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T cells infiltrate the pancreas and target insulin-producing beta cells 
during type 1 diabetes (T1D) development1. However, T cells repre-
sent only one piece of the puzzle of the multiple immune cells impli-
cated in beta cell loss2. Plasmacytoid dendritic cells (pDCs) are central 
mediators of antiviral immunity through their ability to produce large 
amounts of interferon-α (IFN-α) and IFN-β3. In addition to their 
antiviral role, pDCs also promote various autoimmune diseases such 
as psoriasis and systemic lupus erythematosus (SLE)4,5. Regarding 
autoimmune diabetes, a pathogenic role for IFN-α and pDCs has been 
proposed, as IFN-α treatment of patients with viral infections or with 
leukemia has been shown to be associated with increased incidence of 
T1D6,7. Additionally, IFN-α–producing pDCs have been detected in 
the blood of patients with T1D at the time of diagnosis8. Furthermore, 
genetic analysis supports a diabetogenic role for IFN-α–induced genes 
in prediabetic children9. In mice, transgenic non–autoimmune-prone 
mice expressing IFN-α in beta cells develop autoimmune diabetes10. 
Subsequently, it was shown that IFN-β accelerates the onset of the 
disease in nonobese diabetic (NOD) mice and breaks self tolerance 
to beta cell antigens in nonobese resistant mice11. This potential role 
of IFN-α and IFN-β and pDCs in T1D and in other autoimmune 
diseases prompted us to investigate the functions of pDCs in the ini-
tiation of diabetes. It has been found that during the first postnatal 
weeks, waves of physiological beta cell death occur in rodents12–14, 
pigs15 and humans16. Given that dead cell clearance is defective in 
NOD mice17, we speculate that the accumulation of beta cell debris 
(for example, self DNA) can activate pDCs in the pancreas.

RESULTS
Innate cells infiltrate the pancreas of young NOD mice
We initially focused on characterizing immune cell infiltration in the 
pancreas of NOD female mice starting at 2 weeks of age (Fig. 1a,b). 
As early as 2 weeks of age, various innate immune cells such as neu-
trophils (Ly6G+CD11b+) and pDCs (m927+CD11cmed) and also  
B cells (CD19+) infiltrated the islets. The presence of neutrophils and 
pDCs was only transient, reaching a maximum at 3 and 4 weeks of 
age, respectively. Notably, the recruitment of these innate cells was 
specific to the NOD mice, as we did not observe such cells in the islets 
of C57BL/6 or BALB/c mice (Supplementary Fig. 1a,b).

Histological analysis confirmed the presence of pDCs 
(B220+CD11c+), conventional DCs (cDCs) (B220−CD11c+), B cells 
(B220+CD11c−) and neutrophils (NIMP-R14+) surrounding or 
inside the NOD islets at 3 but not at 6 weeks of age (Fig. 1c,d and 
Supplementary Fig. 2). Together, these data reveal that innate cells 
infiltrate the pancreatic islets of young NOD mice, which suggests 
they have a role in T1D initiation.

Pancreatic IFN-a–secreting pDCs are crucial for T1D initiation
We analyzed IFN-α production in the islets of NOD mice because 
this cytokine is associated with activated pDCs and autoimmunity3. 
IFN-α was detected in the islets only at 3 weeks of age (Fig. 2a).  
To determine the association of IFN-α with T1D development, we ana-
lyzed the mRNA expression of IFN-α, IFN-α–induced gene products 
(ISG15, IRF7, IFIT1 and IFIT3) and proinflammatory gene products 
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Type 1 diabetes develops over many years and is characterized ultimately by the destruction of insulin-producing pancreatic beta 
cells by autoreactive T cells. Nonetheless, the role of innate cells in the initiation of this disease remains poorly understood. Here, 
we show that in young female nonobese diabetic mice, physiological beta cell death induces the recruitment and activation of 
B-1a cells, neutrophils and plasmacytoid dendritic cells (pDCs) to the pancreas. Activated B-1a cells secrete IgGs specific for 
double-stranded DNA. IgGs activate neutrophils to release DNA-binding cathelicidin-related antimicrobial peptide (CRAMP), 
which binds self DNA. Then, self DNA, DNA-specific IgG and CRAMP peptide activate pDCs through the Toll-like receptor 9–
myeloid differentiation factor 88 pathway, leading to interferon-a production in pancreatic islets. We further demonstrate through 
the use of depleting treatments that B-1a cells, neutrophils and IFN-a–producing pDCs are required for the initiation of the 
diabetogenic T cell response and type 1 diabetes development. These findings reveal that an innate immune cell crosstalk takes 
place in the pancreas of young NOD mice and leads to the initiation of T1D.
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(interleukin-1β, IFN-γ and CXCL10) in the 
islets of NOD mice at various ages. Expression 
of IFN-α and IFN-α–induced gene prod-
ucts reached a maximum at 3 and 4 weeks 
of age, respectively (Supplementary Fig. 3). 
Proinflammatory gene expression increased 
continually between 4 and 8 weeks of age 
in the islets of NOD mice (Supplementary 
Fig.  3). mRNA expression of IFN-α and  
IFN-α–induced gene products was not 
observed in nonautoimmune C57BL/6 or 
BALB/c mice (Supplementary Figs. 3 and 4).  
Together, these data reveal that the IFN-α  
signature in young mice was associated with 
the autoimmune-prone NOD genetic back-
ground. We next focused on pDCs and their putative role in T1D 
initiation. FACS analysis showed that pDCs isolated from the islets 
of NOD mice produced IFN-α, which peaked at 3 and declined at  
6 weeks of age (Fig. 2b). Accordingly, the expression of IFN-α–induced 
genes in 4-week-old NOD mice was abolished after pDC depletion 
using m927 monoclonal antibody (mAb) against the BST2 antigen 
between 2 and 3 weeks of age (Fig. 2c and Supplementary Fig. 5). To 
assess the diabetogenic role of pDCs, we evaluated the autoreactive 
CD8+ T cell response against the beta cell antigen islet-specific glu-
cose-6-phosphatase catalytic subunit-related protein (IGRP)206–214 in 
8-week-old NOD mice that were depleted of pDCs or that had been 
treated with Siglec-H–specific mAb to prevent IFN-α production by 
pDCs (Supplementary Fig. 6). Both treatments administered between 
2 and 3 weeks of age led to a dramatic reduction in the frequency of 
NRP-V7-tetramer+ CD8+ T cells specific for IGRP206–214 within the 
pancreatic lymph nodes (PLN) and to a strong decrease in IGRP206–214- 
reactive IFN-γ+ CD8+ T cells within the islets of 8-week-old NOD 
mice (Fig. 2d and Supplementary Fig. 7). Accordingly, pDC deple-
tion in 2-week-old NOD mice prevented the development of T1D up to  
30 weeks of age (Fig. 2e). Together, these data demonstrate that pancre-
atic pDCs produce IFN-α in young NOD mice and subsequently induce 
autoimmune diabetes. To determine whether Toll-like receptor (TLR) 

