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Abstract
We demonstrate diverse roles of interferon–γ (IFN-γ) in the induction and regulation of immune-
mediated inflammation using a transfer model of autoimmune diabetes. The diabetogenic CD4
+BDC2.5 (BDC) T cell clone upon transfer into NOD.scid mice induced destruction of islets of
Langerhans leading to diabetes. Administration of a neutralizing antibody to IFN-γ (H22) resulted
in long term protection (LTP) from diabetes, with inflammation but persistence of a significant, albeit
decreased numbers of β-cells. BDC T cells were a mixture of cells expressing high, intermediate and
low levels of the T cell receptor. Clonotype-low BDC T cells were required for LTP. Furthermore,
islet infiltrating leukocytes in the LTP mice contained Foxp3+CD4 T cells. Islet inflammation in
both diabetic and LTP mice was characterized by heavy infiltration of macrophages. Gene expression
profiles indicated that macrophages in diabetic mice were M1-type, while LTP mice contained M2-
differentiated. The LTP was abolished if mice were treated with either an antibody depleting CD4
T cells, or a neutralizing antibody to CTLA-4, in this case, only at a late stage. Neutralization of
IL-10, TGF-β, GITR or CD25 had no effect. Transfer of only clonotype-high expressing BDC T cells
induced diabetes but in contrast, H22 antibodies did not inhibit diabetes. While clonotype high T
cells induced diabetes even when IFN-γ was neutralized, paradoxically, there was reduced
inflammation and no diabetes if host myeloid cells lacked IFN-γ receptor. Hence, using monoclonal
CD4 T cells, IFN-γ can have a wide diversity of roles, depending on the setting of the immune process.
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Introduction
The NOD mouse model is useful for testing strategies that modulate diabetogenic T cells: a
number of manipulations in the NOD mouse can control the diabetic process (1–3). Although
several proinflammatory cytokines may play a role in diabetogenesis, their precise mechanism
and cellular targets are complex and remain to be defined. Indeed, the NOD mouse diabetes
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involves polyclonal sets of both CD8 and CD4 T cells, some of which develop into effector
cells while other are regulatory in nature, making it difficult to dissect the effects of cytokines
on any one defined pathogenic T cell.

The highly pleiotropic cytokine IFN-γ plays a major role in immune mediated inflammation
(4,5). Initially described as the major cytokine responsible for macrophage activation (6), IFN-
γ, the prototype Th1 cytokine, also mediates a number of effects on lymphocytes (4). To
examine the role of IFN-γ in immune inflammation an acute transfer model of diabetes
mediated by the diabetogenic BDC2.5 (BDC) T cell was examined (7–9). This accelerated
model allowed us to focus exclusively on how activated CD4 T cells induced islet inflammation
and pathology without the participation of B cells or CD8 T cells. In general, IFN-γ appears
to have a limited involvement in the spontaneous diabetes of NOD mice (10–14) but
participates in the acute models induced by cyclophosphamide injection or diabetogenic cell
transfers (14–17). In this acute diabetes transfer model, the cell responsible for the killing of
β-cell is an activated macrophage (9): their selective depletion precludes β-cell death despite
the persistence of inflammation containing mostly neutrophils and NK cells (9). We report that
diabetogenic CD4 T cells triggered inflammation that could be modulated by IFN-γ with
profound consequences on the development of diabetes.

Materials and Methods
Mice

The BDC2.5 (BDC) TCR transgenic mice on the NOD background, and BDC2.5/NOD.scid
(BDC.scid) were established in our mouse colony at Washington University School of
Medicine. NOD mice on the scid genetic background (NOD.CB17-Prkdcscid/J) or on the Rag-1
−/− were obtained from The Jackson Laboratory (Bar Harbor, ME) and maintained in our
mouse colony-referred to as NOD.scid and NOD.Rag-1−/− mice. To obtain NOD.Rag-1−/
−.IFN-γR−/−, the NOD.Rag-1−/− and NOD.IFNγR−/− (NOD.129S1(B6)-Ifngr2tm1Pbro/
DvsJ), obtained from The Jackson Laboratory were inter-crossed. IFNγR−/− mice were
identified by polymerase chain reaction using the primers described by Serreze et al (11). All
experimental mice were 6 to 8 weeks old except BDC.scid which were 3 to 4 weeks of age by
the time they develop diabetes. (The NOD.IFNγR−/− came from the Jackson Laboratory which
provided the information on its development. See Serreze et al (11)).

Adoptive transfer
Splenocytes from BDC mice were activated in culture with concanavalin A (Con A), (Sigma–
Aldrich, St. Louis, MO) and in selected instances with a mimotope peptide (AVRPLWVRME)
as previously described (9). Results with either were identical and were not separated from
each other. Usually mice were injected intravenously (i.v.) with a dose of 4×106 activated BDC
T cells, known to transfer diabetes to all recipients by day 8 (9). For the rechallenge
experiments, mice were injected i.v. with an equal dose of activated BDC T cells (4×106) or a
higher dose (1.5×107) which transfers diabetes in six days when injected into NOD.scid
recipients. For BDC.scid transfers, splenic T cells were harvest and 106 cells were transferred
i.v. CD4 T cells were sorted from splenocytes by their clonotype expression using an anti-BDC
monoclonal antibody (mAb). The purity of BDC high clonotype (BDC-hi) and BDC low
clonotype (BDC-lo) cells was 98% and 78% respectively (supplemental figure 1). Sorted cells
were transferred i.v. (106) into recipients. The recipient mice were followed for diabetes
incidence. Two consecutive readings of blood glucose of ≥250mg/dl, measured by a
glucometer (Bayer, Elkhart, IN), was indicative of diabetes.
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Antibody treatments
For most experiments involving IFN-γ neutralization in vivo, NOD.scid and rag-1−/− mice
received 300µg intraperitoneally (i.p.) of H22 mAb (kindly provided by Dr. R. Schreiber,
Washington University School of Medicine, St. Louis, MO) one day before and two days after
cell transfer. Anti-CD25 (P61), Anti-TGF-β (1D11), anti-GITR (DTA-1), anti-IL-10
(JES5-2A5), anti-CD4 (YTS191.1) and anti-CTLA-4 (4F10) mAbs were injected twice with
a dose of 500µg i.p. three days apart. A rat IgG isotype antibody (Sigma-Aldrich) was used as
control.

