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Introduction

CARD11 is a lymphoid lineage-specific scaffold protein regulating the NF-κB activation downstream of the antigen receptor signal pathway. Defective CARD11 function results in abnormal development and differentiation of lymphocytes, especially thymic regulatory T cells (Treg).





Method

In this study, we used patients’ samples together with transgenic mouse models carrying pathogenic CARD11 mutations from patients to explore their effects on Treg development. Immunoblotting and a GFP receptor assay were used to evaluate the activation effect of CARD11 mutants on NF-κB signaling. Then the suppressive function of Tregs carrying distinct CARD11 mutations was measured by in vitro suppression assay. Finally, we applied the retroviral transduced bone marrow chimeras to rescue the Treg development in an NF-κB independent manner.





Results and discuss

We found CARD11 mutations causing hyper-activated NF-κB signals also gave rise to compromised Treg development in the thymus, similar to the phenotype in Card11 deficient mice. This observation challenges the previous view that CARD11 regulates Treg lineage dependent on the NF-kB activation. Mechanistic investigations reveal that the noncanonical function CARD11, which negatively regulates the AKT/ FOXO1 signal pathway, is responsible for regulating Treg generation. Moreover, primary immunodeficiency patients carrying CARD11 mutation, which autonomously activates NF-κB, also represented the reduced Treg population in their peripheral blood. Our results propose a new regulatory function of CARD11 and illuminate an NF-κB independent pathway for thymic Treg lineage commitment.
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Introduction

As an essential part of central tolerance, the regulatory T cell (Treg) is a professional cell type that maintains immune homeostasis by suppressing autoimmune responses (1, 2). There are multiple developmental origins for Tregs. Tregs naturally generated in vivo are called nTreg and consist of two sub-types: tTreg, committed in the thymus, and pTreg, which differentiates from naive CD4+ T cells in the peripheral tissues or organs. In vitro, specific stimuli, combining T cell receptor (TCR) signaling and cytokine supplementation, induce naive CD4+ T cell differentiation into iTreg (3, 4). Like many other hematopoietic origin cell types, tTregs initiate their development trajectory in the bone marrow. Bone marrow-derived T cell precursors migrate to the thymus and then develop into CD4- CD8- double-negative cells, followed by CD4+ CD8+ double-positive cells, on which the rearranged TCRs are functionally assembled (5). Then, TCR signaling facilitates the positive and negative selection of thymocytes, which enforces the central tolerance in the thymus. Most T cell clones with TCRs that recognize self-antigens are eliminated. However, some CD4+ single positive (SP) T cells with moderate responsiveness against an autoantigen are not clonally deleted; instead, they further differentiate into tTreg cells (5, 6). Therefore, TCR signaling is critical for tTreg lineage determination.

Molecular regulations of tTreg commitment are complicated, and many critical epigenetic and transcriptional factors have been discovered (7). For example, the autoreactive CD4+ SP T cells in the thymus produce a substantial amount of IL-2, activating the downstream transcription factors (TF) STAT5 in tTreg precursors. STAT5 promotes the expression of FoxP3, the dominant TF of the Treg lineage, and many other Treg-specific genes (8–10). Besides STAT5, Smad2 downstream of TGF-β signaling also facilitates the tTreg development in the thymus (11). As the most critical cell surface receptor on Tregs, TCR engagement also activates various downstream TFs, including NF-κB, to establish the tTreg-specific transcriptome. Lack of NF-κB components, p65 or c-Rel, severely disrupted the tTreg development in mice (12).

Many signaling proteins cooperate delicately to transduce antigen stimulation signals from the cell surface to activate the downstream NF-κB. CARD11 is a scaffold protein indispensable for such signal transductions for the tTreg development (13, 14). After antigen stimulation, CARD11 is phosphorylated by the protein kinase PKCθ downstream of the TCR (15). The stimulation-induced phosphorylation changes the conformation of CARD11 from an auto-inhibition form into an active form, permitting the association of the Bcl10-MALT1 heterodimer and constructing a signal transduction hub called the CBM complex. Finally, the CBM complex triggers the TRAF6-TAK1-NEMO-IKKβ signal cascade, igniting NF-κB-related transcription (16). Card11 deficiency dramatically compromises the NF-κB signal pathway after TCR stimulation, disrupting tTreg development but leaving other T cell development uninfluenced (17, 18). Both hypo- and hyper-activated CARD11 have been associated with various immunological disorders, and the pathological defects result from the dysregulation of NF-κB. For example, somatic gain-of-function (GOF) CARD11 mutations were found in nearly 10% of the activated b-cell type, diffused-large b-cell lymphoma (ABC-DLBCL), which depends on elevated NF-κB activity for survival (19, 20). The loss-of-function (LOF) mutations of CARD11 were associated with severe primary immune deficiency (PID), and patients without CARD11 suffered from reoccurring infections and other symptoms caused by compromised immune systems (21). Hypomorphic CARD11 mutations also cause severe atopic dermatitis with or without comorbid infections (22), and this disease was named CARD11-associated atopy with dominant interference of NF-κB signaling (CADINS) disease (23). Interestingly, the germline GOF mutation of CARD11 also leads to a PID called BENTA (B cell Expansion with NF-κB and T cell Anergy) disease (24), representing mainly a B cell phenotype but also T cell abnormalities.

The detailed mechanisms underlying pathogenic CARD11 mutants remain unclear. Particularly, will the GOF CARD11 mutant impact Treg development and contribute to the pathogenesis? Therefore, we applied transgenic mouse models with distinct CARD11 mutations and explored the tTreg development in the CARD11 mutant genetic backgrounds.





Materials and methods




Mice

Card11 E134G, K215M mutant, and Card11 KO C57BL/6 mice were generated as described previously (25). All mice were maintained and bred in a specific pathogen-free facility. Mouse experimental protocols were approved by the Institutional Biomedical Research Ethics Committee of the Shanghai Institute of Nutrition and Health Science, Chinese Academy of Sciences.





Human samples

The Ethics Board of Children’s Hospital, Fudan University, approved all the patient-related studies. Whole blood samples were obtained from patients and healthy controls using vacutainer tubes containing EDTA anticoagulant. Peripheral blood mononuclear cells (PBMC) were isolated by density centrifugation with Human Lymphocyte Separation Medium (Dakewe Biotech), followed by red blood cell lysis buffer (Biolegend) treatment. Isolated PBMCs were tested by flow cytometric analysis or cryopreserved in media containing 90% heat-inactivated fetal bovine serum (FBS) and 10% DMSO.





Cell preparation from mice and flow cytometry

Mouse spleen and thymus were collected and mashed through a 40-µm cell strainer to generate single-cell suspensions, followed by red blood cell lysis. Cells were then blocked with Fc receptor antibody (Cat. BE0307, Bio X cell) for 15 minutes at 4°C before staining with fluorochrome-conjugated surface antibodies: Viability Dye (Cat. 65-0865-14), CD45.1 (clone: A20, BioLegend), CD45.2 (clone: 104, BioLegend), CD4 (clone: GK1.5, Biolegend), CD8 (clone: 53-6.7, BioLegend), CD25 (clone: PC61, BD), CD69 (clone: H1.2F3, BD). After surface staining, cells were fixed with fixation/permeabilization buffer (Cat.00-5123-43, eBioscience) and then permeabilized and stained in permeabilization buffer (Cat. 00-8333-56, eBioscience). Antibodies for intracellular staining are FoxP3 (clone: FJK-16s). Flow cytometric analysis was performed using a Gallios flow cytometer. Data were processed and analyzed through FlowJo software.





