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 55 

Abstract 56 

A central goal of physiological research is the understanding of cell-specific roles of disease-57 

associated genes. Cre-mediated recombineering is the tool of choice for cell type-specific analysis of 58 

gene function in pre-clinical models. In the type 1 diabetes research field, multiple lines of NOD mice 59 

have been engineered to express Cre recombinase in pancreatic β-cells using insulin promoter 60 

fragments, but tissue promiscuity remains a concern. Constitutive Ins1tm1.1(cre)Thor (Ins1Cre) mice on the 61 

C57/bl6-J background has high β-cell specificity and with no reported off-target effects. We explored if 62 

NOD:Ins1Cre mice could be used to investigate β-cell gene deletion in type 1 diabetes disease modeling. 63 

We studied wildtype (Ins1WT/WT), Ins1 heterozygous (Ins1Cre/WT or Ins1Neo/WT), and Ins1 null (Ins1Cre/Neo) 64 

littermates on a NOD background. Female Ins1Neo/WT mice exhibited significant protection from diabetes, 65 

with further near-complete protection in Ins1Cre/WT mice. The effects of combined neomycin and Cre 66 

knock-in in Ins1Neo/Cre mice were not additive to the Cre knock-in alone. In Ins1Neo/Cre mice, protection 67 

from diabetes was associated with reduced insulitis at 12 weeks of age. Collectively, these data confirm 68 

previous reports that loss of Ins1 alleles protects NOD mice from diabetes development and 69 

demonstrates, for the first time, that Cre itself may have additional protective effects. This has significant 70 

implications for the experimental design and interpretation of pre-clinical type 1 diabetes studies using 71 

β-cell-specific Cre in NOD mice. 72 

 73 

 74 

Introduction 75 

Type 1 diabetes (T1D) is a chronic disorder precipitated by immune-mediated pancreatic β-cell 76 

destruction and associated with the presence of autoantibodies against β-cell proteins (1,2). Due to the 77 

progressive loss of β-cells and consequent insulin deficiency, individuals living with type 1 diabetes have 78 

lifelong dependency on exogenous insulin (3). Higher levels of endogenous insulin secretion are 79 

associated with better short- and long-term outcomes in type 1 diabetes. Preservation of residual β-cells 80 

and islet function at the time of diagnosis is therefore imperative (4).  81 
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Exogenous insulin administration is not a cure of type 1 diabetes. Research efforts using pre-clinical 82 

animal models continue to produce new therapeutic possibilities. Initially developed as a model for 83 

spontaneous onset of cataracts, the female non-obese diabetic (NOD/ShiLt) mouse (commonly known 84 

as NOD) is the most well-established and extensively used model of type 1 diabetes (5). The polygenic 85 

NOD mouse model recapitulates multiple pathophysiological features of human type 1 diabetes, 86 

including the development of autoantibodies in prediabetic NOD mice (6), circulating autoreactive T cells 87 

(7), and subsequent onset of hyperglycemia as progressive β-cell loss materializes (8). While the 88 

emergence of hyperglycemia most often occurs between 12-15 weeks of age, islet immune infiltration 89 

is established earlier at 8-12 weeks with insulitis present across the pancreas(9). The cleanliness of 90 

housing facilities and the animal breeding approach are just two factors which affect the age at which 91 

these features present.  92 

Mice express two nonallelic insulin genes. The insulin 2 gene (Ins2) is the murine homologue of the 93 

human insulin gene and is located on chromosome 7 (10). The insulin 1 gene (Ins1) is the result of an 94 

RNA-mediated gene duplication event. Ins1 has a simpler gene structure lacking the second intron 95 

present in Ins2, and is found on the murine chromosome 19 (10). Ins1 is expressed specifically in 96 

pancreatic β-cells, whereas Ins2 is expressed predominantly in β-cells, with trace expression in other 97 

tissues including thymus and brain (11). Previous studies have examined the effects of insulin gene 98 

knockout in NOD mice. Complete knockout of Ins2 on the NOD background accelerated diabetes onset 99 

(2), a phenomenon attributed to a failure in central tolerization to insulin. Thymus-specific deletion of 100 

Ins2 was reported to be sufficient to cause spontaneous diabetes, even outside the NOD background 101 

(12). Although we have not observed autoimmune diabetes in globally deficient Ins2-/- mice (13,14) it 102 

has previously reported that male, but not female, NOD:Ins1Neo/WT;Ins2-/- mice, with a single remaining 103 

