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In T cells, processes such as migration and immunological synapse formation are accompanied by the dynamic reorganization of the actin cytoskeleton, which has been suggested to be mediated by regulators of RhoGTPases and by F-actin bundlers. SWAP-70 controls F-actin dynamics in various immune cells, but its role in T cell development and function has remained incompletely understood. CD4+ regulatory T (Treg) cells expressing the transcription factor Foxp3 employ diverse mechanisms to suppress innate and adaptive immunity, which is critical for maintaining immune homeostasis and self-tolerance. Here, we propose Swap-70 as a novel member of the Foxp3-dependent canonical Treg cell signature. We show that Swap-70-/- mice have increased numbers of Foxp3+ Treg cells with an effector/memory-like phenotype that exhibit impaired suppressor function in vitro, but maintain overall immune homeostasis in vivo. Upon formation of an immunological synapse with antigen presenting cells in vitro, cytosolic SWAP-70 protein is selectively recruited to the interface in Treg cells. In this context, Swap-70-/- Treg cells fail to downregulate CD80/CD86 on osteoclast precursor cells by trans-endocytosis and to efficiently suppress osteoclastogenesis and osteoclast function. These data provide first evidence for a crucial role of SWAP-70 in Treg cell biology and further highlight the important non-immune function of Foxp3+ Treg cells in bone homeostasis mediated through direct SWAP-70-dependent mechanisms.
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Introduction

Foxp3+ regulatory T (Treg) cells are indispensable for the maintenance of immunological self-tolerance and homeostasis. While the majority of Treg cells in the periphery are thymus-derived (thymic Treg cells; tTreg cells), a proportion is generated extrathymically at peripheral sites (peripherally generated Treg cells; pTreg cells) (1–3). Treg cells are able to control immune responses by suppressing proliferation, activation, differentiation and effector function of various types of immune cells (4–7), whereby they protect the body against autoimmune diseases and excessive inflammation. In addition, there is increasing evidence that Treg cells exert key non-immune functions, including controlling metabolic and regenerative processes, the differentiation of hematopoietic stem cells, and the function of osteoclasts, bone resorbing cells and central mediators of skeletal diseases (8–11). Though it is now generally recognized that the interplay of bone and immune system has a crucial impact on health and disease, the exact function of Treg cells in bone homeostasis remains elusive.

Foxp3+ Treg cells are equipped with multiple mechanisms required to suppress target cells in a cell contact-dependent and/or -independent manner (12). While it has been suggested that Treg cells have the ability to suppress osteoclastogenesis in vitro, the mechanisms of suppression are still incompletely understood and controversially discussed: Some reports identified inhibitory cytokines as main players in Treg cell-mediated suppression of osteoclastogenesis (13–15), while other studies proposed cell-cell contact-dependent mechanisms (15–18). Since osteoclasts are derived from hematopoietic precursors, express a variety of immune receptors and are regulated similarly to dendritic cells (DCs) and macrophages, it has been proposed, that osteoclasts play a role in the active regulation of the immune system and can act for example as antigen presenting cells (APCs) (19–21). In this context, it was suggested that, similar to DCs, osteoclast progenitors express on their surface the costimulatory molecules CD80 and CD86, and that Treg cells can control osteoclastogenesis via engagement of CD80/CD86 by CTLA-4 (9, 22).

Appropriate Treg cell positioning in the tissue is the prerequisite for effective suppressive capacity in vivo. Migration and homing of Foxp3+ Treg cells to their anatomical sites of action, and the in situ retention of Treg cells upon immune synapse formation with tissue-resident APCs are driven by dynamic changes in the actin cytoskeleton (23, 24). SWAP-70 has been described as a unique F-actin regulatory protein, which binds and bundles F-actin (25), and has several non-redundant functions in various hematopoietic cells such as polarization (26), endocytosis (27), integrin-mediated adhesion (28, 29), migration (30), and homing (26). In many of these cell types, it was observed that SWAP-70 localizes to sites of active F-actin rearrangement (31–36). Swap-70-/- mice exhibit an osteopetrotic phenotype, characterized by increased bone mineral density caused by decreased resorptive activity of osteoclasts defective in F-actin ring formation (31, 35). In addition, earlier studies suggested that Swap-70 might represent a previously unappreciated member of the Treg cell signature (37). This initial observation prompted us to hypothesize that the control of osteoclast differentiation and function by Treg cells could represent an additional, non-mutually exclusive mechanism underlying the dysregulated bone homeostasis in Swap-70-/- mice. Here, we report on the identification of functional defects in SWAP-70-deficient Foxp3+ Treg cells and their impact on T cell homeostasis and interaction with osteoclasts.



Materials and Methods


Mice

Foxp3GFP mice (38) were crossed to Swap-70-/- mice (39) to generate Swap70-/- x Foxp3GFP mice. Foxp3RFP/GFP mice expressing the Cre recombinase GFP (GFP-Cre) fusion protein as a Foxp3 BAC transgene and the RFP reporter from an internal ribosome entry site (IRES) downstream of the Foxp3 coding region (Foxp3IRES-RFP) have been previously described (40). Foxp3GFP mice were bred to 2D2 mice (Jackson Laboratory), expressing the transgenic, self-reactive Vα3.2 (2D2) T cell receptor (TCR) specific for myelin oligodendrocyte glycoprotein [MOG, (41)] to generate Foxp3GFP x 2D2-MOG mice. Foxp3GFP x 2D2-MOG mice were then bred with Swap70-/- mice to obtain Swap70-/- x 2D2 x Foxp3GFP mice. All mice were on C57/BL6 background and were housed and bred either at the animal facility of the CRTD, TU Dresden or the Experimental Center of the Medizinisch-Theoretisches Zentrum, TU Dresden. Animal experiments were performed as approved by the Regierungspräsidium Dresden (AZ 24-9168.24-1/2014-5, 24-9168.24-1/2014-1).



Flow Cytometry and Cell Sorting

Single cell suspensions of thymus, spleen, mesenteric lymph nodes (mesLN) or pooled subcutaneous LN (scLN) (Lnn. mandibularis, Lnn. cervicales superficiales, Lnn. axillares et cubiti, Lnn. inguinales superficiales, and Lnn. subiliaci) were prepared using 70 µm cell strainers (BD Biosciences). DCs were isolated by enzymatic digestion of spleen slices using 0.2 mg/ml Dispase I (Roche), 0.2 mg/ml Collagenase D (Roche) and 25 µg/ml DNase (Qiagen) for 10 min at 37°C and labeled with biotinylated α-CD11c Abs, streptavidin-conjugated microbeads and fluorochromes for enrichment with the AutoMACS Pro magnetic cell separation system. Primary bone marrow-derived macrophages (BMMs) were isolated from long bones of C57BL/6 mice. Bones were rinsed with PBS containing 5% FCS (v/v) and 2 mM EDTA (Thermo Fisher, Invitrogen), followed by lysis of erythrocytes and filtration through a 100 µm mesh. Fluorochrome-conjugated antibodies against CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7), CD11b (M1/70), CD11c (HL3), CD25 (PC61, 7D4), CD38 (90), CD44 (IM7), CD45.1 (A20), CD62L (MEL-14), CD69 (H1.2F3), CD80 (16-10-A1), CD86 (GL1), CD103 (M290), CD134/Ox40 (OX-46), cfms (AFS98), ICAM1 (eBioKAT-1), ICOS (7E.17G9), KLRG1 (2F1), Ly6c (HK1.4), Nrp1 (761705), TCRb (H57-597), CTLA-4 (UC10-4F10-11), Helios (22f6), SWAP-70 (polyclonal) were purchased from BD, eBiosciences or Novus Biologicals. For some experiments, cells were labeled with 5 µM eFluor670 cell proliferation dye (eBiosciences). Surface marker expression of CD62L and CD44 was employed to characterize naïve (CD62L+CD44-), effector-memory (CD62L-CD44+) and central memory (CD62L+CD44hi) CD8+ T cell subsets, as well as naïve (CD62L+CD44-) and memory-type (CD62L-CD44+) CD4+ Tcon/Treg cell subsets.

Biotin-conjugated mAbs were additionally labeled with Streptavidin-PE-Cy7 or Streptavidin-ef450 (BD Biosciences, eBiociences). The polyclonal rabbit anti-SWAP-70 antibody (produced in our lab or purchased from Novus Biologicals) was conjugated with α-chain IgG-AF647 (Thermo Fischer, Invitrogen). Prior to cell sorting, cells were enriched for CD4+ or CD25+ cells using biotinylated mAbs directed against CD4 or CD25, respectively, streptavidin-conjugated microbeads + fluorochromes and the AutoMACS Pro magnetic cell separation system (Miltenyi Biotec). Where indicated, CD3-, CD4- and CD8-depleted splenocytes were used as APCs. For flow cytometric analysis, samples were analyzed on a LSRII or LSR Fortessa. Cell sorting was performed using a FACS Aria II, FACS Aria III or FACS Aria Fusion system (all BD). Cell-cell interactions and/or subcellular localization of Ags detected by fluorochrome-labeled Abs were analyzed by imaging flow cytometry (Amnis Imagestream X Mark II).



T Cell Culture

T cells were cultured in RPMI complete, consisting of RPMI 1680 medium supplemented with 1 mM Sodium pyruvate, 1 mM HEPES, 2 mM Glutamax, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 100 µg/ml Gentamycin, 0.1 mM non-essential amino-acids, 0.55 mM β-mercaptoethanol and 10% FCS (v/v) (all Thermo Fisher, Life Technologies). If not stated otherwise, T cells were cultured in 96-well round-bottom plates (Greiner) at 37°C and 5% CO2 (Hera Cell 240, Thermo Fisher Scientific) in 200 µl RPMI complete medium. For short-term stimulation, ex vivo sorted cells were cultivated for 4 h in the presence of 50 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich) and 200 ng/ml ionomycin (Iono, Calbiochem). Where indicated, 2 μM cyclosporine A (CsA, Sigma Aldrich) was added 1 h prior to stimulation. For polyclonal TCR stimulation, ex vivo FACS-purified T cells were cultured in RPMI complete in the presence of Mouse T-Activator CD3/CD28 Dynabeads (Gibco, Thermo Fisher Scientific). For some experiments, 100-1000 U/ml human recombinant IL-2 (Teceleukin, Roche) was added, as indicated. Ag-specific stimulation of 2D2 receptor expressing T cells was performed in the presence of purified DCs (DC: Treg:Tcon cell ratio 1:5:5) and 10 µg/ml MOG35-55 peptide (H-Met-Glu-Val-Gly-Trp-Tyr-Arg-Ser-Pro-Phe-Ser-Arg-Val-Val-His-Leu-Tyr-Arg-Asn-Gly-Lys-OH, JPT Peptide Technologies). T cells were cultured for 48 h in 96-well round-bottom plates at 37°C and 5% CO2 in 200 µl RPMI complete medium.



