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Abstract 36 

Adoptive immunotherapy with Tregs is a promising approach for prevention or treatment of type 37 

1 diabetes. Islet antigen-specific Tregs have more potent therapeutic effects than polyclonal 38 

cells, but their low frequency is a barrier for clinical application. To generate Tregs that 39 

recognize islet antigens, we engineered a chimeric antigen receptor (CAR) derived from a 40 

monoclonal antibody with specificity for the insulin B-chain 10-23 peptide presented in the 41 

context of the IAg7 MHC class II allele present in NOD mice. Peptide specificity of the resulting 42 

InsB-g7 CAR was confirmed by tetramer staining and T cell proliferation in response to 43 

recombinant or islet-derived peptide. The InsB-g7 CAR re-directed NOD Treg specificity such 44 

that insulin B 10-23-peptide stimulation enhanced suppressive function, measured via reduction 45 

of proliferation and IL-2 production by BDC2.5 T cells and CD80 and CD86 expression on 46 

dendritic cells. Co-transfer of InsB-g7 CAR Tregs prevented adoptive transfer diabetes by 47 

BDC2.5 T cells in immunodeficient NOD mice. In wild type NOD mice, InsB-g7 CAR Tregs 48 

stably expressed Foxp3 and prevented spontaneous diabetes. These results show that 49 

engineering Treg specificity for islet antigens using a T cell receptor-like CAR is a promising 50 

new therapeutic approach for the prevention of autoimmune diabetes. 51 

 52 

Brief Summary 53 

Chimeric antigen receptor Tregs specific for an insulin B-chain peptide presented by MHC class 54 

II prevent autoimmune diabetes.  55 

  56 
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Introduction 57 

Autoimmune type 1 diabetes (T1D) is caused by T cell mediated destruction of the insulin 58 

producing beta cells of the islets of Langerhans in the pancreas. Regulatory T cells (Tregs), 59 

defined by expression of the Foxp3 transcription factor, are suppressive CD4+ T cells that 60 

normally function to limit autoreactive effector T cell responses and prevent autoimmunity (1-3). 61 

Tregs from individuals with T1D have abnormal cytokine and gene expression profiles, and 62 

reduced suppressive function, leading to the concept that strategies to restore Treg function 63 

could be a promising way to treat or prevent autoimmunity (4-8). 64 

Significant research using animal models of T1D has shown that therapeutic restoration 65 

of Tregs can prevent disease progression. Clinical studies have shown the safety of this 66 

approach in humans, but so far evidence for efficacy is limited (9-11). A consideration is that, to 67 

date, all clinical trials of Treg therapy in T1D have used polyclonal cells, meaning that only a 68 

small fraction of the infused cells were specific for disease-relevant antigens (12). In animal 69 

models of autoimmune diabetes, there is clear evidence that islet-antigen-specific Tregs are 70 

significantly more effective than polyclonal Tregs at preventing or delaying disease. In animal 71 

models of autoimmune diabetes, BDC2.5 TCR-transgenic Tregs, which are specific for a fusion 72 

peptide between insulin C and chromogranin A, or NOD T cells engineered to express Foxp3 73 

and the BDC2.5 T cell receptor (TCR), but not polyclonal Tregs, suppressed diabetes induced 74 

by T cells from diabetic NOD mice or BDC2.5 T effector cells (13, 14). Similarly, in wild type 75 

(WT) NOD mice, a single infusion of BDC2.5 TCR-transgenic Tregs prevented and reversed 76 

spontaneous T1D, whereas polyclonal cells had no effect (15, 16).  77 

In addition to engineering Tregs with TCRs, an alternate method to re-direct specificity is 78 

through use of chimeric antigen receptors (CARs), engineered receptors in which antigen-79 

specificity is typically mediated by an extracellular single chain antibody (scFv) and intracellular 80 

signaling driven by one or more co-stimulatory domains and CD3z. In comparison to TCRs, 81 

advantages of using CARs to control T cell specificity include the high affinity and specificity of 82 

scFvs, modular intracellular domain format, lack of mispairing with endogenous TCR chains, 83 

and MHC independence. We and others have shown that CAR-Tregs specific for allo or 84 

autoantigens have potent therapeutic effects in models of allograft rejection or autoimmunity 85 

(17-24). A limitation of CARs is that they are most effective when cross-linked by membrane or 86 

oligomeric proteins, possibly explaining why Tregs expressing a CAR specific for soluble insulin 87 

did not prevent or delay T1D in the NOD spontaneous diabetes model (25).  88 

Seeking to design CARs for use in Tregs to treat T1D, we considered that the 89 

immunosuppressive function of Tregs needs to be present in both affected tissues and local 90 
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lymph nodes (26). We thus hypothesized that the ideal CAR-Treg target in T1D would be a 91 

protein with expression restricted to islets and also present within the pancreas-draining lymph 92 

nodes. Therefore, we developed a new mAb specific for the amino acid (AA) residues 10-23 of 93 

the insulin B chain (InsB) presented in the context of NOD mouse MHCII, IAg7. We then 94 

converted this mAb to a CAR and tested its ability to re-direct Treg specificity and create a 95 

therapeutic cell product that could suppress diabetogenic T cells and prevent autoimmune 96 

diabetes. 97 

 98 
Results 99 
 100 
Generation and validation of an InsB10-23 :IAg7-specific mAb 101 

Our goal was to design a CAR that enhanced retention of, and suppression by, Tregs at the site 102 

of islet-antigen presentation. Therefore, we first generated mAbs with high specificity for an 103 

islet-antigen peptide presented by NOD MHCII, IAg7. Specifically, we targeted insulin B chain AA 104 

residues 10-23 because transgenic and retrogenic CD4+ T cells targeting this epitope are 105 

capable of causing autoimmune diabetes and CD4+ T cell responses to this epitope are required 106 

for spontaneous disease in NOD mice (27-30). To generate an InsB10-23:IAg7 mAb, B cell 107 

hybridomas were created from NOD mice immunized with recombinant IAg7 molecules 108 

containing InsB10-23 altered peptides InsBP8E and InsBP8G (31, 32) (Figure 1A). These 109 

modified insulin peptides were used because of their high affinity and well-defined binding to 110 

IAg7. In contrast, the native WT InsB10-23 binds weakly to IAg7, is unstable, and is presented in 111 

multiple registers (33-35). One of the resulting hybridomas, named 1B2, produced an IgG1 112 

antibody that specifically bound to IAg7 tetramers containing InsB10-23 modified peptides, but not 113 

to IAg7 tetramers containing irrelevant peptides human CLIP87-101 or hen egg lysozyme (HEL)11-25 114 

