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Insulin-dependent or type 1 diabetes (T1D) is a polygenic autoim-
mune disease. In humans, more than 60 loci carrying common var-
iants that confer disease susceptibility have been identified by
genome-wide association studies, with a low individual risk contri-
bution for most variants excepting those of the major histocom-
patibility complex (MHC) region (40 to 50% of risk); hence the
importance of missing heritability due in part to rare variants.
Nonobese diabetic (NOD) mice recapitulate major features of the
human disease including genetic aspects with a key role for the
MHC haplotype and a series of Idd loci. Here we mapped in NOD
mice rare variants arising from genetic drift and significantly
impacting disease risk. To that aim we established by selective
breeding two sublines of NOD mice from our inbred NOD/Nck col-
ony exhibiting a significant difference in T1D incidence. Whole-
genome sequencing of high (H)- and low (L)-incidence sublines
(NOD/NckH and NOD/NckL) revealed a limited number of subline-
specific variants. Treating age of diabetes onset as a quantitative
trait in automated meiotic mapping (AMM), enhanced susceptibil-
ity in NOD/NckH mice was unambiguously attributed to a recessive
missense mutation of Dusp10, which encodes a dual specificity
phosphatase. The causative effect of the mutation was verified by
targeting Dusp10with CRISPR-Cas9 in NOD/NckL mice, a manipula-
tion that significantly increased disease incidence. The Dusp10
mutation resulted in islet cell down-regulation of type I interferon
signature genes, which may exert protective effects against auto-
immune aggression. De novo mutations akin to rare human sus-
ceptibility variants can alter the T1D phenotype.
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Type one diabetes (T1D) is an autoimmune disease in which
autoreactive T lymphocytes destroy insulin-producing

β-cells of the islets of Langerhans (1). The disease occurs spon-
taneously in nonobese diabetic (NOD) mice, an inbred strain
(NOD/Shi), first reported in 1980 by Makino et al. in Japan by
selective breeding of outbred cataract-prone ICR:Jcl mice at
the Shionogi Research Laboratories (2).

NOD mice were initially distributed by the Central Institute
for Experimental Animals, Japan (NOD/ShiJcl). Substrains were
thus bred over the world. We started our colony at the Hôpital
Necker in Paris (NOD/Nck) in 1986 (3). The other currently
most-studied NOD substrains are NOD/ShiJcl (Central Institute
for Experimental Animals, Japan), NOD/ShiLtJ (The Jackson
Laboratory) and the NOD/ShiLtDvs substrain recently derived
from it (4), NOD/MrkTac, and NOD/BomTac (Taconic Europe).

Breakdown of self-tolerance in NOD mice and infiltration of
the islets of Langerhans by mononuclear cells (i.e., insulitis)
begins at 3 wk of age, eventually causing the destruction of

β-cells that precedes hyperglycemia, occurring by 3 mo, when
∼70% of the insulin-secreting β-cell mass has been destroyed
(1). The etiology of T1D, either in humans or NOD mice, is
only partially understood, although compelling data point to
the involvement of both genetic and environmental factors
(4–8). The disease is polygenic, with a large portion of disease
risk in both mice and humans attributed to class II major histo-
compatibility complex (MHC)/human leukocyte antigen (HLA)
alleles together with the contribution of numerous other loci
(6, 7). However, identification of the genes of interest in the
candidate loci is incomplete, and part of the genetic risk
remains unexplained (9).

Significance

The vast majority of autoimmune diseases are polygenic,
and causal loci uncovered by genetic-mapping studies
explain only a minority of the heritable contribution to trait
variation. Multiple explanations for this missing heritability
include rare meaningful variants, rare copy number varia-
tions or deletions, epistasis, epigenetics, disease heterogene-
ity, and rare or infrequent variants that segregate within
individual families (even within monozygotic twins). Here
we demonstrate that experimental models of spontaneous
autoimmune diseases may be invaluable tools to map rare
germline variants impacting disease susceptibility traits. We
identified a variant of the dual-specificity phosphatase 10
encoding gene that accelerates disease in an autoimmune
type 1 diabetes model, the nonobese diabetic mouse.
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Results and Discussion
Generation and Whole-Genome Sequencing of High-Incidence NOD/
NckH and Low-Incidence NOD/NckL Sublines. To explore novel
experimental designs addressing missing heritability in T1D, we
took advantage of a restart of our colony from a single pair of
NOD/Nck mice rederived by cesarean delivery. In breeding the
colony, we noted as before that disease incidence widely dif-
fered between litters (of ∼8 to 12 mice per litter). We hypothe-
sized that if this phenotypic variation in litters presenting high
or low T1D incidence could be permanently fixed in sublines of
NOD/Nck mice generated through brother–sister breeding,
causal gene variants could be mapped. We initially established
five sublines, which indeed differed in T1D incidence and after
three generations we concentrated on the two showing the
most significant difference. In these NOD/NckH (high inci-
dence) and NOD/NckL (low incidence) mice (Fig. 1A) the phe-
notypic variation was stably maintained for over 30 generations,
as assessed by comparing incidence and age of onset of T1D at
equivalent generations (Fig. 1B and SI Appendix, Fig. S1A).
This phenotypic variation was observed both in females and
males. As the outcome was more obvious in males, these were
preferentially used. We confirmed that the difference in T1D
incidence in NOD/NckH and NOD/NckL mice rederived from
embryos frozen at generation 7 was comparable to the original
G7 mice (Fig. 1C and SI Appendix, Fig. S1B).

