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            Abstract
Regulatory T cells hold promise as targets for therapeutic intervention in autoimmunity, but approaches capable of expanding antigen-specific regulatory T cells in vivo are currently not available. Here we show that systemic delivery of nanoparticles coated with autoimmune-disease-relevant peptides bound to major histocompatibility complex class II (pMHCII) molecules triggers the generation and expansion of antigen-specific regulatory CD4+ T cell type 1 (TR1)-like cells in different mouse models, including mice humanized with lymphocytes from patients, leading to resolution of established autoimmune phenomena. Ten pMHCII-based nanomedicines show similar biological effects, regardless of genetic background, prevalence of the cognate T-cell population or MHC restriction. These nanomedicines promote the differentiation of disease-primed autoreactive T cells into TR1-like cells, which in turn suppress autoantigen-loaded antigen-presenting cells and drive the differentiation of cognate B cells into disease-suppressing regulatory B cells, without compromising systemic immunity. pMHCII-based nanomedicines thus represent a new class of drugs, potentially useful for treating a broad spectrum of autoimmune conditions in a disease-specific manner.
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                    Figure 1: pMHCâ€“NPs relevant for T1D or EAE expand cognate disease-suppressing TR1-like CD4+ T cells in vivo.[image: ]


Figure 2: Therapeutic effects are disease-specific and dependent on both pMHC and nanoparticles.[image: ]


Figure 3: Disease reversal involves effects of TR1 cytokines on cognate B cells and local CD11b+ cells, without compromising systemic immunity.[image: ]


Figure 4: The TR1-like CD4+ T cells arising in response to pMHCIIâ€“NPs are derived from antigen-experienced precursors.[image: ]


