
Peripherally-induced regulatory T cells contribute to the control of autoimmune diabetes 

Cornelia Schuster*, Fangzhu Zhao*, and Stephan Kissler* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Section for Immunobiology, Joslin Diabetes Center, Harvard Medical School, 1 Joslin Place, 

Boston, MA 02215, USA 

 Correspondence to: stephan.kissler@joslin.harvard.edu 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 2 

Abstract 

Type 1 diabetes (T1D) results from the autoimmune destruction of pancreatic beta cells and is 

partly caused by deficiencies in the Foxp3+ regulatory T cell (Treg) compartment. Conversely, 

therapies that increase Treg function can prevent autoimmune diabetes in animal models. The 

majority of Tregs develop in the thymus (tTregs), but a proportion of Foxp3+ Tregs is generated 

in the periphery (pTregs) from Foxp3-CD4+ T cell precursors. Whether pTregs play a distinct 

role in T1D has not yet been explored. We report here that pTregs are a key modifier of disease 

in the nonobesed diabetic (NOD) mouse model for T1D. We generated NOD mice deficient for 

the Foxp3 enhancer CNS1 involved in pTreg induction. We show that CNS1 knockout decreased 

the frequency of pTregs and increased the risk of diabetes. Our results show that pTregs fulfill an 

important non-redundant function in the prevention of beta cell autoimmunity that causes T1D. 
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Introduction 

Type 1 diabetes (T1D) is an autoimmune disease in which autoreactive T cells destroy pancreatic 

beta cells, causing insulin deficiency. The T cells that drive pathogenesis can be held in check by 

Foxp3+ regulatory T cells (Tregs) [1–4]. Several of the gene variants that increase the risk of 

T1D do so by diminishing the functionality of the Treg compartment. For example, gene variants 

in the IL-2 pathway that controls the frequency of circulating Tregs have been shown to 

associate with disease in mouse and human [5–7]. Therapeutic administration of low-dose IL-2 

increases the frequency of Tregs and prevents autoimmune diabetes in mouse models[2,4]. This 

approach is now in clinical trial for the prevention of T1D [8]. The success of low-dose IL-2 

therapy in mice illustrates how manipulating the Treg compartment is a promising approach for 

the treatment of T1D. Yet, we do not fully understand the involvement of different Treg 

populations in the control of autoimmunity. The majority of Tregs emerge as a distinct 

population during thymic T cell maturation. Defects in thymic Treg development are a possible 

cause for the immune dysregulation that leads to autoimmune diabetes [9–11]. However, a 

proportion of mature Tregs forms not in the thymus but in the periphery [12,13]. These Tregs, 

termed peripherally-induced or pTregs, derive from mature Foxp3-CD4+ T cells following the 

encounter with tolerogenic stimuli, including TGF-β. The highest frequency of pTregs is found 

in the gut, likely owing to the capacity of gut microbes to promote pTreg induction [14–16]. 

pTregs are also present in other organs, potentially contributing to systemic immune regulation, 

but to date, a role for pTregs has only been demonstrated in the gut [17–19], in the lungs [17] 

and in fetal-maternal tolerance [20]. Whether pTregs participate in immune regulation in other 

organs is unclear. We set out to ask if pTregs have any role in pancreatic autoimmunity in the 

context of the nonobese diabetic (NOD) mouse model for T1D. Here, we report that the ability to 
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generate pTregs is a critical modifier of autoimmune diabetes. 

 

Results 

pTregs are present in the pancreas of NOD mice 

Two cellular markers have been proposed to distinguish thymus-derived Foxp3+CD4+ Tregs 

(tTregs) from pTregs. Helios and Neuropilin-1 (Nrp1) are both expressed at higher levels in 

tTregs than pTregs [22–24]. Preliminary measurements with Helios and Nrp1 suggested that the 

two markers were relatively well correlated, and we opted to focus on Helios because it has been 

suggested that pTregs may upregulate Nrp1 in inflamed tissues including the pancreas [13]. As 

reported previously, gut-associated lymphocytes harbored the highest frequency of pTregs. In the 

colonic lamina propria, 25-30% of all CD4+ T cells were Foxp3+ pTregs with low levels of 

Helios (Fig. 1). In contrast, pTregs were rare in the spleen. We detected a slightly higher 

frequency (~ 0.4% of CD4+ cells) in the mesenteric lymph node (mLN) closely associated with 

the gut. Interestingly, pTregs were also present at similar frequencies in both the pancreatic 

lymph node (pLN) and in the pancreas (Fig. 1B). The pLN is a major site of activation for 

autoreactive T cells in autoimmune diabetes. The presence of pTregs in the pLN and in the 

pancreas suggests that pTregs could affect the autoimmune response that underlies T1D.  

 

CNS1 deletion in NOD mice decreases the frequency of pTregs in the pancreas 

The differentiation of pTregs involves tolerogenic stimuli that include TGFβ [25,26] . Naïve 

CD4+ T cells exposed to TGFβ during activation adopt a regulatory phenotype. TGFβ 

stimulation has a direct effect on the induction of Foxp3, the transcription factor characteristic 

for CD4+ Tregs. De novo expression of Foxp3 in peripheral CD4+ T cells involves the conserved 
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non-coding sequence 1 (CNS1) enhancer in the Foxp3 promoter[21,27], a binding site for Smad3 

that acts downstream of TGFβ stimulation [21,28]. CNS1 deletion was shown to decrease the 

frequency of pTregs [17,27]. CNS1 knockout (KO) is the most specific perturbation available to 

modify the pTreg compartment without affecting tTregs. We generated CNS1 KO NOD mice 

using CRISPR-Cas9 genome editing (Fig. 2A). Briefly, we targeted the Cas9 endonuclease to 

sites immediately upstream and downstream of the CNS1 enhancer that is located at position 

