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Improved mouse models for type 1 diabetes (T1D) therapy
development are needed. T1D susceptibility is restored
to normally resistant NOD.b2m2/2 mice transgenically
expressing human disease–associated HLA-A*02:01 or
HLA-B*39:06 class I molecules in place of their murine
counterparts. T1D is dependent on pathogenic CD8+ T-cell
responses mediated by these human class I variants.
NOD.b2m2/2-A2.1 mice were previously used to identify
b-cell autoantigens presented by this human class I var-
iant to pathogenic CD8+ T cells and for testing therapies
to attenuate such effectors. However, NOD.b2m2/2 mice
also lack nonclassical MHC I family members, including
FcRn, required for antigen presentation, and maintenance
of serum IgG and albumin, precluding therapies depen-
dent on these molecules. Hence, we used CRISPR/Cas9
to directly ablate the NODH2-Kd and H2-Db classical class
I variants either individually or in tandem (cMHCI2/2). Ab-
lation of the H2-Ag7 class II variant in the latter stock cre-
ated NOD mice totally lacking in classical murine MHC
expression (cMHCI/II2/2). NOD-cMHCI2/2 mice retained
nonclassical MHC I molecule expression and FcRn activ-
ity. Transgenic expression of HLA-A2 or -B39 restored
pathogenic CD8+ T-cell development and T1D suscepti-
bility to NOD-cMHCI2/2 mice. These next-generation
HLA-humanized NOD models may provide improved plat-
forms for T1D therapy development.

The study of NOD mice has greatly advanced knowledge
of the genetics and pathogenic mechanisms underlying
autoimmune-mediated type 1 diabetes (T1D) (1). However,
as a model for translating this knowledge into clinically ap-
plicable therapies, NOD mice have been less successful (2). A

potential way to improve NOD as a preclinical platform is
to “humanize” the strain with a variety of genes relevant to
T1D patients (3,4). A desired humanization process would
turn an inbred mouse potentially representing one T1D
patient profile, into a multiplex platform capable of repre-
senting an array of such individuals. Such pipeline models
could be used to test therapies with potential efficacy in
heterogeneous at-risk T1D subjects.

While polygenic in nature, specific MHC (designated
HLA in humans) haplotypes provide the strongest T1D risk
factor (5,6). Hence, a flexible panel of HLA-“humanized”
NOD mice may provide improved models for testing poten-
tially clinically applicable T1D interventions. In humans,
particular HLA class II variants, such as DQ8 and DR3/4,
mediating autoreactive CD4+ T-cell responses strongly con-
tribute to T1D susceptibility (7–9). Similarly, the murine
H2-Ag7 class II variant, highly homologous with the human
DQ8 molecule, is a primary T1D contributor in NOD mice
(10). However, findings that NOD mice made deficient in
MHC class I expression and CD8+ T cells by introduction of
an inactivated b2m allele (NOD.b2m2/2) are completely
T1D resistant (11) indicated that this immunological arm
is also critical to disease development. It was subsequently
found that particular HLA class I variants also contribute
to T1D susceptibility in patients (12–16). Thus, a desirable
pipeline model system would enable generation of NOD mice
expressing chosen combinations of human T1D–associated
HLA class I and II variants in the absence of their murine
counterparts that could then serve to test potential clini-
cally relevant disease interventions.

T1D-associated class I susceptibility variants in humans
includeHLA-A*02:01 (hereafter HLA-A2.1) and HLA-B*39:06
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(hereafter HLA-B39) (12–19). HLA-A2 is in strong linkage
disequilibrium with the DR4/DQ8 class II haplotype, the
primary contributor to T1D development in Caucasians (14).
Hence, the A2 class I variant will be present in the pre-
ponderance of T1D patients. While representing a relatively
low frequency allele, the B39 variant supports aggressive
early-age-of-onset T1D development (15,16). The original
HHD transgene construct contains the genomic promoter
and first three exons of HLA-A*02:01, encoding the antigen-
presenting a1 and a2 domains, as well as a covalently linked
human b2m with the a3, transmembrane, and cytoplasmic
domains of murine H2-Db origin, allowing for proper sig-
naling within mice (20). When introduced into normally
disease-resistant NOD.b2m2/2 mice, HHD transgene ex-
pression of HLA-A2.1 in the absence of any murine class
I molecules restored the generation of pathogenic CD8+

T cells mediating insulitis and T1D development (21). These
mice allowed identification of HLA-A2.1–restricted autoan-
tigenic epitopes derived from the pancreatic b-cell proteins
insulin and IGRP (21–23) also targeted by CD8+ T cells from
human patients expressing this class I variant (24–29). This
subsequently led to development of some proof-of-principle
antigen-specific therapeutics (30). The B39 variant appears
to be a highly potent human T1D contributory class I mol-
ecule, particularly in terms of promoting early-age disease
onset (12,17–19). Introduction of a modified HHD trans-
gene cassette, in the absence of murine class I molecules,
induced expression of the a1 and a2 domains of B39, rather
than A2, with the rest of the construct remaining as orig-
inally described (20), and also restored generation of T1D-
inducing CD8+ T cells in NOD.b2m2/2 mice (31). These
previous findings illustrate the potential of having patient-
derived models for testing possible T1D therapies.