Measurement of pancreatic insulin
Frozen pancreata form acute diabetes and long term protected mice at different times post BDC
T cell transfer were weighed before homogenization in pre-chilled acid alcohol (80% alcohol
in 12N sulfuric acid). One milliliter aliquots of the homogenate for each sample were stored
at 4°C overnight and then microfuged at 10,000 rpm for 5 minutes at room temperature.
Dilutions of 1:1000 to 1:5000 were prepared with Linco RIA buffer assay and measured with
Linco Rat Insulin Kit (Linco Research, Inc., St. Charles, MO). Samples were obtained from 4
to 6 mice per time point.

Isolation of cells from infiltrated mouse islets
Infiltrated mouse islets were isolated and dispersed by trypsinization as previously described
(9). In brief, seven mice were sacrificed per islet preparation by cervical dislocation. Hanks’
solution (Invitrogen, Carlsbad, CA) was injected into the common bile duct and then the
pancreas was resected, cut into small evenly sized pieces, and digested in collagenase at 39°
C. The tissue suspension was then centrifuged through a Ficoll (Sigma–Aldrich) gradient of
23, 20.5, and 11%. All Ficoll interfaces were collected (except for the bottom pellet) and the
cells dispersed by trypsin digestion in a 37°C water bath for 3 minutes and then washed in
CMRL medium 1066 (Invitrogen) several times. Infiltrating islet leukocytes were obtained
from LTP and diabetic NOD.scid mice that received BDC T cells.

Flow Cytometry
Splenocytes and infiltrating islet leukocytes were stained for different cellular markers.
Leukocytes were stained with a FITC-labeled anti-CD45(Ly-5) antibody (BD Biosciences, San
Jose, CA); T cells were stained with either a FITC-labeled anti-CD4 (L3T4) or FITC-labeled
anti-CD3ε chain antibody (145-2C11); Neutrophils were stained with a FITC-labeled anti-Gr-1
(RB6-8C5) antibody. Macrophages were analyzed with a FITC-labeled anti-F4/80 antibody
(BM8), while dendritic cells were analyzed with a FITC-labeled anti-CD11c antibody (HL3).
NK cell analysis was performed with biotinylated anti-CD49b/Pan-NK (DX5) and secondary
stain with Streptavidin-Allophycocyanin (APC). NK cells were defined as CD3ε negative and
CD49b/Pan-NK positive. All antibodies were obtained from BD Biosciences, San Jose, CA.
For Foxp3 staining, surface stained CD4 T cells were incubated in permeabilization buffer for
16–18hrs at 4°C before performing intracellular staining (FJK-16s) (eBioscience, San Diego,
CA). All FACS analysis was performed on a FACSCalibur, and data analyzed using FlowJo
software (Ashland, OR).

Histology
Mice were anesthetized with ketamine and sacrificed by cervical dislocation. The pancreata
were fixed in 10% formalin. Slides were stained with hematoxylin and eosin (H&E). For
detection of insulin, 5µm serial sections were de-paraffinized and stained with HistoMouse-
SP Kit (AEC, Broad Spectrum, Bulk) (Invitrogen, Carlsbad, CA) using guinea pig anti-insulin
polyclonal antibody (1:100) (Linco, St. Charles, MO). Insulitis scoring was performed
according to the following criteria: extensive insulitis, >50% of the islet area is infiltrated;
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insulitis, <50% of the islet area; normal or peri-insulitis, islets are either intact or infiltration
is restricted to the periphery.

Laser capture microdissection
Whole pancreata were dissected from mice immediately (within 1–2 mins) following sacrifice
with minimal direct handling of the pancreas itself. The pancreas was immediately immersed
in O.C.T. (Sakura Finetek, Torrance, CA) and frozen in Cytocool II (Richard-Allen Scientific,
16 Kalamazoo, MI). For laser capture, serial 7 µm-thick cryosections were cut onto Superfrost
slides (Fisher Scientific) and immediately fixed in methanol (~1 min) pre-cooled to −20°C and
kept within the cryostat. After fixation, O.C.T. was removed manually from sections in the
cryostat, and sections were washed twice in 95% ethanol, stained with Eosin (in 100% ethanol)
at room temperature for 5 seconds then washed in several changes of 95% then 100% ethanol
followed by multiple changes of tissue-grade xylenes. Slides were then incubated in desiccation
chambers and microdissected within 3–4 hours. Extensive initial testing of RNA quality
following different treatments indicated that abundant endogenous RNAses present in exocrine
pancreas led to degradation of RNA: pancreata needed to be frozen within a few minutes of
excision, laser capture performed within a few hours of sectioning and sections fixed
immediately after transfer to slides. Problems developed if pancreata blocks were stored for
more than a few months; or sections were fixed in ethanol, acetone, or formaldehyde; or
methanol was not thoroughly pre-cooled and kept continuously at ≤−20°C; or sections were
exposed to aqueous solution at any time (hence, staining only in alcohol-dissolved eosin).