Western blot

Equal amounts of protein from each sample were denatured in the loading buffer by heating for 20 minutes at 100°C. Samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 8%-10% polyacrylamide bio-tris gels and transferred to nitrocellulose membranes. After transfer, nitrocellulose membranes were blocked in 5% milk for up to 1 hour at room temperature, followed by incubation with primary antibodies against phosphor-AKT (T308), phosphor-AKT (S473), phosphor-FOXO1, total FOXO1, total AKT, and mouse anti-actin (Cell Signaling Technology) at 4°C overnight. Membranes were washed with PBST and then incubated with HRP-conjugated secondary antibodies. Proteins were visualized and quantitated by the Bio-Rad ChemiDoc XBS System.





In vitro activation and differentiation of naïve CD4+ T cells

Naïve CD4+ T cells were purified using the MojoSort™ Mouse Naïve CD4+ T cell isolation kit (Cat. 480033, Biolegend) following the manufacturer’s protocol. Naïve CD4+ T cells were then activated and differentiated by plating at a density of 1x106 cells per well on coated anti-CD3 (2µg/mL, Cat.BE0001-1, BioXcell) and anti-CD28 (2µg/mL, Cat. BE0015-1, BioXcell) 48-well plates for four days in 37 °C incubators with 5% CO2 with IL-2. IL-12 and anti-IL-4 were added to growth media to promote Th1 differentiation. IL-4, anti-IFN-γ, and anti-IL-12 were added to growth media to promote Th2 differentiation. TGFβ, IL-6, IL-1β, IL-23, anti-IL-4, anti-IL-12, and anti-IFN-γ were added to growth media to promote Th17 differentiation. TGFβ, anti-IL-4, anti-IL-12, and anti-IFN-γ were added to growth media to promote iTreg differentiation. After differentiation, cells were collected, washed with PBS, and analyzed by flow cytometry.





Human T cell transfection

Isolated PBMCs were transfected with WT and mutated CARD11 plasmids, respectively, by using the Human T Cell Nucleofector™ Kit (Cat.VPA-1002, Lonza). Phosphor-AKT (T308) in CD4+ T cells was detected by flow cytometry after 24 hours.





NF-κB induced GFP reporter assay

HEK-293T cells were transfected with NF-κB reporter plasmids together with EV (Empty Vector), WT CARD11, and mutation plasmids, respectively, using polypropyleneimine (PEI). 24 hours after transfection, NF-κB induced GFP fluorescence in transfected HEK-293T cells was detected by flow cytometry.





Treg suppression assay

CD25high Tregs from CD45.2+ WT, heterozygous E134G, and homozygous K215M mutant mice were purified by flow cytometry sorting. Total CD4+ T cells of CD45.1+ WT mice were purified with the MojoSort™ Mouse CD4+ T cell isolation kit and stained with CFSE. CD45.1+ and CD45.2+ antigen-presenting cells were treated with mitomycin (20µmol/mL). Then, all the cells above were cocultured with anti-CD3 (1µg/mL) and IL-2 (10ng/mL) for 4 days. CFSE fluorescence intensity was analyzed by flow cytometry.





Retroviral transduced bone marrow chimera mouse model

Mouse Foxo1 cDNA was cloned into an MSCV-IRES2-EGFP retroviral vector. Retrovirus was made by transfection of HEK-293T cells. BM cells were collected from the femurs and tibiae of 6- to 8-week-old donor mice. After red blood cell lysis, hematopoietic stem cells were enriched using the Lineage Cell Depletion Kit (Miltenyi Biotec). Hematopoietic stem cells were cultured in chemically defined serum-free medium X-VIVO 10 with gentamicin (Lonza) supplemented with L-glutamine, β-mercaptoethanol (50 mM), mouse recombinant stem cell factor (50 ng/mL), IL-6 (20 ng/mL), IL-3 (10 ng/mL), FLT-3L (10 ng/mL), and IL-7 (10 ng/mL) (PeproTech) for 24 hours. Then, cocultured cells were transduced by spin infection with retroviral supernatant. Cells were incubated for another 24 hours before intravenous tail injection into WT recipient mice, which were irradiated at 9 Gy for at least 12 hours before adoptive transfer. 6 weeks after transfer, chimeras were analyzed by flow cytometry.





Statistical analysis

Two-tailed t-tests were used for two-data group comparisons, and multiple t-test statistical significance used the Holm-Sidak method for multiple comparisons. Statistical tests were run using GraphPad software. SEM was reported for all experiments, and P<0.05 was considered statistically significant.






Results




Pathogenic CARD11 mutants have distinct impacts on tTreg development

To better understand the pathogenic role of CARD11 mutations, we established various Card11 transgenic mouse models with corresponding genetic modifications (25). The E134G mutant mice were used to investigate the pathogenesis of BENTA disease (24). And the K215M mutant mimics the DLBCL (19). Finally, the Card11 KO mice represent the PID patients without CARD11 (Supplementary Figure 1A). We compared the morphology of the thymus and spleens of WT, E134G, and K215M mutant mice (Supplementary Figures 1B, C). There was no significant difference in thymus size. However, the spleen of the K215M mutant mice is larger than that of the WT and E134G mutant mice. That may be due to the aberrant B cell activation and proliferation in K215M mutant mice, as reported before (25). Then, we checked the Treg development in the thymus of those distinct Card11 transgenic mouse models. In Card11 KO thymus, the tTreg population was significantly decreased, as in the previous report (Figure 1A). This dramatic Treg reduction also led to less mature Tregs in the KO spleen (Figure 1B). We then explored the Treg development under the CARD11 mutant background. The E134G mutant was identified in BENTA disease patients and autonomously induced NF-κB activation (24). The K215M mutant was an oncogenic mutant from germinal center type (GCB)-DLBCL, which activates downstream NF-κB at the same level as WT CARD11 (19). Therefore, those two mutations are not LOF mutants.




Figure 1 | Pathogenic CARD11 mutants have distinct impacts on tTreg development. (A, B) CD25 and FoxP3 expression on CD4+ T cells in the thymus and (B) spleen of WT and Card11 KO mice were analyzed by flow cytometry (left). The quantifications of the CD25+ FoxP3+ tTreg cells in WT and Card11 KO mice (n=6) (right). (C) CD25 and FoxP3 expression on CD4+ T cells in the thymus of WT and Card11 E134G mice, as well as of WT and Card11 K215M mice (D), were evaluated by flow cytometry (left). The CD25+ FoxP3+ tTreg population frequency in WT and Card11 mutant mice (n=8) was shown in the right panel. (E, F) Flow cytometry analysis of CD25 and FoxP3 expression on CD4+ T cells of the spleen from WT and Card11 E134G mice as well as (F) WT and Card11 K215M mice (left). The frequency of the Treg population in WT and Card11 mutant mice (n=8) was shown in the right panel. (G) The frequency of Treg cells in the thymus and (H) spleen of WT, heterozygous, and homozygous E134G mutant mice (n=3). (I) The frequency of Treg cells in the thymus and (J) spleen of WT, heterozygous, and homozygous K215M mutant mice (n=4). (K) Tregs purified from WT, heterozygous E134G, and homozygous K215M mutant mice were cocultured with WT CD4+ T cells for 4 days (stimulated with antigen-presenting cells, 1μg/mL anti-CD3 antibody, and 10ng/mL IL-2). The CD4+ T cell proliferation in three groups was measured by flow cytometry, and the data was analyzed with multiple t-tests (n=3). Data represent the mean ± SEM of n>3 biological replicates. **P<0.01, ***P<0.001, ****P<0.0001; P values were determined using unpaired two-tailed Student’s t-tests.