Figure 5: Human T1D-relevant pMHCâ€“NPs expand cognate TR1-like CD4+ T cells in human PBMC-engrafted NSG hosts.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sustained expansion of cognate TR1-like CD4+ T cells by pMHCIIâ€“NP therapy restores normal glucose homeostasis in diabetic NOD mice by suppressing antigen presentation and the activation of non-cognate autoreactive T cells in the PLNs and the progression of insulitis.
a, Top left, expansion of cognate CD4+ T cells by 2.5mi/IAg7â€“NPs in anti-CD25 mAb-treated NOD Foxp3-eGFP mice. Data correspond to 8-week-old mice treated three times a week with 500â€‰Î¼g of a depleting anti-CD25 mAb i.p. or control anti-HPRN mAbs, followed by 10 doses of 2.5mi/IAg7â€“NPs starting at 10 weeks of age (two doses per week; nâ€‰=â€‰4 mice each). Bottom, the tetramer+CD4+ T cells from anti-CD25 mAb-treated mice express TR1 markers. Right, percentage of circulating FOXP3+eGFP+CD4+ (top) and CD25+CD4+ cells (bottom). b, Tetramer+CD4+ T cells sorted from 2.5mi/IAg7â€“NP-treated mice proliferate and produce IL-10 and, to a lesser extent IFNÎ³ in response to stimulation with 2.5mi peptide-pulsed DCs (nâ€‰=â€‰3 mice). c, Representative cell surface CD49b and LAG-3 profiles on tetramer+CD4+ T cells from BDC2.5 NOD Foxp3-eGFP mice compared with tetramerâˆ’CD4+ T cells from transgenic or wild-type NOD mice (nâ€‰=â€‰4). d, Upregulation of CD49b and LAG-3 on anti-CD3/anti-CD28 mAb-activated BDC2.5 CD4+ T cells from BDC2.5 NOD Foxp3-eGFP mice in response to 2.5mi/IAg7â€“NP (25â€‰Î¼g pMHC per ml) versus 2.5mi peptide (10â€‰Î¼gâ€‰mlâˆ’1) or 2.5mi/IAg7 monomers (25â€‰Î¼g pMHC per ml). e, Upregulation of eGFP (IL-10) in anti-CD3/anti-CD28 mAb-activated BDC2.5 CD4+ T cells from BDC2.5 NOD Il10GFP mice in response to 2.5mi/IAg7â€“NP as a function of CD49b and LAG-3 expression. f, Expression of eGFP (IL-10) in the CD4+ T cells of 2.5mi/IAg7â€“NP-treated NOD Il10GFP mice (2 doses per week for 5 weeks) as a function of CD49b and LAG-3 expression (left, representative profiles; right, eGFP MFI values) (nâ€‰=â€‰8). g, Proliferation of CFSE-labelled 8.3-TCR-transgenic CD8+ T cells (IGRP206â€“214/NRPâ€“V7-specific) in response to 2.5mi/NRPâ€“V7â€“peptide-pulsed or unpulsed DCs in the presence of tetramerâˆ’ or tetramer+ CD4+ T cells from 2.5mi/IAg7-NP-treated mice and in the presence or absence of cytokine-blocking mAbs, rat IgG (negative control) or 1-methyl-l-tryptophan (1-MT; an IDO inhibitor). Data correspond to average of proliferated cells in 3â€“7 experiments per condition. h, Changes in blood glucose levels of spontaneously hyperglycaemic (>11â€‰mM) female NOD mice treated with 2.5mi/IAg7â€“NP, IGRP4â€“22/IAg7â€“NP, IGRP128â€“145/IAg7â€“NP or HEL14-22/IAg7â€“NP (nâ€‰=â€‰6â€“9 per group), IGRP4â€“22 peptide or IGRP4â€“22 peptideâ€“NPs (nâ€‰=â€‰9, 4â€“5 each). Mice received two doses per week until irreversibly hyperglycaemic or normoglycaemic for 4 consecutive weeks, at which point treatment was withdrawn. i, Incidence and timing of disease relapse in hyperglycaemic female NOD mice rendered stably normoglycaemic by treatment with 2.5mi/IAg7â€“NP, IGRP4-22/IAg7â€“NP or IGRP128â€“145/IAg7â€“NPs upon treatment withdrawal (after 4 consecutive weeks of normoglycaemia). Data correspond to responder mice in Fig. 1g. j, Post-prandial serum insulin levels in pMHCâ€“NP-treated mice that reverted to normoglycaemia until 50 weeks of age (nâ€‰=â€‰6) versus newly diabetic (nâ€‰=â€‰12) and non-diabetic age-matched untreated controls (nâ€‰=â€‰10). k, Intra-peritoneal glucose tolerance tests (IPGTT) of the mice in h. l, Areas under the curve (AUC) in the IPGTTs shown in k. m, IPGTT serum insulin levels corresponding to the mice in k. n, Proliferation of CFSE-labelled IGRP206â€“214-reactive 8.3-CD8+ T cells in the PLNs compared with MLNs of 2.5mi/IAg7â€“NP-treated mice that reverted to normoglycaemia until 50 weeks of age, non-diabetic age-matched untreated controls and newly diabetic mice. Left panels show representative FACS profiles. Right panel compares percentages of proliferated cells in the PLNs after subtraction of the background proliferation values in non-draining MLNs (nâ€‰=â€‰6â€“8 mice per group). P values were calculated by Mannâ€“Whitney U-test, log-rank (Mantelâ€“Cox) test or two-way ANOVA. Data are averagesâ€‰Â±â€‰s.e.m.


