) Spearman correlation across the factors associated to Tet+IL-23 for each donor (black rectangles) in the RNA (left) or antibody space (right). Correlations are

shown only between Donor 1 and Donor 2 or 3. For RNA, only genes in common across the highly variable features of each sample were used to compute the

correlation.

(H and I) Top ten genes (H) and antibodies (I) associated to Tet+IL-23 response in the relevant factor identified by Mowgli in each donor. Colored bars denote the

presence of a gene or antibody in the other top ten genes of another donor. Gray bars represent genes or antibody specific for that donor. See also Figure S6.
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that variants in BACH2 are associated with both autoimmune

and chronic inflammatory diseases, including SpA, MS, RA,

CD, and T1D.43 BACH2 promotes the differentiation of stem-
6 iScience 28, 111898, February 21, 2025
like CD8+ T cells and antagonizes the development of CD8+

effector T cells by controling access of AP-1 transcription factors

to enhancers and the suppression of effector molecules such as
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Figure 4. Genes and pathways regulated by IL-23 or IL-12 in MAIT cells

PBMCs were activated with Tet in the presence or absence of IL-23 or IL-12 for 6 days, CD3+CD161+Va7.2+ MAIT cells were sorted, and RNA-sequencing was

performed. (n = 5–8)

(A) Scatterplot of changes in gene expression (log2-fold change, x axis: Tet+IL-23 vs. Tet, y axis: Tet+IL-12 vs. Tet). Each dot corresponds to a differentially

expressed gene (red: Tet+IL-23 vs. Tet, blue: Tet+IL-12 vs. Tet, purple: Tet+IL-23 vs. Tet and Tet+IL-12 vs. Tet). Gray shading indicates the 2D density plot of all

the delta log-fold change.

(B) Euler diagram representing the differentially express genes in the Tet+IL-23 vs. Tet, and in the Tet+IL-12 vs. Tet stimulation conditions.

(C and D) Over-representation analysis was performed on the genes regulated by (C) IL-23 or (D) IL-12 using the GLAD4U database. Bubble plots of the top 20

associated pathways. Orange asterisks indicate pathways associated with chronic inflammatory and autoimmune diseases pathways. Blue asterisks indicate

pathways associated with infectious diseases. See also Figure S7 and Tables S5, S6, S7, and S8.
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granzymes.44,45 Previous studies have demonstrated that

Batf�/� and Junb�/�mice are protected from experimental auto-

immune encephalomyelitis (EAE), collagen-induced arthritis

(CIA) and colitis by inhibiting the differentiation of Th17 cells.46–49

BATF and JunB have also been shown to regulate Il23r expres-

sion in mouse Th17 cells.50–52 Thus, in MAIT cells, IL-23 appears

to affect the balance of opposing transcription factors, BATF and

JunB versus BACH2.
IL-23 tunes the chromatin landscape in MAIT cells
To elucidate the mechanisms by which IL-23 affects the tran-

scriptional program of MAIT cells, we performed ‘‘Assay for

Transposase-Accessible Chromatin followed by sequencing’’

(ATAC-seq) to investigate changes in chromatin accessibility in

cells stimulated with Tet in the presence or absence of IL-23.

We identified a total of 27,678 accessible chromatin regions,

5% of which (1491) exhibited differential accessibility (DA) upon
iScience 28, 111898, February 21, 2025 7
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Figure 5. IL-23 regulates MHC class II and AP-1 transcription factor genes in MAIT cells
PBMCs were activated with Tet in the presence or absence of IL-23 or IL-12 for 6 days, CD3+CD161+Va7.2+ MAIT cells were sorted, and RNA-sequencing was

performed. (n = 5–8).

(A) Heatmap of the expression of 65 genes associated with autoimmune pathways. Gray: Tet, red: Tet+IL-23, blue: Tet+IL-12.

(B) Boxplots of the expression of HLA genes. Differential gene expression analysis (limma, adjusted p values, TPM: transcripts per million).

(C) PBMCs were left unstimulated or activated with Tet in the presence or absence of IL-23 or IL-12 for 6 days, then stained for HLA-II expression. Frequency of

HLA-DR, HLA-DM, and HLA-DP positive cells in the MAIT population. (n = 6, paired t test).

(D) Boxplots of the expression of AP-1 transcription factor genes.

iScience
Article

ll
OPEN ACCESS
addition of IL-23. 1032 regions gained accessibility in the pres-

ence of IL-23 compared to Tet alone, while 459 showed loss of

accessibility, indicating bidirectional effects of IL-23 on chromatin

accessibility at the genome-wide level (Table S9). Only 29%of the

DA regions were located within distal intergenic elements, while

the majority (69.2%) were associated with protein-coding genes,

being located at promoters (18.3%) or within introns (46.2%) (Fig-

ure S8A), suggesting that IL-23 signaling can regulate gene
8 iScience 28, 111898, February 21, 2025
expression by affecting chromatin conformation. Gains of chro-

matin accessibility were found across various regulatory ele-

ments, such as promoter regions (e.g., GZMB or SOCS3,

Figures 6A and 6B), intergenic regions (e.g., IFNG-IL26 locus, Fig-

ure 6C) or introns (BATF, Figure 6D). Consistent with reduced

levels of BACH2 gene expression in MAIT cells stimulated in the

presence of IL-23, we found a loss of chromatin accessibility at

the promoter and in an intron of the BACH2 gene (Figure 6E).
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Figure 6. IL-23 regulates the chromatin landscape in MAIT cells

(A–E) Genome browser tracks of ATAC-seq at indicated loci for the Tet and Tet+IL-23 conditions. One representative replicate is shown for each condition.