In Vitro Suppression Assay

The suppressive capacity of Foxp3+ Treg cells was assessed in co-culture with T responder (Tresp) cells. To this end, CD4+Foxp3GFP-CD25-CD44-CD62L+ Tresp cells were FACS-purified and labeled with eFluor670 proliferation dye. CD4+Foxp3GFP+CD25+/- Treg cells were FACS-purified from CD4 bead-enriched LNs (mesLN, scLN) and spleen. 5 x 104 Tresp cells were co-cultured with 2.5 x 105 irradiated APCs and Treg cells in different ratios and in the presence of 1 µg/ml soluble α-CD3ϵ. Tresp cell proliferation and CD25 expression was assessed at indicated time points by flow cytometry.



Co-Cultivation of Foxp3+ Treg Cells and Osteoclasts

FACS-purified CD4+CD25+Foxp3GFP+ Treg cells were TCR-stimulated for 24 h in the presence of 2 α-CD3/CD28-coated beads/cell and 1000 U/ml IL-2 (Teceleukin, Roche) in RPMI complete. BMMs were seeded in minimal essential α-Medium (α-Mem, Merck, Biochrom) supplemented with 20% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM glutamine (all Thermo Fisher, Life Technologies) and 25 ng/ml M-CSF 12 h before activated Treg cells and freshly isolated 20 Gy irradiated anti-CD3/CD4/CD8-depleted splenocytes were transferred to the BMM culture. At day 0, osteoclast differentiation medium (α-Mem with 20% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin, 25 ng/ml M-CSF, 40 ng/ml RANKL) and 5 µg/ml α-CD3ϵ was added. The osteoclast differentiation medium was exchanged at day 2 and 5 and supplemented with fresh α-CD3ϵ. M-CSF was obtained from sterile filtrated L929-M-CSF-conditioned medium (42), human soluble RANKL was produced by recombinant expression in Pichia pastoris, kindly provided by B. Hoflack (Biotechnology Center Biotec, Technische Universität Dresden). Cells were stained for tartrate-resistant acid phosphatase (Acid phosphatase, Leukocyte kit, Merck, Sigma Aldrich) at day 6-7 according to the manufacturer’s protocol, imaged by light microscopy (Apotome inverse, Zeiss) and analyzed with Cell Profiler V.3.0. For some experiments, the cells were harvested at indicated time points and analyzed by flow cytometry or imaging flow cytometry (Amnis Imagestream X Mark II), respectively.



CTX Elisa

Pre-osteoclast-Treg cell co-culture was seeded on bovine bone slices (#1BON1000, Nordic Bioscience) at different ratios (Treg cell: monocyte ratio: 1:100, 1:10, 1:5; control: without Treg cells). The cell culture supernatants were harvested on day five of the co-culture and carboxy-terminal collagen crosslinks (CTX) concentrations were determined from one sample of each titration step by (CTX-I) ELISA (IDS) and Tecan infinite 200Pro (Tecan i-control V 1.10.4.0 Software) according to the manufacturer’s recommendations. Samples were diluted according to the protocol.



Scanning Electron Microscopy

The bone slices were harvested at day 7, fixed in 1% glutaraldehyde in PBS followed by dehydration in a graded ethanol series and critical point drying using the Leica CPD300 drier. Dried samples were mounted on 12 mm aluminium stubs using conductive carbon pads as a substrate and sputter coated with gold (Baltec SCD 050). The samples were analyzed by a table top scanning electron microscope (Hitachi TM 1000) running at 15kV acceleration voltage and using a backscatter electron detector.



Gene Expression Analysis

Total RNA was extracted from 1-5 x 105 FACS-purified cells from pooled scLN, mesLN and spleen with the RNeasy Micro kit (all Qiagen) according to the manufacturer’s protocol. For quantitative RT-PCR, cDNA was synthesized according to the manufacturer’s recommendations (SuperScript II reverse transcriptase and Oligo-d(T) primers from Invitrogen). The expression levels of mRNA transcripts were determined using the QuantiTect SYBR Green PCR Kit (Qiagen), a Mastercycler ep realplex thermal cycler (Eppendorf) and the following primers: Cd4: 5’-CTC ACA GGT CAA AGT ATT GTT G-3’; 5’-GAG AGT CAG CGG AGT TCT C-3’; CD25: 5’-ACC ACA GAC TTC CCA CAA CCC ACA-3’; 5’-CGC TCA GGA GGA GGA TGC TGA TGA-3’; Foxp3 5’-CCC AGG AAA GAC AGC AAC CTT-3’; 5’-CAA ACA GGC CGC CGT CTG GAG CC-3’; Il-2: 5’-CCT GAG CAG GAT GGA GAA TTA CA-3’; 5’-TCC AGA ACA TGC CGC AGA G-3’; Swap-70: 5’-ATG TGA GCG AGG ATC TGA AAG-3’; 5’-ATG GTG GAG TAA ATG GCC TG-3’. Expression levels were normalized to Gapdh or HPRT, as indicated (Gapdh: 5’-TGT GAT GGG TGT GAA CCA CGA GAA -3’; 5’-GAG CCC TTC CAC AAT GCC AAA GTT-3’; HPRT: 5’-GTC AAC GGG GGA CAT AAA AG-3’; 5’-AGG GCA TAT CCA ACA ACA AAC-3’).



Statistical Analysis

Statistical significance was assessed using Prism 6.07. For statistical analysis of two groups, student’s t-test was applied. Differences were considered as significant when: * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; or **** P ≤ 0.0001.




Results


Swap-70 Is Constitutively Expressed in Foxp3+ Treg Cells and Up-Regulated Upon TCR-Mediated Stimulation in Initially Naïve Swap-70- CD4+ Tcon

Consistent with a previous study (37), qPCR analysis of FACS-purified T and B cell populations from pooled peripheral lymphoid organs revealed that Swap-70 expression in truly naïve CD4+ T cells (CD25-Foxp3GFP-CD62L+CD44-) was at the limit of detection, but significantly increases upon short-term stimulation with PMA/Ionomycin in vitro. Notably, Swap-70 expression was comparable in short-term stimulated and antigen-experienced memory-type CD4+ T cells (CD25-Foxp3GFP-CD62L-CD44+) (Figure 1A, right). As expected, Il2ra mRNA was constitutively expressed in naïve and memory-type Treg cells and up-regulated in CD4+ Tcon upon short-term stimulation, while Foxp3 expression was restricted to Treg cells (Figure 1A left, middle). Swap-70 mRNA was constitutively expressed in naïve and memory-type Foxp3+ Treg cells, with similar expression levels. By comparison, Swap-70 expression in short-term stimulated Tcon cells accounted for about 24% of the levels detected in Foxp3+ Treg cells. Due to the known high-level constitutive expression of SWAP-70 in the B cell lineage (43), CD19+B220+ B lineage cells were included for comparison. Notably, expression levels of Swap-70 mRNA in peripheral Foxp3+ Treg cells corresponded to approximately 15% of that of CD19+B220+ B lineage cells (Figure 1A, right).




Figure 1 | Constitutive SWAP-70 expression in Foxp3+ Treg cells and inducible Swap-70 expression in short-term stimulated and memory-type CD4+ Tcon cells. (A) mRNA expression levels of IL2ra, Foxp3 and Swap-70 determined by real-time RT-PCR employing FACS-purified T cell populations (naïve Treg cells, memory-type Treg cells, naïve Tcon cells and memory-type Tcon cells). Where indicated, naïve Swap-70+/+ and Swap-70-/- Tcon were short-term stimulated in vitro in the presence of PMA/Ionomycin. Peripheral B cells were used as positive control. Mean values ± S.D. of relative expression determined in a representative experiment (from three independent experiments) are shown for indicated genes. (B) Flow cytometric protein level analysis of intracellular (IC) SWAP-70 expression in electronically gated thymic and peripheral (scLN, mesLN, and spleen) T cell subsets. B cells were used as positive control. MFIs of samples from 6 individual mice (n=1 for CD19+B220+ B cells) were normalized to Swap-70-/- controls (set to 1). Data are shown as heatmap displaying Swap-70+/+ to Swap-70-/- fold-change values of SWAP-70 expression. See also Supplementary Figure S1. (C) Identification of putative Foxp3, NF-AT, AP1 and zinc finger binding sites in the promoter region of Swap-70 by multiple sequence alignment (left). (D) mRNA expression levels of Swap-70, IL2ra and Il2 of Treg cells (green, red) and Tcon (blue, purple) cells FACS-purified from Swap-70+/+ (green, blue) and Swap-70-/- mice (red, purple) were cultured for 1h in the absence or presence of cyclosporine A (CsA) prior to a 4h stimulation with PMA/Iono as indicated. Mean values ± S.D. of relative expression (n=4 from 2 independent experiments), determined in triplicate, are shown for indicated genes. (E) Representative imaging flow cytometry of co-cultures of FACS-purified Treg cells and Tcon cells expressing the transgenic 2D2 MOG-specific TCR cultured for 48h in the presence of CD11c+ dendritic cells (DCs) (DC: Treg:Tcon cell ratio 1:5:5) and 10 µg/ml MOG peptide. Cell clusters were analyzed for Foxp3GFP, CD11c, TCRβ, CD3 and IC SWAP-70 expression. DC-Treg cell interactions between Swap-70+/+ DCs and Swap-70+/+ Treg cells are shown in both rows.



T cell development and Foxp3+ tTreg commitment occurs in the thymus. Taking advantage of Foxp3GFP reporter mice harboring a GFP-Foxp3 fusion protein reporter knock-in allele allowed us to track Foxp3+ thymocytes which are committed to the tTreg cell lineage by flow cytometry (38).

Intracellular (IC) SWAP-70 staining revealed that in the thymus, SWAP-70 protein was highly expressed in Foxp3GFP+ CD4 single positive (SP) thymocytes, while its expression was not detectable in Foxp3GFP- CD4SP or CD8SP thymocytes (Figure 1B and Supplementary Figure S1). In peripheral lymphoid tissues, SWAP-70 protein was neither detectable in naïve, effector-memory and central memory CD8+.

T cells, nor in naïve and memory-type CD4+ Tcon cells, but was exclusively expressed in CD4+Foxp3+ Treg cells. Within the Foxp3+ Treg cell population, memory-type Treg cells exhibited the highest levels of SWAP-70 expression (Figure 1B and Supplementary Figure S1). While Foxp3GFP expression was readily detectable in both, a fraction of CD4SP thymocytes and of peripheral CD4+ T cells, the two anatomical sites clearly differed in the level of SWAP-70 expression: based on the MFI values of anti-SWAP-70 Ab fluorescence, expression levels of SWAP-70 protein in CD4+Foxp3+ thymocytes were approximately twice as high as in the total CD4+Foxp3+ Treg cell population in the periphery. Normalized MFI values showed that expression levels of SWAP-70 protein in intra- and extrathymic Foxp3+ Treg lineage cells accounted for 4-7% of that of CD19+B220+ B lineage cells (Figure 1B).



Swap-70 mRNA Expression Is Controlled by the Nuclear Factor of Activated T cells (NF-AT)

Next, we sought to gain insight into the transcriptional regulation of Swap-70 in T cells and employed a bioinformatics approach to predict T cell-relevant TF binding sites. Importantly, the Forkhead motif (37) could be identified in close proximity (108 bp), upstream of the transcription start site, implying that Swap-70 is under the direct control of Foxp3. In addition, the NF-AT consensus sequence and a putative binding site for AP-1 were located 135 bp and 292 bp upstream of the transcription start site, respectively. Furthermore, a zinc finger binding motif, which is a putative binding site for TFs of the zinc finger superfamily, such as Ikaros proteins, was located 974 bp upstream from the transcription start site of Swap-70 (Figure 1C).

