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The autoimmune disease type 1 diabetes in humans and NOD mice is determined by multiple genetic factors, 
among the strongest of which is the inheritance of diabetes-permissive MHC class II alleles associated with sus-
ceptibility to disease. Here we examined whether expression of MHC class II alleles associated with resistance 
to disease could be used to prevent the occurrence of diabetes. Expression of diabetes-resistant MHC class II  
I-Aβ chain molecules in NOD mice following retroviral transduction of autologous bone marrow hematopoietic 
stem cells prevented the development of autoreactive T cells by intrathymic deletion and protected the mice 
from the development of insulitis and diabetes. These data suggest that type 1 diabetes could be prevented in 
individuals expressing MHC alleles associated with susceptibility to disease by restoration of protective MHC 
class II expression through genetic engineering of hematopoietic stem cells.

Introduction
Type 1 diabetes is caused by T cell–mediated autoimmune destruc-
tion of insulin-producing β cells in the pancreas. Multiple genes 
contribute to the development of type 1 diabetes; however, the 
inheritance of MHC alleles associated with susceptibility to disease 
(at-risk alleles) that lack a charged amino acid at position 57 of the 
MHC class II β chain is a principal determining genetic component 
in humans (1–4). Conversely, inheritance of MHC class II alleles 
containing a charged amino acid at position 57 of the β chain is 
associated with protection from disease. In some populations, as 
many as 28% of individuals that inherit particular HLA-DQ alleles 
such as DQB1*0302 and 34% that inherit DQB1*0201 develop 
diabetes (5). The MHC class II region in NOD mice, a model of 
spontaneous type 1 diabetes (6), encodes a single MHC class II 
molecule, I-Ag7 (the mouse homologue of HLA-DQB1), which con-
tains polymorphisms that are strikingly similar to those in human 
alleles associated with type 1 diabetes susceptibility (7).

At-risk alleles in humans and NOD mice are structurally dis-
tinct from diabetes-resistant alleles, and in both cases the lack of 
a charged amino acid at position 57 of the β chain prevents the 
formation of a salt bridge with an arginine 76 of the α chain. This 
polymorphism leads to structural abnormalities that result in 
aberrant peptide binding and presentation (8) and has been sug-
gested to affect the ability of these molecules to effectively medi-
ate efficient negative selection of autoreactive T cells during their 
development (9–14). Alternatively, structural abnormalities pres-
ent in at-risk alleles could contribute to diabetes development by 
failing to positively select T cells that can control disease (15).

Transgenic NOD mice that express MHC class II genes other than 
I-Ag7 do not develop diabetes (16–23). Transplantation of allogeneic 
bone marrow from strains that do not spontaneously develop dia-
betes also prevents the occurrence of diabetes in NOD mice (24–28). 
While these studies support the idea that MHC plays a major role in 
the development of type 1 diabetes, the mechanism by which diabe-
tes-resistant MHC alleles prevent disease is unknown. In transgenic 

mice, diabetes-resistant MHC class II molecules are expressed on 
both thymic epithelium and bone marrow–derived cells. Therefore, 
protection from diabetes could occur by positive selection of regu-
latory T cells or negative selection of self-reactive T cells. In bone 
marrow chimeras, diabetes-resistant MHC class II molecules are 
expressed only on hematopoietic cells. However, allogeneic bone 
marrow cells also express non–MHC-encoded genes that influence 
diabetes progression in NOD mice (29). Therefore, from these stud-
ies, it is impossible to determine the mechanism of the protection 
and whether expression of diabetes-resistant MHC on bone mar-
row–derived cells alone is sufficient to prevent diabetes.

We hypothesized that if expression of diabetes-resistant MHC 
class II alleles on bone marrow–derived cells is sufficient to pre-
vent diabetes, genetic engineering of autologous hematopoietic 
stem cells could be used to restore expression of diabetes-resistant 
MHC on bone marrow–derived cells. Furthermore, expression of 
diabetes-resistant MHC class II alleles on bone marrow–derived 
cells could mediate negative selection of self-reactive T cells that 
cause diabetes, thereby preventing disease. This approach could 
have significant advantages over transplantation of allogeneic 
bone marrow cells, because the possibility of graft-versus-host 
disease would be avoided. Here we show that expression of diabe-
tes-resistant MHC class II I-Aβ chain molecules on hematopoietic 
cells following retroviral transduction of bone marrow is sufficient 
to prevent the occurrence of type 1 diabetes in NOD mice. Our 
data demonstrate that expression of diabetes-resistant MHC class 
II molecules on hematopoietic cells leads to negative selection of 
self-reactive diabetogenic T cells, thereby preventing insulitis and 
destruction of β cells in the pancreas. Furthermore, these data sug-
gest that genetic engineering of autologous hematopoietic stem 
cells could be used to prevent diabetes occurrence in high-risk 
individuals who inherit diabetes-permissive MHC class II alleles.

Results
Construction and characterization of retroviruses carrying MHC class II–
GFP fusion genes. To examine the role of MHC class II in providing 
protection from diabetes, genetic engineering of bone marrow was 
used to achieve expression of diabetes-resistant MHC class II mole-
cules on autologous hematopoietic cells of NOD mice. We reasoned 
that expression of diabetes-resistant MHC class II β chain genes in 
NOD hematopoietic cells would reconstitute expression of diabe-
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tes-resistant MHC class II molecules by pairing with endogenous  
I-Aα chains, which are structurally normal. Constructs were pre-
pared in which the cytoplasmic tails of I-Aβ chains from the H-2d 
and H-2k haplotypes were fused to enhanced GFP to facilitate track-
ing of diabetes-resistant MHC class II chains in hematopoietic cells. 
I-Aβ chain–GFP fusion genes were then cloned into the pMMP 
retroviral vector (Figure 1), and vesicular stomatitis virus G–envel-
oped retroviruses were prepared from each construct, hereafter 
referred to as MMP-IAβ-d-GFP and MMP-IAβ-k-GFP virus.