We found that CARD11 mutations significantly changed Treg development in the thymus. The E134G mutant abolished the Treg generation in the thymus and left almost no CD25+ FoxP3+ population in the CD4+ SP population (Figure 1C). On the contrary, the Treg in the thymus of K215M mutant mice was significantly increased, and reached about twice the quantity of Tregs in WT mice (Figure 1D). The tTreg development interrupted by the CARD11 mutants also changed the mature Treg population in the secondary lymphoid tissue. The mature splenic Tregs in E134G mutant mice were dramatically reduced to almost none, compared to around 10% of total CD4+ T cells in WT spleens (Figure 1E). By contrast, the splenic Treg percentage in K215M mutant mice was increased to three times as many as that in WT spleens (Figure 1F). To better mimic the genetic conditions in patients whose CARD11 mutations occurred in one allele, we further evaluated the tTreg development in heterozygous Card11 mutant mice (Figures 1G–J; Supplementary Figures 1D-G). The single allele E134G mutant still reduced the Treg populations in the thymus and spleen compared to WT mice, but the reduction is milder than that in the homozygous mutant mice (Figures 1G, H). The same pattern was observed in K215M heterozygous mutant mice, with mildly increased Treg in the thymus and spleen, compared to WT and homozygous mutant mice (Figures 1I, J). The same patterns of Treg absolute counts in the spleen and thymus of Card11 mutant and KO mice were observed (Supplementary Figures 1H–M). Finally, we compared the suppressive function of Tregs carrying distinct Card11 mutants. Since there are very few Tregs in E134G homozygous mutant mice, we used the Tregs from E134G heterozygous mutant mice in this in vitro suppression assay. Tregs purified from WT, heterozygous E134G, and homozygous K215M mutant mice had the same suppressive function on the proliferation of conventional WT CD4+ T cells (Figure 1K).

Our results demonstrated that the GOF CARD11 mutant, E134G, represents an overactivated NF-κB but still disrupts Treg generation in the thymus. Furthermore, another rare oncogenic mutant, K215M, inducing standard NF-κB activation, increases the Treg population. After comparative analyses of all those Card11 transgenic mouse models, we concluded that CARD11 regulates Treg development in an NF-κB independent manner.





CARD11 mutations have distinct influences on CD4+ T cell differentiation

Given the crucial role of CARD11 in TCR signal transduction, we next investigate whether the CARD11 mutation will affect CD4+ T cell early activation or differentiation. We purified naïve CD4+ T cells followed by anti-CD3/CD28 agonist antibody stimulations in vitro. After 12 hours of antibody incubation, the WT and CARD11 mutant CD4+ T cells were successfully activated. E134G and K215M mutant cells had the same level of CD25 and CD69 upregulation compared to WT cells (Figure 2A). Next, we investigated the proliferation of CD4+ T cells with various genetic backgrounds. WT CD4+ T cells show apparent cell division after 48 hours, and the same level of proliferation was observed in E134G and K215M mutant CD4+ T cells (Figure 2B). A cell cycle assay by staining proliferative cells with DNA dye, Dapi, suggested that E134G mutant CD4+ T cells have equal quantities of cells at the G1, S, and G2 phases compared to WT cells. K215M mutant CD4+ T cells also had equivalent populations at the G1 and G2 phases but showed fewer cells at the S phase than WT cells (Figures 2C–E). We compared the cell viability by staining activated CD4+ T cells with Annexin-V and Cell-Live dye. Both CARD11 mutants showed no impact on cell death compared to WT CARD11 (Figures 2F, G).




Figure 2 | CARD11 mutations have distinct influences on CD4+ T cell differentiation. (A) Naïve CD4+ T cells were stimulated by anti-CD3 and anti-CD28 (2μg/mL) for 12 hours. CD25 and CD69 expression levels were evaluated by flow cytometry. (B) Naïve CD4+ T cells in WT and Card11 mutant mice were stimulated by anti-CD3 and anti-CD28 (2μg/mL) for 0 (red)/48 (blue)/72 (orange)/96 (green) hours after CFDA-SE staining. The CFSE fluorescence intensity was analyzed by flow cytometry after stimulation. (C) Naïve CD4+ T cells were stained with Dapi, and cell cycle analysis was measured by flow cytometry. (D, E) The quantifications of the G1, S, and G2 percentages in WT and E134G mice, as well as, (E) WT and K215M mice (n=3). (F) Naïve CD4+ T cells were stimulated by anti-CD3 and anti-CD28 (2μg/mL) for 48 hours. Apoptotic cell populations (Live-Dead- Annexin+) from WT, E134G, and (G) K215M mutant mice are shown (left). The quantifications of apoptotic cells in WT, E134G, and K215M mutant mice were shown in the right panel (n=3). (H, I) Naïve CD4+ T cells were activated and differentiated in the presence of anti-CD3, anti-CD28, and cytokines for 5 days. IFN-γ and IL-17 expression in WT and E134G CD4+ T cells, as well as (I) WT and K215M CD4+ T cells, were analyzed by flow cytometry (left). The quantifications of IFN-γ+ Th1 cells (right) (n=3). (J, K) IL-4 and IL-17 expression in WT and E134G CD4+ T cells, as well as (K) WT and K215M CD4+ T cells, were analyzed by flow cytometry (left). The quantifications of IL-4+ Th2 cells (right) (n=3). (L, M) IL-17 and IFN-γ expression in WT and E134G CD4+ T cells, as well as (M) WT and K215M CD4+ T cells, were analyzed by flow cytometry (left). The quantifications of IL-17+ Th17 cells (right) (n=3). (N, O) CD25 and FoxP3 expression in WT and E134G CD4+ T cells, as well as (O) WT and K215M CD4+ T cells, were analyzed by flow cytometry (left) (n=3). The quantifications of CD25+ FoxP3+ iTreg cells (right). Data represent the mean ± SEM of n>3 biological replicates. *P<0.05, **P<0.01, ****P<0.0001; P values were determined using unpaired two-tailed Student’s t-tests.



After activation, CD4+ T cells differentiated into different helper T cells under distinct immune microenvironments. We evaluated the differentiation potential of WT and CARD11 mutant CD4+ T cells under distinctively skewed conditions toward Th1, Th2, Th17, and iTreg, respectively. E134G mutant cells show defective Th1 differentiation (Figure 2H). K215M mutant cells have enhanced Th1 differentiation potential (Figure 2I). For the Th2 cells, both the E134G and K215M mutants increased their differentiation, and the K215M mutant had the best Th2-induction potential (Figures 2J, K). The E134G mutant also downregulated Th17 differentiation, but the level was minimal (Figure 2L). The K215M mutant does not affect Th17 cell differentiation compared to the WT control (Figure 2M). Finally, iTreg differentiation did not change in E134G mutant CD4+ T cells, but K215M mutant cells show reinforced iTreg differentiation (Figures 2N, O).