To determine whether Swap-70 is directly regulated by NF-AT, we assessed the impact of cyclosporine A (CsA) treatment on the up-regulation of Swap-70 in PMA/Ionomycin-stimulated, initially naive CD4+ Tcon and Foxp3+ Treg cells. Our data revealed that PMA/Ionomycin stimulation increased Swap-70 mRNA levels (3-fold compared to unstimulated) while pretreatment with CsA prevented this effect (Figure 1D, left). This response to PMA/Ionomycin stimulation ± CsA is reminiscent of other direct Foxp3 target genes of the Treg signature, such as Il2ra [Figure 1D, middle, (37, 44)]. In addition, we observed that Swap-70-/- Treg cells up-regulated Il2ra mRNA upon PMA/Iono stimulation comparable to their Swap-70+/+ counterparts and that CsA completely abrogates Il2 mRNA transcription in Swap-70+/+ and Swap-70-/- CD4+ Tcon cells (Figure 1D, right). In summary, our results identify Swap-70 as a direct Foxp3/NFAT target and a novel member of the canonical Treg cell signature.



SWAP-70 Is Recruited to the Immunological Synapse of Activated Treg Cells

To address whether SWAP-70 is involved in cytoskeletal rearrangement at the immunological synapse formed between CD4+ Treg/Tcon cells and DCs, we took advantage of 2D2 MOG-specific TCR transgenic Foxp3GFP mice. FACS-purified Foxp3+ Treg cells and CD4+ Tcon cells expressing the transgenic 2D2 TCR were co-cultured in the presence of DCs and MOG peptide. Imaging flow cytometry at day 2 of co-culture revealed that Treg cells could be reliably identified by the expression of TCRβ, CD3 and Foxp3GFP and DCs by CD11c. SWAP-70 was detected in stimulated Foxp3+ Treg cells and DCs, but was barely detectable in stimulated CD4+ Teff cells (Figure 1E and data not shown), which is consistent with our qPCR data (Figure 1A). Analysis of DC-T cell interactions revealed clustered expression of TCRβ and CD3 at the T cell-APC interface, indicating the formation of the central supramolecular activation cluster (cSMAC) of the immunological synapse. In SWAP-70-proficient Treg cells, SWAP-70 was recruited to the immunological synapse and co-localizes with the cluster. These data provide first direct evidence that, upon TCR : MHC/peptide engagement, cytosolic SWAP-70 protein is selectively recruited to the immunological synapse in primary T cells.



Expression of SWAP-70 During the Instructive Phase of tTreg Cell Development

Considering that Foxp3 expression is not a prerequisite of Treg cell lineage commitment, but rather a consequence thereof (45, 46), we next examined SWAP-70 expression in thymocytes that are still lacking Foxp3 protein expression but are already committed to the tTreg cell lineage. To this end, we employed Foxp3RFP/GFP mice (40), which allow to track developmental stages of thymic Treg cell lineage development based on differential GFP and RFP expression. Early tTreg cell precursors in the instructive phase (stage I) exhibit a Foxp3RFP-Foxp3GFP-CD25+ CD4SP phenotype, Foxp3RFP+Foxp3GFP-CD25+ CD4SP tTreg cells represent precursors in the early consolidation phase (stage II), while Foxp3+ thymocytes at a later developmental stage are Foxp3RFP+Foxp3GFP+CD25hi CD4SP (stage III) (47, 48). Following FACS-purification of CD25+ CD4SP Treg precursor stages according to the differential expression of RFP and GFP (Figure 2A and Supplementary Figure S2A), cells were stained for expression of IC SWAP-70 and co-expression of IC Helios and Nrp-1 (Figure 2B and Supplementary Figure S2B). Our analyses revealed high expression levels of Helios, but low expression levels of CD25, Nrp-1 and SWAP-70 during the instructive phase of Treg cell development (stage I). Notably, CD25, Nrp-1 and SWAP-70 were up-regulated in the early consolidation phase (stage II), concomitant with Foxp3IRES-RFP, and continuously expressed during the late consolidation phase (stage III), accompanied by Foxp3Cre-GFP. MFI values indicated a gradual upregulation of Helios and CD25 during the early and late consolidation phase of tTreg cell lineage commitment (Figures 2B, C). Overall, these data show that SWAP-70 expression is not yet detectable in CD25- CD4SP thymocytes, but is induced concomitantly with CD25, Helios and Nrp-1 in the instructive phase of tTreg cell lineage commitment (stage I) and is progressively up-regulated to high levels during developmental progression and lineage consolidation (stage II and III). The observed kinetics suggests a mechanism of TCR-mediated induction and subsequent Foxp3-mediated amplification/stabilization of SWAP-70 expression during tTreg cell development.




Figure 2 | SWAP-70, Helios and Nrp-1 expression during tTreg cell development and in extrathymic Treg cells. (A) Postsort analysis of FACS-purified CD4SP CD25+ Treg precursor stages from the thymus of Foxp3RFP/GFP mice showing Foxp3GFP and Foxp3RFP expression. (B) IC Helios, Nrp-1 and IC SWAP-70 expression during the instructive phase (Foxp3RFP-Foxp3GFP-CD25+ CD4SP, stage I, grey) and both stages of the consolidation phase (Foxp3RFP+Foxp3GFP-CD25+ CD4SP, stage II, red and Foxp3RFP+Foxp3GFP+CD25hi CD4SP, stage III, green) of tTreg cell lineage commitment. (C) Bar charts depict representative expression levels (MFI) of CD25, Helios, Nrp-1 and SWAP-70 in CD4SP CD25- thymocytes and during Treg cell development (stages I-III). (D) Postsort analysis of FACS-purifed tTreg (Foxp3RFP+Foxp3GFP+CD25+CD4+) and pTreg cells (Foxp3RFP+Foxp3GFP-CD25+CD4+) cells isolated from scLN of Foxp3RFP/GFP mice showing Foxp3GFP and Foxp3RFP expression. (E) IC Helios, Nrp-1 and IC SWAP-70 expression in CD4+CD25- Tcon, pTreg and tTreg cells. (F) Bar charts depict mean expression levels (MFI) of Helios, Nrp-1 and SWAP-70 in CD4+CD25- Tcon, pTreg and tTreg cells isolated from different anatomical locations (mesLN, scLN, and spleen). (G) Representative flow cytometry of electronically gated Foxp3GFP+CD4SP thymocytes (top) and extrathymic Foxp3GFP+CD4+ Treg cells (scLN, bottom) from Foxp3GFP mice stained for IC SWAP-70 in combination with IC Helios or Nrp-1. (H) Graph illustrates frequencies of IC SWAP-70 expressing cells among the respective Foxp3GFP+CD4+CD8- cell subsets. Symbols and horizontal lines indicate individual mice and mean values, respectively (blue symbols: SWAP-70+ among Helios+ or Nrp-1+ cells, green symbols: SWAP-70+ among Helios- or Nrp-1- cells) mean of 6 individual mice shown, circles: 8-9-week-old, triangles 10-13-week-old mice. Numbers in dot plots indicate representative frequencies of gated cells within the respective gate. Numbers in histograms indicate representative MFIs of gated cells. See also See also Supplementary Figure S2.





SWAP-70 Expression in Mature Treg Cells Correlates With Expression of CD44, Helios and Nrp-1

There is growing evidence that Helios and Nrp-1 expression is not unequivocally restricted to tTreg cells and that both molecules can be up-regulated upon TCR stimulation in pTreg cells (40, 47, 49, 50). Since our data revealed a correlation between SWAP-70 expression and Helios and Nrp-1 in tTreg cells, we next assessed whether SWAP-70 expression is restricted to the tTreg lineage. For this aim, tTreg and pTreg cells were FACS-purified from scLN of Foxp3RFP/GFP mice (Figure 2D and Supplementary Figure S2C) and stained for expression of IC SWAP-70, IC Helios and Nrp-1 (Figure 2E and Supplementary Figure S2D). Similar to Helios and Nrp-1, SWAP-70 expression could not only be detected in tTreg but also to a similar extend in pTreg cells and can therefore not be considered as a tTreg lineage specific marker (Figures 2E, F). Consistent with previous reports (49, 51), the vast majority of Foxp3+ CD4SP thymocytes co-expressed high levels of Helios (> 90%), whereas in the periphery Helios expression was restricted to a subset of CD4+Foxp3+ Treg cells (Figures 2E, F). Importantly, our data clearly show that SWAP-70 expression correlates with Helios and Nrp-1 expression both in thymus and peripheral lymphoid tissues: high expression levels of SWAP-70 coincided with high Helios and Nrp-1 expression, while CD4+Foxp3+ Treg cells with a HelioslowNrp-1low phenotype were almost negative for SWAP-70 (Figures 2G, H). In summary, these results reveal a distinct expression pattern of SWAP-70 within the Foxp3+ Treg cell population and suggest SWAP-70 as a putative marker for HelioshiNrp-1hi Treg cells.



The Role of SWAP-70 in Immune Homeostasis

To determine the function of SWAP-70 in T cells, we took advantage of the Swap70-/- x Foxp3GFP mouse model, that lacks SWAP-70 (39) and carries the Foxp3GFP fluorochrome reporter (38). First, fertility, mortality and cellularity of lymphoid organs were analyzed, to assess whether SWAP-70-deficiency affects the overall fitness of these mice, and whether there are clinical signs of systemic or organ-specific autoimmunity. For this aim, the litter sizes from homozygous Swap-70-/- mating trios (2♀ x 1♂) were analyzed and compared with their WT counterparts. The analyzes of 8 WT and 6 Swap-70-/- mating trios over a period of 15 months revealed comparable litter sizes and genotype distribution among the litters. The average litter size was 5.7 ± 2.9 pups for WT and 6.3 ± 2.9 pups for Swap-70-/- breedings. Large litters of 12-15 pups could occasionally be observed in both groups (Figure 3A). Evaluation of 2616 progeny from heterozygous mating trios of the Swap-70-/- x Foxp3GFP strain revealed a relatively even distribution of the genotypes (Figure 3B): as expected, half of the descendants were heterozygous for the Swap-70 knockout allele. However, the ratio between Swap-70+/+ pups and Swap-70-/- pups was slightly biased towards the WT (26.9 vs 23.0%). The mortality rate was below 2/100 individual mice and independent of the Swap-70 genotype (n = 2616 mice, Figure 3C). Organ cellularity of thymus and peripheral lymphoid organs (mesLN, scLN, spleen) was similar in Swap-70+/+ and Swap-70-/- mice, implying the absence of severe multi-organ autoimmunity (Figure 3D). Overall, mice carrying a heterozygous or homozygous Swap-70 knockout allele exhibited a largely healthy normal phenotype, bred like their WT counterparts and did not show obvious clinical signs of severe systemic autoimmunity.