Infection of I-Aβ chain–deficient, surface MHC class II–negative, 
M12.C3 cells (30) with either MMP-IAβ-d-GFP or MMP-IAβ-k-GFP 
virus restored expression of MHC class II on the cell surface (Figure 
2A), indicating that the retrovirally encoded I-Aβ chains were pro-
duced and were able to pair with endogenously encoded α chains. 
To determine whether retrovirally transduced I-Aβ chains could 
compete with endogenous MHC class II and be expressed on the cell 
surface, A20 cells (H-2d positive, BALB/c origin) were infected with 
MMP-IAβ-k-GFP. Cell surface expression of I-Aβk was detectable on 
these infected cells by cell surface staining with the I-Aβk chain–reac-
tive antibody 10-3.6 (Figure 2B). In all cases, GFP and I-Aβk were con-

cordantly expressed. The levels of endogenous I-Ad expression were 
unchanged in A20 cells infected with MMP-IAβ-k-GFP virus (Figure 
2B), suggesting that the retrovirally encoded I-Aβk molecules and the 
endogenous I-Aβd chains are coexpressed on the cell surface.

Long-term expression of retrovirally encoded MHC class II–GFP fusion 
genes following reconstitution of NOD mice with transduced syngeneic 
bone marrow. We next examined the ability of MMP-IAβ-d-GFP 
and MMP-IAβ-k-GFP viruses to transfer I-Aβ chain gene expres-
sion to primary murine bone marrow cells. Bone marrow was 
harvested from female NOD/MrkTac mice (hereafter referred to 
as NOD mice) treated 7 days prior with 150 mg/kg 5-fluoroura-
cil, and transduced as previously described (31). Immediately after 
transduction, approximately 17.2% ± 2.3% of MMP-IAβ-d-GFP–
transduced and 14.4% ± 2.1% of MMP-IAβ-k-GFP–transduced 
bone marrow cells expressed GFP (Figure 3A). The frequency of 
bone marrow cells expressing GFP following infection with either 
MMP-IAβ-d-GFP or MMP-IAβ-k-GFP was similar to that observed 
following infection with MMP-GFP (16.3% ± 1.8%), a control virus 
that carries only the gene encoding GFP. Mock-transduced bone 
marrow cells remained negative (Figure 3A).

To examine expression of retrovirally transduced I-Aβ chain 
genes in vivo, female NOD mice were lethally irradiated (10.25 
Gy) and reconstituted with 4 × 106 MMP-IAβ-d-GFP virus–, MMP-
IAβ-k-GFP virus–, or MMP-GFP virus–transduced syngeneic 
bone marrow cells. Eight weeks after bone marrow transplanta-
tion, 8.0% ± 0.4% (n = 18) of PBMCs from mice reconstituted with 
MMP-IAβ-d-GFP–transduced bone marrow expressed GFP. Simi-
larly, 5.0% ± 0.7% (n = 18) of PBMCs from mice reconstituted with 
MMP-IAβ-k-GFP–transduced bone marrow and 10.6% ± 0.6% 
(n = 18) of PBMCs from mice reconstituted with control MMP-
GFP–transduced bone marrow expressed GFP. The frequency of 
cells expressing GFP remained stable in all mice over the 36-week 
follow-up period (Figure 3B). Twenty weeks after reconstitu-

Figure 1
Diagram of MMP-based retroviral vectors encoding I-Aβd (MMP-IAβ-d-
GFP) and I-Aβk (MMP-IAβ-k-GFP) fused to GFP; and diagram of the 
control MMP-GFP retroviral vector. LTR, long-terminal repeat.

Figure 2
Expression of retrovirally transduced MHC class II–GFP fusion proteins. (A) MMP-IAβ-d-GFP and MMP-IAβ-k-GFP retroviruses restore surface 
expression of MHC class II in I-Aβ chain–deficient M12.C3 cells. M12.C3 cells were cultured with media alone (mock) or infected with cell-free 
MMP-IAβ-k-GFP or MMP-IAβ-d-GFP retroviral supernatants for 3 days. Cells were harvested, and surface expression of MHC class II was ana-
lyzed by staining with anti-MHC mAb’s followed by flow cytometry. Shown is 1 representative example of 3 independent experiments. (B) I-Aβ 
chains encoded by MMP-IAβ-k-GFP are expressed on the surface of cells that express endogenous MHC class II. A20 cells (H-2d) were cultured 
with either media alone (mock) or cell-free MMP-IAβ-k-GFP viral supernatant for 3 days. Cells were harvested, and surface expression of MHC 
class II was analyzed by surface staining with anti–I-Aβk (10-3.6) and anti–I-Aβd (39-10-8) antibodies followed by flow cytometry. Shown is 1 
representative example of 3 independent experiments.
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tion, GFP expression was detected in CD3+ T cells, B220+ B cells, 
CD11b+ macrophages, and CD11c+ dendritic cells in the spleen, 
PBMCs, bone marrow, and thymus (Table 1).

We next examined whether expression of retrovirally encoded I-Aβ 
chain affected expression levels of MHC class II. Twenty weeks after 
bone marrow transplantation, PBMCs were harvested from mice 
reconstituted with bone marrow transduced with either MMP-IAβ-
k-GFP or control MMP-GFP virus. Cells were stained with anti–I-Ad 
antibody 39-10-8, which recognizes both the endogenous and the 
retrovirally encoded MHC class II heterodimers, and analyzed by 
flow cytometry (Figure 3C). The level of MHC class II expression 
on PBMCs infected with MMP-IAβ-k-GFP virus was identical to the 
level on cells infected with control virus. Since total MHC class II lev-
els are unchanged in cells infected with MMP-IAβ-k-GFP virus, and 
the retrovirally encoded MHC class II β chains must compete with 
I-Ag7 β chains for endogenously encoded α chain to reach the cell 
surface, we assume that the total number of I-Ag7 molecules on cells 
expressing retrovirally encoded MHC class II β chains is reduced.

Retrovirally encoded MHC class II–GFP fusion proteins reach the cell sur-
face only in MHC class II–committed cells. To examine cellular distri-
bution of retrovirally transduced MHC class II β chains, confocal 
microscopy was used to analyze the cellular localization of GFP. 
PBMCs from NOD mice reconstituted with MMP-IAβ-d-GFP–, 
MMP-IAβ-k-GFP–, or control MMP-GFP–transduced bone mar-
row were collected, fixed, and double-stained with the anti–I-Ad 

antibody 39-10-8 (which cross-reacts with I-Ag7) and the anti-GFP 
antibody JL-8. Analysis of MHC class II–positive cells in blood 
revealed that expression of GFP was localized in the cytoplasm of 
cells from mice reconstituted with MMP-GFP–transduced bone 
marrow and did not colocalize with endogenous MHC class II on 
the cell surface (Figure 4A). In contrast, in mice reconstituted with 
MMP-IAβ-d-GFP–transduced or MMP-IAβ-k-GFP–transduced 
(not shown) bone marrow, GFP expression was colocalized 
together with MHC class II on the cell surface (Figure 4A). Thus, 
in MHC class II–expressing cells, retrovirally encoded I-Aβ chains 
are processed and exported to the cell surface. Analysis of T cells 
from mice reconstituted with MMP-IAβ-d-GFP–transduced or 
MMP-IAβ-k-GFP–transduced (not shown) bone marrow by con-
focal microscopy revealed expression of GFP within the cytoplasm 
(Figure 4B). GFP expression in T cells did not colocalize with CD3 
on the cell surface (Figure 4B). These data suggest that retrovirally 
transduced MHC class II β chains are expressed in the cytoplasm 
of MHC class II–negative cells and do not reach the cell surface.