+2079 relative to the Foxp3 promoter and spans some 630 nucleotides [21]. Two of the mice that 

developed from microinjected zygotes carried a mutated X-chromosome with the expected 

CNS1 deletion (Fig. 2B). The CNS1 KO allele was inherited with Mendelian frequency and had 

no deleterious effects on development or fertility. We measured pTregs in the blood of founder 

CNS1 KO mice and their progeny, and confirmed that CNS1 deficiency decreased the frequency 

of pTregs (Fig. 2C and 2D). pTreg frequency was similarly reduced in the colon, spleen and 

lymph nodes of CNS1 KO NOD mice (Fig. 3B), in accord with published data [27]. Importantly, 

CNS1 deletion also decreased Helios-Foxp3+ pTregs in the pLN and in the pancreas (Fig. 3B). 

Of note, CNS1 KO did not affect the frequency of tTregs or the frequency of total Foxp3+ Tregs , 

except in the colon (Fig. 3A), presumably because the contribution of pTregs to the total Treg 

population is greatest in this organ. Absolute numbers of CD4+ and Foxp3+CD4+ T cells were 

comparable in all organs of WT and CNS1 KO mice (not shown). In sum, CNS1 KO decreased 

pTregs in the gut and in secondary lymphoid organs without affecting tTreg or total Foxp3+ Treg 

numbers overall. Significantly, CNS1 KO diminished the frequency of pTregs in the pancreas 

and pLN. CNS1 KO NOD mice therefore constitute a new model to specifically investigate the 

contribution of pTregs to autoimmune diabetes. 
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CNS1 deficiency increases the risk of autoimmune diabetes in NOD mice 

We bred cohorts of CNS1 KO NOD mice using a breeding scheme that yielded WT and 

heterozygous (for females only, because Foxp3 is on the X-chromosome) control littermates for 

comparison. Mice were not separated by genotype at weaning and were co-housed throughout 

this study. CNS1 KO was reported to cause gastrointestinal pathology in the B6 mouse strain 

[17], but not in a mixed 129/B6 background [27]. Unlike B6 mice, CNS1 KO NOD mice showed 

no signs of morbidity or weight loss up to 7 months of age, the period during which mice were 

monitored for diabetes. We found that CNS1 deficiency increased the frequency of diabetes in 

both male and female mice (Fig. 4A). Insulitis was more severe in CNS1 KO mice compared 

with WT littermates (Fig. 4B). We conclude that pTreg deficiency increases the risk of 

autoimmune diabetes.  

 

Treg IL-10 production is decreased in the pancreas of CNS1 KO mice 

To evaluate the extent of pTreg function in diabetes, we identified IL-10 producing Foxp3+CD4+ 

Tregs in the pancreas and pLN. Cells isolated from the pLN (Fig. 4C) and from the pancreas 

(Fig. 4D) were stimulated overnight then stained for intracellular IL-10. CNS1 KO decreased the 

frequency of IL-10 producing Foxp3+ T cells in both the pLN and pancreas. This was confirmed 

by immunohistochemical staining that showed a decrease in IL-10+Foxp3+ cells in the pancreas 

of CNS1 KO mice (Fig. 4E). Whether decreased IL-10 production itself is causal for increased 

diabetes frequency in CNS1 KO mice is uncertain, because IL-10 has been ascribed a positive 

[29–31], negative [32] and neutral [33] role in pancreas autoimmunity by different studies. 

Notwithstanding, the data show that pTregs impinge on the function of the pancreatic Treg 

compartment during autoimmune diabetes. 
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Discussion 

The strongest genetic association with T1D is found in the HLA region [34], implicating T cells 

as a major driver of autoimmune diabetes. Numerous additional disease-associated genomic 

regions relate to T cell function [34–36]. In particular, several of the gene variants thought to 

increase the risk of T1D pertain to the function and homeostasis of Tregs whose defect is thought 

to be a critical component of T1D pathogenesis [6]. Treg-based therapies are one of the most 

promising avenues for the treatment of autoimmunity. In this context, it is important that we 

better understand which Tregs could be leveraged to prevent or halt the autoimmune response 

that underlies T1D. pTregs may constitute a subset amenable to therapeutic manipulation, owing 

to the fact that these cells can be induced within the mature T cell population by various agents, 

including microbial metabolites [37–39]. While inducing pTregs appears feasible, the extent to 

which these cells contribute to the control of pancreatic autoimmunity had not yet been 

established. In this report, we showed that pTregs are present in the pancreas and that 

diminishing their frequency increases the risk of diabetes. Our findings support a role for pTregs 

in autoimmune diabetes. CNS1 KO was reported to have no effect in the experimental 

autoimmune encephalomyelitis (EAE) model for multiple sclerosis [17]. A role for pTregs in 

immune-mediated pathology may thus not be systemic, but has so far only been described in the 

gut [17–19], the lungs [17] and in fetal-maternal tolerance [20]. The effect of pTregs on islet 

autoimmunity may relate to the proximity of the pancreas to the gut. The pLN is the primary site 

of activation for autoreactive T cells [40] in autoimmune diabetes. At the same time, the pLN is 

readily accessible to antigen and to cells from the gastrointestinal tract [41], providing a direct 

route by which gut microbe-induced pTregs could impact autoimmunity in T1D. This 

speculative link would provide a plausible explanation for the effects of the gut microbiota on 
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autoimmune diabetes. It is now well established that diabetes in the NOD mouse model is very 

sensitive to changes in the microbiome [42–45]. Similarly, prospective studies of human at-risk 

populations suggest that the gut microbiome modifies the risk of T1D [46,47]. The effects of the 

microbiome on T1D may derive from the capacity of different microbial communities to 

promote the generation of pTregs relevant to pancreatic autoimmunity. In light of our finding 

that pTregs impact the risk of autoimmune diabetes, further exploring this putative mechanism is 

warranted. Additional research will be required to also determine when and where pTregs affect 

the autoimmune response that underlies T1D. A pTreg deficit in the gut could modify immune 

development locally or promote gut leakiness with systemic effects. Alternatively, loss of pTregs 

in the pLN and in the pancreas could have a direct effect on beta cell autoimmunity. It will also 

be important to determine at what stage pTregs exert their influence on disease. pTregs may be 

critical early during immune development when microbial effects on disease risk may be greatest 