The first-generation HLA-A2 and -B39 transgenics re-
quired pairing with the b2m2/2 mutation to eliminate mu-
rine MHC I expression. While b2m2/2 mice lack expression
of the classical murine H2-D and H2-K MHC class I mole-
cules, this mutation additionally ablates nonclassical MHC
molecules such as CD1d and Qa-2, potentially altering im-
mune processes. b2m2/2 mice also lack expression of FcRn,
a nonclassical MHC I molecule critical for serum IgG and
albumin homeostasis pathways including processing and
presentation of IgG complexed antigens to T cells (32–35).
Hence, b2m2/2 NOD mouse models are not suited for in-
vestigating potential antibody- or serum albumin–based (36)
T1D interventions. To overcome these hurdles, we used
clustered regularly interspaced short palindromic repeats
(CRISPR)-associated endonuclease (Cas)9 technologies to
generate novel NOD stocks in which the classical H2-K1d

and H2-D1b class I genes were directly ablated individu-
ally or in tandem (respectively designated NOD-H2-K2/2,
NOD-H2-D2/2, and NOD-cMHCI2/2). We then genetically
eliminated the H2-Ag7 class II variant in NOD-cMHCI2/2

mice, resulting in a strain fully lacking classical murine
MHC molecules (NOD-cMHCI/II2/2). These strains retain
b2m-dependent FcRn activity and can be used as platforms
for the introduction of selected combinations of HLA class I

and II variants relevant to T1D patients. As a first step in
validating such second-generation HLA-humanized models,
we report that HLA-A2– or HLA-B39–encoding HHD trans-
genes support development of T1D-inducing CD8+ T cells in
such strains.

RESEARCH DESIGN AND METHODS

Mice: General
NOD/ShiLtDvs (hereafter NOD) and all other mouse strains
described herein are maintained at The Jackson Laboratory
under specific pathogen-free conditions. NOD-Tg(HLA-A/H2-D/
B2M)1Dvs/Dvs (commonly called NOD-HHD [hereafter NOD-
A2]), NOD.129P2(B6)-B2mtm1Unc Tg(HLA-A/H2-D/B2M)
1Dvs/Dvs (hereafter NOD.b2m2/2-A2), NOD.129P2(B6)-
B2mtm1Unc (hereafter NOD.b2m2/2), and NOD.Tg(HLA-
B39/H2-D/B2M)2Dvs/Dvs (hereafter NOD-B39) have previously
been described (11,21,31).

Mouse Model Development
NOD zygotes were injected with 100 ng/mL Cas9mRNA and
50 ng/mL single guide RNA containing specific guide se-
quences for the targeted gene (described in more detail in
the figure legends). Mosaic founders were crossed back to
the NOD background for at least one generation, and result-
ing offspring were analyzed for mutations using the proce-
dures detailed below.

Genotyping NOD-H2-D2/2

PCR amplification of exon 1 and 2 of H2-D1b was performed
with batch 1 (forward primer 59-TCAGACACCCGGGATCC-
CAGATGG-39, and reverse primer 59-CGCGCTCTGGTTGT-
AGTAGCCGAG-39) or batch 2 (forward primer 59-GGCGA-
GATTCCAGGAGCCAA-39 and reverse primer 59-TTCCGGG-
TCCGTTCTGTTCC-39). Sequencing for batch 1 was performed
with reverse primer 59-CAGGTTCCTCAGGCTCACTC-39 or
59-TTTCCCGCTCCCAATACTC-39. Sequencing primer for
batch 2 was performed either with the two reverse sequenc-
ing primers from batch 1 or with batch 1’s forward primer.
Zygosity was determined by restriction-length polymor-
phisms using the above batch 2 primers, as the mutation
described herein disrupts an XhoI restriction site within
exon 2 (data not shown).

Genotyping NOD-H2-K2/2

PCR amplification of exons 2 and 3 ofH2-K1d was performed
using forward primer 59-ATTCGCTGAGGTATTTCGTC-39
and reverse primer 59-TTCTCTCCTTCCCTCCTGAGAC-39.
Sequencing was performed using forward primer 59-CCCG-
GAACCGGTTTCCCTTT-39. Homozygosity was confirmed by
flow cytometry, showing a lack of H2-K expression on blood
B cells.

Genotyping NOD-cMHCI2/2

Sequencing of H2-D1b was performed as described above.
For sequencing of H2-K1d, a PCR product spanning most of
exons 1 and 2 was amplified using forward primer 59-AGT-
CGCTAATCGCCGACCAGT-39 and reverse primer 59-CGGG-
AAGTGGAGGGGTCGTG-39. These primers were also used
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for sequencing. Homozygosity was additionally typed by
flow cytometry analysis of peripheral blood B220+ cells,
showing a lack of H2-K and H2-D.

NOD-cMHCI2/2-A2 and NOD-cMHCI2/2-B39
NOD-A2 or NOD-B39 mice were crossed to NOD-cMHCI2/2

mice. Resulting offspring were backcrossed to NOD-A2 or
NOD-B39 mice. Offspring were selected for homozygosity
of A2 or B39 transgenes. For quantitative PCR analysis of
the B39 transgene, forward primer 59-GGAGACACGGAA-
AGTGAAGG-39, reverse primer 59-GGCCTCGCTCTGGTT-
GTAG-39, and transgene probe 59-6-FAM-CCGAGTGGAC-
CTGGGGACCC-Black Hole Quencher 1, 39 were used. Inter-
nal control forward primer 59-CACGTGGGCTCCAGCATT-39,
reverse primer 59-TCACCAGTCATTTCTGCCTTTG-39, and
control probe 59-Cy5-CCAATGGTCGGGCACTGCTCAA-Black
Hole Quencher 2, 39 were also used. The specific quantitative
PCR conditions for the HHD transgene are publically avail-
able online for NOD-A2 mice (JAX strain 006604). Samples
were run on a LightCycler 480 System (F. Hoffman-LaRoche
Ltd). H2-D1 sequencing analysis as described above was
used to identify MHCI+/2 mice, which were then intercrossed
to fix MHCI2/2 mutations, and homozygosity was deter-
mined by flow cytometry analysis of peripheral blood
B220+ cells, showing a lack of H2-K and H2-D.