Expression of retrovirally encoded MHC class II–GFP fusion genes in 
NOD mouse bone marrow–derived cells prevents type 1 diabetes. To deter-
mine the effect of expressing retrovirally transduced diabetes-resis-
tant MHC class II genes in bone marrow–derived cells on diabetes 
occurrence, 5- to 6-week-old female NOD mice were irradiated and 
reconstituted with 4 × 106 syngeneic bone marrow cells transduced 
with MMP-IAβ-d-GFP, MMP-IAβ-k-GFP, or control MMP-GFP 

Figure 3
Expression of retrovirally transduced MHC class II β chains in vivo. (A) MMP-IAβ-d-GFP and MMP-IAβ-k-GFP viruses effectively infect primary 
bone marrow cells. Bone marrow cells were harvested from 5-fluorouracil–treated NOD mice and transduced as described. Immediately after 
transduction, bone marrow cells were harvested and examined for GFP expression by flow cytometry. One representative experiment of 5 
independent experiments is shown. (B) Expression of retrovirally transduced I-Aβ chains is stable. Expression of GFP in PBMCs of NOD mice 
reconstituted with MMP-IAβ-d-GFP–transduced (squares), MMP-IAβ-k-GFP–transduced (triangles), or control MMP-GFP–transduced bone mar-
row (diamonds), determined by flow cytometry. Shown are the mean values obtained for 5–6 mice per time point. The data are representative 
of 3 independent experiments. (C) MHC class II expression levels on the surface of PBMCs. Twenty weeks after bone marrow transplantation, 
PBMCs were harvested from mice reconstituted with bone marrow transduced with either MMP-IAβ-k-GFP (solid line) or control MMP-GFP virus 
(dashed line). Cells were stained with anti–I-Ad antibody 39-10-8, which recognizes all cell surface MHC class II, and analyzed by flow cytometry. 
Left panel: Total cells. Right panel: GFP+ transduced cells.
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virus. Blood glucose levels were then monitored on a weekly basis. 
Four of six mice reconstituted with MMP-GFP–transduced bone 
marrow became diabetic by 22 weeks after bone marrow trans-
plantation and were sacrificed (median time of onset, 18 weeks; 
Figure 5A). In contrast, mice reconstituted with either MMP-IAβ-
d-GFP–transduced (n = 6) or MMP-IAβ-k-GFP–transduced (n = 6) 
bone marrow were protected from diabetes. These mice remained 
normoglycemic for 40 weeks after reconstitution (P < 0.01, medi-
an time of onset >40 weeks after reconstitution, n = 12). All mice 
remained in good health for the duration of the experiment, and 
no leukemias or lymphomas were detected (not shown).

Treatment with cyclophosphamide accelerates the occurrence of 
diabetes in NOD mice and can induce diabetes in mice in which 
spontaneous hyperglycemia does not develop (32), suggesting 
that resistance to cyclophosphamide-induced diabetes is a rigor-
ous test of the ability of gene therapy to prevent diabetes in NOD 
mice. To test the ability of retroviral gene therapy to protect mice 
from cyclophosphamide-induced diabetes, female NOD mice 
were reconstituted with MMP-IAβ-d-GFP–, MMP-IAβ-k-GFP–, or 

control MMP-GFP–transduced bone marrow as described above, 
and, 21 weeks after reconstitution, mice in each group were treated 
with 200 mg/kg cyclophosphamide. In these experiments, recipi-
ent mice also received anti-CD4 and anti-CD8 antibodies at the 
time of bone marrow transplantation to deplete any preexisting 
mature diabetogenic T cells. Treatment of mice with anti–T cell 
antibodies delays T cell recovery after bone marrow transplanta-
tion and therefore delays the onset of diabetes (J. Iacomini, unpub-
lished observation). Seventy-nine percent of NOD mice (11 of 14) 
reconstituted with MMP-GFP–transduced bone marrow devel-
oped diabetes by 28 weeks after reconstitution and were sacrificed 
(median time of onset, 23 weeks after reconstitution; Figure 5B). 

Figure 4
Subcellular localization of retrovirally encoded I-Aβ chains. (A) 
Retrovirally encoded I-Aβ chains are expressed on the surface of 
MHC class II–positive cells. PBMCs were harvested from NOD mice 
reconstituted with either MMP-GFP–transduced (top panels) or 
MMP-IAβ-d-GFP–transduced bone marrow (bottom panels), fixed, 
and stained with antibodies specific for GFP (left panels, green) and 
I-Ad (middle panels, red). The anti–I-Ad antibody used cross-reacts 
with I-Ag7. Right panels: Overlay images showing colocalization of 
retrovirally encoded I-Ad–GFP fusion proteins with endogenous  
I-Ag7 on the surface in yellow. (B) Retrovirally encoded I-Aβ chains are 
expressed in the cytoplasm of surface-MHC class II negative cells. 
PBMCs from NOD mice reconstituted with MMP-IAβ-d-GFP–transduced 
bone marrow were fixed and stained with antibodies specific for GFP 
(left panel, green) and anti-CD3 (middle panel, red). An overlay of the 2 
images is shown in the right panel, demonstrating that I-Aβd–GFP does 
not colocalize with CD3 on the cell surface of MHC class II–negative 
cells. Shown are representative results of 3 independent experiments.