Ins1 allele have been shown to succumb to insulin insufficiency (15), a finding we confirmed on other 104 

backgrounds (16). These observations were found to be dependent on housing conditions (11). In 105 

contrast, NOD:Ins1Neo/Neo mice have previously been shown to be largely protected from insulitis 106 

diabetes (10), which was proposed to be due to the loss of autoantigenic Ins1-derived peptides despite 107 

presence of insulin autoantibodies (IAA). Insulin is a primary auto-antigen in both murine and human 108 
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type 1 diabetes pathogenesis (1). Replacing Ins1 with non-antigenic human insulin also protects NOD 109 

mice from onset of diabetes (17). Together, these previous observations indicate that insulin 1 gene 110 

dosage is a key driver of diabetes in NOD mice. 111 

To advance the understanding of the underlying mechanisms of T1D pathogenesis, powerful genetic 112 

engineering tools are employed by researchers across the world. Ins1Cre mice take advantage of the 113 

tissue specificity of Ins1 expression to excise loxP site-flanked (floxed) DNA segments. As the Cre DNA 114 

recombinase allele is inserted into exon 2 of Ins1 in these mice, floxed target genes are removed 115 

specifically in beta-cells at the cost of the loss of 1 Ins1 allele. Both Ins1Cre and Ins1Neo mice have 116 

reduced Ins1 gene dosages with 50% or 100% in their heterozygeous and homozygeous states, 117 

respectively. For Ins1Neo mice, the neomycin cassette obliterates the entire Ins1 promotor and gene 118 

sequence in addition to deletion of 7-9kb upstream and downstream of Ins1 (see Figure 1A).  119 

Since the early days of Cre/loxP system usage, concerns of side effects such as Cre toxicity have 120 

been raised. More than two decades ago, Loonstra et al observed increased sister chromatid exchange 121 

frequency, leading to a cellular halt in the G2/M phase and a reduction in proliferation of mouse 122 

embryonic fibroblasts (MEF) transduced with a bicitronic retroviral vector encoding Cre (18). Silver and 123 

Livingston demonstrated similar results including ceased proliferation in 293xLac cells, NIH 3T3 cells 124 

and MEFs transfected with Cre-expressing retroviral vectors (19). The same study revealed 125 

chromosomal abnormalities in Cre-expressing MEFs. Lentiviral Cre administration and expression have 126 

likewise been shown to reduce proliferation through cellular accumulation in the G2M phase of Cre-127 

expressing CV-1 and COS cells, two kidney cell lines derived from monkeys (20). Cre toxicity has been 128 

shown to be dose dependent, even when expressed transiently, when using an adenovirus vector (21). 129 

Past studies have confirmed Cre toxicity and apoptosis in mouse cardiac tissue (22,23) and p53-/- thymic 130 

lymphoma cells (24). Collectively, these findings emphasize the necessity of using Cre-only (no flox) 131 

controls into in vivo research study designs since Cre recombinase expression may affect cells beyond 132 

the intended target gene deletion.   133 

For this study, we generated and characterized a new NOD Ins1Cre knock-in mouse line. Our 134 

intension was to establish an in vivo tool facilitating the unravelling of type 1 diabetes pathogenesis. The 135 
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NOD Ins1Cre model would ideally enable studying of β-cell specific deletion of target genes in mice on 136 

an NOD background. As a predecessor, the goal of this study was to investigate the impact of 1) deleting 137 

one Ins1 allele and 2) introducing beta cell specific Cre expression, on the spontaneous diabetes 138 

development NOD mice are well known for. As previous studies by the Eisenbarth group provided 139 

evidence that Ins1Neo/WT mice, with only one intact Ins1 allele, exhibit decreased and delayed diabetes 140 

incidence, we were expecting similar results for Ins1Cre/WT mice. We incorporated both NOD:Ins1Neo/Wt 141 

NOD;Ins1WtTWT littermates in our study design, to control for both the loss of one Ins1 allele and 142 

introduction of Cre expression in NOD Ins1Cre/WT mice. We compared diabetes incidence, insulitis 143 

severity, and immune activation between groups within each sex. Our data demonstrate that Ins1-driven 144 

Cre expression has further protective effects beyond the loss of a single Ins1 allele deleted via Ins1Neo. 145 

Carefully chosen proper controls and caution are therefore required when interpreting experiments 146 

including β-cell specific Cre expression in mice on an NOD background.  147 

 148 

Methods 149 

Mice 150 

All animal procedures and ethical standards were in accordance with the Canadian Council for 151 

Animal Care guidelines. All animal studies and protocols were approved by the University of British 152 

Columbia Animal Care Committee and Institutional Care and Use Committee (IACUC) at the University 153 

of Michigan. At UBC, mice were housed in the Centre for Disease Modelling Specific Pathogen-Free 154 

