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Introduction
Type 1 diabetes (T1D) is an autoimmune disorder defined by the progressive and irreversible destruction of  
insulin-producing β cells within the islets of Langerhans of the pancreas. By the time of clinical diagnosis, 
autoimmune T cells causing T1D will have eliminated a majority of β cells, resulting in hypoinsulinemia and 
a rise in blood glucose (BG) levels. Ketoacidosis and death will ultimately occur, unless exogenous insulin 
therapy is provided. Nevertheless, daily insulin therapy does not prevent complications of stroke, heart disease, 
visual impairment, or faulty wound healing, indicating the need to preserve β cells in the prediabetic stage to 
ensure endogenous insulin production. A seminal question in the pathogenesis of T1D is what deleterious 
signals activate autoreactive lymphocytes and/or control their entry into islets prior to engaging and killing 
insulin-producing β cells.

Type I IFN (IFN-I) are pleiotropic cytokines that induce potent antiviral programs to protect the host 
from microbial infections, but they also potentiate the diabetogenic process of  β cell destruction (1–10). 
Our recent study (8) and that of  Carrero et al. (11) have documented distinctive IFN-I gene signatures 
in islets that precede lymphocytic infiltration into the islets in 2 distinctly different experimental models 
of  T1D. Moreover, expression of  IFN-I–inducible genes in peripheral blood mononuclear cell (PBMC) 
samples isolated from children at risk for T1D preceded onset of  autoimmunity and seroconversion in 
2 independent longitudinal studies (12, 13). Importantly, a link between the IFN-α species -1, -2, -5, -8, 
and -14 and T1D was discovered in humans susceptible to developing T1D due to mutations in autoim-
mune regulator (AIRE) (14) and IFN-α species -1, -4, -5, -11, and -13 in our experimental mouse model 
(8). For that model, mice are genetically engineered to express the lymphocytic choriomeningitis (LCMV) 
glycoprotein (GP) from the rat insulin promoter (Rip-GP). When challenged with LCMV or a virus with 
cross-reactive GP-specific T cells, T1D occurs (15–17). Neutralization of  2 of  the IFN-α species in humans 
and mice were similar (IFN-α1, IFN-α5), strongly suggesting that expression of  selected IFN-I species prior 
to fulminant T1D disease was both a marker and critical mediator of  β cell destruction in both human and 
our Rip-GP mouse model.

Although IFN-I are considered a key autoinflammatory component within islet lesions, the cell subsets 
targeted by IFN-I that influence T1D disease are less understood. One major effect of  IFN-I is the upreg-
ulation of  MHC-I (18, 19), as culturing human β cells in the presence of  IFN-I induces MHC-I expression 

Here, we report a pathogenic role for type I IFN (IFN-I) signaling in macrophages, and not β cells in 
the islets, for the development of type 1 diabetes (T1D). Following lymphocytic choriomeningitis 
(LCMV) infection in the Rip-LCMV-GP T1D model, macrophages accumulated near islets and in close 
contact to islet-infiltrating GP-specific (autoimmune) CD8+ T cells. Depletion of macrophages with 
clodronate liposomes or genetic ablation of Ifnar in macrophages aborted T1D, despite proliferation 
of GP-specific (autoimmune) CD8+ T cells. Histopathologically, disrupted IFNα/β receptor (IFNAR) 
signaling in macrophages resulted in restriction of CD8+ T cells entering into the islets with 
significant lymphoid accumulation around the islet. Collectively, these results provide evidence that 
macrophages via IFN-I signaling, while not entering the islets, are directly involved in interacting, 
directing, or restricting trafficking of autoreactive-specific T cells into the islets as an important 
component in causing T1D.
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(20), while in vivo MHC-I hyperexpression is a principle feature of  the inflamed islet during clinical T1D 
(19, 21). These results suggest that IFN-I may have an important role in inducing islet-antigen expression 
on β cells, an event that we study and address in this paper.

A second possible cellular target of  IFN-I is the tissue-resident macrophage. Three populations of  
macrophages have been described to reside within the pancreas and all share the expression of  the canon-
ical macrophage marker F4/80 (22). Several studies in NOD mice have described a pathogenic role for 
macrophages (23–27). Most notable were 2 recent studies by Emil Unanue’s group (24, 28), who showed 
that islet-resident macrophages are in a persistent inflammatory state prior to signs of  β cell pathology and 
that their depletion significantly reduced diabetes. However, it is not currently known if  IFNα/β receptor 
(IFNAR) signaling in macrophages serves a pathogenic role in the context of  T1D; this is the second event 
we address in this paper.

Using Cre-inducible–KO mice to ablate Ifnar in defined cellular subsets, we find that, while elimination 
of  IFN-I signaling on β cells does not interfere with the progression of  T1D, ablation of  IFN-I signaling on 
macrophages does significantly limit the onset of  T1D.