(Figure 1B). To further confirm specificity, we used fluorochrome conjugated 1B2 to stain 115 

peptide-pulsed bone marrow-derived dendritic cells (BMDC). BMDCs pulsed with InsBP8E, and 116 

to a lesser extent P8G, showed a significant increase in 1B2 geometric mean fluorescent 117 

intensity compared to BMDCs pulsed with vehicle control (Figure 1, C and D). Using biolayer 118 

interferometry we confirmed a preference for InsBP8E over InsBP8G, where the relative affinity 119 

(KD) of 1B2 for InsBP8E:IAg7 was nearly 3-fold that of InsBP8G:IAg7 (8.5x10-9M vs 2.7x10-8M, 120 

respectively).  121 

To further characterize antibody specificity we next determined if the 1B2 antibody could 122 

block CD4+ T cell responses to endogenous, islet-derived antigen. InsB10-23-specific TCR-123 

transgenic 8F10 T cells were cocultured with NOD splenocytes pulsed with islets or peptides in 124 

the presence of 1B2 or IgG1 isotype control antibody (28). 8F10 CD4+ T cells proliferated in 125 
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response to both InsB10-23 and InsBP8G peptides and to a lesser extent, NOD islets (Figure 1, E 126 

and F). Addition of 1B2 antibody significantly reduced 8F10 CD4+ T cell proliferation in response 127 

to all three stimuli (InsB10-23, InsBP8G, and islets).  128 

In another test of 1B2 specificity, we used the AS150 T cell hybridoma, which is specific 129 

for InsB10-23 peptide and secretes IL-2 in response to InsBP8E pulsed antigen presenting cells 130 

(APCs) (33, 36). At low peptide concentrations, this response was inhibited with addition of 1B2 131 

antibody (Supplemental Figure 1). In contrast, 1B2 had no effect on BDC2.5 CD4+ T cell 132 

proliferation in response to the cognate antigen 2.5 hybrid-peptide (2.5HP), a fusion peptide 133 

composed of Insulin C and chromogranin A (Supplemental Figure 2). These data demonstrate 134 

that the 1B2 antibody is specific for the InsB10-23:IAg7 peptide-MHC complex. Importantly, its 135 

affinity is sufficient to inhibit cognate T cell activation and proliferation in the presence of 136 

naturally processed and presented InsB10-23 antigen.   137 

 138 

1B2 CAR Tregs are stable and retain specificity for InsB10-23.  139 

We next converted the 1B2 mAb into a CAR by linking heavy and light chain variable domain 140 

sequences from the 1B2 antibody and cloning upstream of an extracellular Myc-epitope tag 141 

followed by CD28 and CD3z intracellular signaling domains (17) (Figure 2A). To characterize 142 

the specificity of the resulting InsB-g7 CAR, Tregs were sorted from NOD.Foxp3EGFP reporter 143 

mice and transduced with retrovirus encoding the InsB-g7 CAR or control (Figure 2, B and C). 144 

Compared to GFPneg Tconv cells, sorted CAR Treg cells were >90% Foxp3+, and the majority 145 

co-expressed Helios, another transcription factor characteristic of the Treg lineage (Figure 2, D 146 

and E). Furthermore, InsB-g7 CAR Tregs bound the InsBP8E:IAg7 tetramer but not the 147 

2.5HP:IAg7 tetramer (Figure 2, F and G). Collectively, these data demonstrate that when 148 

reformatted as a CAR, the 1B2 antibody scFv had preserved insulin peptide-MHC complex 149 

specificity, and that NOD Treg specificity could be re-directed towards an islet antigen upon 150 

expression of this CAR.  151 

 152 

InsB-g7 CAR T cells are activated by synthetic and naturally-presented insulin peptides.  153 

To further test the specificity and function of the InsB-g7 CAR, we assessed the proliferative 154 

response of InsB-g7 CAR T cells to InsB10-23 peptide. 1B2 CAR Tconvs or Tregs were labeled 155 

with a proliferation dye and cocultured in vitro with irradiated NOD splenocytes, in the presence 156 

of an irrelevant peptide control (HEL11-25) or InsB10-23 P8E. In response to InsBP8E peptide both 157 

InsB-g7 CAR Tconvs and Tregs underwent significant proliferation (Figure 3, A-D). Consistent 158 

with the hypo-proliferative nature of Tregs (37), InsB-g7 CAR Tconvs proliferated more 159 
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extensively in response to InsBP8E than InsB-g7 CAR Tregs, but the cumulative division index 160 

(CDI) was greater in InsB-g7 CAR Tregs due to lower background proliferation in the absence of 161 

exogenous antigen.  162 

We next tested if the InsB-g7 CAR could stimulate T cell activation in response to islet-163 

derived antigen. These experiments were done with Tconv due to their higher in vitro 164 

proliferative capacity compared to Tregs. Control Tconvs or InsB-g7 CAR Tconvs were labeled 165 

with a proliferation dye and cocultured in vitro with T cell-depleted NOD splenocytes in the 166 

presence or absence of NOD islets. A significant fraction of InsB-g7 CAR Tconvs (~30%) 167 

proliferated in response to islets, whereas control Tconvs did not (Figure 3, E and F).  168 

To test if InsB-g7 CAR Tconvs could respond to endogenous islet-derived antigen in 169 

vivo, control or InsB-g7 CAR Tconvs were injected into 8 week old female NOD mice and 7 170 

days later the T cells were isolated from the secondary lymphoid organs and analyzed by flow 171 

cytometry for PD-1 expression, as an indirect measure of stimulation (38). Whereas control 172 

Tconvs had no detectable PD-1 expression, ~20% of InsB-g7 CAR Tconvs expressed PD-1. As 173 

a positive control, mice were immunized with InsBP8E and lipopolysaccharide (LPS), resulting 174 

in nearly 60% of 1B2 CAR Tconvs staining positive for PD-1 (Figure 3, G and H). These data 175 

show that the InsB-g7 CAR can detect islet-derived antigen in vivo and, similar to what is 176 

observed with TCR ligation, become activated and upregulate PD-1.   177 

 178 

InsB-g7 CAR Tregs mediate bystander suppression in vitro.  179 

After confirming that InsB-g7 CAR Tregs were stimulated by islet-derived antigen, we next 180 

assessed their antigen-stimulated suppressive capacity. We first tested if CAR stimulation 181 

induced expression of proteins related to Treg activation and suppression. Control Tregs and 182 

InsB-g7 CAR Tregs were cocultured in vitro overnight in the presence of NOD splenocytes with 183 

either InsBP8E, HEL11-25, or no peptide. We found that InsBP8E stimulation led to a significant 184 

increase in CD69, LAP, and CTLA4 expression on InsB-g7 CAR Tregs compared to HEL11-25-185 

stimulated InsB-g7 CAR Tregs; no effect was observed in control Tregs, regardless of peptide 186 

antigen (Figure 4A). Another in vitro correlate of in vivo suppressive function is antigen-187 

stimulated transendocytosis of costimulatory molecules CD80 and CD86 from APCs (39). When 188 