Laser capture microdisection was performed on an Arcturus PixCell IIe LCM microscope in
a specially designated climate-controlled room. Islets were recognized histologically and were
laser-captured whole. RNA from dissected islets was purified using the PicoPure kit (Arcturus),
and quality verified on an Agilent 2100 BioAnalyzer for assessment of picogram-level RNA.
Dissection specificity was routinely verified by qRT-PCR for acinar- (Amylase), ductal-
(carbonic anhydrase II), and islet-specific (Insulin) markers.

Microarray analysis
For GeneChips, RNA from the laser captured islets was pooled from untreated NOD.scid mice,
diabetic and LTP mice at d3 to 8 (n=5 mice per group). Pooled RNA (30 ng/sample) was
amplified, labeled, and fragmented (by one round of Arcturus RiboAmp HS kit amplification
followed by the RNA Amplification and Labeling Kit from Enzo Life Sciences). The resulting
biotinylated cRNA probes were hybridized to Affymetrix (Santa Clara, CA) MOE430v2
GeneChips; expression patterns analyzed using dChip (18,19) and an in-house-developed
analysis suite that annotates lists of genes by associated Gene Ontology (GO) terms and then
clusters and analyzes the lists using the fractional representations of each GO term (20). As is
standard for dChip analysis software, all GeneChips used to determine effects of time following
transfer of T cells or experimental treatment were normalized to the GeneChip with total
average intensity closest to the mean intensity of all chips in the experiment. Filtering of false
positives generated by multiple comparison error (21) was also performed as a standard part
of the dChip analysis software in computing model-based expression levels. Time course
visualization and clustering of patterns of M1-related and M2-related gene expression
identified using dChip were further confirmed using several clustering algorithms in the
SpotFire DecisionSite software package (TIBCO Software Inc, Palo Alto, CA), and plotted
using GraphPad Prism. Validation of selected gene expression changes was performed using
qRT-PCR as previously described (22), except that 18s primers were used as standards, and
analysis was performed on a Stratagene MX3000P machine. Gene chip data GEO accession
number: GSE12389.
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Bone marrow engraftment
Donor cells were isolated from IFNγR−/− and IFNγR+/+ NOD.Rag-1−/− mice treated with 5-
fluorouracil (Sigma-Aldrich) for 3–5 days before mice were killed. Recipient mice
(NOD.Rag.IFNγR−/− and NOD.Rag.IFNγR+/+) received a single lethal dose of 9.50-Gy using
a cesium source and were engrafted with 5×106 bone marrow cells i.v. Transplanted mice were
given water supplemented with trimethoprim-sulfamethoxazole (Hi-Tech Pharmacal, NY) ad
libitum for 2 weeks and were allowed to engraft for a minimum of 70 days before transfer
experiments. Bone marrow engrafted mice were analyzed by flow cytometry to corroborate
effectiveness of engraftment by detecting intracellular phosphorylation of STAT-1 upon IFN-
γ administration (1000U/mL for 15 minutes at room temperature) with an anti-STAT-1 mAb
(BD Biosciences) (Supplemental Figure 2).

Results
Antibodies to IFN-γ induced long term protection (LTP) from diabetes

Transfer of BDC T cells into NOD.rag-1−/− or scid mice rapidly resulted in diabetes, the time
of development depending on the amounts of T cells transferred (results with either were
identical and thus are not separated). In all our transfer experiments BDC T cells were first
activated for three days: pooling all experiments, all 135 injected mice became diabetic (Fig.
1A and supplemental figure 3A). Testing a total of 272 mice through several experiments, the
mAb H22, to IFN-γ (23), inhibited the development of diabetes by 93%. In most experiments
H22, at 300ug, was administered a day before the diabetogenic T cell transfer and, a second
dose, two days after (Fig. 1A and supplemental figure 3A). The inhibition of diabetes persisted:
most of the mice were tested up to 140 days after the injection of BDC T cells, and these were
still normoglycemic.

The LTP was not dependent on the presence of circulating H22 antibody. ELISA measurements
of H22 mAb in the sera of 31 mice showed a range between 0.3 to 2.8µg/ml at days 72 to 89
post-antibody injection. We then determined whether the levels of H22 found in LTP mice
were enough to afford protection from diabetes. Administration of a dose lesser than 25µg did
not give protection (data not shown). In conclusion, the serum concentration of antibody in the
protected mice at later time points was too far below the neutralizing levels, indicating that
LTP depended only on neutralizing IFN-γ during an early, critical window of time. Both sets
of mice that received the BDC T cells, that is, with or without injections of H22 mAb, showed
a similar severe inflammatory response made up mostly of mononuclear phagocytes. Figure
1B shows the distribution of cells in the islet exudates from each group: both mostly comprised
F4/80+ cells, with a smaller fraction of neutrophils, dendritic cells and NK cells.
Histopathologically, the extensive inflammatory reaction in the diabetic mice was
accompanied by complete disruption of islets with loss of insulin-positive cells (Fig. 1C). A
recent study of ours, using depleting antibodies, indicated that of the three main cells of the
exudate, neutrophils, NK cells and macrophages, the last were the only cells responsible for
killing the β-cells (9).