Table 1
Lineage distribution of GFP-expressing cells in reconstituted mice

 Spleen PBMCs BM Thymus 
  % Lin+A % GFP+B % Lin+ % GFP+ % Lin+ % GFP+ % Lin+ % GFP+

MMP-GFP TotalC 9.1 ± 3.1 N/A 9.7 ± 3.5 N/A 7.1 ± 2.9 N/A 3.2 ± 1.8 N/A
 Mac-1 12.1 ± 4.3 13.3 ± 4.6 10.4 ± 3.7 18.5 ± 7.2 6.9 ± 3.2 71.2 ± 21.3 3.4 ± 1.2 12.3 ± 9.5
 B220 8.4 ± 2.8 65.5 ± 11.2 8.2 ± 4.1 52.4 ± 21.5 9.3 ± 4.4 33.1 ± 10.2 2.6 ± 1.9 37.7 ± 1.3
 CD3 5.4 ± 1.1 26.5 ± 8.6 6.9 ± 2.6 32.2 ± 10.2 6.3 ± 4.1 7.3 ± 2.1 3.5 ± 2.6 42.6 ± 20.4
 CD11c 13.5 ± 8.4 4.1 ± 0.9 14.6 ± 6.4 1.2 ± 0.8 18.3 ± 8.5 8.5 ± 4.2 10.9 ± 8.7 2.9 ± 2.1
MMP-IAβ-d-GFP TotalC 8.5 ± 2.2 N/A 8.9 ± 2.6 N/A 6.8 ± 1.4 N/A 2.3 ± 1.4 N/A
 Mac-1 10.3 ± 3.2 15.3 ± 7.2 9.4 ± 3.1 10.1 ± 4.3 6.7 ± 2.2 75.4 ± 19.4 2.9 ± 1.6 15.9 ± 4.9
 B220 12.4 ± 2.8 73.3 ± 16.2 11.2 ± 3.4 49.8 ± 32.1 29.4 ± 10.1 26.4 ± 11.6 4.6 ± 3.4 49.3 ± 20.3
 CD3 6.3 ± 3.7 24.3 ± 27.4 3.2 ± 1.2 41.3 ± 19.4 5.3 ± 2.8 15.3 ± 9.2 1.8 ± 1.3 29.4 ± 10.5
 CD11c 15.4 ± 8.4 4.2 ± 1.4 16.5 ± 10.4 4.3 ± 2.2 28.4 ± 13.8 13.3 ± 5.9 13.1 ± 9.4 5.3 ± 4.1
MMP-IAβ-k-GFP TotalC 4.3 ± 1.1 N/A 4.8 ± 1.5 N/A 4.1 ± 0.8 N/A 1.8 ± 1.2 N/A
 Mac-1 6.2 ± 3.4 13.5 ± 6.4 5.3 ± 2.8 25.3 ± 9.4 4.3 ± 1.2 74.2 ± 12.9 2.3 ± 2.1 17.6 ± 8.9
 B220 4.8 ± 3.2 67.5 ± 22.5 7.3 ± 3.1 71.4 ± 14.2 26.4 ± 11.8 22.2 ± 10.3 4.3 ± 3.8 42.5 ± 30.1
 CD3 3.3 ± 2.4 26.3 ± 10.2 2.1 ± 0.7 47.3 ± 11.7 3.3 ± 2.9 19.1 ± 3.5 1.5 ± 1.1 28.5 ± 20.1
 CD11c 6.7 ± 5.6 4.2 ± 2.1 8.3 ± 5.8 6.1 ± 2.3 22.4 ± 13.1 11.3 ± 2.3 17.3 ± 6.8 4.2 ± 3.2

N/A, not applicable. APercentage of lineage marker–positive cells that express GFP. BPercentage of GFP+ cells expressing each lineage marker. CTotal per-
centage of GFP+ cells in each tissue. BM, bone marrow; Lin, lineage marker.
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In contrast, mice reconstituted with either MMP-IAβ-d-GFP– or 
MMP-IAβ-k-GFP–transduced bone marrow were protected from 
disease and remained normoglycemic for 46 weeks after bone mar-
row transplantation (Figure 5B), when the experiment was termi-
nated (P < 0.001 compared with MMP-GFP group, n = 24).

Expression of retrovirally encoded MHC class II–GFP fusion genes in 
NOD mouse bone marrow–derived cells prevents insulitis. To examine 

the effect of gene therapy on insulitis, pancreata were harvested 
from NOD mice reconstituted with MMP-IAβ-d-GFP–, MMP-IAβ-
k-GFP–, or control MMP-GFP–transduced bone marrow 20 weeks 
after reconstitution. Tissue sections were prepared and stained 
with anti-insulin antibodies and hematoxylin. Pancreatic islets 
in mice reconstituted with MMP-GFP–transduced bone marrow 
exhibited significant cellular infiltration, and decreased storage of 
insulin (n = 4; Figure 6A). Cellular infiltrates consisted primarily of 
T cells, consistent with insulitis (n = 4; Figure 6B). In contrast, islets 
from mice reconstituted with either MMP-IAβ-d-GFP– or MMP-
IAβ-k-GFP–transduced bone marrow exhibited normal histology 
(n = 4; Figure 6A). Islets from these mice did not exhibit signifi-
cant cellular infiltration, and insulin storage appeared to be simi-
lar to that observed in tissue sections of pancreata from normal 

Figure 5
NOD mice reconstituted with either MMP-IAβ-d-GFP– or MMP-IAβ-k-
GFP–transduced bone marrow are protected from diabetes. (A) NOD 
mice were reconstituted with bone marrow retrovirally transduced with 
MMP-IAβ-d-GFP (open circles, n = 6), MMP-IAβ-k-GFP (×, n = 6), or 
control MMP-GFP (filled squares, n = 6). Shown are the percentages 
of normoglycemic mice at each time point after bone marrow trans-
plantation. (B) NOD mice reconstituted with bone marrow retrovirally 
transduced with either MMP-IAβ-d-GFP or MMP-IAβ-k-GFP are pro-
tected from cyclophosphamide-induced diabetes. NOD mice were 
reconstituted with bone marrow transduced with MMP-IAβ-d-GFP 
(open circles, n = 12), MMP-IAβ-k-GFP (×, n = 12), or control MMP-
GFP (filled squares, n = 14). Twenty-one weeks after bone marrow 
transplantation, mice were injected intraperitoneally with 200 mg/kg 
cyclophosphamide. Shown are the percentages of normoglycemic 
mice at each time point after bone marrow transplantation. Data in A 
and B are the combined results of 2 independent experiments. In all 
experiments, blood glucose levels were measured weekly.