[48]. Alternatively, pTregs may have the capacity to dampen autoimmunity throughout disease 

development. Notwithstanding the many facets of pTreg function that we do not yet understand, 

our study demonstrates that pTregs modify the risk of autoimmune diabetes, providing a strong 

incentive to further explore their role in T1D. 
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Materials and Methods 

Mice 

CNS1 KO NOD mice were generated by CRISPR/Cas9 genome editing. gRNAs composed of 

5’-CACCGAAGACATACACCACCACGG-3’ annealed with 

5’- AAACCCGTGGTGGTGTATGTCTTC -3’ and  

5’- CACCGCATCAGTCCTCCAGCCAG -3’ annealed with 

5’- AAACCTGGCTGGAGGACTGATGC -3’ 

were cloned into the pX330 vector (Addgene), amplified by PCR and transcribed using the 

Megashortscript T7 transcription kit (Life Technologies). The two CRISPR target sites are 

located approximately 120 bp upstream and 40 bp downstream of the CNS1 enhancer that spans 

630 bp starting at +2079 bp relative to the Foxp3 promoter [21]. Cas9 mRNA was purchased 

from Trilink Technologies. RNAs were purified using the Megaclear clean-up kit (Life 

Technologies). gRNAs and Cas9 mRNA were injected into the pronucleus of NOD zygotes that 

were reimplanted into pseudo-pregnant Swiss-Webster mice. Genotyping was performed using 

the PCR primers 5’-!GGCGCTTATGTGGCTTCTTTC-3’, 5’-

GAGGTAGCTTCTCATTTTCAAGTGG-3’ and 5’-GGAAGCCAACATGGGGTGAA-3’. NOD 

WT mice were bred and housed in the same room as CNS1 KO mice. All experiments were 

performed with age- and sex-matched mice and approved by the Institutional Animal Care and 

Use Committee at the Joslin Diabetes Center. 

 

Lymphocyte Isolation 

Single cell suspensions were prepared from spleen and lymph nodes by mechanical disruption of 

tissue followed by red blood cell lysis using ACK buffer. Colonic lamina propria cells were 
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isolated after removal of intraepithelial lymphocytes using EDTA followed by digestion with 

Collagenase Type VIII (Sigma Aldrich) and DNAse (Roche). Cells were collected using a 

Percoll (GE Healthcare) density gradient. Intra-pancreatic lymphocytes were harvested by 

digestion using Collagenase P (Roche) followed by a Histopaque-1077 (Sigma) density gradient. 

 

Intracellular Cytokine Staining 

Cells isolated from the pLN and pancreas were stimulated with 50 ng/ml phorbol 12-myristate 

13-acetate (PMA, Sigma-Aldrich) and 500 ng/ml ionomycine (Sigma-Aldrich) overnight at 

37°C. Golgi-Stop (BD Biosciences) was added for the last 5 h of culture before staining and 

analysis by flow cytometry. 

 

Flow Cytometry 

Flow cytometry was performed using a LSRII instrument (BD Biosciences). Data were analyzed 

with the FlowJo software. Fluorescently conjugated CD4, CD8, IL-10, Helios and FoxP3 

antibodies were purchased from Biolegend and eBioscience. Dead cells were excluded using the 

Zombie AquaTM Fixable Viability Kit (Biolegend). Intracellular staining was performed with a 

FoxP3-labelling kit (eBioscience).  

 

Diabetes Frequency Studies 

Disease studies were performed with age-matched, contemporary cohorts of mice. Onset of 

diabetes was monitored by weekly measurements of glycosuria using Diastix (Bayer). Mice with 

two consecutive readings > 250 mg / dL were considered diabetic.  
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Insulitis and Immunohistochemistry 

Pancreatic tissue was frozen in OCT (Fisher Scientific) prior to cryosectioning into 7 µm slices. 

For insulitis scoring, sections were stained with hematoxylin (Fisher Scientific) and counter-

stained with eosin (alcoholic Eosin Y, Fisher Scientific). Pancreatic islets were scored as having 

no infiltration, moderate infiltration or severe infiltration. For immunohistochemistry, pancreas 

slices were fixed in cold acetone (Sigma-Aldrich), washed twice in PBS and incubated for 1 hour 

with PBS supplemented with 10% goat serum and 5% Bovine Serum Albumine (Fisher 

Scientific), then incubated for 1 hour at room temperature with anti-Foxp3 (Cell Signaling 

Technologies). Slides were washed 3 times in PBS and incubated for 1 hour with a fluorescently 

labeled secondary antibody (Thermo Fisher Scientific) as well as an Alexa Fluor 488 conjugated 

IL-10 antibody (Biolegend). All sections were acquired on a Olympus BX-60 microscope 

equipped with an Olympus DP70 camera using the DPManager software. Fluorescent image 

analysis was performed with ImageJ software. !