Genotyping NOD-cMHCI/II2/2

For sequencing of H2-Ab1g7, a PCR product spanning exon
2 was amplified using the forward primer 59-CATCCCT-
CCCTTGCTCTTCCTTAC-39 and reverse primer 59-TGAGGT-
CACAGCAGAGCCAG-39. The same forward primer was used
for sequencing this PCR product. Mice were additionally geno-
typed by amplification length polymorphisms (data not shown).

Sequencing
PCR products were amplified as described for each strain above
(and Supplementary Figs. 1 and 4) and then purified and
analyzed by sequencing on the 3730 DNA Analyzer (Applied
Biosystems, Inc.). Mutant sequences were separated from
wild type using the Poly Peak Parser package (37) for R.

Flow Cytometry
Single-cell leukocyte suspensions were stained and run on
an LSRII SORP (BD Biosciences), Attune Acoustic Focusing
Cytometer (Thermo Fisher Scientific), or FACSAria II (BD
Biosciences), with all analyses performed using FlowJo 10
(FlowJo, LLC). For splenic samples, single-cell suspensions
were lysed with Gey’s buffer to remove red blood cells (38).
Doublet discrimination was performed (forward scatter A
[FSC-A] vs. FSC-H with additional side scatter A vs. side
scatter H gating for LSRII or SORP and FACSAria II panels)
and live/dead discrimination assessed via propidium iodide
staining. The following monoclonal antibodies were used:
from BD Biosciences, H2-Kd (SF1-1.1), B220 (RA3-6B2),
CD8a (53-6.7), CD4 (GK1.5 and RM4-5), CD62L (MEL-
14), CD44 (IM7.8.1), CD19 (1D3), CD45.1 (A201.7),
CD90.2 (53–2.1), H-2Db (KH95), and I-Ad (AMS-32.1);
from BioLegend, H-2Ld/H-2Db (28-14-8), H-2Db (KH95),

HLA-A,B,C (W6/32), CD8a (53-6.7), CD4 (GK1.5), Qa-2
(695H1-9-9), CD1d (1B1), CD90.2 (30-H12), and T-cell recep-
tor (TCR)gd (GL3). HLA-A2.1–specific monoclonal antibody
CR11-351 (21,39) was also used. Mouse PBS-57:CD1d tet-
ramer (hereafter CD1d-a-GalCer tetramer) was obtained
from the National Institutes of Health Tetramer Facility.

Monitoring T1D Development
Ames Diastix (Bayer) were used to assess glycosuria weekly.
T1D onset was defined by two readings of $0.25% ($300
mg/dL in blood) on two separate days.

Insulitis Scoring
Mean insulitis scores were determined as previously described
using a 0 (no visible lesions) to 4 (75–100% islet destruction)
scoring method (40).

Islet-Associated Leukocyte Isolation
Islet-infiltrating leukocyte populations were isolated for
flow cytometry as previously described (41).

Antibody Pharmacokinetic Study
Herceptin was detected from plasma samples using a human
IgG ELISA kit according to the manufacturer’s instructions
(Mabtech). Trinitrophenol/dinitrophenol cross-reactive IgG1
antibody 1B7.11 was detected from plasma samples by
capturing with dinitrophenol-BSA (Calbiochem) coated
onto ELISA plates (Costar) at 0.5 mg/mL PBS, blocked with
1% BSA in PBS + 0.05% Tween 20, and detected with goat
anti-mouse k-alkaline phosphatase (Southern Biotech).

Statistical Analysis
Prism 6 (GraphPad) was used to generate all graphs and
statistics. All P values for scatter dot plots are from two-
tailed Mann-Whitney analyses. All P values for diabetes in-
cidence studies were calculated by Mantel-Cox analysis.

RESULTS

Creation of Novel NOD-H2-D2/2 and NOD-H2-K2/2 Mice
We previously generated, through combined use of the b2m2/2

mutation and HHD-based transgenes, murine MHC class
I–deficient NOD mouse stocks expressing human HLA-
A*02:01 (A2) or HLA-B*39:06 (B39) counterparts capable
of supporting diabetogenic CD8+ T-cell responses (4,30,31).
However, the b2m2/2 mutation also ablates expression of
nonclassical class I molecules including CD1d or Qa-2 (Fig. 1A
and B) and FcRn. Thus, the b2m2/2 mutation negatively
impacts the ability to evaluate possible T1D interventions
whose activities require nonclassical MHCI/b2m protein
complexes. For this reason, we created new direct-in-NOD
(as opposed to congenic transfer of mutations) MHC I
knockout models to improve upon the first-generation
HLA-humanized mice. We further envisioned that these novel
stocks would provide a means to understand the independent
contributions of the Kd and Db classical class I alleles to T1D
pathogenesis in NOD mice. Initially, NOD-H2-D2/2 mice
were generated using CRISPR/Cas9 to target exon 2 of
H2-D1b. Four resultant lines were bred to homozygosity
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(Fig. 2A and data not shown). An NOD-H2-D2/2 line car-
rying a single nucleotide deletion within exon 2 (Fig. 2A)
was chosen for in-depth analysis based on breeding proclivity.
As expected, B220+ splenocytes (and other populations [Sup-
plementary Fig. 2]) from NOD-H2-D2/2 mice lack H2-D but
retain H2-K expression (Fig. 2B and C). There are no obvious
perturbations of thymic populations based on frequency
(Fig. 2D and E) or yield (Fig. 2F). However, there is a subtle
shift in the percentage of CD8+ T cells in the spleen and pan-
creatic lymph node (PancLN) (Fig. 2G and H). This shift, how-
ever, did not correspond with any changes in the yield of
either CD4+ or CD8+ T cells in spleens or PancLNs (Fig. 2I).