Results
T1D disease progression In Rip-GP mice is not dependent on IFNAR signaling in β cells of  the islets. Infection of  
Rip-GP mice with LCMV results in the development of  T1D between 10 and 15 days after infection (p.i.) 
due to the selective killing of  β cells by LCMV GP–specific cytotoxic T cells (CTLs) that recognize the 
viral GP transgene expressed solely by pancreatic β cells (8, 15, 16). Using Rip-GP mice, we previously 
identified IFN-α, but not IFN-β, as a pathogenic factor required to promote the infiltration of  GP-spe-
cific (autoimmune) CD8+ T cells into the islets, where they target and kill insulin-producing β cells (8). 
To determine if  IFN-I signaling in β cells in the islets is required for T1D development in Rip-GP mice, 
the IFN-I receptor (Ifnar) was genetically deleted in β cells by crossing Rip-GP mice to Ins1-Cre+/– Ifnarfl/fl  
mice. β Cell–specific loss of  Ifnar was confirmed by culturing islets from Rip-GP+/– Ins1-Cre+/– Ifnarfl/fl 
(designated Rip-Ins1-Ifnarfl/fl) and Rip-GP+/– Ins1-Cre+/– Ifnarwt/wt (Rip-Ins1-Ifnarwt/wt) mice for 12 hours in 
the presence of  100 U/ml IFN-β or vehicle control. A significant reduction in the mRNA transcript level 
of  several IFN-stimulated genes, including IFN-α, Mx1, Ifit1, Stat1, and Oasl2, was noted in islets isolated 
from Rip-Ins1-Ifnarfl/fl mice compared with islets from Rip-Ins1-Ifnarwt/wt mice, indicating that the IFNAR 
signaling axis was disrupted in β cells of Rip-Ins1-Ifnarfl/fl mice (Figure 1A). Thereafter, Rip-Ins1-Ifnarfl/fl and 
Rip-Ins1-Ifnarwt/wt mice were infected by i.p. injection of  the clone 13 (Cl13) variant of  LCMV-Arm53b and 
BG levels monitored. We found the average BG level to be significantly lower at day 10 p.i. and day 15 p.i. 
in Rip-Ins1-Ifnarfl/fl mice, although 10/11 Rip-Ins1-Ifnarfl/fl mice had clinical T1D disease (BG > 250 mg/dl) 
by day 15 p.i. (Figure 1B). Furthermore, lymphoid accumulation within the islets of  Rip-Ins1-Ifnarfl/fl mice 
was comparable with controls at day 15 p.i. (Figure 1C). These results indicate that IFN-I signaling in β 
cells in the islets of  Rip-GP mice has a small role in promoting islet destruction and development of  T1D.

