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Amplification of Autoimmune Response through Induction of
Dendritic Cell Maturation in Inflamed Tissues1
Kristin Melli,2* Rachel S. Friedman,2† Ashley E. Martin,* Erik B. Finger,* Gang Miao,*
Gregory L. Szot,‡ Matthew F. Krummel,† and Qizhi Tang3*
Dendritic cells (DCs) are essential in T cell-mediated destruction of insulin-producing ␤ cells in the islets of Langerhans in type 1
diabetes. In this study, we investigated T cell induction of intra-islet DC maturation during the progression of the disease in both
autoimmune-prone NOD and resistant C57BL/6 mice. We demonstrated steady-state capture and retention of unprocessed ␤ cellderived proteins by semimature intra-islet DCs in both mouse strains. T cell-mediated intra-islet inflammation induced an increase in
CD40 and CD80 expression and processing of captured Ag by resident DCs without inducing the expression of the p40 subunit of
IL-12/23. Some of the CD40high intra-islet DCs up-regulated CCR7, and a small number of CD40high DCs bearing unprocessed islet Ags
were detected in the pancreatic lymph nodes in mice with acute intra-islet inflammation, demonstrating that T cell-mediated tissue
inflammation augments migration of mature resident DCs to draining lymph nodes. Our results identify an amplification loop during
the progression of autoimmune diabetes, in which initial T cell infiltration leads to rapid maturation of intra-islet DCs, their migration
to lymph nodes, and expanded priming of more autoreactive T cells. Therapeutic interventions that intercept this process may be
effective at halting the progression of type 1 diabetes. The Journal of Immunology, 2009, 182: 2590 –2600.

T

ype 1 diabetes (T1D)4 develops as a consequence of aberrant activation of immune cells targeting the ␤ cells in
the islet of Langerhans. In the NOD mouse model of T1D
and in MHC-congenic C57BL/6 (B6)-IAg7 mice, initial priming
for islet-reactive T cells in the pancreatic lymph nodes (PLNs) can
be detected as early as 2 wk of age, and activated T cells are found
in the islets shortly thereafter (1). However, diabetes onset appears
in the NOD mice with much delayed kinetics, first emerging at 10
wk of age and reaching 60 – 80% by 40 wk among female mice.
This slow progression of disease most likely reflects the time required to expand the islet-reactive T cell repertoire under the constant restraint of active immune regulation (2– 4). Understanding
the mechanisms of subclinical disease progression may help to
guide the design of new strategies for new therapeutic intervention.
Dendritic cells (DCs) are a constituent of lymphoid organs and
a variety of healthy peripheral tissues, including islets (5, 6). In
steady state, DCs present self Ags to maintain T cell tolerance (7,
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notype when they encounter microbial products and initiate a protective immune response. The involvement of DCs in autoimmune
diabetes has been investigated in humans and animal models. They
are found in insulitic lesions in patients with T1D (9). In NOD
mice, DCs are among the first immune cells found in the islets (10,
11). As early as 14 days of age, DCs carrying islet Ags arrive in the
PLNs and are capable of priming islet-autoreactive T cells (1). In
older mice, depletion of DCs and macrophages using clodronateloaded liposomes leads to clearance of established intra-islet infiltrates and prevents diabetes (12). More recently, NOD mice expressing diphtheria toxin receptor transgenes under the control of
the CD11b or CD11c promoters were used to show that macrophage depletion had no impact on diabetes progression, whereas
depletion of myeloid DCs prevented diabetes and depletion of
plasmacytoid DCs exacerbated diabetes (13). Together, these studies demonstrate that DCs are critical to the initiation and progression of autoimmune diabetes.
To further dissect the mechanism by which DCs contribute to
the development and progression of diabetes, we used mouse
strains that express a ␤ cell-specific GFP transgene under the
control of the mouse insulin 1 promoter (MIP; referred to as
MIP-GFP mice hereafter) (14, 15). The acquisition and processing of islet Ag by DCs can be visualized in these mice by
tracking the GFP fluorescence. Previously, we observed a cohort of GFP-positive DCs in the PLNs of MIP-GFP mice, which
formed stable conjugates with islet Ag-specific T cells, suggesting that these cells present tissue Ags during autoimmune insult
of the islets (14, 15). In this study, we analyzed the steady-state
and the T cell-mediated maturation of islet-resident DCs. We
found that islet-resident DCs contained large amounts of unprocessed tissue Ags and exhibited a semimature phenotype in
the steady state. The onset of T cell-mediated tissue inflammation induced islet-resident DCs to mature and migrate to draining lymph nodes (LNs). These results suggest that the interplay
between T cells and DCs in the islets sustains and amplifies the
immune response to tissue Ags, and thus contributes to the progression of autoimmune diabetes.
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FIGURE 1. Phenotype of NOD.MIP-GFP mice. B6.MIP-GFP transgenic mice were backcrossed to the NOD background. A, Diabetes incidence of
NOD.MIP-GFP mice and their transgene-negative littermates at nine generations of backcrossing are shown. B, Immunohistological analysis of islets in
NOD.MIP-GFP transgenic mice and in transgene-negative littermates at eight generations of backcrossing. The ␤ cells are stained deep purple by aldehyde
fuchsin staining. The ␣, ␦, and polypeptide-producing cells are identified by the brown immunohistochemical staining for glucogon, somatostatin, and
pancreatic polypeptide, respectively. C, Insulitis score of NOD.MIP-GFP transgenic mice and their transgene-negative littermates at 9 –15 wk of age.
Numbers of islets analyzed are shown in the category x-axis label.