Next, we generated NOD-H2-K2/2 mice using CRISPR/
Cas9 to target exon 3 of H2-K1d. A line carrying a two–base
pair (bp) deletion within exon 3 (Fig. 3A) was chosen for
in-depth analysis based on breeding proclivity. As expected,
NOD-H2-K2/2 mice lack H2-K but retain H2-D expression
(Fig. 3B and C and Supplementary Fig. 2). In contrast to the
NOD-H2-D2/2 stock (Fig. 2D and E), NOD-H2-K2/2 mice
showed a small but significant percentage increase in double-
positive and a reduction in CD8+ single-positive thymocytes
(Fig. 3D and E) that did not translate to thymic yields (Fig.
3F). However, a more robust change in splenic and PancLN
CD8+ T-cell percentage (Fig. 3G and H) was observed than
in H2-D2/2 mice (Fig. 2G and H), leading to a drastic re-
duction in CD8+ T cells in both organs, along with a slight
rise in splenic CD4+ T-cell yields (Fig. 3I).

Having generated H2-D2/2 and H2-K2/2 NOD mice, we
assessed the individual contributions of these variants to
T1D development. Both NOD-H2-D2/2 and NOD-H2-
K2/2 mice had significantly delayed and reduced T1D de-
velopment compared with standard NOD controls but did
not significantly differ from one another (Fig. 4A). Prior to
their cryopreservation, several additional H2-D and H2-K
knockout lines were assessed for T1D incidence, showing

similar kinetics and penetrance (Supplementary Fig. 1A and
B). Additionally, compared with NOD controls, insulitis was
decreased in both NOD-H2-D2/2 and NOD-H2-K2/2 mice
at 10–15 weeks of age, as well as at the end of incidence,
with no differences between the two groups (Fig. 4B and C).

We next examined the makeup of islet-infiltrating CD8+

T cells in NOD-H2-D2/2 and NOD-H2-K2/2 mice. Among
islet-infiltrating leukocytes, we found no difference in the
percentage of T cells between NOD and the two knockout
lines (Fig. 4D and E). Interestingly, NOD-H2-D2/2 mice had
frequencies of CD8+ T cells among islet-infiltrating T cells
similar to those in NOD controls (Fig. 4D–F). NOD-H2K2/2

mice, however, had reduced and increased percentages of
CD8+ and CD4+ T cells, respectively, compared with both
NOD and NOD-H2-D2/2 mice. Unexpectedly, the frequen-
cies of CD44+ CD62L2 effector CD8+ T cells but not CD44+

CD62L+ central memory T cells were increased in NOD-H2-
K2/2 mice compared with both NOD and NOD-H2-D2/2

mice, with a concomitant reduction of CD442 CD62L+–
naïve cells (Fig. 4G).

Creation of NOD-cMHCI2/2 Mice
We next simultaneously targeted H2-D1b and H2-K1d to
generate NOD mice directly lacking expression of both clas-
sical murine MHC class I molecules. Three founders were
generated carrying predicted frameshift mutations within
exon 2 of H2-D1b and H2-K1d (Fig. 5A and data not shown).
Based on breeding proclivity, we selected an NOD-cMHCI2/2

line carrying spaced 11- and 3-bp deletions within H2-D1
and a 1-bp deletion in H2-K1 (Fig. 5A) for analyses. As
expected, these NOD-cMHCI2/2 mice lack H2-D and H2-K
(Fig. 5B and Supplementary Fig. 2). This lack of MHC I
expression corresponded with a paucity of splenic CD8+

TCRb+ cells (Fig. 5C and D). Due to the ability of the NOD-
cMHCI2/2 stock to express nonclassical MHC Ib molecules,

Figure 1—HLA-humanized NOD mice lack both classical and nonclassical MHC I molecules. A and B: Representative histograms showing
splenic B-cell expression of H2-D, H2-K, CD1d, transgenic human HLA class I, or splenic CD4+ T-cell expression of Qa-2 comparing NOD and
b2m2/2 controls with NOD.b2m2/2-A2 (A) or NOD.b2m2/2-B39 (B) mice.
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they were characterized by small, but significant, increase
in the yield of splenic CD8+ T cells compared with
NOD.b2m2/2 mice (Fig. 5C and D). Compared with standard
NOD controls, both NOD-cMHCI2/2 and NOD.b2m2/2

mice had increased CD4+ yields, with this elevation greatest
in the latter stock (Fig. 5D). Similar to NOD.b2m2/2 mice,
NOD-cMHCI2/2 mice were resistant to T1D (Fig. 5E and

Supplementary Fig. 1C) and insulitis out to 30 weeks of age
(Fig. 5F).