Myeloid lineage cells are required for T1D disease development. Macrophages are an IFN-I–responsive pop-
ulation of  myeloid cells implicated in promoting T1D disease (27, 28). Using flow cytometry and immu-
nofluorescence (IF) analysis, we detected a significant increase in F4/80+ macrophages infiltrating into the 
pancreata at day 5 p.i. compared with naive controls following infection with LCMV-Cl13 (Figure 1D). 
Many of  these macrophages were localized at the islet capsule and closely associated with GP-specific 
CD8+ T cells expressing the congenic marker CD90.1 (Supplemental Figure 1; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.125067DS1). To determine if  GP-specific 
CD8+ T cell–mediated recruitment of  macrophages was responsible for this increase in macrophage num-
ber at day 5 p.i., Rip-GP mice were infected with the glycoprotein variant (GPV) of  LCMV. The LCMV 
GPV contains mutations in the GP (GP33–41 [GP38 phenylalanine to leucine (F/L)] and GP276–286 [GP282 
glycine to aspartic acid (G/D)]), thereby limiting the expansion of  GP-specific CD8+ T cells that target β 
cells presenting the 2 immunodominant H2-Db restricted GP33–41 and GP276–286 peptides. Infection of  Rip-
GP mice with LCMV-GPV resulted in a statistically significant increase in the frequency of  macrophages 
infiltrating in the pancreata at day 5 p.i., indicating that macrophages are directed into the pancreata inde-
pendently of  LCMV-GP33–41– and GP276–286–specific CTLs in the islets (Figure 1D). To determine if  macro-
phages are required to induce T1D disease in Rip-GP mice, we first depleted macrophages with clodronate 
encapsulated liposomes. Administration of  clodronate liposomes by i.v. route results in rapid depletion 
of  macrophages, whereas i.p. administration accounts for a slower but longer depletion (29). Within the 
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Figure 1. Expression of IFNAR in insulin-producing β cells has a minor role in the development of T1D. (A) qPCR analysis of IFNα, Mx1, Ifit1, Ifit2, Stat1, 
and Oasl2 mRNA expression in pancreatic islets isolated from Rip-Ins1-Ifnarfl/fl and Rip-Ins1-Ifnarfl/wt mice. Islets were cultured in the presence of IFN-β 
(100 U/ml) for 12 hours prior to RNA extraction. (B) Blood glucose levels and T1D incidence over a 15-day postinfection period. (C) Representative H&E 
images (20× magnification) of the pancreatic islets from Rip-Ins1-Ifnarfl/fl and Rip-Ins1-Ifnarfl/wt mice at day 15 p.i. (D) Pancreata were isolated at day 5 
p.i. from Rip-GP mice infected i.p. with 2 × 105 PFU LCMV or 2 × 105 LCMV-GPV. Half pancreata was stained via immunofluorescence with antibody to 
insulin and F4/80 (40× magnification). Macrophages were examined in the second half of pancreatic tissue by flow cytometry by gating on CD45+F4/80+ 
cells. (E) Frequency of CD11b+ cells in the spleens and PLNs of clodronate liposome–treated mice at day 3 after LCMV infection. qPCR analysis was 
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context of  experimental LCMV infection, clodronate liposomes were previously shown to selectively tar-
get and deplete red pulp macrophages (RPM), marginal zone macrophages (MZM), metallophilic mac-
rophages (MZM), and likely a small fraction of  immature DCs (30). Rip-GP mice received clodronate 
liposomes by i.v. injection 8 hours prior to LCMV infection and by i.p. injection 24 hours after infection. 
At day 3 p.i., a significant reduction in cells expressing the surface phenotype CD11b–F4/80+, which is 
characteristic of  RPM, was found in the spleens of  clodronate treated mice, while the total CD11b+ cell 
population in the spleens and pancreatic lymph nodes (PLNs) of  clodronate-treated animals was signifi-
cantly lower than PBS liposome–treated controls (Figure 1E). Mice depleted of  F4/80+ cells were resistant 
to developing T1D (BG < 250mg/dl) to the day-54 post-LCMV infection observation period, while all PBS 
liposome–treated Rip-GP control animals developed disease (BG > 250mg/dl) by day 14 p.i. (Figure 2A). 
To track GP33-specific (autoimmune) T cells that target and lyse GP-expressing β cells, 20,000 TCR trans-
genic P14 CD8+ T cells recognizing the LCMV-GP33–41 epitope were adoptively transferred into Rip-GP 
mice prior to clodronate liposome treatment. P14 CD8+ T cells were rarely detected near or within islets of  
clodronate-treated mice, as opposed to control animals, which showed significant peri-islet accumulation 
and infiltration of  P14 CD8+ T cells into the islets (Figure 2B). We also noted a majority of  P14 T cells in 
close contact with F4/80+ macrophages in and around the islets at day 7 p.i. (Figure 2B and Supplemental 
Figure 1). The lack of  infiltration of  GP-specific CD8+ T cells into the pancreata of  clodronate-treated mice 
was not the result of  a lack of  expansion of  these cells, since the frequency of  TCR transgenic P14 CD8+ 
T cells in the spleens were comparable with PBS controls; however, in the PLNs, there was a significant 
increase in the frequency of  P14 T cells in clodronate-treated mice at day 6 after LCMV infection (Figure 
2C). In other experiments, clodronate-treated animals showed a decrease in the frequency of  endogenous 
GP33–41–specific CD8+ T cells and also CD8+ T cells specific to the immunodominant NP396–404 epitope, 
indicating some alterations in LCMV-specific T cell expansion when P14 T cells are not adoptively trans-
ferred into Rip-GP mice prior to infection (Figure 2D). Administration of  clodronate liposomes resulted in 
poor control of  viremia to day 53 p.i. (Figure 2E). Additionally, LCMV-Cl13 was detected in a majority of  
islets and throughout the exocrine compartment of  the pancreata at day 15 p.i., while virus was restricted 
to inside the islets at day 53 p.i. in clodronate-treated Rip-GP mice (Figure 2F). Collectively, these results 
highlight a dichotomous role for macrophages during acute LCMV infection in Rip-GP mice. As expected, 
macrophages are required to prevent early LCMV dissemination, but unexpectedly, they promoted autoag-
gressive CD8+ T cell infiltration into the pancreatic islets to cause T1D.

Genetic deletion of  Ifnar from macrophages spares mice from LCMV-induced T1D disease. To determine if  IFN-I 
signaling in macrophages is required for T1D disease, Rip-GP mice were crossed to LysM-Cre+/– Ifnarfl/fl mice 
to generate Rip-LysM-Ifnarfl/fl or Rip-LysM-Ifnarfl/wt control mice. Lysozyme M (LysM), which is encoded by 
the Lyz2 gene, is predominantly expressed in myeloid lineage cells, including monocytes, macrophages, and 
neutrophils (31), and LysM-Ifnarfl/fl mice show selective elimination of  Ifnar in myeloid lineage cells and not 
DCs, NK cells, or lymphocytes (32–34). In agreement with these studies, there was a substantial decrease in 
IFNAR surface expression on splenic macrophages from LysM-Ifnarfl/fl mice, but no difference was found in 
the expression level of  IFNAR on DC or T cells compared with Ifnarfl/fl control mice (Figure 3A).