pathways were necessary for IFN-α expression in the islets of NOD 
mice, we used Myd88−/− NOD mice, which lack the ability to signal 
through TLRs (excluding TLR3). We failed to detect IFN-α production 
in the islets from 3-week-old Myd88−/− NOD mice (Supplementary 
Fig. 8a). Accordingly, the increase in IFN-α–induced gene expres-
sion observed in NOD mice was also absent in the islets of 4-week-old 
Myd88−/− NOD mice (Supplementary Fig. 8b). To determine the TLR 
involved, we treated 2-week-old NOD mice with IRS954, an antagonist 
of TLR7 and TLR9 pathways. Such treatment decreased the expres-
sion of IFN-α–induced genes in the islets of 4-week-old NOD mice 
(Supplementary Fig. 8b). Finally, treatment of 2-week-old NOD mice 
with IRS954 prevented the development of T1D, whereas CpG1585,  
a TLR9 agonist, increased the incidence of T1D, confirming the role of 
TLR7 and TLR9 and subsequent IFN-α production in the initiation of 
T1D in young NOD mice (Fig. 2e).

B-1a cells activate pDCs in the pancreas 
During psoriasis and lupus development, self DNA released from 
dying keratinocytes forms immune complexes with IgGs specific 
for double-stranded DNA (dsDNA), which then activate pDCs via 
TLR9 (ref. 4). Thus, we investigated whether this mechanism of pDC  
activation takes place in T1D. First, we detected dsDNA-specific IgGs 
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Figure 1 Innate immune cells infiltrate the 
pancreas of NOD mice in the first postnatal 
weeks. (a,b) FACS analysis of CD45+ infiltrating 
cells from pancreatic islets collected from 2 to 
6 weeks. Frequencies of pDCs (m927+CD11c+), 
cDCs (m927−CD11c+), neutrophils 
(Ly6G+CD11b+), B cells (CD19+) and T 
cells (TCRβ+) are shown in each quadrant. 
Frequencies of positive cells among CD45+ 
cells are represented in a and absolute number 
in b. Data are mean values ± s.e.m. and are 
representative of four independent experiments 
with four pooled mice for each group. *P < 0.05 
for each group compared to 2-week-old group. 
(c,d) Immunohistological analysis of DCs (c) 
and neutrophils (d) from the pancreas of  
3-week-old NOD mice. Zoomed-in boxed area in 
c shows cDCs (CD11c+) in red, B cells (B220+) 
in yellow and pDCs (CD11c+B220+) in orange 
and in d shows neutrophils (NIMPR14+) in red. 
Pancreatic sections were prepared as described 
in the Online Methods. Representative data 
from nine pancreases with ten sections for each 
pancreas from three independent experiments 
are shown. TCR-β, T cell receptor-β.
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at a low concentration in the sera of NOD, BALB/c and C57BL/6 
mice and at a high concentration in serum from NZB/W F1 lupus-
prone mice used as a positive control (Fig. 3a). Conversely, in the 
islets, we observed a higher amount of dsDNA-specific IgGs from 
NOD mice as compared to BALB/c or C57BL/6 mice (Fig. 3b). We 
also observed a higher amount of total IgG in islets from NOD mice 
compared to BALB/c or C57BL/6 mice (Supplementary  Fig. 9). 
Among B cell populations, the CD5+CD19+CD1dmed B-1a cells 
may produce high titers of dsDNA-specific IgGs18. Accordingly,  
we observed a large population of B-1a cells in the islets of NOD 
mice as early as 2 weeks of age (Fig. 3c). Their frequency among the 
total B cell population in the islets declined with the age (Fig. 3d and 
Supplementary Fig. 10).