Second-Generation NOD-cMHCI2/2-A2
and NOD-cMHCI2/2-B39 Mice
To test whether it could be used as a new base model for
HLA “humanization” in lieu of stocks carrying the b2m2/2

DP

10

Figure 2—Novel direct-in-NOD H2-D knockout mouse generated with CRISPR/Cas9. A: Diagram (top) and sequence trace (bottom) showing
guide sequence (boldface type) and protospacer adjacent motif (PAM) site within exon 2 of H2-D1b used to generated NOD-H2-D2/2 mice
(officially designated NOD/ShiLtDvs-H2-D1,em4Dvs./Dvs). The subscript nucleotide represents the H2-D1,em4Dvs. mutation that is denoted
with an asterisk on the sequence trace where that nucleotide is missing. B: Representative flow cytometry histogram showing expression of
H2-D and H2-K antibody staining on the surface of splenic B cells in comparison of 10-week-old female NOD, NOD.b2m2/2, and NOD-H2-D2/2

mice. C: Quantification of the mean fluorescence intensity (MFI) of H2-D and H2-K antibody staining on splenic B cells (showing mean6 SEM).
D: Representative flow cytometry showing CD4 vs. CD8 of gated CD45.1+ thymocytes in comparison of 10-week-old female NOD and NOD-H2-
D2/2 mice. E and F: Quantification of percentage (E) and yield (F) of CD45.1+ thymic subsets (DN, double negative; DP, double positive; SP,
single positive) (showing mean 6 SEM). G: Representative flow cytometry showing among splenocytes TCRb vs. FSC-A (top) and TCRb-gated
CD4 vs. CD8 (bottom) from 10-week-old female mice. H and I: Percent CD8+ among TCRb-gated cells (H) and yield (I) of spleen and PancLN
CD4+ and CD8+ T cells (showing mean6 SEM). All scatterplots plot individual mice (9–16 mice per group per analysis) pooled from two to three
experiments.
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mutation, we crossed NOD-A2 and NOD-B39 mice with the
newly created NOD-cMHCI2/2 line (collectively referred to
hereafter as NOD-cMHCI2/2-HLA mice). Like their earlier
NOD.b2m2/2 counterparts, NOD-cMHCI2/2 mice carrying
A2-encoding (Fig. 6A) or B39-encoding (Fig. 6B) transgenes

have CD8+ T cells. Also, similar to the earlier NOD.b2m2/2

platform, NOD-cMHCI2/2-HLA mice express their respective
HLA transgenes but not murine H2-D or H2-K class I mol-
ecules (Fig. 6C and E). However, unlike their NOD.b2m2/2

counterparts, NOD-cMHCI2/2-A2 and NOD-cMHCI2/2-B39

Figure 3—Novel direct-in-NOD H2-K knockout mouse generated with CRISPR/Cas9. A: Diagram (top) and sequence trace
(bottom) showing guide sequence (bold) and protospacer adjacent motif (PAM) site within exon 3 of H2-K1d used to generate NOD-H2-
K2/2 mice (officially designated NOD/ShiLtDvs-H2-K1,em4Dvs./Dvs). The subscript nucleotides represent the H2-K1,em4Dvs. mutation that
is denoted with an asterisk on the sequence trace where those nucleotides are missing. B: Representative flow cytometry histogram showing
expression of H2-D and H2-K on the cell surface of splenic B cells in comparison of 10- to 15-week-old female NOD, NOD-H2-D2/2, and NOD-
H2-K2/2 mice. C: Quantification of the mean fluorescence intensity (MFI) of H2-D and H2-K antibody staining on splenic B cells (showing
mean 6 SEM). Individual mice are plotted, and there are 7–15 mice per group combined from two experiments. D: Representative flow
cytometry showing CD4 vs. CD8 of gated CD45.1+ thymocytes in comparison of 10- to 15-week-old female NOD and NOD-H2-K2/2

mice. E and F: Quantification of percentage (E) and yield (F) of CD45.1+ thymic subsets (DN, double negative; DP, double positive; SP, single
positive) (showing mean 6 SEM, using 8–15 mice per group combined from five experiments). G: Representative flow cytometry showing
among splenocytes Thy1.2 vs. FSC-A (top) and Thy1.2-gated CD4 vs. CD8 (bottom) from 10- to 15-week-old female mice. H and I: Percent
CD8+ among Thy1.2-gated cells (H) and yield (I) of spleen and PancLN CD4+ and CD8+ T cells. Showing mean 6 SEM, 8–16 mice per group,
combined from six experiments.
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mice express nonclassical CD1d and Qa-2 (although for un-
known reasons at different levels in the transgenics [Sup-
plementary Fig. 3]) class I molecules (Fig. 6F and G). One
functional consequence of this is that NOD-cMHCI2/2-HLA
class I mice have CD1d-restricted natural killer (NK)T cells
(Fig. 6H and I), a population whose therapeutic expan-
sion could provide a means for T1D inhibition (42–44).
Finally, T1D development and insulitis in both NOD-

cMHCI2/2-A2 and NOD-cMHCI2/2-B39 mice were highly
penetrant (Fig. 6J and K).