Materials and Methods
Mice
B6.MIP-GFP (14) were backcrossed to the NOD strain, and mice between
9 and 15 generations onto the NOD background were used. B6 mice expressing yellow fluorescent protein (YFP) under the CD11c promoter (16)
(CD11c-YFP mice) were backcrossed to the NOD stain for more than 15
generations before intercrossing to generate NOD.Rag2⫺/⫺.CD11c-YFP
mice. NOD.Yet40 mice were generated by backcrossing the B6.Yet40
mice (gift from R. Locksley, University of California, San Francisco, CA)
(17) for more than 10 generations. These mice and NOD (The Jackson
Laboratory and Taconic Farms), NOD.Rag2⫺/⫺, NOD.CD28⫺/⫺.MIPGFP, B6.MIP-GFP.RIP-mOVA (rat insulin promoter-driven membranebound chicken OVA), NOD.BDC2.5 TCR transgenic, and B6.OT-I TCR
transgenic mice were housed and bred under specific pathogen-free conditions at the University of California Animal Barrier Facility. The Institutional Animal Care and Use Committee of University of California approved all experiments.

Islet isolation
Islets were purified from mice using the standard collagenase protocols, as
described previously (18). Briefly, mice were killed, and the pancreata
were distended with 0.8 mg/ml collagenase P (Roche) solution via cannulated common bile duct. The distended pancreas was excised, incubated at
37°C for 17 min, and mechanically disrupted by gentle shaking. Pancreatic
islets were purified by Histopaque-1119 (Sigma-Aldrich) density-gradient
centrifugation and handpicked under a dissecting microscope.

Intraperitoneal glucose tolerance test
Mice were fasted overnight, and their baseline blood glucose was recorded.
The mice were then challenged with an i.p. injection of a 20% glucose
solution in normal saline, delivering a total of 2 g/kg body weight glucose.
Blood glucose concentrations were recorded every 30 min over the next
120 min.

Enumerating DCs in intact islets
Handpicked islets from B6.CD11c-YFP mice were stained with Hoechst
33342 and allowed to settle onto a chambered coverslip slide (Invitrogen)
before images were obtained on a Leica SP2 confocal microsope. YFP and
Hoechst fluorescence signals were acquired simultaneously under ⫻20 oil
objectives with 0.2- to 1.0-m-thickness confocal sectioning. Islets from
NOD.CD11c-YFP.Rag2⫺/⫺ mice were stained with 5(and 6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine (CMTMR; Invitrogen), embedded in Matrigel (BD Bioscience), and immobilized on a coverslip. YFP
and CMTMR fluorescent signals were acquired simultaneously on a custom-built two-photon microscope using a water immersion ⫻20 objective
and 3- to 4-m step in z direction. Postacquisition three-dimensional reconstruction and data analyses were performed using Imaris (Bitplane) and
Metamorph (Universal Imaging) software.

instructions. LN cells were made into a single-cell suspension by collagenase D digestion, as described for islet cells. The following Abs were used
to stain the cells: allophycocyanin-Cy7-labeled anti-CD45, PE-Cy7-labeled anti-CD11c (clone N418), PE-labeled anti-CD40 (clone 3/23), biotinylated anti-CD80, allophycocyanin-labeled anti-CD86 (all eBioscience),
Alexa 700-labeled anti-IAg7 for NOD cells, and Alexa 700-labeled antiMHC class II (clone N22) for B6 cells. The cells were washed and then
labeled with Quantumdot 605-conjugated streptavidin (Invitrogen). Flow
cytometric analyses were performed on a LSRII flow cytometer (BD Biosciences) with FlowJo analysis software (Tree Star).

Cell transfers
FACS-purified CD4⫹CD62LhighCD25⫺ cells from NOD.BDC2.5.Thy1.1
TCR transgenic mice were expanded with anti-CD3- and anti-CD28-coated
beads for 10 days and transferred to NOD.MIP-GFP.Rag2⫺/⫺ recipients
via i.p. injection (0.5 ⫻ 106/mouse). CD8⫹ T cells were enriched from
OT-I LN and spleen cells using the CD8 StemSep negative selection kit
(StemCell Technologies), and 5 ⫻ 106 CD8⫹ cells/mouse were transferred
into B6.MIP-GFP.RIP-mOVA recipients by i.v. injection.

Histology and immunohistochemistry
Pancreatic islets in NOD.MIP-GFP transgenic mice and their transgenenegative littermates were analyzed histologically, as described before (19).
Briefly, 5-m paraffin sections were stained with a mixture of rabbit antiglucogon, somatostatin, and pancreatic polypeptide to identify ␣, ␦, and
polypeptide-producing cells, respectively. The stain was developed using
HRP-conjugated anti-rabbit secondary Abs, followed by the chromagenic
substrate 3, 3⬘-diaminobenzidine. ␤ cells in the islets were then identified
by aldehyde fuchsin strain, followed by H&E counterstains.

Radiation bone marrow chimera
NOD.MIP-GFP.Rag2⫺/⫺ or NOD.Rag2⫺/⫺ received 1300 rad of total
body radiation in two doses ⬃20 h apart (850 and 450 rad) and were
reconstituted with 5– 6 ⫻ 106 bone marrow cells from NOD.Rag2⫺/⫺ or
NOD.MIP-GFP mice, respectively. Phenotypes of intra-islet DCs were analyzed 12 wk after the bone marrow reconstitution.

Fluorescent confocal microscopy
Islet cells were isolated from NOD.MIP-GFP.Rag2⫺/⫺ mice and fixed with
0.5% paraformaldehyde at room temperature for 5 min. The cells were
stained with anti-CD11c biotin (clone HL-3), followed by streptavidin
QDot 605. The cells were resuspended in PBS with 0.25% low-melting
agarose and transferred to a chamber slide for imaging. Confocal imaging
was done using a modified Nikon Eclipse TE2000-S microscope equipped
with a spinning-disk confocal scanner (Yokogawa) with a ⫻100/1.4 NA oil
immersion objective and an iXon EMCCD camera from Andor. Postacquisition analyses were performed using Metamorph software.