Elimination of  Ifnar in myeloid cells prevented the development of  T1D disease until at least 30 days 
after LCMV infection, while 7 of  8 mice with at least 1 functional Ifnar allele developed disease by day 10 
p.i. (Figure 3B). Histopathological analysis of  pancreas tissue from Rip-LysM-Ifnarfl/fl mice revealed the 
presence of  lymphoid cells at the peri-islet walls and an overall lack of  lymphoid cells infiltrating into the 
islets at day 11 p.i. (Figure 3C). By day 30 p.i., significant pancreatic injury was observed within the exo-
crine compartment of  Rip-LysM-Ifnarfl/fl mice, including the presence of  inflammatory cells in the acinus 
and around islets and signs of  acinar cell loss (Figure 3C). Of  the 8 Rip-LysM-Ifnarfl/wt mice infected with 
LCMV-Cl13, 1 mouse having BG levels below 250 mg/dl at day 30 p.i. still showed islet destruction and 
presence of  lymphoid cells in islets, indicating an ongoing loss of  β cells (Figure 3C). Pancreatic islets with-
in Rip-LysM-Ifnarfl/wt mice displayed robust P14 CD8+ T cell infiltration at 10 p.i. In contrast, P14 T cells 
in virus-infected Rip-LysM-Ifnarfl/fl mice were mainly localized at peri-islet areas and not within the islets 
(Figure 3D). Furthermore, we did not detect significant differences in the frequency of  P14 T cells in the 

performed on RNA isolated from islets of 3 mice per group. Fold change in gene expression was relative to islets treated with vehicle control (PBS). Data 
are presented as average ± SEM; statistical significance was measured using an unpaired 2-tailed Student t test or 1-way ANOVA analysis. Statistical 
significant of T1D disease incidence was measured using a log-rank (Mantel-Cox) test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2. Clodronate liposome–induced depletion of macrophages prevents T1D disease. (A) Blood glucose levels of clodronate treated mice 
during a 54-day observation period. (B) Immunofluorescence inspection of (40× magnification) LCMV-GP33–41–specific CD8+ P14 T cells and F4/80+ 
macrophages in the islets of clodronate or PBS liposome–treated mice at day 6 p.i. Yellow outlines represent islet boundaries, and yellow arrows 
show P14 CD8+ T cells. (C) Examination of P14 CD8+ T cells in the spleen and pancreatic lymph nodes (PLN) of clodronate liposome–treated mice at 
day 6 p.i. using flow cytometry. (D) Frequency of LCMV-GP33–41 tetramer–positive and LCMV396–404 tetramer–positive CD8+ T cells in the spleens of 
clodronate treated mice at day 8 p.i. (E) Viral titers in the sera were measured by plaque assay over a 53-day post-infection period. (F) Anti–LCMV-
NP staining (20× magnification) of pancreatic tissue from clodronate-treated mice at days 15 and 53 p.i. Yellow outlines depict islet boundaries. 
Flow cytometry data of P14 T cells represents at least 4 mice per group. Immunofluorescence analysis of islet-infiltrating T cells is an average of at 
least 8 islets per mouse and a total of 4 mice per group. Statistical significance was measured using 1-way ANOVA. Data are presented as average ± 
SEM. *P < 0.05, ****P < 0.0001
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blood or PLNs of  these mice, indicating that loss of  IFNAR signaling in macrophages did not affect the 
expansion of  P14 cells (Figure 3E).

Loss of  Ifnar from macrophages enhances spread of  LCMV. The inflammation observed within the pan-
creata but not in the islets of Rip-LysM-Ifnarfl/fl mice was likely due to immune-mediated injury of  acinar 
cells, as the nucleoprotein (NP) antigen of  LCMV was detected throughout acinus cells and within islets 
of  these mice at day 11 p.i. (Figure 4A). Moreover, loss of  Ifnar in Rip-LysM-Ifnarfl/fl mice resulted in 
increased LCMV titers in the serum of  all infected mice at day 6 and day 10 p.i. but fell below the limit 
of  detection in 3 of  4 Rip-LysM-Ifnarfl/fl mice by 30 p.i. (Figure 4B). Within the spleen, pancreas, kidney, 

Figure 3. Genetic deletion of Ifnar from macrophages spares mice from T1D. (A) IFNAR expression levels (based on mean fluorescence intensity; MFI) on 
defined cellular subsets in the spleens of Rip-LysM-Ifnarfl/fl mice compared with Ifnarfl/fl mice. The following markers were used to gate splenic cell subsets: 
macrophages (CD11b+CD11c–F4/80+), T cells (CD3+), and DCs (CD11b–CD11c+). Statistical significance was measured using 2-way ANOVA. (B) Rip-LysM-Ifnarfl/fl  
and Rip-LysM-Ifnarfl/wt mice were infected with LCMV-Cl13, and BG levels were monitored over at 30-day period. Clinical diabetes was confirmed in mice 
that displayed BG levels significantly over >250mg/dl. (C) H&E staining (20× magnification) of pancreata from mice at day 11 p.i. and day 30 p.i. Red 
outlines depict islet boundaries. (D) Immunofluorescence detection (40× magnification) of P14 CD8+ T cells expressing the congenic surface marker CD90.1 
in the pancreata of Rip-LysM-Ifnarfl/fl and Rip-LysM-Ifnarfl/wt at day 10 p.i. Yellow outlines depict islet boundaries.  (E) Frequencies of P14 CD8+ T cells in 
the blood and PLN at day 10 p.i. IFNAR expression levels in the spleen are derived from 2 mice per group. Representative immunofluorescence images of 
P14 CD8+ T cells are derived from 4 mice per group. Black arrows in C represent areas of significant lymphoid accumulation. Statistical significant of T1D 
disease incidence was measured using a log-rank (Mantel-Cox) test. Data presented as average ± SEM. ***P < 0.001, ****P < 0.0001.
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and liver, infectious virus was significantly increased in Rip-LysM-Ifnarfl/fl mice compared with controls 
at day 11 p.i. (Figure 4C). Furthermore, elevated levels of  LCMV-NP were detected in macrophages 
(CD11b+F4/80+CD11c–) and conventional DCs (cDCs, CD11b+CD11chi) in the spleen by flow cytome-
try at day 11 p.i. (Figure 4D). The increase in viral titers was not likely caused by a lack of  production 
of  IFN-I, since levels of  IFN-α and IFN-β were similar to Rip-LysM-Ifnarfl/wt control mice (Figure 4E).