Genetic drift is one major factor explaining phenotypic dif-
ferences within inbred strains (4, 10–13). Therefore, at genera-
tion 7 we sequenced the whole genome of four individuals of
each subline. Sequencing data were generated to an average
mapped read depth of 31.4× per individual and variants were
then called from the alignment against the mm10 reference
genome (C57BL/6J; GRCm38). The filtering strategy for the
identification of the putative variants used both manual steps
encompassing coding and noncoding regions, which identified
subline-specific single-nucleotide variants (SNVs) and small
insertions–deletions (indels) (SI Appendix, Table S1) in addition
to a more systematic automated analysis (14) also extended by

the search for structural variants. In total, 118 mutations vali-
dated in 10 to 15 additional individuals by Ion Torrent sequenc-
ing were used for mapping the early T1D onset (Dataset S1).

Interestingly, we found that the validated coding mutations
were private to either NOD/NckH or NOD/NckL, since they
were not found in the NOD/ShiLtJ bred since 1988 at The
Jackson Laboratory (15). Six of the variants were present in
insulin-dependent diabetes (Idd) genetic regions: five noncod-
ing SNVs in Paqr8, Spsb1, Nox4, Aaed1, and a 3’ UTR in Rgs16,
and a nonsynonymous missense SNV in H2-Q4 (7).

Identification of Causative Mutations in NOD/NckH and NOD/NckL:
Using Age of Onset of T1D as a Quantitative Trait and Automated
Meiotic Mapping (AMM). To identify causative mutations, we
mapped the age of T1D onset as a quantitative trait in a large
cohort of F2 hybrid mice (294 males and 316 females) obtained
by crossing NOD/NckH and NOD/NckL parents and intercross-
ing their progeny (Fig. 2 A and B). Importantly, T1D incidence
in F1 hybrids was intermediate to that of parental F0 NOD/
NckH and NOD/NckL mice (Fig. 2 A and B) and it was similar
whether the dam was from one or the other subline, indicating
that there was no subline-specific parental origin effect on the
phenotype transmission (Fig. 2A). F2 hybrids showed a similar
incidence and age of onset of T1D as F1 hybrids (Fig. 2B).

We combined this traditional breeding approach for quanti-
tative trait locus (QTL) analysis with a validated method for
variant genotyping (Ion Torrent sequencing using barcoded
libraries) and analyzed the data using software (Linkage Ana-
lyzer) to test the probability of single-locus associations with
phenotypes using recessive, semidominant (additive), and dom-
inant transmission models (14). For this particular study, a sec-
ond mode of analysis was developed in which epistatic effects
of mutations at all loci were tested to identify modifications of
phenotypic effects by mutations at all other loci.

When single-locus linkage analysis was performed, the early
age of T1D onset in the NOD/NckH line was mapped to a
recessive missense mutation of NOD/NckH origin in Dusp10,

Fig. 1. Diabetes incidence in sublines of the NOD/Nck strain. (A) Incidence of T1D at generation 3 in five distinct sublines (A to E) established from the
NOD/Nck strain by brother–sister mating of mice within individual litters. For further studies we concentrated on sublines A and B, which we named
NOD/NckL (for low incidence) and NOD/NckH (for high incidence). (B) Incidence of T1D in NOD/NckH and NOD/NckL male mice followed from generation 3
up to generation 34. ****P < 0.0001, ***P < 0.001, *P < 0.05. (C) Incidence of T1D in NOD/NckH and NOD/NckL male mice derived from embryos frozen at
generation 7 and revitalized. Actuarial survival curves were compared using the log-rank (Mantel–Cox) statistical test.