Figure 3 | Impact of SWAP-70 on immune homeostasis. (A–D) Swap-70 deficiency does not affect fertility, mortality or organ cellularity. (A) Number of litters and litter sizes of 8 Swap-70+/+ (blue) and 6 Swap-70-/- (red) mating trios (2♀ x 1♂) within a period of 15 months. Symbols and horizontal lines indicate individual mice and mean values, respectively. (B) Distribution of genotypes and (C) mortality rate of live born Swap-70 x Foxp3GFP pups. Pie and bar chart display data from 2616 mice monitored over a period of 36 months (Swap-70+/+: blue; Swap-70-/-: red; Swap-70+/-: grey). (D) Total organ cellularity of Swap-70+/+ and Swap-70-/- mice as indicator for multi-organ autoimmunity. Symbols and horizontal lines indicate individual mice and mean values, respectively (squares: 5-week-old, circles: 7-8-week-old; triangles: 9-13-week-old mice, n= 12 per genotype). (E) Representative flow cytometry of CD44, CD62L, IC Helios and Nrp-1 expression of electronically gated Foxp3GFP+ CD4SP thymocytes from Swap-70+/+ (blue) and Swap-70-/- (red) Foxp3GFP mice. (F) Graphs depict frequencies of the respective cell populations among electronically gated Foxp3GFP+ CD4SP thymocytes and Helios/Nrp-1 protein expression levels (MFI) of electronically gated Foxp3GFP+ CD4SP thymocytes. (G) Representative flow cytometry of CD44 and CD62L expression among gated CD4+ Foxp3GFP-CD25- Tcon, Foxp3GFP and CD25 expression among total CD4+ and CD44 and CD62L expression among CD4+Foxp3GFP+ Treg cells in the spleen of Swap-70+/+ (blue) and Swap-70-/- (red) mice. (H) Graphs illustrate frequencies of memory T cells, Treg cells and effector-memory Treg cells in mesLN, scLN, and spleen. (I) Normalized protein expression levels in Swap-70-/- Foxp3GFP+ Treg cells from mesLN, scLN and spleen determined by surface and/or intracellular flow cytometry staining of the indicated proteins. MFIs of 4-6 individual mice were normalized to Swap-70+/+ Foxp3GFP+ controls (set to 1). Mean values are shown as heatmap displaying Swap-70-/- to Swap-70+/+ fold-change values. The differential expression is shown as up-regulation (red) or downregulation (blue). (J) Representative flow cytometry of electronically gated CD4+Foxp3GFP+ Treg cells in the spleen of Swap-70+/+ (blue) and Swap-70-/- (red) mice costained with CD25 and CD44, CD62L and ICOS. (K) Graphs depict CD25 expression levels (MFI) on electronically gated CD4+Foxp3GFP+CD25+Treg cells, frequency and cell numbers of CD4+Foxp3GFP+CD25- Treg cells. (L–N) Treg cell-mediated suppression of responder T cells (Tresp) in vitro: FACS-purified CD4+CD62L+Foxp3GFP-CD25- Tresp cells were co-cultured in different ratios with FACS-purified Swap-70+/+ (blue) or Swap-70-/- (red) Foxp3GFP+ Treg cells - or as control alone (black) - in the presence of irradiated antigen presenting cells (APCs) and 1 µg/ml α-CD3ϵ. Cells were harvested and analyzed by flow cytometry at the indicated time points. (L) Representative flow cytometry of CD25 expression and cell proliferation dye (CPD) ef670 dilution of electronically gated Foxp3GFP- Tresp cells. (M) Representative histogram overlays to determine CPD ef670 dilution of electronically gated Tresp cells that were co-cultured with Swap-70+/+ (blue) or Swap-70-/- (red) Foxp3GFP+ Treg cells at a Treg : Tresp ratio of 1:1. Arrows mark proliferation dye dilution peaks (each peak represents one cell division). (N) Graphs depict frequencies of divided Tresp cells (left) and CD25 expression levels (MFI, right) at day 3 of culture for indicated Treg : Tresp ratios (n= 8 from 3 independent experiments). See also Supplementary Figure S3. *P ≤ 0.05; **P≤ 0.01;  ***P ≤ 0.001; or ****P ≤ 0.0001.





Impact of SWAP-70-Deficiency on Thymic and Peripheral T Cell Homeostasis

To assess the impact of SWAP-70-deficiency on T cell development and homeostasis, T cell developmental stages and populations in thymus and periphery were analyzed. Flow cytometric analysis of the CD4CD8 double negative (DN), CD4CD8 double positive (DP), CD4SP and CD8SP and Foxp3+ CD4SP populations revealed that frequencies and cell numbers of these compartments were similar in Swap-70-/- and Swap-70+/+ mice, even though the frequency of total Foxp3+ CD4SP thymocytes was slightly increased in some Swap-70-/- mice (Figure S3A). Since SWAP-70 expression positively correlated with Helios and Nrp-1 in Treg cells in thymus and periphery (Figure 2G and Supplementary Figures S2B, D), we extended our analysis to additional Treg cell markers. Ex vivo analysis revealed comparable expression levels (MFI) of Foxp3GFP and CD25 in the thymic Foxp3+ CD4SP population of Swap-70+/+ and Swap-70-/- mice (data not shown), while the analysis of CD44 and CD62L provided evidence for an increased frequency of Foxp3+CD62L-CD44+ thymocytes in Swap-70-/- mice, accompanied by a reduction of the Foxp3+CD62L+CD44- population. However, this was not reflected by absolute numbers (Figures 3E, F and Supplementary Figure S3A). In contrast, the enriched Foxp3+Helios+Nrp-1+ thymocyte compartment detected in Swap-70-/- mice was reflected by both, elevated frequencies and cell numbers (Figures 3E, F and Supplementary Figure S3A). Notably, expression levels of Helios were not affected, while expression of Nrp-1 was clearly increased (Figure 3F).

To explore whether the quantitative changes of Treg cell subsets in the thymus of Swap-70-/- mice have an impact on the Treg/Teff cell balance in adult Swap-70-/- mice, we systematically analyzed the size of the naïve and memory/effector-memory cell compartments of the CD4+ and CD8+ T cell populations in scLN, mesLN, and spleen (Figures 3G, H and Supplementary Figure S3B). Flow cytometric analysis of the total CD4 and CD8 compartments revealed comparable frequencies and cell numbers in Swap-70+/+ and Swap-70-/- mice (Supplementary Figure S3B). Notably, the CD4+Foxp3-CD25- Tcon cell compartment exhibited a slightly increased frequency of memory-type CD4+ T cells in the scLN of Swap-70-/- mice. However, the difference in cell numbers did not meet statistical significance (Figure 3H and Supplementary Figure S3B). Analysis of the naïve, effector-memory and central memory subsets within the CD8 compartment revealed a comparable distribution (frequencies) and population size (numbers). Albeit not being statistically significant, the CD8+ effector-memory compartment was somewhat increased in some Swap-70-/- mice (Supplementary Figure S3B). To directly assess the role of SWAP-70 in peripheral Treg cell function, we next aimed to phenotypically characterize the total Foxp3+ Treg cell population in the periphery. Flow cytometric analysis of the CD4+ T cell population revealed an increased frequency of total Foxp3+ Treg cells in the spleen of adult Swap-70-/- mice, which was confirmed by absolute cell numbers. Compared to their WT counterparts, the average frequency of Foxp3+ Treg cells increased from 9.6 to 12.3%. A similar trend could be observed in scLN (Figures 3G, H and Supplementary Figure S3B). As already indicated for CD8 and CD4 Tcon cells in the periphery, also the Treg cell population in Swap-70-/- mice shifted from naive to memory phenotype (Figures 3G, H, Supplementary Figure S3B). We expanded the flow cytometric analysis to a large panel of markers related to Treg cell activation, migration, homing and suppressor function. MFI values of electronically gated Foxp3+ Treg cells from Swap-70-/- mice were normalized to MFI values of electronically gated Foxp3+ Treg cells from age-matched Swap-70+/+ littermates and Figure 3I summarizes the differential protein expression of the distinct Treg cell markers. The data revealed marked upregulation of cell adhesion molecules (ICAM-1, CD62L, CD103) and molecules involved in Treg cell activation and effector function (Foxp3, Helios, Nrp-1, CD38, ICOS) in Swap-70-/- mice. However, the overall expression of CD25 appeared to be downregulated Swap-70-/- Treg cells.



Increased Frequency of Pre-Activated CD25- Effector-Memory-Like Treg Cells in Swap-70-/- Mice

To address whether the shift in CD25 expression results from downregulation of CD25 surface expression or reflects an increase in the CD25- Treg cell compartment, the frequency and MFI of CD25-, CD25+ and CD25int Treg cell populations was analyzed. A significant increase in the frequency and number of CD25- Treg cells was detected in the spleen of Swap-70-/- mice. Even though the difference did not meet statistical significance in mesLN and scLN, at least a trend of increased CD25- Treg cell frequencies could be established in these organs. In Swap-70+/+ mice, the average proportion of CD25- Treg cells among the Foxp3+ population accounted for 28.2 ± 2.6% in the spleen, 20.2 ± 3.8% in the mesLN and 18.9 ± 2.6% in the scLN. In Swap-70-/- mice, the CD25- compartment comprised 33.6 ± 1.2% in the spleen, 22.0 ± 2.8% in the mesLN and 21.7 ± 1.1% in the scLN. The most remarkable difference was manifested in the spleen, probably due to the overall increased presence of CD25- Treg cells in this organ (Figures 3J, K). However, MFI values of the CD25+ and CD25- Treg cell subset were similar in WT and KO mice in all organs analyzed (mesLN, scLN, and spleen, data not shown). In summary, these data show that the reduced CD25 MFI detected in splenic Treg cells of Swap-70-/- mice results from an enrichment of a distinct CD25- Treg cell subset and is not a consequence of CD25 downregulation.

Next, we addressed whether there is a correlation between the observed decreased CD25 expression levels and increased activation marker expression in SWAP-70-deficient Treg cells. For this aim, activation marker versus CD25 expression was systematically analyzed by flow cytometry in Swap-70+/+ and Swap-70-/- mice. Our data revealed that the largest part of CD44-Foxp3+ Treg cells co-expressed CD25 in both, Swap-70+/+ and Swap-70-/- mice, while CD44+ Treg cells can acquire a CD25+ or CD25- phenotype. Importantly, the population clearly shifted towards CD44+CD25- in the spleen of Swap-70-/- mice. The vast majority of CD62L+ Treg cells displayed a CD25+ phenotype. CD62L- Treg cells were either CD25+ or CD25-. Compared to WT, the splenic Treg cell compartment of Swap-70-/- mice comprised an increased proportion of CD62L-CD25- cells. ICOS+ Treg cells were either CD25+ or CD25-, with a bias of the ICOS+ population towards a CD25- phenotype in Swap-70-/- mice. (Figure 3J) Overall, these results describe an enriched CD25- Treg population in the spleen of Swap-70-/- mice, co-expressing high levels of CD44, ICOS, and low levels of CD62L, which is reminiscent of antigen-experienced T cells.