In summary, CARD11 mutants have no impact on CD4+ T cell activation, proliferation, or apoptosis but partially change CD4+ T helper cell differentiation potential.





CARD11 regulates tTreg development through the AKT/FOXO1 pathway

Previous studies demonstrated that CARD11 mutations impact B cell development and differentiation through the AKT/FOXO1 signal axis rather than the NF-κB pathway (25). Therefore, we wonder whether the same regulatory mechanism impacts T cells, especially tTreg development. We purified naïve CD4+ T cells from WT and Card11 mutant mice, followed by in vitro stimulation with anti-CD3/CD28 antibodies. Then, we evaluated the downstream TCR signal transduction by measuring the phosphorylation of critical signal proteins at indicated time points. Phosphorylated FOXO1 was detected in WT CD4+ T cells after 15 minutes of TCR stimulation. The E134G mutant cells showed increased AKT activation, reflected by stronger phosphorylation at T308 and S473 amino acids. Reinforced AKT activation further exacerbates FOXO1 phosphorylation, which will destabilize FOXO1 protein and interrupt downstream target gene expression (Figure 3A). By contrast, the K215M mutant represented an opposite influence on signal transduction, in which phosphorylation of AKT and FOXO1 after TCR stimulation was alleviated (Figure 3B).




Figure 3 | CARD11 regulates tTreg development through the AKT/FOXO1 pathway. (A, B) Naïve CD4+ T cells from WT and E134G mice and (B) WT and K215M mice were stimulated with anti-CD3 and anti-CD28 (2μg/mL) at different time points. The phosphorylations of AKT (T308), AKT (S473), and FOXO1 were measured by western blot. (C) CD4+ SP Thymocytes of WT and E134G mice, as well as (D) WT and K215M mice, were intracellularly stained for p-AKT (T308) and analyzed by flow cytometry (left). The quantifications of pAKT (T308) MFI in WT and Card11 mutant mice (right) (n=3). (E) WT and E134G BM hematopoietic stem cells were transduced with empty retrovirus or FOXO1 overexpression retrovirus, respectively, and then applied to BM chimeras. Six weeks later, GFP+ CD4+ CD25+ FoxP3+ Treg cells in the spleens of recipient mice were analyzed by flow cytometry (left). The quantifications of Treg cells are shown in the right panel. (n=5). Data represent the mean ± SEM of n>3 biological replicates. *P<0.05, ***P<0.001; P values were determined using unpaired two-tailed Student’s t-tests.



To confirm that CARD11 mutants changed the AKT/FOXO1 signal pathway in vivo, we collected the CD4+ SP T cells from the thymus and directly measured the AKT phosphorylation by flow cytometry. We found CD4+ SP thymocytes in E134G mutant mice showed elevated phosphorylation levels of AKT (Figure 3C). On the contrary, the K215M mutant CD4+ SP thymocytes had reduced AKT and FOXO1 phosphorylation (Figure 3D). These data demonstrate that the E134G and K215M mutants have the opposite impact on the AKT signal axis in CD4+ T cells.

Finally, we tested whether the aberrant AKT signal pathway in E134G mutant CD4+ T cells was responsible for the defective tTreg development. As the critical downstream target of the activated AKT signal pathway, FOXO1 is phosphorylated and degraded by the proteasome (26). We applied bone marrow (BM) chimeric mouse models to overexpress exogenous FOXO1 in E134G-mutated hematopoietic stem cells by retroviral transduction. After 8 weeks of reconstitution, we collected the thymus from chimeric mice and evaluated the tTreg development. Extra FOXO1 did rescue the tTreg development defects in E134G mutant cells (Figure 3E). These findings support the idea that CARD11 mutants regulate the development of tTreg independently of NF-κB.





CARD11 mutation patients have Treg defects and autoimmune phenotypes in vivo

Although transgenic mice with BENTA-associated CARD11 mutations show tTreg development defects, whether the BENTA patients represent the same phenotype is unclear. Therefore, we set up a small PID cohort to recruit patients carrying CARD11 mutations and verify the functional effects of those mutations on the Treg lineage.

According to the clinical and lab investigations, we finally confirmed 5 PID patients whose symptoms and genetic modifications were similar to those previously reported in CARD11 mutant patients (Figure 4A; Table 1). P1 in this cohort had a CARD11 heterozygous mutation at G126D located in the Latch domain (27), where most BENTA-associated CARD11 mutants were initially discovered. The G126D mutant was reported in one BENTA patient published before (28) and induced an autonomously activated NF-κB pathway (27). Mutations in the other four patients are at the C-terminal of the CARD11 protein. The P2 (Q679L) and P3 (S694L) mutations are in the PDZ domain. P4 (R848C) and P5 (R1104Q) mutants are in the SH3-GUK domain. Although all five patients had an elevated percentage of transitional B cells, a type of immature B cells (Figure 4B; Table 2), only P1 represents the B cell lymphocytosis phenotype that is frequently observed in BENTA patients (Table 2). The other four patients have normal quantities of B cells in their peripheral blood (Table 2). Patients have an average naïve T cell population in their PBMC, indicating normal conventional T cell development. All the other immune cell types are in the normal range (Table 2). After PMA treatment to mimic the antigen stimulations, CD4+ T cells from one healthy control and patient P4 showed upregulated AKT S473 phosphorylation, and cells from P4 showed higher AKT activation (Figure 4C). It recapitulates the hyper-activated AKT signaling in CD4+ T cells from E134G mutant mice. Then, we collected the peripheral blood from 3 patients (P1, P2, and P4) and evaluated their Treg population by flow cytometry. Healthy control samples always showed that 5-10% of the total CD4+ T cells are FoxP3+ CD25+ Tregs. However, all 3 patients have less Tregs in their peripheral blood (Figure 4D; Table 2). These results suggest that patients with pathogenic CARD11 mutations also have defective Treg populations, as in mouse models. We also evaluated AKT T308 phosphorylation and NF-κB activation by transfecting cells with patient-derived CARD11 mutant plasmids. In contrast to WT, overactivated phospho-AKT (T308) was observed in human T cells transfected with CARD11 mutant plasmids (Figures 4E, F). However, there was no significant difference in CARD11 mutants (P2-P5) induced NF-κB activation in a GFP-based reporter assay compared to WT CARD11 (Figure 4G).