Next, we performed peritoneal lavages between 1 to 3 weeks of 
age to deplete B-1a cells from pancreatic islets of NOD mice as pre-
viously described19 (Supplementary  Fig.  11). B-1a cell depletion 
largely reduced the production of dsDNA-specific IgGs in the islets of  
3-week-old NOD mice (Fig. 3b). Additionally, pancreatic B-1a cells 
sorted from 3-week-old NOD mice produced dsDNA-specific IgGs 
after 7 d of culture, contrary to pancreatic B-2 cells (Fig. 3e). B-1a cell  
depletion also strongly reduced the frequency of IFN-α–secreting 
pDCs in the islets of 4-week-old NOD mice (Fig. 3f) and inhibited the 
diabetogenic T cell response within the PLN and islets of 8-week-old 

NOD mice (Fig. 3g). Accordingly, B-1a cell depletion in 2-week-old 
NOD mice prevented T1D development (Fig. 3h). Collectively, these 
data unveil a crucial role of pancreatic B-1a cells in the activation of 
pDCs and T1D initiation.

Pancreatic neutrophils activate pDCs and initiate T1D
Our analysis of the pancreatic infiltrate of 3-week-old NOD mice 
revealed the presence of neutrophils (Fig. 1). This group of innate 
cells is a key player in the clearance of extracellular pathogens20. 
In individuals with SLE, neutrophils secrete DNA-binding anti-
microbial peptides (LL-37 in humans and CRAMP in mice) that 
bind immune complexes and potentiate their stimulatory effect on  
IFN-α–secreting pDCs21,22. We first observed that neutrophil deple-
tion between 2 and 3 weeks of age using the NIMP-R14 mAb against 
Ly6G antigen (Supplementary Fig. 12) attenuated the expression 
of IFN-α–induced genes in the pancreas of 4-week-old NOD mice 
(Fig. 4a). Injection of CRAMP in 4-week-old NOD mice increased the 
expression of IFN-α–induced genes in the islets 24 h later (Fig. 4a). 
Moreover, coinciding with the presence of neutrophils, peak CRAMP 
mRNA expression was detected at 3 weeks of age (Fig. 4b), and neu-
trophil depletion markedly reduced this expression (Fig. 4c). FACS 
analysis confirmed that pancreatic neutrophils were the source of 
CRAMP in young NOD mice (Fig. 4d). No CRAMP expression was 
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Figure 2 Pancreatic pDCs express IFN-α and are required for T1D development in NOD mice. (a) IFN-α production in the islets of NOD mice from  
2 to 6 weeks of age, measured after 36-h culture. Data represent seven independent mice for each group from four independent experiments.  
*P < 0.05 for each group compared to 2-week-old group. (b) FACS analysis of IFN-α by pDCs from islets of 3- or 6-week-old NOD mice. Frequency (left) 
and absolute number (right) of IFN-α+ cells among pDCs in pancreatic islets (top) and the spleen (bottom). Data are mean values ± s.e.m. of  
four independent experiments with four pooled mice for each group. *P < 0.05 for 3-week-old group compared to 6-week-old group. (c) mRNA 
expression of IFN-α–induced genes as assessed by quantitative PCR in the islets of NOD mice treated with depleting m927 mAb or isotype control.  
Data are mean values ± s.e.m. of three independent experiments with four independent mice for each group. *P < 0.05. (d) Analysis of CD8+ T cells 
specific for IGRP206–214 in 8-week-old NOD mice after pDC depletion or blockade of IFN-α–producing-pDCs at 2–3 weeks of age. Left, frequency of 
NRP-V7 tetramer-specific cells among the CD8+ T cell population from PLN. Right, frequency of IFN-γ+ cells among the CD8+ T cell population after  
re-stimulation with IGRP206–214 peptide. Representative dot plots are shown, and values in the graph correspond to four independent mice for each 
group from two independent experiments. *P < 0.05 for treated group compared untreated group. (e) Incidence of diabetes in NOD mice after pDC 
depletion or TLR9 targeting. Mice were treated with m927 mAb, isotype control, IRS954 or CpG1585 at 2 weeks of age over 2 weeks. *P < 0.05 for  
each treated group compared to control group (n = 12 mice per group).
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observed in other CD45+ or in CD45− cells in the pancreatic islets 
(Supplementary Fig. 13). Histological analysis confirmed the pres-
ence of CRAMP-secreting neutrophils inside the islets of 3-week-
old NOD mice (Fig. 4e). Pancreatic neutrophils appeared to release 
neutrophil extracellular traps (NETs), which are typically associated 
with CRAMP release and activation of IFN-α–secreting pDCs in 
patients with SLE21,22.

We confirmed that ex vivo–isolated pancreatic neutrophils pro-
duced NETs containing DNA by staining with a Ly6G-specific 
antibody and SYTOX-Green, and these NETs were associated with 
CRAMP peptide (Fig. 4f and Supplementary Fig. 14). Neutrophil 
depletion at 2 weeks of age reduced the frequency of IFN-α–secreting 
pDCs in the islets of treated NOD mice (Fig. 5a) and dampened the 
diabetogenic T cell response within the PLN and islets of 8-week-old 
NOD mice (Fig. 5b). Accordingly, neutrophil depletion in 2-week-old  
NOD mice inhibited T1D development at later ages (Fig.  5c). 
Together, these data support a role for CRAMP-secreting neutrophils 
in the activation of pancreatic pDCs and T1D initiation.