Significant gains or losses of accessibility are displayed as a separate track.

(F) Scatterplot of changes in Tet+IL-23 vs. Tet conditions in gene expression (log2-fold change, y axis) as a function of changes in chromatin accessibility (log-fold

change, x axis). Each dot corresponds to a differentially expressed and accessible peak-to-gene pair. Red: increase in both accessibility and expression, gray:

decrease in both, yellow: increased accessibility, decreased expression, blue: decreased, accessibility, increased expression. Shape indicates position of the DA

region relative to the gene’s TSS (triangle: overlapping, square: upstream, circle: downstream). Size is anticorrelated to the distance from the TSS. When several

DA regions can be associated to a gene within 10kb, the closest to the TSS is represented. Golden shading depicts the 2D density plot of all log-fold change

values.

(G) 2D density plots of chromatin accessibility (log2BPM) and RNA expression (log2TPM) in Tet and Tet+IL-23 conditions, overlaid. Selected genes are displayed;

arrows indicate direction and magnitude of changes in Tet+IL-23 vs. Tet. See also Figure S8 and Table S9.
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Figure 7. IL-23 signals in MAIT cells are mediated by the AP-1 transcription factors BATF, JUNB, and BACH2

(A) Genome-wide in silico footprinting analysis was computed on ATAC-seq data from MAIT cells activated with Tet ± IL-23. Volcano plot of the genome-wide

transcription factor binding changes. Each dot represents one motif, empty dots indicate non-significant events.

(B) Scatterplot displaying log2-fold change of gene expression against differential binding score for each of the transcription factors used for footprinting. In the

case of heterodimers, the gene expression log2-fold change corresponds to the mean of the two genes. Gray dashed lines link the different TF binding prediction

for TF binding to several motifs.

(C–E) PBMCwere activated with Tet for 6 days. At day 5 of culture, PBMCwere transfected with fluorescently labeled Cas9 RNP targeting BATF (Orange) or non-

targeting (Control, gray). At day 6, transfected MAIT cells (CD3+CD161+Va7.2+ ATTO550+) were sorted, cultured for 4 additional days and gene expression and

cytokine secretion in the supernatant were assessed (n = 3).

(C) Schematic representation of the experimental design.

(D) Boxplots representing gene expression (normalized RNA counts, nCounter technology) of BATF and HLA-DRA (n = 3, p-values, paired t test).

(E) Concentration of IL-10 measured in the supernatant using MSD technology (n = 3). See also Table S11.
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Consistent with the functional relationship between the modu-

lation of chromatin accessibility induced by IL-23 and gene

expression, there was a significant overlap (105 genes, hyper-

geometric test, p = 4.752784e-19, Figure S8B; Table S10) be-

tween differentially expressed genes and genes associated

with DA regions within 50 kb of their transcription start site.

Among these genes, transcriptional regulators such as JUNB,

BACH2, and BATF3 and signaling molecules, such as SOCS2

and SOCS3, displayed coordinated chromatin accessibility

and gene expression (Figure 6F). We found the largest change

in chromatin accessibility at the gene encoding the potassium

channel KCNC3 and this gene was also strongly induced by

IL-23 (Table S5). The genes encoding cytotoxic molecules

GZMB andNKG7 also displayed high levels of chromatin acces-

sibility and gene expression in MAIT cells stimulated with

Tet alone, which were further increased when cells were stimu-
10 iScience 28, 111898, February 21, 2025
lated in the presence of IL-23 (Figure 6G), providing further evi-

dence for the important role of IL-23 in enhancing cytotoxic func-

tions of MAIT cells.

To explore whether IL-23 treatment may affect transcription

factor (TF) binding in tetramer-stimulated MAIT cells, we per-

formed in-silico footprinting to predict TF binding events

within accessible chromatin regions.53 We identified that stim-

ulation in the presence of IL-23 results, at the genome-wide

scale, in increased footprinting of several AP-1 family mem-

bers, such as JUN, FOS, and BATF and decreased binding

of zinc finger TFs, such as KLF12, SP1, and PATZ1, to their

respective targets (Figure 7A; Table S11). Concomitant

changes in gene expression and predicted TF binding were

observed for BATF, JUNB, and BACH2 (Figure 7B), support-

ing a central role for these AP-1 factors in IL-23 signaling in

MAIT cells.
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Control of MAIT cell functions via the transcription
factor BATF
We next asked whether BATF may be a key regulator of IL-23