Figure 4 | CARD11 mutation patients have Treg defects and autoimmune phenotypes in vivo. (A) Schematic of CARD11 protein domains showing the location of mutations identified in patients. (B) CD24 and CD38 expression on B cells in PBMCs of patients and healthy controls. The black frame indicates the population of transitional B cells. (C) The p-AKT (S473) was evaluated on CD4+ T cells in PBMCs of healthy control and P4 (R848C) before and after PMA stimulation. The number indicates the MFI of each group. (D) CD25 and FoxP3 expression on CD4+ T cells in PBMCs of patients and healthy controls. The black frame indicates the population of Treg cells. (E) Plasmids expressing the CARD11 mutants from patients were transfected into human T cells, and the p-AKT (T308) was evaluated by flow cytometry. (F) The quantification of the MFI of p-AKT (T308). (G) The CARD11 mutants from these patients were transfected into HEK-293T cells with NF-κB reporter plasmids. The reporter GFP expression was evaluated by flow cytometry. (H) Hematoxylin and eosin (HE) staining images of the colon, lung, and skin. The dark box indicates lymphocyte infiltration, and the data represent the mean ± SEM of n>3 biological replicates.




Table 1 | Clinical characteristics of patients at diagnosis.




Table 2 | Immunological characteristics.



Tregs play an essential role in preventing autoimmune pathology in vivo. Since CARD11 mutants in patients cause Treg development defects, we wonder whether autoimmune syndromes are present. P1 with the G126D mutation is a typical BENTA patient. Like other reported BENTA patients, P1 did not show general autoimmunity but had hemophagocytic syndrome, which is also associated with an overactivated immune system (Table 2). Patients P2, P3, and P4 represented atopic syndrome as observed in CADINS patients with LOF CARD11 mutations (22, 23). P2 showed itching of the eyes, edema of the eyelids, and rubbed eyes repeatedly exposed to pollen, which developed into atopic dermatitis (recurrent itchy skin of the scalp, limbs, and trunk). P3 had recurrent coughing and sneezing. The symptoms were significantly relieved after treatment with glucocorticoids and H1 receptor antagonists. Repeated sneezing, a runny nose, and thickening of the nasal mucosa characterized P4. The symptoms were relieved after treatment with glucocorticoids and leukotriene antagonists (Table 2). We re-checked our mouse models since BENTA patients did not show general autoimmune syndromes. We found that the CARD11 E134G mutant did cause severe inflammatory dermatitis, reflected by severe lymphocyte infiltration and thickened dermal epidermis when those mice reached six months of age. However, no such phenotype was observed in colon and lung tissues (Figure 4H). It suggests that GOF CARD11 mutants also cause abnormal dermatological phenotypes, as do LOF CADINS mutants. Those data indicate that the compromised Treg generation may be the reason for atopy. However, only the skin-specific autoimmune responses indicated that the dermal immune microenvironment is the most sensitive to the tTreg decrease.

In conclusion, CARD11 regulates tTreg development through its NF-κB-independent function. These new findings extend our knowledge about the critical role of CARD11 in immune cell lineage determination and functional differentiation.






Discussion

Scaffold protein CARD11 in T cells transduces the antigen receptor signal to the downstream TFs, initiating T cell activation and differentiation (29). The proximal TCR signal triggers a cascade of kinases to phosphorylate CARD11. It changes its conformation structure from an auto-inhibition state to an active, open state activating NF-κB. Given the crucial role of NF-κB in the immune system, aberrant CARD11 mutations in patients cause many severe immunological disorders (30, 31). Recently, new results indicate that the regulatory function of CARD11 is more complicated than we expected. After investigating distinctive pathogenic CARD11 mutants, data demonstrated that CARD11 modulates other downstream targets besides NF-κB (29, 32, 33). BENTA disease-associated E134G mutant and oncogenic K215M mutant identified from DLBCL have opposite impacts on AKT activations in B cells (25). Another study on the CARD11 L251P mutant implied that CARD11 could regulate the mTOR signal activation (32). These results suggest that CARD11 has diverse regulatory functions in B cells. However, whether these NF-κB-independent functions of CARD11 also impact T cells is unclear.

Card11-deficient mouse models have demonstrated that CARD11 is dispensable for conventional T cell development, but the regulatory T cells are dramatically decreased in the thymus of Card11 KO mice. Without Card11, the Treg development defect recapitulates the phenotypes in NF-κB knockout mice, in which tTreg development was also severely impaired (17, 18). It has proposed that CARD11 regulates tTreg development through its NF-κB regulatory functions. Later, some insightful studies demonstrated that distinctive Card11 mutations influenced Treg development. The CARD11 M365K mutant was initially found in DLBCL. Like many other oncogenic mutants, the M365K mutant induces enhanced NF-κB activation in lymphocytes. The Treg population was significantly increased in the M365K mutant mouse model (34). The R30W CARD11 mutant, found in CADINS patients, is a dominant negative mutant suppressing NF-κB activation. R30W mutant mice had a decreased Treg population (35). The unmodulated mutant mice carrying an L298Q CARD11 mutant, which attenuates the downstream TCR signaling through CARD11, also have a smaller Treg population. Most importantly, R30W and unmodulated mice show elevated IgE and atopic dermatitis (35, 36). The atopic dermatitis phenotype in E134G mutant mice is similar to those in R30W and unmodulated mouse models (35, 36). We have not measured the IgE level in E134G mutant mice. However, Th2 cell differentiation was enhanced in E134G mutant CD4+ T cells.

Since the E134G mutant identified in BENTA disease patients induces an autonomously activated NF-κB in T cells, we initially thought of better Treg generation in E134G mutant mice. Unexpectedly, this GOF CARD11 mutation disrupted the tTreg development similarly to the defects in Card11 deficient mice and R30W, as well as unmodulated mutant mice. Moreover, another oncogenic CARD11 mutant, K215M, inducing a standard NF-κB activation as WT CARD11, significantly increases the tTreg population. These data challenge the view that CARD11 regulates tTreg development through NF-κB. We noticed that the E134G mutant and K215M mutant also gave rise to opposite impacts on AKT signal activation in CD4+ T cells. As in B cells, the E134G mutant enhances AKT activation in CD4+ T cells after antigen engagement. On the contrary, the K215M mutant alleviates AKT activation. Hence, we proposed a new model in which CARD11 regulates tTreg development through the AKT/FOXO1 pathway. Activated AKT phosphorylates FOXO1 and then promotes FOXO1 degradation. FOXO1 is an indispensable TF required for Treg development and differentiation (26). Previous studies have suggested that the absence of Foxo1 in mouse CD4+ T cells dramatically reduced the tTreg generation (37, 38). Therefore, re-introducing exogenous FOXO1 in E134G mutant progenitor cells rescued the tTreg generation, confirming that an NF-κB-independent regulatory pathway mediated by CARD11 is responsible for tTreg development.

However, the puzzle is still not fully solved. Although tTreg development is severely interrupted in E134G mutant mice, no general autoimmunity was observed in the E134G mutant mice except for dermatitis with skin pathology. Moreover, unlike the mouse model, not all the BENTA patients showed autoimmune syndromes and signs of dermatitis. This discrepancy may be due to the haplosufficiency of CARD11 since we have not found a similar skin abnormality in the heterozygous E134G mutant mice either, which may explain the difference between mouse models and patients. Secondly, it emphasizes the complexity of the human immune system, which constantly faces environmental challenges. By contrast, mouse models under specific pathogen-free conditions may not ideally mimic human diseases. Moreover, as a rare disease, the limited number of PID patients also leads to variations. Nevertheless, further studies focusing on the immune microenvironment in the skin may illuminate the answers.