Neutrophils and B-1a cells cooperate to activate pDCs
We next investigated the molecular interplay between innate cells 
in the islets of young NOD mice. Neutrophils are activated via 
various pathways including Fcγ receptors (FcγRs), TLRs or both.  

First, we excluded the TLR pathway because CRAMP mRNA expres-
sion in the islets was unaltered in Myd88−/− NOD mice as compared 
to WT NOD mice (Fig. 4c). As IgG-secreting B-1a cells have been 
shown to activate neutrophils via FcγRs20, we performed in vitro cul-
tures with neutrophils isolated from bone marrow and activated with 
phorbol-12-myristate-13-acetate (PMA), immune complexes (dsDNA 
plus commercial dsDNA-specific IgGs) or B-1a immune complexes 
(dsDNA plus pancreatic B-1a cell–conditioned medium), and meas-
ured CRAMP expression on the surface of neutrophils (Fig. 5d). 
As expected, PMA (used as positive control) induced expression 
of CRAMP. Immune complexes and B-1a immune complexes also 
induced CRAMP expression, which was blocked by the addition of a 
mix of FcγRII/III-specific and FcγRIV-specif mAbs, revealing that the 
neutrophils were activated through FcγRs (Fig. 5d). Notably, our data 
obtained with severe combined immunodeficiency NOD mice, which 
are devoid of T and B cells, demonstrated the requirement of B cells 
in the activation of pancreatic neutrophils (Supplementary Fig. 15). 
These data strongly suggest that in the pancreatic islets of NOD mice, 
CRAMP-producing neutrophils are activated by IgG-secreting B-1a 
cells via FcγRs.

To determine whether both neutrophils and B-1a cells are required 
for activation of pDCs, we cultured splenic pDCs with pancreatic  
B-1a cell–conditioned medium, supernatant of bone marrow–isolated  
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mean values ± s.e.m. of two independent experiments with three independent mice for each group. *P < 0.05. (f) FACS analysis of IFN-α secretion  
by pDCs after B-1a cell depletion in NOD mice at 3 weeks of age. Right, absolute number of IFN-α+ cells among pDCs. Data are mean values ± s.e.m.  
of four independent experiments with four pooled mice for each group. *P < 0.05, treated group compared to untreated group. (g) Analysis of CD8+  
T cells specific for IGRP206–214 in 8-week-old NOD mice after B-1a cell depletion at 2–3 weeks of age. Left, frequency of NRP-V7 tetramer-specific 
cells among CD8+ T cell population from PLN. Right, frequency of IFN-γ+ cells among CD8+ T cell population after re-stimulation with IGRP206–214 
peptide. Representative dot plots are shown, and values in the graphs correspond to four independent mice for each group from two independent 
experiments. *P < 0.05 for treated group compared untreated group. (h) Incidence of diabetes in NOD mice after B-1a cell depletion in NOD mice.  
Mice were treated between 7 d and 21 d of age. *P < 0.05 for treated group compared to control group (n = 12 mice per group).
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neutrophils preactivated with B-1a immune complexes, or both.  
As a positive control of pDC activation, CpG1585 induced IFN-α  
production in pDCs, which was inhibited by IRS954 (Fig.  5e). 
Soluble IC induced moderate production of IFN-α, which was 
potentiated by the addition of CRAMP as previously described21. 
B-1a cell–conditioned medium also induced moderate IFN-α  
production that was potentiated by the addition of neutrophil- 
conditioned medium (Fig.  5e). This strong IFN-α production 
induced by the addition of both supernatants was inhibited by 
IRS954 (Fig. 5e). These data demonstrate that B-1a cells secreting 
dsDNA-specific IgG and CRAMP-secreting neutrophils cooperate 
to stimulate IFN-α production by pDCs through TLR9.

Beta cell death initiates the innate cell activation cascade
Our data revealed that an innate cell crosstalk takes place in the 
pancreas of young NOD mice and leads to the initiation of T1D. 
However, the initial event that triggers this crosstalk remained unclear.  
We investigated the putative role of physiological beta cell death that 
occurs spontaneously in young NOD mice during organogenesis  
and after weaning13. To mimic this event, we induced beta cell death 
by injecting streptozotocin (STZ). On day 1 after STZ injection 
in 6-week-old NOD mice, we observed an increase in the expres-
sion of IFN-α–induced genes in the islets (Fig. 6a). This increase 
was dependent on pDCs, as revealed by m927 depleting mAb 
treatment (Fig. 6b). STZ treatment failed to induce expression of  
IFN-α–induced genes and recruitment of pDCs, neutrophils or B-1a 
cells in the islets of non–autoimmune-prone C57BL/6 and BALB/c 
mice (Supplementary Figs. 16 and 17a).

We next demonstrated that STZ treatment at 6 weeks of age induced 
the production of dsDNA-specific IgGs and increased the frequency 
of CRAMP-expressing neutrophils in the islets of NOD mice 24 h later 
(Fig. 6c,d and Supplementary Fig. 17b). This increased production 
of dsDNA-specific IgGs and the recruitment of CRAMP+ neutrophils 
in the islets induced by STZ were similar to that which we observed 
in 3-week-old NOD mice, suggesting that beta cell death could  
be required for the activation of pancreatic pDCs in young NOD mice. 
To test this hypothesis, we treated 7-d-old NOD mice with a single 
injection of Z-VAD, a pan-caspase inhibitor. This treatment abrogated 
dsDNA-specific IgG secretion, CRAMP-production by neutrophils and 
IFN-α–induced gene expression in islets of 4-week-old NOD mice 
(Fig. 6e–g) and prevented T1D development up to 30 weeks of age 
(Fig. 6h). Altogether, our study demonstrated that in young NOD mice, 
physiological beta cell death initiates the activation of innate immune 
cells, which leads to the local production of IFN-α, the development 
of diabetogenic T cell responses and autoimmune diabetes.