Although a similar frequency of  LCMV-GP33–41–specific CD8+ T cells was observed in the spleens 
and PLNs of  Rip-LysM-Ifnarfl/fl mice (Figure 5A), there was a detectable reduction of  expression of  the 
activation marker KLRG1 and increased expression of  the inhibitory receptor PD-1 on the surface of  
LCMV-GP33–41 tetramer–positive CD8+ T cells, suggesting partial exhaustion of  these cells (Figure 5B). 
This finding was further supported by the observation that GP-specific CD8+ cells in the spleens of  
Rip-LysM-Ifnarfl/fl mice expressed significantly lower levels of  IFN-γ and TNF-α following restimulation 
with the LCMV-GP33–41–specific peptide at day 11 p.i. (Figure 5C). We also examined the ex vivo kill-
ing capacity of  LCMV-GP33–41–specific CTLs to lyse splenocytes loaded with the LCMV-GP33–41 (H-2b) 
peptide antigen. Splenocytes isolated from LysM-Ifnarfl/fl mice at day 10 p.i. had a significant reduction 
in specific killing of  LCMV-GP–loaded target cells compared with LysM-Ifnarwt/wt control mice (Fig-
ure 5D). Importantly, neither group killed target cells loaded with nonspecific LCMV-NP118–126 (H-2d) 
peptide antigen (Figure 5D). Together, these results show that loss of  Ifnar in macrophages resulted in 
a diminished LCMV-GP33–41–specific CD8+ T cell effector response that likely impacts the capacity of  
these cells to target and destroy β cells of  the islets.

Discussion
Our results highlight an important association between IFN-I signaling in macrophages during the prediabetic 
stage in an experimental model of  T1D and indicate the control that macrophages exert over the selective 

Figure 4. Loss of IFNAR signaling in macrophages results in systemic spread of LCMV. (A) Immunofluorescence analysis (40× magnification) of LCMV-NP 
antigen in pancreas tissue of Rip-LysM-Ifnarfl/fl mice. (B and C) LCMV titers were recorded in the serum (B) and spleen, pancreas, kidney and liver (C) at day 11 
p.i. by viral plaque assay. (D) Detection of the nucleoprotein (NP) of LCMV in macrophages (F4/80+CD11b+) and conventional dendritic cells (cDCs, CD11b+C-
D11c+) in the spleens at day 11 p.i. (E) IFN-α protein levels were measured in the serum of Rip-LysM-Ifnarfl/fl and Rip-LysM-Ifnarfl/wt mice at days 2 and 6 p.i. 
Statistical significance was measured using an unpaired 2-tailed Student t test or 1-way ANOVA analysis. Data presented as average ± SEM. *P < 0.05.
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trafficking of  autoimmune CTLs into the islets. Three potentially novel findings emerged from these studies. 
First, genetically ablating Ifnar in β cells in the islets of  Rip-Ins1-Ifnarfl/fl mice did not alter T1D disease pro-
gression following initiation of  the autoimmune disease (LCMV infection). These results strongly suggest that 
sensitization of  GP-specific CD8+ T cells to β cells inside the islets occurs independently of  IFNAR-induced 