Suppressor Function of Swap-70-/- Treg Cells In Vitro

To determine the suppressive capacity of Swap-70-/- Treg cells, titrating numbers of FACS-purified CD4+Foxp3+ Treg cells (including CD25+ and CD25- cells) from Swap-70+/+ or Swap-70-/- mice were co-cultured with naïve polyclonal CD4+ Tresp cells in the presence of irradiated APCs and soluble α-CD3ϵ. As shown by upregulation of CD25 expression and cell proliferation assessed by the progressive dilution of the dye ef670, CD4+ Tresp cells were efficiently activated in the absence of Treg cells. At day 3 of in vitro stimulation, more than 90% of Tresp cells had undergone at least one cell division (Figure 3L, left and N). Co-culture with Swap-70+/+ Treg cells efficiently suppressed Tresp cell activation, as revealed by the suppression of cell proliferation and expression of the early activation marker CD25 on Tresp cells in a dose-dependent manner (Figures 3L, middle and M, N). In some experiments, Swap-70-/- Treg cells appeared somewhat less potent in abrogating proliferation and upregulation of CD25 expression on Tresp cells (Figures 3L, right and M, N). The reduced ability to suppress the upregulation of CD25 was detectable as early as at day 1 of co-culture, i.e. at the time when undivided Tresp initiated TCR stimulation-induced upregulation of CD25 prior to proliferation (data not shown). At day 3, a slightly elevated frequency of divided Tresp cells, accompanied by a diminished proportion of undivided Tresp cells indicated a reduced suppressive capacity of Swap-70-/- Treg cells (Figures 3L–M).



Inefficient Suppression of Osteoclastogenesis by Swap-70-/- Treg Cells In Vitro

To assess the capacity of Swap-70-/- Treg cells to suppress osteoclastogenesis in vitro, pre-activated Foxp3+CD25+ Treg cells from Swap-70+/+ or Swap-70-/- mice were co-cultured with pre-osteoclast under osteoclastogenic conditions. Consistent with previous reports (9), WT Treg cells efficiently suppressed osteoclast differentiation in a dose-dependent manner, as revealed by decreasing numbers of mature multinucleated TRAP-expressing osteoclasts cultured in the presence of increasing numbers of Treg cells. In some experiments, Swap-70-/- Treg cells appeared slightly less potent in suppressing osteoclastogenesis than SWAP-70-proficient Treg cells (Figures 4A, B). To determine the impact of Treg cells on the resorptive function of the osteoclasts, the co-culture was performed on bone slices using different Treg cell: monocyte ratios. In line with the observed reduced capacity of Swap-70-/- Treg cells to suppress osteoclastogenesis, the analysis of the bone resorption marker CTX revealed moderately elevated CTX levels in the supernatants of co-cultures of osteoclast precursors and Swap-70-/- Treg cells compared to co-cultures with Swap-70+/+ Treg cells in all ratios analyzed (Figure 4C). Although the observed trend was statistically not significant, and the CTX assay replicates are reflected by the titration steps, the diminished ability to suppress osteoclast differentiation and function is reminiscent of and in line with the moderate differences we observed in standard suppression assays (Figures 3L–N). Overall, we soughed to address our question with multiple approaches, and found that different analyses converged on the same result, proposing that Swap-70-/- Treg cells are compromised with regard to their suppressor function. Representative SEM images of Treg cell and osteoclast interactions on bone slices demonstrated direct cell-cell interactions of giant bone-resorptive mature osteoclasts with the much smaller Treg cells (Figure 4D right). Importantly, we found less cell clusters in co-cultures of osteclasts with Swap-70-/- Treg cells (Figure 4D middle) than with Swap-70+/+ Treg cells (Figure 4D left).




Figure 4 | Treg-cell-mediated suppression of osteoclastogenesis in vitro. Bone marrow-derived macrophages (BMMs) were cultured in the absence or presence of FACS-purified Swap-70+/- or Swap-70-/- Treg cells. (A) Representative images of tartrate-resistant acid-phosphatase (TRAP) stained osteoclast differentiation cultures without (left) or with Treg cells (middle: Swap-70+/-, right: Swap-70-/- Treg cells) at day 6. (B). Graph illustrates the impact of Treg cells on osteoclast formation assessed by the analysis of osteoclast areas (the number of TRAP-positive multinucleated cells) from co-cultures with Swap-70+/+ (blue) or Swap-70-/- (red) Treg cells normalized to control cultures without Treg cells (black) (n= 3, mean values with SD shown). (C) Bone resorption in vitro assay: Pre-osteoclast-Treg cell co-culture was seeded on bone slices at different ratios, and carboxy-terminal collagen crosslinks (CTX) in the day 5 supernatant from one sample of each titration step were measured by ELISA. (D) The bone slices of the co-culture shown in (C) were harvested at day 7, dried, coated and analyzed by SEM. (E–G) Treg-cell-mediated downregulation of CD80/86 on pre-osteoclasts. BMMs were co-cultured with Swap-70+/- or Swap-70-/- Treg cells, harvested and analyzed by flow cytometry at the indicated time points. (E) Representative histogram overlays of CD80 (top), CD86 (middle) and MCSF receptor (cfms, bottom) expression on electronically gated CD4-Foxp3GFP-CD11b+ cells from osteoclast differentiation cultures cultured without (grey) or with Treg cells (Swap-70+/- blue; Swap-70-/- red) at indicated time points. Numbers in histograms indicate representative MFIs of gated cells. (F) Graphs show expression levels of CD80, CD86, cfms and CD11b (MFI) for indicated culture conditions and timepoints (one or two data points per condition from continuous co-culture). (G) Representative imaging flow cytometry of osteoclast-Treg cells co-culture derived cell suspensions that were analyzed for CD11b, Foxp3GFP, CTLA-4 and CD80 expression, showing single cell (top left: Foxp3+ Treg cell, bottom left: pre-osteoclast) and cluster images (top right: pre-osteoclast - Swap-70+/+ Treg cell interaction, bottom right: pre-osteoclast - Swap-70-/- Treg cell interaction).





Inefficient Swap-70-/- Treg Cell-Mediated Downregulation of CD80/CD86 on Osteoclast Precursor Cells

Since SWAP-70 has been shown to be required for endocytosis in DCs (27), we assessed whether Swap-70-/- Treg cells are capable of efficient CD80 and CD86 down-modulation on osteoclast precursors. Flow cytometric analysis revealed progressive upregulation of CD80, CD86, the M-CSF receptor cfms, and CD11b during osteoclast maturation in vitro. Co-culture of osteoclast progenitors and SWAP-70-proficient Treg cells resulted in diminished upregulation of CD80 (day 7: 70 ± 3%, compared to culture without Treg cells) and CD86 (day 7: 87 ± 2%), with a more efficient down-modulation of CD80, and a concomitant limited expression of cfms (day 7: 65 ± 6%) and CD11b (day 7: 81 ± 16%) (Figures 4E, F). In contrast, Swap-70-/- Treg cells failed to efficiently downregulate CD80 (day 7: 86 ± 3%) and CD86 (day 7: 140 ± 7%), which is significantly different from Swap-70+/+ Treg cells and moreover had no impact on cfms (day 7: 108 ± 18%) and CD11b (day 7: 119 ± 33%) expression during osteoclastogenesis. These observations are in line with the reduced suppressive capacity of Swap-70-/- Treg we described above (Figures 3L–N and 4A–C).

To determine whether Swap-70-/- Treg cells are able to interact directly with osteoclast precursors, osteoclast-Treg cell co-culture were analyzed at day 2 by imaging flow cytometry, allowing the visualization of cell-cell interactions and subcellular protein localization. As we have shown previously (9), imaging analysis of CD11b/Foxp3GFP-gated cell clusters indicated physical interaction of Foxp3+CTLA4+ Treg cells with CD11b+ osteoclast precursor cells. CD11b+ cells that were detected in co-existence with Foxp3+ Treg cells displayed an overall reduced surface expression of CD80, as compared to CD11b+ single cells, while CD80 expression was clearly detectable in Foxp3+CTLA4+ Treg cells, suggesting CD80 uptake by direct interaction between the two cell types and trans-endocytosis. (Figure 4G). However, we detected no difference between Foxp3GFP+Swap-70+/+ and Foxp3GFP+Swap-70-/- Treg cells with regard to the up-take of CD80, proposing that trans-endocytosis is not, or only moderately compromised in Treg cells that lack SWAP-70.




Discussion

Dynamic rearrangements of the actin cytoskeleton in antigen-specific T cells represent a prerequisite for the effective polarization, migration and exertion of specific functions such as the formation of an immunological synapse. Since SWAP-70 modulates F-actin rearrangements, regulates integrin activity, and thus cell migration and adhesion in a variety of cells of hematopoietic origin (26, 28–31, 33, 35), it seems tempting to speculate that the selective constitutive expression of SWAP-70 in the Foxp3+ Treg cell subset of the CD4+ T cell lineage (37) might represent a direct consequence of Foxp3-dependent transcriptional regulation and that SWAP-70 participates in the regulation of actin dynamics in Treg cells. Here, we follow up on this initial observation and perform detailed studies on the role of SWAP-70 in Foxp3+ Treg cell biology, identifying SWAP-70 as an important regulator of Treg cell homeostasis and suppressor function involved the interaction of Treg cells with osteoclasts. We found that Swap-70 is constitutively expressed in Foxp3+ Treg cells, which is in line with initial studies (37), and that Swap-70 expression is upregulated upon TCR-mediated stimulation in initially naïve Swap-70- CD4+ Tcon. We further established that Swap-70 mRNA expression is under the direct control of Foxp3/NF-AT. These findings are consistent with the notion that Foxp3 controls Treg cell function through cooperation with NF-AT (52) and propose Swap-70 as a member of the canonical Treg cell signature (37, 44).

When we analyzed the spatial localization of SWAP-70 upon TCR engagement, we observed that cytosolic SWAP-70 is recruited to the immunological synapse (IS) exclusively in Foxp3+ Treg cells, which was in contrast to CD4+ Tcon cells. The localization of SWAP-70 at the Treg-APC interface provides first evidence for an F-actin-dependent function of SWAP-70 selectively in primary Treg cells and suggest that SWAP-70 has a critical role in the formation of a stable IS between Treg cells and APCs. In contrast, SWAP-70`s only homolog DEF6 is constitutively expressed and involved in TCR-mediated cytoskeletal dynamics and recruitment in CD4+ Tcon cells (53, 54), emphasizing the distinct function of SWAP-70 in Treg cells.

The overall mature Foxp3+ Treg cell compartment has been shown to exhibit a remarkable phenotypic heterogeneity and comprises several subsets, as defined by their developmental origin, anatomical location, activation status and functional properties. The differential transgenic expression of GFP in RFP+ Treg cells of Foxp3RFP/GFP mice has been shown to faithfully discriminate tTreg and pTreg cells (40, 47). At least in some experimental settings, this can also be achieved by the expression analysis of the Ikaros transcription factor Helios (Ikzf2) (51) and the surface marker Nrp-1 (55, 56), but endogenous (i.e. non-transgenic) markers to unambiguously discriminate tTreg and pTreg cell subsets have yet to be defined (57). The concomitant induction of SWAP-70 expression with CD25, Helios and Nrp-1 in the instructive phase of tTreg cell lineage commitment (stage I) and progressive up-regulation to high levels during developmental progression and tTreg lineage consolidation (stage II and III) suggests a mechanism of TCR-mediated induction and subsequent Foxp3-mediated amplification/stabilization of SWAP-70 expression during tTreg cell development and supports the assumption that SWAP-70 is a Foxp3 target gene. Together with the observed correlation of SWAP-70 expression with the expression of CD44, Helios and Nrp-1 in mature Treg cells, our data suggest that - similar to Helios and Nrp-1 - SWAP-70 cannot be considered as a tTreg cell lineage marker, but rather propose SWAP-70 to be a putative marker for HelioshiNrp-1hiTreg cells. In summary, the results demonstrate that SWAP-70 is differentially expressed during Foxp3+ Treg cell development and activation (Supplementary Figure S2E).