Flow cytometry

Statistical analysis

Handpicked islets were dissociated by incubating with a nonenzymatic
solution (Sigma-Aldrich), followed by trituration per the manufacturer’s

Statistical analysis was done with the aid of Prism software (GraphPad)
using the tests indicated.
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Results
Phenotype of NOD.MIP-GFP transgenic mice

FIGURE 2. Location and numbers of intraislet DCs. Islets were isolated
from NOD.CD11c-YFP.Rag2⫺/⫺ and B6.CD11c-YFP mice, stained with
CMTMR or Hoechst 33342, and analyzed by microscopy. A, Maximal z
projection of a representative objective field of B6.CD11c-YFP islet imaged. B, Enumeration of numbers of DCs in islets. Each circle represents
one islet, and the lines represent mean ⫾ SD (NOD.CD11c-YFP.Rag2⫺/⫺,
n ⫽ 82, mean ⫽ 7.65, SD ⫽ 7.51; B6.CD11c-YFP, n ⫽ 72, mean ⫽ 7.75,
SD ⫽ 7.18).

To investigate the uptake and processing of autoantigens during T1D
progression, we used the MIP-GFP mice, which express GFP as a
model islet Ag exclusively in the pancreatic ␤ cells and not in other
organs, particularly the thymus (14). We backcrossed MIP-GFP transgenic mice from the B6 background to the NOD background to perform comparative analyses in the autoimmune-resistant B6 and susceptible NOD strains. Diabetes was evident after three rounds of
backcrosses. After nine generations of backcrossing, the rate of diabetes progression in female MIP-GFP transgenic mice was similar to
that of their transgene-negative littermates (Fig. 1A) and standard
NOD mice purchased from commercial sources and housed in the
same facility (data not shown). Diabetes incidence was higher
in male MIP-GFP transgenic mice than in their transgene-negative littermates (Fig. 1A). A previously published NOD.MIPGFP transgenic mouse line generated at The Jackson Laboratory by directly injecting the MIP-GFP transgene into NOD
embryonic stem cells developed diabetes without insulitis (20).
In that model, diabetes development was most likely a consequence of ␤ cell toxicity due to overexpression of the transgene.
Thus, we collaborated with The Jackson Laboratory and performed histological examination of the pancreata from our
backcrossed NOD.MIP-GFP transgenic mice. The results
showed that the islets in male and female prediabetic NOD.
MIP-GFP pancreata displayed widespread intra-islet infiltrations, typical of that observed in standard NOD mice in The
Jackson Laboratory (Fig. 1B). The severity of insulitis in these
mice was similar to that in their transgene-negative littermates
(Fig. 1C). These analyses demonstrate that this backcrossed

FIGURE 3. Phenotype of intra-islet DCs in steady state. Single-cell suspension of islets and PLNs isolated from NOD.Rag2⫺/⫺ or B6 mice were
analyzed by flow cytometry to determine the cell surface markers expressed by intra-islet DCs. A, Characterization of subtypes of intra-islet DCs. Events
shown are gated on live cells (4⬘,6-diamidino-2-phenylindole (DAPI)⫺). B, Expression of MHC class II and costimulatory molecules expressed on intra-islet
DCs (gated on CD45⫹DAPI⫺CD11c⫹ cells, bold lines) in comparison with DCs in the PLN (shaded histograms). The result is representative of at least
two independent experiments in each of the mouse strains.
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FIGURE 4. Intra-islet DCs in MIP-GFP transgenic mice acquire and maintain intact GFP. Flow cytometric analysis of GFP expression by intra-islet and
lung DCs in NOD.Rag2⫺/⫺.MIP-GFP (A) and B6.MIP-GFP (B) mice. Events shown are gated on CD45⫹DAPI⫺ cells. The result is a representative of at
least two independent experiments. C, Sample flow cytometric profile of GFP signal in intra-islet DCs in radiation bone marrow chimeras is shown. The
donor-recipient combinations are indicated on top of each plot. D, Summary of the frequencies of GFP⫹ cells in DC gate (CD45⫹DAPI⫺CD11c⫹ cells)
in NOD.Rag2⫺/⫺ (n ⫽ 4), NOD.Rag2⫺/⫺.MIP-GFP (n ⫽ 7), NOD.Rag2⫺/⫺ into NOD.Rag2⫺/⫺.MIP-GFP chimeras (n ⫽ 4), and NOD.MIP-GFP into
NOD.Rag2⫺/⫺ chimeras (n ⫽ 6). Error bars represent SDs. E, Confocal microscopic analysis of GFP in intra-islet, lung, and splenic DCs in NOD.
Rag2⫺/⫺.MIP-GFP transgenic mice. Islets and lung cells were dissociated and stained for CD11c (red). The presence of GFP (green) in CD11c (red)expressing cells was examined by confocal microscopy (original magnification ⫽ ⫻100, scale bar ⫽ 5 m). Fluorescent images show a single medial
Z-plane. Phase-contrast images are shown on top for reference. The result is a representative of five independent experiments.

