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Abstract  28 

Type 1 diabetes in non-obese diabetic (NOD) mice occurs when autoreactive T cells eliminate 29 

insulin producing pancreatic β cells. While extensively studied in T cell receptor (TCR) transgenic 30 

mice, the contribution of alterations in thymic selection to the polyclonal T cell pool in NOD mice 31 

is not yet resolved. The magnitude of signals downstream of TCR engagement with self-peptide 32 

directs the development of a functional T cell pool, in part by ensuring tolerance to self. TCR 33 

interactions with self-peptide are also necessary for T cell homeostasis in the peripheral lymphoid 34 

organs. To identify differences in TCR signal strength that accompany thymic selection and 35 

peripheral T cell maintenance, we compared CD5 levels, a marker of basal TCR signal strength, 36 

on immature and mature T cells from autoimmune diabetes-prone NOD and -resistant B6 mice. 37 

The data suggest that there is no preferential selection of NOD thymocytes that perceive stronger 38 

TCR signals from self-peptide engagement. Instead, NOD mice have an MHC-dependent increase 39 

in CD4+ thymocytes and mature T cells that express lower levels of CD5. In contrast, T cell-40 

intrinsic mechanisms lead to higher levels of CD5 on peripheral CD8+ T cells from NOD relative 41 

to B6 mice, suggesting that peripheral CD8+ T cells with higher basal TCR signals may have 42 

survival advantages in NOD mice. These differences in the T cell pool in NOD mice may 43 

contribute to the development or progression of autoimmune diabetes. 44 

 45 
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Introduction 51 
 52 

T cell differentiation proceeds in the thymus, where central tolerance mechanisms allow for the 53 

production of a functional, self-tolerant pool of T cells bearing antigen receptors with low to 54 

moderate affinity for self-peptide major histocompatibility complex (MHC) complexes 1. 55 

Deletional mechanisms mediate negative selection of many thymocytes expressing T cell receptors 56 

(TCR) that are overtly reactive to ubiquitous or tissue-specific self-antigens, such as insulin. 57 

Additionally, some thymocytes with relatively high reactivity to self-peptide can be diverted to 58 

immunomodulatory lineages or become anergic 2-5. The effectiveness of central tolerance 59 

mechanisms is thus highly dependent on the ability of thymocytes to perceive the strength of the 60 

TCR interaction with self-peptide MHC complexes 1, 6. Defects in these processes can lead to an 61 

increased production of potentially autoreactive T cells and contribute to autoimmune 62 

susceptibility 7.  63 

 64 

Non-obese diabetic (NOD) mice spontaneously develop autoimmune diabetes 8, 9. In this model, 65 

autoreactive T cells in the periphery are necessary and sufficient for mediating the destruction of 66 

insulin-producing β cells in the pancreas, leading to disease onset 8, 9. As such, it has been proposed 67 

that defects in central tolerance in NOD mice result in the ‘escape’ of functional, high affinity 68 

autoreactive T cells from the thymus, increasing autoimmune susceptibility. While the sensitivity 69 

of NOD thymocytes to apoptosis following anti-CD3 stimulation is debatable 10, 11, the use of 70 

various TCR transgenic models demonstrate that thymic selection processes are altered in mice on 71 

the NOD genetic background as compared to autoimmune resistant strains 12-19. However, it is not 72 

clear whether alterations in thymic selection permit the differentiation and thymic exit of high 73 

affinity autoreactive T cells in non-TCR transgenic NOD mice.  74 

 75 

Here we revisit thymocyte selection of polyclonal T cells in NOD mice. Thymocyte fate is 76 

dependent on the perceived strength of TCR interactions with self-peptide MHC complexes 1. The 77 

perceived strength of these interactions on T cell fate is dependent on many factors such as MHC, 78 

peptide, co-stimulatory molecules, type and abundance of antigen presenting cells, and molecular 79 

mediators of the TCR signalling cascade, among others 1, 2, 6. NOD mice carry genetic 80 

polymorphisms that influence most, if not all, of these parameters 9, 20-25, which likely positively 81 
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or negatively impact the strength of thymocyte interactions with self-peptide or how thymocytes 82 

perceive these interactions. The overall strength of the TCR signal perceived by individual 83 

thymocytes can be quantified by cell surface expression of CD5 26. During thymic selection, CD5 84 

levels are upregulated on developing T cells and are maintained on peripheral naïve T cells through 85 

continuous interactions between the TCR and self-peptide MHC 3, 26. Generally, T cells with higher 86 

levels of CD5 express TCRs with stronger reactivity to self-peptide and stronger basal TCR 87 

signalling 27-30. Therefore, variations in CD5 expression reflect the heterogeneity of individual T 88 

cells in their integration of TCR signals and can be used to quantify the perceived strength of TCR 89 

interactions with self-peptide MHC. By comparing CD5 levels on polyclonal immature and mature 90 

T cells harvested from autoimmune diabetes-prone NOD versus autoimmune-resistant B6 mice, 91 

we find that thymic selection in NOD mice is not inherently skewed to promote the differentiation 92 

of thymocytes with overtly high affinity for self-peptides, while peripheral CD8+ T cells with 93 

higher affinity for self-peptide may have survival advantages on the NOD background.  94 

 95 

  96 
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Results 97 

 98 

NOD mice do not generate thymocytes that perceive stronger TCR signals than those from B6 mice  99 

The NOD MHC H-2g7 locus, encoding for class I Kd and Db molecules and the unique class II I-100 

Ag7 molecule, is known to affect peptide presentation and likely influences the strength of TCR 101 

interactions with peptide MHC 31-33. Therefore, to study how NOD thymocytes interpret TCR 102 

signal strength, we chose to include comparisons to B6 mice in addition to B6.NOD-Idd1 mice 103 

which are congenic for the H-2g7 locus and hereafter referred to as B6g7 34. The H-2g7 locus in B6g7 104 

mice encompasses the entire NOD MHC locus, encoding all MHC genes, as well as some non-105 