 

Antibodies 

Antibody Clone Vendor 

CD4-Brilliant Violet 605 RM4-5 Biolegend 

CD8-Brilliant Violet 711 53-6.7 Biolegend 

CD8-APC/Cy7 53-6.7 Biolegend 

IL10-Alexa Fluor 488 JES5-16E3 Biolegend 

IL10-PE JES5-16E3 eBioscience 

Helios-Pacific Blue 22F6 Biolegend 

Foxp3-PE FJK-16s eBioscience 
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Foxp3-eFluor450 FJK-16s eBioscience 

Foxp3 D608R Cell Signaling Technologies 

Chicken anti-rabbit IgG 

Alexa Fluor 594 
polyclonal Thermo Fisher Scientific 

 

Statistical Analyses 

Data were analysed with the Prism software (Graphpad). Diabetes frequency comparisons were 

carried out using the Log-rank test. All other comparisons were performed using an unpaired t-

test, with P < 0.05 considered significant. Sample sizes were approximated in initial experiments, 

and adjusted to increase power as needed in replicate experiments. 

 

  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 13 

Author Contributions 

C.S. designed and performed experiments, analyzed data and wrote the manuscript. F.Z. helped 

with diabetes frequency studies and reviewed the manuscript. S.K. conceived and supervised the 

project, designed experiments, analyzed data and wrote the manuscript. 

 

Acknowledgments 

The authors wish to thank John Stockton for NOD embryo microinjections and Stephanie Katz 

for help with mouse colony management. C.S. is the recipient of a postdoctoral fellowship from 

the Mary K. Iacocca Foundation. This work was supported by NIH funding to the Joslin 

Diabetes Center (grants P30DK036836 and S10OD021740). 

 

Conflict of interest disclosure 

The authors have no financial conflicts of interest. 

  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 14 

References 

[1] Q. Tang, K.J. Henriksen, M. Bi, E.B. Finger, G. Szot, J. Ye, E.L. Masteller, H. McDevitt, 

M. Bonyhadi, J.A. Bluestone, In vitro-expanded antigen-specific regulatory T cells 

suppress autoimmune diabetes, J Exp Med. 199 (2004) 1455–1465. 

doi:10.1084/jem.20040139\rjem.20040139 [pii]. 

[2] Y. Grinberg-Bleyer, A. Baeyens, S. You, R. Elhage, G. Fourcade, S. Gregoire, N. 

Cagnard, W. Carpentier, Q. Tang, J. Bluestone, L. Chatenoud, D. Klatzmann, B.L. 

Salomon, E. Piaggio, IL-2 reverses established type 1 diabetes in NOD mice by a local 

effect on pancreatic regulatory T cells., J. Exp. Med. 207 (2010) 1871–8. 

doi:10.1084/jem.20100209. 

[3] M. Feuerer, Y. Shen, D.R. Littman, C. Benoist, D. Mathis, How punctual ablation of 

regulatory T cells unleashes an autoimmune lesion within the pancreatic islets., Immunity. 

31 (2009) 654–64. doi:10.1016/j.immuni.2009.08.023. 

[4] Q. Tang, J.Y. Adams, C. Penaranda, K. Melli, E. Piaggio, E. Sgouroudis, C.A. Piccirillo, 

B.L. Salomon, J.A. Bluestone, Central Role of Defective Interleukin-2 Production in the 

Triggering of Islet Autoimmune Destruction, Immunity. 28 (2008) 687–697. 

doi:10.1016/j.immuni.2008.03.016. 

[5] J. Yamanouchi, D. Rainbow, P. Serra, S. Howlett, K. Hunter, V.E.S. Garner, A. Gonzalez-

Munoz, J. Clark, R. Veijola, R. Cubbon, S.-L. Chen, R. Rosa, A.M. Cumiskey, D. V 

Serreze, S. Gregory, J. Rogers, P.A. Lyons, B. Healy, L.J. Smink, J.A. Todd, L.B. 

Peterson, L.S. Wicker, P. Santamaria, Interleukin-2 gene variation impairs regulatory T 

cell function and causes autoimmunity, Nat. Genet. 39 (2007) 329–337. 

doi:10.1038/ng1958. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 15 

[6] K. Cerosaletti, A. Schneider, K. Schwedhelm, I. Frank, M. Tatum, S. Wei, E. Whalen, C. 

Greenbaum, M. Kita, J. Buckner, S.A. Long, Multiple Autoimmune-Associated Variants 

Confer Decreased IL-2R Signaling in CD4+CD25hi T Cells of Type 1 Diabetic and 

Multiple Sclerosis Patients, PLoS One. 8 (2013) e83811. 

doi:10.1371/journal.pone.0083811. 

[7] J.H.M. Yang, A.J. Cutler, R.C. Ferreira, J.L. Reading, N.J. Cooper, C. Wallace, P. Clarke, 

D.J. Smyth, C.S. Boyce, G.-J. Gao, J.A. Todd, L.S. Wicker, T.I.M. Tree, Natural 

Variation in Interleukin-2 Sensitivity Influences Regulatory T-Cell Frequency and 

Function in Individuals With Long-standing Type 1 Diabetes, Diabetes. 64 (2015) 3891–

3902. doi:10.2337/db15-0516. 

[8] J.A. Todd, M. Evangelou, A.J. Cutler, M.L. Pekalski, N.M. Walker, H.E. Stevens, L. 

Porter, D.J. Smyth, D.B. Rainbow, R.C. Ferreira, L. Esposito, K.M.D. Hunter, K. Loudon, 

K. Irons, J.H. Yang, C.J.M. Bell, H. Schuilenburg, J. Heywood, B. Challis, S. Neupane, P. 

Clarke, G. Coleman, S. Dawson, D. Goymer, K. Anselmiova, J. Kennet, J. Brown, S.L. 