Extended Data Figure 2 Nanoparticles coated with different T1D-relevant pMHCII complexes expand cognate TR1-like CD4+ T cells in vivo to similar extent, regardless of epitope dominance or role of the target T-cell specificity in the disease process.
a, Percentage of tetramer+CD4+ T cells in the PLN, MLN and bone marrow (BM) of 2.5mi/IAg7â€“NP-treated mice that reverted to normoglycaemia until 50 weeks of age (nâ€‰=â€‰5â€“6 mice per lymphoid organ) or relapsed (nâ€‰=â€‰1â€“2) compared with newly diabetic (nâ€‰=â€‰5â€“6) and non-diabetic age-matched untreated controls (nâ€‰=â€‰4â€“6). b, Percentage of tetramer+CD4+ T cells in the splenic CD4+ T cells of 2.5mi/IAg7â€“NP-treated mice that reverted to normoglycaemia until 50 weeks of age or of age-matched non-diabetic untreated mice, stained with two T1D-relevant but non-cognate pMHCII tetramers (nâ€‰=â€‰3â€“4 per group). c, Percentage of tetramer+CD4+ T cells in blood, spleen, PLN, MLN and bone marrow of IGRP4â€“22/IAg7â€“NP-treated mice that reverted to normoglycaemia until 50 weeks of age (nâ€‰=â€‰5â€“6 mice per lymphoid organ) compared with newly diabetic (nâ€‰=â€‰5â€“8) and non-diabetic age-matched untreated controls (nâ€‰=â€‰4â€“6). d, Percentage of tetramer+CD4+ T cells in blood, spleen, PLN, MLN and bone marrow of IGRP128â€“145/IAg7â€“NP-treated mice that reverted to normoglycaemia until 50 weeks of age (nâ€‰=â€‰5â€“7 mice per lymphoid organ) compared with newly diabetic (nâ€‰=â€‰4â€“7) and non-diabetic age-matched untreated controls (nâ€‰=â€‰5â€“7). e, Representative IGRP4â€“22/IAg7, IGRP128â€“145/IAg7 and GPI282â€“292/IAg7 tetramer staining profiles for splenic CD4+ T cells from IGRP4â€“22/IAg7â€“NP- and IGRP128â€“145/IAg7â€“NP-treated compared with untreated NOD mice. f, Percentages of blood CD4+ T cells of IGRP4â€“22/IAg7â€“NP- or IGRP128â€“145/IAg7â€“NP-cured, HEL14â€“22/IAg7â€“NP-treated and age-matched non-diabetic untreated mice stained with non-cognate pMHCII tetramers (nâ€‰=â€‰3â€“7 per group). g, The tetramer+CD4+ T cells of mice treated with IGRP128â€“145/IAg7â€“NP (top) and IGRP4-22/IAg7â€“NP (bottom) proliferate and produce IL-10 specifically in response to stimulation with IGRP4â€“22 or IGRP128â€“145-peptide-pulsed DCs, respectively (nâ€‰=â€‰3 mice each). cpm, counts per minute. h, Percentages of IGRP4â€“22/IAg7 tetramer+CD4+ T cells in blood, spleen, PLN, MLN and bone marrow of NOD mice at the onset of hyperglycaemia or upon treatment with IGRP4â€“22/IAg7â€“NPs, or IGRP4â€“22 peptide or IGRP4â€“22 peptide-coated nanoparticles (nâ€‰=â€‰5â€“9 mice per organ). P values were calculated by Mannâ€“Whitney U-test. Data are averagesâ€‰Â±â€‰s.e.m.


Extended Data Figure 3 EAE-relevant pMHCIIâ€“NPs expand cognate IL-10-secreting TR1-like CD4+ T cells and ameliorate established clinical and pathological signs of EAE.
a, b, Changes in the average weights of C57BL/6 mice immunized with pMOG35â€“55 and treated with pMOG38â€“49/IAbâ€“NPs or uncoated nanoparticles starting on days 14 (a) or 21 (b) after immunization. c, Percentage of pMOG38â€“49/IAb tetramer+CD4+ T cells in peripheral lymph nodes, bone marrow and central nervous system (CNS) of mice from a and b. d, The tetramer+CD4+ T cells of pMOG38â€“49/IAbâ€“NP-treated mice proliferate and produce IL-10 and, to a lesser extent, IFNÎ³ in response to stimulation with pMOG38â€“49 peptide-pulsed DCs. e, Left and middle, representative luxol fast blue (LFB)/H&E cerebellum staining images from untreated and treated mice from b showing presence of inflammatory foci and areas of demyelination (red arrows). Right, average number of inflammatory foci per section. Data corresponds to 4 untreated and 5 treated mice. f, Representative LFB/H&E-stained spinal cord sections from mice in b. Data were compared with Mannâ€“Whitney U-test. Data are averagesâ€‰Â±â€‰s.e.m.