During the first week, the inflammatory reaction in the BDC T cells plus H22 mAb injected
mice disrupted the islets which became lobulated with inflammatory cells separating the
lobules. Insulin staining was not detected in the diabetic mice while LTP mice showed
decreased insulin staining (Fig. 1C). The total islet mass as determined by the insulin content
of the pancreas was absent in acute diabetic mice and substantially reduced in the LTP cohort
(Fig. 2). In the LTP mice, the inflammatory reaction persisted but became less intense
throughout the observation time (Fig. 1D).
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H22 treated mice were more resistant to the induction of diabetes when a second dose of BDC
T cells was administered, even if the second dose occurred well after H22 concentration had
dropped below neutralizing levels. In these experiments, when 4×106 T cells were injected into
untreated NOD.scid mice, all mice became diabetic by the sixth day. However only 2 of 10
mice previously injected with H22 mAb became diabetic, even though, in this case, the mice
had been injected 90 days before with H22 and BDC T cells (Fig. 1E, upper bar and
supplemental figure 3B). In another set of experiments, increasing the dose of T cells to 1.5 ×
107 did induce diabetes after twenty five days in 6 of 6 mice, while all the six control mice
were diabetic by the fourth day (Fig. 1E, middle bar and supplemental figure 3B). Hence, the
H22 treated recipients were not conducive to induction of disease when limiting numbers of
diabetogenic CD4 T cells were reintroduced.

The LTP mice however still harbored diabetogenic T cells in their spleens. Sixty to 143 days
after injection of BDC T cells plus H22 mAb, the protected mice were sacrificed and their
spleen cells isolated and transferred into unmanipulated NOD.scid recipients. All 21 mice from
six different experiments became diabetic by 8–19 days (Fig. 1E, lower bar and supplemental
figure 3C).

In brief, treatment with anti-IFN-γ mAb protected mice from diabetes by reducing the mass of
islet β-cells that died following the injection of BDC T cells. Protection was prolonged and
accompanied by a persistent inflammatory reaction predominantly made up of macrophages.
Importantly, the LTP mice contained diabetogenic T cells indicating an active
immunomodulatory environment that kept the pathogenic T cells in check.

Gene expression analysis of islets from protected versus diabetic recipient mice showed
different macrophage profiles

Initially, gene expression was assayed in pancreas from control untreated mice as well as LTP
and diabetic mice at day 3 following BDC T cell injection (n=5 mice per condition, with RNA
pooled for each GeneChip). We identified 1279 genes whose expression was increased in
diabetic mice relative to untreated NOD.scid (lower bound of 90% confidence interval set at
1.3, intensity difference >= 50), 1162 increased in LTP vs NOD.scid and 1098 that decreased
from NOD.scid to either diabetic or LTP mice. Gene Ontology analysis (20,24) showed that
the most significant patterns of changes in both diabetic and LTP islets relative to untreated
mice at d3 were increases in genes classified by the GO term “Immune response” (0.45% of
genes preferentially expressed in control mice vs. 4.8% of LTP and 5.9% of diabetic genes).
Many of the genes increased in both diabetic and LTP islets were associated with macrophages.
[Comparing to 247 genes specifically increased in activated macrophages (25,26), we found
that 60 representing 4.7% of the diabetic transcripts and 48, representing 4.1% of the LTP
transcripts were characteristic of activated macrophages vs only 0.5% of transcripts enriched
in untreated NOD.scid islets]. Altogether, 31% of the select group of genes representing
macrophage activation was enriched in either the unprotected or protected islet population.

A distinct pattern was found in the profile of macrophage genes upregulated in islets of diabetic
compared to LTP mice. When the LTP and diabetic expression profiles were compared directly
to each other, using relatively high threshold for difference (fold change >=3.5, intensity
difference >=75), those genes enriched in diabetic islets were characteristic of the activated
M1-type associated with inflammatory responses, whereas genes enriched in LTP mice were
characteristic of the M2-phenotype, activated by the alternative pathway (25–35). M1
macrophages are activated via IL-12 and IFN-γ-induced pathways that depend on downstream
signaling via Stat1 and Stat4. Stat1 gene expression was enriched in diabetic mice relative to
islets from LTP mice (Fig. 3A and B). Multiple target genes of Stat1-induced pathways were
also expressed preferentially in islets from the diabetic mice. Examples include: Ly6a, Igtp,
Ifi47, Irf1, Tgtp, as well as the chemokines CXCL9 and CXCL10 (Fig. 3A and B). In islets
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from LTP mice the following genes were expressed: chitinase 3-like 3 (Chil3l, aka YM-1),
CCL24, CCL9 (aka Scya9), Ear1, Timp1, IL4i1, and CCL6 (Fig. 3A and B). Interestingly,
expression of Arginase I, a key M2-associated gene was statistically high in LTP at d3, but
much higher at the fourth day (Fig. 4A). Finally, q-RT-PCR on laser-captured islets at day 3
confirmed for selected cytokines that the M1 cytokines CXCL9 and CXCL10 were increased
in diabetic vs LTP and the M2 cytokine CCL6 was increased in LTP vs. diabetic (Fig. 4B).