functions in MAIT cells. We have focused on BATF because a

recent study from the Klenerman lab has identified a BATF reg-

ulon in cytokine-activated human MAIT cells.29 To suppress

BATF expression inMAIT cells, we targeted the BATF gene using

CRISPR-Cas9-mediated gene editing (Figure 7C). BATF expres-

sion was reduced inMAIT cells targeted with a BATF gRNAwhen

compared to those targeted with a control (non-targeting) gRNA

(Figure 7D). BATF targeting resulted in the downregulation of the

IL-23 target gene HLA-DRA and reduced IL-10 secretion

(Figures 7D and 7E), suggesting that this AP-1 transcription fac-

tor constitutes an important regulatory node for the expression of

IL-23 target genes.

DISCUSSION

Most of the knowledge of IL-23 biology has been obtained by the

study of IL-23 function in conventional CD4+ T cells, in particular

in mouse models. Much less is known of IL-23 function in hu-

mans, specifically in innate-like T cell populations. In this work

we show that in peripheral blood from healthy donors, MAIT cells

are the population with the highest frequency of IL-23R-express-

ing cells. We also detected IL-23R surface expression on a

sizable fraction of CD3+CD56+ and gd T cells, indicating that

innate-like T cells may be important mediators of IL-23 function.

These data extend our previous observation that circulating

MAIT cells from axial SpA patients expressed higher levels of

IL23R transcripts than gd, CD4+ and CD8+ T cells.18

IL-23 and IL-12 are structurally related cytokines, yet, IL-

23p19, but not IL-12p35 knock-out mice were protected from

experimental models of autoimmune inflammation in the brain,

gut and joints.54 These results indicated that only IL-23 but not

IL-12 is involved in autoimmunity in mice. Recent results, howev-

er, have challenged this notion, showing that IL-12-induced, IL-

23R-expressing ‘‘Th1-like’’ cells can cause colitis in a mouse

model,39 supporting a role for both IL-12 and IL-23 signaling in

autoimmune inflammation. We therefore sought to compare

the effects of IL-23 and IL-12 stimulation in human MAIT cells.

In human and mouse CD4+ T cells, IL-23 has been shown to

enhance IL-17A production.11,55 However IL-23 only modestly

increased secretion of IL-17A by stimulated MAIT cells, but

had instead substantially stronger effects on the secretion of

IFN-g, IL-10, IL-21, and granzyme B. Together with the study

from Philippot et al., our data support an important role for IL-

23 in mediating IFN-g production by human MAIT cells.2

Of note, IL-12 not only enhanced IFN-g production but also

strongly increased secretion of IL-17A, IL-18, and IL-1b. These

findings blur the notion of the canonical roles of IL-12 and IL-

23 as regulators, respectively, of type 1 and type 17 immune re-

sponses. In addition, it shows that MAIT cells can secrete pro-in-

flammatory cytokines typically produced by myeloid cells, such

as IL-18 and IL-1b. The mechanism by which IL-12 enhances IL-

17A secretion by human MAIT cells is currently unclear, but may

be mediated by the increased production of IL-18, which has

been shown to increase IL-17 production byMAIT cells, in partic-

ular in combination with IL-7.17 Our results are consistent with
previous data demonstrating that stimulation of human MAIT

cells in the presence of IL-23 increases the frequency of IL-

17A-producing cells.56

Comparing the effects of IL-23 and IL-12 on tetramer-stimu-

lated MAIT cells revealed that IL-12 affected the expression of

considerably more genes (1013) than IL-23 (607). Nevertheless,

in MAIT cells activated in the presence of IL-23, we found a clear

enrichment of pathways associated with ‘‘classical’’ autoim-

mune diseases characterized by the presence of autoantibodies,

such as MS, SLE and T1D. This was somewhat unexpected

because genetic variants in IL23R and other genes in the IL-23

pathway are predominantly associated with Crohn’s disease,

psoriasis and axial SpA.10 These are seronegative diseases

characterized by autoinflammatory components and a strong

involvement of the innate immune system, rather than B and

T cells.42 Enrichment of pathways associated with classical

autoimmunity can be explained by the fact that IL-23, but not

IL-12, upregulates several genes encoding MHC class II mole-

cules. The function of MHC class II molecules on T cells is

currently not known, although HLA-DR has been used as an acti-

vation marker of human T cells for many years. A recent report

has shown that thymic innate-like T cells can present inflamma-

tion-associated self-antigens to induce CD8+ T cell tolerance in

the mouse.57 Whether MHC class II expressed on human

T cells may have an antigen-presenting role remains to be

demonstrated.