MHC genes. Comparison of B6 and B6g7 allows us to decipher the impact of variations between 106 

the H-2b and H-2g7 loci, while comparison of B6g7 to NOD will reveal the impact of non-MHC 107 

related factors on the development of the T cell pool. Importantly, T cell development is not overtly 108 

aberrant in NOD mice, as both the proportion and number of CD4+ and CD8+ single positive (SP) 109 

thymocytes and thymic Tregs (tTregs) are comparable between the B6 and NOD strains 110 

(Supplementary Figure 1). This is also in line with previous findings that suggest that young B6 111 

and NOD mice have a similar number of peripheral T cells in the spleen 35, 36. 112 

 113 

To determine how thymocytes interpret TCR interactions with self-peptide MHC, we compared 114 

CD5 levels on CD4+ and CD8+ SP thymocytes, as well as tTregs, from autoimmune diabetes-115 

resistant B6 and B6g7 and diabetes-susceptible NOD mice. In the thymus, CD5 expression is 116 

typically lowest on CD8+ SP thymocytes, relatively higher on CD4+ SP thymocytes and highest 117 

on tTregs, in line with the strength of the TCR signal required to facilitate the differentiation of 118 

these respective T cell subsets 3, 26, 37, 38. This trend is observed in all three mouse strains as 119 

evidenced by the relative fluorescence intensity (RFI) of CD5 on these subsets (Figure 1a,b and 120 

gating strategy in Supplementary Figure 1a). CD5 levels are similar on CD8+ SP thymocytes from 121 

all three strains (Figure 1a, b) suggesting that selection of thymocytes in NOD mice does not 122 

facilitate the differentiation of CD8+ SP thymocytes that perceive stronger TCR interactions with 123 

self-peptide MHC. Interestingly, we find that the mean of CD5 expression on CD4+ SP thymocytes 124 

from B6g7 and NOD mice is significantly lower than their B6 counterparts (Figure 1a,b). In 125 

addition, the coefficient of variation (CV) for CD5 expression, which reflects the breadth of 126 

expression of CD5, is significantly broader on the B6g7 and NOD CD4+ SP populations than on 127 
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those from B6 mice (Figure 1a, c). Therefore, the H-2g7 MHC locus, likely the I-Ag7 molecule, 128 

favours positive selection of CD4+ SP thymocytes with weaker, not stronger, TCR signals. For 129 

tTregs, which are also selected on MHC II, the relative expression of CD5 is surprisingly not 130 

different between B6, B6g7 and NOD mice (Figure 1a, b). Notably, while there are few mature 131 

CD4+ and CD8+ T cells that recirculate to the thymus, about half of the Tregs in the thymus are 132 

composed of those that have recirculated from the periphery in all three mouse strains 133 

(Supplementary Figure 2a-c, e-g) 39-41. The relative expression of CD5 in CD4+ and CD8+ SP 134 

thymocytes was not affected by the exclusion of recirculating T cells (Supplementary Figure 2d, 135 

h). However, when recirculating Tregs are excluded from the analysis, the mean expression of 136 

CD5 parallels that of CD4+ SP thymocytes, in that Tregs from both B6g7 and NOD mice have a 137 

lower level of CD5 expression relative to B6 mice (Figure 1d). Altogether, our results suggest that 138 

NOD mice do not have overt defects in clonal deletion as the upper threshold for positively selected 139 

T cells does not seem to differ between B6 and NOD mice and that the H-2g7 MHC locus allows 140 

positive selection of CD4+ SP thymocytes and tTregs that perceive relatively weaker TCR signals.  141 

 142 

In the periphery, the relative levels of CD5 expression are maintained on CD4+ T cells and 143 

increased on NOD CD8+ T cells 144 

The relative expression levels of CD5 for each T cell subset, which are set during thymic positive 145 

selection, are generally maintained on naïve T cells in the periphery by the continuous interactions 146 

with self-peptide MHC that are required for their survival 27, 42. Considering that TCR interactions 147 

with self-peptide MHC in the periphery are influenced by additional factors to those present in the 148 

thymus 43-45, we assessed whether the relative differences in CD5 levels on peripheral T cell subsets 149 

was maintained in all three strains. Indeed, we find that CD5 expression is lowest in naïve CD8+ 150 

T cells, relatively higher on naïve CD4+ T cells and highest on Tregs for all mouse strains (Figure 151 

2a, b, and gating strategy in Supplementary Figure 3a). In addition, as observed in the thymus, 152 

naïve CD4+ T cells and Tregs from B6g7 and NOD mice express lower levels of CD5, and the 153 

breadth of CD5 expression is greater than in B6 mice (Figure 2a-c). Also, in the pancreatic lymph 154 

nodes, CD5 levels on naïve CD8+ T cells from all three strains are not significantly different 155 

(Figure 2a, b). However, CD5 levels are modestly increased on naïve CD8+ T cells in peripheral 156 

lymph nodes from NOD mice (Figure 2a, b). Interestingly, the variations in CD5 expression on 157 

CD4+ and CD8+ T cells display similar trends in B6 and NOD mice maintained in a second 158 
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independent facility (Supplementary Figure 4). Altogether, these data suggest that the relative CD5 159 

levels set by the thymic selection threshold are maintained on CD4+ T cells and Tregs in peripheral 160 

and pancreatic lymph nodes, independent of the genetic background, while the expression level of 161 

CD5 on naïve CD8+ T cells in NOD mice is slightly increased in the periphery relative to B6 mice. 162 

 163 

Non-MHC factors are responsible for differences in CD5 expression on CD44hi CD8+ T cells in 164 

NOD mice 165 

Naive CD5hi T cells preferentially expand after activation and predominate in the memory 166 

compartment 27, 42. Consistent with this, both CD44hi CD4+ and CD44hi CD8+ T cells express 167 

higher levels of CD5 than the respective naïve T cell subset in the three mouse strains tested 168 