Extended Data Figure 4 EAE- or CIA-relevant pMHCIIâ€“NPs expand cognate TR1-like CD4+ T cells and ameliorate clinical and pathological signs of EAE or CIA in HLA-DR4-IE-transgenic C57BL/6 IAbnull or C57BL/10.M mice.
a, Changes in the average EAE scores of HLA-DR4-IE-transgenic C57BL/6 IAbnull mice immunized with hPLP175â€“192 or hMOG97â€“108 and treated with hPLP175â€“192 /DR4-IE or hMOG97â€“108/DR4-IEâ€“NPs or uncoated nanoparticles starting on the day when mice reached a score of 1.5 (to synchronize the groups for disease activity) (nâ€‰=â€‰3â€“4 per group). b, Percentage of tetramer+CD4+ T cells in spleen, blood, cervical and inguinal LNs and CNS of mice from a. Data correspond to 4 pMHCâ€“NP-treated and 6 control-NP-treated mice. c, Changes in the average weights of HLA-DR4â€“IE-transgenic C57BL/6 IAbnull mice from a, immunized with hPLP175â€“192 or hMOG97â€“108 and treated with hPLP175â€“192/DR4-IEâ€“NPs, hMOG97â€“108/DR4-IEâ€“NPs or uncoated nanoparticles when the mice reached a score of 1.5. d, LFB/H&E staining of the cerebellum of HLA-DR4-IE-transgenic C57BL/6 IAbnull mice from a showing reductions in inflammation and demyelination in mice treated with hPLP175â€“192 /DR4-IE or hMOG97â€“108/DR4-IEâ€“NPs compared with controls. e, Percentage of tetramer+CD4+ T cells in lymph nodes and bone marrow of the mice in Fig. 2a (C57BL/10.M HLA-DR4-IE mice immunized with bovine collagen) at the end of follow-up (10 doses, 5 weeks). f, Changes in the average weights of HLA-DR4-IE-transgenic C57BL/6 IAbnull mice immunized with hPLP175â€“192 from Fig. 2f. g, Representative LFB/H&E staining of the cerebellum of HLA-DR4-IE-transgenic C57BL/6 IAbnull mice immunized with hPLP175â€“192 and treated with hPLP175â€“192/DR4-IEâ€“NPs, hMOG97â€“108/DR4-IEâ€“NPs, hMOG97â€“108 peptide i.v. or s.c. (8â€‰Î¼g per dose), hMOG97â€“108/DR4-IE monomer (25â€‰Î¼g per dose), hMOG97â€“108 peptideâ€“NPs (using the molar equivalent of peptide delivered via pMHCâ€“NPs; 0.68â€‰Î¼g per dose), or hMOG97â€“108 peptideâ€“MPs (15â€‰Î¼g peptide per dose) compared with mice left untreated or treated with uncoated NPs or MPs (at the same NP/MP number). h, Changes in the average EAE scores and body weights of HLA-DR4-IE-transgenic C57BL/6 IAbnull mice immunized with hPLP175â€“192 in response to treatment with hMOG97â€“108 peptide i.v. or s.c. (8â€‰Î¼g per dose16), hMOG97â€“108/DR4-IE monomer (25â€‰Î¼g per dose), hMOG97â€“108 peptideâ€“NPs (0.68â€‰Î¼g peptide per dose), hMOG97â€“108 peptideâ€“MPs (15â€‰Î¼g peptide per dose17), or a single dose of hMOG97â€“108 peptideâ€“MPs (15â€‰Î¼g peptide17) compared with mice left untreated or treated with uncoated NPs or MPs (at the same NP/MP number) (nâ€‰=â€‰4â€“5 per group). The cohort of mice treated with one dose had to be terminated after 2.5 weeks, owing to rapid progression of disease. i, Percentages of tetramer+CD4+ T cells in spleen, blood, cervical and inguinal LNs and bone marrow of mice from h (nâ€‰=â€‰3â€“9 per group). Data were compared with Mannâ€“Whitney U-test or two-way ANOVA. Data are averagesâ€‰Â±â€‰s.e.m.