Figure 6
Prevention of insulitis in NOD mice reconstituted with MMP-IAβ-d-
GFP– or MMP-IAβ-k-GFP–transduced bone marrow. (A) NOD mice 
reconstituted with MMP-IAβ-d-GFP–, MMP-IAβ-k-GFP–, or MMP-
GFP–transduced bone marrow were sacrificed 20 weeks after trans-
plantation. Pancreata were then harvested, fixed, paraffin-embedded, 
sectioned, and stained with anti-insulin antibodies, and counterstained 
with hematoxylin. Islets from mice reconstituted with MMP-GFP–
transduced bone marrow showed significant mononuclear cell infil-
tration, and decreased storage of insulin (brown staining, top right 
panel). In contrast, islets from mice reconstituted with either MMP-
IAβ-d-GFP–transduced (bottom left) or MMP-IAβ-k-GFP–transduced 
bone marrow (bottom right) were free of cellular infiltration, and levels 
of insulin storage were comparable to those observed in tissue sec-
tions from control BALB/c pancreas (top left). Shown are representative 
sections from 3 independent experiments. (B) Cells infiltrating NOD 
islets are predominantly CD3+. NOD mice reconstituted with MMP-IAβ-
d-GFP–, MMP-IAβ-k-GFP–, or MMP-GFP–transduced bone marrow 
were sacrificed 20 weeks after bone marrow transplantation. Pancreata 
were snap-frozen, sectioned, fixed, and stained with antibodies spe-
cific for insulin (red) and CD3 (black), and then counterstained with 
hematoxylin (blue). Pancreata from NOD mice reconstituted with MMP-
GFP–transduced bone marrow (top right panel) show peri-islet infiltra-
tion of CD3+ cells, and little insulin staining. In contrast, pancreata from 
mice reconstituted with either MMP-IAβ-d-GFP–transduced (bottom 
left) or MMP-IAβ-k-GFP–transduced bone marrow (bottom right) had 
no visible cellular infiltrate, and insulin staining was comparable to that 
observed in control BALB/c pancreata (top left). Shown are representa-
tive sections from 3 independent experiments.
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BALB/c controls. Similar results were observed at 40 weeks after 
reconstitution (not shown). These data suggest that expression of 
diabetes-resistant MHC genes from protective MHC haplotypes 
prevents insulitis and the development of islet antigen–reactive T 
cells that cause islet destruction.

Elimination of self-antigen–reactive T cells in NOD mice reconstituted 
with MHC class II–GFP–transduced bone marrow. We next examined 
the frequency of self-antigen–reactive T cells in NOD mice recon-
stituted with MMP-IAβ-d-GFP–, MMP-IAβ-k-GFP–, or control 
MMP-GFP–transduced syngeneic bone marrow using cytokine 
ELISPOT assays. Mice were sacrificed 20–28 weeks after reconsti-
tution, and spleens were harvested. Splenocytes were then restimu-
lated overnight with insulin (whole protein), peptide 206–220 from 
glutamic acid decarboxylase 65 (GAD 65), or peptide 85–99 from 
myelin basic protein (MBP) as a control in ELISPOT assays. The 
GAD 65 peptide was chosen because it is an immunodominant 
self-antigen peptide in NOD mice (33) and binds with high affin-
ity to I-Ag7 (34). A significant frequency of spleen cells from NOD 
mice reconstituted with MMP-GFP–transduced bone marrow were 
able to secrete IFN-γ (34 ± 5 cells per 106), IL-2 (80 ± 12 cells per 
106), and IL-4 (88 ± 9 cells per 106) in response to the GAD 65 
peptide (n = 7; Figure 7). In contrast, we were unable to detect pro-
duction of IFN-γ (1 ± 1 cell per 106, P < 0.01), IL-2 (undetectable, 
P < 0.01), or IL-4 (undetectable, P < 0.01) in response to GAD 65 
peptide by spleen cells from NOD mice reconstituted with either 
MMP-IAβ-d-GFP– or MMP-IAβ-k-GFP–transduced bone marrow 
(Figure 7). Similarly, a significant frequency of splenocytes from 
NOD mice reconstituted with control MMP-GFP–transduced 
bone marrow produced IFN-γ (41 ± 2 cells per 106), IL-2 (226 ± 18 
cells per 106), and IL-4 (92 ± 3 cells per 106) in response to the insu-
lin protein, while cells from NOD mice reconstituted with either 
MMP-IAβ-d-GFP– or MMP-IAβ-k-GFP–transduced bone marrow 
had significantly lower frequencies of cells producing IFN-γ (2 ± 2 
cells per 106, P < 0.01), IL-2 (2 ± 3 cells per 106, P < 0.001), and IL-4 
(1 ± 1 cell per 106, P < 0.01) in response to insulin.

Thymic deletion of islet antigen–specific T cells in NOD mice reconsti-
tuted with MHC class II–GFP–transduced bone marrow. We reasoned 
that the elimination of functional islet-reactive T cells following 
expression of a retrovirally encoded diabetes-resistant I-Aβk or  
I-Aβd allele could result from either central deletion of islet-reac-
tive clones in the thymus (21, 35), or peripheral inactivation of 
islet-reactive clones through regulatory mechanisms (36). To inves-

tigate the mechanism by which functional islet-reactive T cells 
are eliminated, we used I-Ag7 tetramers loaded with the peptide 
AAAAVRPLWVRMEAA (BDC-15) (37). This peptide, which was 
identified through the use of combinatorial peptide libraries (38), 
is known to stimulate islet-reactive T cell clones that mediate 
insulitis and cause diabetes. The I-Ag7 tetramer loaded with BDC-
15 has been shown to bind a population of T cells in the thymus 
and pancreatic lymph nodes of NOD mice (37, 39). To determine 
whether expression of a retrovirally encoded diabetes-resistant  
I-Aβk or I-Aβd allele on bone marrow–derived cells resulted in thymic 
deletion, we used I-Ag7 tetramers loaded with the BDC-15 peptide 
to detect islet-reactive T cells in the thymus of NOD mice. Five- 
to six-week-old NOD mice were irradiated and reconstituted with  
4 × 106 syngeneic bone marrow cells transduced with either MMP-
IAβ-d-GFP or control MMP-GFP virus. Eleven weeks after bone 
marrow transplantation, mice were sacrificed along with age-
matched naive NOD and BALB/c control mice, and single-cell 
thymocyte suspensions were prepared. Thymocytes were stained 
with anti-CD4 and anti-CD8 antibodies, annexin V, and I-Ag7 
tetramers loaded with either the control CLIP peptide or BDC-15 
peptide and analyzed by flow cytometry. As expected, we found 
that I-Ag7/BDC-15 tetramers labeled a population of CD4+ T cells 
(0.8%; Figure 8A) in the thymus of naive NOD mice, but not in con-
trol BALB/c mice (<0.1%). In mice reconstituted with bone marrow 
transduced with control MMP-GFP virus, CD4+ T cells in the thy-
mus that were labeled with I-Ag7/BDC-15 tetramers were readily 
detectable at frequencies similar to those observed in naive NOD 
mice, suggesting that transduction and bone marrow transplanta-
tion alone do not affect the frequency of islet-reactive T cells. In 
contrast, the frequency of CD4+ T cells labeled with I-Ag7/BDC-15 
tetramer was substantially reduced (0.1%) in thymocytes from NOD 
mice reconstituted with bone marrow transduced with MMP-IAβ-
d-GFP virus. In all samples, staining with the control I-Ag7/CLIP 
tetramer resulted in only background labeling (Figure 8A).