InsB-g7 CAR Tregs were cocultured with splenic CD11c+ dendritic cells (DCs) pulsed with 189 

InsBP8E, both CD80 and CD86 expression on DCs was significantly reduced compared to DCs 190 

pulsed with HEL11-25 (Figure 4, B and C). In contrast, there was no change in CD80/86 191 

expression on DCs pulsed with InsBP8E in the presence of control Tregs (Figure 4, B and C). 192 

These data show that stimulation of InsB-g7 CAR Tregs with cognate antigen results in 193 
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increased expression of molecules associated with Treg suppression and facilitates enhanced 194 

transendocytosis of CD80 and CD86 from APCs.  195 

We next determined if CAR stimulation enhanced Treg suppression in vitro using 196 

BDC2.5 T cells as responders. InsB-g7 CAR or control Tregs were cocultured overnight with 197 

DCs in the presence of the peptides InsBP8E and P63, a mimotope for the BDC2.5 TCR. The 198 

next day, CD4+ BDC2.5 T cells were added to Treg/DC cultures and BDC2.5 T cell proliferation 199 

was assessed by flow cytometry after 3 additional days. Compared to the no Treg control, both 200 

control Tregs and InsB-g7 CAR Tregs suppressed BDC2.5 T cell proliferation and IL-2 201 

production (Figure 4, D-F). However, at the 2:1 Treg:T cell ratio, the InsB-g7 CAR Tregs were 202 

significantly more suppressive than control Tregs. Moreover, InsB-g7 CAR Tregs suppressed 203 

IL-2 production significantly more than control Tregs at multiple ratios (Figure 4, D-F).  204 

Collectively, these data show InsB-g7 CAR stimulation leads to increased expression of 205 

markers of activation and suppression, resulting in the suppression of DCs and effector function 206 

of T cells with disparate antigen specificity. 207 

 208 

InsB-g7 CAR Tregs suppress BDC 2.5 T cell-induced autoimmune diabetes.  209 

To test the in vivo function of InsB-g7 CAR Tregs we first used an adoptive transfer model of 210 

autoimmune diabetes. In this model the Teff:Treg ratio can be controlled and antigen encounter 211 

synchronized. We transferred 50x103 naïve BDC2.5 CD4+ T cells alone or together with either 212 

control Tregs or InsB-g7 CAR Tregs at 3:1 or 9:1 Treg:BDC2.5 T cell ratio into NOD.RAGKO 213 

recipient mice (Figure 5A). Prior to adoptive transfer, Tregs expressed high levels of Foxp3 214 

compared to sorted, GFPneg Tconv cells, and >90% of InsB-g7 CAR Tregs bound to InsBP8G 215 

tetramer, demonstrating high Treg purity and CAR expression (Supplemental Figure 3). Mice 216 

that were given BDC2.5 T cells alone developed diabetes within 14 days, whereas mice co-217 

injected with InsB-g7 CAR Tregs at either 9:1 or 3:1 Treg:BDC2.5 T cell ratios were completely 218 

protected from autoimmune disease (Figure 5B). In contrast, 3/9 mice and 2/4 mice co-injected 219 

with control Tregs at 9:1 and 3:1 Treg:BDC2.5 T cell ratios, respectively, developed diabetes 220 

with kinetics similar to mice treated with BDC2.5 T cells alone.  221 

To gain more insight into how InsB-g7 CAR Tregs suppressed autoimmune diabetes we 222 

used flow cytometry to enumerate and phenotype the CAR Tregs and BDC2.5 T cells either 223 

within two days of disease onset or, for those mice that remained nondiabetic, 30 days post cell 224 

transfer. Using CD45.2 as a congenic marker to identify the CAR Tregs, we found that the 225 

spleens of mice receiving the InsB-g7 CAR Tregs at a 9:1 ratio (Treg:BDC2.5) contained 226 

significantly more CD45.2+ Tregs than those of mice receiving InsB-g7CAR Tregs at a 3:1 ratio 227 
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or mice that received control Treg (Figure 5C). We next determined if protection from 228 

autoimmune disease in InsB-g7 CAR Treg treated mice was associated with enhanced InsB-g7 229 

CAR Tregs proliferation and suppressive phenotype. While nearly all CD45.2+ cells retained 230 

Foxp3 expression, only a subset maintained surface expression of the InsB-g7 CAR, as 231 

assessed by InsBP8E tetramer staining (Figure 5D). Comparing the phenotype of InsBP8E 232 

tetramer+ and tetramerneg cells, the tetramer+ cells showed higher expression of Ki67 in both the 233 

spleen and pLN (Figure 5E). Furthermore, the tetramer+ InsB-g7 CAR Tregs also showed 234 

significantly higher levels of PD-1 and CTLA4 (Figure 5E), showing that InsB-g7 CAR Tregs 235 

were stimulated in vivo. Thus, InsB-g7 CAR Treg treated mice had the highest numbers of CAR 236 

Tregs in the spleen and the lowest incidence of autoimmune diabetes. 237 

 238 

InsB-g7 CAR Tregs reduce the number of BDC 2.5 T effector cells in peripheral lymphoid 239 

organs and pancreas. 240 

We next examined the effects of InsB-g7 CAR Tregs on BDC2.5 T cell expansion and/or 241 

effector cytokine production. All Treg-treated mice had significantly reduced numbers of BDC2.5 242 

T cells in the spleen, whereas mice treated with InsB-g7 CAR Tregs at 9:1 Treg:Tconv ratio also 243 

had a significantly reduced number of BDC2.5 T cells in the pLN (Figure 6A). In addition to 244 

reduced BDC2.5 T cell numbers, InsB-g7 CAR Treg treatment led to a significant reduction in 245 

the number of IFNg- and TNFa-producing polyfunctional BDC2.5 T effector cells in the spleen 246 

(Figure 6B). While all mice receiving Tregs had a significant reduction in the BDC Tconv:Treg 247 

ratio, mice receiving the highest dose of InsB-g7 CAR Tregs had the lowest ratio of BDC 248 

Tconv:Treg (Figure 6B). Using immunofluorescent staining of pancreas tissue either at the time 249 

of diabetes diagnosis or 30 days post transfer, we found Foxp3+ InsB-g7 CAR Tregs in close 250 

islet proximity, in peri-insulitis and within islets (Figure 6D). Histologically there was a significant 251 

difference in the amount of BDC2.5 T cell insulitis in the pancreas of mice treated with InsB-g7 252 

CAR Tregs, despite no significant difference in disease incidence between Treg treated groups 253 