DISCUSSION
Despite increased knowledge of the pathogenesis of T1D, the 
early stages of disease pathogenesis remain poorly defined. Here,  
we demonstrate that in young NOD mice, when physiological beta 
cell death occurs, innate immune cell crosstalk takes place in the pan-
creas that is crucial for T1D development (Supplementary Fig. 18).  
We propose that beta cell debris (that is, self DNA) form immune com-
plexes with dsDNA-specific IgGs secreted by B-1a cells. Neutrophils 
produce DNA-binding peptide that potentiates these immune com-
plexes, inducing IFN-α secretion by pancreatic pDCs through TLR9.  

0.03

a ISG15
*

*

0.02

0.01

R
el

at
iv

e 
ex

pr
es

si
on

0

IFIT1

0.020

0.03

IRF7
*

*

0.02

0.01

R
el

at
iv

e 
ex

pr
es

si
on

0

IFIT3

0.015
*

*

0.010

0.005

R
el

at
iv

e 
ex

pr
es

si
on

0

*
*

0.015

0.010

0.005

R
el

at
iv

e 
ex

pr
es

si
on

0

f

5 µm Sytox Ly6G

CRAMP Merge

Merge

Sytox10 µm

e Insulin CRAMP NIMP-R14
Hoechst

25 µm

10 µm Zoom

b
* *0.06

0.04

0.02

C
R

A
M

P
 r

el
at

iv
e

ex
pr

es
si

on

0
2 3 4 6

Age (weeks)
8

4-week-old 4-week-old without
neutrophils

4-week-old + CRAMP2-week-old

c
*

0.06

0.04

0.02

C
R

A
M

P
 r

el
at

iv
e

ex
pr

es
si

on

0
2 3 3 3

Age (weeks)

3-week-old WT
3-week-old WT neutrophil
depleted
3-week-old Myd88–/–

2-week-old WT

d

Spleen

Pancreas

CRAMP

BM

E
ve

nt
s 

(%
 o

f m
ax

)

Isotype control
CRAMP-specific pAb

25.6% ± 4.8%*
(MFI = 204)

92.1% ± 3.3%*
(MFI = 1,746)

3.1% ± 1.5%
(MFI = 127)
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This cytokine creates an inflammatory milieu favorable for the dia-
betogenic adaptive response and autoimmune diabetes.

Aside from the key role of IFN-α–secreting pDCs in antiviral 
defense, a growing body of evidence argues for a pathogenic role for 
them in several autoimmune diseases such as psoriasis and lupus23. 
In T1D, differing results are found in the literature concerning the 
role of IFN-α and pDCs in disease pathogenesis. The expansion of 
IFN-α–producing pDCs has been documented in patients with T1D 
around the time of diagnosis8, and IFN-α treatment of patients with 
hepatitis infection or with leukemia has been shown to induce diabe-
tes development6,7,24. Recent studies revealed that NOD mice harbor 
high IFN-α levels in PLN before the onset of diabetes25 and that pDC 
depletion prevents T1D development in these mice26. NOD mice 
 harbor substantially more splenic pDCs in comparison to C57BL/6 
mice, and NOD pDCs produce more IFN-α after in vitro stimulation 
than C57BL/6 pDCs27. Paradoxically, older studies showed that IFN-α 
treatment reduces diabetes incidence in NOD mice or Biobreeding 
(BB) rats, a strain of rats that spontaneously develop autoimmune 
diabetes28–31. However, treatment with an inducer of IFN-α and 
IFN-β production such as poly(I:C) can prevent32,33 or accelerate34–36  

the disease depending on the dose, time, duration and route of 
 administration (oral, intraperitoneal or subcutaneous). The pro-
inflammatory role of type I IFNs has been extensively documented; 
IFN-α and IFN-β induce cDC maturation, activate immunoglobu-
lin-secreting B cells, enhance CRAMP expression by neutrophils and 
boost effector T cell responses37,38. Type I IFNs also directly affect 
pancreatic beta cells by inducing cytokine and chemokine secretion 
and major histocompatibility complex class I expression, enhancing 
their susceptibility to attack from diabetogenic T cells39. The protec-
tive role of IFN-α treatment remains unclear; one hypothesis is that 
type I IFN can boost the activity of regulatory T cells40–43.

It has been also reported in some diabetes models that pDCs can 
exert disease-protective effects against the development of T1D44,45. 
However, the precise mechanism leading to T1D prevention and the 
direct role of pDCs were not precisely addressed. In our previous  
studies46,47, we demonstrated that during viral infection of 6-week-old 
NOD mice, pDCs can inhibit T1D development by two complemen-
tary pathways but at different times and locations. Indeed, 1–2 d after 
infection, pDCs transiently produced IFN-α in the pancreas to dampen 
viral replication, avoiding tissue damage, and then migrate to the PLN 
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and produce transforming growth factor-β, which induces regulatory  
T cells at later time points. However, to be efficient, these mechanisms 
of protection required the stimulation of invariant natural killer T cells 
at the time of infection. Altogether, these studies support the notion that 
pDCs could harbor both pathogenic and protective functions during 
autoimmune diabetes development, depending on the course of the 
disease, the infectious context and the localization of the cells.