(Supplementary Figure 3b). Interestingly, as observed in the naïve CD4+ T cell compartment, 169 

CD44hiCD4+ T cells from B6g7 and NOD mice also express lower levels of CD5 than those from 170 

B6 mice, suggesting that differences in CD5 levels are maintained in the MHC class II-restricted 171 

T cell compartments and are likely driven by the MHC locus (Figure 2d, e). In contrast to CD4+ T 172 

cells, CD44hiCD8+ T cells from the peripheral lymph nodes of NOD mice showed significantly 173 

higher levels of CD5 than those from both B6 and B6g7 mice (Figure 2d, e). The higher levels of 174 

CD5 on CD44hi NOD CD8+ T cells is primarily due to a shift in the global level of CD5 expression 175 

as the CV of CD5 is not increased on the CD44hiCD8+ T cells from the peripheral lymph nodes 176 

(Figure 2f). The accumulation of CD44hiCD8+ T cells expressing higher levels of CD5 in NOD 177 

mice does not appear to be driven by the MHC locus, since the level of expression of CD5 on 178 

CD44hiCD8+ T cells is comparable for both B6 and B6g7 mice (Figure 2d, e). Altogether, these 179 

results suggest that both naïve and CD44hiCD4+ T cells from B6g7 and NOD mice include more T 180 

cells expressing lower levels of CD5 than B6 mice, which may be reflective of a CD4+ T cell pool 181 

with lower basal reactivity to self-antigen. Moreover, although CD5 levels on CD8+ SP thymocytes 182 

are comparable among the different mouse strains, a greater number of naïve and CD44hiCD8+ T 183 

cells with higher levels of cell surface CD5 are found in the peripheral lymph nodes of NOD mice.  184 

 185 

The variation in CD5 expression on T cells is not driven by a subclinical inflammatory response 186 

in NOD mice 187 

NOD mice exhibit some degree of insulitis prior to the clinical signs of diabetes 8, 20. Therefore, 188 

we sought to determine whether the differences in CD5 levels observed on thymocytes and T cells 189 
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in B6, B6g7, and NOD mice are a consequence of the potential subclinical inflammatory response 190 

in NOD mice and whether the findings can be extended to other mouse strains. As such, we 191 

quantified CD5 expression on thymocytes and lymph node T cells from B6, NOD, NOR, 129S, 192 

A/J, BALB/c, FVB, and C3H mice. Notably, NOR mice are 88% identical by descent to NOD 193 

mice and have the same MHC locus as NOD, but they are diabetes resistant 46. Comparison of 194 

these eight strains reveal that NOD and NOR mice show the lowest level of CD5 expression on 195 

CD4+ SP thymocytes, tTregs, peripheral CD4+ T cells and Tregs, whereas FVB have the highest 196 

(Figure 3a-c and Supplementary Figure 5). As both NOD and NOR strains bear the same MHC 197 

locus, these results further suggest variations in CD5 expression levels we observe in CD4+ SP 198 

thymocytes and peripheral CD4+ T cells and Tregs is largely driven by the MHC locus. These data 199 

also show that FVB, and to a certain extent, C3H background tend to promote the differentiation 200 

of thymocytes expressing higher levels of CD5, and that these higher levels are maintained in 201 

periphery (Figure 3a-c and Supplementary Figure 5). It remains to be seen if these differences are 202 

driven by the MHC locus or other genetic differences. 203 

 204 

Although NOR mice are diabetes-resistant, they still show inflammatory immunological 205 

phenotypes 46-48. To unequivocally address the impact of the potential subclinical inflammatory 206 

response in NOD mice, we next generated competitive bone marrow chimeras. We reconstituted 207 

irradiated F1g7 (B6g7 x NOD) recipients with a 1:1 mixture of B6g7 and NOD bone marrow cells. 208 

In this setting, both B6g7 and NOD hematopoietic precursors develop in the same environment, 209 

also allowing identification of cell-intrinsic traits. As for the parental B6g7 and NOD strains 210 

(Figures 1 and 2), thymocyte subsets (CD8+ SP, CD4+ SP, and tTregs) and naïve CD4+ T cells of 211 

either B6g7 or NOD origin in the F1g7 chimera expressed similar levels of CD5 (Supplementary 212 

Figure 6). In addition, CD5 levels were slightly higher in CD44hiCD4+ T cells and Tregs from 213 

NOD mice relative to B6g7 mice (Supplementary Figure 6). Moreover, both NOD-derived naïve 214 

and CD44hi CD8+ T cells had higher levels of CD5 than those of B6g7 origin in the competitive 215 

bone marrow chimera setting (Figure 3d-f). This demonstrates that NOD CD8+ T cells that 216 

perceive stronger basal TCR signals are favoured in the periphery. Altogether, these data show 217 

that the relative CD5 levels on T cells is MHC-independent, T cell-intrinsic, and is not a 218 

consequence of differences in inflammatory state, as the cells co-exist in the same host.  219 

 220 
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CD5 levels on T cells in NOD mice are associated with functional biases 221 

In B6 mice, differences in the strength of basal TCR interactions with self-peptide influence the 222 

contribution of naive T cells to an immune response. For example, naïve CD4+ T cells with 223 

relatively lower levels of CD5 (CD5lo) produce more IFN-γ upon stimulation than those with 224 

relatively higher levels of CD5 (CD5hi) 49, while naïve CD5hi CD8+ T cells already express higher 225 

levels of markers associated with CD8+ T cell activation and differentiation even at steady state 226 

(e.g. Eomes) and dominate in the response to antigen challenge 42. However, this has yet to be 227 

tested in NOD mice. Analysis of CD4+ T cells from NOD mice reveals that CD5lo CD4+ T cells 228 

produce less IL-2 and more IFN-γ than their CD5hi counterparts (Figure 4a-d and Supplementary 229 

Figure 7). We also detect higher expression of Eomes in naïve CD5hi CD8+ T cells relative to 230 

