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Type | and Il Interferon Receptors Differentially Regulate
Type 1 Diabetes Susceptibility in Male Versus Female NOD

Mice
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The role of interferons, either pathogenic or protective,
during autoimmune diabetes remains controversial.
Herein, we examine the progression of diabetes in NOD
mice lacking the type | (IFNAR) or type Il (IFNGR) in-
terferon receptor and, for the first time, in mice defi-
cient in both receptors (double knockout [DKO]). All
mice were bred, maintained, and monitored in a single
specific pathogen-free facility with high female and low
male diabetes incidence. Our expectation was that re-
moval of interferon signaling would reduce autoimmune
destruction. However, examination of diabetes incidence
in the IFNAR- and IFNGR-deficient NOD mice showed
a reduction in females and an increase in males. In
DKO mice, diabetes occurred only in female mice, at
decreased incidence and with delayed kinetics. These
results show that interferons act as both positive and
negative modulators of type 1 diabetes disease risk de-
pendent on sex.

The role of interferon (IFN) signaling in the development
of autoimmune diabetes (type 1 diabetes [T1D]) has been
studied for more than 30 years (1). However, a clear
understanding of the role of type I (IFN-I) and II (IFN-II)
IFNs in progression or regulation of the disease is elusive.
This is due to the number of different systems used to
study IFNs in T1D and the variations found among
different mouse facilities, in which the incidence of di-
abetes varies greatly.

A long line of evidence links IFN-I to promoting T1D.
IFN-I expression can be detected in the islets of Langer-
hans during T1D in rodents and humans (2-4). Treatment
of NOD mice with blocking monoclonal antibodies against
the IFN-I receptor (IFNAR) delays and reduces T1D

incidence in female mice (5). T1D is a clinical complication
after [FN-I therapy for treatment of viral infections and
cancers (6). In contrast to all of this suggestive evidence,
mice rendered deficient in IFNAR show reduction of IFN
signatures in the islets but develop T1D normally (7).

The role of IFN-vy in T1D progression is perplexing.
Genetic ablation of IFN-y or the I[FN-y receptor IENGR) in
the NOD mouse leads to phenotypes that range from no
effect (Ifngrlf/f), to mild delay (Iﬁ1gr27/7), and to delay
and reduction (Ifng_/_) (8-10).

Despite these diverse results among the published
studies, two essential findings demonstrate that IFN sig-
naling and/or IFN-inducible genes are required for T1D
incidence. First, NOD mice deficient in the interferon reg-
ulatory factor-1, an IFN transcriptional regulator that acts
through interferon-stimulated response elements, never
develop T1D or detectable leukocytic infiltration into the
islets (11). Second, NOD mice deficient in STAT-1, an
essential transcription factor immediately downstream
of both IFNAR and IFNGR, are also protected from T1D
12).

For these reasons, we have generated a new set of IFN-
deficient mice on a pure NOD background. These have all
been bred and cohoused in the same high diabetes in-
cidence animal facility in which the control of environ-
mental pathogens is strictly enforced. Our hypotheses
were that IFN signaling would increase T1D incidence in
all NOD mice and that the effect of removing the two
receptors would be additive or multiplicative. Therefore,
deletion of a single IFN receptor would partially delay
disease, but deletion of two IFN receptors would prevent
disease. Reported here is the evaluation of diabetes in-
cidence and leukocytic infiltration status of male and
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female NOD.Ifnarl _/_, NOD.Ifngrl =/~ and NOD.
Ifnarl™'~ XIfngrl~’~ mice. In contrast to our hypothesis,
the effects of single IFN-deficient mice vary depending on
the sex of the mice in our colony, whereas double IFN-
deficient female mice still developed diabetes albeit at
lower incidence and with delayed kinetics.

RESEARCH DESIGN AND METHODS

Mice

NOD mice were obtained from The Jackson Laboratory
(Bar Harbor, ME) and bred in our animal facility. NOD.
Ifnarl™’~ mice were generated by backcrossing 12952.
Ifnar1™™4¢" mice for seven generations until homoge-
nously NOD. NOD.Ifngrl /~ mice were generated by
backcrossing B6.Ifngr1”* mice for seven generations until
genetically identical to NOD mice. Mice were then crossed
to NOD.FVB-Tg(Ella-cre)C5379Lmgd/J (The Jackson Lab-
oratory) mice to generate a germline Ifngrl /™ deficiency.
NOD.DKO (double knockout) mice were generated by
intercrossing NOD.Ifnarl /" and NOD.Ifngr1 /" mice.
All backcrosses were monitored by PCR evaluation of
115 microsatellites at each generation (speed congenics).
Mice were considered backcrossed when all tested micro-
satellites were derived from NOD and not 129 or B6 based
on reference mice from The Jackson Laboratory.