A role of SWAP-70 in T cells during thymic development and peripheral homeostasis is supported by the marked upregulation of cell adhesion molecules and molecules involved in their activation and effector function (ICAM-1, CD103 and Helios, Nrp-1, CD38, ICOS), in conjunction with increased proportions of effector/memory-type CD4+ and CD8+ T cells and an enriched CD25- Treg population in the spleen of Swap-70-/- mice. Swap-70-/- CD25- Treg co-express high levels of CD44, ICOS and low levels of CD62L, which is reminiscent of activation-experienced Treg cells (58).

Increased numbers of Foxp3+CD25lowCD4+ Treg cells were detected in peripheral blood of patients with autoimmune diseases such as systemic lupus erythematosus, multiple sclerosis, type 1 diabetes and rheumatoid arthritis (59–63), and it was suggested that this may reflect an attempt to regulate an overt autoimmune response of pathogenic T cells and might contribute to the perpetuation of chronic inflammation (61, 64). Furthermore, it has recently been reported that mice with diminished CD25 expression harbor decreased numbers of CD62L+CD44− Treg cells indicating an impact of impaired IL-2R signaling on Treg cell stability (65). Efficient IL-2/IL-2R signaling is essential for Treg cell homeostasis and function, and competition for IL-2 has been suggested as one basic mechanism of immune suppression by Treg cells (66, 67). When we analyzed the in vitro function of Swap-70-/- Treg cells, we found that the suppression of proliferation and upregulation of CD25 expression on Tresp cells was somewhat less effective compared to SWAP-70-proficient Treg cells. As the reduced suppression of CD25 upregulation on Tresp cells was already apparent at day 1 of co-culture, we hypothesize that Swap-70-/- Treg cells suppress less effective due to their - at least initially - lower IL-2R expression and then upregulate IL-2R through local IL-2 secretion by Tresp and consequently could suppress more efficient.

To elucidate the role of SWAP-70 in osteoimmunology and in particular the interplay of Treg cells and osteoclasts, we performed co-cultures of Treg cells and osteoclast precursor cells. These experiments revealed an inefficient suppression of osteoclastogenesis and resorptive function by Swap-70-/- Treg cells in vitro correlating with diminished Treg cell-adhesion to osteoclasts and most importantly that Swap-70-/- Treg cells failed to efficiently downregulate CD80 and CD86 expression during osteoclastogenesis (Figure 5). Although Swap-70-/- Treg cells trans-endocytosed CD80 as efficiently as SWAP-70-proficient Treg cells, these findings suggest that SWAP-70 might represent a novel link between the immune and the skeletal system. Considering previously reported roles of SWAP-70 in integrin-mediated adhesion, we suggest that SWAP-70 is required for efficient Treg cell-mediated regulation of osteoclastogenesis through regulating integrin-mediated adhesion and cytoskeletal re-arrangements.




Figure 5 | Proposed role for SWAP-70 in the direct interplay between Foxp3+Treg cells and osteoclast precursors. Bone homeostasis mediated through Foxp3+ Treg cells (via CTLA-4 interacting with CD80/CD86) underlies SWAP-70-dependent mechanisms. Adapted from 9. This figure was in part created with modified Servier Medical Art templates, licensed under a Creative Commons Attribution 3.0 Unported license: http://smart.servier.com.



Together, our analysis of the suppressive capacity of Swap-70-/- Treg cells indicate a general but modest defect in Treg suppressor function in Swap-70-/- mice. However, Swap-70-/- mice did not show obvious clinical signs of a severe systemic autoimmune disease. Since we found Swap-70 to be expressed in activated Teff cells, our data suggest a scenario in which the function of SWAP-70 in Teff is crucial for the establishment of autoimmunity in the context of SWAP-70-deficient Treg cells. On the other hand, it has been described that mice deficient in both SWAP-70 and its homolog DEF6 develop systemic lupus erythematosus (68), indicating that DEF6 expression might at least partially compensate for defects in Swap-70-/- mice. It is a limitation of our present study that we did not address this hypothesis, and it will be important to determine in future studies how these two proteins control and balance Treg cell function in the context of osteoimmunology.

In summary, our study uncovers a previously unrecognized role of the F-actin binding protein SWAP-70. We propose Swap-70 as a member of the so called canonical Treg cell signature and provide first evidence for a crucial role of SWAP-70 in Treg cell homeostasis and suppressor function. Collectively, our data define a novel role of SWAP-70 in osteoimmunology and may thus have future implications for studies on bone disorders associated with functional defects of Treg cells, including rheumatoid arthritis.
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Supplementary Figure 1 | SWAP-70 is expressed in CD4+Foxp3+ Treg cells. Flow cytometric analysis of SWAP-70 expression in indicated T cell subsets. Representative dot plots with gating strategy (arrows) and representative histograms of intracellularly (IC) stained SWAP-70 of indicated populations in thymus (left) and periphery (scLN, right). SWAP-70 expression in naïve (CD62L+CD44-) and memory-type (CD62L-CD44+) CD4+Foxp3+ Treg cells is shown at the bottom right. Numbers in dot plots and representative histograms indicate representative frequencies and MFIs of gated cells within the respective gates, respectively. Data are representative of 4 independent experiments.

Supplementary Figure 2 | FACS-purification of CD4SP CD25+ Treg precursor stages according to the differential expression of Foxp3RFP and Foxp3GFP and co-expression of SWAP-70, Helios and Nrp-1. (A) Representative dot plots of presort gating strategy with (bottom) and without (top) CD25-bead enrichment. Lines with arrowheads in dot plots illustrate the gating strategy. (B) Representative flow cytometric analysis of FACS-purified Foxp3RFP-Foxp3GFP- CD25+ CD4SP (stage I), Foxp3RFP+Foxp3GFP- CD25+ CD4SP (stage II) and Foxp3RFP+Foxp3GFP+CD25hi CD4SP (stage III) thymocytes for IC Helios, Nrp-1 and IC SWAP-70 co-expression. (C) Representative dot plots of presort gating strategy with (bottom) and without (top) CD25-bead enrichment for pTreg and tTreg sorts (scLN shown). (D) Representative flow cytometric analysis of FACS-purified pTreg (Foxp3RFP+Foxp3GFP- CD25+CD4+) and tTreg cells (Foxp3RFP+Foxp3GFP+ CD25+CD4+) for IC Helios, Nrp-1 and IC SWAP-70 co-expression. Numbers in representative dot plots indicate frequencies of the gated population. (E) Schematic summary of SWAP-70 protein expression during Treg cell development. SWAP-70 expression pattern based on flow cytometric analysis of thymocytes from Foxp3RFP/GFP mice and extrathymic Foxp3+ Treg cells from Foxp3GFP x Swap70+/+ mice. SWAP-70 expression was already detectable in the instructive phase of Treg cell lineage commitment (stage I) in the thymus and was highly expressed during consolidation phases (stage II and III), concomitant with Foxp3, indicating a TCR mediated induction of SWAP-70 via NF-AT. Constitutive expression of SWAP-70 in Treg cells in the periphery is stabilized by Foxp3.

Supplementary Figure 3 | Impact of SWAP-70 on immune homeostasis. (A) Graphs depict frequencies and cell numbers of the indicated populations in the thymus of Swap-70+/+ (blue) and Swap-70-/- (red) x Foxp3GFP mice. (B) Frequencies and cell numbers of the indicated populations in scLN, mesLN and spleen of Swap-70+/+ (blue) and Swap-70-/- (red) x Foxp3GFP mice. Symbols and horizontal lines indicate individual mice and mean values, respectively (circles: 8-9-week-old; triangles: 10-13-week-old mice; n= 6 per genotype).



References

1. Curotto de Lafaille, MA, and Lafaille, JJ. Natural and Adaptive Foxp3+ Regulatory T Cells: More of the Same or a Division of Labor? Immunity (2009) 30(5):626–35. doi: 10.1016/j.immuni.2009.05.002

2. Rudensky, AY. Regulatory T Cells and Foxp3. Immunol Rev (2011) 241(1):260–8. doi: 10.1111/j.1600-065X.2011.01018.x

3. Sakaguchi, S. Naturally Arising CD4+ Regulatory T Cells for Immunologic Self-Tolerance and Negative Control of Immune Responses. Annu Rev Immunol (2004) 22:531–62. doi: 10.1146/annurev.immunol.21.120601.141122

4. Miyara, M, and Sakaguchi, S. Natural Regulatory T Cells: Mechanisms of Suppression. Trends Mol Med (2007) 13(3):108–16. doi: 10.1016/j.molmed.2007.01.003

5. Sakaguchi, S. Naturally Arising Foxp3-Expressing CD25+CD4+ Regulatory T Cells in Immunological Tolerance to Self and non-Self. Nat Immunol (2005) 6(4):345–52. doi: 10.1038/ni1178

6. Shevach, EM. Mechanisms of Foxp3+ T Regulatory Cell-Mediated Suppression. Immunity (2009) 30(5):636–45. doi: 10.1016/j.immuni.2009.04.010

7. von Boehmer, H. Mechanisms of Suppression by Suppressor T Cells. Nat Immunol (2005) 6(4):338–44. doi: 10.1038/ni1180

8. Campbell, C, and Rudensky, A. Roles of Regulatory T Cells in Tissue Pathophysiology and Metabolism. Cell Metab (2020) 31(1):18–25. doi: 10.1016/j.cmet.2019.09.010

9. Fischer, L, Herkner, C, Kitte, R, Dohnke, S, Riewaldt, J, Kretschmer, K, et al. Foxp3+ Regulatory T Cells in Bone and Hematopoietic Homeostasis. Front Endocrinol (2019) 10(578). doi: 10.3389/fendo.2019.00578

10. Sharma, A, and Rudra, D. Emerging Functions of Regulatory T Cells in Tissue Homeostasis. Front Immunol (2018) 9(883):883. doi: 10.3389/fimmu.2018.00883

11. Teitelbaum, SL. Bone Resorption by Osteoclasts. Science (2000) 289(5484):1504–8. doi: 10.1126/science.289.5484.1504

12. Sakaguchi, S, Wing, K, Onishi, Y, Prieto-Martin, P, and Yamaguchi, T. Regulatory T Cells: How do They Suppress Immune Responses? Int Immunol (2009) 21(10):1105–11. doi: 10.1093/intimm/dxp095