CD5lo CD8+ T cells (Figure 4e, f). In NOD mice, the increased proportion of CD5lo CD4+ T cells 231 

producing more IFN-γ and the accumulation of CD5hi CD8+ T cells expressing high levels of 232 

Eomes may contribute to the increased susceptibility to autoimmune diabetes. 233 

  234 
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Discussion 235 
 236 

In this study, we quantified cell surface expression of CD5 as a reflection of TCR signal strength 237 

in thymocytes and peripheral T cells of B6 and NOD mice. Our results demonstrate that thymocyte 238 

differentiation in NOD mice does not facilitate the differentiation of CD4+ SP or CD8+ SP 239 

thymocytes that perceive strong TCR signals during development. Instead, NOD mice allow the 240 

differentiation of a population of CD4+ SP thymocytes and tTreg with relatively lower CD5 levels, 241 

and this difference in CD5 expression is maintained on peripheral T cells in NOD mice relative to 242 

B6. In contrast to CD4+ T cells, CD8+ SP thymocytes from B6 and NOD mice expressed 243 

comparable levels of CD5 whereas peripheral CD8+ T cells expressed higher levels of CD5 in 244 

NOD mice, suggesting preferential survival of CD8+ T cells with a higher TCR responsiveness to 245 

self-peptide in autoimmune-prone NOD mice.  246 

 247 

In addition to B6 and NOD mice, we included B6g7 mice in our study in order to discriminate 248 

between MHC-dependent and -independent traits. Indeed, among the genetic loci associated with 249 

diabetes susceptibility, the MHC locus represents the strongest risk factor for autoimmune diabetes 250 
8, 20, 50, 51. We observed that the levels of CD5 on CD4+ SP thymocytes and naïve CD4+ T cells is 251 

comparable between B6g7 and NOD, as well as in NOR mice; these strains allow the differentiation 252 

and survival of CD4+ T cells with lower expression of CD5 relative to the B6 strain. This likely 253 

reflects the instability of the peptide-I-Ag7 MHC complex 31-33, and represents a striking difference 254 

in the thymic selection of CD4+ SP thymocytes perceiving low TCR signals between the B6 and 255 

NOD backgrounds.  256 

 257 

Low-affinity T cells have been implicated in the development of several autoimmune diseases 52, 258 
53. For instance, in a model of multiple sclerosis, while less than 15% of CD4+ T cells specific to 259 

myelin oligodendrocyte glycoprotein (MOG) infiltrating the central nervous system are detected 260 

by a MOG-MHC-II tetramer staining, a more sensitive 2D TCR affinity analysis revealed that the 261 

majority of the infiltrating CD4+ T cells are MOG-specific; they simply exhibit 10- to 100- fold 262 

lower affinity to MOG peptide than the MOG-MHC-II tetramer+ T cells 54. These low affinity 263 

CD4+ T cells produce a substantial amount of IFN-γ during experimental autoimmune 264 

encephalomyelitis 54. Interestingly, we have recently shown that murine naïve CD4+ T cells 265 
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expressing lower levels of CD5 produce more IFN-γ upon stimulation 49. In addition, CD5lo tTreg 266 

have a lower capacity for maintaining lymphocyte homeostasis in the peripheral LNs relative to 267 

their CD5hi tTreg counterparts 55. Thus, it is conceivable that the development of CD4+ T cells and 268 

tTreg with lower CD5 levels are prone to contribute to autoimmune diabetes in NOD mice by 269 

producing more IFN-γ and inefficiently regulating autoreactive T cell activity, respectively. 270 

 271 

In contrast to peripheral CD4+ T cells, CD8+ T cells express higher levels of CD5 in NOD mice 272 

relative to both B6 and B6g7 mice and CD5hiCD8+ cells express higher levels of Eomes, suggesting 273 

that they may be more cytotoxic. A recent study shows that low levels of MHC-I expression can 274 

result in the preferential accumulation of CD8+ T cells expressing higher levels of CD5 56. As B6g7 275 

and NOD mice carry the same MHC locus, potential differences in MHC-I expression may be 276 

driven by polymorphisms in B2m 57. However, we find that the difference in CD5 levels persists 277 

in competitive bone marrow chimeras where cells of B6g7 and NOD origin co-exist in the same 278 

environment and are thus exposed to the same level of MHC. Therefore, the accumulation of CD8+ 279 

T cells expressing higher levels of CD5 in NOD mice is not the result of a bias in thymocyte 280 

selection, is cell-intrinsic and is MHC-independent. The reason why these CD5hi CD8+ T cells 281 

accumulate in the lymph nodes is unclear. Naïve CD8+ T cells with higher CD5 levels may be 282 

poised for faster activation that can lead to their preferential expansion 42, 58, 59. Alternatively, CD8+ 283 

T cells with higher affinity to self-peptide MHC may have an intrinsic advantage to survive in the 284 

periphery in NOD mice as compared to B6 mice 60-62. Of relevance, high levels of CD5 on CD8+ 285 

T cells is not sufficient to cause spontaneous autoimmune phenotypes, as CD8+ T cells in both 286 

FVB and C3H strains express even higher levels of CD5 than in the NOD strain.  287 

 288 

In conclusion, our study reveals, based on cell surface CD5 levels, that polyclonal conventional T 289 

cells and Tregs generated in NOD mice do not perceive stronger TCR signals during development 290 

than those in diabetes resistant B6 mice. Instead, we find that the H-2g7 locus facilitates the 291 

differentiation of CD4+ T cells and tTreg expressing low levels of CD5 that may contribute to the 292 

autoimmune process. Moreover, we observed preferential survival of peripheral NOD CD8+ T 293 

cells with higher CD5 levels, suggesting a higher reactivity to self-peptide MHC. Thus, this work 294 

confirms and expands upon previous studies using monoclonal TCR transgenic mouse strains to 295 
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suggest that thymic selection and peripheral T cell homeostasis is altered in NOD mice with 296 

important implications in the development of autoimmunity. 297 

  298 
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Methods 299 

 300 

Mice 301 

All mice were maintained in specific pathogen free animal facilities either at the Maisonneuve-302 