To determine at what stage of thymus development elimina-
tion of islet-reactive T cells occurred, we gated on I-Ag7/BDC-15 
tetramer–labeled cells and examined surface expression of CD4 
and CD8. In both naive NOD mice and NOD mice reconstituted 
with bone marrow transduced with control MMP-GFP virus, the 
I-Ag7/BDC-15 tetramer labeled both CD4+CD8+ double-positive 
T cells and CD4+CD8– single-positive T cells (Figure 8B). In con-
trast, in NOD mice reconstituted with bone marrow transduced 

Figure 7
Expression of retrovirally transduced diabetes-resistant MHC class II genes in bone marrow–derived cells prevents the development of functional 
autoreactive T cells in NOD mice. Twenty to twenty-eight weeks after reconstitution, splenocytes were harvested from NOD mice reconstituted with 
MMP-IAβ-d-GFP–, MMP-IAβ-k-GFP–, or control MMP-GFP–transduced bone marrow. Single-cell suspensions were prepared and cultured over-
night with whole insulin protein, GAD 65 peptide 206–220, or, as a control, peptide 85–99 of MBP. The frequency of cells producing IFN-γ (A), IL-2 
(B), and IL-4 (C) was then measured by cytokine ELISPOT assays. Responses to GAD 65 or insulin by splenocytes from NOD mice reconstituted 
with MMP-GFP–transduced bone marrow (black bars) were compared with responses to GAD 65 or insulin by cells from NOD mice reconstituted 
with either MMP-IAβ-d-GFP– or MMP-IAβ-k-GFP–transduced bone marrow (white bars). Shown is 1 representative experiment of 3.
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with MMP-IAβ-d-GFP virus, the I-Ag7/BDC-15 tetramer labeled 
CD4+CD8+ double-positive T cells, but not CD4+CD8– single-posi-
tive T cells. Naive NOD mice had similar numbers of CD4+CD8+ 
double-positive T cells (6.4 × 104) compared with NOD mice 
reconstituted with bone marrow transduced with control MMP-
GFP virus (6.0 × 104), while NOD mice reconstituted with bone 
marrow transduced with MMP-IAβ-d-GFP virus had a reduced 
number (0.4 × 104). Note that the I-Ag7/BDC-15 tetramer is able 
to bind cells that express retrovirally encoded MHC class II alleles, 
since these cells express both I-Ag7 and I-Ad β chains. Together, 
these data suggest that CD4+ T cells expressing a T cell receptor 
that binds the I-Ag7/BDC-15 tetramer are negatively selected in the 
thymus of mice that express retrovirally encoded diabetes-resistant 
MHC class II alleles.

Discussion
Multiple genes contribute to the devel-
opment of type 1 diabetes; however, 
inheritance of particular MHC alleles is 
the most significant determining factor 
(40). NOD mice that express MHC class 
II alleles other than I-Ag7 are protected 
from development of diabetes (16–18, 
21, 41–44), which supports the notion 
that MHC plays a significant role in type 
1 diabetes. However, it has been unclear 
whether protection results from negative 
selection of self-antigen–reactive T cells 
on diabetes-resistant MHC expressed in 
the thymus, or positive selection of reg-
ulatory T cells that can control disease 
progression. The role of MHC in bone 
marrow transplantation studies is per-
haps less clear, because wild-type bone 
marrow cells express genes in addition 
to diabetes-resistant MHC that could 
influence disease progression (24–28).

Our data suggest that expression of 
MHC class II genes associated with pro-
tection from diabetes in hematopoietic 
cells of NOD mice alone is sufficient 
to prevent diabetes occurrence. Expres-
sion of diabetes-resistant MHC class II 
β chains prevented the development 
of functional T cells that respond to 
self-antigens that are known to be tar-
gets of T cell–mediated destruction of 
pancreatic β cells. In addition, expres-
sion of diabetes-resistant MHC class 
II β chains prevented T cell infiltra-
tion and insulitis. Furthermore, NOD 
mice expressing I-Ad or I-Ak MHC class 
II β chains on bone marrow–derived 
cells were protected from diabetes 
occurrence following administration 
of cyclophosphamide, a drug that is 
known to accelerate the development 
of diabetes in NOD mice. Together 
these data suggest that gene therapy 
approaches provide robust protection 
from T cell–mediated autoimmunity.

Several T cell clones that recognize islet antigens have been 
isolated from NOD mice. Transfer of one of these T cell clones, 
BDC2.5, into NOD/scid mice results in the rapid development of 
diabetes (45). Although the identity of the autoantigen that these 
clones recognize is not known, a peptide mimetic that stimulates 
most of these clones at low peptide concentrations had been iden-
tified, and an MHC class II tetramer to which the peptide mimetic 
is bound will label both these BDC2.5 T cells and a population of 
CD4+ T cells in the lymph nodes and thymus of prediabetic NOD 
mice. Expansion of the population of tetramer/peptide mimetic 
binding autoreactive T cells correlates with increased insulitis 
and the onset of diabetes (37, 39). Using this reagent, we stained 
thymocytes from either mice expressing retrovirally transduced 
diabetes-resistant MHC class II β chains on bone marrow cells, 