NOD.MIP-GFP transgenic line shows typical signs of autoimmune diabetes in both males and females. Thus, both male and
female NOD.MIP-GFP transgenic mice were used in the rest of
this study.
To determine the phenotype of intra-islet DCs in B6 and
compare it with that of genetically predisposed NOD mice in the
absence of inflammation, it was necessary to further intercross
NOD.MIP-GFP mice to NOD.Rag2⫺/⫺ mice to produce NOD.
MIP-GFP.Rag2⫺/⫺ mice. This allowed us to analyze islet DCs in
the absence of autoimmune response in steady state in both strain
backgrounds. The NOD.MIP-GFP.Rag2⫺/⫺ mice never developed
diabetes, although their glucose tolerance was somewhat compro-

mised (supplemental Fig. 1A),5 whereas the parental B6.MIP-GFP
mice showed no apparent increase in glucose intolerance, as reported previously (14) (supplemental Fig. 1B).5
Phenotype of intra-islet DCs in healthy islets
As in most peripheral tissues, islets contain resident DCs, which
are important in the pathogenesis of autoimmune diabetes and allogeneic islet transplantation rejections (21). To compare the numbers of DCs in healthy islets in steady state in the NOD.Rag2⫺/⫺
5
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and B6 mice, we isolated islets from NOD.Rag2⫺/⫺ and B6 mice
that express a YFP under the control of the CD11c promoter (16).
In these mice, DCs were marked by YFP and could be visualized
by fluorescent microscopy (Fig. 2A). The numbers of DCs in individual islets ranged from 0 to 37, with an average of 7.75 DCs/
islet in a normal B6 mouse (Fig. 2B). The numbers of DCs in each
healthy islet in NOD.Rag2⫺/⫺ mice ranged from 0 to 31 with an
average of 7.65 (Fig. 2B), similar to that observed in B6 mice.
Flow cytometry analysis revealed that most of the CD45⫹ leukocytes in the islets in B6 and NOD.Rag2⫺/⫺ mice were CD11c⫹
DCs. These cells were virtually all CD11b⫹ CD8␣⫺, B220⫺ (Fig.
3A), and PDCA-1⫺ (data not shown). Intra-islet DCs in both
strains showed a semimature phenotype with minor variations in
the expression levels of activation markers. They uniformly expressed high levels of cell surface MHC class II when compared
with their counterparts in the PLNs (Fig. 3B). In addition, they also
expressed intermediate to high levels of CD86, intermediate
amounts of CD40, and low levels of CD80 (Fig. 3B). Because DCs
in immunodeficient hosts such as Rag2⫺/⫺ mice have documented
developmental defects, we also compared intra-islet DCs in 3- to
4-wk-old NOD and B6 mice before the onset of intra-islet T cell
infiltrations. Similar to that observed in the NOD.Rag2⫺/⫺ and
older B6 mice, intra-islet DCs in young NOD and B6 mice were
CD11b⫹CD8␣⫺B220⫺ and expressed higher levels of MHC
class II and lower amounts of CD40 when compared with their
counterparts in the pancreatic LNs (supplementary Fig. 2).5
Thus, the expression of this semimature phenotype in B6 and
NOD.Rag2⫺/⫺ mice suggested that the phenotype was not specific to the NOD autoimmune background or dependent on an
autoimmune response.
To assess the steady-state uptake of islet Ags by intra-islet DCs,
we took advantage of the MIP-GFP mice. In these mice, GFP is
selectively expressed in the ␤ cells, and therefore serves as a model
self Ag. Its uptake and processing by islet-resident DCs can be
monitored by examining the levels of green fluorescence in the
DCs using flow cytometry and microscopy. Strikingly, nearly
100% of the intra-islet DCs in the NOD.MIP-GFP.Rag2⫺/⫺ mice
contained green fluorescent signal, suggesting that all the intraislet DCs had taken up ␤ cell Ag (Fig. 4A). In contrast, none of the
splenic DCs were GFP⫹ (data not shown), nor were other tissueresident DCs, such as those from lungs (Fig. 4A). Similarly, the
majority of DCs in the islets of B6.MIP-GFP mice were GFP⫹
(Fig. 4B). Expression of GFP by intra-islet DCs was also observed
in young NOD.MIP-GFP transgenic mice before the onset of insulitis (supplementary Fig. 3).5
Next, we generated radiation bone marrow chimeras to determine whether the presence of the GFP in intra-islet DCs was
due to leaky expression of the transgene in islet DCs. NOD.
MIP-GFP.Rag2⫺/⫺ mice were lethally irradiated and reconstituted with bone marrow from NOD.Rag2⫺/⫺ donors. The radiation eliminated over 98% host intra-islet DCs by 19 days after
the treatment (data not shown). Nearly all of the intra-islet DCs
in every chimeric mouse were GFP⫹, a finding similar to that
observed in the NOD.MIP-GFP.Rag2⫺/⫺ mice. In contrast, all
the intra-islet DCs in the MIP-GFP transgene-negative recipients of MIP-GFP transgene⫹ bone marrow cells were GFP⫺
(Fig. 4, C and D). These results demonstrated that intra-islet
DCs did not have to carry the MIP-GFP transgene to become
GFP⫹. Thus, the GFP signal detected in the intra-islet DCs of
the MIP-GFP transgenic mice was due to islet-Ag uptake rather
than aberrant expression of the MIP-GFP transgene by the
islet DCs.
We further confirmed that the GFP was found inside DCs by
confocal microscopy (Fig. 4E). The punctate, apparently vesicular

INTRA-ISLET DC IN T1D

FIGURE 5. Phenotype of intra-islet DCs in NOD.MIP-GFP mice. Single-cell suspension of islets isolated from NOD.MIP-GFP or NOD.MIPGFP.Rag2⫺/⫺ was analyzed by flow cytometry. Histogram overlays of
GFP fluorescence (A, left) and cell surface expression of MHC class II (B),
and CD40 (C) in NOD.MIP-GFP (shaded histograms) vs NOD.MIPGFP.Rag2⫺/⫺ (bold lines) are shown. A summary chart of percentages
of GFP⫹ cell DC gate (CD45⫹DAPI⫺CD11c⫹) in the islets of NOD.MIPGFP (n ⫽ 11) and NOD.MIP-GFP.Rag2⫺/⫺ (n ⫽ 7) mice is shown (A,
right). The p value was obtained using unpaired Student’s t test with
Welch’s correction.