Rosemont Hospital Research Center or at the University of Alberta Health Sciences and 303 

Laboratory Animal Services. NOD/SHiLtJ (NOD, #001976), C57BL/6 (B6, #000664), B6.SJL-304 

PtprcaPepcb/BoyJ (B6.SJL, #002014), B6.NOD-(D17Mit21-D17Mit10)/LtJ (B6g7, #003300), 305 

NOR/LtJ (#002050), 129S1/SvImJ (#002448), A/J (#000646), BALB/cJ (#000651), FVB/NJ 306 

(#001800), and C3H/HeJ (#000659) were purchased from the Jackson Laboratory (Bar Harbor, 307 

ME, USA). B6 x B6SJL (CD45.1.2 B6) and NOD x B6g7 F1 (F1g7) were bred in house. 308 

B6.Rag2pGFP (B6.Rag-GFP) mice 63, 64 were kindly provided by Pamela Fink (University of 309 

Washington, Seattle, WA, USA) and bred in house and were crossed to NOD mice for more than 310 

14 generations to generate NOD.Rag-GFP mice. Both male and female mice aged 6 - 9 weeks 311 

were used except as noted. All protocols have been approved by the Animal Care Committee at 312 

Maisonneuve-Rosemont Hospital Research Centre and the Animal Care and Use Committee 313 

Health Sciences of the University of Alberta. Experiments were performed in accordance with the 314 

Canadian Council on Animal Care guidelines. 315 

 316 

Antibodies and Flow Cytometry 317 

Fluorescently labelled anti-mouse CD4 (RM4-5 and GK1.5), CD8⍺ (53-6.7), CD25 (PC61), CD44 318 

(IM7), CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), TCRβ (H57-597), CD73 (RTY/11.8), 319 

CD5 (53-7.3), interleukin-2 (IL-2; JES6-5H4), interferon-gamma (IFN-γ; XMG1.2), and Zombie 320 

fixable viability dye were purchased from BioLegend (San Diego, CA, USA); anti-mouse CD5 321 

(53-7.3) was purchased from BD Biosciences (San Jose, CA, USA); and anti-FoxP3 (150D/E4) 322 

and Eomes (Dan11mag) were purchased from eBioscience (Thermo Fisher, Waltham, MA, USA). 323 

For experiments in Supplementary Figure 4, fluorescently labelled anti-mouse TCRβ (H57-597), 324 

CD4 (RM4-5), CD5 (53-7.3) were purchased from eBioscience (Thermo Fisher, Waltham, MA, 325 

USA); anti-mouse CD8⍺ (53-6.7) was purchased from BD Biosciences (San Jose, CA, USA). 326 

Single-cell suspensions of thymus, peripheral lymph nodes (inguinal, axillary, and brachial), and 327 

pancreatic lymph nodes were prepared with glass tissue homogenizers. Red blood cells were lysed 328 

with ACK lysis buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA). Cells were filtered 329 
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and counted with hemacytometer using trypan blue. An equivalent number of cells from each 330 

organ were stained. To block FcR, peripheral lymphocytes were first incubated with 2.4G2 331 

supernatant or a cocktail (containing normal mouse, rat, and hamster serum, and 2.4G2) for 10 min 332 

at 4°C. Cells were then incubated with viability dye (or debris/dead cells excluded by FSC/SSC 333 

gating for Supplementary Figure 4) according to the manufacturer’s protocol followed by 334 

incubation with cell surface antibodies for 20 minutes at 4℃. To stain for FoxP3 and Eomes, cells 335 

were fixed and permeabilized using a FoxP3 Staining Kit (eBioscience/Thermo Fisher, Waltham, 336 

MA, USA) according to the manufacturer’s protocol. To stain for cytokines, cells were fixed and 337 

permeabilized using Cytofix/Cytoperm Plus Kit (BD Biosciences, San Jose, CA, USA) according 338 

to manufacturer’s protocol. All data were acquired on an LSRFortessa X-20 or BD LSR II flow 339 

cytometer using FACSDiva software and analyzed with FlowJo version 10 (BD Biosciences, San 340 

Jose, CA, USA). 341 

 342 

Bone marrow chimera  343 

T cells were depleted from 6-8-week-old B6g7 (CD45.2) and NOD (CD45.1) donor mice by 344 

intraperitoneal injection of 100 µg InVivoMAb anti-mouse Thy1 (BioXcell, Lebanon, NH, USA) 345 

at 1 and 2 days prior to harvesting the bone marrow. Donor cells were mixed in a 1:1 ratio after 346 

red blood cell lysis, and 2x106 total cells were intravenously injected into sex-matched irradiated 347 

(10 Gy) F1g7 recipients (6-8 weeks old). To ensure T cells were depleted, the recipient mice 348 

received intraperitoneal injection of 100 µg InVivoMAb anti-mouse Thy1 (BioXcell, Lebanon, 349 

NH, USA) at 1 and 7 days after bone marrow reconstitution. After 45 days, the thymus, peripheral 350 

lymph nodes (inguinal, axillary, and brachial) and pancreatic lymph nodes were harvested and 351 

prepared for flow cytometry as described above.  352 

 353 

In vitro activation 354 

Cells were suspended in RPMI media (Wisent, St-Bruno, QC, Canada) supplemented with 10% 355 

fetal bovine serum (GE Life Sciences, Pittsburgh, PA, USA), 100 IU penicillin, 100 µg mL-1 356 

streptomycin and 2 mM L-glutamine (Wisent, St-Bruno, QC, Canada), 10 µM β-mercaptoethanol. 357 

For bulk T cell activation, single cell suspensions were incubated for 4 hours in RPMI media 358 

containing or not 100 ng mL-1 phorbol myristate acetate (PMA, Millipore Sigma, Darmstadt, 359 