Figure 8
Central deletion of autoreactive T cells is mediated by retrovirally encoded MHC class II β chain. 
Eleven weeks after bone marrow transplantation, NOD mice reconstituted with either MMP-IAβ-d-
GFP– or control MMP-GFP–transduced bone marrow were sacrificed, and single-cell thymocyte 
suspensions were prepared. Single-cell suspensions were also prepared from naive age-matched 
NOD and BALB/c control mice. Thymocytes were stained with anti-CD4 and anti-CD8 antibodies, 
annexin V, and I-Ag7 tetramers loaded with either the control CLIP peptide or BDC-15 peptide, and 
analyzed by flow cytometry. (A) Single-positive CD4 T cells from mice reconstituted with bone marrow 
transduced with MMP-IAβ-d-GFP do not bind I-Ag7/BDC-15 tetramers. Cells were gated on live annexin 
V–CD4+CD8– single-positive CD4 T cells. The percentage of these cells that bound to I-Ag7/CLIP (top 
row) and I-Ag7/BDC-15 tetramers (bottom row) is shown in the upper right quadrant. Shown is 1 repre-
sentative experiment of 3. (B) Specific deletion of I-Ag7/BDC-15–binding T cells in mice reconstituted 
with bone marrow transduced with MMP-IAβ-d-GFP. Shown is expression of CD4 and CD8 after gating 
on I-Ag7/BDC-15 tetramer+, annexin V– (live) cells. The total number of CD4+ single-positive T cells that 
bound the I-Ag7/BDC-15 tetramer was calculated by multiplication of the frequency of these cells by 
the total number of thymocytes recovered and is shown in the upper left quadrant. The total number of 
CD4+CD8+ double-positive thymocytes that bound the I-Ag7/BDC-15 tetramer was calculated similarly 
and is shown in the upper right quadrant. One representative experiment of 3 is shown.
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or mice expressing only GFP in bone marrow–derived cells. The 
thymus of naive NOD and control mice contained a substan-
tial population of CD4+CD8– single-positive T cells able to bind 
the tetramer/peptide complex. In contrast, tetramer-binding 
CD4+CD8– single-positive T cells were not detected in the thymus 
of mice expressing the diabetes-resistant MHC class II β chain on 
bone marrow–derived cells. These data suggest that the expression 
of diabetes-resistant MHC class II β chain is sufficient to prevent 
the development of these autoreactive T cells in the thymus.

Failure to develop autoreactive T cells in these mice may be due 
to either negative selection of autoreactive clones, or failure to 
positively select these T cells. Bone marrow–derived cells lack the 
ability to positively select T cells (46, 47) but are potent media-
tors of negative selection (48–51), which suggests that the lack of 
functional self-reactive T cells in NOD mice reconstituted with 
retrovirally transduced bone marrow is related to the ability of 
transduced MHC class II genes expressed on bone marrow–derived 
cells to mediate negative selection of self-reactive T cells in the 
thymus. Our data demonstrate that CD4+CD8+/lo double-positive 
as well as CD4+ single-positive T cells in the thymus of control 
mice receiving MMP-GFP–transduced bone marrow were able to 
bind the BDC-15 tetramer. The absolute number of CD4+CD8+/lo  
double-positive T cells able to bind the BDC-15 tetramer was 
lower in mice reconstituted with MHC class II–transduced bone 
marrow. Furthermore, we were unable to detect tetramer-binding 
CD4+ single-positive T cells in these mice. These data suggest that 
islet antigen–reactive T cells are able to develop to the double-posi-
tive stage of T cell development in mice reconstituted with MHC 
class II β chain–transduced bone marrow and are then negatively 
selected. Consistent with this idea, we have observed that expres-
sion of retrovirally transduced allogeneic MHC antigens on bone 
marrow–derived cells results in negative selection of alloantigen-
reactive T cells in the thymus (52).

Other gene therapy strategies aimed at modifying host islet auto-
immunity include the introduction of cytokine genes such as IL-10 
(53–58), IL-4 (59–63), TGF-β (64), and IFN-γ receptor (65, 66), and 
blockade of costimulatory molecules (67, 68). Promising results 
have been obtained in animal models; however, all of these strate-
gies are geared toward downregulation of existing autoimmune T 
cells. It is likely therefore, that the more effective of these strategies 
will cause nonspecific immunosuppression in recipients. However, 
the disadvantages of long-term immunosuppression are well doc-
umented and include increased risk of malignancy and infection. 
Using genetic engineering to confer expression of diabetes-resistant 
MHC class II alleles, we show the specific deletion of islet-reactive T 
cells, and animals are not otherwise immunocompromised.

Several lines of evidence suggest that, in humans, once destruc-
tive anti-islet immune responses have developed, an asymptom-
atic period precedes onset of clinical disease for several months to 
years (reviewed in ref. 69). In addition, in many patients, even at 
disease onset there is evidence of residual β cell function as dem-
onstrated by c-peptide secretion. Consequently, the elimination of 
autoimmunity early after disease onset has the potential to sub-
stantially ameliorate type 1 diabetes. One possible intervention 
is the transplantation of allogeneic bone marrow cells, which can 
prevent diabetes in NOD mice (1, 24–28). However, transplanta-
tion of allogeneic bone marrow carries with it the risk of inducing 
graft-versus-host disease, which can be fatal, and the conditioning 
regimen required for allogeneic engraftment makes this therapy 
unsuitable for treatment of prediabetic patients. Our data suggest 

that expression of MHC class II genes associated with protection 
from diabetes through genetic engineering of hematopoietic stem 
cells could prevent type 1 diabetes in individuals that express MHC 
alleles associated with susceptibility to disease and exhibit signs 
of diminishing insulin response. Since this approach involves 
genetic modification of autologous hematopoietic progenitors to 
establish molecular rather than cellular chimerism (70), problems 
such as graft-versus-host disease that are associated with trans-
plantation of allogeneic bone marrow are eliminated. In addition, 
our data show that diabetes can be prevented with relatively low 
levels of expression of diabetes-resistant MHC alleles. This sug-
gests that the conditioning regimen required to achieve sufficient 
engraftment of genetically modified bone marrow progenitors 
to prevent diabetes may be substantially less rigorous than that 
required for allogeneic bone marrow transplantation.

For islet transplantation to be successful as a long-term cure for 
type 1 diabetes (71–73), it is necessary to overcome the underlying 
problem of autoimmunity that leads to diabetes occurrence and 
destruction of the transplanted islets (74). Our data demonstrate 
that the introduction of diabetes-resistant MHC class II β chain on 
bone marrow–derived cells is sufficient to prevent the development 
of functional islet-reactive T cells, and to mediate the intrathymic 
deletion of these cells. This may be of clinical significance in the con-
text of islet transplantation, and this approach could also be used to 
prevent the recurrence of autoimmunity after islet transplantation.