Figure 5. Diminished GP-specific CD8+ effector T cell responses in Rip-LysM-Ifnarfl/fl mice. (A) Frequencies of LCMV-GP33–41 tetramer–positive CD8+ T 
cells in the spleens and PLNs at day 11 p.i. (B) Median fluorescence intensity (MFI) of PD-1 and KLRG1 at the surface of LCMV-GP33–41 tetramer–positive 
CD8+ T cells at day 11 p.i. (C) Detection of IFN-γ, TNF-α, and IL-2 in CD8+ T cells following ex vivo restimulation of splencoytes from Rip-LysM-Ifnarfl/fl  
mice with LCMV-GP33–41 peptide at day 11 p.i. (D) Specific lysis of target splenocytes loaded with CellTrace violet (CTV) and LCMV-GP33–41 (H-2b, CTVhi 
population) or NP118–126 (H-2d, CTVlo population) peptides. Statistical significance was measured using an unpaired 2-tailed Student t test, one-way 
ANOVA analysis or 2-way ANOVA analysis. Data presented as average ± SEM. ***P < 0.001, ****P < 0.0001. 
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gene expression inside β cells and likely occurs outside the islets. However, it is possible that other proinflam-
matory factors, such as type II IFN-γ, play a role in altering the immunogenicity of  β cells, as IFN-γ–KO Rip-
GP mice are resistant to T1D and display reduced islet MHC-I expression following infection with LCMV 
(35). Moreover, Rip-GP mice that overexpress IFN-γ from β cells break tolerance and spontaneously develop 
T1D without prior inoculation with LCMV (36). However, results with IFN-γ appear different in nonobese 
diabetic (NOD) mice engineered to express dominant negative mutants of  the IFN-γ receptor. Such NOD 
mice display lower MHC-I expression from β cells in the islets, while still showing normal T1D disease inci-
dence (37). Both type I and type II IFNs display strong convergence in the IFN stimulate gene (ISG) signa-
tures that they induce, and the prototypic T1D disease course observed in Rip-Ins1-Ifnarfl/fl mice suggests that 
the timing, magnitude, and temporal changes in IFN expression in the islets may be critical in potentiating 
T1D disease development in Rip-GP mice.

Second, clodronate-mediated depletion of  macrophages or selective deletion of  Ifnar in LysM- 
expressing cells aborted T1D disease. These findings support a critical role for IFN-I signaling in mac-
rophages as an orchestrator of  anti-LCMV immunity and an activator of  autoaggressive CTLs targeting 
β cells of  the islets. Despite similar frequencies of  GP-specific CD8+ T cells measured in the spleens 
and PLNs of  Rip-LysM-Ifnarfl/fl mice, GP-specific CD8+ T cells showed reduced polyfunctional cytokine 
expression, altered cytotoxicity, and increased expression of  PD-1, suggesting likely T cell dysfunction. 
Furthermore, the increase in viral load in Rip-LysM-Ifnarfl/fl mice, previously shown to occur in mice 
depleted of  macrophages or devoid of  IFN-I signaling in macrophages (30, 38, 39), was complementary 
to diminished T cell activity, since increased antigen abundance following LCMV infection directly 
influences T cell function (40).

Third, defects in the IFN-I pathway within macrophages resulted in widespread LCMV dissemination 
to the pancreata and in dramatic histological perturbations as a result of  the influx of  inflammatory cells. 
This result mimicked our previous observations using a blocking antibody to IFNAR (8) and further sup-
ports the role of  IFNAR signaling as a protective signaling cascade to limit viral spread. Our prior studies 
primarily indicated IFN-α, and not IFN-β, in retarding viral spread (41)

In conclusion, IFNAR signaling in macrophages plays a decisive role in T1D development. Studies in 
other experimental models, especially the nonviral spontaneous models, will be of  value to understand the 
generality of  our findings. Lastly, IFNAR signaling in macrophages also plays a role in regulating viral con-
trol during infection. Our future studies evaluate the role that various IFN-α species play in T1D with the 
purpose of  developing a cocktail of  specific IFN-α species–neutralizing antibodies or pharmacologic mol-
ecules that can limit T1D while preserving host-defense responses to microbial infections. We previously 
succeeded in such an approach using a single pharmacologic agonist molecule to sphingosine-1-phosphate 
receptor 1 to significantly reduce morbidity and mortality in ferrets and mice infected with the influenza 
virus (42–44). The mechanism included blocking approximately 85%–90% of  the autocrine loop in IFN-α 
to prevent cytokine storm, while allowing sufficient remaining IFN-α to generate an adaptive immune 
response to limit and remove the virus infection (45–47).

In this regard, a group of  humans susceptible to developing T1D due to mutations in AIRE (14) shown 
to generate self-reactive neutralizing antibodies to 5 IFN-α species (IFN-α1, IFN-α2, IFN-α5, IFN-α8, and 
IFN-α14) were protected from T1D, while — in contrast — those possessing antibodies to IFN-α but with-
out significant neutralizing activity had a high incidence of  T1D (14). Complementary to these findings 
(14), we noted that neutralizing at least 5 of  the 13 IFN-α species of  IFN-I with antibody in Rip-GP mice 
(IFN-α1, IFN-α4, IFN-α5, IFN-α11, IFN-α13) prevented the development of  clinical T1D and anatomi-
cal lesions of  T1D, while still preserving antiviral immunity (8). Two of  the IFN-α species neutralized in 
humans and mice are similar (IFN-α1 and IFN-α5). It will be valuable to determine the binding profile of  
these antibodies to IFNAR and how they directly influence macrophage function to restrict the develop-
ment of  T1D.

Methods
Virus and mice. Seven- to 8-week-old H-2b C57BL/6 mice were used. Mice were bred and maintained in 
pathogen-free conditions in the animal facility at The Scripps Research Institute (TSRI). Generation and 
characterization of  Rip-GP and P14 Tgs have previously been reported (15, 16, 48). LCMV-Cl13 was 
grown and titered as previously described (15, 16, 49). Stock viruses were titered to 4 × 107 to 5 × 107 PFU/
ml. Mice were injected with 2 × 105 PFU LCMV i.p. (15, 16, 48).
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BG monitoring. BG (mg/dl) was measured on blood extracted from the retro orbital plexus using a 
TRUEresult BG meter (Trividia Health).