Germany) and 1 µg mL-1 ionomycin (Calbiochem, San Diego, CA, USA) in the presence of 1 µL 360 
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mL-1 Golgi Plug (BD Biosciences, San Jose, CA, USA) prior to analysing cytokine production. 361 

For anti-CD3/CD28 activation, naïve CD4+ were enriched (CD4 isolation kit, STEMCELL 362 

Technologies, Vancouver, BC, Canada) according to the manufacturer’s protocol, and 2-3 x 105 363 

enriched naïve CD4+ T cells were seeded per well of a 96-well plate. Cells were stimulated with 5 364 

µg mL-1 plate-bound anti-CD3 (145- 2C11; BioLegend, San Diego, CA, USA) and 2 µg mL-1 365 

soluble anti-CD28 (37.51; BioLegend, San Diego, CA, USA) under Th1 polarizing conditions 366 

with 20 ng mL-1 recombinant mouse IL-12 (p70) and 1 µg mL-1 anti-mouse IL-4 (11B11; 367 

BioLegend, San Diego, CA, USA). Three days later, half of the media was aspirated from each 368 

well and replenished with fresh media with 40 ng mL-1 recombinant mouse IL-2 for the Th0 369 

condition, and both 40 ng mL-1 recombinant mouse IL-2 and 2 µg mL-1 anti-mouse IL-4 (11B11, 370 

BioLegend, San Diego, CA, USA) for Th1 skewing. On day 5, half of the media was aspirated 371 

from each well and replenished with fresh media containing 100 ng mL-1 PMA (Millipore Sigma, 372 

Darmstadt, Germany) and 2 µg mL-1 ionomycin (Calbiochem, San Diego, CA, USA). Cells were 373 

incubated for an additional 4 hours prior to analysing cytokine production.  374 

 375 

Statistical Analysis 376 

Statistical analyses were performed using Prism version 8 (GraphPad, San Diego, CA, USA). A 377 

one-way ANOVA followed by Sidak’s multiple comparison test was applied to compare data from 378 

B6, B6g7 and NOD mice. A one-way ANOVA followed by Dunnett’s multiple comparison test 379 

was applied to compare data from B6, NOD, NOR, 129S, A/J, BALB/c, FVB, and C3H mice. A 380 

paired t-test was applied to compare B6g7- and NOD-derived cells from individual bone marrow 381 

chimeric mouse. Statistical significance is indicated by P-values: * P < 0.05, ** P < 0.01, *** P < 382 

0.001. 383 

 384 

  385 
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Figure Captions 548 

Figure 1. NOD thymocytes do not perceive stronger TCR signals than their B6 counterparts. (a) 549 

Representative histograms of CD5 expression on the indicated thymocyte subsets from B6 (grey 550 

shaded), B6g7 (dotted line), and NOD (solid line) mice. The thymocyte subset gating strategy is 551 

shown in Supplementary Figure 1a. (b) CD5 relative fluorescent intensities (RFI) and (c) CD5 552 

coefficient of variation (CV) on CD8+ SP, CD4+ SP and tTregs from B6, B6g7, and NOD mice. 553 

The RFI is calculated by normalizing to the average of the CD5 mean fluorescent intensity (MFI) 554 

on CD8+ SP thymocytes from B6 mice in each experiment. Each dot depicts data from an 555 

individual mouse; B6 (n=9), B6g7 (n=11), NOD (n=10). The data was obtained in four independent 556 

experiments that included at least one mouse per strain. (d) Representative histograms of CD5 557 

expression, and compilation of CD5 RFI and CD5 CV on non-recirculated (CD73-) tTregs from 558 

B6 (grey shaded), B6g7 (dotted line), and NOD (solid line) mice. The CD5 RFI is calculated by 559 

normalizing to the average of the CD5 MFI on CD4+ SP thymocytes from B6 mice in each 560 

experiment. Each dot depicts data from an individual mouse; B6 (n=6), B6g7 (n=6), NOD (n=6). 561 

The data was obtained in two independent experiments that included at least one mouse per strain. 562 

One-way ANOVA followed by Sidak’s multiple comparison test, * P < 0.05, ** P < 0.01, *** P 563 

< 0.001. 564 

 565 

Figure 2. The differential expression of CD5 is maintained on peripheral CD4+ T cells and 566 

increased on CD8+ T cells in NOD relative to B6 mice. The T cell gating strategy is shown in 567 

Supplementary Figure 3a. (a) Representative histograms of CD5 expression on the indicated T cell 568 

subsets from B6 (grey shaded), B6g7 (dotted line), and NOD (solid line) mice from peripheral 569 

lymph nodes. (b) CD5 RFI and (c) CD5 CV on naïve CD8+ and CD4+ T cells as well as Treg from 570 

peripheral and pancreatic lymph nodes of B6, B6g7, and NOD mice. (d) Representative histograms 571 

of CD5 expression on the indicated CD44hi T cell subsets from B6, B6g7 and NOD mice. (e) CD5 572 

RFI and (f) CD5 CV on CD44hi CD8+ and CD44hi CD4+ T cells from peripheral and pancreatic 573 

lymph nodes of B6, B6g7, and NOD mice. The RFI was calculated by normalizing to the average 574 

of the CD5 MFI on naïve CD8+ T cells from B6 mice in each experiment. Each dot depicts data 575 

from an individual mouse from four to six independent experiments that included at least one 576 

mouse per strain; peripheral lymph nodes: B6 (n=15), B6g7 (n=17), NOD (n=16); pancreatic lymph 577 
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nodes: B6 (n=9), B6g7 (n=11), NOD (n=7). One-way ANOVA followed by Sidak’s multiple 578 

comparison test, * P < 0.05, ** P < 0.01, *** P < 0.001.  579 

 580 

Figure 3. Increased CD5 expression on NOD CD8+ T cells is not driven by a subclinical 581 

inflammatory response. The T cells were gated using strategy shown in Supplementary Figures 582 