Blood glucose was monitored weekly. After two consec-
utive readings of >250 mg/dL (Chemstrip 2GP; Roche
Diagnostics, Indianapolis, IN), mice were considered dia-
betic. For diabetes transfer experiments, spleens were iso-
lated from NOD or NOD.DKO mice at 8-10 weeks of age.
Single-cell suspensions were generated using mechanical
disruption. Spleen cells were strained over a 70-pm filter
and resuspended in pyrogen-free PBS (Thermo Fisher).
Cells (107) were injected into recipient NOD.129S7(B6)-
Rag1™™°™/J (NOD.Ragl "~ ; The Jackson Laboratory) mice
intraperitoneally, and mice were monitored for diabetes.

All mice were bred and maintained under specific
pathogen-free conditions in our animal facility. All exper-
iments were approved by the Division of Comparative
Medicine of Washington University School of Medicine in
St. Louis (Association for Assessment and Accreditation of
Laboratory Animal Care, accreditation number A3381-01).
Incidence and statistical analysis was performed using
GraphPad Prism software (GraphPad Software, La Jolla, CA).

Islet Isolation, Flow Cytometry, and Histology

Islets were harvested as described previously (13) and
dispersed using Cell Dissociation Solution Non-enzymatic
(Sigma-Aldrich, St. Louis, MO) for 5 min at 37°C. Single-
cell suspensions were incubated in PBS (pH 7.4) having 1%
BSA (Sigma-Aldrich) and 50% 2.4G2 conditioned DMEM
at 4°C for 15 min to block Fc receptors. Cells were stained
with fluorescently labeled antibodies and analyzed using
the FACSCanto II (BD Biosciences, San Jose, CA). The
BV510/APC anti-CD45 (30-F11) was purchased from BioL-
egend (San Diego, CA). The fluorescein isothiocyanate/
allophycocyanin anti-CD3e (145-2C11) was purchased from
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BD Biosciences. Pacific Blue I-Ag7 (AG2.42.7) was purified
and conjugated in our laboratory (Pacific Blue Antibody
Labeling Kit; Invitrogen). For histology, pancreata were
isolated, fixed in 10% paraformaldehyde, embedded in
paraffin, sectioned, and stained with hematoxylin and
eosin. All flow cytometry data were analyzed using FlowJo
software (FlowJo, Ashland, OR).

RESULTS

Loss of IFN Signaling Affects T1D Incidence
Differentially Based on Sex

Three different IFEN receptor—-deficient mice were gen-
erated on the NOD background: Ifnarlﬁf (IFNAR),
Ifngrl~’~ (IENGR), and Ifnarl '~ XIfngrl~’~ (DKO) (Fig.
1). Male and female mice of all three genotypes were ob-
served for the development of hyperglycemia up to 40 weeks
of age. Diabetes development in female NOD mice was
85%. It was significantly delayed in NOD.Ifnarl~’~ and
NOD.Ifngrl '~ female mice, with a final incidence of 54%
and 50%, respectively (Fig. 1A and C). The incidence in
male NOD mice in our colony was 23% (Fig. 1B), but
increased to 63% in NOD.Ifnarl ™'~ and to 58% in NOD.
Ifngrl_/_ male mice (Fig. 1B and D).

Surprisingly, female mice double deficient for IFNAR
and IFNGR (NOD.DKO) had a T1D incidence of 50% at
40 weeks, albeit with a much slower progression in time.
Male NOD.DKO mice had a T1D incidence of only 6% (2 of
34 mice). Transfer of the spleen cells isolated from NOD or
NOD.DKO females into NOD.Ragl ™~ mice led to equiv-
alent diabetes incidence.