2 of 7 j PNAS Foray et al.
https://doi.org/10.1073/pnas.2112032118 De novo germline mutation in the dual specificity phosphatase 10 gene

accelerates autoimmune diabetes

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112032118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112032118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112032118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112032118/-/DCSupplemental


encoding the dual specificity phosphatase 10 (DUSP10)
(Fig. 2C). Subsequently, an epistatic effect was detected indi-
cating a dominant inhibitory effect of a noncoding polymor-
phism of NOD/NckL origin in progestin and adipoQ receptor
family member VIII (Paqr8) on the Dusp10 variant allele (Fig. 2C).
Importantly, cumulative T1D incidence curves in F2 Dusp10
homozygous variant mice with either zero or one Paqr8 variant
allele (Fig. 2C) strictly reflected the disease incidence curves in
the parental F0 sublines (Fig. 2B) tested concurrently.

The Dusp10 nonsynonymous SNV is a G-to-T transversion
(Fig. 2D) generating a cysteine-to-phenylalanine substitution at
position 73 of the DUSP10 protein. The mutation occurs within
the first N-terminal domain, which is predicted to be intrinsi-
cally disordered (SI Appendix, Fig. S2) (16, 17). PolyPhen-2
classifies this mutation as probably damaging (Fig. 2D). We
found highly conserved orthologs of DUSP10 in representatives
of all vertebrate classes, including the lamprey Petromyzon mari-
nus, and the amino acid sequences flanking mouse Dusp10
Cys73 were identical in the vertebrates examined (SI Appendix,
Fig. S3).

Validating the Causative Effect of the Dusp10 Mutation in the
Increased T1D Incidence Observed in NOD/NckH Mice. A second
mutant allele of Dusp10 was generated in NOD/NckL mice
using the clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 technology (18). We expanded a line
(CR#13) in which deletion of a single nucleotide resulted in
the nonsense mutation Y86X, a premature STOP (SI Appendix,
Fig. S2). To reduce the risk of off-target effects while eliminat-
ing the dominant inhibitory effect of the Paqr8 polymorphism
on the Dusp10 variant allele, the CR#13 founder was

backcrossed to a particular NOD/NckL subline expressing the
wild-type Paqr8 allele, rather than the epistatic variant (Fig.
2E). CR#13 mice homozygous for the Dusp10Y86X mutation
showed a T1D incidence similar to that of NOD/NckH mice
(Fig. 2E).

Mechanistic Immunological Studies in NOD/NckH or NOD/NckL Mice.
Proportions of major immune cell subsets did not differ
between the two sublines (SI Appendix, Fig. S4). Monitoring of
immunopathological parameters characteristic of the autoim-
mune process disclosed a clear time shift in the kinetics of
some events, which occurred earlier in NOD/NckH as com-
pared to NOD/NckL mice, such as progression of insulitis
(Fig. 3A and SI Appendix, Fig. S5) and increase in number of
diabetogenic T lymphocytes in spleen, pancreatic lymph nodes,
and peripheral blood (Fig. 3 B–D) (19). In addition, we found
no intrinsic differences when comparing diabetogenic lympho-
cytes (SI Appendix, Fig. S6), regulatory T lymphocytes (Fig. 3E
and SI Appendix, Fig. S7), or the timing of islet antigen presen-
tation (SI Appendix, Fig. S8) between NOD/NckL and NOD/
NckH mice.

Zhang et al. established C57BL/6 mice homozygous for a
robust knockout allele of Dusp10 (20). Dusp10-deficient cells
showed increased innate immune responses, i.e., production of
greatly enhanced levels of proinflammatory cytokines by perito-
neal macrophages upon TLR2, TLR3, and TLR4 stimulation,
which we did not find in NOD/NckH mice expressing the
Dusp10 variant (SI Appendix, Fig. S9). Dusp10-deficient
C57BL/6 mice showed increased resistance to experimental
autoimmune encephalomyelitis (EAE) (20). This finding in
apparent conflict with our present data in NOD/NckH mice