Our study emphasized the importance of CARD11 in the Treg lineage determination. It’s not the NF-κB but the AKT/FOXO1 signal axis regulated by CARD11 and its pathogenic mutants responsible for Treg development. Our findings provide extra clues to understanding the pathogenesis of BENTA, B-cell lymphoma, and other CARD11-related immunological disorders. The proposed model may help develop diagnostic and therapeutic strategies shortly.
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Supplementary Figure 1 | Phenotype analysis of WT, heterozygous, and homozygous mutant mice. (A) Schematic of CARD11 showing the location of E134G and K215M mutations on the distinct protein domains. The color of the mutations indicates the different diseases. (B) The thymus and (C) spleens morphology of WT, E134G, and K215M mutant mice. (D) CD25 and FoxP3 expression on CD4+ T cells in the thymus and (E) spleens of WT, heterozygous, and homozygous E134G mutant mice. (F) CD25 and FoxP3 expression on CD4+ T cells in the thymus and (G) spleens of WT, heterozygous, and homozygous K215M mutant mice. Data represent mean ± SEM of n>3 biological replicates. (H) The absolute counts of tTreg in the spleen and (I) thymus of WT and E134G mutant mice were calculated after collecting a total amount of 300,000 cells. (J) The absolute counts of tTreg in the spleen and (K) thymus of WT and K215M mutant mice were calculated as in (H, I). (L) A total amount of 220,000 cells were collected. The absolute counts of tTreg in the spleen and (M) thymus of WT and CARD11 KO mice were calculated. Data represent the mean ± SEM of n>3 biological replicates.




References

1. Li, X, and Zheng, Y. Regulatory T cell identity: formation and maintenance. Trends Immunol. (2015) 36:344–53. doi: 10.1016/j.it.2015.04.006

2. Li, MO, and Rudensky, AY. T cell receptor signalling in the control of regulatory T cell differentiation and function. Nat Rev Immunol. (2016) 16:220–33. doi: 10.1038/nri.2016.26

3. Shevach, EM, and Thornton, AM. tTregs, pTregs, and iTregs: similarities and differences. Immunol Rev. (2014) 259:88–102. doi: 10.1111/imr.12160

4. Kanamori, M, Nakatsukasa, H, Okada, M, Lu, Q, and Yoshimura, A. Induced regulatory T cells: their development, stability, and applications. Trends Immunol. (2016) 37:803–11. doi: 10.1016/j.it.2016.08.012

5. Xing, Y, and Hogquist, KA. T-cell tolerance: central and peripheral. Cold Spring Harb Perspect Biol. (2012) 4:a006957. doi: 10.1101/cshperspect.a006957

6. Gascoigne, NRJ, Rybakin, V, Acuto, O, Brzostek, J, and Signal Strength, TCR. and T cell development. Annu Rev Cell Dev Biol. (2016) 32:327–48. doi: 10.1146/annurev-cellbio-111315-125324

7. Trujillo-Ochoa, JL, Kazemian, M, and Afzali, B. The role of transcription factors in shaping regulatory T cell identity. Nat Rev Immunol. (2023) 23:842–56. doi: 10.1038/s41577-023-00893-7

8. Lee, V, Rodriguez, DM, Ganci, NK, Zeng, S, Ai, J, Chao, JL, et al. The endogenous repertoire harbors self-reactive CD4+ T cell clones that adopt a follicular helper T cell-like phenotype at steady state. Nat Immunol. (2023) 24:487–500. doi: 10.1038/s41590-023-01425-0

9. Hemmers, S, Schizas, M, Azizi, E, Dikiy, S, Zhong, Y, Feng, Y, et al. IL-2 production by self-reactive CD4 thymocytes scales regulatory T cell generation in the thymus. J Exp Med. (2019) 216:2466–78. doi: 10.1084/jem.20190993

10. Burchill, MA, Yang, J, Vogtenhuber, C, Blazar, BR, and Farrar, MA. IL-2 receptor β-dependent STAT5 activation is required for the development of Foxp3+ Regulatory T cells. J Immunol. (2007) 178:280–90. doi: 10.4049/jimmunol.178.1.280

11. Chen, W, and Konkel, JE. Development of thymic Foxp3 + regulatory T cells: TGF-β matters. Eur J Immunol. (2015) 45:958–65. doi: 10.1002/eji.201444999

12. Oh, H, Grinberg-Bleyer, Y, Liao, W, Maloney, D, Wang, P, Wu, Z, et al. An NF-κB transcription-factor-dependent lineage-specific transcriptional program promotes regulatory T cell identity and function. Immunity. (2017) 47:450–465.e5. doi: 10.1016/j.immuni.2017.08.010

13. Wang, D, You, Y, Case, SM, McAllister-Lucas, LM, Wang, L, DiStefano, PS, et al. A requirement for CARMA1 in TCR-induced NF-κB activation. Nat Immunol. (2002) 3:830–5. doi: 10.1038/ni824

14. Gaide, O, Favier, B, Legler, DF, Bonnet, D, Brissoni, B, Valitutti, S, et al. CARMA1 is a critical lipid raft–associated regulator of TCR-induced NF-κB activation. Nat Immunol. (2002) 3:836–43. doi: 10.1038/ni830

15. Thome, M, and Weil, R. Post-translational modifications regulate distinct functions of CARMA1 and BCL10. Trends Immunol. (2007) 28:281–8. doi: 10.1016/j.it.2007.04.004

16. Thome, M, Charton, JE, Pelzer, C, and Hailfinger, S. Antigen receptor signaling to NF-kappaB via CARMA1, BCL10, and MALT1. Cold Spring Harb Perspect Biol. (2010) 2:a003004. doi: 10.1101/cshperspect.a003004

17. Molinero, LL, Yang, J, Gajewski, T, Abraham, C, Farrar, MA, and Alegre, ML. CARMA1 controls an early checkpoint in the thymic development of FoxP3+ regulatory T cells. J Immunol. (2009) 182:6736–43. doi: 10.4049/jimmunol.0900498

18. Barnes, MJ, Krebs, P, Harris, N, Eidenschenk, C, Gonzalez-Quintial, R, Arnold, CN, et al. Commitment to the regulatory T cell lineage requires CARMA1 in the thymus but not in the periphery. PloS Biol. (2009) 7:e51. doi: 10.1371/journal.pbio.1000051

19. Lenz, G, Davis, RE, Ngo, VN, Lam, L, George, TC, Wright, GW, et al. Oncogenic CARD11 mutations in human diffuse large B cell lymphoma. Science. (2008) 319:1676–9. doi: 10.1126/science.1153629

20. Juilland, M, and Thome, M. Role of the CARMA1/BCL10/MALT1 complex in lymphoid Malignancies. Curr Opin Hematol. (2016) 23:402–9. doi: 10.1097/MOH.0000000000000257

21. Lu, HY, Sharma, M, Sharma, AA, Lacson, A, Szpurko, A, Luider, J, et al. Mechanistic understanding of the combined immunodeficiency in complete human CARD11 deficiency. J Allergy Clin Immunol. (2021) 148:1559–74. doi: 10.1016/j.jaci.2021.04.006