B cells are proposed to be involved in T1D pathogenesis as self 
 antigen–presenting cells, but there is little evidence for a diabetogenic 
role for autoantibodies48. Our data revealed that the innate-like CD5+ 
B-1a cells have an as yet undescribed role in T1D initiation through the 
production of dsDNA-specific IgGs and the activation of neutrophils 
and pDCs in the pancreas. A previous publication showed that peri-
toneal B-1a cells participate in T1D development in NOD mice, but 
their mechanism of action remained unknown19. Notably, the number 
of circulating CD5+ B cells is higher in children with a very recent 
onset of T1D, as compared with patients with long-term disease or  
controls49. An altered B cell receptor signaling threshold has also been 
observed in patients with T1D as compared to healthy controls50. 
High frequencies of CD5+ B cells have been reported in patients with 

other autoimmune diseases, such as Sjögren’s disease51 and rheuma-
toid arthritis52. Similarly, NOD mice harbor an elevated frequency of 
self-reactive B cells compared to C57BL/6 and BALB/c mice53.

The role of neutrophils in autoimmunity has been described in 
small-vessel vasculitis, SLE, psoriasis and a mouse model of skin 
inflammation21,22,54,55. In these studies, neutrophils act by producing 
the DNA-binding peptides LL-37 and CRAMP, which form complexes 
with self DNA and dsDNA-specific IgGs, activating IFN-α produc-
tion by pDCs. DNA-binding peptides are released by neutrophils 
 during NETosis20. Our study demonstrates that neutrophils release  
NET-associated CRAMP in pancreatic islets, which promotes diabetes 
initiation in NOD mice.

We show that spontaneous or STZ-induced beta cell death is 
required for the activation of IFN-α–secreting pDCs probably by 
releasing self DNA essential to the formation of immune complexes, 
as shown in other diseases56. Previous studies in NOD mice provided 
evidence that beta cell death naturally occurring during the first post-
natal weeks initiates the activation of cDCs and the priming of auto-
reactive T cells14. Notably, these waves of physiological beta cell death 
also occur in pigs15 and humans16. Beta cell debris could accumulate 

*
0.50

0.40

0.30

0.20

0.10

0

NOD

NOD +
 Z

-V
AD

f
ds

D
N

A
-s

pe
ci

fic
 lg

G
(A

40
5)

*25

20

15

10

5

0

NOD

NOD +
 Z

-V
AD

g

C
R

A
M

P
+
 n

eu
tr

op
hi

ls
(×

10
4 )

3-week-old + Z-VAD3-week-old

*

0.50

0.40

0.30

0.20

0.10

0

NOD

NOD +
 S

ZT

c

ds
D

N
A

-s
pe

ci
fic

 lg
G

(A
40

5)

*25

20

15

10

5

0

NOD

NOD +
 S

ZT

d

C
R

A
M

P
+
 n

eu
tr

op
hi

ls
(×

10
4 )

6-week-old 6-week-old + SZT

0.08 *
0.06

0.04

0.02

0

b

R
el

at
iv

e 
ex

pr
es

si
on

ISG15

*0.04

0.03

0.02

0.01

0

R
el

at
iv

e 
ex

pr
es

si
on

IFIT1

0.020 *
0.015

0.010

0.005

0

R
el

at
iv

e 
ex

pr
es

si
on

IRF7

*0.020

0.015

0.010

0.005

0

R
el

at
iv

e 
ex

pr
es

si
on

IFIT3

+SZT (day 1) without pDC

Untreated +SZT (day 1)

*

*0.020

0.015

0.010

0.005

0

0.04

0.03

0.02

0.01

0

e

R
el

at
iv

e 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

IFIT1

ISG15
*

*

0.020

0.015

0.010

0.005

0

0.008

0.006

0.004

0.002

0

R
el

at
iv

e 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

IFIT3

IRF7

2-week-old 4-week-old 4-week-old + ZVAD

0.04

0.03

0.02

0.01

0

0.03

0.02

0.01

0

0 1

*

*

2

ISG15
a

IFIT1

Time after treatment (d)

R
el

at
iv

e 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

3

0 1 2
Time after treatment (d)

3

*

*

IFIT3

IRF7

Time after treatment (d)

Time after treatment (d)

R
el

at
iv

e 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

0 1 2 3

0.04

0.03

0.02

0.01

0

0.03

0.02

0.01

0

0 1 2 3

h

D
ia

be
tic

 m
ic

e 
(%

)

100

80

60

40

20

0
0 5 10 15

Age (weeks)

Control

Z-VAD

20 25

*

30
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in the pancreas of NOD mice because of a defect in phagocytic clear-
ance in this genetic background17. Previous data indicate that proin-
flammatory responses and autoimmune disorders can be elicited by 
defective clearance of apoptotic cells57. During infancy, the immune 
system may be provoked with a physiological massive rebuilding of 
the pancreatic islets via programmed cell death and may initiate the 
diabetogenic process in an autoimmune genetic background58.