1a, 2f, and 3a. CD5 RFI on (a) CD8+ SP, CD73- CD4+ SP thymocytes, as well as CD73- tTregs, 583 

(b) naïve CD8+, naïve CD4+ and Tregs from the peripheral lymph nodes, and (c) CD44hi CD8+ and 584 

CD44hi CD4+ from the peripheral lymph nodes for the indicated mouse strains. The RFI is 585 

calculated by normalizing to the CD5 MFI on CD8+ SP thymocytes or naïve CD8+ T cells from a 586 

co-stained CD45.1.2 B6 mouse in each sample. Each dot depicts data from an individual mouse; 587 

n=5 for each strain. The data was obtained in two independent experiments that included at least 588 

one mouse per strain. One-way ANOVA followed by Dunnett’s multiple comparison test where 589 

each strain is compared to C57BL/6, * P < 0.05, ** P < 0.01, *** P < 0.001. (d) Bone marrow 590 

cells isolated from B6g7 (CD45.2) and NOD (CD45.1) mice were injected at a 1:1 ratio into lethally 591 

irradiated F1g7 (B6g7 x NOD, CD45.1.2) mice. Representative histograms of CD5 expression on 592 

B6g7- (dotted line) and NOD- (solid line) derived naïve CD8+ T cells (TCRβ+ CD8+ CD62L+ CD44-593 

) and CD44hi CD8+ T cells (TCRβ+ CD8+ CD44+) from peripheral lymph nodes. (e) CD5 RFI and 594 

(f) CD5 CV on B6g7- or NOD-derived naïve and CD44hi CD8+ T cells from peripheral and 595 

pancreatic lymph nodes. The RFI was calculated by normalizing to the average of the CD5 MFI 596 

on B6g7 derived naïve or CD44hi CD8+ T cells in each experiment. Each dot indicates data from 597 

cells of either B6g7 or NOD origin in chimeric mice from two independent experiments; n=9 598 

recipients. Paired t-test, ** P < 0.01, *** P < 0.001. 599 

 600 

Figure 4. CD5lo and CD5hi naïve CD4+ and CD8+ T cells in NOD mice are poised to different 601 

functions. (a) Representative flow plots depicting gating strategies for PMA/ionomycin activated 602 

TCRβ+ CD4+ T cells with low expression of CD44 (naïve CD4+). Naïve CD4+ T cells were 603 

subsequently gated on the top and bottom 20% of CD5 expression to examine IL-2 production. (b) 604 

Percentage of IL-2+ cells gated on CD5lo and CD5hi naïve CD4+ T cells, based on unstimulated 605 

controls. Each dot indicates individual mice from two independent experiments, n=6 mice, and 606 

averages of technical triplicates are shown. Lines join samples from CD5lo and CD5hi 607 

compartments from the same mice. (c) Representative flow plots depicting gating strategies of 608 
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IFN-γ production from CD5lo and CD5hi enriched naïve CD4+ T cells activated with anti-609 

CD3/CD28 under Th1 skewing condition. (d) Percentage of IFN-γ+ cells gated on CD5lo and CD5hi 610 

activated CD4+ CD25+ T cells. Each dot indicates individual experiments, averages of technical 611 

triplicates are shown, and lines join samples from CD5lo and CD5hi compartments from the same 612 

experiment. n=3 mice in three individual experiments. (e) Representative histograms depicting top 613 

and bottom 20% of CD5 expression on naïve CD8+ T cells to compare Eomes expression by CD5lo 614 

and CD5hi naïve CD8+ T cells with CD44hi CD8+ T cells. (f) RFI of Eomes on CD5lo and CD5hi 615 

naïve CD8+ T cells. Each dot depicts data from an individual mouse from two independent 616 

experiments; n=6 mice. Paired student t-test, * P < 0.05, *** P < 0.001.  617 
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Supplementary Figure 1. Equivalent thymocyte subset proportion and number in B6, B6g7, and NOD mice. (a) Representative flow plots
depicting gating strategies for CD8+ SP (TCRβhi CD8+), CD4+ SP (TCRβhi CD4+CD25-FoxP3-), and thymic Treg (tTreg, TCRβhi CD4+ CD25+

FoxP3+) B6 thymocytes. (b) Percentage and (c) absolute numbers of CD8+ SP, CD4+ SP and tTreg thymocyte subsets from B6, B6g7, and
NOD mice. Each dot depicts data from an individual mouse from six independent experiments: B6 (n=9), B6g7 (n=11), NOD (n=10). One-
way ANOVA followed by Sidak’s multiple comparison test, * P < 0.05, *** P < 0.001.
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Supplementary Figure 2. Rag2-GFP and CD73 staining to identify T cells recirculating to the thymus. (a) Representative histogram for
gating GFP- (recirculating) and GFP+ (non-recirculating) populations on CD8+ SP. (b) Representative flow plots for gating CD73- (non-
recirculating) or CD73+CD44+ (recirculating) T cells in total CD8+ SP, GFP- and GFP+ CD8+ SP. (c) Proportion of GFP- and GFP+ CD8+ SP
from B6.Rag-GFP and NOD.Rag-GFP mice. (d) Representative histograms of CD5 expression, CD5 relative fluorescent intensity (RFI) and
CD5 coefficient of variation (CV) on GFP⁺ CD8+ SP from B6.Rag-GFP and NOD.Rag-GFP mice. The RFI is calculated by normalizing to
the average of the CD5 mean fluorescent intensity MFI on CD8+ SP thymocytes from B6.Rag-GFP mice in each experiment. Each dot
depicts data from an individual mouse; B6.Rag-GFP (n=6) and NOD.Rag-GFP (n=7). (e) Representative histograms gating GFP- and GFP+