Evidence for regulatory T cell-dependent protection upon neutralization of IFN-γ
Flow cytometry analysis from 5 independent experiments from LTP mice showed expression
of the BDC TCR at intermediate or low levels in 29 to 49% of them BDC-lo, while the
remaining cells expressed high levels of the TCR , BDC-hi (Fig 5A). A previous report by
Kanagawa et al, indicated that the BDC-lo T cells were regulatory in nature in that they either
delayed or inhibited the onset of diabetes (36). In addition, the BDC2.5 TCR transgenic mice
genetically crossed into the NOD.scid mice contained a homogeneous set of T cells only
expressing high levels of the clonotype TCR (Fig 5A): all these mice became spontaneously
diabetic within 28 days post birth.

To ascertain whether H22-mediated protection required CD4 T cells that expressed endogenous
TCRs in addition to the BDC2.5 TCR, transfer experiments were performed using only the
BDC-hi CD4 T cells. BDC-hi T cells isolated from either BDC or BDC.scid mice transferred
diabetes but this transfer of diabetes was not affected by injection of H22 (Fig 5C and
supplemental figure 3D). Experiments were done administering once a very high dose of 1.5
mg of H22, or giving three injections in seven days with 300ug each. The diabetic process was
not inhibited; hyperglycemia was delayed in a few mice by 4 to 20 days compared to the
untreated mice but once diabetes developed it had the same features of severity and degree of
inflammation (Fig. 5C and D; supplemental figure 3D and E). BDC-lo CD4 T cells did not
transfer diabetes and, a mixture of BDC-hi and –lo T cells was needed for the protective effect
of anti-IFN-γ (Fig. 5D). Flow cytometry analysis of BDC-hi T cells showed their high
expression of IFN-γ but very limited expression of IL-17 (not shown).

Thus neutralization of IFN-γ did not directly control islet β-cell destruction mediated by BDC-
hi T cells. The results pointed to a BDC-lo T cell regulating the response of BDC-hi T cells:
at face value in the absence of IFN-γ the negative effects of this cell predominated over those
of the BDC-hi T cells. The BDC-lo T cells directly or indirectly regulated the pathogenic
potential of BDC-hi T cells or could control the final effector activated macrophage (e.g., by
regulating its differentiation along M1 or M2 lineages) that kills islet β-cells.

BDC T cells were examined for the expression of Foxp3. As shown in figure 5B, CD4 T cells
from BDC.NOD mice but not BDC.scid mice contained Foxp3+ cells. The CD4+Foxp3+
population in the BDC.NOD mice pre and post- activation predominated in the high and
intermediate clonotype population. Moreover, flow cytometry analysis of islet infiltrating T
cells from H22 treated mice at day 30 of protection (i.e. from fig. 1A that are protected from
diabetes) showed the presence of CD4 T cells that expressed Foxp3 with about the same
distribution of the BDC-clonotype. (Fig. 5B).

The mode of regulation was next examined by using a variety of neutralizing mAbs. Those
that neutralized IL-10 or TGF-β had no effect i.e. LTP mice injected with H22 were still
normoglycemic when given the neutralizing antibodies (Fig. 6A). Also injection of PC61, an
antibody to CD25, which inhibits regulatory T cells and an antibody to the glucortocid-induced
TNF receptor (GITR) had no effect (Fig. 6A). The efficacy of all these antibodies was
ascertained in different experimental systems tested in the laboratory (37).
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Two antibodies reversed the LTP. Injection of the YTS191.1 mAb, an antibody that depleted
CD4 T cells, rapidly induced diabetes in LTP mice. LTP mice at day 75 post-treatment with
H22 mAb were injected with the YTS191.1 mAb (two injections of 500µg each, 3 days apart);
31 of 33 (or 94%) mice developed diabetes 10 days after the treatment (Fig. 6B and
supplemental figure 3F). Histopathological analysis showed islets with an extensive leukocyte
infiltration by day 10, time of diabetes onset (Fig. 6C). FACS analysis of YTS191.1-treated
mice demonstrated depletion of both BDC-hi and –lo T cells (data not shown).

A neutralizing antibody to CTLA-4 also reversed the protected state induced by H22 mAb
administration. Protected mice (those given BDC T cells plus H22 mAb) after 45 days, or later,
reverted to diabetes when injected with anti-CTLA-4 mAb: 17 of 20 mice became diabetic,
while in contrast, 2 out of 17 injected with control antibodies became diabetic, a difference
from 85% to 12% (Fig. 6D and supplemental figure 3G). However the capacity of anti-CTLA-4
mAb to reverse LTP protection was not found in mice at days 9, 25 or 35 after administration
of BDC T cells plus H22. From a total of 25 mice given anti-CTLA-4, only four became
diabetic, in comparison to two of 24 given control antibodies (Fig. 6D). Thus the early stages
of H22 protection were independent of engagement of CTLA-4 while the later stage was
influenced by CTLA-4-dependent inhibition. To note, flow cytometry analysis of CTLA-4
total expression in the exudates of LTP mice indicated noticeable levels in the BDC-hi but not
BDC-lo T cells (Fig. 6E). CTLA-4 expression was not found in the splenocytes of LTP mice.

We analyzed the correlation of CTLA-4 and Foxp3 expression in BDC-hi T cells from the islet
exudates of LTP mice. As shown in figure 6F, 30% of the BDC-hi gated T cells expressed
CTLA-4 and from this, close to 50% were positive for the expression of Foxp3. Only 5.5% of
the BDC-hi T cells were positive for Foxp3 and negative for CTLA-4.