IL-23-driven enhancement of MHC class II gene expression

was confirmed by the analysis of stimulatedMAIT cells at the sin-

gle-cell level. We noted that upregulation of class II genes was

not restricted to specific clusters of MAIT cells. As a matter of

fact, our combined analysis of transcriptomes and epitopes at

the single-cell level revealed only a limited heterogeneity of

MAIT cells from peripheral blood. In particular, we did not find

evidence for the presence of distinct MAIT1 or MAIT17 subsets,

which had been identified in the mouse.25,35,58,59 Our data are

consistent with more recent studies performed with human

MAIT cells that did not identify specific MAIT1 or MAIT17

subsets.29,37,60

In addition to regulating MHC class II gene expression, we

found that IL-23 regulated several members of the AP-1 family

of transcription factors, such as BATF, JUNB, and BACH2.

Mouse models have demonstrated the importance of BATF

and JUNB for Th17 cell differentiation and function.46–49 Garner

et al. identified a BATF regulon controlling responses to IL-

12+IL-18 stimulation.29 We found that targeting BATF in human

MAIT cells usingCRISPR-Cas9 resulted in a significant reduction

of HLA-DRA expression and reduced IL-10 secretion. Together,

these results indicate an important role of BATF in mediating the

effects of these cytokines in human MAIT cells. Future work will

determine additional BATF target genes in human MAIT cells.

In conclusion, we show that MAIT cells are a key cellular target

of IL-23 and of critical importance tomediate the functions of this

cytokine in immunity to infections and the pathogenesis of

chronic inflammatory diseases.

Limitations of the study
A limitation of our study is that, at the single-cell level, we

could reproducibly detect secretion only of granzyme B,
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perforin and IFN-g by MAIT cells stimulated with the MR1/

5-OP-RU tetramer. Stimulation with phorbol 12-myristate

13-acetate (PMA) and ionomycin allowed the detection of addi-

tional secreted molecules, however, these strong stimulation

conditions override any effects of IL-23 and IL-12 on MAIT cells

(data not shown).

A further limitation is that in this study we have focused our

analysis of chromatin accessibility on the effects of IL-23. It

would be interesting to perform a similar study on the effects

of IL-12 on the chromatin landscape in these cells.
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We thank Valérie Hélin (DARRI, Institut Pasteur) for help in project organiza-

tion and management. We acknowledge the help of Youssef Ghorbal and the

HPC Core Facility of the Institut Pasteur for this work. Sara Bragado Alonso

and Catia Cerqueira (EMEA, Bruker Cellular Analysis) assisted with the anal-

ysis of IsoPlexis data.

This work was supported by institutional funds from Institut Pasteur,

grants from the Fondation pour la Recherche Médicale (Equipe FRM,

EQU202303016264) and from Janssen Research & Development, France

(Madeleine project) to L.R. L.C. is supported by a PhD fellowship from the Uni-
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Antibodies

Live/Dead Fixable Blue Thermo Fisher Scientific Cat#L34961

Anti-IL-23R monoclonal antibody Janssen Research & Development,

LLC; San Diego, California, USA

NA

Mouse IgG2A Isotype Control R&D Systems Cat#MAB0031; RRID: AB_471244

Biotinylated anti-mouse IgG2a Jackson Immunoresearch Cat#115-067-186; RRID: AB_2632504

CXCR3 BUV395 BD Biosciences Cat#565223; RRID: AB_2687488

CCR6 BUV496 BD Biosciences Cat#612948; RRID: AB_2833076

CD16 BUV615 BD Biosciences Cat#751572; RRID: AB_2875567

CXCR5 BUV661 BD Biosciences Cat#741559; RRID: AB_2870986

CD27 BUV737 BD Biosciences Cat#751681; RRID: AB_2875667

CD3 BUV805 BD Biosciences Cat#612895; RRID: AB_2870183

MR1/5-OP-RU tetramer (unlabeled and BV421) NIH Tetramer Core Facility NA

CD8b BV480 BD Biosciences Cat#746266; RRID: AB_2743598

CRTH2 BV711 BD Biosciences Cat# 740813; RRID: AB_2740474

CD56 BV750 Sony Biotechnology Cat# 2412780

CD8a PerCP Sony Biotechnology Cat#2323540

CD161 BB700 BD Biosciences Cat#745791; RRID: AB_2743247

CD45RA AF532 Thermo Fisher Scientific Cat#58-0458-42; RRID: AB_2815272

CD25 PE-Dazzle594 Biolegend Cat#302646; RRID: AB_2734260

CD127 PE-Cy5.5 Thermo Fisher Scientific Cat#35-1278-42; RRID: AB_2744722

TCR gd PE-Vio770 Miltenyi Biotec Cat#130-113-513; RRID: AB_2751122

TCR Vd2 PE-Vio770 Miltenyi Biotec Cat#130-111-012; RRID: AB_2653980

CD4 APC-Fire810 Sony Biotechnology Cat#2323310

HLA-DR AF700 Sony Biotechnology Cat#2138130

TCR Va7.2 APC (Clone 3C10) Biolegend Cat#351708; RRID: AB_10933246

Fixable viability dye eF520 eBioscience Cat#65-0867-14

CD3 BV711 (Clone UCHT1) BD Biosciences Cat#563725; RRID: AB_2744392

CD161 BV421 (Clone HP-3G10) Sony Biotechnology Cat#2299570

HLA-DP BUV395 (Clone B7/21) BD Biosciences Cat#750866; RRID: AB_2874962

HLA-DR BV605 (Clone L203.rMAb) BD Biosciences Cat#569307

HLA-DM PE (Clone MaP.DM1) BD Biosciences Cat#555983; RRID: AB_396272

CD4 BV750 (Clone SK3) BD Biosciences Cat#566355; RRID: AB_2744426

CD8 PerCP-Vio700 (Clone REA734) Miltenyi Biotec Cat#130-110-682; RRID: AB_2659249