pattern of the GFP inside the DCs suggests that the DCs phagocytosed GFP from the surrounding ␤ cells. Because the GFP inside
the DCs remained fluorescent, at least some of the internalized
GFP was not degraded by the DC’s Ag-processing machinery and
retained a tertiary structure to allow fluorescent emission. Thus, in
steady state, intra-islet DCs on both the NOD and B6 backgrounds
displayed a semimature phenotype and uniformly contained unprocessed ␤ cell-specific Ags.
Inflammation induces intra-islet DC maturation
In analyzing the basal level of GFP fluorescence in the intra-islet
DCs of MIP-GFP mice on various backgrounds, we noticed that
the phenotype of the DCs in the islets of prediabetic NOD.MIPGFP mice was strikingly different from that in NOD.MIP-GFP.
Rag2⫺/⫺ and B6.MIP-GFP mice. The GFP fluorescence was significantly reduced in the DCs in inflamed islets of NOD.MIP-GFP,
so that less than half of the DCs were GFP⫹ (Fig. 5A). The DCs
showed slightly reduced MHC class II expression (Fig. 5B), and
CD86 expression remained high (data not shown). Moreover, a
subpopulation of intra-islet DCs in the NOD mice expressed
higher amounts of CD40 (Fig. 5C) and CD80 (data not shown) as
compared with the DCs in NOD.Rag2⫺/⫺ mice. Given the association of CD40 up-regulation with DC maturation (22), we hypothesized that this change in phenotype was a result of DC maturation induced by the inflammatory infiltrate in the islets.
To test this hypothesis, we induced T cell-mediated intra-islet inflammation in the NOD.MIP-GFP.Rag2⫺/⫺ mice by adoptive transfer
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FIGURE 6. Kinetic changes in DCs in inflamed islets. A, NOD.MIP-GFP.Rag2⫺/⫺ mice received
CD4⫹CD25⫺ cells from BDC2.5 TCR transgenic mice.
GFP fluorescence and cell surface expression of MHC
class II, CD40, and CD80 on intra-islet DCs were analyzed by flow cytometry on days 6 and 9 after cell transfer. Examples of a NOD.Rag2⫺/⫺ and a NOD.MIP-GFP.
Rag2⫺/⫺ mouse without T cell transfer are shown for
comparison. This result is representative of at least five
independent experiments. B, NOD.Yet40.Rag2⫺/⫺ mice
received CD4⫹CD25⫺ cells from BDC2.5 TCR transgenic mice. On day 8 postcell transfer, the presence of
YFP signal among intra-islet DCs was assessed by flow
cytometry. An age-matched untreated NOD.Yet40.
Rag2⫺/⫺ sample is shown for comparison. This result
represents two independent experiments. Events shown
are gated on CD45⫹DAPI⫺CD11c⫹ cells in islets.

of CD4⫹CD25⫺ T cells isolated from the NOD.BDC2.5 TCR transgenic mice. This protocol induces diabetes synchronously in all mice
between 10 and 14 days after cell transfer. We isolated islets and
examined the phenotype of the DCs on days 6 and 9 after cell transfer.
On day 6, intra-islet DCs had up-regulated CD40 and CD80 and
showed reduced GFP fluorescence as compared with the phenotype of
control mice that did not receive T cells (Fig. 6). The CD40high DCs
showed greater loss of GFP fluorescence, which suggested that the
diminution of GFP fluorescence resulted from loss of GFP structural
integrity due to enhanced Ag processing and/or reduced Ag uptake in
more mature DCs. The expression levels of MHC class II decreased

slightly, and those of CD86 remained unchanged relative to the mice
that did not receive T cells (data not shown). By day 9 after cell
transfer, the CD40mid GFP⫹ DC population characteristic of noninflamed islets had been completely replaced by two distinct populations of DCs. In one population, the DCs were almost all CD40high,
showed reduced GFP fluorescence, and increased CD80 expression.
The second population of DCs displayed a MHC class IIlow, GFP⫺,
CD40⫺, and CD80⫺ immature phenotype, and are likely to be recent
immigrants into the islets (Fig. 6).
Our data to date demonstrate that T cell-mediated inflammation
in the islets in the NOD mice led to enhanced Ag processing and
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FIGURE 7. Increase of DC numbers in inflamed islets. A, Islets were
isolated from untreated NOD.CD11cYFP.Rag2⫺/⫺ mice (left) or from similar mice 8 days after transferring
CD4⫹CD25⫺ cells from BDC.2.5 TCR
transgenic mice (right) were counterstained with CMTMR (shown in blue)
and imaged on a two-photon microscope. The images are collages of consecutive objective fields representing
imaging volume of 780 ⫻ 618 ⫻ 176
m3 for untreated islets (left) and 780 ⫻
618 ⫻ 222 m3 for inflamed islets
(right). B, Islets were isolated from untreated NOD.Rag2⫺/⫺ mice and similar
mice 6 –7 days after receiving CD4⫹
CD25⫺ cells from BDC2.5 TCR transgenic mice. Expression of Ki67 by
intra-islet DCs was analyzed by flow
cytometry. Sample contour plots of antiKi67 staining and isotype control Ab
staining patterns are shown, and a chart
summarizing results from two independent experiments is shown below.
Events shown are gated on CD45⫹
CD11c⫹ cells. Each circle represents
one islet, and the lines represent mean of
the group.