(p=0.06), (Figure 6, D and E). At both the 9:1 and 3:1 Treg:BDC2.5 T cell ratios, mice treated 254 

with InsB-g7 CAR Tregs showed a significant, nearly 10-fold reduction in the total area around 255 

the islets that was occupied by BDC2.5 Tconv cells (9:1 p<0.01, 3:1 p<0.05). In summary, InsB-256 

g7 CAR Tregs likely prevent autoimmunity via suppression of BDC2.5 T effector function.  257 

 258 

InsB-g7 CAR Tregs prevent spontaneous autoimmune diabetes.  259 

We next treated wild type NOD mice with InsB-g7 CAR Tregs to determine effects on prevention 260 

of spontaneous autoimmune diabetes in an immunocompetent model. InsB-g7 CAR Tregs or 261 
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vehicle control were transferred into nondiabetic 8-10wk old NOD female mice (Figure 7A). At 262 

this age, most female NOD mice have autoantibodies and significant insulitis, similar to stage 1 263 

disease in humans (30). Control mice that received vehicle alone developed diabetes at rates 264 

consistent with our colony’s historical incidence, with ~80% diabetic at 30 weeks of age. In 265 

contrast, mice treated with a single injection of InsB-g7 CAR Tregs were significantly protected 266 

from diabetes with only 3/7 mice (43%) developing disease by 30 weeks of age (Figure 7B). 267 

Despite the significant reduction in autoimmune disease incidence in InsB-g7 CAR Treg-treated 268 

mice, at the experimental endpoint of 30 weeks, we could not detect donor CD45.2+ cells in the 269 

secondary lymphoid organs (including pLN) in either diabetic or non-diabetic mice (data not 270 

shown).  271 

  272 

Discussion 273 

In this study we show that the specificity of Tregs can be redirected towards an islet-derived 274 

antigen through the expression of a TCR-like, peptide:MHC Class II specific CAR. Expression of 275 

the resulting islet-antigen-specific CAR in Tregs led to enhanced proliferation in response to 276 

islet-derived antigen and suppression of effector T cell proliferation and cytokine production in 277 

vitro. In vivo, CAR Tregs preferentially accumulated in the pancreas-draining lymph nodes 278 

where they upregulated molecules associated with activation, resulting in the suppression of 279 

effector T cell proliferation, cytokine production and, ultimately, autoimmune diabetes. The 280 

potential of TCR-like CARs specific for peptides presented on MHC Class I is increasingly 281 

appreciated in cancer (40, 41). To the best of our knowledge this is the first example of the 282 

successful use of TCR-like CAR specific for a peptide-MHC Class II complex to control an 283 

autoimmune process.  284 

There are a few recent reports on the use of CAR T cells for the treatment of autoimmune 285 

diabetes. In one study, an antibody (mAb287) with specificity similar to 1B2 was used to 286 

generate a TCR-like CAR and re-direct CD8+ T cells to kill APCs presenting InsB in the context 287 

of IAg7 (42). Although these CD8+ CAR T cells delayed diabetes onset in NOD mice, protection 288 

declined with time and no significant difference in the overall incidence was observed by 30 289 

weeks of age. Since many different APCs and islet-derived antigens are implicated in 290 

autoimmune pathogenesis (43-45), eliminating APCs presenting only one antigen may not be 291 

sufficiently potent to prevent activation of diabetogenic T cells. In terms of CAR-Tregs, enforced 292 

Foxp3 expression in Tconv cells or co-expression of an anti-insulin scFv-CAR (25) has been 293 

explored. Although the anti-insulin CAR Tregs were suppressive in vitro, they did not prevent 294 
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spontaneous autoimmune diabetes in NOD mice, possibly because of low CAR avidity for 295 

antigen.   296 

Considering evidence for lack of single-peptide specificity among TCRs (46), we reasoned 297 

that an advantage of using a TCR-like scFv CAR rather than a TCR could be increased 298 

specificity and affinity. How TCR and CAR affinity/avidity impacts Treg activity remains an open 299 

question. There are varying reports of Tregs engineered to express islet-antigen specific TCRs. 300 

Human TCR Tregs specific for InsB11-30 in the context of HLA-DR3 were significantly less 301 

suppressive than influenza hemagglutinin-specific Tregs, but the suppression could be 302 

enhanced either through modification of islet-antigen presentation or use of higher affinity 303 

mimotopes (47). When TCR Tregs with shared specificity for glutamic acid decarboxylase were 304 

compared, cells expressing TCRs with relatively high affinity were more suppressive than lower 305 

affinity cells (48). Furthermore, TCR transgenic BDC2.5 Treg cells are potently suppressive in 306 

vitro and in vivo and have high 2D affinity (1.8x10-3µM4) and functional avidity greater than the 307 

well characterized SMARTA CD4 T cells which are specific for foreign antigen gp66-77:IAb 308 

(7.3x10-4µM4) (15, 16, 49). In contrast, when Tconv cells were engineered to express FOXP3 309 

and TCRs of varying avidity for IGRP and preproinsulin, functional avidity negatively correlated 310 

with suppression (14). Given the lack of consensus on how antigen receptor affinity relates to 311 

Treg suppressive function, an interesting future direction would be to compare the functional 312 

effects of modified 1B2 scFv CAR with varying affinities, as well as CARs with modified 313 

intracellular signalling domains predicted to mediate stronger versus weaker activation signals 314 

(50). 315 

Past studies of Tregs in models of autoimmune diabetes showed that antigen-specific Tregs 316 

were more suppressive than polyclonal Tregs (13-16, 23, 51, 52). Many of these studies 317 

required high numbers (0.1-3x106) of antigen-specific Tregs to inhibit or reverse disease. In WT 318 

NOD mice 1.5-2x106 BDC2.5 Tregs were required to prevent islet graft rejection and 319 

spontaneous autoimmune diabetes, whereas 5x106 polyclonal Tregs had no effect (15). The 320 

numbers of InsB-g7 CAR Tregs used in our study to prevent spontaneous autoimmune disease 321 

are in line with these previous studies. BDC2.5 Treg cells can prevent BDC2.5 T cell induced 322 

diabetes in NOD.RAGKO mice at a low Treg:Tcell ratio of 1:1, whereas in our study and another 323 

report using BDC2.5 Tconv cells engineered to express Foxp3, a minimum ratio of 2:1 TCR or 324 

CAR Treg:BDC2.5 T cell ratio was required to prevent disease in immunodeficient NOD mice 325 

(14, 15). These data suggest that CAR or TCR Treg therapeutic efficacy can be influenced by 326 

TCR or CAR affinity for antigen and/or the context of antigen presentation.  327 
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Tregs mediate suppression by a number of mechanisms including production of inhibitory 328 

cytokines, metabolic disruption, expression of co-inhibitory molecules, modulating APC function, 329 

competition for antigen or cytokines, or direct cytolysis. Evidence that InsB-g7 CAR Tregs 330 

potently suppress IL-2 production suggests that consumption of IL-2 could contribute to a 331 

negative feedback loop to prevent autoimmunity (53). Further, antigen stimulation of InsB-g7 332 