Fig. 2. Variants of Dusp10 and Paqr8 responsible for differences in T1D incidence between NOD/NckH and NOD/NckL sublines. (A) Incidence of T1D in F1
hybrids obtained by crossing NOD/NckH and NOD/NckL at generation 6 compared to parental lines. (B) Incidence of T1D is shown in F1 hybrids obtained
by crossing NOD/NckH and NOD/NckL at generation 24 and in F2 hybrids obtained by intercross of F1 hybrids. These F2 hybrid mice were used for auto-
mated meiotic mapping. (C) Kaplan–Meier curves of glycosuria onset in F2 mice with the indicated Dusp10 and Paqr8 genotypes are presented. As com-
pared to wild-type F2 individuals expressing control alleles for Dusp10 and Paqr8 (REF/REF, blue line), F2 mice expressing the Dusp10 mutation in the
homozygous state (VAR/REF, dark green line) showed significant acceleration of T1D development (recessive effect). Moreover, heterozygosity for the
Paqr8 mutation (VAR/HET, light green line) abolishes the recessive Dusp10 effect, rescuing mice from early onset T1D (dominant effect of Paqr8 muta-
tion). (D) (Upper) PolyPhen-2 score of Dusp10 mutation = 0.998/1, classified as probably damaging. (Lower) DNA sequence chromatogram of the region
of Dusp10 containing the identified SNV. (E) A second mutant allele of Dusp10 was generated on the NOD/NckL background using CRISPR-Cas9 technol-
ogy. T1D incidence in male wild-type or CR#13 mice carrying the homozygous and the heterozygous Dusp10Y86X allele. The CR#13 founder was back-
crossed to a particular NOD/NckL subline expressing the wild-type Paqr8 allele, developed by serendipity from the original NOD/NckL subline at generation
16. Note that incidence of T1D in male NOD/NckH and NOD/NckL mice at generation 34 concurrent to generation 4 of CR#13 was, respectively,
53 and 2%.
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expressing the Dusp10 variant and higher T1D incidence may
be related to the different genetic background and/or to the
fact that EAE is not a spontaneous autoimmune disease like
T1D but is induced upon administration of the autoantigen in
the presence of adjuvant.

To address whether the difference in T1D incidence driven
by the Dusp10 mutation resulted from an impact on the
immune system, or on the target of disease (namely the pancre-
atic islets), we used an adoptive transfer model (21). Splenic T
lymphocytes from overtly diabetic NOD/NckH or NOD/NckL

mice were transferred into the reciprocal newborn recipients.
NOD/NckL recipients were less sensitive to T1D transfer than
NOD/NckH recipients arguing for an impact of the Dusp10
mutation on the islets of Langerhans (Fig. 4A).

It is an open question whether NOD mice are differentially
sensitive to an immune response perhaps at the β-cell level once
it has begun. We therefore performed transcriptome analysis of
pancreatic islets from 3-wk-old NOD/NckH mice, before onset
of insulitis, which showed down-regulation of various type I
interferon signature genes (ISGs) compared to expression in
NOD/NckL islets, including Cd274 that encodes programmed
death ligand 1 (PD-L1) (Fig. 4B). These results were validated
by qPCR (Fig. 4C). Type I IFN signature is a critical marker of
early stages of T1D in NOD mice for which triggering stimuli
are ill defined (22–24). It may appear counterintuitive that ISGs

are down-regulated in NOD/NckH mice that express high dis-
ease incidence. This is however reminiscent of data showing that
one well-established type I IFN inducer, the TLR3 ligand
polyinosinic-polycytidylic acid (poly I:C), provides full protec-
tion from T1D when injected into young NOD mice (25). As the
PD1/PD-L1 axis is an important checkpoint in T1D (26), the
increased expression of PD-L1 as part of ISGs is a plausible
functional explanation for the delayed kinetics of insulitis in
NOD/NckL mice, although presently we cannot rule out other
mechanisms.

Our results have three major implications. First, we identified
a single nonsynonymous nucleotide change in the DUSP10
encoding gene and provide evidence that it directly affects the
phenotype of a complex autoimmune disease. Second, our data
may illustrate the rapidity of appearance and fixation of de novo
germline mutations that can alter a complex phenotype such as
T1D, although one cannot exclude that the variants were already
present in a heterozygous form in the two initial founders. This
suggests that the T1D phenotype has a large genomic footprint.
Finally, these results offer avenues to tackle the problem of
missing heritability in autoimmune diabetes. For studies using
mice, they highlight the potential of applying random germline
mutagenesis and a forward genetic strategy (14) to identify novel
genes that modify T1D. For studies in humans, they point to the
importance of searching for rare variants in well-defined