22. Ma, CA, Stinson, JR, Zhang, Y, Abbott, JK, Weinreich, MA, Hauk, PJ, et al. Germline hypomorphic CARD11 mutations in severe atopic disease. Nat Genet. (2017) 49:1192–201. doi: 10.1038/ng.3898

23. Pomerantz, JL, Milner, JD, and Snow, AL. Elevated IgE from attenuated CARD11 signaling: lessons from atopic mice and humans. Curr Opin Immunol. (2022) 79:102255. doi: 10.1016/j.coi.2022.102255

24. Snow, AL, Xiao, W, Stinson, JR, Lu, W, Chaigne-Delalande, B, Zheng, L, et al. Congenital B cell lymphocytosis explained by novel germline CARD11 mutations. J Exp Med. (2012) 209:2247–61. doi: 10.1084/jem.20120831

25. Wei, Z, Zhang, Y, Chen, J, Hu, Y, Jia, P, Wang, X, et al. Pathogenic CARD11 mutations affect B cell development and differentiation through a noncanonical pathway. Sci Immunol. (2019) 4:eaaw5618. doi: 10.1126/sciimmunol.aaw5618

26. Luo, CT, and Li, MO. Transcriptional control of regulatory T cell development and function. Trends Immunol. (2013) 34:531–9. doi: 10.1016/j.it.2013.08.003

27. Chan, W, Schaffer, TB, and Pomerantz, JL. A quantitative signaling screen identifies CARD11 mutations in the CARD and LATCH domains that induce Bcl10 ubiquitination and human lymphoma cell survival. Mol Cell Biol. (2013) 33:429–43. doi: 10.1128/MCB.00850-12

28. Zhao, P, Meng, Q, Huang, Y, Zhang, L, Luo, S, Zhang, X, et al. Identification and characterization of a germline mutation in CARD11 from a Chinese case of B cell expansion with NF-κB and T cell anergy. Front Immunol. (2021) 12:676386. doi: 10.3389/fimmu.2021.676386

29. Shi, Jh, and Sun, SC. TCR signaling to NF-κB and mTORC1: Expanding roles of the CARMA1 complex. Mol Immunol. (2015) 68:546–57. doi: 10.1016/j.molimm.2015.07.024

30. Lu, HY, Bauman, BM, Arjunaraja, S, Dorjbal, B, Milner, JD, Snow, AL, et al. The CBM-opathies-A rapidly expanding spectrum of human inborn errors of immunity caused by mutations in the CARD11-BCL10-MALT1 complex. Front Immunol. (2018) 9:2078. doi: 10.3389/fimmu.2018.02078

31. Thys, A, Douanne, T, and Bidère, N. Post-translational modifications of the CARMA1-BCL10-MALT1 complex in lymphocytes and activated B-cell like subtype of diffuse large B-cell lymphoma. Front Oncol. (2018) 8:498. doi: 10.3389/fonc.2018.00498

32. Wray-Dutra, MN, Chawla, R, Thomas, KR, Seymour, BJ, Arkatkar, T, Sommer, KM, et al. Activated CARD11 accelerates germinal center kinetics, promoting mTORC1 and terminal differentiation. J Exp Med. (2018) 215:2445–61. doi: 10.1084/jem.20180230

33. Nakaya, M, Xiao, Y, Zhou, X, Chang, JH, Chang, M, Cheng, X, et al. Inflammatory T cell responses rely on amino acid transporter ASCT2 facilitation of glutamine uptake and mTORC1 kinase activation. Immunity. (2014) 40:692–705. doi: 10.1016/j.immuni.2014.04.007

34. Masle-Farquhar, E, Jeelall, Y, White, J, Bier, J, Deenick, EK, Brink, R, et al. CARD11 gain-of-function mutation drives cell-autonomous accumulation of PD-1+ ICOShigh activated T cells, T-follicular, T-regulatory and T-follicular regulatory cells. Front Immunol. (2023) 14:1095257. doi: 10.3389/fimmu.2023.1095257

35. Hutcherson, SM, Bedsaul, JR, and Pomerantz, JL. Pathway-specific defects in T, B, and NK cells and age-dependent development of high IgE in mice heterozygous for a CADINS-associated dominant negative CARD11 allele. J Immunol. (2021) 207:1150–64. doi: 10.4049/jimmunol.2001233

36. Altin, JA, Tian, L, Liston, A, Bertram, EM, Goodnow, CC, and Cook, MC. Decreased T-cell receptor signaling through CARD11 differentially compromises forkhead box protein 3–positive regulatory versus TH2 effector cells to cause allergy. J Allergy Clin Immunol. (2011) 127:1277–1285.e5. doi: 10.1016/j.jaci.2010.12.1081

37. Ouyang, W, Beckett, O, Ma, Q, Paik, Jh, DePinho, RA, and Li, MO. Foxo proteins cooperatively control the differentiation of Foxp3+ regulatory T cells. Nat Immunol. (2010) 11:618–27. doi: 10.1038/ni.1884

38. Kerdiles, YM, Stone, EL, Beisner, DR, McGargill, MA, Ch’en, IL, Stockmann, C, et al. Foxo transcription factors control regulatory T cell development and function. Immunity. (2010) 33:890–904. doi: 10.1016/j.immuni.2010.12.002




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Hu, Han, Xu, Li, Zhao, Lu, Sun and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1364957-g002.jpg
E134G
G1
%g;z
K215M
G1
I

WT
G1
S62
WT
G1
2 |Pe
O.

E134G

Dapi

CFSE

20
1
1

(%)ebejuadiag

. %,
RN

o b oW o
E AR

(%)ebejuadiag

(%)abejuadiag

35
3
2
20

(%)abejuasiad

K215M

Annexin V

K215M

34.1%

K215M

e cw-
(%)abejuaaiad

=i

oo 9 2o 9o o
o ® ® ¥ N

(%)abejuasiag

s

15.2%

K215M

24.5%

peag-onr
0]

(%)abejuasiag

E134G

Annexin V

E134G

9.95%

K215M

(%)abejuasiag

WT

o
—5 )
e[ s
e,
o o @ o o
© © - ~N
(%)abejuaaiag
]
<
®
-
w

WT

peag-oAI
w

22.2%

y
v

L1711






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        CARD11 regulates the thymic Treg development in an NF-κB-independent manner

      

        		

          Introduction

        



        		

          Method

        



        		

          Results and discuss

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Mice

          



          		

            Human samples

          



          		

            Cell preparation from mice and flow cytometry

          



          		

            Western blot

          



          		

            In vitro activation and differentiation of naïve CD4+ T cells

          



          		

            Human T cell transfection

          



          		

            NF-κB induced GFP reporter assay

          



          		

            Treg suppression assay

          



          		

            Retroviral transduced bone marrow chimera mouse model

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Pathogenic CARD11 mutants have distinct impacts on tTreg development

          



          		

            CARD11 mutations have distinct influences on CD4+ T cell differentiation

          



          		

            CARD11 regulates tTreg development through the AKT/FOXO1 pathway

          



          		

            CARD11 mutation patients have Treg defects and autoimmune phenotypes in vivo

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
mphocyte subpopoulation
T cells %
T cell counts (cells/uL)

Th cells (CD3"CD4")%

Th cell counts (cells/uL)

Naive Th cells (CD4"CD45RA*CD27")
Central memory Th cells (CD4*CD45RA"CD27")
Effector memory Th cells (CD4*CD45RA"CD27°)