(SFP) facility on a standard 12-h light/12-h dark cycle with ad libitum access to chow diet (PicoLab, 155 

Mouse Diet 20–5058). To generate NOD:Ins1Cre and NOD:Ins1Neo mice, we contracted The Jackson 156 

Laboratories to backcross (>12 times) B6(Cg)-Ins1tm1.1(cre)Thor/J (The Jackson Laboratory, US, 157 

#026801) (Ins1Cre) and NOD.129S2(B6)-Ins1 tm1Jja/GseJ (The Jackson Laboratory, US, #0005035) 158 

Ins1Neo) mice onto a NOD/ShiLtJ (The Jackson Laboratory, US, #001976) (NOD) background. The 159 

Ins1Cre and Ins1Neo mice were originally on a mixed, largely C57Bl/6J, background. Subsequently, we 160 

designed a strict breeding strategy for our study. An Ins1Cre maternal parent colony as well as a Ins1Neo 161 

paternal parent colony was established (Fig. 1B). Each parent colony was backcrossed every five 162 
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generations. Female Ins1Cre/WT and male Ins1Neo/WT mice were set up as breeders, at 7-8 weeks of age, 163 

to generate experimental mice. Mice from the parental colonies were only included once as breeders to 164 

eliminate risk of onset of hyperglycemia during pregnancy and weaning at later ages. This breeding 165 

strategy generated littermates of four genotypes:  wildtype NOD:Ins1WT/WT mice with both insulin 1 166 

alleles,  heterozygous NOD:Ins1Cre/WT mice with an Ins1 replaced with Cre-recombinase, heterozygous 167 

NOD:Ins1Neo/WT mice with one Ins1 allele replaced with a neomycin cassette, and full Ins1 null mice with 168 

both Ins1 alleles replaced NOD:Ins1Neo/Cre. Specific cohorts were monitored twice per week for the sole 169 

purpose of determining hyperglycemia onset incidence and body mass changes. Any mice that 170 

developed diabetes, defined as two consecutive blood glucose measurements 16 mmol/L or one 171 

measurement 22 mmol/L, were euthanized. Specific cohorts were generated for tissue analysis 172 

terminated at 12 weeks of age in a pre-diabetic phase (for the Vancouver housing facility) or at 1 year 173 

of age, all animals were monitored for diabetes prior to euthanasia. 174 

An additional colony of NOD:Ins1Cre mice were generated independently through in-house 175 

backcrossing at a second site (University of Michigan) via the speed congenic approach in consultation 176 

with Charles River Laboratories (Wilmington, MA). Following each backcross, Ins1Cre/WT offspring with 177 

allelic profiles most closely matching the NOD strain (determined by MAX-BAX mouse 384 SNP panel 178 

screening), were selected as breeders for the subsequent backcross. Following 8 generations of 179 

backcrossing, animals with an allelic profile percent match >99.9% were utilized to generate Ins1WT/WT 180 

and Ins1Cre/WT experimental mice. Animals were housed in an SPF facility on a standard 12-h light/12-h 181 

dark cycle with access to ad libitum chow diet (LabDiets, Rodent Diet 5L0D) and water. Drinking water 182 

was provided at a pH level of 2.5-3 upon advice from Jackson laboratories that acidified water supports 183 

the diabetes frequency in many NOD colonies (25)Blood glucose measurements were taken once-twice 184 

per week. Incidence of diabetes, defined as blood glucose levels > 16 mM for 5 consecutive 185 

measurements, was recorded. Diabetic mice were euthanized and excluded from future analysis.  186 

Tissue processing and histology 187 

Immediately following euthanasia, pancreata were collected according to a pre-established protocol 188 

with the exception that extracted pancreases were not further treated to obtain isolated islets and were 189 
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instead processed as a whole(26). The dissected pancreata were fixed in 4% PFA for 24 hours prior to 190 

storage in 70% ethanol at 4 °C. Paraffin-embedded sections were prepared, stained with hematoxylin 191 

and eosin (H&E), and imaged by WaxIT Histology Services Inc. (Vancouver, BC). 192 

 193 

Islet infiltration scoring 194 

Images from H&E-stained pancreatic sections were analyzed with QuPath software (27). Islets in 195 

pancreatic sections were scored blindly for pancreatic islet infiltration of mononuclear immune cells 196 

according to the previously established 4-point scale(28). In brief, 0- no insulitis, 1- peri-insulitis marked 197 

by less than 25% peripheral immune-islet infiltration, 2- insulitis marked by 25-75% immune cell 198 

infiltration, 3- severe insulitis marked by greater than 75% immune-islet infiltration. Random samples 199 

were scored by a second person to ensure consistency. 25-30 islets per mouse. 200 