CAR Tregs resulted in elevated expression of CTLA-4 and significantly reduced CD80 and 333 

CD86 expression on the surface of DCs, indicative of transendocytosis (39, 54, 55). Combined 334 

with evidence that InsB-g7 CAR Tregs suppress the proliferation and effector function of 335 

BCD2.5 T cells in vitro and in vivo, we speculate that InsB-g7 CAR Tregs function by 336 

diminishing costimulation from APCs presenting InsB10-23 antigen, thus resulting in bystander 337 

suppression of T cells with specificity for disparate islet antigens. Similar bystander suppressive 338 

function has recently been reported with TCR-engineered Tregs (14). If modulation of APC 339 

function through direct cell contact is a dominant mechanism of Treg-mediated suppression, this 340 

would favor the development of Treg therapies that target antigens on the surface of APCs 341 

rather than soluble antigens.  342 

Treg homing to target tissue and draining lymph node is required for optimal suppressive 343 

function (26). Foxp3+ insulin-specific CAR Tregs were detected in the spleen of NOD mice 4 344 

months after a single injection of 2.5x106 cells (25). In another study, DC-expanded BDC2.5 345 

Tregs reversed autoimmune diabetes in NOD mice transplanted with islets, yet donor Tregs 346 

could not be detected in pLN or pancreas 50 days after the first of 2 injections. Similarly, we 347 

could not find donor Tregs in the secondary lymphoid organs or pancreas of 30 week old NOD 348 

mice, nearly 5 months post-injection. Although CXCL10 produced in inflamed islets promotes 349 

the recruitment of CXCR3 expressing T cells, this cytokine network is not specific to the islets of 350 

Langerhans (56, 57). It could be that transient Treg-mediated suppression at the sites of antigen 351 

presentation in pLN nodes may be sufficient to prevent autoimmunity, but in cases where there 352 

is ongoing inflammation, it may be necessary for Tregs to access the pancreas.  353 

In conclusion, here we have demonstrated the feasibility of using an InsB10-23-IAg7 specific 354 

mAb to create a peptide-MHC Class II specific CAR. This work provides the first proof-of-355 

concept that CAR Tregs have the potential to be used therapeutically in the context of T1D and 356 

in other organ-specific autoimmune or inflammatory disorders.  357 

 358 

Methods 359 

Mice. NOD mice were purchased from Taconic. NOD.CD45.2 (014149), NOD.Foxp3EGFP 360 

(025097) (58), NOD.BDC2.5 TCR mice (004460), and NOD. Rag1KO (003729) were purchased 361 
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from The Jackson Laboratory. NOD.CD90.1, were generated by back crossing BALB/cBy-362 

Thy1a congenic onto NOD/ShiLtJ (001976) for 19 generations and maintained at UMN. 363 

NOD.8F10 mice were a generous gift from Dr. Emil Unanue (28). NOD.CD45.2Het.Foxp3.eGFP 364 

mice were generated by crossing NOD.CD45.2 mice with NOD.Foxp3EGFP mice and F1 mice 365 

were used as Treg donors for experiments. NOD.CD90.1.BDC2.5 TCR mice were generated by 366 

crossing NOD.CD90.1 mice with NOD.BDC2.5 TCR mice to CD90.1 homozygosity. All mice 367 

were housed in specific pathogen–free conditions. The Institutional Animal Care and Use 368 

Committee of the University of Minnesota and University of British Columbia approved all animal 369 

experiments. 370 

 371 

CARs and Retrovirus. To generate the antigen binding domain of the InsB-g7 CAR, the variable 372 

regions of the 1B2 mAb heavy and light chains were sequenced from hybridomas generated as 373 

previously described (31, 32). The DNA sequences were then converted into the scFv format 374 

and cloned into a murine stem cell virus (MSCV)–based retroviral vector where the scFvs were 375 

fused to the hinge (derived from mouse CD8), transmembrane (derived from mouse CD28), and 376 

intracellular CD28 and CD3ζ signaling domains. Retroviral particles were produced by using the 377 

Platinum-E (Plat-E) Retroviral Packaging Cell Line transfected with the pCL-Eco Retrovirus 378 

Packaging Vector, according to the manufacturer’s recommendations (Cell Biolabs). Control 379 

Tregs were either cells transduced with a Her2-CAR or left untransduced.  380 

 381 

Isolation, retroviral transduction, and expansion of CAR Tregs. Spleens and lymph nodes 382 

(popliteal, axillary, mandibular, and mesenteric) were harvested from 8-12-week-old 383 

NOD.Foxp3EGFP mice. The organs were dissociated to release single cells, and CD4+ cells were 384 

magnetically enriched using mouse negative selection CD4+ T cell isolation kits (STEMCELL 385 

Technologies and Biolegend). Live Tregs were sorted as fixable viability dyeneg (Thermo Fisher 386 

Scientific and Tonbo Biosciences), CD4+ (BD Biosciences and Tonbo Biosciences), CD25+ 387 

(BioLegend), and GFP+ using either a MoFlo Astrios (Beckman Coulter) or FACS Aria II (BD 388 

Biosciences) cell sorter. CD25neg, GFPneg, CD4+ Tconv cells were sorted in parallel. Tregs and 389 

Tconvs were cultured in ImmunoCult™-XF T Cell Expansion Medium (STEMCELL 390 

Technologies) supplemented with 50 μmol/L of β-mercaptoethanol and 100 units/mL of 391 

Penicillin/Streptomycin (Thermo Fisher Scientific). Sorted Treg cultures also contained 1000 392 

U/mL of IL-2 (Proleukin) and 50 nmol/L of rapamycin (Sigma-Aldrich), whereas Tconv cultures 393 

contained 100 U/mL of IL-2. Tregs and Tconvs were stimulated with mouse T-Activator 394 
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CD3/CD28 DynabeadsTM (ThermoFisher Scientific) at a bead to cell ratio of 3:1 and 2:1, 395 

respectively.  396 

For transduction, 2 or 3 days post stimulation (for Tconvs or Tregs, respectively), 397 

retrovirus, lipofectamineTM 2000 (2 µg/mL, ThermoFisher Scientific) and hexadimethrine bromide 398 