Next, we determined whether FcRn functionality was
restored in NOD-cMHCI2/2-HLA class I mice. NOD,
NOD.b2m2/2-A2, and NOD-cMHCI2/2-A2 mice were in-
jected with mouse trinitrophenol-specific antibody 1B7.11
(Fig. 6L) or humanized Herceptin IgG1 antibody (Fig. 6M).
As expected, murine 1B7.11 antibody was cleared within a week

Figure 4—H2-D2/2 and H2-K2/2 NODmice have decreased diabetes and insulitis. A: T1D incidence curves for NOD, NOD-H2-D2/2, and NOD-
H2-K2/2 female mice. NOD is combined from two independent cohorts of 15 and 16 mice, respectively. B: Mean insulitis score of 10- to
15-week-old mice. C: Mean insulitis score of mice after 30 weeks of age, with diabetic mice automatically receiving a score of 4. D: Repre-
sentative flow cytometry of NOD, NOD-H2-D2/2, and NOD-H2-K2/2 showing Thy1.2 among islet-infiltrating cells (top), CD4 vs. CD8 among
gated T cells (middle), and CD44 vs. CD62L among gated islet CD8+ T cells (bottom). E–G: Quantification of percent Thy1.2+ among islet-
infiltrating cells (E), CD4 and CD8 among islet Thy1.2+ cells (F), and percent CD44+ CD62L2 effector, CD442 CD62L+ naïve, and CD44+ CD62L+

central memory CD8+ T cells (G), showing NOD vs. NOD-H2-D2/2 vs. NOD-H2-K2/2 mice. H2-K2/2 data include eight mice from the other two
H2-K2/2 lines described in Supplementary Fig. 1.
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in NOD.b2m2/2-A2 mice (Fig. 6L). NOD-cMHCI2/2-A2
and NOD mice both retained detectable 1B7.11 antibody
out to 30 days postinjection (Fig. 6L). Injected Herceptin
was rapidly cleared in NOD.b2m2/2-A2 mice but was
retained at detectable levels out to 30 days in both NOD
and NOD-cMHCI2/2-A2 mice (Fig. 6M). These data indicate
that NOD-cMHCI2/2-HLA mice retain FcRn functionality.

Creation of NOD-cMHCI/II2/2 Mice
Further advancement of humanized NOD models would
incorporate relevant combinations of both HLA class I and
II susceptibility alleles. Toward this end, we generated NOD

mice completely lacking in expression of classical murine
MHC molecules (NOD-cMHCI/II2/2 mice) by CRISPR/Cas9
targeting exon 2 of H2-Ab1g7 in the NOD-cMHCI2/2 stock
(Fig. 7A). This resulted in a 181-bp deletion within exon
2 of H2-Ab1g7 (Fig. 7B). As expected, NOD-cMHCI/II2/2

mice lack expression of H2-Ag7, H2-K, and H2-D (Fig. 7C
and D). Thy1.2+ cells were reduced to ;12% of total sple-
nocytes in NOD-cMHCI/II2/2 mice (Fig. 7E and F). Among
residual Thy1.2+ cells, TCRab+ cells were reduced to 60%,
with a concomitant increase in the percentage of TCRgd
cells (Fig. 7G and H). Among residual TCRab+ cells, the
yield of CD4+ T cells was drastically reduced compared

Figure 5—Novel direct-in-NOD H2-D/H2-K double knockout mice generated by CRISPR/Cas9. A: Diagram and sequencing traces showing
location of guides, protospacer adjacent motif (PAM) sites, and mutations in exon 2 of H2-D1b (top) and H2-K1d (bottom). Guide sequence is in
boldface type, and mutations are marked by subscripted nucleotides and marked on the sequencing trace with an asterisk. Strain
officially designated NOD/ShiLtDvs-H2-K1,em1Dvs. H2-D1,em5Dvs./Dvs. B: Representative flow cytometry histogram (top) showing ex-
pression of H2-D and H2-K on the surface of splenic B cells in comparison of 10-week-old female NOD, NOD.b2m2/2, and NOD-cMHCI2/2

mice. Quantification of the mean fluorescence intensity (MFI) of H2-D and H2-K antibody staining on splenic B cells (showing mean 6 SEM)
(bottom). Results from individual mice are plotted and are combined from two independent experiments. There are 5–10 mice per group
combined from two experiments. C: Representative flow cytometry showing among splenocytes TCRb vs. FSC-A (top) and TCRb-gated
CD4 vs. CD8 (bottom) from 10-week-old female mice. D: Yield of splenic CD4+ and CD8+ T cells (showing mean 6 SEM, 5–23 mice per group,
combined from five experiments). E: T1D incidence comparing NOD, NOD-cMHCI2/2, and NOD.b2m2/2 female mice. F: Mean insulitis score at
end of incidence showing 9–15 mice per group, with diabetic mice receiving a score of 4.
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Figure 6—Novel NOD-cMHC12/2-HLA mice retain nonclassical MHC I, NKT cells, and FcRn functionality. A2- or B39-expressing transgenes
were crossed into NOD-cMHCI2/2 mice to generate the NOD-cMHCI2/2-A2 (official designation NOD/ShiLtDvs-H2-K1,em1Dvs. H2-D1,em5Dvs.