Analysis of Inflammatory Leukocyte Infiltration Into IFN
Receptor-Deficient Mice

In normal mice, macrophages are the major leukocyte
throughout the life of the mouse (13). During NOD di-
abetes, there is an entry of additional leukocytes into islets
that increases in number and complexity over time (14).
Figure 2A and B show the progressive entry of CD45" cells
that takes place in the NOD mouse. Leukocyte infiltration
in NOD.Ifnar1 ™/~ mice follows a similar pattern as in NOD
mice. The female NOD.Ifngr1~’~ and NOD.DKO mice had
a significant reduction in the percentage of CD45" cells
at 8 and 12 weeks of age (Fig. 24). In male mice, only
12-week-old NOD.DKO mice differed significantly from
their aged-matched NOD controls in the number of CD45"
cells infiltrating into islets (Fig. 2B).

The number of CD3" calculated as a percentage of the
total CD45" cells did not show a difference between the
NOD and NOD.Ifnarl ~/~ female or male mice (Fig. 2C and
D). Both showed a progressive increase in CD3" cells. There
was an increase in the percentage of CD3" T cells over time
in NOD.Ifngrl /~ and NOD.DKO mice (Fig. 2C). In male
mice, the CD3" T cells were reduced in NOD.Ifngrl /™ at
8 weeks of age and in NOD.DKO mice at 8 and 12 weeks of
age (Fig. 2D). Representative flow cytometric evaluations
performed at 12 weeks of age for both sexes and all strains
are shown in Fig. 2E.
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Figure 1—Incidence of diabetes in NOD mice is influenced by IFN receptor signaling. A-E: Mice of the indicated genotypes and sex were
monitored for hyperglycemia until 40 weeks of age. The mean number (n) of mice examined are indicated on the graphs. For all three IFN-
deficient genotypes, two independent groups of mice were monitored at least 6 months apart, and the data of the experiments are pooled.
Control NOD mice were monitored throughout the study in two (males) or three (females) different groups, and incidences were pooled for the
analysis. We observed no change in incidence in our wild-type NOD colony over the course of the experiments. F: Spleens were isolated from
10- to 12-week-old NOD or NOD.DKO mice, and 107 splenocytes were transferred into NOD.Rag? ™/~ mice. Mice were monitored for
diabetes for the indicated weeks after transfer. Comparison of survival curves was performed using the Mantel-Cox log-rank test. All survival
curve comparisons are of the indicated genotype against the control NOD mice. *P = 0.0332, **P = 0.0021; ***P < 0.0001.

At 20 weeks of age, the islets of NOD mice had changes
mostly consistent of insulitic or peri-insulitic lesions (Fig.
3A-C). Most of the islets of female NOD.Ifnarlf/ " mice
contained large peri-insulitic lesions or a destructive insulitis
(Fig. 3A and D). Most of the islets in male NOD.Ifnarl ™/~
mice also showed large peri-insulitis or destructive insulitis
(Fig. 3A and E). Female NOD.Ifngrl_/ ~ were less affected,
containing mostly smaller peri-insulitic lesions, and ~67% of
islets were normal (Fig. 3A and F). Male NOD.Ifngrl’~ had
more extensive leukocytic lesions, and only ~24% were clean
(Fig. 3A and G). All islets from NOD.DKO mice were normal
at 20 weeks of age, consistent with their slow progression
(Fig. 3A and I). By 40 weeks of age, the females of all the three
strains and the males of the single knockouts had similar
pathology. No discernible lesions were detected in more than
169 examined islets in male NOD.DKO mice at 40 weeks.

DISCUSSION

In brief, our results suggest that IFNs affect T1D incidence
via at least two pathways. First, deficiency of IEN-y delays

the entry of inflammatory leukocytes into the islets of
NOD mice. Second, deficiency of IEN-I or -II signaling
alters the regulation of diabetes in a sex-dependent man-
ner, leading to a reduction of incidence in females and an
increase in males.

The results seen in our NOD.Ifnarl ™/~ female mice are
different from those published by another group (7). Their
results showed no difference in diabetes incidence between
female NOD and NOD.Ifnarl /™ mice. This occurred de-
spite the reduction in IFN-I signatures in the islets of the
NOD.Ifnarl '~ mice. These divergent results could be
explained by differences in local environmental conditions
or perhaps by genetic drifts in NOD colonies, which are
known to occur (15).