 201 

Insulin auto-antibodies and plasma insulin 202 

Blood for plasma insulin and autoantibodies measurements was collected at study endpoint by cardiac 203 

puncture from anesthetized Animals (2.5% isoflurane) and put directly on ice. Insulin plasma where 204 

measured using Mouse Insulin ELISA kit (#80-INSMS-E10, RRID: AB_2923075; ALPCO). Samples 205 

were shipped to the Insulin Antibody Core Lab at the University of Colorado, Barbara Davis Diabetes 206 

Centre for auto-antibody analysis.  The IAA data are expressed as an index against a standard 207 

positive and negative controls as procedure at the Insulin Antibody Core lab 208 

 209 

Flow cytometry 210 

Immediately following euthanasia lymph nodes and spleen were isolated and splenic single-cell 211 

suspensions were counted and stained with fluorescently conjugated monoclonal antibodies (mAbs) 212 

for cell-surface markers (see Table 1 for list of antibodies used). Fixable Viability Dye eFluor™ 506 213 

was used as viability dye (#65-0866-14; ThermoFischer). Following staining, cells were analyzed by 214 

flow cytometry and Flow Jo software (Tree Star Inc., Ashland, Oregon).  215 

 216 
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Statistics  217 

Statistical significance was assessed using 2-way ANOVA analysis with Tukey’s multiple 218 

comparisons test, at a threshold of p < 0.05. Plasma insulin, Insulitis and insulin auto-antibodies 219 

significance were quantified by 1-way ANNOVA analyses. We used the Mantel-Cox-log rank test, 220 

corrected with the Benjamini-Hochberg procedure, to analyse the Kaplain Meier survival plots. Repeated 221 

measured Mixed effect models were applied for RBG and Body mass analyses.  222 

Prism 9 (GraphPad Software Inc., USA) was used for statistical analyses and generation of most 223 

figure panels.  Data are expressed as mean ± SEM unless otherwise specified. 224 

 225 

 226 

Results 227 

Type 1 diabetes incidence 228 

A greater proportion of female, in comparison to male, mice develop diabetes and the timing of the 229 

development of the disease is more consistent. We observed the highest diabetes incidence in female 230 

NOD:Ins1WT/WT mice, with 65% diabetes incidence at 1 year (Fig. 1C). The majority of these mice (7/9) 231 

were diabetic before 20 weeks of age. The diabetes incidence and disease time-course of this study 232 

was comparable with previous NOD:Ins1WT/WT cohorts in our facilities (28), although slightly delayed 233 

relative to some other facilities (see below). Female NOD:Ins1Cre/WT exhibited both a delay in diabetes 234 

onset and a diabetes incidence by the end of the study of only 27%, which was significantly different 235 

when compared to NOD:Ins1WT/WT mice at one year of age (p=0.033; padjust=0.078; Fig. 1C). We also 236 

observed at delay in the timing of the onset between female NOD:Ins1Neo/WT  mice (Fig. 1C), in agreement 237 

with previous studies of NOD:Ins1Neo/WT  mice (10), but there was no difference in the final diabetes 238 

incidence between female littermate NOD:Ins1Neo/WT mice (64%) and  NOD:Ins1WT/WT mice (64%) 239 

(p=0.40; padjust=0.48; Fig. 1C). Double mutant female NOD:Ins1Neo/Cre mice (lacking both wildtype alleles 240 

of Ins1) were protected from diabetes (29% diabetes incidence) when compared to NOD:Ins1WT/WT mice 241 

(64%), (p=0.019; padjust=0.078), to a similarly extent as  NOD:Ins1Cre/WT (27%) mice (p=0.98; padjust=0.98; 242 

Fig. 1C). NOD:Ins1Neo/WT mice had a significantly lower diabetes incidence than  NOD:Ins1Cre/Neo mice 243 
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(p=0.038; padjust=0.078; Fig. 1C) further suggesting Cre expression rather than loss of one Ins1 allele 244 

protects against diabetes onset in NOD mice. No differences were observed in random blood glucose 245 

(Fig. 1D,E) and body mass (Fig. 1F,G) prior to diabetes onset in female mice. Together, these data 246 

confirm previous findings that reduced Ins1 gene dosage protects NOD mice from diabetes, but also 247 

reveal a further, additive protective effect of β-cell Cre expression.  248 

Male NOD:Ins1WT/WT mice demonstrated a low diabetes incidence as expected (20% incidence),  We 249 

observed no cases of hyperglycemia in any of the male mice with reduced Ins1 gene dosage (Fig. 2A). 250 