13. Kelchtermans, H, Geboes, L, Mitera, T, Huskens, D, Leclercq, G, and Matthys, P. Activated CD4+CD25+ Regulatory T Cells Inhibit Osteoclastogenesis and Collagen-Induced Arthritis. Ann Rheumatic Dis (2009) 68(5):744–50. doi: 10.1136/ard.2007.086066

14. Kim, YG, Lee, CK, Nah, SS, Mun, SH, Yoo, B, and Moon, HB. Human CD4+CD25+ Regulatory T Cells Inhibit the Differentiation of Osteoclasts From Peripheral Blood Mononuclear Cells. Biochem Biophys Res Commun (2007) 357(4):1046–52. doi: 10.1016/j.bbrc.2007.04.042

15. Luo, CY, Wang, L, Sun, C, and Li, DJ. Estrogen Enhances the Functions of CD4(+)CD25(+)Foxp3(+) Regulatory T Cells That Suppress Osteoclast Differentiation and Bone Resorption In Vitro. Cell Mol Immunol (2011) 8(1):50–8. doi: 10.1038/cmi.2010.54

16. Axmann, R, Herman, S, Zaiss, M, Franz, S, Polzer, K, Zwerina, J, et al. CTLA-4 Directly Inhibits Osteoclast Formation. Ann Rheum Dis (2008) 67(11):1603–9. doi: 10.1136/ard.2007.080713

17. Zaiss, MM, Axmann, R, Zwerina, J, Polzer, K, Guckel, E, Skapenko, A, et al. Treg Cells Suppress Osteoclast Formation: A New Link Between the Immune System and Bone. Arthritis Rheum (2007) 56(12):4104–12. doi: 10.1002/art.23138

18. Zaiss, MM, Frey, B, Hess, A, Zwerina, J, Luther, J, Nimmerjahn, F, et al. Regulatory T Cells Protect From Local and Systemic Bone Destruction in Arthritis. J Immunol (2010) 184(12):7238–46. doi: 10.4049/jimmunol.0903841

19. Laperine, O, Blin-Wakkach, C, Guicheux, J, Beck-Cormier, S, and Lesclous, P. Dendritic-Cell-Derived Osteoclasts: A New Game Changer in Bone-Resorption-Associated Diseases. Drug Discovery Today (2016) 21(9):1345–54. doi: 10.1016/j.drudis.2016.04.022

20. Madel, MB, Ibanez, L, Wakkach, A, de Vries, TJ, Teti, A, Apparailly, F, et al. Immune Function and Diversity of Osteoclasts in Normal and Pathological Conditions. Front Immunol (2019) 10:1408. doi: 10.3389/fimmu.2019.01408

21. Xiao, Y, Zijl, S, Wang, L, de Groot, DC, van Tol, MJ, Lankester, AC, et al. Identification of the Common Origins of Osteoclasts, Macrophages, and Dendritic Cells in Human Hematopoiesis. Stem Cell Rep (2015) 4(6):984–94. doi: 10.1016/j.stemcr.2015.04.012

22. Bozec, A, Zaiss, MM, Kagwiria, R, Voll, R, Rauh, M, Chen, Z, et al. T Cell Costimulation Molecules CD80/86 Inhibit Osteoclast Differentiation by Inducing the IDO/tryptophan Pathway. Sci Transl Med (2014) 6(235):235ra60. doi: 10.1126/scitranslmed.3007764

23. Niedergang, F, Di Bartolo, V, and Alcover, A. Comparative Anatomy of Phagocytic and Immunological Synapses. Front Immunol (2016) 7:18. doi: 10.3389/fimmu.2016.00018

24. Siegmund, K, Feuerer, M, Siewert, C, Ghani, S, Haubold, U, Dankof, A, et al. Migration Matters: Regulatory T-Cell Compartmentalization Determines Suppressive Activity In Vivo. Blood (2005) 106(9):3097–104. doi: 10.1182/blood-2005-05-1864

25. Betaneli, V, and Jessberger, R. Mechanism of Control of F-Actin Cortex Architecture by SWAP-70. J Cell Sci (2020) 133(2). doi: 10.1242/jcs.233064

26. Pearce, G, Angeli, V, Randolph, GJ, Junt, T, von Andrian, U, Schnittler, HJ, et al. Signaling Protein SWAP-70 is Required for Efficient B Cell Homing to Lymphoid Organs. Nat Immunol (2006) 7(8):827–34. doi: 10.1038/ni1365

27. Ocana-Morgner, C, Reichardt, P, Chopin, M, Braungart, S, Wahren, C, Gunzer, M, et al. Sphingosine 1-Phosphate-Induced Motility and Endocytosis of Dendritic Cells is Regulated by SWAP-70 Through RhoA. J Immunol (2011) 186(9):5345–55. doi: 10.4049/jimmunol.1003461

28. Ripich, T, and Jessberger, R. SWAP-70 Regulates Erythropoiesis by Controlling Alpha4 Integrin. Haematologica (2011) 96(12):1743–52. doi: 10.3324/haematol.2011.050468

29. Sivalenka, RR, and Jessberger, R. SWAP-70 Regulates C-Kit-Induced Mast Cell Activation, Cell-Cell Adhesion, and Migration. Mol Cell Biol (2004) 24(23):10277–88. doi: 10.1128/MCB.24.23.10277-10288.2004

30. Chopin, M, Quemeneur, L, Ripich, T, and Jessberger, R. SWAP-70 Controls Formation of the Splenic Marginal Zone Through Regulating T1B-Cell Differentiation. Eur J Immunol (2010) 40(12):3544–56. doi: 10.1002/eji.201040556

31. Garbe, AI, Roscher, A, Schuler, C, Lutter, AH, Glosmann, M, Bernhardt, R, et al. Regulation of Bone Mass and Osteoclast Function Depend on the F-Actin Modulator SWAP-70. J Bone Miner Res (2012) 27(10):2085–96. doi: 10.1002/jbmr.1670

32. Kriplani, N, Duncan, RR, and Leslie, NR. SWAP70 Undergoes Dynamic Conformational Regulation at the Leading Edge of Migrating Cells. FEBS Lett (2019) 593(4):395–405. doi: 10.1002/1873-3468.13326

33. Ocana-Morgner, C, Wahren, C, and Jessberger, R. SWAP-70 Regulates RhoA/RhoB-Dependent MHCII Surface Localization in Dendritic Cells. Blood (2009) 113(7):1474–82. doi: 10.1182/blood-2008-04-152587

34. Pearce, G, Audzevich, T, and Jessberger, R. SYK Regulates B-Cell Migration by Phosphorylation of the F-Actin Interacting Protein SWAP-70. Blood (2011) 117(5):1574–84. doi: 10.1182/blood-2010-07-295659

35. Roscher, A, Hasegawa, T, Dohnke, S, Ocana-Morgner, C, Amizuka, N, Jessberger, R, et al. The F-Actin Modulator SWAP-70 Controls Podosome Patterning in Osteoclasts. Bone Rep (2016) 5:214–21. doi: 10.1016/j.bonr.2016.07.002

36. Shinohara, M, Terada, Y, Iwamatsu, A, Shinohara, A, Mochizuki, N, Higuchi, M, et al. SWAP-70 is a Guanine-Nucleotide-Exchange Factor That Mediates Signalling of Membrane Ruffling. Nature (2002) 416(6882):759–63. doi: 10.1038/416759a

37. Marson, A, Kretschmer, K, Frampton, GM, Jacobsen, ES, Polansky, JK, MacIsaac, KD, et al. Foxp3 Occupancy and Regulation of Key Target Genes During T-Cell Stimulation. Nature (2007) 445(7130):931–5. doi: 10.1038/nature05478

38. Fontenot, JD, Rasmussen, JP, Williams, LM, Dooley, JL, Farr, AG, and Rudensky, AY. Regulatory T Cell Lineage Specification by the Forkhead Transcription Factor Foxp3. Immunity (2005) 22(3):329–41. doi: 10.1016/j.immuni.2005.01.016

39. Borggrefe, T, Keshavarzi, S, Gross, B, Wabl, M, and Jessberger, R. Impaired IgE Response in SWAP-70-Deficient Mice. Eur J Immunol (2001) 31(8):2467–75. doi: 10.1002/1521-4141(200108)31:8<2467::AID-IMMU2467>3.0.CO;2-P

40. Petzold, C, Steinbronn, N, Gereke, M, Strasser, RH, Sparwasser, T, Bruder, D, et al. Fluorochrome-Based Definition of Naturally Occurring Foxp3(+) Regulatory T Cells of Intra- and Extrathymic Origin. Eur J Immunol (2014) 44(12):3632–45. doi: 10.1002/eji.201444750

41. Bettelli, E, Pagany, M, Weiner, HL, Linington, C, Sobel, RA, Kuchroo, VA, et al. Myelin Oligodendrocyte Glycoprotein-Specific T Cell Receptor Transgenic Mice Develop Spontaneous Autoimmune Optic Neuritis. J Exp Med (2003) 197(9):1073–81. doi: 10.1084/jem.20021603

42. Weischenfeldt, J, and Porse, B. Bone Marrow-Derived Macrophages (BMM): Isolation and Applications. CSH Protoc (2008) 2008, pdb prot5080. doi: 10.1101/pdb.prot5080

43. Borggrefe, T, Masat, L, Wabl, M, Riwar, B, Cattoretti, G, and Jessberger, R. Cellular, Intracellular, and Developmental Expression Patterns of Murine SWAP-70. Eur J Immunol (1999) 29(6):1812–22. doi: 10.1002/(SICI)1521-4141(199906)29:06<1812::AID-IMMU1812>3.0.CO;2-J

44. Hill, JA, Feuerer, M, Tash, K, Haxhinasto, S, Perez, J, Melamed, R, et al. Foxp3 Transcription-Factor-Dependent and -Independent Regulation of the Regulatory T Cell Transcriptional Signature. Immunity (2007) 27(5):786–800. doi: 10.1016/j.immuni.2007.09.010

45. Gavin, MA, Rasmussen, JP, Fontenot, JD, Vasta, V, Manganiello, VC, Beavo, JA, et al. Foxp3-Dependent Programme of Regulatory T-Cell Differentiation. Nature (2007) 445(7129):771–5. doi: 10.1038/nature05543

46. Lin, W, Haribhai, D, Relland, LM, Truong, N, Carlson, MR, Williams, CB, et al. Regulatory T Cell Development in the Absence of Functional Foxp3. Nat Immunol (2007) 8(4):359–68. doi: 10.1038/ni1445

47. Dohnke, S, Schreiber, M, Schallenberg, S, Simonetti, M, Fischer, L, Garbe, AI, et al. Approaches to Discriminate Naturally Induced Foxp3+ Treg Cells of Intra-And Extrathymic Origin: Helios, Neuropilin-1, and Foxp3RFP/GFP. J Clin Cell Immunol (2018) 9(1). doi: 10.4172/2155-9899.1000540

48. Schallenberg, S, Petzold, C, Tsai, PY, Sparwasser, T, and Kretschmer, K. Vagaries of Fluorochrome Reporter Gene Expression in Foxp3+ Regulatory T Cells. PloS One (2012) 7(8):e41971. doi: 10.1371/journal.pone.0041971