Transfer of diabetes requires host myeloid cells to express the IFN-γ receptor
As was noted, the BDC-hi CD4 T cells induced diabetes resistant to H22 mAb treatment
implying that IFN-γ was not required to mediate the effector reactions. But surprising, and
paradoxically, BDC T cells, sorted for clonotype-high or from BDC.scid mice which only
express high clonotype, or BDC T cells from NOD mice bearing BDC-hi and BDC-lo cells,
did not transfer diabetes into mice lacking the IFNγR (Fig 7A and Table I). By making bone
marrow chimeras, mice were examined in which the bone marrow derived cells or the β-cells
expressed or did not express IFNγR. In agreement with the published work from Katz’s
laboratory (38), BDC T cells induced diabetes in mice in which the β-cells lacked the receptor.
But diabetes was not induced in mice where the myeloid compartment lacked the IFNγR (Fig.
7B, Table I and supplemental figure 3H). Mice were followed up to 60 days after transfers. All
mice had an inflammatory reaction: while about 30% of islets were clean and not infiltrated,
40% showed a mixed infiltrate surrounding the islet which appeared normal; and the remaining
30% had inflammation penetrating the islets (Fig. 7C). In the case of the bone marrow chimeras
their peripheral blood cells were confirmed to lack the IFNγR by testing Stat-1 movement to
the nucleus after incubation with IFN-γ (Supplemental Figure 2). Thus the lack of IFNγR in
the myeloid lineage translates in a reduction in the inflammatory reaction that kills β-cells
implying that some IFN-γ interactions are amenable to H22 neutralization while others are not.

Discussion
The acute transfer model pointed to several notable effects of IFN-γ in autoimmune diabetes
mediated by a clonal set of diabetogenic CD4 T cells. In general the results together with those
of others, outline the various distinct and complex cellular interactions taking place in
autoimmune diseases where there is chronic antigenic stimulation and involvement of
practically all the cells of the immune system. The experiments identified two situations that
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IFN-γ participated in the induction of the inflammatory response and the consequent diabetes
mediated by BDC T cells (Fig.8).

First when inflammation was transferred by BDC T cells bearing high and low levels of the
TCR, IFN-γ was required to induce an M1 exudate that led to β-cell death; in its absence, the
BDC T cells entered into a regulatory pathway in which the exudate was typical of the M2
macrophages. The M1 exudate is typical of IFN-γ mediated processes. Among the various
genes modulated by IFN-γ, that encoding for CXCL10 was previously implicated in the
progression of diabetes: neutralizing antibody to CXCL10 in a cyclophosphamide-exacerbated
NOD model suppressed diabetes (39). The M2 macrophages are associated with the alternative
pathway activated by the cytokines such as IL-4/13 which can promote allergic inflammation
and wound healing in target tissues, rather than cytotoxicity (40,41). YM-1 and arginase
epitomize the genes expressed in the alternative pathway. Arginase competes with iNOS for
nitrogen, shunting it away from production of cytotoxic nitric oxide (a presumed mediator of
β-cell death in diabetes) (42) and toward production of extracellular matrix and/or proliferation-
stimulating polyamines. Another transcript enriched in the LTP islets was CCL6 shown to be
induced in macrophages by IL-4, inhibited by IFN-γ and a key chemotactic factor for fibrogenic
(i.e., non cytotoxic) macrophages (40,41).

Activated macrophages in the M1-exudate were in close contact with β-cells and were
responsible for their death. In culture the same cells killed β-cells (9). The mechanism of action
of the activated macrophages has not been determined. Activated macrophages produce
peroxynitrate and β-cells have been shown to be highly sensitive to oxidative damage (42). In
contrast the alternative activated macrophages in the M-2 exudates show considerably less
cytocidal molecules. To note that the response to an M1 or M2 exudate is not all or none: indeed
LTP mice did have a reduced mass of β-cells, but sufficient to maintain euglycemia. In
unpublished experiments no proliferation of β-cells was discerned in the LTP mice.

The key role of the clonotype-low BDC T cell was apparent: it did not transfer diabetes yet it
influenced profoundly the behavior of the clonotype-high BDC T cells. Thus, in a situation in
which T cells bearing different amounts of the TCR were together, IFN-γ was a key cytokine
that allowed the clonotype-high T cells to dominate, induce the M1 exudate and diabetes (Fig.
8, #1). Pari passu, in the absence of IFN-γ, the modulatory action of the clonotype-low T cells
predominated, influenced the type of exudate (M-2), and diabetes was controlled. How the
BDC-lo cell deviated the exudate to an M2 type, is not apparent. We could not find evidence
for the involvement of IL-10 or TGF-β. The finding that foxp3 T cells distributed among the
T cells bearing different amounts of the clonotype (Fig. 5B) does not allow us to determine
which set, if any, was involved in the protection. It is to be noted that neither anti-CD25 nor
anti-GITR mAb affected the LTP. However, CTLA-4 was definitely involved but at a later
stage of the chronic LTP.

CTLA-4 has been implicated in some of the effects mediated by regulatory T cells (43) and in
NOD diabetes (44,45), in our case, CTLA-4 expression was found within the Foxp3 population
of the BDC-hi T cells. CTLA-4 could be participating in two effects: 1) direct inhibition of the
effector T cell (46–48) and 2), direct influence on the macrophage as it has been suggested,
for example by increasing the production of indoleamine 2–3 dioxygenase (44,49–54). Current
ongoing experiments are focused to solve these questions.