Caddy, J. Lu, J. Greatorex, I. Goodfellow, C. Wallace, T.I. Tree, M. Evans, A.P. Mander, 

S. Bond, L.S. Wicker, F. Waldron-Lynch, Regulatory T Cell Responses in Participants 

with Type 1 Diabetes after a Single Dose of Interleukin-2: A Non-Randomised, Open 

Label, Adaptive Dose-Finding Trial, PLOS Med. 13 (2016) e1002139. 

doi:10.1371/journal.pmed.1002139. 

[9] M.-C. Gagnerault, O. Lanvin, V. Pasquier, C. Garcia, D. Damotte, B. Lucas, F. Lepault, 

Autoimmunity during Thymectomy-Induced Lymphopenia: Role of Thymus Ablation and 

Initial Effector T Cell Activation Timing in Nonobese Diabetic Mice, J. Immunol. 183 

(2009) 4913–4920. doi:10.4049/jimmunol.0901954. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 16 

[10] C. Ferreira, D. Palmer, K. Blake, O.A. Garden, J. Dyson, Reduced Regulatory T Cell 

Diversity in NOD Mice Is Linked to Early Events in the Thymus, J. Immunol. 192 (2014) 

4145–4152. doi:10.4049/jimmunol.1301600. 

[11] B. Krishnamurthy, J. Chee, G. Jhala, P. Trivedi, T. Catterall, C. Selck, E.N. Gurzov, T.C. 

Brodnicki, K.L. Graham, J.A. Wali, Y. Zhan, D. Gray, A. Strasser, J. Allison, H.E. 

Thomas, T.W.H. Kay, BIM Deficiency Protects NOD Mice From Diabetes by Diverting 

Thymocytes to Regulatory T Cells, Diabetes. 64 (2015) 3229–3238. doi:10.2337/db14-

1851. 

[12] E.M. Shevach, A.M. Thornton, tTregs, pTregs, and iTregs: similarities and differences., 

Immunol. Rev. 259 (2014) 88–102. doi:10.1111/imr.12160. 

[13] M. Yadav, S. Stephan, J.A. Bluestone, Peripherally induced tregs - role in immune 

homeostasis and autoimmunity., Front. Immunol. 4 (2013) 232. 

doi:10.3389/fimmu.2013.00232. 

[14] S. Östman, C. Rask, A.E. Wold, S. Hultkrantz, E. Telemo, Impaired regulatory T cell 

function in germ-free mice, Eur. J. Immunol. 36 (2006) 2336–2346. 

doi:10.1002/eji.200535244. 

[15] K. Atarashi, T. Tanoue, T. Shima, A. Imaoka, T. Kuwahara, Y. Momose, G. Cheng, S. 

Yamasaki, T. Saito, Y. Ohba, T. Taniguchi, K. Takeda, S. Hori, I.I. Ivanov, Y. Umesaki, 

K. Itoh, K. Honda, Induction of Colonic Regulatory T Cells by Indigenous Clostridium 

Species, Science (80-. ). 331 (2011) 337–341. doi:10.1126/science.1198469. 

[16] K. Atarashi, T. Tanoue, K. Oshima, W. Suda, Y. Nagano, H. Nishikawa, S. Fukuda, T. 

Saito, S. Narushima, K. Hase, S. Kim, J. V Fritz, P. Wilmes, S. Ueha, K. Matsushima, H. 

Ohno, B. Olle, S. Sakaguchi, T. Taniguchi, H. Morita, M. Hattori, K. Honda, Treg 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 17 

induction by a rationally selected mixture of Clostridia strains from the human 

microbiota., Nature. 500 (2013) 232–6. doi:10.1038/nature12331. 

[17] S.Z. Josefowicz, R.E. Niec, H.Y. Kim, P. Treuting, T. Chinen, Y. Zheng, D.T. Umetsu, 

A.Y. Rudensky, Extrathymically generated regulatory T cells control mucosal TH2 

inflammation., Nature. 482 (2012) 395–9. doi:10.1038/nature10772. 

[18] C. Ohnmacht, J. Park, S. Cording, J.B. Wing, K. Atarashi, Y. Obata, V. Gaboriau-

Routhiau, R. Marques, S. Dulauroy, M. Fedoseeva, M. Busslinger, N. Cerf-Bensussan, 

I.G. Boneca, D. Voehringer, K. Hase, K. Honda, S. Sakaguchi, G. Eberl, The microbiota 

regulates type 2 immunity through RORγt+ T cells., Science (80-. ). 349 (2015) 1–9. 

doi:10.1126/science.aac4263. 

[19] E. Sefik, N. Geva-Zatorsky, S. Oh, L. Konnikova, D. Zemmour, A.M. McGuire, D. 

Burzyn, A. Ortiz-Lopez, M. Lobera, J. Yang, S. Ghosh, A. Earl, S.B. Snapper, R. Jupp, D. 

Kasper, D. Mathis, C. Benoist, MUCOSAL IMMUNOLOGY. Individual intestinal 

symbionts induce a distinct population of RORgamma(+) regulatory T cells, Science (80-. 

). 349 (2015) 993–997. doi:10.1126/science.aaa9420. 

[20] R.M. Samstein, S.Z. Josefowicz, A. Arvey, P.M. Treuting, A.Y. Rudensky, Extrathymic 

Generation of Regulatory T Cells in Placental Mammals Mitigates Maternal-Fetal 

Conflict, Cell. 150 (2012) 29–38. doi:10.1016/j.cell.2012.05.031. 

[21] Y. Tone, K. Furuuchi, Y. Kojima, M.L. Tykocinski, M.I. Greene, M. Tone, Smad3 and 

NFAT cooperate to induce Foxp3 expression through its enhancer., Nat. Immunol. 9 

(2008) 194–202. doi:10.1038/ni1549. 