Finally, the interplay between B-1a cells, neutrophils and pDCs 
seems to be a common feature of autoimmune diseases. This new 
aspect of the pathogenesis of autoimmune diseases is likely to open new 
therapeutic avenues directed toward the targeting of innate immune 
cells. One of the major needs is to set up more efficient tools that 
allow the detection of these primary diabetogenic events. Approaches 
focused on pDCs would be more selective and tolerable than targeting 
of the IFN-α response, which can disturb antiviral responses.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Mice and treatments. Female BALB/c, C57BL/6, NOD and Myd88−/− NOD59 
mice were bred and housed in specific pathogen–free conditions. For pDC and 
neutrophil depletion, WT NOD mice were injected i.p. on days 14 and 21 after 
birth, respectively, with 500 µg of depleting m927 mAb per mouse (from M. 
Colonna) or 250 µg of depleting NIMP-R14 mAb per mouse (from S. Mecheri). 
For inhibition of IFN-α production by pDCs, WT NOD mice were injected i.p. 
on days 14 and 21 after birth, with 200 µg of anti–Siglec-H mAb in 200 µL of 
PBS (ebio440c, eBioscience). The same treatment was performed with respec-
tive isotype control. Inhibition of TLR7 and TLR9 was performed using 1 µg 
per mouse of IRS954 injected i.p. on days 14 and 21 after birth. TLR9 activation 
was performed by intravenous injection with 100 µg per mouse of CpG1585 
(Invivogen) on day 14 after birth. For B-1a cell depletion we used a protocol 
previously described with some modifications19,60. Briefly, 1-week-old mice 
were treated with i.p. injection of 500 µL water every 2 d over 14 d; PBS was 
injected as negative control. Apoptosis inhibition was performed using Z-VAD  
(Sigma) as previously described14. Mice were injected i.p. with 100 µL per mouse 
of Z-VAD at 10 µM on days 14 and 21 after birth. Beta cell death was induced by 
one i.p. injection with 1.6 mg of STZ (Sigma) per mouse. The synthetic mouse 
cathelicidin peptide CRAMP (Innovagen) was injected i.p. in 4-week-old mice, 
200 µg per mouse. This study was approved by the local ethics committee on 
animal experimentation of Paris Descartes University (CEEA34.JD.046.12).

Preparation of B-1a cell–conditioned medium. B-1a cells (5 × 103 in 100 µL) 
sorted as CD5+CD19+ cells from pancreatic islets of ten pooled 3-week-old NOD 
mice were incubated in RPMI complete medium, and cell-free supernatant was 
recovered after 7 d and stored at −80 °C before addition to neutrophil or pDC 
in vitro cultures.

Preparation of plate-bound immune complexes. Immobilized immune com-
plexes were prepared as follows. Briefly, immune complex–covered surfaces 
were prepared by incubating 96-well Maxisorp F96 (Nunc International) ELISA 
plates with 20 µg mL−1 genomic dsDNA (Promega) in PBS for 12 h at 37 °C, 
followed by blocking with 10% BSA in PBS for 1 h and a further 1-h incubation 
with anti-dsDNA IgG2b mAb (DNA11-M, Gentaur) at 10 µg/mL. Alternatively, 
to form B-1a immune complexes, anti-dsDNA IgG2b mAbs were replaced by 
pancreatic B-1a cell–conditioned medium. Parallel wells prepared without the 
addition of anti-dsDNA IgGs served as controls.

Neutrophil stimulation. Neutrophil activation by immobilized immune com-
plexes (with anti-dsDNA IgG2b mAb) or B-1a immune complexes was achieved 
by plating the cells on the immune complex–coated surfaces without any addi-
tional stimulus. Neutrophils (2 × 105 in 100 µL) sorted as Ly6G+ CD11b+ cells 
from bone marrow of 3-week-old NOD mice were incubated in complete RPMI. 
In some conditions, neutrophils were preincubated during 1 h at 37 °C with a 
mix of blocking anti-FcγRII/III (clone 24G2, BD) and anti-FcγRIV mAbs (clone 
9E9, from J. Ravetch) at 10 µg mL−1. Neutrophils were incubated for 20 min for 
evaluation of CRAMP expression by FACS or for 6 h to generate neutrophil-
conditioned medium to stimulate pDCs in vitro.

In vitro pDC activation by neutrophils and B-1a cells. Purified splenic pDCs 
from 3-week-old NOD mice (1 × 105, Miltenyi kit) were stimulated in 150 µL 
complete RPMI with neutrophil-conditioned medium (1:3 vol/vol) and/or B-1a 
cell-conditioned medium (1:3 vol/vol) in the presence or absence of a TLR7/9 
inhibitor (IRS954 1 µg mL−1). As a positive control, pDCs were incubated with 
CpG1585 (5 µg mL−1), soluble immune complexes (3 µg/mL dsDNA + 1 µg mL−1  
anti-dsDNA IgGs, incubated 30 min at room temperature) or CRAMP  
(50 µg mL−1). After 36 h of culture, supernatants were recovered and IFN-α 
production was measured by ELISA (PBL).

Diabetes diagnosis. Mice were tested every day for diabetes. Overt diabetes  
was defined as two positive urine glucose tests, confirmed by a blood sugar level 
of >200 mg dL−1. The Glukotest kit was purchased from Roche.

Preparation of pancreatic islets. Mice were killed and pancreata were perfused 
with 3 mL of a solution of collagenase P (1.5 mg mL−1, Roche), then dissected 
free from surrounding tissues. Pancreata were then digested at 37 °C for 10 min. 