TCR gd APC-Vio770 (Clone REA591) Miltenyi Biotec Cat#130-113-509; RRID: AB_2733173

TotalSeqTM-C Human Universal Cocktail, V1.0 Biolegend Cat#399905; RRID: AB_2876728

Biological samples

Healthy adult peripheral blood Etablissement Français du Sang HS 2023-24413

Chemicals, peptides, and recombinant proteins

Recombinant human IL-2 Miltenyi Biotec Cat#130-097-743

Recombinant human IL-23 Miltenyi Biotec Cat#130-095-758

Recombinant human IL-12 Miltenyi Biotec Cat#130-096-705

Alt-RTM S.p. HiFi Cas9 Nuclease V3 Integrated DNA Technologies (IDT) Cat#1081061

Phycoerythrin (PE)-conjugated streptavidin Jackson Immunoresearch Cat#016-110-084

(Continued on next page)

e1 iScience 28, 111898, February 21, 2025



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

ProcartaPlex custom kit Invitrogen NA

Single-Cell Secretome Human Inflammation Panel Bruker Cat#1003-8

RNeasy Mini or Micro Kit Qiagen Cat#74104 or 74004

ATAC-seq Kit Active motif Cat#53150

Chromium Next GEM Single Cell 50 Reagent Kits v2 10X Genomics Cat#PN-1000263

nCounter Immunology v2 Panel NanoString HuImmunology_v2

V-PLEX Proinflammatory Panel 1 Human Kit Meso Scale Discovery Cat#K15049D-1

Deposited data

Raw and analyzed RNA-seq data This paper GEO: GSE270499

Raw and analyzed CITE-seq data This paper GEO: GSE270795

Raw and analyzed ATAC-seq data This paper GEO: GSE269978

Oligonucleotides

BATF targeting crRNA (GGAACTGAAGTACTTCACGT) Integrated DNA Technologies (IDT) Alt-R� CRISPR-Cas9 crRNA

Non-targeting crRNA (Alt-R� Cas9

Negative Control crRNA #1)

Integrated DNA Technologies (IDT) Cat#1072544

Alt-R� CRISPR-Cas9 tracrRNA, ATTOTM 550 Integrated DNA Technologies (IDT) Cat#1075928

Software and algorithms

FlowJo (V10.8.1) FlowJo, LLC https://www.flowjo.com/

Sony ID700 Software (V2.0.2.17121) Sony Biotechnologies

Bio-Plex Manager Software Bio-Rad

IsoSpeak Software (v.3.0.1) IsoPlexis, Inc

STAR (v2.7.10a) Dobin et al.57

FeatureCounts (from Subread, v2.0.0) Liao et al.58

FastQC (v0.11.9) https://github.com/s-andrews/FastQC

limma Ritchie et al.59

WebGestaltR Liao et al.60

Cutadapt (v2.10) Martin61

Bowtie2 B. Langmead and S. L. Salzberg.62

Picard MarkDuplicates (v2.23.3) https://github.com/broadinstitute/picard

Bedtools Quinlan63

MACS2 (v2.2.6) Zhang64

deepTools (v3.4.1) Ramı́rez et al.65 https://deeptools.readthedocs.

io/en/develop/

DESeq2 Love et al.66 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

GREAT Gu and H€ubschmann67 https://bioconductor.org/packages/

release/bioc/html/rGREAT.html

TOBIAS Bentsen et al.50 https://github.com/loosolab/TOBIAS

Cell Ranger software (v6.0.1) 10X Genomics

Seurat (v4.3.0.1) Hao and Hao et al.68 https://satijalab.org/seurat/

scRepertoire (v1.7.0) Borcherding et al.69 https://github.com/ncborcherding/

scRepertoire

Harmony https://github.com/immunogenomics/

harmony

Mowgli (v0.3.1) Huizing et al.41 https://github.com/cantinilab/Mowgli

CHOPCHOP Labun et al.70 https://chopchop.cbu.uib.no/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Blood samples fromanonymous healthy donorswere obtained fromEtablissement Français du Sang (EFS, Paris, France, Habilitation

number HS 2023–24413).