[22] A.M. Thornton, P.E. Korty, D.Q. Tran, E.A. Wohlfert, P.E. Murray, Y. Belkaid, E.M. 

Shevach, Expression of Helios, an Ikaros transcription factor family member, 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 18 

differentiates thymic-derived from peripherally induced Foxp3+ T regulatory cells., J. 

Immunol. 184 (2010) 3433–41. doi:10.4049/jimmunol.0904028. 

[23] M. Yadav, C. Louvet, D. Davini, J.M. Gardner, M. Martinez-Llordella, S. Bailey-

Bucktrout, B.A. Anthony, F.M. Sverdrup, R. Head, D.J. Kuster, P. Ruminski, D. Weiss, 

D. Von Schack, J.A. Bluestone, Neuropilin-1 distinguishes natural and inducible 

regulatory T cells among regulatory T cell subsets in vivo, J. Exp. Med. 209 (2012) 1713–

1722. doi:10.1084/jem.20120822. 

[24] J.M. Weiss, A.M. Bilate, M. Gobert, Y. Ding, M.A. Curotto de Lafaille, C.N. Parkhurst, 

H. Xiong, J. Dolpady, A.B. Frey, M.G. Ruocco, Y. Yang, S. Floess, J. Huehn, S. Oh, 

M.O. Li, R.E. Niec, A.Y. Rudensky, M.L. Dustin, D.R. Littman, J.J. Lafaille, Neuropilin 1 

is expressed on thymus-derived natural regulatory T cells, but not mucosa-generated 

induced Foxp3+ T reg cells., J. Exp. Med. 209 (2012) 1723–42, S1. 

doi:10.1084/jem.20120914. 

[25] W. Chen, W. Jin, N. Hardegen, K. Lei, L. Li, N. Marinos, G. McGrady, S.M. Wahl, 

Conversion of Peripheral CD4 + CD25 − Naive T Cells to CD4 + CD25 + Regulatory T 

Cells by TGF-β Induction of Transcription Factor Foxp3, J. Exp. Med. 198 (2003) 1875–

1886. doi:10.1084/jem.20030152. 

[26] D. Mucida, N. Kutchukhidze, A. Erazo, M. Russo, J.J. Lafaille, M.A. Curotto de Lafaille, 

Oral tolerance in the absence of naturally occurring Tregs, J. Clin. Invest. 115 (2005) 

1923–1933. doi:10.1172/JCI24487. 

[27] Y. Zheng, S. Josefowicz, A. Chaudhry, X.P. Peng, K. Forbush, A.Y. Rudensky, Role of 

conserved non-coding DNA elements in the Foxp3 gene in regulatory T-cell fate, Nature. 

463 (2010) 808–812. doi:Doi 10.1038/Nature08750. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 19 

[28] S.M. Schlenner, B. Weigmann, Q. Ruan, Y. Chen, H. von Boehmer, Smad3 binding to the 

foxp3 enhancer is dispensable for the development of regulatory T cells with the 

exception of the gut., J. Exp. Med. 209 (2012) 1529–35. doi:10.1084/jem.20112646. 

[29] K.J. Pennline, E. Roque-Gaffney, M. Monahan, Recombinant human IL-10 prevents the 

onset of diabetes in the nonobese diabetic mouse., Clin. Immunol. Immunopathol. 71 

(1994) 169–75. http://www.ncbi.nlm.nih.gov/pubmed/8181185 (accessed June 14, 2017). 

[30] X.X. Zheng, A.W. Steele, W.W. Hancock, A.C. Stevens, P.W. Nickerson, P. Roy-

Chaudhury, Y. Tian, T.B. Strom, A noncytolytic IL-10/Fc fusion protein prevents 

diabetes, blocks autoimmunity, and promotes suppressor phenomena in NOD mice., J. 

Immunol. 158 (1997) 4507–13. http://www.ncbi.nlm.nih.gov/pubmed/9127018 (accessed 

June 13, 2017). 

[31] Z. Yang, M. Chen, R. Wu, L.B. Fialkow, J.S. Bromberg, M. McDuffie, A. Naji, J.L. 

Nadler, Suppression of autoimmune diabetes by viral IL-10 gene transfer., J. Immunol. 

168 (2002) 6479–85. http://www.ncbi.nlm.nih.gov/pubmed/12055268 (accessed June 14, 

2017). 

[32] L. Wogensen, M.S. Lee, N. Sarvetnick, Production of interleukin 10 by islet cells 

accelerates immune-mediated destruction of beta cells in nonobese diabetic mice., J. Exp. 

Med. 179 (1994) 1379–84. http://www.ncbi.nlm.nih.gov/pubmed/8145050 (accessed June 

15, 2017). 

[33] D. V Serreze, H.D. Chapman, C.M. Post, E.A. Johnson, W.L. Suarez-Pinzon, A. 

Rabinovitch, Th1 to Th2 cytokine shifts in nonobese diabetic mice: sometimes an 

outcome, rather than the cause, of diabetes resistance elicited by immunostimulation., J. 

Immunol. 166 (2001) 1352–9. http://www.ncbi.nlm.nih.gov/pubmed/11145720 (accessed 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 20 

June 15, 2017). 

[34] F. Pociot, Å. Lernmark, Genetic risk factors for type 1 diabetes, Lancet. 387 (2016) 2331–

2339. doi:10.1016/S0140-6736(16)30582-7. 

[35] J.C. Barrett, D.G. Clayton, P. Concannon, B. Akolkar, J.D. Cooper, H.A. Erlich, C. Julier, 

G. Morahan, J. Nerup, C. Nierras, V. Plagnol, F. Pociot, H. Schuilenburg, D.J. Smyth, H. 

Stevens, J.A. Todd, N.M. Walker, S.S. Rich, Genome-wide association study and meta-

analysis find that over 40 loci affect risk of type 1 diabetes., Nat. Genet. 41 (2009) 703–7. 

doi:10.1038/ng.381. 