up-regulation of costimulatory molecules by intra-islet DCs. DC
maturation is often accompanied by production of inflammatory
cytokines such as TNF-␣, IL-1, and IL-12 (23, 24). We analyzed
the expression of the p40 chain of IL-12 and IL-23 in our model to
determine whether the expression of these two cytokines was regulated by the intraislet inflammation. We crossed the p40 reporter
mouse, Yet40 (17), 15 generations onto the NOD background, and
then further intercrossed to make the NOD.Yet40.Rag2⫺/⫺ mice.
The intra-islet DCs in these mice did not express YFP, demonstrating that there was no constitutive production of IL-12 or IL-23
(Fig. 6B). On days 9 –10 after BDC2.5 CD4⫹CD25⫺ cell transfer,
the islets had massive T cell infiltration and the mice were on the
brink of developing diabetes. As observed before, the intra-islet
DCs up-regulated CD40 expression; however, there was no significant increase in YFP⫹ DCs in these inflamed islets (Fig. 6B).
Consistent with this result, we observed very few YFP⫹ DCs in the
inflamed islets of prediabetic NOD.Yet40 mice (data not shown),
much lower in frequency than the CD40highGFPlow mature DCs in
the islets of prediabetic NOD.MIP-GFP mice (Fig. 5). Thus, most
mature DCs in inflamed islets did not express p40, and consequently had no IL-12 and IL-23 expression.
While analyzing DCs from steady-state and inflamed islets,
we noticed higher recovery of DCs from inflamed islets. To
determine whether islet inflammation led to an increase in DC
numbers, we imaged islets isolated from NOD.CD11c-YFP.Rag2⫺/⫺
mice 8 days after transferring CD4⫹CD25⫺ T cells from BDC2.5
TCR transgenic mice. We observed a marked increase in the YFP
fluorescence signal in the inflamed islets when compared with non-

inflamed islets isolated from NOD.CD11c-YFP.Rag2⫺/⫺ mice
(Fig. 7A). DCs in the inflamed islets formed large aggregates, making it difficult to accurately assess the numbers of DCs in each
islet. Therefore, we measured the total volume of YFP signal and
volume of islet tissue imaged to estimate the fold increase of DCs
in the same amount of islet tissue. In uninflamed islets, DCs represented 0.88% of islet tissue, by comparison, in inflamed islets,
DCs represented 10.97% of the islet tissue. Thus, at this late stage
of islet destruction, there was over 12-fold increase in DC numbers
in the islets.
To determine whether this increase was due to local expansion
of DCs, we assessed the frequency of DCs that express the mitosis
marker Ki67. In steady state, an average of 8% intra-islet DCs
were Ki67⫹, indicating that they are actively proliferating (Fig.
7B). T cell infiltration led to a mild increase in the average percentage of DCs expressing Ki67; however, the small rise could not
account for the massive increase in DCs in the islets. Thus, T cell
infiltration in the islets induced a dramatic increase in intra-islet
DC counts, which is mostly due to recruitment from circulation.
To similarly investigate DC phenotype in inflamed islets on
the B6 background, we crossed the B6.MIP-GFP mice to the
RIP-mOVA mice so that the double-transgenic mice expressed
both GFP and chicken OVA in the ␤ cells. T cell-mediated
inflammation was induced in these RIP-mOVA.MIP-GFP mice
by adoptive transfer of CD8 cells from OT-I TCR transgenic
mice. This protocol typically induces diabetes 1 wk after cell
transfer (25). Similarly to what we observed on the NOD background, intra-islet DCs up-regulated CD40 and CD80 (data not

The Journal of Immunology

FIGURE 8. Phenotypic changes in intra-islet DCs in B6.MIP-GFP.RIPmOVA mice after inflammation was induced. B6.MIP-GFP.RIP-mOVA mice
received CD8⫹ cells from OT-I TCR transgenic mice. GFP fluorescent and
cell surface expression of CD40 on intra-islet DCs were analyzed by flow
cytometry on day 5 after cell transfer and compared with those from untreated
B6 and B6.MIP-GFP.RIP-mOVA mice. Representative dot plots are shown on
top, and a summary of all mice analyzed is shown in the chart on the bottom.
Values of p were obtained using a one-way ANOVA test with Tukey’s posttest. The result represents four independent experiments.