49. Singh, K, Hjort, M, Thorvaldson, L, and Sandler, S. Concomitant Analysis of Helios and Neuropilin-1 as a Marker to Detect Thymic Derived Regulatory T Cells in Naïve Mice. Sci Rep (2015) 5:7767. doi: 10.1038/srep07767

50. Szurek, E, Cebula, A, Wojciech, L, Pietrzak, M, Rempala, G, Kisielow, P, et al. Differences in Expression Level of Helios and Neuropilin-1 Do Not Distinguish Thymus-Derived From Extrathymically-Induced CD4+Foxp3+ Regulatory T Cells. PloS One (2015) 10(10):e0141161. doi: 10.1371/journal.pone.0141161

51. Thornton, AM, Korty, PE, Tran, DQ, Wohlfert, EA, Murray, PE, Belkaid, Y, et al. Expression of Helios, an Ikaros Transcription Factor Family Member, Differentiates Thymic-Derived From Peripherally Induced Foxp3+ T Regulatory Cells. J Immunol (2010) 184(7):3433–41. doi: 10.4049/jimmunol.0904028

52. Wu, Y, Borde, M, Heissmeyer, V, Feuerer, M, Lapan, AD, Stroud, JC, et al. FOXP3 Controls Regulatory T Cell Function Through Cooperation With NFAT. Cell (2006) 126(2):375–87. doi: 10.1016/j.cell.2006.05.042

53. Gupta, S, Lee, A, Hu, C, Fanzo, J, Goldberg, I, Cattoretti, G, et al. Molecular Cloning of IBP, a SWAP-70 Homologous GEF, Which is Highly Expressed in the Immune System. Hum Immunol (2003) 64(4):389–401. doi: 10.1016/S0198-8859(03)00024-7

54. Tanaka, Y, Bi, K, Kitamura, R, Hong, S, Altman, Y, Matsumoto, A, et al. SWAP-70-Like Adapter of T Cells, an Adapter Protein That Regulates Early TCR-Initiated Signaling in Th2 Lineage Cells. Immunity (2003) 18(3):403–14. doi: 10.1016/S1074-7613(03)00054-2

55. Weiss, JM, Bilate, AM, Gobert, M, Ding, Y, Curotto de Lafaille, MA, Parkhurst, CN, et al. Neuropilin 1 is Expressed on Thymus-Derived Natural Regulatory T Cells, But Not Mucosa-Generated Induced Foxp3+ T Reg Cells. J Exp Med (2012) 209(10):1723–42. doi: 10.1084/jem.20120914

56. Yadav, M, Louvet, C, Davini, D, Gardner, JM, Martinez-Llordella, M, Bailey-Bucktrout, S, et al. Neuropilin-1 Distinguishes Natural and Inducible Regulatory T Cells Among Regulatory T Cell Subsets In Vivo. J Exp Med (2012) 209(10):1713–22, S1-19. doi: 10.1084/jem.20120822

57. Thornton, AM, and Shevach, EM. Helios: Still Behind the Clouds. Immunology (2019) 158(3):161–70. doi: 10.1111/imm.13115

58. van der Veeken, J, Gonzalez, AJ, Cho, H, Arvey, A, Hemmers, S, Leslie, CS, et al. Memory of Inflammation in Regulatory T Cells. Cell (2016) 166(4):977–90. doi: 10.1016/j.cell.2016.07.006

59. Bonelli, M, Savitskaya, A, Steiner, CW, Rath, E, Smolen, JS, and Scheinecker, C. Phenotypic and Functional Analysis of CD4+ CD25- Foxp3+ T Cells in Patients With Systemic Lupus Erythematosus. J Immunol (2009) 182(3):1689–95. doi: 10.4049/jimmunol.182.3.1689

60. de Paz, B, Prado, C, Alperi-Lopez, M, Ballina-Garcia, FJ, Rodriguez-Carrio, J, Lopez, P, et al. Effects of Glucocorticoid Treatment on CD25(-)FOXP3(+) Population and Cytokine-Producing Cells in Rheumatoid Arthritis. Rheumatol (Oxford) (2012) 51(7):1198–207. doi: 10.1093/rheumatology/kes039

61. Ferreira, RC, Simons, HZ, Thompson, WS, Rainbow, DB, Yang, X, Cutler, AJ, et al. Cells With Treg-Specific FOXP3 Demethylation But Low CD25 are Prevalent in Autoimmunity. J Autoimmun (2017) 84:75–86. doi: 10.1016/j.jaut.2017.07.009

62. Fransson, M, Burman, J, Lindqvist, C, Atterby, C, Fagius, J, and Loskog, A. T Regulatory Cells Lacking CD25 are Increased in MS During Relapse. Autoimmunity (2010) 43(8):590–7. doi: 10.3109/08916930903541190

63. Zhang, B, Zhang, X, Tang, FL, Zhu, LP, Liu, Y, and Lipsky, PE. Clinical Significance of Increased CD4+CD25-Foxp3+ T Cells in Patients With New-Onset Systemic Lupus Erythematosus. Ann Rheum Dis (2008) 67(7):1037–40. doi: 10.1136/ard.2007.083543

64. Wu, H, Chen, Y, Zhu, H, Zhao, M, and Lu, Q. The Pathogenic Role of Dysregulated Epigenetic Modifications in Autoimmune Diseases. Front Immunol (2019) 10:2305. doi: 10.3389/fimmu.2019.02305

65. Permanyer, M, Bosnjak, B, Glage, S, Friedrichsen, M, Floess, S, Huehn, J, et al. Efficient IL-2R Signaling Differentially Affects the Stability, Function, and Composition of the Regulatory T-Cell Pool. Cell Mol Immunol (2021) 18(2):398–414. doi: 10.1038/s41423-020-00599-z

66. de la Rosa, M, Rutz, S, Dorninger, H, and Scheffold, A. Interleukin-2 is Essential for CD4+CD25+ Regulatory T Cell Function. Eur J Immunol (2004) 34(9):2480–8. doi: 10.1002/eji.200425274

67. Scheffold, A, Murphy, KM, and Hofer, T. Competition for Cytokines: T(reg) Cells Take All. Nat Immunol (2007) 8(12):1285–7. doi: 10.1038/ni1207-1285

68. Chandrasekaran, U, Yi, W, Gupta, S, Weng, CH, Giannopoulou, E, Chinenov, Y, et al. Regulation of Effector Treg Cells in Murine Lupus. Arthritis Rheumatol (2016) 68(6):1454–66. doi: 10.1002/art.39599




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


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 © 2022 Dohnke, Moehser, Surnov, Kurth, Jessberger, Kretschmer and Garbe. 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/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Role of Dynamic Actin Cytoskeleton Remodeling in Foxp3+ Regulatory T Cell Development and Function: Implications for Osteoclastogenesis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Mice

          



          		

            Flow Cytometry and Cell Sorting

          



          		

            T Cell Culture

          



          		

            In Vitro Suppression Assay

          



          		

            Co-Cultivation of Foxp3+ Treg Cells and Osteoclasts

          



          		

            CTX Elisa

          



          		

            Scanning Electron Microscopy

          



          		

            Gene Expression Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Swap-70 Is Constitutively Expressed in Foxp3+ Treg Cells and Up-Regulated Upon TCR-Mediated Stimulation in Initially Naïve Swap-70- CD4+ Tcon

          



          		

            Swap-70 mRNA Expression Is Controlled by the Nuclear Factor of Activated T cells (NF-AT)

          



          		

            SWAP-70 Is Recruited to the Immunological Synapse of Activated Treg Cells

          



          		

            Expression of SWAP-70 During the Instructive Phase of tTreg Cell Development

          



          		

            SWAP-70 Expression in Mature Treg Cells Correlates With Expression of CD44, Helios and Nrp-1

          



          		

            The Role of SWAP-70 in Immune Homeostasis

          



          		

            Impact of SWAP-70-Deficiency on Thymic and Peripheral T Cell Homeostasis

          



          		

            Increased Frequency of Pre-Activated CD25- Effector-Memory-Like Treg Cells in Swap-70-/- Mice

          



          		

            Suppressor Function of Swap-70-/- Treg Cells In Vitro

          



          		

            Inefficient Suppression of Osteoclastogenesis by Swap-70-/- Treg Cells In Vitro

          



          		

            Inefficient Swap-70-/- Treg Cell-Mediated Downregulation of CD80/CD86 on Osteoclast Precursor Cells

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-836646-g005.jpg
Foxp3* Treg cell

CTLA4: Suppression of
— osteoclast
differentiation
N

CD80/CD86

Late osteoclast mature osteoclast
precursor





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-836646-g001.jpg
2 Fops Svap70 S

E "
4 44
. Wl w oo oot 1 1 0
: o S %in
2 an CD4CD8" CD62L'COM- 108 105 094
. e iRy
' : S 3% o
corcos 0k o
o L Foxp3o™™ COG2L'CDA4 144 140 121
SERRORT  SEpAGS wi s g
R e o

P

——

:
ot change of rten s

- . Fosponsmas
!‘AIAM
=5 _4
o
Swap0 n n
5 ox 20 n
£s o s .
28 ol 10 .
ge
 oos 05 .Jl 3
o PR o
W70 CONFogs o Tagents [ Swap 0 GO orga®Co2S Tencots
S 70 COX B 075 g ot e e e
e

Fouoa 03 Swa0_Conposis






OEBPS/Images/fimmu-13-836646-g003.jpg





OEBPS/Images/fimmu.2022.836646_cover.jpg
, frontiers
in Immunology

Role of Dynamic Actin Cytoskeleton
Remodeling in Foxp3* Regulatory
T Cell Development and Function:
Implications for Osteoclastogenesis





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-13-836646-g004.jpg
n LI bt o
< svap 0 < Suap 10 &
woTmls  Topets)  Tee® P
o
e

o Trog cats

-+ Swap-70°
Tiogcols

~ + Swap70
Treg cels

@
g

H

T cons (o)
g

-y, * ®
Tupoaly0 FH 18 o
Tescok Horcoraras 82
: PP
P R S —
%
o o n
&), ‘ PSS
%
2l e !
33 ‘ IS 5 o
- 4 o) oo
e N
H Bl A 0 |
ux‘ k—:m AN ANE S ),4
1 L= g/
Loetms. L A,
Crrir Al e T
T TR EETRLY EEVELK

Trogcals ~+ Swap.70" Treg cols

]
Bignfeld CONfb  Foa¥® CTLA4  CDR0 Composte Brgntied COTMb Fompd®* CTLA4  COBD Composte

e P o T
prm—
N |






OEBPS/Images/fimmu-13-836646-g002.jpg
b
cons Hoios
3™ som
_ s som
Egm pres
5w 20
pes
& oy W01 g SWET0
H m| [ [N gim =
£ st gu A gl‘miAm 2 Pt
J|son g d 3—hos § atlhen 5 P ees
K :
wems A Ao 7 Mo PO 55
?w Ko Lo Licoman o e
corcons magents
e
@
i
3
8
.
N1 SWAPTO. Helios. Nep-1 SWAPT0.

EE B
R N o
yr g..lw i Ao §
$dd L.éw b 8

e Haios ioswAPTO

coase gate

+SWAP70"among Holos" + SWAP.70" among Nrp-1°
488 SWAPTO amongHolos  +SWAP.T0' among N1