There were no differences in random blood glucose (Fig. 2 B,C) or body mass (Fig. 2D,E) between any 251 

of the groups. These results confirm the strong sex bias in this NOD model and suggest that the 252 

protection conferred by reducing Ins1 gene dosage may not be sex-specific. 253 

 254 

Insulitis and Insulin auto-antibodies 255 

Next, we examined the effects of reduced Ins1 gene dosage and Cre expression on insulitis in female 256 

mice, the pathological evidence of islet directed autoimmunity. We found no significant difference in 257 

plasma insulin or autoantibodies between any of the genotypes (Fig. 3A,B). H&E-stained pancreas 258 

sections (Fig. 3C) were blindly scored for immune islet infiltration in a pre-diabetic cohort of littermates 259 

euthanized at 12 weeks of age, and also in the mice that survived to 1 year. Insulitis scores from 12-260 

week-old mice with reduced Ins1 gene dosages were not significantly different from NOD:Ins1WT/WT 261 

littermates. We noticed the least amount of immune islet infiltration in double mutant NOD:Ins1Neo/Cre 262 

mice  (Fig. 3D), consistent with their more complete protection from diabetes. The outcomes of the 263 

samples gathered at 1 year are unfortunately inconclusive due to low sample size (NOD:Ins1WT/WT, n=3) 264 

(Fig 3E). The lower survival rate may therefore mask any potential significant changes for both insulitis 265 

scoring (Fig. 3E)  and insulin auto-antibodies (Fig. 3B). Unfortunately, we did not collect blood for this 266 

analysis at the 12-week timepoint for all cohorts due to challenges brought about by the COVID19-267 

pandemic.  268 

 269 

Immune cell characterization 270 
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To assess immune cell populations in the pancreatic lymph nodes and spleen at 50 weeks of age, 271 

we used a panel of validated antibodies for flow cytometry. While we were able to confidently identify 272 

many key immune cell populations (Fig. 4), there were no significant differences between groups (Fig. 273 

5). These observations demonstrate that β-cell specific insulin gene manipulations alter type 1 diabetes 274 

incidence without robust effects on the lymphocytes found in the pancreatic lymph nodes and spleen. 275 

 276 

Independent Validation Cohort 277 

To ensure the protective effects of β-cell Cre expression were not solely limited to a single animal 278 

housing facility, we additionally studied female NOD:Ins1Cre/WT mice that were independently generated 279 

at a separate site (Fig. 6) in parallel to the cohorts studied in Figure 1. The overall incidence of diabetes 280 

development in female NOD mice in this second animal colony was as expected (approximately 65-281 

80% by 25 weeks of age, Fig. 6A). Similar to our data shown in Figure 1, we observed that female 282 

NOD:Ins1Cre/WT animals were protected from diabetes incidence (25% by 1 year) and had significantly 283 

improved mean blood glucose (Fig. 6C) when compared to NOD:Ins1WT/WT littermates (75% incidence 284 

by 1 year). Again, these studies confirm the protective effects of reduced Ins1 gene dosage and β-cell 285 

Cre expression in NOD mice and suggest that these findings are not due to a consequence of 286 

environment or housing. 287 

 288 

Discussion 289 

In this study, we used a rigorous littermate control study design to examine the effects, of replacing 290 

one Ins1 allele with Cre-recombinase, on the onset of diabetes in mice of an NOD background. To 291 

investigate, whether potential effects were due to the loss of Ins1 or the introduction of Cre we included 292 

Ins1Neo/WT mice, in our study.  Both Ins1Cre and Ins1Neo mice have reduced Ins1 gene dosages with 50% 293 

or 100% in their heterozygeous and homozygeous states, respectively. We found a similar reduction in 294 

the diabetes incidence in female Ins1Cre/WT mice and Ins1Neo/Cre mice when compared to littermate control 295 