(Polybrene, 1.6 µg/mL, Sigma) were added and cells were centrifuged for 90 minutes at 805 x g 399 

at 32°C. (17). IL-2 and rapamycin (for Tregs) were replenished when cell cultures were split. On 400 

day 7, CD3/CD28 DynabeadsTM were magnetically removed and Tregs and Tconvs were rested 401 

for 2 days with decreased IL-2 (300 and 30 U/mL respectively) before use for functional in vitro 402 

assays. Transduction efficiency was assessed on day 5 and/or 7 post cell activation, by cell 403 

surface staining using mouse anti-CD4, anti-Myc, and fixable viability dye eF780. Treg purity 404 

was assessed by staining with anti-Foxp3 and anti-Helios. Excess Tregs and Tconvs generated 405 

during expansion were cryopreserved on Day 7 post sort following bead removal. All T cells 406 

were cryopreserved in 90% ImmunoCultTM base media and 10% dimethyl sulfoxide.  407 

 408 

T cell activation and proliferation assays. On day 9 post stimulation, after two days of cell 409 

resting, CAR Tregs and Tconvs were collected, counted, and washed prior to processing in 410 

preparation for their respective assays. APCs from NOD spleens were obtained by depleting T 411 

cells using the Mouse CD90.2 Positive Selection Kit (STEMCELL Technologies) then pulsed 412 

with 15 µM of the indicated peptides and co-cultured with Tregs/Tconvs at a 1:1 ratio. Treg 413 

cocultures were supplemented with 100 U/mL IL-2. After 24hrs cells were stained with anti-CD4, 414 

anti-Myc, anti-CD69, anti-CTLA-4, anti-LAP, and FVD eF780, and the expression of CD69, LAP, 415 

and CTLA-4 were assessed by flow cytometry. For proliferation assays, APCs were irradiated 416 

by X-ray at 2000 rad then pulsed with 10 µM peptide. Tregs and Tconvs were labelled with Cell 417 

Proliferation Dye CPD eF450 (ThermoFisher Scientific) and cocultured at a 1:1 APC-T cell ratio. 418 

CAR Tregs also received supplemental 100 U/mL IL-2 one day into incubation. Cells were 419 

stained with anti-CD4, anti-Myc, and FVD eF780, and the proliferation of CAR-Tregs, -Tconvs, 420 

and responder T cells was assessed by dilution of their respective cell proliferation dye signal.  421 

 422 

Suppression Assays. To measure suppression of DCs, spleens from NOD mice were 423 

dissociated and incubated with Spleen Dissociation Media (STEMCELL Technologies) then 424 

DCs were isolated using the EasySep™ Mouse CD11c Positive Selection Kit II (STEMCELL 425 

Technologies). While adding the CD11c selection antibody cocktail to the cells, an additional 426 

CD11c-BV786 antibody (Invitrogen) was added at the same time to allow for flow cytometry 427 

analysis the following day. CD11c+ DCs were labelled with CPD eF450 and plated in a 96 well 428 
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U-bottom plate at either 20,000 or 50,000 per well and pulsed with either 10 µM Insulin P8E or 429 

HEL peptide. 100,000 CAR or control Tregs were added to the DCs with IL-2 (100U/mL). Cells 430 

were stained with anti-Myc, anti-CD86, anti-CD80, anti-CD11c, anti-CD4, and FVD eF780. 431 

Expression of CD80 and CD86 on DCs was measured by flow cytometry after 1 or 2 days. 432 

To measure suppression of BDC2.5 T cells, serial dilutions of CPD eF670-labelled CAR 433 

or control Tregs were added to wells with 100,000 CD11c+ DCs pulsed with 10 nM p63 and 10 434 

μM Insulin P8E peptides. After 24h, CD4+ T cells from BDC2.5 mice were isolated using the 435 

EasySep™ Mouse CD4+ T Cell Isolation Kit, labelled with CPD eF450, and 50,000 were added 436 

to wells with Tregs and DCs. After an additional 3 days BDC2.5 T cell proliferation was 437 

assessed by flow cytometry and  supernatants were collected for analysis with the mouse 438 

Th1/Th2/Th17 Cytokine Kit (BD Biosciences) and FCAP Array Software v. 3.0.1 (Soft Flow).   439 

 440 

In vivo experiments. On day 7 post stimulation (4 days after retroviral transduction) Dynabeads 441 

were removed and cells were washed and resuspended in Hanks Balanced Salt Solution. CD4+ 442 

T cells were isolated from NOD.BDC2.5 TCR mice by negative magnetic enrichment using 443 

biotinylated antibodies directed against TER119, CD8a, CD11b, CD16/32, NK1.1, Gr-1. Ly6G, 444 

B220 (Tobo Biosciences), and MojoSort streptavidin microbeads (BioLegend). Fifty thousand 445 

CD4+ BDC2.5 T cells and either 150,000 or 450,000 CAR Treg cells were transferred on the 446 

same day via consecutive intravaneous injection into 6-10 week old female NOD.RAGKO mice. 447 

Blood glucose was monitored daily starting 7 days post-cell transfer and mice with glucose 448 

>250mg/dL (13.9mM) for two or more consecutive days were considered diabetic. 449 

 For prevention of spontaneous autoimmune diabetes, 8-10 week old female NOD mice 450 

were intravenously injected with 2.5-3 million CD45.2+CD4+ InsB-g7 CAR Tregs. 1B2 CAR Treg 451 

cells were >90% Foxp3+ and 70-90% CAR+, as indicated by InsBP8E tetramer staining. 452 

Littermate cohoused mice injected with Hanks balanced salt solution were used as controls. 453 

Blood glucose was monitored once per week until 30 weeks of age with glucose >250mg/dL 454 

(13.9mM) for two or more consecutive days were considered diabetic. 455 

   456 

Tetramers and Flow cytometry. To evaluate CAR specificity, cell were stained with various 457 

peptide:IAg7 tetramers. Soluble peptide:IAg7 proteins were produced using S2 insect cells as 458 

previously described and made into tetramers by conjugating the soluble peptide:IAg7 molecules 459 

with BV421 (BioLegend), PE, or APC (Prozyme/Agilent) streptavidin at a 4.5:1 ratio (59). The 460 

tetramers used were Insulin B10-23P8E:IAg7, p63:IAg7, and HEL11-25:IAg7.  461 
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 For in vivo experiments, single-cell suspensions were obtained from spleen and lymph 462 

nodes by mechanical disruption. Lymphocytes were isolated from pancreas by collagenase P 463 

and DNase digestion, followed by Percoll density gradient centrifugation. Single cell 464 

suspensions were stained with InsBP8E:IAg7 tetramers, antibodies against CD4, CD8a, CD11c, 465 

CD11b, F4/80, CD90.1, CD90.2, CD45.1, CD45.2, PD-1, and fixable live/dead dye for 30min at 466 

4°C in the presence of Fc block (2.4G2; Bio X Cell), fixed and permeabilized (Tonbo 467 

Biosciences, San Diego, CA), and stained for intracellular antigens Foxp3, Helios, IFNg, TNFa, 468 