METHOD DETAILS

Assessment of cell surface IL-23R expression
Peripheral blood mononuclear cells (PBMC) were freshly isolated by density gradient centrifugation and prepared as single cell sus-

pension in staining buffer (phosphate-buffered saline (PBS), 1% fetal bovine serum (FBS), 5% bovine serum albumin (BSA)). Cells

were stained with Live/Dead Fixable Blue (1:100) and Fc receptor blocker for 5 min on ice. Cells were stained with either anti-IL-

23R monoclonal antibody or IgG2a isotype control for 1 h on ice. After washing, cells were incubated with biotinylated anti-mouse

IgG2a for 30 min on ice. Cells were then washed and incubated with streptavidin-PE for 15 min on ice. After washing, cells were

stained with cell surface marker antibodies (Table S1) for 30 min at room temperature (RT). Then, after washing, cells were fixed

with 4% paraformaldehyde for 15 min at RT. Cells were acquired on a Sony ID7000. Unmixing was performed using the Sony

ID7000 Software, and analysis was performed using FlowJo as described.61

MAIT cell stimulation
PBMC were isolated by density gradient centrifugation and cultured in RPMI supplemented with 10% FBS, 1% penicillin/strepto-

mycin and 20UI/mL of IL-2.MR1/5-OP-RU tetramers (unlabeled) were added the first day of culture at 40p.m., and cells were cultured

for 6 days. When indicated, IL-23 or IL-12 were added at the concentration of 20 ng/mL.

FACS sorting of MAIT cells
After stimulation, cells were prepared as single cell suspensions in staining buffer (PBS, 1% FBS) and stained for 20 min at 4�C with

eF520 fixable viability dye (1:100) and surface marker antibodies: anti-CD3-BV711 (1:20), anti-TCRVa7.2-APC (1:50), and anti-

CD161-BV421 (1:50) or MR1/5-OP-RU-BV421 tetramers (1:600). MAIT cells were sorted, as indicated, as CD3+TCRVa7.2+CD161high

or CD3+MR1/5-OP-RU+ on a BD FACS Aria III. Post-sort analysis revealed that the MAIT cell purity exceeded 99%.

Assessment of cytokine secretion
Luminex technology

Secretion in the supernatant of 20 proteins (Table S2, ProcartaPlex custom kit) was measured following manufacturer’s instructions

using the DropArray technology (Curiox). Briefly, the DropArray plate was blocked with PBS-1% BSA and washed. Samples and

standards were incubated with capture beads for 2h at RT. After washing, detection antibody mix was added and incubated for

30 min at RT. After washing, streptavidin-PE was added and incubated for 30 min at RT. Samples were acquired on a Bioplex200.

Analysis was performed using the Bio-PlexManager Software. Concentration of each analyte was calculated using a 5-PL regression

curve. Data were analyzedwith Qlucore Omics Explorer (Version 3.9) and ordered according to hierarchical clustering analysis based

on the Euclidean distance.

MSD technology

Cytokines were measured using the MSD (Meso Scale Discovery, Rockville, MD, USA) V-PLEX Proinflammatory Panel 1 Human Kit

(IL-10, IL-12p70, IL-13, IL-1b, and IL-2). The assaywas performed according to themanufacturer’s instructions using a 1:2 dilution for

all samples.

Single-cell secretome profiling
MAIT cells were activated in PBMC cultures for 6 days in the presence or absence of IL-23 or IL-12. At day 6, MAIT cells (CD3+MR1/

5-OP-RU+) were sorted and rested overnight in RPMI. MAIT cells were re-stimulated for 1h with MR1/5-OP-RU tetramers in the pres-

ence or absence of IL-23 or IL-12. Cells were then washed, incubated with membrane stain (Isoplexis) for 15 min at 37�C. After
washing, cells were resuspended in RPMI with or without IL-23 or IL-12 at a concentration of 106cells/mL. 30mL of the cell suspen-

sions were then loaded on IsoCode chips. Data were acquired on an Isolight instrument, and analyzed using the IsoSpeak Software.

RNA-sequencing
After 6 days of activation in PBMC cultures, MAIT cells (CD3+ TCRVa7.2+ CD161high) were sorted and RNA was isolated using

RNeasy Mini or Micro Kit. mRNA libraries were generated and sequenced at Novogene. Libraries were sequenced on the Illumina

NovaSeq 6000 (150bp, paired-end, 20M reads per sample). Reads were mapped to the reference human genome (hg38) using

STAR. FeatureCounts was used to estimate gene expression for each sample. All samples passed the quality control which was per-

formed on raw reads using FastQC.

Differential analysis was performed using limma on variance stabilized data,62 with an additional step to estimate the between

donor correlation. Reported p-values were adjusted with Benjamini-Hochberg correction for multiple testing. Over-representation

analysis (ORA) was performed using WebGestaltR.63
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MHC-II surface staining
After stimulation, cells were prepared as single cell suspensions in staining buffer (PBS, 1% FBS) and stained for 20 min at 4�C with

eF520 fixable viability dye (1:100) and surface marker antibodies: anti-HLA-DP-BUV395 (1:50), MR1/5-OP-RU-BV421 tetramers

(1:600), anti-HLA-DR-BV605 (1:50), anti-CD3-BV711 (1:20), anti-CD4-BV750 (1:50), anti-CD161-BB700 (1:50), anti-CD8-PerCP-

Vio700 (1:50), anti-TCRgd-APCVio770 (1:50) and anti-TCRVa7.2-APC (1:50). After washing, cells were fixed and permeabilized using

eBioscience Foxp3/Transcription Factor Staining Buffer Set following manufacturer’s instructions. Cells were stained with anti-HLA-

DM-PE (1:5) for 30 min at 4�C. After washing, cells were resuspended in staining buffer and acquired on Sony ID7000. Unmixing was

performed using the Sony ID7000 Software, and analysis was performed using FlowJo. Statistical analysis (paired t test) and graph-

ical representation were performed in R (v4.2.2).