populations on CD4+ SP and tTregs, and flow plots depicting corresponding GFP⁻ and GFP⁺ with and CD73 and CD44 expressions. (f)
Representative flow plots for CD73 and CD44 expression on total CD4+ SP and tTregs. (g) Proportion of CD73+CD44+ and CD73- CD4+ SP
and tTregs from B6, B6g7, and NOD mice. (h) Representative histograms of CD5 expression, CD5 RFI and CD5 CV on CD4+ SP from B6,
B6g7, and NOD mice. The RFI is calculated by normalizing to the average of the CD5 MFI on CD4+ SP thymocytes from B6 mice in each
experiment. Each dot depicts data from an individual mouse; B6 (n=6), B6g7 (n=6), NOD (n=6). The data was obtained in two independent
experiments that included at least one mouse per strain. Unpaired two-tailed student t-test or one-way ANOVA followed by Sidak’s multiple
comparison test, * P < 0.05, ** P < 0.01, *** P < 0.001.
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Supplementary Figure 3. CD44hi T cells express higher levels of CD5 than naïve T cells. (a) Representative flow plots depicting gating
strategies for naïve CD8+ T cells (TCRβ+ CD8+CD62L+ CD44-) and CD44hi CD8+ T cells (TCRβ+ CD8+CD44+), then for Tregs (TCRβ+ CD4+

CD25+ FoxP3+) and conventional CD4+ T cells (Tconv, TCRβ+ CD4+ CD25- FoxP3-). CD4⁺ T cells are further separated as naïve (CD62L+

CD44-) and CD44hi (CD44+) T cells. (b) CD5 RFI on naïve vs CD44hi CD8+ and CD4+ T cells from the peripheral lymph nodes of B6, B6g7,
and NOD mice. The RFI was calculated by normalizing to the average of the CD5 MFI on naïve CD8+ T cells from B6 mice in each
experiment. Each dot depicts data from an individual mouse from six independent experiments; B6 (n=15), B6g7 (n=17), NOD (n=16). One-
way ANOVA followed by Sidak’s multiple comparison test, *** P < 0.001.
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Supplementary Figure 4. Peripheral T cells from NOD mice in a different facility also express differential CD5 levels as compared to their
B6 counterparts. (a) Representative histograms of CD5 expression on TCRβhi CD8+ SP and CD4+ SP thymocytes from B6 (grey shaded)
and NOD (solid line) mice. (b) CD5 RFI and (c) CD5 CV on CD8+ SP and CD4+ SP from B6 and NOD mice. (d) Representative histograms
of CD5 expression on TCRβhi CD8+ and CD4+ splenic T cells from B6 (grey shaded) and NOD (solid line) mice. (e) CD5 RFI and (f) CD5
CV on CD8+ and CD4+ splenic T cells from B6 and NOD mice. The RFI is calculated by normalizing to the average of the CD5 MFI on
CD8+ SP thymocytes or CD8+ splenic T cells from B6 mice. Each dot depicts data from an individual mouse from two independent
experiments; B6 (n=10), NOD (n=10). Unpaired two-tailed student t-test, * P < 0.05, ** P < 0.01, *** P < 0.001.
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Supplementary Figure 5. CD5 coefficient variations (CV) in eight different mouse strains. CD5 CV on (a) CD8+ SP and CD73⁻ CD4+ SP
thymocytes, as well as CD73⁻ tTregs; (b) naïve CD8+, naïve CD4+ and Tregs from the peripheral lymph nodes; and (c) CD44hi CD8+ and
CD44hi CD4+ from peripheral lymph nodes for indicated mouse strains. The data was obtained in two independent experiments that
included at least one mouse per strain; n=5 for each strain. One-way ANOVA followed by Dunnett’s multiple comparison test where each
strain is compared to C57BL/6, * P < 0.05, ** P < 0.01, *** P < 0.001.
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Supplementary Figure 6. Similar CD5 expression on peripheral CD4+ T cells from B6g7 and NOD donor cells in bone marrow chimeras.
(a) Representative flow plot of total thymocytes and histograms of CD5 expression of B6g7 and NOD bone-marrow-derived CD8+ SP
(TCRβhi CD8+), CD4+ SP (TCRβhi CD4+CD25- FoxP3-), and tTreg (TCRβhi CD4+CD25+ FoxP3+) in F1g7 chimeric mice. (b) CD5 RFI and (c)
CD5 CV on B6g7- and NOD-derived CD8+ SP, CD4+ SP and tTregs from the thymus. (d) Representative flow plot of peripheral lymph node
and histograms of CD5 expression of B6g7 and NOD bone-marrow-derived derived CD4+ naïve T cells (TCRβ+ CD4+CD62L+ CD44- CD25-

FoxP3-), CD44hi T cells (TCRβ+ CD4+CD44+CD25-FoxP3-), and Treg (TCRβ+ CD4+ CD25+ FoxP3+) in F1g7 chimeric mice. (e) CD5 RFI and
(f) CD5 CV on B6g7- and NOD-derived CD4+ naïve T cells, CD44hi T cells, and Treg from peripheral and pancreatic lymph nodes. The RFI
was calculated by normalizing to the average of the CD5 MFI on the B6g7-derived subset in each individual experiment. Each dot indicates
data from cells of either B6g7 or NOD origin in chimeric mice from two independent experiments; n=9. Paired student t-test, * P < 0.05, * P
< 0.01, *** P < 0.001.
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Supplementary Figure 7. Gating strategies for IL-2 and IFN-γ production following PMA-Ionomycin activation and Th1 skewing. (a)
Representative flow plots depicting the gating strategies for unstimulated controls in PMA-Ionomycin activation experiments. TCRβ+ CD4+

T cells with low expression of CD44 (naïve CD4+) were selected based on the top and bottom 20% of CD5 expression to examine IL-2
production. This gating strategy was applied for PMA-Ionomycin activated samples in Figure 4a. (b) Representative gating strategy for
enriched naïve CD4+ T cells activated under Th0 or Th1 skewing conditions. (c) Minimal IFN-γ production is observed in Th0 control
samples.
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