Fig. 3. Islet infiltration and pathogenic T lymphocytes in NOD/NckH and NOD/NckL. (A) Insulitis was monitored in NOD/NckH and NOD/NckL male mice.
The proportion of insulitis-free islets and of islets presenting peripheral or invasive insulitis were counted on hematoxylin and eosin stained tissue sec-
tions; 60 to 100 islets were counted per pancreas from 9 to 20 individuals. Results are expressed as mean 6 SEM. At 15 wk of age in NOD/NckH mice a sig-
nificant decrease (red asterisk) in the proportion of normal noninfiltrated islets and a significant increase (purple asterisk) of islets with invasive insulitis
was observed compared to NOD/NckL (Mann–Whitney U test, P < 0.0094 and P < 0.0029, respectively). (B) Pathogenic CD8+ T cells specific for the β-cell
IGRP206–214 epitope were enumerated in the spleen and pancreatic lymph nodes of NOD/NckH and NOD/NckL male mice using an IFNγ ELIspot. Spot
forming units (SFU)/1 × 106 cells per lymphoid organ were counted and data were expressed as mean 6 SEM of organs from three to nine individuals. Sta-
tistical differences were assessed using the Mann–Whitney U test. (C) Pathogenic CD8+ T cells specific for the β-cell–specific IGRP206–214 epitope were
enumerated in peripheral blood of NOD/NckH and NOD/NckL male mice using the NRP-V7 mimotope (8). Data are expressed in individual mice as % NRP-
V7+ cells within the CD8+B220� gate and also presented as mean 6 SEM of the analyzed individuals. Statistical differences were assessed using the
Mann–Whitney U test. (D) Pathogenic CD8+NRP-V7+ T cells were enumerated in peripheral blood of NOD/NckH and NOD/NckL males and females at 12 to
25 wk of age. Results were separated to show for each subline mice that developed diabetes (T1D) versus those that did not (non-T1D). Data were
expressed as in C. Statistical differences were assessed using the Mann–Whitney U test. (E) Incidence of T1D in NOD/NckH and NOD/NckL mice following
administration at 3 wk of age of 500 g of the CD25 monoclonal antibody (PC61) that targets thymic-derived regulatory T cells. Actuarial survival curves
were compared using the log-rank (Mantel–Cox) statistical test.
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subgroups of patients as successfully done for other autoim-
mune and inflammatory diseases (27, 28).

Materials and Methods
Mice. NOD/Nck mice were bred and housed under specific pathogen-free con-
ditions at the Hôpital Necker-Enfants Malades animal facility (agreement:
C751515). Animals were fed ad libitum with an irradiated VRF1 diet (Special
Diets Services) with fresh autoclaved water.

This study was carried out in strict accordance with the recommendations
of European Directives (2010/63/UE) and institutional guidelines (INSERM, Fac-
ult�e Paris Descartes). The protocols were approved by the Ethical Committee
of Paris Descartes University and the French Ministry of Education and
Research (PROJET No. 2019092612242506–V3APAFiS #25948).

Diabetes Monitoring. Mice were monitored for diabetes weekly by testing for
glycosuria using colorimetric Diabur-Test 5000 strips (Roche). Overt diabetes
was confirmed by testing for fasting glycemia (>250 mg/dL) (Accu-
Check; Roche).

Insulitis Scoring. Pancreata were collected, fixed in 4% formaldehyde, and
paraffin embedded. Serial 5-μm sections cut at 60-μm intervals were hematox-
ylin and eosin stained and at least 80 islets per pancreas and/or 200 islets per
group of mice were scored. Mononuclear cell infiltration of the islets was
graded as follows: no insulitis (intact islets); periinsulitis (infiltration remaining
confined to the periphery of the islets); and invasive/destructive insulitis.

Detection of IFNγ Producing Autoreactive CD8+ T Cells by a T-Cell Enzyme
Linked ImmunoSpot (EliSpot). Microplates (96-well PVDF plates, Millipore)
and an IFNγ capture and detection antibody pair (U-CyTech Biosciences) were
used. Splenocytes were cultured in the presence of IL-2 at 2.5 × 105 per well.
For lymph nodes, 0.3 × 105 cells were used. Irradiated (35 Gy, X-Ray Source)
splenocytes 2 × 105 were added per microwell. Peptides used were InsB15-23
and IGRP206-214 (7 μM). As a positive control the CD3 antibody (clone 2C11; 1
g/mL) was used. After a 20-h culture in RPMI medium supplemented with 5%
fetal calf serum (FCS), IFNγ was detected using biotinylated anti-IFNγ capture
antibody, alkaline phosphatase conjugated ExtrAvidin (Sigma-Aldrich), and
5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (Sigma-Aldrich).
Air-dried plates were read and spots counted using an AID reader (Autoim-
mun Diagnostika). Data were expressed as the mean of triplicate wells minus
the average number of spots in negative control wells (cells cultured without
peptides) of spot-forming cells per 106 cells.