An important feature of the LTP pathway is that the effector diabetogenic T cells were not
eliminated but were present, not in islets but in spleen. In contrast to the BDC T cells in islets,
which expressed CTLA-4, those in the spleen were negative. A comparable situation was
previously reported in NOD mice given Freund’s adjuvant and protected from diabetes (55).
It all implies that much of the regulation is local.
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Another finding that calls our attention is that of the rapid reversal of the LTP when BDC T
cells were depleted. Our expectation was that the depletion would simply abrogate the
inflammatory process, that is elimination of the BDC-M2 axis would require new interaction
leading to a BDC-M1 axis. Yet, reversal was fast, implying that the LTP is a continous process
of control, and that elimination of the regulatory pathway immediately converts the process
back to the original M1 exudate.

Finally, a highly paradoxical result emerged from the analysis of the requirements for IFN-γ
signals in the host leukocytes. By performing bone-marrow chimeras, we noted that the host
APC compartment but not the islet β-cells needed IFN-γ signals to allow BDC T cells to induce
the full inflammatory response that leads to diabetes (Fig. 8, # 2). So while diabetes in the
presence of clonotype-hi T cells could not be neutralized by H22, it still required APC to express
the IFN-γ receptor. It could be that the H22 treatment is not effective at neutralizing the IFN-
γ signals transmitted between T cells and APCs at close proximity. Another possibility is that
tonic levels of IFN-γ signaling may be necessary for macrophages to differentiate into effector
cells that kill islet β-cells. If there is already a pool of such cells, lowering IFN-γ at or around
the time of the BDC transfer may not have any effect on the recruitment of these killer APCs
into the islets.

Previous studies had shown that the natural NOD diabetogenesis was affected to a minor degree
in situations where the IFN-γ receptor or the structural genes for IFN-γ were mutated: at the
most a slower development was found with a small reduction in incidence (10–14). It suggests
other pathways of activation and effector functions taking place during this chronic process.
On the other hand in the various manipulations where the diabetogenic process was dissected,
such as shown in these studies, a role of IFN-γ is apparent (15–17). In the acute
cyclophosphamide model, antibodies to IFN-γ were highly effective in stopping diabetogenesis
(15,16) as well as the absence of the IFN-γ receptor in the myeloid cell compartment (56).
Gene expression profiles disclosed high expression of IFN-γ induced genes (57). Other systems
have also shown other roles of IFN-γ when involving other cells. In the experiments reported
by Cain et al (58), the BDC T cells derived from BDC.scid ie with high clonotype could be
inhibited by NKT cells and in this instance, IFN-γ was required in a process where the target
tissue appeared to be that of the host. The take home message is that as more cells join the
process, there are more diverse interactions taking place.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Treatment with antibodies to IFN-γ induces LTP from diabetes. A, Incidence of diabetes in
NOD.Rag-1−/− or NOD.scid mice that received activated BDC T cells (4×106) alone, or along
with the anti-IFN-γ (H22) mAb. Mice injected with BDC T cells had 100% diabetes incidence
by day 7, while mice injected with BDC T cells plus the H22 antibody showed only 7% diabetes
incidence over a period of 140 days. Results obtained were pooled from a total of eighteen
experiments. B, Distribution of islet infiltrating leukocytes at day 7 from NOD.scid mice post
BDC T cell transfer (“Diabetic”) and from H22 treated recipients (“LTP”). Leukocytes were
recovered from pancreatic islets of six mice in each group and analyzed by flow cytometry for
the various leukocyte markers. The total numbers of islet-infiltrating leukocytes recovered per
mouse from diabetic versus H22 treated mice were 5.9×105 and 3.8×105, respectively. C,
Histological analysis, Sections were stained with H&E and insulin from NOD.scid mice that
were untreated (‘No Transfer’), that received activated BDC T cells alone (‘Acute Diabetes’)
or in conjunction with the H22 mAb (‘Protected’). Magnification of 20x. D, Insulitis scores
from H&E pancreata sections of LTP mice. Infiltration started at the same time as the acute
diabetic mice (day 3) and by day 6 there was 100% infiltration without diabetes. Data obtained
from 1,201 scored islets of 61 experimental mice. E, Upper and middle bars: rechallenge of
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LTP mice with 4×106 or 1.5×107 activated BDC T cells, respectively, at day 90 of LTP and
followed for 60 days after rechallenge. Lower bar: transfer of bulk splenocytes from LTP mice
(between 60 to 143 days of protection) into unmanipulated NOD.scid recipients (diabetes
incidence of 100% by day 19).
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FIGURE 2.
Insulin content from total pancreas measured by radioimmuno assay form acute diabetes and
LTP mice at different times post BDC T cell transfer. Each point represents the average insulin
content of 4 to 6 mice per time point.
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FIGURE 3.
Laser-capture microdissected LTP islets preferentially express M2 macrophage genes, whereas
diabetic islets express M1 genes. GeneChip expression profiles were generated by directly
comparing d3 LTP to d3 diabetic GeneChips. Those genes with profoundly differing patterns
of expression (3.5-fold difference between LTP and diabetic, expressed at >75 intensity level)
were identified. All genes, increased in either direction, were then classified by literature search
as M1-associated or M2-associated. A, All differentially expressed M1 (blue) and M2 (green)
genes from this analysis are depicted in the heat map. Note how almost all the M2 genes have
higher expression in LTP and vice versa; none of the genes are expressed at the highest level
in control islets. B, The same genes are plotted according to intensity levels. Genes with high
expression (upper plot) and low expression (lower) are separated for clarity. Follow up
experiments with additional cohorts of mice and using qRT-PCR confirms the pattern of
association of M1 genes with diabetic islets and M2 with LTP.
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FIGURE 4.
Follow up experiments with additional cohorts of mice and using qRT-PCR confirms the
pattern of association of M1 genes with diabetic islets and M2 with LTP. A, Plots of
representative, selected M1 (upper) and M2 (lower) genes at later time points. B, Plots of qRT-
PCR of laser-captured islets for selected M1 and M2 genes showing the same pattern of
expression as on GeneChip. Results are means±SD from duplicate, independent experiments.
Note that the scale is Log2.
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FIGURE 5.
Anti-IFN-γ treatment did not inhibit diabetes induced by the transfer of BDC-hi T cells. A,
Flow cytometry analysis of spleen CD4+ T cells from BDC pre-activation, post-activation,
BDC.scid and LTP mice (day 70 of protection from diabetes) and their clonotype BDC hi and
-lo expression. B, Flow cytometry analysis (on gated CD4+) looking at BDC and Foxp3+
expression from splenocytes of BDC pre-activation, post-activation, BDC.scid and islet
exudate (day 30) of LTP mice. Upper panels stained with BDC plus the isotype IgG control
antibody. Lower panels stained with BDC plus the anti-Foxp3 mAb. C, Incidence of diabetes
in mice that received BDC.scid T cells (1×106) alone, or together with the H22 mAb treatment:
both sets of mice developed diabetes 10 to 15 days post transfer. D, Transfer of sorted CD4+
T cells for their hi and -lo clonotype expression of BDC into NOD.scid recipients alone, or
with the H22 mAb treatment and followed for 30 days for diabetes incidence. The lower bar
represents the combined transfer of BDC-hi and -lo that leads to LTP from Figure 1A.
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FIGURE 6.
Mode of regulation in LTP mice by neutralizing antibodies. A, LTP mice after 75 days were
treated with an irrelevant IgG or with depleting antibodies to CD25, TGF-β, GITR or IL-10
and followed for 30 days for diabetes incidence. B, LTP mice at day 75 were treated with either
an irrelevant IgG or anti-CD4 depleting mAb and followed for diabetes incidence. C, Insulitis
score analysis from H&E pancreata sections of anti-CD4 treated LTP mice. The extensive
infiltration increased post anti-CD4 mAb treatment correlated with diabetes onset. Data
obtained from 212 scored islets of 14 experimental mice. D, LTP mice at different times were
treated with either an irrelevant IgG or anti-CTLA-4 blocking antibody (4F10) and followed
for 30 days. Treatment before day 35 did not show an increase in diabetes, while treatment
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performed after 45 days of protection increased diabetes incidence. E, Histogram analysis by
flow cytometry for total expression of CTLA-4 in BDC-hi and BDC-lo T cells isolated from
the islet exudate or the spleen of LTP mice at day 60 of protection. The blue line represents
CTLA-4 and the red line the isotype control stain. F, Flow cytometry analysis for total
expression of CTLA-4 and Foxp3 (gated on BDC-hi T cells) from islets of LTP mice after 60
days of protection. Left panel shows isotype control staining and right panel shows CTLA-4
and Foxp3 staining.
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FIGURE 7.
Transfer of diabetes requires host myeloid cells to express the IFNγR. A, Transfer of 4×106