Cytotoxic T cells (CD3'CD8")
Cytotoxic T cell counts (cells/uL)

Naive cytotoxic T cells (CD8'CD45RA*CD27")
Central memory cytotoxic T cells (CD8'CD45RACD27")
Effector memory cytotoxic T cells (CD8'CD45RA'CD27°)

CD4/CD8
TCRof+ double negative T cells (CD3*CD4'CD8")%
B-cell (CD19%)%
B-cell counts (cells/uL)
Naive B cells (CD19'IgD*CD27")
Memory B cells (CD19*IgD"CD27")
Transitional B cells (CD19'CD24'CD38")
Transitional B cell counts (cells/uL)
Plasmablasts
NK cell (CD16'CD56")%
Regulatory T cell(CD4*CD25FoxP3*)%
Regulatory T cell Counts
NK cell counts (cells/uL)
Immunoglobulin
1gG (g/L)
IgA (g/L)
1gM (g/L)

IgE (g/L)

The symbol “ |”means that decrease and "1" means that "increase”.

il
37.081
17119
21184
977.95

75

237

12)
14.08)
649.86

63.8

831

93

15

54
57.711

2663.951
97.81
01]
29.81
793.861
04]
465]
24}
2347

214.52|

9.8
014}
0.95

21.6

P2
3374
927.1]
15650
43007}
811
182
071
1418}
389.53]
87.71
1174
051
11
263]
45931
1262011
95.81
0651
43.11
543.931
061
18.67
19]
8.17)

51291

9.13
0.99
1.66

32111

RS
7241
1775
38.03
93222
718
228
54
26.95
660.72
80.81
15.1
354
141
585
19.21
47082
94.21
1.36]
26.91
126.651
09
6.85]
NA
NA

167.93]

461
055
035

423.71

P4
76.94
2503.7
3271
1064.8
654
273
60
39.361
1280.781
694
123
34
0.83)
108
16
52057
67.7
8.5
26.61
138471
45
62]
330
35.14

201.62)

8.02
0.78
0.89

352

P5
6536
19232
38.99

1147.29
7931
199]

081
2223
654.09
87.51
6681

18

175

7.45
1952
547.4
95.41
0.75]
2481

135.831
0.61
13.64
NA
NA

401.48

6.36
035
021}

11

ference values
60.05-74.08
1424-2664
24.00-38.72
686-1358
45.56-75.28
22.06-46.46
1.08-8.78
19.68-34.06
518-1125
41.58-77.90
12.08-30.54
1.58-13.18
0.87-1.94
4-55
10.21-20.12
280-623
48.36-75.84
7.76-19.9
2.58-12.3
10-66
0.9-7.36
9-22.24
5-10
343-135.8

258-727

4.95-12.74
0.33-1.89
0.65-2.1

<100





OEBPS/Images/fimmu-15-1364957-g004.jpg
A CARD11
P1:G126D P2:Q679L  P4:R848C P5:R1104Q

» CD38 —— > p-AKT(S473)

P3:5694L
B c
Control-1 Control-2 P1:G126D P2:Q679L P-AKT(S473)
N
8 339 Control
‘ 457 ) P4:R848C
\ 302 Control
0,
% 076 P4:R848C
D

Control-1 Control-2 P1:G126D P2:Q679L P4:R848C

——» CD25

E F G
p-AKT(T308) NF-kB reporter
700 :
" e /\T 45.5%
: 650 - /\; . 45.5%
P1:G126D _ w1 ,./fr\ 70.3%
P2:Q679L £ 600 Leesll : 80.2%
P2:Q679L i o
B3:56041 550 P3:5694L /N%J'“\64:3%
P4:R848C 500 P4:R848C A‘ \I’:_Z\GQ.W
P5:R1104Q LoV P&:R1104Q [ ) L T1.0%
——» GFp
H
WT

E134G





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1364957-g001.jpg
A Thymus

WT KO
5 15
8 ;\? § Fokokok
2.88% - 0.12% T %10 =
[1 | ¢ 8
I ° g °
e @
o
o 0
$ @
. koK
g kol
g g3
& g 2
o o
2 e
0 é\ ~
Q)
&
15
;\;\ I § Qso ****I
g101: 5] 9.55% 30.5% a0 .
g §ao
8 5 J & 20
@ b 5}
10
<, g
& e S e ° & &
Q:‘”’ »FoxP3 *3}"
G E134G H E134G 1 K215M J K215M K
Treg in Thymus Treg in Spleen Treg in Thymus Treg in Spleen
sk 10 Kok *kk
Az.s - Kkkk
£ 20 S g° r =¥ b bl
g, i % T4 ESO £ 90 ns| -o- E134G HE
g 15 8 6 33 o T - K215M
c c - c20 2 3
o 4 s & g %
510 : 2 : :
£ 05 52 2 510 e 70
o o =
0.0 0 0 0 Py 60
é\ &o“p 6\ Qg’o‘tp {S\ Qs"oéo é\ & o*o 0:8 1:8 14 12 11
S S > A





OEBPS/Images/fimmu-15-1364957-g003.jpg
WT E134G WT K215M

Min. 0 15 30 60 0 15 30 60 Min 0 15 30 60 0 15 30 60

PAKT(T308) [ wr= ==@ www = 'www www wmw|  PAKT(T308) | sew g ge = ==

AKT(S473) [ o e o v wem|  paKT(5473) [ e WL ]

c Thymus D Thymus
p-AKT(T308) p-AKT(T308) PAKT(T308)
2.0 12 .
= - = _c
3 E1s 3 z 'é 1.0
o =2 8 =2
2310 =208
£ 23
©os =06
0.0
7 .y S q:p‘“
p-AKT(T308) p-AKT(T308) ¥
E GFP+(WT) GFP+(E134G) Treg
MSCV FOXO1 MSCV FOXO1 -
0 <15 1
a ] T
O D 1 | 210
] 7~ £
Al i <
@ 9.4% T 06% g
S/ ] : 5|
‘ . 0
» FoxP3 Y N

%,
%
A
%





OEBPS/Images/table1.jpg
Onset “ Recurrent P Other
Mutation RPTI Arthriti Lymph: n h H tomegal) lenom 1\ 5
age 2L fever s Lymphadenopathy Hepatomegaly = Splenomegaly ocentations
w| s o <377GoA o - o o Yes ceris ngaen e " Hemophagocytic
p.GI26D and enterococlia) syndrome
< 2036A>T Yes(allergic dermatits, Patent
2 1 ¢ N ‘
2| e o PQS7IL b s allergic rhinitis) e Ra o e ductus arteriosus
C20816T . .
P Male 21m S Yes Yes Yes (asthma) No No No No No
< 25020T .
P Male 12m S siic Yes Yes | Yes(rash and allergic rhinitis) Yes Yes(cervix) No No No
PS | Male $m 331G Yes Yes No No Yes (cervix and inguen) No No No
pRI0IQ

RRT, recurrent respiratory tract infections.





OEBPS/Images/fimmu.2024.1364957_cover.jpg
& frontiers | Frontiers in Immunology

CARD11 regulates the thymic Treg
development in an NF-kB-independent
manner