Our results with NOD.DKO mice are puzzling compared
with those of the NOD.Stat1™”~ and NOD.Irf1~’~ mice.
Neither of these mice developed diabetes or inflamma-
tory infiltrates in their islets (11,12). Our expectation
was that the NOD.DKO would phenocopy these mice. In-
stead, our results suggest that there is another pathway
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Figure 2—Flow cytometry analysis of islet-infiltrating leukocytes reveals different patterns of infiltration in IFN receptor-deficient mice. Flow
cytometry analysis was performed on isolated islets of Langerhans taken from mice of the indicated genotype, sex, and age in weeks. A and
B: The percentage of islet cells that were CD45* are shown. C and D: The percentage of CD3* cells in the islets was plotted as a percentage of
the CD45" cells. Scatter plots show the analysis of individual mice and the mean for each group. E: Representative flow cytometry plots are
shown for the indicated phenotype and sex at 12 weeks of age. P values were calculated using an ordinary one-way ANOVA, followed by
uncorrected Fisher least significant difference comparing all columns. *P = 0.0332, **P = 0.0021, **P = 0.0002, and ***P < 0.0001. Where

indicated, significance is from the marked column to the same age NOD control.

(or pathways) that leads to activation of STAT1 and IRF1
during T1D. Type III IFNs (IEN-\) can activate STAT1, but
thus far they have been described as mucosal surface
cytokines that protect the intestines and lung from in-
fection (16). Cytokines of the interleukin (IL)-6 family,
such as IL-6 and IL-27, signal through STAT1/STAT3 (17).
However, the IL-6-deficient NOD mouse (Stock #029264;
The Jackson Laboratory) has a normal incidence of T1D,
and there is no published link between IL-27 and normal
NOD diabetes.

We draw several conclusions from the histological
examination. First, even though the NOD.Ifnarl '~ mice
have different disease outcomes than their NOD coun-
terparts (females had a decrease in incidence, whereas

males showed an increase) (Fig. 1), the histological lesions
between the two are indistinguishable. This suggests that
the effect of IFN-I in modulating the incidence of diabetes
may not be through the recruitment of inflammatory cells
but through some undetermined regulatory activity in the
islets. Concerning IFN-v, the first CD4 T cells that enter
islets produce the cytokine, which likely promotes the
recruitment and/or accumulation of other lymphocytes.
In the female NOD.Ifngr*/ " mice, the reduction in num-
bers of leukocytes and delay in T-cell entry probably
accounts for the reduction and delay of T1D incidence.
In male mice, despite the delay of leukocyte entry, the
incidence of T1D is increased, reinforcing the sugges-
tion of an IFN-y-mediated negative regulation in male
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Figure 3—Histological analysis reveals islet infiltration status of the IFN receptor—deficient mice. A: Summary of histological analysis of islets
of Langerhans from the indicated mice at the indicated ages. Results were compiled from three to eight mice per group. B-I: Representative
photomicrographs of hematoxylin and eosin-stained pancreatic sections taken from the indicated mice at the indicated ages. Photo-
micrographs are representative of 59-169 individual islets per group. Scale bars = 100 pm.

diabetogenesis (18). This result also suggests that the
immune activation status of infiltrating leukocytes is
more of a determinant of T1D outcome than simply the
absolute number of cells that enter islets. Leukocytic in-
filtration occurs in the female DKO mice that can cause
diabetes, but the kinetics are slower than in NOD.Ifngr /~
mice. The absence of both IFN receptors prevents leuko-
cyte accumulation in and around the islets of the male
DKO mice.

Sexual dimorphism of NOD diabetes incidence in dif-
ferent animal colonies around the world is well docu-
mented (19); however, not all colonies display this sex
bias (12,19). In addition, gnotobiotic mice lack sexual
dimorphism, and selective bacterial colonization of germ-
free mice reduces diabetes incidence selectively in males
and not females (18,20). It has been proposed that the
protection of NOD males from diabetes by microbiota is
partly mediated by induction of a strong IFN signature
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that negatively regulates diabetogenesis in male but not
female mice. Our data agree with this conclusion: in the
absence of IFNGR signaling, male mice become more
susceptible to T1D. The results obtained from the NOD.
Ifnarl~’~ suggest that IFN-I may also contribute to pro-
tection from diabetes in male NOD mice, an issue that will
need to be explored further.

In sum, the data reported here demonstrate that the sex
bias observed in NOD mice colonies like ours is normalized
by single IFN receptor deficiency. Surprisingly, female
NOD mice still developed T1D in the absence of both
IFN-I and -II receptors, whereas male mice had almost no
incidence. This study, although mostly descriptive, pro-
vides a foundation for future work that will be needed to
understand the role of these two interferon receptors in
enhancing or limiting T1D incidence depending on sex
and, possibly, housing environment.
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