shown) and showed reduced GFP fluorescence 5 days after OT-I
T cell transfer (Fig. 8). Taken together, in both experimental
models, we found that intra-islet inflammation induced maturation of islet-resident DCs, which was evident from the increased CD40 and CD80 expression and a reduction in the
amounts of intact ␤ cell Ags, most likely through enhanced Ag
processing.
Migration of mature intra-islet DCs to PLNs
We previously detected 20 –300 GFP⫹ DCs in the PLNs, which
represents 0.3–10% of the total DCs in the PLNs of the MIPGFP mice on a mixed B6 and NOD background (15). The fact
that these DCs carried endogenous islet Ags was also apparent
in this background because islet Ag-reactive T cells formed
stable contacts with these DCs. By comparison, under nonin-
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flammatory conditions, the number of GFP⫹ DCs in the NOD.
MIP-GFP.Rag2⫺/⫺ mice and the B6.MIP-GFP mice was below
the detection limit of 0.2% in the PLNs (Fig. 9A). Taken together with our previous findings, these results suggest that the
presence of GFP⫹ DCs in the draining LNs depends on intraislet inflammation.
Surprisingly, GFP⫹ DCs barely reached over 0.2% in the
PLNs of prediabetic fully backcrossed NOD.MIP-GFP (Fig. 9B,
left panel). This result contrasted with previous observations in
earlier backcrosses of NOD.MIP-GFP mice, which were made
after three to five backcrosses from the B6 to NOD background
(15). In these early backcrosses, 70% of the male and female
MIP-GFP transgene-positive mice abruptly developed diabetes
between 11 and 12 wk of age, reaching 100% by 15 wk (data
not shown). Thus, we hypothesized that rapid and synchronized
islet inflammation and ␤ cell destruction might promote DC
maturation and increase the magnitude of islet DC migration
into the PLNs.
We tested this hypothesis using two approaches to induce synchronous islet inflammation. The first approach used a modified
BDC2.5 T cell adoptive transfer protocol that induces rapid onset
of diabetes by 7–10 days in 100% of prediabetic NOD mice (26,
27). Transferring preactivated BDC2.5 T cells to NOD.MIP-GFP
mice induced the appearance of GFP⫹ DCs 5 days later in the
PLNs; these DCs resided exclusively among the CD40high populations (Fig. 9B, middle panel). The second protocol used the
NOD.CD28⫺/⫺ mice that developed diabetes synchronously at
10 –12 wk due to their deficiency in regulatory T cells (28). In
these mice, GFP⫹ DCs were readily detected at 7– 8 wk of age in
the PLNs (Fig. 9B). Thus, rapid, synchronous, and pathogenic responses appear to drive DCs to the LN carrying an increased cargo
of unprocessed Ags.
Finally, DC migration to LNs requires the expression of
CCR7, the receptor for LN homing chemokine, CCL21. Thus,
we analyzed CCR7 expression on the intra-islet DCs of prediabetic NOD.MIP-GFP mice and found that CCR7 expression
was induced on both GFP⫹ and GFP⫺ DCs in inflamed islets
(Fig. 9C). Both GFP⫹ and GFP⫺ CCR7⫹ DCs were more mature with higher level of CD40 expression (Fig. 9C). Together,
these results suggested that CD40high DCs had the capacity to
enter the PLNs regardless of whether the ingested tissue Ag had
been fully processed or not.

Discussion
In this study, we analyzed phenotypic changes of islet-resident
DCs during the progression of T1D using the MIP-GFP reporter
mice in both autoimmune-prone and resistant backgrounds. GFP
has a unique tertiary structure that makes it resistant to chemical
and physical denaturation (29 –31). However, under low pH conditions, such as those found in late endosomes and lysosomes of
mature DCs, GFP becomes susceptible to proteolysis and quickly
loses its ability to fluoresce (32, 33). These properties of GFP
allowed us to visualize and quantitate Ag uptake and processing in
live DCs during tissue Ag cross-presentation. Our results demonstrate that intra-islet DCs exhibit a semimature phenotype in steady
state and ingest large amounts of tissue Ags, which can remain
unprocessed. Upon induction of tissue inflammation, DCs begin to
process Ag, acquire a more mature phenotype, and migrate to the
PLNs to amplify the ongoing immune response. These results extend the current understanding of the role of DCs in diabetes
pathogenesis and suggest that the DCs provide a positive feedback
mechanism in amplifying autoimmune responses against islet Ags.
This mechanism represents a normal physiological process of an
immune response and not a peculiarity of the autoimmune-prone
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FIGURE 9. Migration of intra-islet DCs to the PLNs. A, Flow cytometric analysis of GFP signal in DCs in the PLNs of B6.MIP-GFP (left) or
NOD.MIP-GFP.Rag2⫺/⫺ (right) mice. Events shown are gated on CD45⫹DAPI⫺CD11c⫹ cells. B, Flow cytometric analysis of GFP⫹ DCs in the PLNs
of NOD.MIP-GFP mice (left), NOD.MIP-GFP mice 5 days after injection of activated CD4⫹CD25⫺ cells from BDC.2.5 TCR transgenic mice (middle),
and 7-wk-old NOD.MIP-GFP.CD28⫺/⫺ mice (right). Results are representative of at least two independent experiments. C, Flow cytometric analysis of
CCR7 expression on intra-islet DCs in prediabetic NOD.MIP-GFP mice. Contour plots show lymphocytic infiltration into the islets of representative early
prediabetic mice (10 wk) vs late prediabetic mice (16 wk), and are gated on CD45⫹DAPI⫺ cells. The histogram overlay (top) shows CCR7 expression in
the CD45⫹DAPI⫺CD11c⫹ population from the early vs late prediabetic islets. Histogram overlays (below) show GFP fluorescence and CD40 expression
in the CCR7⫹ vs CCR7⫺ populations of intra-islet DCs from late prediabetic mice.

NOD mice because it was similarly observed in the nonautoimmune B6 mice. Thus, the positive feedback loop per se is not
sufficient to confer diabetes susceptibility, but it may enhance the
pathogenic anti-␤ cell responses initiated by defects in thymic selection and peripheral regulation in the NOD mice (34).
In steady state, tissue-dwelling DCs migrate to the draining LNs
where they present self Ags in a process that is thought to contribute to the maintenance of self tolerance (8). DCs resident in the
peripheral tissue are thought to exhibit an immature phenotype
with low cell surface expression of MHC and costimulatory molecules and high endocytic capacities, as that observed in Langerhans cells and cultured bone marrow-derived DCs. In contrast,
tissue-derived migratory DCs in LNs express higher amounts of
MHC and costimulatory molecules on their cell surface, suggesting that only mature DCs gain capacity to enter draining LNs (35).
We found that intra-islet DCs displayed a phenotype distinct from
the previously reported immature or mature DCs with high levels
of MHC class II and CD86, intermediate levels of CD40, and little
CD80 expression. The expressions of MHC class II and CD86
were not further enhanced by inflammatory stimulations, suggesting that they were expressed at the same level as in fully matured
DCs. However, their relatively low expression of CD40 and CD80
suggests that they are distinct from fully mature DCs.
The most distinguishing feature of the intra-islet DCs was that
they uniformly contained large amounts of unprocessed ␤ cell Ags,
as visualized by their bright GFP signals in the MIP-GFP transgenic mice. Previously published electron microscopic analyses
have demonstrated that MHC class II Ag-positive cells in islets
contained granule-like structures that are recognized by Abs to
insulin (6, 36). This result suggests that intra-islet DCs contain