[36] M.J. Tomlinson, A. Pitsillides, R. Pickin, M. Mika, K.L. Keene, X. Hou, J. Mychaleckyj, 

W.-M. Chen, P. Concannon, S. Onengut-Gumuscu, Fine mapping and functional studies 

of risk variants for type 1 diabetes at chromosome 16p13.13., Diabetes. 63 (2014) 4360–8. 

doi:10.2337/db13-1785. 

[37] P.M. Smith, M.R. Howitt, N. Panikov, M. Michaud, C.A. Gallini, M. Bohlooly-Y, J.N. 

Glickman, W.S. Garrett, The Microbial Metabolites, Short-Chain Fatty Acids, Regulate 

Colonic Treg Cell Homeostasis, Science (80-. ). 341 (2013) 569–573. 

doi:10.1126/science.1241165. 

[38] N. Arpaia, C. Campbell, X. Fan, S. Dikiy, J. van der Veeken, P. deRoos, H. Liu, J.R. 

Cross, K. Pfeffer, P.J. Coffer, A.Y. Rudensky, Metabolites produced by commensal 

bacteria promote peripheral regulatory T-cell generation., Nature. 504 (2013) 451–5. 

doi:10.1038/nature12726. 

[39] Y. Furusawa, Y. Obata, S. Fukuda, T. a Endo, G. Nakato, D. Takahashi, Y. Nakanishi, C. 

Uetake, K. Kato, T. Kato, M. Takahashi, N.N. Fukuda, S. Murakami, E. Miyauchi, S. 

Hino, K. Atarashi, S. Onawa, Y. Fujimura, T. Lockett, J.M. Clarke, D.L. Topping, M. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 21 

Tomita, S. Hori, O. Ohara, T. Morita, H. Koseki, J. Kikuchi, K. Honda, K. Hase, H. Ohno, 

Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T 

cells., Nature. 504 (2013) 446–50. doi:10.1038/nature12721. 

[40] P. Höglund, J. Mintern, C. Waltzinger, W. Heath, C. Benoist, D. Mathis, Initiation of 

autoimmune diabetes by developmentally regulated presentation of islet cell antigens in 

the pancreatic lymph nodes., J. Exp. Med. 189 (1999) 331–9. 

http://www.ncbi.nlm.nih.gov/pubmed/9892615 (accessed June 15, 2017). 

[41] S.J. Turley, J.-W. Lee, N. Dutton-Swain, D. Mathis, C. Benoist, Endocrine self and gut 

non-self intersect in the pancreatic lymph nodes., Proc. Natl. Acad. Sci. U. S. A. 102 

(2005) 17729–33. doi:10.1073/pnas.0509006102. 

[42] L. Wen, R.E. Ley, P.Y. Volchkov, P.B. Stranges, L. Avanesyan, A.C. Stonebraker, C. Hu, 

F.S. Wong, G.L. Szot, J.A. Bluestone, J.I. Gordon, A. V Chervonsky, Innate immunity 

and intestinal microbiota in the development of Type 1 diabetes., Nature. 455 (2008) 

1109–13. doi:10.1038/nature07336. 

[43] S. Candon, A. Perez-Arroyo, C. Marquet, F. Valette, A.-P. Foray, B. Pelletier, C. Milani, 

M. Ventura, J.-F. Bach, L. Chatenoud, L. Chatenoud, Antibiotics in Early Life Alter the 

Gut Microbiome and Increase Disease Incidence in a Spontaneous Mouse Model of 

Autoimmune Insulin-Dependent Diabetes, PLoS One. 10 (2015) e0125448. 

doi:10.1371/journal.pone.0125448. 

[44] K. Brown, A. Godovannyi, C. Ma, Y. Zhang, Z. Ahmadi-Vand, C. Dai, M.A. Gorzelak, Y. 

Chan, J.M. Chan, A. Lochner, J.P. Dutz, B.A. Vallance, D.L. Gibson, Prolonged antibiotic 

treatment induces a diabetogenic intestinal microbiome that accelerates diabetes in NOD 

mice, ISME J. 10 (2016) 321–332. doi:10.1038/ismej.2015.114. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 22 

[45] J. Peng, S. Narasimhan, J.R. Marchesi, A. Benson, F.S. Wong, L. Wen, Long term effect 

of gut microbiota transfer on diabetes development, J. Autoimmun. 53 (2014) 85–94. 

doi:10.1016/j.jaut.2014.03.005. 

[46] A.D. Kostic, D. Gevers, H. Siljander, T. Vatanen, T. Hyötyläinen, A.-M. Hämäläinen, A. 

Peet, V. Tillmann, P. Pöhö, I. Mattila, H. Lähdesmäki, E.A. Franzosa, O. Vaarala, M. 

de Goffau, H. Harmsen, J. Ilonen, S.M. Virtanen, C.B. Clish, M. Orešič, C. Huttenhower, 

M. Knip, R.J. Xavier, R.J. Xavier, The Dynamics of the Human Infant Gut Microbiome in 

Development and in Progression toward Type 1 Diabetes, Cell Host Microbe. 17 (2015) 

260–273. doi:10.1016/j.chom.2015.01.001. 

[47] T. Vatanen, A.D. Kostic, E. d’Hennezel, H. Siljander, E.A. Franzosa, M. Yassour, R. 

Kolde, H. Vlamakis, T.D. Arthur, A.-M. Hämäläinen, A. Peet, V. Tillmann, R. Uibo, S. 

Mokurov, N. Dorshakova, J. Ilonen, S.M. Virtanen, S.J. Szabo, J.A. Porter, H. 