Tg(HLA-A/H2-D/B2M)1Dvs/Dvs) and NOD-cMHCI2/2-B39 stocks [official designation NOD/ShiLtDvs-H2-K1,em1Dvs. H2-D1,em5Dvs. Tg(HLA-
B39/H2-D/B2M)2Dvs/Dvs]. A and B: Representative spleen flow cytometry of gated TCRb+ cells showing a comparison of CD4 vs. CD8 T-cell
subset levels in NOD-cMHCI2/2-A2 (A) or NOD-cMHCI2/2-B39 (B) with NOD and NOD-cMHCI2/2 mice. Data are representative of at least
10 mice per group examined from 8 to 20 weeks of age across three separate experiments. C–F: Representative histograms showing H2-D (C),
H2-K (D), HLA class I (E), and CD1d (F) expression on gated splenic B cells from NOD (solid line), NOD-cMHCI2/2-HLA-A2 or -B39 (dashed line),
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with both NOD and NOD-cMHCI2/2 mice (Supplementary
Fig. 4A and Fig. 7I). The yield of CD8+ T cells was reduced
compared with NOD mice but expanded compared with
NOD-cMHCI2/2 mice (Supplementary Fig. 4A and Fig.
7I). CD4+ and CD8+ double-negative (Supplementary Fig.
4A) and NKT cells (Supplementary Fig. 4B) were both
slightly expanded in NOD-cMHCI/II2/2 mice in compar-
ison with NOD and NOD-cMHCI2/2 mice (Fig. 7I). Finally,
when examined at 9–12 weeks of age, NOD-cMHCI/II2/2

mice were virtually free of insulitis (Fig. 7J).

DISCUSSION

“Humanization” of NOD mice allowing expression of cho-
sen HLA combinations has potential to facilitate the mech-
anistic analysis and development of clinically translatable
T1D interventions based on individualized human genetic
configurations. Toward that goal, our earlier work described
NOD mice expressing the common T1D-associated human
HLA-A*02:01 class I allele (21,45). We recently further
advanced these resources (31) by transgenically introduc-
ing the T1D-susceptibility HLA-B*39:06 class I variant
(12,17–19) into NOD mice. While a relatively low abun-
dance allele, the human B9 class I variant supports aggres-
sive early-onset T1D (15,16) seemingly independent of HLA
class II effects (12). The continued expansion of HLA sus-
ceptibility alleles in NOD mice is essential for improving the
ability to use mouse models to test therapeutics for genet-
ically diverse T1D patient populations, as a therapy that
may work with the common HLA-A2 allele in place may
not be sufficient for the earlier-onset disease associated
with HLA-B39 (15,16). We should note that not all HLA
class I alleles are capable of supporting T1D in NOD mice,
as transgenic expression of HLA-B27 actually inhibits dis-
ease development (45).

In the course of these studies, we generated NOD-H2-
D2/2 and NOD-H2-K2/2 mice, enabling assessment of the
individual contributions of these two genes to T1D devel-
opment. The lack of either class I variant decreased T1D
development, indicating a requirement for both H2-D– and
H2-K–restricted antigens in disease pathogenesis. Initial
analysis indicates that islet-infiltrating CD8+ T cells in
H2-K2/2 mice have a more activated phenotype than in
NOD or NOD-H2-D2/2 mice. It is currently unknown why,
while proportionally increased, islet-effector CD8+ T cells in
NOD-H2-K2/2 mice appear to have dampened pathogenic

activity. Work is currently underway to determine specific
T-cell populations present and absent within each of these
new strains and how they lead to the seeming discordance
between effector status versus insulitis levels.

Our previous-generation NOD HLA-humanized models
are hampered by the reliance on the b2m2/2 mutation to
eliminate murine MHC class I expression. b2m plays im-
portant roles in immune function beyond stabilizing
H2-K and H2-D molecules on the cell surface. The NOD-
cMHCI2/2-A2 and NOD-cMHCI2/2-B39 models described
herein retain nonclassical MHC I molecules as evidenced by
CD1d and Qa-2 expression (Fig. 6). We should note that
while NOD-cMHCI2/2-A2 and NOD-cMHCI2/2-B39 mice
both express Qa-2, they do so at lower levels than in NOD
controls (Supplementary Fig. 3). This diminished Qa-2 ex-
pression is resultant not from ablation of murine class I
molecules but, rather, for currently unknown reasons, from
the presence of the human A2 or B39 variants. Owing to
the association of B39 with early onset of T1D in humans
(15,16), we were surprised at the low level of disease in
first-generation NOD.b2m2/2-B39 mice (31). Interestingly,
more robust T1D development was observed when HLA-
B39 was expressed in NOD-cMHCI2/2 mice compared to
when the same transgene was paired with an ablated b2m
molecule (31). Both incidence studies were carried out at
The Jackson Laboratory in the same vivarium. This suggests
there may be a significant contribution, or contributions, of
nonclassical MHC I molecules to T1D development in the
context of HLA-B39–restricted pathogenic CD8+ T cells.
This might include an ability of Qa1 to modulate NK cell
activity (46). Previous studies found that T1D develop-
ment is exacerbated in CD1d2/2 NOD mice (47). Thus,
failure to express the nonclassical CD1d MHC class I mol-
ecule is unlikely to explain the lower T1D penetrance in
NOD.b2m2/2-B39 than in NOD-cMHCI2/2-B39 mice.
However, we cannot yet rule out that a CD1d-restricted
NKT cell population in NOD-MHCI2/2-HLA mice takes
on a more pathogenic phenotype (48). Polymorphic genes
in the congenic region surrounding b2m may contribute to
decreased disease penetrance in NOD.b2m2/2-HLA mice.
This possible bystander-gene effect is avoided in NOD-
cMHCI2/2-HLA mice. Finally, another important feature
of the reported HLA-humanized NOD direct–murine
MHC knockout mice is that they retain FcRn functionality,
allowing them to be used to test potential antibody- and
serum albumin–based T1D interventions.