Tetramer Staining. Peripheral blood collected from the retroorbital sinus
using heparinized capillary tubes was incubated with H-2Kd tetramers bearing
the peptide NRP-V7 or an irrelevant peptide (TUM) for 1 h on ice. Tetramers
were produced in the P.S. laboratory (Calgary University). After a washing
step, surface staining was performed at 4 °C in staining buffer (PBS 1×–FCS
1%–sodium azide 0.1%) using anti-CD8-APC (clone 53-6.7) and anti-CD45R-
PerCP (clone RA3-6B2) (both from BD Biosciences). Red blood cells were lysed
at room temperature using FACS Lysing Solution (BD Biosciences) before cell
suspensions were washed prior to acquisition. Data were acquired on a FACS-
Canto II flow cytometer (BD Biosciences) and analyzed using FlowJo software
(Tree Star). NRP-V7 tetramer-positive cells were expressed as percentage of
B220�CD8+ cells minus the percentage of TUM tetramer-positive cells.

In Vivo Tracking of CD4+ BDC 2.5 T Cells. Naïve CD4+ T cells were isolated
from spleens and lymph nodes of BDC-2.5 transgenic NOD mice using the
Mouse CD4 Naïve T Cell Isolation Kit (BioLegend). Naïve T cells were further
selected positively by treatment with anti-CD62L biotinylated antibodies (BD
Pharmingen) followed by anti-biotin magnetic beads and sorted using MACS
technology (Miltenyi Biotec). After carboxyfluorescein diacetate succinimidyl
ester-labeling (5 μM), 1 × 106 cells were injected intravenously into 25-d-old
NOD/NckH and NOD/NckL recipients. On day 3 after transfer, pancreatic, mes-
enteric, and axillary lymph nodes were collected and cells were stained for
flow cytometry analysis.

Adoptive Transfer of Diabetes into Neonates. Within 24 to 48 h after birth
neonates subjected to hypothermic anesthesia (4 min at�20°C) were injected
via the periorbital superficial vein under microscopical control with 0.05 mL
cell suspension at the appropriate concentration (20 × 106 B cell–depleted
splenocytes from diabetic donors). Groups of experimental and control recipi-
ents (NOD/NckH and NOD/NckL newborns sham injected with saline) were
equally distributed within the litters used. Here, to ask if the mutation in the
recipient’s islet of Langerhans cells can impact T1D, NOD/NckH and NOD/NckL

neonates were injected with 20 × 106 B cell–depleted lymphocytes from
overtly diabetic NOD/NckL and NOD/NckH mice, respectively.

Isolation of Pancreatic Islets. Pancreata were perfused with a solution of col-
lagenase P (0.6 mg/mL; Roche), dissected free from surrounding tissues, and
then digested at 37 °C for 13 min. After extensive washes, islets were purified
by hand picking.

Flow Cytometry. Single-cell suspensions were prepared from lymphoid organs
by and from different tissues. Prior to staining, cells were incubated with a

Fig. 4. The NOD/NckH Dusp10 variant acts within islets to confer susceptibility to T1D and results in down-regulation of type I interferon signature genes.
(A) Incidence of T1D in female NOD/NckH and NOD/NckL recipients after adoptive transfer of diabetogenic lymphocytes of the reciprocal genotype at
24 to 48 h after birth. Groups of experimental and control (sham injected) recipients were equally distributed within the litters. NOD/NcKL recipients
were less sensitive to T1D transfer than NOD/NckH recipients. (B) Comparative transcriptome analysis of purified islets of Langerhans from NOD/NckH and
NOD/NckL mice at 3 wk of age. Identification of 27 down-regulated genes in NOD/NckH mice that included various type I interferon signature genes.
(C) The differential expression of type I interferon signature genes was validated by qPCR targeting Cd274 (PD-L1) and four additional well-known type I
interferon signature genes (Ifit3, Irf7, Irf9, and Oasl2). **P < 0.01, *P < 0.05. G
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Fixable Viability Dye (eBioscience) and then with 2.4G2 antibody for FcγRII/III
blocking (BD Pharmingen). Surface staining was performed at 4 °C in staining
buffer (PBS 1×–FCS 2%–EDTA 5 mM). Intracellular staining of cytokines was
performed using Fixation Buffer (BioLegend) and Intracellular Staining Perm
Wash Buffer (BioLegend). Transcription factors were stained using the Foxp3
TF Staining Buffer Set (eBioscience). See the list of antibodies below. Data
were acquired on a FACSFortessa flow cytometer (BD Biosciences) and
analyzed using FlowJo version 10 software (Tree Star).