Ins1WT/WT mice. This work has implications for our understanding of the pathogenesis of type 1 diabetes, 296 
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as well as for the use of Cre-recombinase as a tool for in vivo genome engineering in mouse models of 297 

the disease.  298 

Our findings concur with previous work that showed a similar reduction in diabetes incidence in 299 

female NOD mice lacking 1 or 2 alleles of Ins1 (10,15), although we did not observe additional protection 300 

with the double Ins1 knockout, beyond what was seen with the Cre replacement allele. Similarly, our 301 

data are in alignment with a previous study showing replacing the murine Ins1 gene with the human INS 302 

gene was found to protect female NOD mice from diabetes in both heterozygous and homozygous 303 

states (17). We were unable to detect differences in diabetes incidence in male Ins1Cre/WT, Ins1Neo/WT, 304 

and Ins1Neo/Cre NOD mice, perhaps due to an insufficient study period. A previous study found that 305 

removal of a single Ins1 allele is sufficient to abolish spontaneous diabetes in 50-week-old male NOD 306 

mice (10). Together with the work of others, our experiments support the contention that proinsulin 1 is 307 

a key player in the generation of autoimmunity in mice. While there are several autoantigens targeted 308 

by autoreactive T cells in type 1 diabetes (2), insulin and proinsulin are particularly common 309 

autoantibody targets in prediabetic humans (29,30). Our experiments were underpowered to detect 310 

subtle differences in the levels of insulin autoantibodies, as we were limited by only examining a single, 311 

late time point. However, we did examine insulitis at two time points, and insulin antibodies are often 312 

correlated with insulitis (31). In our hands, there was a qualitative difference in the number of islets that 313 

did not exhibit insulitis at 50 weeks in mice with at least 1 Ins1 allele replaced. At 12 weeks, there was 314 

a slight trend towards more insulitis-free islets in the Ins1Neo/Cre mice, consistent with the greater 315 

protection from type 1 diabetes incidence. These observations are consistent with previous studies 316 

showing that Ins1 knockout in NOD mice is protective against the development and severity of insulitis 317 

(10). Thus, our results show that reducing the Ins1 gene dosage lowers the threshold required for 318 

diabetes onset, likely by removing the source of primary autoantigens and suppressing insulitis. 319 

An important observation of our study is that Cre expression itself has protective effects in NOD mice, 320 

beyond the protection afforded by the loss of 1 Ins1 allele. To examine the specific consequences of 321 

Cre expression, we compared NOD;Ins1Cre/WT to a different knock-in (neo) Ins1Neo/WT mouse line and 322 

found roughly twice as much final diabetes protection in Ins1Cre/WT mice versus Ins1Neo/WT mice. Though 323 
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it is possible diabetes could have been delayed further than 1 year, these findings suggest that Cre itself 324 

may affect diabetes rates in female NOD mice, with the caveat the Neo and Cre insertions are different, 325 

altering the local gene structure. Mechanistically, we are able to attribute the observed effects to 326 

differences in insulitis, suggesting the possibility of a β-cell autonomous effect of Cre expression. 327 

Previous studies highlighted the potential of Cre recombinase to result in toxicity due to DNA damage 328 

(32,33)  Mammalian genomes contain pseudo loxP sites, and even though these sequences can deviate 329 

considerably from the consensus loxP site, they can still serve as functional recognition sites for Cre 330 

(32). It is predicted that the frequency of pseudo-loxP sites could be as many as 250 and 300 in mouse 331 

and human genomes, respectively (33). The sustained presence of high levels of Cre in fibroblasts can 332 

cause growth arrest and chromosomal abnormalities (18-20,22,23). Cre-dependent DNA damage and 333 

accumulation of cytoplasmic DNA have been shown to initiate a STING-dependent immune response 334 

(34). STING is an intracellular adaptor molecule, associated with the endoplasmic reticulum membrane 335 

(35), that can play a critical role in detecting pathogen-derived DNA in the cytoplasm (36). There is 336 

precedence for diabetes protection in NOD mice with early exposure to pathogen in the coxsackievirus 337 

mode (37). A recent paper reported that STING is required for normal β-cell function in mice (38), 338 

although, ironically, the study did not employ Cre-only controls. Theoretically, Cre expressed in β-cells 339 

could delay the onset of diabetes in a STING-dependent manner. Future studies, beyond the scope of 340 

this work, will be required to delineate the molecular mechanisms by which Cre expression induces 341 

further protection that Ins1 loss in the NOD mouse model. To unequivocally demonstrate an effect of 342 

Cre activity on progression to T1D/insulitis, mice would have to be generated with enzyme-dead Cre 343 

knocked into the same locus, but such studies are also beyond the scope of this work. 344 