Clodronate liposome preparation. Clodronate (dichloromethylene diphosphonate) encapsulated liposomes 
were prepared as previously described (29). Briefly, 4 mg of  cholesterol and 43 mg of  phosphatidylcholine 
(MiliporeSigma) reconstituted in chloroform were evaporated in an RN 10 rotary evaporator (IKA). The 
clodronate solution was prepared by dissolving 0.6 mg of  clodronate (MiliporeSigma) in 2.5 ml of  sterile 
DPBS (Thermo Fisher Scientific) and was used to disperse the lipic film under gentle rotation. The solu-
tion was sonicated and ultracentrifuged at 10,000 g for 1 hour at 4°C. Pelleted clodronate-encapsulated 
liposomes were washed 3 times in sterile DPBS, ultracentrifuged at 10,000 g for 30 minutes at 4°C, and 
resuspended in a final volume of  2.5 ml in sterile DPBS. Liposomes were delivered into mice via i.v. injec-
tion (200 μl) 1 day prior to LCMV-Cl13 infection and by i.p. injection 8 hours after LCMV-Cl13 infection. 
Clodronate solution was used within 48 hours after preparation.

Pancreatic islet isolation. Pancreata isolated from Rip-LCMV-GP mice were placed in 5 ml cold 
RPMI. To dissociate tissue, 3 ml of  Collagenase P (1.2U/ml, MilliporeSigma) was injected directly 
into each pancreas using a 30-G needle and digested at 37°C following addition of  7 ml warm RPMI. 
After 30 minutes, Collagenase P solution was removed, and 10 ml of  ice-cold RPMI was added. Tubes 
were shaken vigorously for 1 minute to break apart tissue, which was passed through a wide-mesh sieve 
to remove nondissociated debris. Following several washing steps, RPMI media was removed, and 10 
ml of  prewarmed Ficoll-Paque Plus (GE Healthcare) was added. A 5-ml RPMI overlay was added to 
Ficoll, and cells were spun at 2000 rpm for 13 minutes at room temperature to separate islets from exo-
crine cells. After the spin, islets were isolated at the Ficoll/RPMI interface using a plastic Pasteur pipet, 
spun in cold RPMI media at 1000 rpm for 5 minutes, and added onto an inverted 70-μM filter to fur-
ther remove nonislet debris; they were then placed into a petri dish with RPMI and 10% FBS (Atlanta 
Biologics). Islets were then cultured in RPMI supplemented with 10% FBS, 1% penicillin/streptomycin 
(Thermo Fisher Scientific), and 1% L-glutamine (Thermo Fisher Scientific).

Gene expression analysis. Total cDNA from islets was generated via SuperScript III (Thermo Fisher Sci-
entific) following extraction of  RNA using RNAqueous Micro RNA isolation kit (Thermo Fisher Scientif-
ic). To determine relative expression of  IFN-I–stimulated genes in islets following 24-hour treatment with 
IFN-β (100 units/ml, PBL Assay Science), real-time SYBR Green analysis was performed using mouse 
primers to β-actin (forward, 5′-GGCCCAGAGCAAGAGAGGTAT-3′; reverse, 5′-ACGCACGATTTC-
CCTCTCAGC-3′), pan IFN-α (forward, 5′-CCCTCCTAGACTCATTCTGCA-3′; reverse, 5′-AGG-
CACAGGGGCTGTGTTTC-3′), Mx1 (forward, 5′-GACCATAGGGGTCTTGACCAA-3′; reverse, 
5′-AGACTTGCTCTTTCTGAAAAGCC-3′), Ifit1 (forward, 5′-CTGAGATGTCACTTCACATGGAA-3′; 
reverse, 5′-GTGCATCCCCAATGGGTTCT-3′), Ifit2 (forward, 5′-AGTACAACGAGTAAGGAGT-
CACT-3′; reverse, 5′-AGGCCAGTATGTTGCACATGG-3′), Stat1 (forward, 5′-GCTGCCTATGAT-
GTCTCGTTT-3′; reverse, 5′-TGCTTTTCCGTATGTTGTGCT-3′), and Oasl2 (forward, 5′-TTGTGCG-
GAGGATCAGGTACT-3′; reverse, 5′-TGATGGTGTCGCAGTCTTTGA-3′) using a Bio-Rad CFX96 
Touch real-time detection system. To calculate fold change of  selected genes in IFN-β–treated islets, mRNA 
expression was first normalized β-actin to generate a ΔCt value and then to PBS-treated islets to generate a 
ΔΔCt value. Fold change in expression was calculated using the standard 2–ΔΔCt equation.