Antibodies used for staining were biotin or fluorochrome-labeled antibod-
ies to murine CD11c (HL3), B220 (RA3-6B2), CD8 (53-6.7), CD103 (2E7), CD80
(19-10A1), CD86 (GL1), CD40 (3/23), I-Ak (10-3.6; crossing with the MHC class II
from NOD mice, I-Ag7), CD11b (M1/70), ICAM-1 (3E2), OX40L (RM134L), CCR7
(4B12), CCR9 (9B1), TCR (H57-597), CD4 (GK1.5), CD19 (1D3), CD25 (PC61),
DX5, and streptavidin-pacific blue were obtained from PharMingen BD. Anti-
bodies to PD-L1 (MIH5), GITRL (eBioYGL386), CD73 (eBioTY/11.8), and CD39
(24DMS1) were purchased from eBisocience.

Whole-Genome Sequencing and Variant Identification. Highmolecular weight
genomic DNA was prepared from the liver of four animals of each NOD/Nck
subline. The sequencing core facility of the Institut de G�en�etique et de Biolo-
gie Mol�eculaire et Cellulaire in Strasbourg performed eight paired-end runs
on the HiSEq. 2500 platform (Illumina). Primary analysis was performed using
CASAVA v1.8.2 (Illumina). A minimum of 1,308,000 reads was obtained for
each of the eight samples (range: 1,308,440,124 to 1,971,179,220 reads).
Sequencing data were mapped using BWA (v 0.7.10) to align against the
mm10 reference genome (C57BL/6J; GRCm38) allowing a maximum of three
mismatches and a maximal length of 50 nucleotides for indels. On average,
78% of reads could be aligned against mm10 with a mean coverage of 31.3
(see below).

Using the Genome Analysis Toolkit (GATK) and SAMtools, we found an
average of 7.3 million SNVs and small indels differentiating the NOD/Nck and
the C57BL/6J strains using single-sample variant calling.

In a first step alignment of sequencing data to mouse reference genome
(GRCm38, mm10) variant calling and automated filtering were performed by
collaborators (M. Dumas and B. Jost, Plateforme Biopuces et S�equençage,
IGBMC, Strasbourg, France) with particular attention to variants in noncoding
regions using GATK v2.5-2 Unified Genotyper and Samtools mpileup v0.1.18.
Merge of identified variants and annotation were performed using GATK
CombineVariants and SnpEff v3.3c, respectively. Using the GATK and SAM-
tools we found an average of 7.3 million SNVs and small indels differentiating
the NOD/Nck and the C57BL/6J strains using single-sample variant calling.

Private variants present in the four datasets of one subline and absent
from the four datasets of the other subline were then selected using in-house
Perl scripts. To reduce the number of false positive calls and lessen the burden
for validation, variants located in intergenic regions were excluded. Variants
located in protein coding regions and/or within Idd intragenic regions were
then selected. Identified variants were curated manually using IGV2.3 viewer
(Broad Institute), revealing a high number of false positive calls. Following this
strategy 11 subline-specific variants were identified for NOD/NckL and 9 for
NOD/NckH (SI Appendix, Table S1). These variants were validated by Sanger
sequencing of genomic DNA from the same eight males used to perform the
sequencing and also from 10 to 15 NOD/NckL and 9 for NOD/NckH individuals
of further generations.

In a second step at the University of Texas SouthwesternMedical Center, to
prepare for AMM, filtering was repeated by means of joint variant calling
using the four samples of each subline. Using this jointly called data, variants
from each subline were compared. They were then filtered for those variants
unique to each subline and heterozygous calls were excluded (allelic ratio
>0.875). A quality score of 80was used as a filtering threshold for jointly called
variants. Additionally, 34 SVs differentiating the NOD/Nck and C57BL/6J strains
were identified using speedSeq SV (v 0.1.0). In addition to the SVs, 168 SNVs
and small indels were chosen for validation via Ion Torrent sequencing to give
genomic linkage using 20 Mb as a cutoff. A total of 118 variants were vali-
dated in 10 to 15 additional mice and used for AMM. A total of 77.3% of the
mouse genome was in linkage with at least one of the 118 sequence variants,
using a distance cutoff criterion of 20Mb.