As with all studies, this work has a number of limitations. For example, the broadly observed 345 

phenomenon that diabetes incidences differ between NOD mouse colonies means that we cannot 346 

directly compare the results between sites. We do not know the reasons for the apparent difference in 347 

diabetes incidence in wildtype NOD mice between our colonies, but it could be related to many 348 

environmental factors, including native microbiome, water, food, or bedding, as well as subtle 349 

differences in genotype. Another caveat of our study is that we could not simultaneously address Ins1 350 
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gene dosage and the effects of the Cre transgene, because generating both homozygous and 351 

heterozygous littermates with each of the knock-in alleles is impossible. In order to reduce the potential 352 

impacts of environment and genotype, mentioned above, it was imperative that we prioritized using 353 

littermates. Another limitation is the natural uncertainty if Ins1Cre/WT mice could have proceeded to 354 

develop diabetes beyond the end of this study. While our study has limitations, we believe it is important 355 

to report these results that will help guide those in the field who use type 1 diabetes mouse models or 356 

Cre in any context. 357 

In summary, our observations suggest caution when interpreting experiments that involve Cre 358 

recombinase in NOD mice. Our data showed that Cre expression itself has protective effects in NOD 359 

mice, beyond the protection afforded by the loss of 1 Ins1 allele. Cre-loxP systems are vital tools for 360 

research, however, there are multiple caveats that should be considered related to off-target effects and 361 

the determination of correct controls. At the bare minimum, Cre-only controls are essential. Additional 362 

tools for in vivo genome engineering are required to advance the field. Many studies will need to be re-363 

interpreted. 364 
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 487 

Figure Legends 488 

Figure 1. Ins1 replacement with Cre and Neo protects female NOD mice from type 1 diabetes. 489 

(A) Structure of the wildtype (WT) Ins1 locus, recombinant alleles result of the neomycin (neo) targeting 490 

vector, or the Ins1 Cre locus. Created with Biorender.com. (B) Overview of breeding strategy. Created 491 

with Biorender.com. (C) Kaplan-Meier plot denoting diabetes incidence in NOD mice by Ins1 genotype, 492 

including Ins1WT/WT,  Ins1Cre/WT , Ins1Neo/WT  and Ins1Neo/Cre. Survival analysis was performed using Log-493 

rank (Mantel-Cox) test (p value shown). (D,E) Individual and mean random blood glucose of female 494 

mice. The mean blood glucose of the Ins1Neo/Cre was significantly lower than that of the Ins1WT/WT 495 

colonies, with an adjusted p-value of 0.0023. Mean blood glucose of the Ins1Neo/WT colony was higher 496 

than those of the Ins1WT/WT and Ins1Cre/WT colonies, with adjusted p-values of 0.0002 and 0.0058 497 

respectively. (F,G) Individual and mean body mass traces female mice. The mean body mass of the 498 

Ins1Neo/Cre mice was significantly lower compared to the Ins1Cre/WT colony (adjusted p-value<0.0001). The 499 

mean blood glucose of the Ins1Cre/WT was also higher than the Ins1WT/WT and the Ins1Cre/WT colonies, both 500 

with an adjusted p-value<0.0001. Error bars represent SEM 501 

 502 

Figure 2. Effects of Ins1 replacement with Cre and Neo in male NOD mice. 503 

(A) Kaplan-Meier plot denoting diabetes incidence in NOD mice by Ins1 genotype. (B,C) Individual and 504 

mean random blood glucose in male mice.  (D,E) Individual and mean body mass traces in male mice . 505 

Error bars represent SEM. 506 

 507 

Figure 3. Insulitis scoring in female NOD mice with Ins1 replacement. 508 
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(A) Plasma insulin concentration Nanomolar (nM) collected at 14 weeks by cardiac puncture.  (B) Mouse 509 

insulin autoantibodies collected at 14 weeks by cardiac puncture, result of IAA is expressed as an index, 510 

against internal standard positive and negative controls. (C) Representative images of H&E stained 511 

pancreata used for insulitis scoring. Scale bars are 100 μm. (D) Mean percent insulitis scores at 12-512 

week-old of each genotype, categorized by score, 0 - No Insulitis, 1 - Peri-Insulitis (<25%), 2 - Insulitis 513 

(25-75%) and 3 - Severe Insulitis (>75%) respectively (E) 1-year-old time points. Error bars represent 514 

SEM. 515 

 516 

Figure 4. Gating strategy for flow cytometry of pancreatic lymph node and spleen cells.   517 

(A) Singlets were obtained with use of FSC-A x FSC-H parameters and viable cells were identified by 518 

selecting viability dye negative cells for subsequent analysis. The populations were subsequently split 519 

into three groups of interest with dendritic cells identified by CD11c, B cells identified by CD19, and T 520 

cells identified by CD3. T cells were further categorized into cytotoxic and helper phenotypes with use 521 

of CD4 and CD8 markers and their respective single marker populations were assessed for activation 522 

and priming status (naïve, effector, memory) with the use of CD69, CD44, and CD62L. Regulatory T 523 

cell populations were further selected for with the use of a Foxp3 marker. 524 

 525 

Figure 5. Immune profiling in female NOD mice with Ins1 replacement  526 

Flow cytometric analysis of cell populations within the pancreatic lymph node and spleen at 50 weeks 527 

of age. (A) Percentage of CD3+ positive T cells and CD19+ B cells from the pancreatic lymph node. (B) 528 