and NOD.b2m2/2-HLA (shaded [C and F]) or NOD.b2m2/2 (shaded [D and E]) mice. G: Representative histograms showing Qa-2 expression on
gated splenic CD4+ T cells from NOD (solid line), NOD.b2m2/2-HLA (shaded line), and NOD-cMHCI2/2-HLA (dashed line) mice. H and I:
Representative flow cytometry showing staining of gated splenic TCRb+ cells with a CD1d-a-GalCer tetramer (Cd1d-Tet) vs. FSC-A comparing
NOD, NOD.b2m2/2-A2, and NOD-cMHCI2/2-A2 (H) or NOD.b2m2/2-B39 and NOD-cMHCI2/2-B39 (I). T1D incidence (J) and end-of-incidence
survivor insulitis (K) for female NOD-cMHCI2/2-A2 and NOD-cMHCI2/2-B39 mice. L and M: NOD, NOD.b2m2/2-A2, and NOD-cMHCI2/2-A2
mice were injected on day 0 with mouse IgG1 (1B7.11) (L) and humanized IgG1 (Herceptin) (M) (10 mg/kg and 5 mg/kg [0.1 mL/20 g body wt],
respectively). Blood was obtained on days 1, 2, 3, 5, 7, 14, 21, and 28 after injection. Plasma was frozen at220°C until the end of the study. Data
are plotted as mean6 SEM of remaining antibody detectable in the blood. Data for NOD.b2m2/2-A2 mice on days 14, 21, and 28 (1B7.11) and
day 3, 5, 7, 14, 21, and 28 (Herceptin) were below the detection limit of the ELISA. There were 8–10 mice per group per time point.
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While the NOD-cMHCI2/2-A2 and NOD-cMHCI2/2-B39
models described here are improvements on the b2m2/2

varieties, they are an intermediate step to full HLA I and
II humanization, as they retain the murine H2-Ag7 T1D
susceptibility molecule. In their current state, NOD-
cMHCI2/2-A2 and NOD-cMHCI2/2-B39 mice can serve
to identify b-cell autoantigens presented by these human
class I antigens to diabetogenic CD8+ T cells and to test
therapies that may attenuate such pathogenic effectors.

These models may be improved by replacing murine H2-
Ag7 with human HLA class II transgenes. Toward this end,
the NOD-cMHCI/II2/2 mice described herein are the ideal
platform for introducing any combination of HLA class I–
and II–encoding transgenes. In this manner, flexible models
can be generated for subpopulations of T1D patients
expressing various HLA class I and II allelic combinations.
We were surprised that in the absence of all classical MHC
molecules, T cells still constituted ;12% of splenocytes in

Figure 7—Novel direct-in-NOD-cMHCI/II2/2 mice. A: Diagram showing single guide RNA (sgRNA) (boldface type) and protospacer adjacent
motif (PAM) sites within exon 2 of H2-Ab1g7. B: Alignment diagram showing location of a 181-bp deletion within exon 2 of H2-Ab1 with guide
sites listed in bold. Resultant NOD-cMHCI/II2/2 mice officially designated NOD/ShiLtDvs-H2-K1,em1Dvs. H2-Ab1,em1Dvs. H2-D1,em5Dvs./Dvs.
C: Representative flow cytometry panels showing H2-A, H2-K, and H2-D expression on gated splenic B cells. D: Quantification of mean
fluorescence intensity (MFI) antibody staining for each MHC in comparison of NOD and NOD-cMHCI/II2/2 mice. E: Representative flow
cytometry panel showing percent Thy1.2+ among splenocytes. F: Quantification of percent Thy1.2+ cells comparing NOD, NOD-cMHCI2/2,
and NOD-cMHCI/II2/2 mice. Data are combined from two experiments showing 9–10 female mice per group at 9–12 weeks of age. G:
Representative flow cytometry panel showing percent TCRgd vs. TCRb among Thy1.2+ cells. H: Quantification of percent TCRab vs. TCRgd
comparing NOD, NOD-cMHCI2/2, and NOD-cMHCI/II2/2 mice. I: Quantification of the yield of CD4+ (CD1d-a-GalCer2), CD8+, NKT (CD4+

and CD42 CD1d-a-GalCer+), and CD42CD82 Thy1.2+ TCRb+ T cells. DN, double negative. J: Mean insulitis score at 9–12 weeks of age
comparing NOD and NOD-cMHCI/II2/2 mice.
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NOD-cMHCI/II2/2 mice. While we cannot completely rule
out nonclassical H2-Aa/Eb heterodimers forming in this
model, to date we have been unable to detect them via
available MHC II–reactive antibodies (AMS32.1, M5/114,
AF6-120, 10-2.16, and 17-3-3). We speculate that in the
absence of classical MHC molecules, T cells selected on non-
classical MHC molecules have space to expand in these new
models. These may include type II NKT cells, which are not
detected by CD1d-a-GalCer tetramers; MR1-restricted
MAIT cells; and other class Ib–selected T cells (49). Addi-
tionally, CD90 (with antigen-presenting cell costimulation)
can trigger T-cell proliferation in the absence of TCR engage-
ment (50). Thus, T cells may undergo nonclassical CD90-
based selection/homeostatic expansion in NOD-cMHCI/II2/2

mice. Therefore, in addition to its utility in generating new
models with differing HLA class I and II allelic combina-
tions, we posit that NOD-cMHCI/II2/2 mice may be useful
in studying nonclassically selected T cells.
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