AMM. A panel of 118 validated variant loci distinguishing NOD/NckH and Nod/
NckL sublines was used to map the high diabetes incidence phenotype in F2
mice. The F2 animals generated by two-generation intercrosses were moni-
tored for overt diabetes for 40 wk to determine the age of diabetes onset.
Genomic DNA was extracted from tail snips and used as a template for
multiplexed targeted amplification of the 118 loci using custom Ampliseq
primers. Amplification products were barcoded to correspond to individual
mice prior to sequencing using an Ion PGM (Life Technologies). Following

phenotypic screening, AMM using recessive, additive, and dominant models
of inheritance was performed for each variant using the Linkage Analyzer
program as previously described (14). Kaplan–Meier plots of phenotypic data
and Manhattan plots of linkage data were generated using the Linkage
Explorer program (14). The P values of association between genotype and
phenotype were calculated based on Kaplan–Meier analysis of time of onset
of T1D, as related to zygosity for each of themutations using a likelihood ratio
test from a generalized linear model or generalized linear mixed effect model
and Bonferroni correction applied.

Generation of Genetically Modified NOD/Nck Mice Using CRISPR-Cas9. NOD/
NckL females (generation 32) were superovulated by administration of preg-
nantmare serum gonadotropin at day 0 (5 U) and human chorionic gonadotro-
pin at day 2 with a 44-h interval (5 U), before being mated with NOD/NckL

males (generation 32). Because NOD females were found to give more eggs at
8 wk of age than at 4 wk of age (data from F.V.), 8- to 10-wk-old mice were
used as zygote donors. Zygote collection, fertilized egg microinjection, and
transfer in the oviduct of pseudogestant foster mothers were performed by
collaborators (Plateforme de Transg�en�ese, F.L.-V., Institut Pasteur, Paris). The
design of the single-guide RNA for the knockin and knockout experiments,
and the selection of the homology-directed repair (HDR) donor template for
the knockin experiment, were performed in collaboration with the laboratory
of B.B., University of Texas Southwestern. All the reagents were from Inte-
grated DNA Technologies (IDT): crRNA (IDT Alt-R CRISPR-Cas9 crRNA), tracrRNA
(IDT Alt-R CRISPR-Cas9 tracrRNA), HDR donor template (IDT Ultramer DNA
oligo), and Cas9 (IDT Alt-R S.p. HiFi Cas9 nuclease 3NLS). For genotyping of
pups, DNA was extracted from tail snips using Genomic DNA purification kit
(Qiagen) and proteinase K (Roche). PCR was performed by using the forward
Xf and reverse Xr primers; and Accuprime Pfx DNA polymerase (Invitrogen)
and the PCR products, after purification using the QIAquick PCR purification
kit (Qiagen), were analyzed by sequencing using Xf primer (Plateforme de
S�equençage, Eurofins).

Transcriptome, Gene Expression Profiling. Agilent SurePrint G3 Mouse Gene
Expression 8 × 60 KMicroarrays (Agilent Technologies) were used for microar-
ray experiments on purified CD4+CD25�CD62L� spleen lymphocytes, colon,
ileon, and islets of Langerhans from NOD/NckH and NOD/NckL mice. Five repli-
cas were prepared for the various cell/tissue preparations. Cell and islet pellets
and tissues were lysed using SuperAmpTM lysis buffer (Miltenyi Biotech) and
stored at �80 °C until all samples were collected. Preparation of RNA, amplifi-
cation of RNA, sample hydridization (Agilent whole mouse genome oligo
microarrays) scanning and data acquisition were performed by Miltenyi
Biotech. RNA quality and purity were assessed on the Agilent Bioanalyzer
2100 (Agilent Technologies). Microarray probe fluorescence signals produced
by the Agilent Feature Extraction (AFE) image analysis software were con-
verted to expression values using Bioconductor Agi4 × 44PreProcess package
with a custom annotation package.

Gene Expression Analysis. RNAwas isolated from cell suspensions using TRIzol
reagent (Invitrogen, Thermo Fisher Scientific) and purified according to the
manufacturer’s instructions using the RNeasy Mini Kit (Qiagen). Samples were
reverse transcribed into complementary DNA using reagents from Promega
(A3800; Promega). The qPCR for relevant genes was performed using a 7700
Sequence Detector (TaqMan; Perkin-Elmer Applied Biosystems, Thermo Fisher
Scientific) and TaqMan-validated oligonucleotides.

Statistical Analyses. All statistics were performed using GraphPad Prism ver-
sion 6 software. Cumulative actuarial diabetes incidence was calculated
according to the Kaplan–Meier method. Incidence curves were compared
using the log-rank (Mantel–Cox) test. Comparison between means was per-
formed using the nonparametric Mann–WhitneyU test for other experiments,
unless otherwise specified in the figure legend. Data are presented as means
6 SEM. A P value <0.05 was considered statistically significant.

Data Availability. Transcriptome raw data have been deposited in NCBI’s
Gene Expression Omnibus (GEO) and are accessible through GEO Series acces-
sion no. GSE183286. All other data are available in themain text or the supple-
mentary information.
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