Percentage of CD11+ Dendritic cells from the pancreatic lymph node. (C) Percentage of CD8+CD4- 529 

Cytotoxic T cells, CD8+CD4- T helper cells and CD4+Foxp3+ Treg cells from the pancreatic lymph 530 

node. (D) Percentage of CD8+CD4+ immature cells and CD8-CD4- DN T cells from the pancreatic 531 

lymph node. (E) Percentage of CD69+ Activated cytotoxic T cells from the pancreatic lymph node. (F) 532 

CD44loCD62L + Naive cytotoxic T cells from the pancreatic lymph node. (G) Percentage of 533 

CD44hiCD62 – Memory cytotoxic T cells from the pancreatic lymph node. (H) Percentage of 534 

CD44midCD62 – Effector cytotoxic T cells from the pancreatic lymph node. (I) Percentage of CD69+ 535 
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Activated T helper cells from the pancreatic lymph node. (J) CD44loCD62L + Naive T helper cells from 536 

the pancreatic lymph node. (K) Percentage of CD44hiCD62 + Memory T helper cells from the pancreatic 537 

lymph node. (L) Percentage of CD44midCD62 – Effector T helper cells from the pancreatic lymph node. 538 

(M) Percentage of CD3+ positive T cells and CD19+ B cells from the Spleen. (N) Percentage of CD11+ 539 

Dendritic cells from the spleen. (O) Percentage of CD8+CD4- Cytotoxic T cells, CD8+CD4- T helper 540 

cells and CD4+Foxp3+ Treg cells from the spleen. (P) Percentage of CD8+CD4+ immature cells and 541 

CD8-CD4- DN T cells from the spleen. (Q) Percentage of CD69+ Activated cytotoxic T cells from the 542 

spleen. (R) CD44loCD62L + Naive cytotoxic T cells from the spleen. (S) Percentage of CD44hiCD62 – 543 

Memory cytotoxic T cells from the spleen. (T) Percentage of CD44midCD62 – Effector cytotoxic T cells 544 

from the spleen. (U) Percentage of CD69+ Activated T helper cells from the spleen. (V) CD44loCD62L 545 

+ Naive T helper cells from the spleen. (W) Percentage of CD44hiCD62 + Memory T helper cells from 546 

the spleen. (X) Percentage of CD44midCD62 – Effector T helper cells from the spleen. Error bars 547 

represent SEM. 548 

 549 

Figure 6. Ins1 replacement with Cre protects female NOD mice from type 1 diabetes in an 550 

independent facility. 551 

(A) Kaplan-Meier plot denoting diabetes incidence. (B,C) Individual and mean random blood glucose of 552 

female NOD colonies from a second, independent site. The mean blood glucose of the Ins1Neo/Cre (green) 553 

was significantly lower than that of the Ins1WT/WT (blue) littermates, with an adjusted p-value < 0.05. 554 

Female NOD non-littermate controls used to track overall diabetes incidence in the colony are listed in 555 

red. Error bars represent SEM. 556 

 557 

Table 1. Summary of Antibodies used for Flow cytometry 558 

Antibody Manufacturer Colour Laser (nM) Filter Catalogue# RRID 

CD3 ThermoFisher e-Flour 540 405 450/45 48-003382 AB_2016704 

CD4 ThermoFisher BV650 405 660/10 64-0042-82 AB_2662401 

CD8 BioLegend PE-TR 561 610/20 100762 AB_2564027 
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CD11c ThermoFisher PE 561 585/42 12-0114-81 AB_465551 

CD19 ThermoFisher SB780 405 763/43 78-0193-82 AB_2722936 

CD44 ThermoFisher APC 633 660/10 17-0441-82 AB_469390 

CD62L ThermoFisher PerCP-Cy5.5 488 690/50 45-0621-82 AB_996667 

CD69 ThermoFisher FITC 488 525/40 11-0692-82 AB_11069282 

Foxp3 ThermoFisher AF-700 633 712/25 565773-82 AB_1210557 

 559 
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A

Adj. p-value

Ins1WT/WT Littermates vs. Ins1Cre/WT 0.0441
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Ins1wt/wt Littermates (n=7)
Ins1wt/wt Non-Littermates (n=11)
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