Extended Data Figure 5 Disease reversal by pMHCâ€“NPs is driven by the TR1 cytokines IL-21, IL-10 and TGF-Î² and involves several downstream cellular targets.
a, Changes in blood glucose levels in diabetic NOD mice (>11 mM) treated with IGRP4â€“22/IAg7â€“NPs and blocking anti-IL-10, anti-IFNÎ³ or anti-TGF-Î² mAbs or anti-HRPN rat-IgG (nâ€‰=â€‰4â€“6 per group). b, c, Percentages of tetramer+CD4+ T cells in the spleens (b), and proliferation of CFSE-labelled 8.3-CD8+ T cells in the PLNs verus MLN of the mice from Fig. 3a at the end of follow up (c). d, Changes in blood glucose in hyperglycaemic NOD, NOD Il10âˆ’/âˆ’ and NOD Ifngâˆ’/âˆ’ mice (nâ€‰=â€‰3âˆ’6 per group) in response to 2.5mi/IAg7â€“NPs. e, f, Percentages of tetramer+CD4+ T cells in the spleens (e), and proliferation of CFSE-labelled 8.3-CD8+ T cells in the PLNs versus MLN of the mice from d at the end of follow up (f). g, EAE scores of mice treated with pMHCâ€“NPs and rat-IgG or blocking mAbs (nâ€‰=â€‰4 per group). h, LFB/H&E staining of the cerebellum of HLA-DR4-IE-transgenic C57BL/6 IAbnull mice from g, highlighting differences in inflammation and demyelination in mice treated with hPLP175â€“192/DR4-IEâ€“NPs and rat-IgG versus blocking anti-IL-10, anti-TGF-Î² or anti-IL-21R mAbs. i, Changes in the average body weights of HLA-DR4-IE-transgenic C57BL/6 IAbnull mice from g. j, Percentage of tetramer+CD4+ T cells in spleen, blood and inguinal LNs of mice from g (nâ€‰=â€‰4 per group). k, l, Changes in the average EAE scores (k) and body weights (l) of C57BL/6 Il27râˆ’/âˆ’ mice immunized with pMOG35â€“55 and treated with pMOG38â€“49/IAbâ€“NPs or uncoated nanoparticles starting on the day when mice reached a score of 1.5 (to synchronize the groups for disease activity) (nâ€‰=â€‰7 and 4, respectively). m, Representative IBA1 and LFB/H&E stainings of the cerebellum and the corresponding relative rank scores of mice from k (nâ€‰=â€‰3 and 4, respectively). n, Percentage of tetramer+CD4+ T cells in spleen, blood, inguinal LNs and bone marrow of mice from k (left), and representative CD49b and LAG-3 staining profiles of tetramer+ versus tetramerâˆ’ cells (right). o, Percentage of B220+ cells in the PLNs or MLNs of 2.5mi/IAg7â€“NP- or HEL14-22/IAg7â€“NP-treated mice (nâ€‰=â€‰4 per group). p, Correlation between the percentages of PLN and splenic B220+ cells and 2.5mi/IAg7 tetramer+CD4+ T cells in additional cohorts of mice treated with 2.5mi/IAg7â€“NPs, over a range of total pMHC dose (0.75â€“25â€‰Î¼g of total pMHC) (nâ€‰=â€‰24â€“28). q, Left, in vitro proliferation of CFSE-labelled BDC2.5 CD4+ T cells against 2.5mi or GPI282â€“292 peptide-pulsed B cells purified from the PLNs or MLNs of untreated NOD mice or mice treated with 2.5mi/IAg7â€“NPs (nâ€‰=â€‰5â€“6 per group). Right, representative CFSE dilution profiles. Briefly, profiles show the extent of CFSE dilution in CFSE-labelled BDC2.5 CD4+ T cells cultured in the presence of 2.5mi or GPI282â€“292 peptide-pulsed B cells purified from the PLNs or MLNs of untreated or 2.5mi/IAg7â€“NP-treated NOD mice. r, PLN-derived B cells (105) from 2.5mi/IAg7â€“NP-treated mice secrete IL-10 ex vivo in response to LPS (1â€‰Î¼g mlâˆ’1). Data correspond to 6 pMHC-treated and 5 untreated NOD mice. s, t, Changes in the percentages of 2.5mi (PKH26-labelled) compared with GPI282â€“292 peptide-pulsed (CFSE-labelled) B cells (s) or DCs (t) 7 days after transfer (at 1:1 ratio) into untreated or 2.5mi/IAg7â€“NP-treated NOD mice. Histograms show averaged ratios for each cell type and condition (nâ€‰=â€‰3â€“4 mice per cell type and condition). u, Percentages of CD5+CD1dhieGFP+B220+ cells in mice treated as in Fig. 3b plus blocking Abs (nâ€‰=â€‰4 each). v, LPS-stimulated PLN B cells from NOD mice treated with 10 doses of 2.5mi/IAg7â€“NPs suppress the proliferation of CFSE-labelled BDC2.5 CD4+ T cells by 2.5mi peptide-pulsed DCs in vitro, as compared to LPS-stimulated PLN B cells from untreated controls. x, Percentage of CD19+CD3âˆ’ cells in blood before and after 3 doses of 250â€‰Î¼g of anti-CD20 mAb (nâ€‰=â€‰4). y, 2.5mi/IAg7â€“NP-induced upregulation of IL-21 and IL-10 mRNA in memory eGFPâˆ’ BDC2.5 CD4+ T cells from BDC2.5-TCR-transgenic NOD Foxp3-eGFP donors in NOD Thy1a hosts (nâ€‰=â€‰5). P values were calculated by Pearson correlation, Mannâ€“Whitney U-test or two-way ANOVA. Data are averagesâ€‰Â±â€‰s.e.m.