Histology and IF analysis. Pancreata were removed, fixed in zinc formalin (10%), cut on a microtome, 
and stained with H&E. For IF, mice were first perfused with 4% paraformaldehyde (PFA). Pancreata were 
then removed and placed overnight at 4°C in PFA. Tissue was transferred to a 30% sucrose solution for 
3 days prior to cutting at 10 μM on a cryomicrotome. For antibody staining, slides were dessicated for 1 
hour at room temperature, washed in PBS, and blocked with 5% normal goat serum. Primary antibody 
stains were carried out in PBS supplemented with 1% BSA (Gemini Bio Products) and 0.3% Triton X-100 
(for intracellular antigens; MilliporeSigma) using FITC anti-CD90.1 (1:200, BioLegend), rabbit anti-FITC 
(1:200, Thermo Fisher Scientific), rat anti–mouse F4/80 (Bio-Rad, clone CL:A3-1, catalog MCA497), 
guinea pig anti-insulin (Thermo Fisher Scientific, polyclonal, catalog PA1-26938), and rat anti–LCMV-NP 
FITC. Fluorescently conjugated Alexa Fluor (Thermo Fisher Scientific) secondary antibodies were diluted 
at 1:1000 and mounted with DAPI fluoromount-G (Southern Biotech).

Flow cytometry. Spleens were digested using a mixture of  collogenase/DNase prior to homogenation 
on a 100-μM filter using the end of  a syringe. RBCs were lysed for 3 minutes in 1× RBC lysis buffer. Rat 
anti–mouse IFNAR (Leinco, clone MAR1-5A3, catalog I-401), –F4/80 (BioLegend, clone BM8), –CD11b 
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(BioLegend, clone M1/70), –CD11c (BioLegend, clone N418), –CD45 (BioLegend, clone 30-F11), CD4 
(BioLegend, clone RM4-5), –CD8 (BioLegend, clone53-6.7), –TNF-α (BioLegend, clone MP6-XT22), –
IL-2 (BioLegend, clone JES6-5H4), and rat anti–mouse IFN-γ (BD Biosciences, clone XMG1.2) were uti-
lized at a 1:100 dilution.

Ex vivo peptide restimulation assay. Splenocytes were seeded onto round-bottom 96-well plates at 1 × 106 
cells/well in complete media (10% FBS, L-glutamine, penicillin/streptomycin, nonessential amino acids 
(NEAA), sodium pyruvate, HEPES, β-mercaptoethanol [BME]) supplemented with LCMV-specific pep-
tides (GP33–41 and GP276–286). After a 1-hour incubation, Brefeldin A (MilliporeSigma) was added at a 1:500 
dilution and cells were incubated for 5 hours at 37°C. Surface antigens were stained for 30 minutes on ice; 
cells fixed and permeabilized using Cytofix/Cytoperm (BD Pharmingen) and stained for intracellular pro-
teins including IFN-γ and TNF-α.

CTL assay. Splenocytes from naive C57BL/6 mice were resuspended at 3.5 × 108 cells/ml in 100 μl 
PBS and rapidly mixed with 900 μl of  CellTrace Violet (CTV, Thermo Fisher Scientific) at 1:100 (CTVhi) 
or 1:800 (CTVlo) dilutions. Cells incubated for 20 minutes in a 37°C water bath and then washed with com-
plete RPMI 1640 medium prior to centrifugation at 500 g. The CTVhi cell pellet was resuspended in a 1-ml 
RPMI 1640 solution containing 2 μM LCMV-GP33–41 peptide, while the CTVlo cell pellet was resuspended 
in 2 μM LCMV-NP118–126 peptide. Both groups were incubated for 30 minutes at 37°C. The CTVhi (GP33) 
and CTVlo (NP118) cell populations were then mixed at a 1:1 ratio and adjusted to 2 × 106 cells/ml prior 
to seeding 100 μl of  target cells into 96-well round-bottom plates. Purified splenocytes from LCMV-infect-
ed LysM-Ifnarwt/wt and LysM-Ifnarfl/fl mice were plated at effector/target ratios (E:T ratios) of  25:1, 12:1, 
6:1, 3:1, and 0:1 in 96-well round-bottom plates. A negative control was produced by incubating LCMV-
GP–loaded CTVhi cells with NP40 for 2 minutes at room temperature and then mixed 1:1 with untreated 
CTVlo cells. Plates were placed in a 37°C + 5% CO2 incubator for 5 hours. After the incubation, 7-AAD 
(BD Biosciences) was added to each well at a 1:100 dilution, and plates were run on a Bio-Rad ZE5 flow 
cytometer. The following formula was used to calculate the percentage of  specific killing: (1 – [(% CTVhi in 
effector sample/% CTVlo in effector sample)/(% CTVhi of  naive group/% CTVlo of  naive group)]) × 100.

Statistics. Two means were compared using a 2-tailed unpaired Student’s t test. Multiple comparisons 
were performed using 1-way ANOVA followed by Tukey’s multiple comparison test or 2-way ANOVA 
followed by Sidak’s multiple comparison test. Statistical significance is denoted as follows: *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001. GraphPad Prism 6 was used for all statistical analysis.

Study Approval. All procedures involving mice were reviewed and approved with TSRI Animal Research 
Committee.
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