Lähdesmäki, C. Huttenhower, D. Gevers, T.W. Cullen, M. Knip, R.J. Xavier, R.J. Xavier, 

Variation in Microbiome LPS Immunogenicity Contributes to Autoimmunity in Humans, 

Cell. 165 (2016) 842–853. doi:10.1016/j.cell.2016.04.007. 

[48] C.H.F. Hansen, L. Krych, D.S. Nielsen, F.K. Vogensen, L.H. Hansen, S.J. Sørensen, K. 

Buschard, A.K. Hansen, Early life treatment with vancomycin propagates Akkermansia 

muciniphila and reduces diabetes incidence in the NOD mouse, Diabetologia. 55 (2012) 

2285–2294. doi:10.1007/s00125-012-2564-7. 

 

  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2017. ; https://doi.org/10.1101/199646doi: bioRxiv preprint 

https://doi.org/10.1101/199646
http://creativecommons.org/licenses/by/4.0/


! 23 

Figure legends 

 

Fig. 1. pTregs are present in the pancreas of NOD mice. (A and B) Lymphocytes isolated from 

the colonic lamina propria (Col. LP in black), mesenteric lymph nodes (mLN in purple), spleen 

(in orange), pancreatic lymph nodes (pLN in blue) and the pancreas (in green) of NOD WT mice 

were analyzed by flow cytometry. Total Tregs were characterized as Foxp3+ cells (A). pTregs 

were characterized as Foxp3+Helios- cells (B). All samples were gated on live CD4+CD8- 

lymphocytes. Representative FACS plots are shown on the left, cell frequencies (mean ± SEM) 

on the right. All mice were 6-week old with n=11-25 (3-5 combined individual experiments) per 

group.  

 

Fig. 2. Generation of CNS1 KO NOD mice. (A) Schematic of the strategy used to delete CNS1 

using CRISPR/Cas9 genome editing in the Foxp3 promoter region. (B) PCR amplification of the 

CNS1 region in founder mice to distinguish WT from CNS1 KO mice. (C and D) Blood of 

founder mice (F0) as well as WT and CNS1 KO littermates in the third off-spring generation 

(F3) was analyzed by flow cytometry. Total Tregs were characterized as Foxp3+ cells (C) and 

pTregs were characterized as Foxp3+Helios- cells (D), all within live CD4+CD8- lymphocytes. 

Representative plots (left panels) and cell frequencies (mean ± SEM, right panels) are shown. All 

mice were 10-12 weeks old. n=12 (WT), n=2 (CNS1 KO) for F0 and n=25 (WT), n=18 (CNS1 

KO) for F3 mice. Exact P-values are shown (two-tailed unpaired t-test). 

 

Fig. 3. CNS1 KO decreases pTregs in NOD mice. (A and B) Lymphocytes from NOD WT and 

CNS1 KO colonic lamina propria (Col. LP in black), mesenteric lymph nodes (mLN in purple), 
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spleen (in orange), pancreatic lymph nodes (pLN in blue) and the pancreas (in green) were 

analyzed by flow cytometry. Total Tregs were characterized as Foxp3+ cells (A). pTregs were 

characterized as Foxp3+Helios- cells (B). All samples were gated on live CD4+CD8- 

lymphocytes. Representative FACS plots are shown on the left, cell frequency data (mean ± 

SEM) on the right. All mice were 6 weeks old, n=9-22 mice per group (3-5 combined individual 

experiments). Exact P-values are shown (two-tailed unpaired t-test). 

 

Fig. 4. CNS1 KO increases the frequency of diabetes and decreases the frequency of IL-10-

producing Tregs in NOD mice. (A) Spontaneous diabetes frequency in WT or heterozygous 

(Control, n = 28) and CNS1 KO (KO, n = 14) female mice (left) and WT (n=23) and CNS1 KO 

(n=19) male mice (right). Disease frequency between groups was compared using the Log-rank 

test, exact P values are shown. (B) Insulitis in female WT (n = 1595 islets) and CNS1 KO (n = 

1422 islets) mice at 6 weeks of age. Islets were scored as free of insulitis, or as having moderate 

or severe infiltration, see representative images (40x magnification, scale bars indicate 50µm). P 

< 0.0001 (Fisher’s exact test) for the proportion of infiltrated (moderate and severe combined) 

islets between WT and CNS1 KO groups. (C) Pancreatic lymph node cells from WT (n=20) and 

CNS1 KO (n=21) NOD mice (all 6 weeks old, 4 combined individual experiments) were 

stimulated with PMA/ionomycin and analyzed by flow cytometry to measure the frequency of 

IL-10 producing Foxp3+ Tregs. Representative FACS plots including an isotype control antibody 

for IL-10 are shown on the left, cell frequencies (mean ± SEM) on the right. Values denote 

frequencies within live CD4+CD8-Foxp3+ lymphocytes. Exact P-values are shown (two-tailed 

unpaired t-test). (D) Pancreatic lymphocytes from WT (n=6) and CNS1 KO (n=5) NOD mice (all 

10 weeks old) were stimulated with PMA/ionomycin and analyzed by flow cytometry to measure 
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the frequency of IL10-producing Foxp3+ Tregs. The left panel shows the absolute number of 

CD4+ cells, the middle and right panels show the proportion of total Foxp3+ and Foxp3+IL10+ 

cells, respectively, within the CD4 population (mean ± SEM). Exact P-values are shown (two-

tailed unpaired t-test). (E) Representative pancreas sections from 12-week old WT and CNS1 

KO NOD mice stained for Foxp3 (magenta, left panels) and IL-10 (green, middle panels). The 

overlay (white for co-localization) is shown in the right panels. (40x magnification, scale bar: 50 

µm).  
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