intact Ags taken up from ␤ cells, consistent with our finding with
the MIP-GFP reporters. Immature DCs have been shown to maintain Ag in its unprocessed form and begin processing upon receiving a maturation signal, such as LPS (37). DCs containing unprocessed proteins have also been observed in vivo and are generally
found to be present at very low frequencies (38, 39). The maintenance of large amounts of unprocessed Ags may also be a physiological correlate of maintenance of protein aggregates within
specific compartments in DCs (40). Our observation extends these
previous findings to demonstrate that virtually all tissue-dwelling
DCs stably maintain unprocessed protein in the absence of inflammatory signals. Because the tertiary structure of GFP and its ability
to fluoresce are very sensitive to low pH environment, our results
suggest that the endocytosed tissue Ags are maintained in a pH
neutral environment, such as early endosomes, and maturation
stimuli induced their transition to an acidic compartment for processing and presentation.
A previous study elegantly demonstrated in the B6.RIP-mOVA
model that DCs constitutively migrate from tissues to present tissue-specific Ags in the draining LNs in the absence of overinflammatory stimulations (41). Once reaching the LNs, migratory DCs
are short-lived; thus, they need to be continuously replenished
from the tissue. In this study, we observed that virtually all DCs in
the islets contained intact tissue Ags, whereas DCs bearing intact
tissue Ags were very rare in the draining LNs of the same animal.
This result suggests that processing of acquired tissue Ags normally precedes the migration of the DCs to the draining LNs.
However, this coordinated process became deregulated under extreme inflammatory conditions, such as those observed in earlier
backcrosses of NOD.MIP-GFP mice, in fully backcrossed NOD.
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MIP-GFP.CD28KO, and fully backcrossed NOD.MIP-GFP receiving a large dose of activated diabetogenic T cells. This deregulation allowed a few of the islet-derived DCs to reach the LN
before the complete processing of acquired GFP and other islet
Ags. It should be noted that these GFP⫹ DCs only represented a
fraction of islet Ag-bearing DCs in the pancreatic LN because
many islet-derived DCs fully process the acquired Ag, thus losing
GFP fluoresce before arriving in the pancreatic LN.
A recent study directly examined the steady-state presentation
of another islet model Ag, hen egg lysozyme, which was driven by
a transgenic insulin promoter (6). In that system, up to 90% of
intra-islet DCs and 50% of PLN DCs expressed processed hen egg
lysozyme peptide-MHC complex on the cell surface. Our use of
GFP model Ag in this study showed that unprocessed Ags were
present in nearly all intra-islet DCs in steady state. These results
together suggest that, in the absence of inflammation, intra-islet
DCs have a limited capacity to process and present acquired Ag,
allowing them to display processed Ags on the cell surface while
retaining unprocessed Ag intracellularly. The absence of DCs with
intact Ag in the draining LN suggests that a fraction of islet-resident DCs must degrade all acquired tissue Ags before migrating to
LNs. This steady-state activity is enhanced by intra-islet inflammation leading to DC maturation, loss of unprocessed Ag in majority of the DCs, and enhanced migration to PLNs.
In contrast to DCs matured by TLR ligands, the mature DCs we
observed in inflamed islets did not express inflammatory cytokines; thus, phenotypically they resembled DCs activated by inflammatory cytokines and mechanical disruptions (42, 43). These
previous studies suggest that such alternatively activated DCs are
tolerogenic because they fail to elicit IFN-␥ production, but promoted IL-10 secretion from T cells. It is important to point out that
these studies were conducted with bone marrow-derived or secondary lymphoid tissue-resident DCs that are likely distinct from
peripheral tissue-resident DCs in their maturation status and functional capacities (35). In our models, maturation of islet-resident
DCs was clearly associated with T cell activation and tissue destruction. Furthermore, DCs isolated from inflamed islets in NOD
mice were sufficient to induce T cell proliferation and secretion of
IL-2, IFN-␥, and TNF-␣ ex vivo (K. Melli and Q. Tang, unpublished result). Thus, these in vivo T cell-matured DCs were immunogenic and not tolerogenic.
Taken together, we have shown that T cell-mediated inflammation in the islets also induced maturation of islet-resident DCs and
their LN migration. Thus, islet inflammation results in an increase
of mature islet Ag-presenting DCs in the PLNs that may lead to
further priming of ␤ cell Ag-reactive T cells. We propose that this
represents a positive feedback mechanism to amplify the ongoing
autoimmune response. Mature DCs arriving in the PLNs can prime
more islet-reactive T cells, thus recruiting a broader repertoire of
T cells to the autoimmune response. Additionally, mature DCs that
remain in the islets may serve to reactivate newly arrived primed
T cells to activate their effector functions and/or to reprime resident T cells to maintain their cytotoxic potential (44, 45), leading
to increased ␤ cell destruction. This model is consistent with a
previous report demonstrating an essential role of DCs in sustaining anti-islet immune responses (12, 13) and provides a mechanistic framework of DC function in this context. Furthermore, results from our study suggest that therapeutic interventions that
interrupt this amplification loop may help to prevent further tissue
destruction and preserve the remaining islet mass in patients afflicted with autoimmune diabetes.
Note added in proof. New experimental evidence by A. Martin
and Q. Tang since the acceptance of this paper suggests that a
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portion of the mature CD40highGFP⫺ DCs in inflamed islets are
recent recruits from the circulation.
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