CTLA-4, and Ki67 overnight at 4°C in permeabilization buffer. A complete list of antibodies can 469 

be found in Supplemental Table 1. Flow cytometry was performed on LSRII or Fortessa 470 

cytometers (BD Biosciences) and analyzed using FlowJo software v. 10.8 (BD Biosciences). 471 

 472 

Epi-fluorescent microscopy. Pancreata were harvested and frozen in OCT compound (Sakura 473 

Finetek) as previously described (60), cut into 4 groups of 8 sequential 7-μm-thick sections 474 

separated by a depth of 150-μm using a Leica CM1860 UV cryostat (Leica Microsystems), and 475 

mounted as duplicates on Fisherbrand ProbeOn Plus slides glass slides (Thermo Fisher 476 

Scientific). Slides were fixed in cold acetone (L10407-AU; Thermo Fisher Scientific) for 10 min 477 

and stored at -20°C for no more than 3 months. For imaging, slides were first warmed to 25°C 478 

and sections were hydrated in PBS for 10 min. Sections were then blocked with 5% bovine 479 

serum albumin (BSA, 9048-46-8; Sigma-Aldrich) in the presence of 1.67µg/mL Fc block (2.4G2; 480 

Bio X Cell) in PBS for 1 h at 25°C followed by permeabilization in 5% BSA in the presence of 481 

0.05% Tween-20 (Thermo Fisher Scientific) for 15 minutes at 25°C. Sections were then stained 482 

with guinea pig anti-insulin (A0564; Dako, Carpinteria, CA) at 1:1000 and anti-Foxp3 (Alexa 483 

Fluor 488, FJK-16s; Thermo Fisher Scientific) at 1:100 overnight at 4°C in 5% BSA in the 484 

presence of 0.05% sodium azide (BP922I-500; Thermo Fisher Scientific), 0.5% Triton X-100 485 

(161-0407; Bio-Rad Laboratories), and 1.67ug/mL FC block. Pancreas sections were then 486 

stained with secondary and direct conjugate antibodies for 1 h at 25°C in 5% BSA. The 487 

secondary antibody used was donkey anti-guinea pig IgG (H and L chain) (Alexa Fluor 647, 488 

706605148; Jackson ImmunoResearch) at 1:1000. Directly conjugate antibodies used at 1:100 489 

included anti-CD45.2 (BV421, 104; BioLegend), anti-CD4 (Alexa Fluor 594, GK1.5; BioLegend), 490 

anti-CD8a (PE, 53-6.7; BD Biosciences), and anti-Vβ4 (PE, KT4; BD Biosciences). Slides were 491 

mounted with ProlongDiamond antifade reagent (P36961; Thermo Fisher Scientific) using Gold 492 

Seal coverslips (12-518-108A; Thermo Fisher Scientific). Images were acquired on a Leica 493 

DM6000B epifluorescent microscope with a 20 × objective and quantified using a custom-built 494 

Macro (61).  495 
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 496 

Statistics. The figures were generated using Adobe Illustrator v. 26 and Graph Pad Prism v. 9.4 497 

(Graph Pad Software, LLC). Statistics tests applied to the data are listed in the figure legends 498 

and were calculated using Graph Pad Prism. 499 

 500 

Study Approval. All animal experiments were approved by the Institutional Animal Care and Use 501 

Committee of the University of Minnesota (2001-37804A) or University of British Columbia 502 

Animal Care Committee (A20-0017). 503 
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Figures 683 

 684 
Figure 1. Generation and validation of an InsB10-23:IAg7-specific mAb. (A) Amino acid 685 
sequence of wild type (WT) InsB10-23 compared to its mimotopes InsBP8E and InsBP8G. 686 
Position of each amino acid within the insulin B chain peptide is shown on top. Residues 687 
highlighted in red font differ from the WT peptide sequence. (B) Flow cytometry plots showing 688 
staining of the 1B2 hybridoma with the indicated tetramer. (C) Flow cytometry histograms 689 
showing AF488-labeled 1B2 antibody staining of BMDCs pulsed overnight with the indicated 690 
peptide. (D) Quantification of the data shown in (C). Data are representative of 4 independent 691 
experiments. (E) Representative flow cytometry plots of 8F10 TCR transgenic CD4+ T cells 692 
labeled with cell trace violet and stimulated in vitro for 4 days with APCs and islets in the 693 
presence or absence of 50µg 1B2 blocking antibody. (F) Quantification of (E), comparing the 694 
frequency of unstimulated 8F10 T cells to those stimulated with InsB10-23, InsBP8G, or NOD 695 
islets in the presence of 50µg blocking 1B2 or IgG1 isotype control antibody. The dashed line 696 
represents the average proliferation of 8F10 T cells in the absence of antigen and mAb.Data are 697 
pooled from two independent experiments, n=3-9/group. One-way ANOVA with multiple 698 
comparisons, ***P<0.001. 699 
  700 
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 701 
 702 
Figure 2. In vitro expanded InsB-g7 CAR Treg cells retain Foxp3 expression and bind 703 
cognate antigen. (A) Schematic depicting the design of the InsB-g7 CAR derived from the 704 
variable region of the 1B2 antibody. (B) Representative flow cytometry plots showing gating 705 
strategy used to sort GFP+ Tregs from NOD.Foxp3EGFP mice. (C) Timeline of protocol used to 706 
engineer and expand CAR Tregs from NOD mice. (D) Representative flow cytometry plots 707 
showing purity of sorted and expanded GFP+ Treg compared to GFP- Tconv cells. Cells are 708 
gated on size, viability, CD4+ T cells. (E) Quantification of the purity of control Tregs and InsB-709 
g7 CAR Treg cells compared to expanded GFP- Tconv cells. Data are pooled from 8-9 710 
experiments with each data point representing one individual experiment. (F) Representative 711 
flow cytometry plots showing CAR expression, as assessed by Myc tag staining, in InsB-g7 712 
CAR Tregs compared to control Tregs. (G) Tetramer staining of Myc+ InsB-g7 CAR Tregs 713 
compared to Myc- control Tregs. Data are representative of 9 experiments.   714 
  715 
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 716 
Figure 3. InsB-g7 CAR T cells are activated by synthetic and naturally presented insulin peptides. 717 
(A) Representative flow cytometry histograms showing in vitro proliferation of InsB-g7 CAR Tconv 718 
following 3 day coculture with splenocytes pulsed with no peptide, InsB10-23, HEL11-25, or anti-CD3/CD28 719 
antibody coated dynabeads. (B) Cell division index (CDI)-based quantification of (A). Data are from 6 720 
independent experiments. One-way ANOVA with multiple comparisons, ***P<0.001. (C) Representative 721 
flow cytometry plots showing in vitro proliferation of InsB-g7 CAR Tregs following 3 day coculture with 722 
splenocytes pulsed with no peptide, InsB10-23, HEL11-25, or CD3/CD28 coated dynabeads. (D) 723 
Quantification of (C). Data are from 7 independent experiments. One-way ANOVA with multiple 724 
comparisons, ***P<0.001. (E) Representative flow cytometry histograms showing control Tconv and InsB-725 
g7 CAR Tconv cell proliferation after 3 day coculture with APCs alone or together with NOD islets. (F) 726 
Quantification of (E). Data are from 3 experiments. Two-way ANOVA with multiple comparisons, *P<0.05. 727 
(G) Representative flow cytometry plots showing PD-1 expression on control Tconv and InsB-g7 CAR 728 
Tconv cells isolated from the spleen 7 days post-transfer into 8 week old female NOD mice. One of the 729 
treatment groups received InsBP8E peptide with LPS intravenously on day 0. (H) Quantification of (G). 730 
Data are representative of 2 independent experiments, n=3 per group. One way ANOVA with multiple 731 
comparisons, *P<0.05.  732 
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 733 