ATAC-sequencing data generation
ATAC-seq has been performed with 3 independent donors. After 6 days of activation in PBMC cultures, MAIT cells (CD3+ TCRVa7.2+

CD161high) were sorted and ATAC-seq was performed on 90000 cells. Libraries were prepared using the ATAC-seq kit from Active

motif according to manufacturer’s instructions. Briefly, nuclei were isolated by adding 100mL ice-cold ATAC-lysis buffer to the cell

pellet. After centrifugation (2800 rpm, 10 min 4�C), nuclei were incubated with the tagmentation master mix in a shaking heat block

for 30 min at 37�C with agitation at 800rpm. DNA was then purified and amplified for 10 cycles using indexed primers, and size-

selected using SPRI bead solution. Quantification of the libraries was done using the Qubit dsDNA HS Assay Kit. Quality control

of the size distribution of the PCR enriched library fragments was performed using D5000 DNA chip (Agilent Technologies). The li-

braries were sequenced on the Illumina NovaSeq 6000 (150bp, paired-end, 80M reads per sample).

ATAC-sequencing data analysis
Read quality was checked with FastQC. Raw sequencing reads were trimmed using Cutadapt [https://doi.org/10.14806/ej.17.1.200]

to remove sequencing adapters and low-quality bases (Q < 30) and reads shorter than 25bp after trimming were discarded. Cutadapt

was further used to crop the remaining reads down to 50bp. Reads were aligned to human genome hg38 in paired-end mode using

Bowtie2 with the following parameters: –very-sensitive -X 2000 –dovetail –no-mixed –no-discordant. Duplicates were removed using

Picard MarkDuplicates, as well as reads mapping to mitochondrial chromosome and to blacklisted regions as defined.64 Following

bam to bed conversion using Bedtools, peaks were called separately for each sample using MACS2 with the following parameters:

–nomodel –shift -100 –extsize 200 –keep-dup all -g hs –call-summits. BigWig tracks for IGV visualization were produced using deep-

Tools, using BPM normalization over 10bp bins.

To produce a consensus peak list, peaks were combined using the iterative peak merging approach as described.65 This

consensus peak list was used for both differential accessibility and in silico transcription factor footprinting analyses.

Differential accessibility was performed using DESeq2, regressing out the donor effect. False Discovery Rate (FDR) < 0.05 was

used to define significant differential accessibility. BPMcounts were computed over 501nt long bins. Peak annotation was performed

using rGREAT under the basal+extension rule (5+1kb, 1M extension), using RefSeq Select TSS annotation. The analysis was per-

formed using R 4.3.

In silico transcription factor footprinting
TOBIASwas runwith default settings onmerged biological replicates, using as for motif database amerge of JASPAR (JASPAR 2022

release, 727 TFs motifs) and selected motifs from HOCOMOCO (HOCOMOCOv11_core_HUMAN_mono_jaspar_format.txt).53

TOBIAS predicted footprints were further filtered to only retain the transcription factors for which genes were expressed in the bio-

logical conditions under scrutiny based on the RNA-seq data (threshold for expression: mean TPM across the donors = 1). The anal-

ysis was performed using R 4.3.

CITE-sequencing data generation
MAIT cells were activated in PBMC cultures for 6 days in the presence or absence of IL-23 or IL-12. At day 6, 106 cells were incubated

with Total-seq C antibodies (Biolegend) and surface fluorochrome-conjugated antibodies for MAIT cell sorting for 30 min at 4�C.
MAIT cells were sorted as CD3+MR1/5-OP-RU+ and loaded onto a chromium 50 chip following the Single Cell 50 Kit and run on

the 10X Chromium. Gene expression (GEX), V(D)J and cell surface protein libraries preparation and acquisition of sequencing reads

were generated according to the manufacturer’s recommendations using the User Guide CG000330 Rev D, Chromium Next GEM

Single Cell 50 Reagent Kits v2. The libraries were sequenced on the Illumina NovaSeq 6000 (150 bp, paired-end).

CITE-sequencing data analysis
The raw sequencing data, comprising antibody capture, TCR, and gene expression, was provided as sample-demultiplexed fastq

files. The generation of gene expression and antibody capture count matrices, as well as TCR VDJ Tables, was performed using cell-

ranger multi software with refdata-gex-GRCh38-2020-A, refdata-cellranger-vdj-GRCh38-alts-ensembl-7.0.0., and 10XTotalSeq as

references for the GEX, the V(D)J, and the CITE-seq data, respectively.