Digestion was stopped by adding HBSS–5% FCS followed by extensive washes. 
Islets were then purified on a discontinuous Ficoll gradient and disrupted add-
ing 1 mL of cell dissociation buffer (GIBCO) for 10 min at 37 °C. After another 
wash, cells were resuspended, counted and used.

Flow cytometry. Cell suspensions were prepared from various tissues and were 
stained at 4 °C in PBS containing 2% FCS and 0.5% EDTA after FcγRII/III block-
ing. Surface staining was performed with antibodies all from BD Pharmingen or 
eBioscience (anti-CD11c (clone N418), anti-CD11b (clone M1/70), anti-Ly6G 
(clone 1A8), anti-CD45 (clone 30-F11), anti-CD19 (clone 1D3), anti-TCRβ (clone 
H57-597), anti-CD8 (clone 53-6.7), anti–IFN-γ (clone XMG1.2), anti-CD5 (clone 
53-7.3), anti-CD21 (clone 8D9), anti-CD1d (clone 1B1)) except m927 mAb and 
NIMP-R14 mAb, which were conjugated in our laboratory and were used at the 
concentration of 1 μg mL−1. For CRAMP surface staining, cells were stained 
sequentially with rabbit anti-CRAMP pAb (from B. Agerberth, 1 µg mL−1) and 
anti-rabbit-PE pAb (12-4739-81, eBiosciences, 0.5 µg mL−1). For intracellular 
IFN-α staining, the cell suspension was incubated 4 h at 37 °C with Brefeldin 
A. After fixation and permeabilization (BD Fix&Perm), cells were first stained 
with anti–IFN-α (clone RMMA-1, 10 µg mL−1 PBL); then the surface staining 
was performed. For NRP-V7 tetramer (from the National Institutes of Health 
tetramer core facility) staining, cells were stained with tetramers for 45 min at 
room temperature followed by surface staining for 15 min at 4 °C. Dead cells were 
excluded using Fixable Viability Dye staining (eBioscience). Stained cells were 
analyzed and/or sorted on a FACS Aria flow cytometer (BD Biosciences).

Histology. Pancreases from NOD mice were collected, embedded in tissue-
freezing medium (Jung) and stored at −20 °C. Tissues were cut into 5-µm sec-
tions in a cryostat (Leica). Frozen sections were fixed in cold acetone. Staining 
with primary antibodies was performed for 1 h with the following antibodies: 
anti-Ly6G (clone NIMP-R14, from S. Mecheri, 1 µg mL−1), anti-B220 (clone 
RA3-6B2, from BD, 1 µg mL−1) and anti-CD11c-PE (clone N418, from eBio-
sciences, 1 µg mL−1) mAbs and insulin (A0564, Dako, 1 µg mL−1) or CRAMP 
(from B. Agerberth, 1 µg mL−1) pAbs. After washing, second-step reagents were 
applied: anti–rat biotin (A10517, Invitrogen, 1 µg mL−1) or anti–guinea pig 
A488 (A11073, Invitrogen, 1 µg mL−1) pAbs. If necessary, a third-step reagent 
was applied: streptavidin-PE or streptavidin-APC (eBioscience, 1 µg mL−1). 
Nuclei were stained with Hoechst (H1399, Invitrogen, 5 µg mL−1). Controls 
with isotype control staining were negative (data not shown).

Microscopy. NET production by neutrophils was assessed as follows. Briefly, pan-
creatic or bone marrow neutrophils were seeded on poly-l-lysine–coated glass 
(Polysine, Kindler GmhH) at a concentration of 106 cells per mL for 1 h at 37 °C in 
RPMI with 2% FCS. Then, cells were stained with anti–Ly-6G–conjugated antibody 
(clone NIMP-R14) for 10 min on ice and immediately fixed in 2% paraformaldehyde 
and counterstained for DNA with SYTOX Green (Invitrogen, 100 nM). In some 
experiments, after fixation, neutrophils were further stained with anti-CRAMP pAb 
(from B. Agerberth, 1 µg mL−1) and then counterstained for DNA with SYTOX 
Green. Slides were analyzed using a Leica TCS SP5 AOBS confocal microscope.

Quantitative PCR. Cells were collected in lysis buffer (RLT, Qiagen) buffer with 
1% of β-mercaptoethanol. mRNA was isolated using RNeasy Mini Kit (Qiagen) 
and reverse transcribed with Superscript III (Invitrogen). Quantitative PCR 
was performed with SYBR Green (Roche) and analyzed with a LightCycler 480 
(Roche). Data were normalized to Gapdh housekeeping gene.

Detection of IFN-a or anti-dsDNA IgGs in the pancreatic islets. Pancreatic islets 
were recovered by handpicking under a polarized microscope without any prior 
density separation. Fifty islets from the same mouse were then cultured for 48 h in  
100 µL of RPMI complete medium. Supernatants were used for IFN-α-quantification 
by ELISA (PBL) or for anti-dsDNA IgG quantification by ELISA (Calbiochem).

Statistical analyses. Diabetes incidence was plotted according to the Kaplan-
Meier method. Incidences between groups were compared with the log-rank 
test. For other experiments, comparison between means was performed using 
the non-parametric Mann-Whitney U-test. Reported values are means ± s.d. as 
indicated. P values < 0.05 were considered statistically significant. All data were 
analyzed using GraphPad Prism v5 software.
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