 734 
Figure 4. InsB-g7 CAR Tregs mediate bystander suppression in vitro. (A) Quantification of flow 735 
cytometry data showing the fold-change in the frequency of Tregs expressing CD69 (left) and LAP 736 
(middle), and gMFI of CTLA-4 (right) expression on InsB-g7 CAR Tregs or control Tregs after 737 
overnight coculture with splenocytes pulsed with InsBP8E or HEL11-25, relative to cells cocultured in 738 
the absence of peptide. Data are from at least three independent experiments, n=3-7/group. One-739 
way ANOVA with multiple comparisons, *P<0.05, **P<0.01, ***P<0.001. (B) Representative 740 
histograms showing CD80 (top) and CD86 (bottom) expression on HEL11-25 or InsB10-23 pulsed 741 
splenic CD11c+ DCs following 2 day coculture with control Treg or InsB-g7 Treg at 2:1 Treg:DC 742 
ratio. (C) Quantification of (B) represented as fold-change in CD80 (top) or CD86 (bottom) gMFI of 743 
DCs pulsed with InsBP8E relative to HEL11-25. Data are from 3 independent experiments. Paired t-744 
test, *P<0.05. (D) Representative flow cytometry data from in vitro Treg suppression assays showing 745 
proliferation of BDC2.5 T cells in the presence of antigen loaded DCs and control or InsB-g7 CAR 746 
Tregs. (E) Quantification of (D). (F) Quantification of IL-2 cytokine in the culture supernatants from 747 
(D). Data in (E) and (F) are normalized to the no Treg group and are from 2 independent 748 
experiments, n=3/group Two-way ANOVA with multiple comparisons of control Treg group to InsB-749 
g7 CAR Treg group at each Treg:T cell ratio, *P<0.05,**P<0.01, ***P<0.001. 750 
 751 
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 752 
 753 
 754 

 755 
 756 
Figure 5. InsB-g7 CAR Tregs suppress BDC 2.5 T cell-induced autoimmune diabetes. (A) 757 
Experimental design indicating that 450x103 or 150x103 control or InsB-g7 CAR Tregs were co-758 
transferred with 50x103 naïve BDC2.5 CD4+ T cells into 6-10wk old NOD.RAGKO recipient mice. 759 
(B) Cell ratio and diabetes free survival of mice described in (A). Data are from 2-3 independent 760 
experiments, n=4-14 mice/group. Log-rank test with Bonferroni correction, ***P<0.001. (C) 761 
Quantification of CD4+CD45.2+Foxp3+ Tregs isolated from spleen and pLN from mice treated 762 
with 9:1 or 3:1 Treg:Tconv, as indicated in (B). Circles containing crosshairs depict diabetic 763 
mice, with all mice analyzed either 2 days after becoming diabetic or at day 30 post-transfer. (D) 764 
Representative flow cytometry plot illustrating gating strategy for identification of CD4+CD45.2+ 765 
InsBP8E tetramer+ and tetramerneg Foxp3+ Tregs. (E) The frequency of Ki67+ and gMFI intensity 766 
of surface PD-1 and intracellular CTLA4 of tetramerneg and tetramer+ InsBg7 CAR Tregs. Data 767 
are pooled from mice treated at 9:1 and 3:1 ratios in 2-3 independent experiments, n=5-768 
10mice/group. Only mice with >10 CD4+CD45.2+ T cells (limit of detection) were included in the 769 
analysis. Student’s t-test, *P<0.05, ***P<0.001.  770 
 771 
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 773 

 774 
 775 
 776 
Figure 6. InsB-g7 CAR Tregs reduce the number of BDC 2.5 T effector cells in peripheral 777 
lymphoid organs and insulitis. (A) Quantification of the number of BDC2.5 Tconv cells in the 778 
spleen and pLN from mice described in Fig. 5 A and B. (B) Number of IFNg+TNFa+ BDC2.5 779 
Tconv cells from spleen of mice described in Fig. 5 A and B and treated at 9:1 or 3:1 780 
Treg:Tconv ratio. (C) Ratio of CD4+Thy1.1+Foxp3neg BDC2.5 Tconv/CD4+CD45.2+Foxp3+Treg 781 
from mice described in Fig. 5 A and B. Data are from 2-3 independent experiments, n=4-14 782 
mice/group. One-way ANOVA with multiple comparisons, *P<0.05, **P<0.01, ***P<0.001. (D) 783 
Representative epifluorescence image of a histological section of the pancreas from a mouse 784 
described in Fig. 5 A and B at day 30 post-treatment with InsB-g7 CAR Tregs at 3:1 Treg:Tconv 785 
ratio. Scale bar indicates 50µm. Inset shows CD45.2+(magenta), Foxp3+(green) InsB-g7 CAR 786 
Tregs and TCR Vb4+(red) BDC2.5 T cells within the peri-islet cellular infiltrate in the pancreas. 787 
(E) Quantification of total area occupied by Foxp3-CD45.2-TCR Vb4+CD4+ Tconv cells within the 788 
peri-islet infiltrate of mice shown in (B) analyzed either 2 days after becoming diabetic or at day 789 
30 post-transfer. Data are from 3-4mice/group with 6-10 images/mouse and 88 total images. 790 
Kruskal-Wallis test, *P<0.05,**P<0.01. 791 
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 794 

 795 
 796 
Figure 7. InsB-g7 CAR Tregs prevent spontaneous autoimmune diabetes. (A) 797 
Experimental design where 8-10 week old NOD female mice received 2.5-3x106 InsB-g7 CAR 798 
Tregs or no cells and were monitored until 30 weeks of age for the development of spontaneous 799 
diabetes. (B) Spontaneous diabetes free survival of mice described in (A). Data are pooled from 800 
4 independent experiments, n=6-7mice/group. Gehan-Breslow-Wilcoxon test, *P<0.05.  801 
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