The analysis was performed in R (v4.2.3) with the Seurat environment. First, for each sample, the three modalities were integrated

into the same Seurat object. Gene expression and antibody matrices were considered as different Assays, while for the TCR
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sequences, scRepertoire was used to read the V(D)J Table (filtered_config_annotations.csv) prior to integration into the meta.data of

the Seurat object.

The cell filtering process involved basic metrics, such as the number of genes (>750), uniquemolecular identifiers (UMI>1000), and

the maximum percentage of mitochondrial gene expression (<10%). Additional criteria for cell filtering included the expression of

selected genes, such as positive expression of CD3 genes and TRAV1-2 genes at the gene expression (gex) level, antibody capture,

as well as for TRAV1-2 at VDJ levels.

Each sample was processed individually according to the following standard workflow: Normalization using SCTransform with

3000 variable features and the percentage of mitochondrial expression regressed out; Linear dimension reduction using PCA

(with mitochondrial, ribosomal and TCR genes removed from the highly variable genes), and non-linear dimension reduction using

UMAP (with the first 30 PCs); Graph-based clustering and the Louvain algorithm was used to find communities at different

resolutions.

Once processed, individual samples were merged together using the harmony integration method and grouped by sample id. Har-

mony was applied separately to gene expression and antibody capture data. The corresponding corrected matrices were then used

as input in the weighted nearest neighbors (WNN) algorithm. This weighted neighbors graph was used as input for the non-linear

reduction in the RunUMAP Seurat function and for the graph-based clustering with the Smart Local Moving (SLM) algorithm option

in the FindCluster Seurat function.

Signature scores (Cytotoxicity, IFN, MAIT1, MAIT17, Th1 and Th17) were computed using UCell library (v2.4.0).

Mowgli Integration of CITE-seq data
The RNA and antibodymodalities of the CITE-seq data were integrated withMowgli.41We performed one integration per donor. RNA

counts were log-normalized, while centered-log ratio (CLR) normalization was used for antibodies. Only the top 1500 highly variable

genes were used in the integration, while all the 137 high-quality antibodies were kept. The standard parameters for Mowgli Integra-

tion of CITE-Seq data were applied, except for the number of latent dimensions. This number was set to 100 to increase the gran-

ularity of the biological signal between cells treated with Tet and cells treated with Tet+IL-23.

For the Tet+IL-23 and Tet+IL-12 specific latent factors associated with each donor, Spearman correlations were performed on the

matrix elements identified byMowgli notation. For RNA, only genes in common between Donor 1 and Donor 2 or 3 were selected. For

ADT, all antibodies used for each Mowgli Integration were selected.

CRISPR-Cas9 editing
crRNAs, tracrRNA-ATTO550, Cas9 and electroporation enhancer were obtained from IDT. crRNA was designed using the

CHOPCHOP online tool66 and the IDT design checker and chosen for highest target specificity and lowest number of off-targets.

Guide RNAs (gRNAs) were formed by heating 2mL of 200mM-crRNA, 2mL of 200uM-tracrRNA and 5mL of Duplex Buffer at 95�C for

5min, and allowed to cool down at RT. Ribonucleoproteins (RNP) were then formed by incubating 8mL of gRNA with 5mL Cas9

nuclease (36uM) for 20 min at RT. 107 PBMCs activated for 5 days with MR1/5-OP-RU tetramers were harvested and resuspended

in 80mL of T buffer (Invitrogen), with 13mL RNP and 20mL electroporation enhancer (10.8mM). Electroporation was performed with the

Neon Electroporation system, with 3 pulses of 10 ms at 1800V. 24h after electroporation, transfected MAIT cells (TCRVa7.2+CD161-
highATTO550+) were sorted and cultured for 4 days in RPMI supplemented with 10%FBS, 1%penicillin/streptomycin and 20UI/mL of

IL-2. RNA was isolated using RNeasy Micro Kit. IL-10 was measured in supernatants using MSD technology.

Gene expression analysis with nCounter
RNA concentration was measured using Qubit RNA HS Assay Kit. 50ng of total RNA from each sample were analyzed using Nano-

string nCounter technology with Immunology V2 panel and a custom Plus panel as described.67 Statistical analysis (paired t test) and

graphical representation were performed in R (v4.2.2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Tests used for comparisons are indicated in the corresponding figure legends. For most statistical analysis, paired (Wilcoxon) t-tests

were used after testing for normality using Shapiro test. Samples coming from the same donor were considered paired. In the figure

legends n represents the number of donors analyzed in the experiment shown. Data from individual donors were reported as box-

plots, with lines representing the first quartile, median and the third quartile. Data analysis was performed in R (version 4.2.2), expect

for Figures 1B and 5A, which was performed with Qlucore Omics Explorer (Version 3.9).
e5 iScience 28, 111898, February 21, 2025
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