activated BDC T cells or BDC.scid T cells (106) into NOD.Rag.IFNγR+/+ or
NOD.Rag.IFNγR−/− recipients and followed for diabetes incidence. While activated BDC T
cells transferred diabetes into NOD.Rag.IFNγR+/+, the transfer of either activated BDC.NOD
T cells or BDC.scid cells into NOD.Rag.IFNγR−/− did not increase diabetes incidence.
Experimental mice were followed for 60 days post T cell transfer. B, Bone marrow chimeric
mice in which the bone marrow derived cells or the β-cells expressed or did not express
IFNγR were transferred with activated BDC, T cells (4×106) and followed for diabetes
incidence for 30 days. Only recipient mice that contained bone marrow derived cells that lacked
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IFNγR and β-cells-expressing IFNγR were free of diabetes. C, Islets from previous mice that
were free of diabetes (day 30, last day of observation) were examined for insulitis by H&E
sections. Data obtained from 24 experimental mice.
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FIGURE 8.
IFN-γ effects in the induction of the inflammatory response and the consequent diabetes
mediated by BDC T cells. As a result of the interaction between an APC containing a
diabetogenic antigen and a diabetogenic CD4 T cells, two sets of activated CD4 T cells are
generated, differing in the extent of expression of their TCR (noted by the numbers of “v” in
red in the figure). In the islet tissue these cells generated an inflammatory exudate rich in M1-
activated macrophages. IFN-γ, exerts an effect in this step, marked as # 1 allowing the TCR
high T cell to predominate. In the absence or blocking of IFN-γ in the step 1, the TCR-low
predominates and the resulting exudate has features of the M2-activated macrophages, and β-
cell function is preserved. The macrophage precursor differentiates in a process influenced by
IFN-γ, see # 2, to generate macrophages that respond to inflammatory cues.
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