Extended Data Figure 6 Effects of cytokine blockade or genetic deficiency on the cytokine profile of cognate CD4+ T cells expanded by 2.5mi/IAg7â€“NPs.
nâ€‰=â€‰3 mice each. Data are averagesâ€‰Â±â€‰s.e.m.


Extended Data Figure 7 Human T1D-relevant pMHCIIâ€“NPs, but not free peptide or peptide-coated nanoparticles or microparticles, expand cognate TR1-like CD4+ T cells in human PBMC-engrafted NSG hosts.
a, FACS profiles (cognate versus control tetramer staining in hCD4+ T cells) of samples from mice identified as responders in Supplementary Table 2. Numerical data on tetramer+ T cells are presented on Supplementary Table 2. b, Representative FACS profiles (cognate versus control tetramer staining in splenic hCD4+ T cells) of human healthy control PBMC-engrafted NSG hosts treated with IGRP13-25/DR3â€“NPs (left), or human T1D PBMC-engrafted NSG hosts treated with IGRP13â€“25 peptide, IGRP13â€“25 peptide-coated nanoparticles, IGRP13â€“25 peptide-coated microparticles, or left untreated (right). See Fig. 5 legend for details.


Extended Data Figure 8 Schematic of the proposed mode of operation of pMHCII-based nanomedicines.
pMHCII-coated NPs (pMHCâ€“NP, lacking costimulatory molecules) promote the differentiation of disease-primed (antigen-experienced) IFNÎ³-producing CD4+ TH1-cells into memory TR1-like CD4+ T cells followed by systemic expansion. This differentiation process (but not the subsequent expansion) requires both IFNÎ³ and IL-10, whereas IL-27 is dispensable. The pMHCâ€“NP-expanded (mono-specific) autoreactive TR1-like CD4+ T cells then suppress other autoreactive T-cell responses by secreting IL-21, IL-10 and TGF-Î², which act on local APCs (B cells, CD11c+ and CD11b+ cells) that have captured the cognate autoantigen and thus present cognate pMHCII complexes to the expanded TR1-like cells. This interaction inhibits the proinflammatory function of the targeted APCs and blocks their ability to present other pMHC class I and class II complexes to non-pMHCâ€“NP-cognate autoreactive T-cell specificities (note that the local APCs uptake both cognate and non-cognate autoantigens shed into the milieu simultaneously). Suppression of antigen-presentation requires IL-10 and TGF-Î² but not IFNÎ³ or IL-21. Furthermore, cognate interactions between the pMHCâ€“NP-expanded TR1 CD4+ T cells and autoreactive B cells specific for the cognate autoantigen (able to display the cognate pMHCII complex on the surface) promotes their differentiation into Breg cells in an IL-21-dependent manner, which contribute to promote local immunosuppression, likely by secreting IL-10. Suppression of antigen presentation selectively targets APCs displaying the cognate pMHC, but as local APCs that capture the cognate autoantigen also capture other autoantigens simultaneously, the autoregulatory CD4+ T cells expanded by pMHCâ€“NPs blunt the presentation of other autoantigenic pMHC complexes to a broad range of autoreactive T cells. This suppression is disease-specific and self-limiting.
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        Editorial Summary
Recruiting T cells to blunt autoimmunity
Pere Santamaria and colleagues show that the systemic delivery of nanoparticles coated with autoimmune-disease-relevant, mono-specific peptideâ€“major histocompatibility complexes (pMHC) suppresses established autoimmune disease in mouse and humanized mouse models by the induction of antigen-specific TR1-like regulatory T cells. These results support the idea that any single pMHC involved in a given autoimmune disease could be used to suppress complex autoimmune responses.
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