Methods
Mice. NOD/MrkTac mice were purchased from Taconic. BALB/c mice were 
purchased from The Jackson Laboratory. Four- to six-week-old female mice 
were used in all experiments. All experiments were performed in accordance 
with institutional guidelines.

Vector construction. Full-length cDNAs encoding I-Aβd and I-Aβk were 
cloned by RT-PCR from BALB/c or CBA/Ca spleen cells, respectively. The 
products were ligated into pEGFP-N2 (BD Biosciences — Clontech) in-
frame with eGFP. Genes encoding I-Aβ–GFP fusion proteins were then 
cloned into the pMMPf2 vector (a kind gift of Richard Mulligan, Children’s 
Hospital, Boston, Massachusetts, USA) to generate pMMP-IAβ-d-GFP and 
pMMP-IAβ-k-GFP. The MMP retroviral vector is a derivative of MFG (75).

Production of recombinant retroviruses. Virus preparations were made at the 
Harvard Institute of Human Genetics (Boston, Massachusetts, USA) in col-
laboration with Richard Mulligan (Harvard Gene Therapy Initiative). Virus 
preparations tested negative for helper virus contamination. The titers of 
retroviral supernatants used in this study were between 3 × 106 and 5 × 106 
infectious particles per milliliter. Control MMP-GFP retrovirus was kindly 
provided by Richard Mulligan through the Harvard Gene Therapy Initiative.

Transduction of M12.C3 and A20 cell lines. The M12.C3 cell line was the kind 
gift of Laurie Glimcher (Harvard Medical School). The A20 cell line was pur-
chased from the American Type Culture Collection. In each case, 106 cells 
were plated 24 hours prior to transduction, and 1 ml viral supernatant was 
added to the cells at 24-hour intervals over 3 days. The cells were then washed 
and cultured for an additional 48 hours prior to analysis by flow cytometry.

Bone marrow transduction and transplantation. Bone marrow cells were 
transduced as described previously (31). The multiplicity of infection (MOI) 
used was 2.2 for MMP-IAβ-d-GFP–transduced, 1.9 for MMP-IAβ-k-GFP–
transduced, and 3 for MMP-GFP–transduced cells. After 96 hours in culture, 
cells were harvested and washed to remove excess virus, and 4 × 106 cells were 
injected intravenously into preconditioned recipients. Recipients were precon-
ditioned with 10.25 Gy irradiation 1 day prior to bone marrow transplanta-
tion. In some experiments, recipients were treated with 0.5 mg of the anti-CD4 
antibody GK1.5 (76), and 0.5 mg of the anti-CD8 antibody 116-13.1 (77).
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Antibodies. Monoclonal antibodies specific for CD4 (RM4-5), CD8  
(53-6.7), CD3 (145-2C11), Ly-6G (Gr-1, RB6-8C5), B220 (RA3-6B2), CD11b 
(Mac-1, M1/70), NK cells (DX5), CD11c (HL3), IgG2a (19-15), GFP (JL-8), 
I-Ad (39-10-8), and I-Aβk (10-3.6) were obtained from BD Biosciences — 
Pharmingen. Polyclonal guinea pig anti–porcine insulin antibodies were 
obtained from DAKO Corp. Phycoerythrin-conjugated (PE-conjugated) 
anti–mouse CD3 (17A2; BD Biosciences — Pharmingen) was used for con-
focal microscopy studies.

Immunofluorescence and confocal microscopy. Eighteen weeks after bone 
marrow transplantation, PBMCs were collected from mice reconstituted 
with either MMP-IAβ-d-GFP– or MMP-GFP–transduced bone marrow 
and stained with either biotin-conjugated 39-10-8 or PE-conjugated 
17A2 for 30 minutes. Samples stained with 39-10-8 were incubated for an 
additional 30 minutes with PE-conjugated streptavidin (BD Biosciences 
— Pharmingen). The cells were then permeabilized with 0.1% Triton X-100 
and stained with JL-8 for 30 minutes at 4°C. JL-8 binding was revealed 
by staining with FITC-conjugated anti-mouse IgG2a. Samples were then 
analyzed by confocal microscopy.

Blood glucose levels. Blood glucose levels were monitored weekly using a 
standard glucometer. Two consecutive readings of greater than 300 mg/dl 
were considered to be indicative of the development of hyperglycemia.

ELISPOT. Cytokine ELISPOT assays were performed using HA plates 
(Millipore Corp.) according to the manufacturer’s specifications. BVD-
1D11 (anti–IL-4), JES6-1A12 (anti–IL-2), and R4-6A2 (anti–IFN-γ) (Caltag 
Laboratories Inc.) were used at 10 μg/ml to coat plates. In ELISPOT assays, 
106 (for IL-4), 0.5 × 106 (for IL-2), or 3 × 106 (for IFN-γ) splenocytes were 
added to each well. Cells were cultured overnight with 0.1 mg/ml insulin 
(Sigma-Aldrich), MBP peptide (peptide 85–99, ENPVVHFFKNIVTPR), or 
GAD 65 peptide (peptide 206–220, TYEIAPVFVLLEYVT). Peptides were 
obtained from Invitrogen Corp. Cytokine production was detected using 
10 μg/ml biotinylated BVD-24G2, JES6-5H4, and XMG1.2 (Caltag Labo-
ratories Inc.). Assays were performed in triplicate and averaged. To calcu-
late the specific response to GAD 65 and insulin, the average background 
response to MBP was subtracted. There was no significant difference in the 
response to MBP peptide between the groups (not shown).

Histology. One half of each pancreas analyzed was fixed in 10% buff-
ered formalin and processed for paraffin embedding. The remaining half 
was snap-frozen in OCT compound (Tissue-Tek; Sakura Finetek USA 
Inc.). Paraffin-embedded tissue sections (5 μm) were stained with guin-
ea pig anti–porcine insulin antibody for 15 minutes and stained with a 
biotinylated goat anti–guinea pig secondary antibody (Vector Laborato-
ries Inc.) for 30 minutes. Sections were developed using ABC solution and 

3,3′-diaminobenzidine (Vector Laboratories Inc.) and counterstained with 
hematoxylin. Frozen samples were stained with biotin-conjugated 145-
2C11 for 30 minutes and developed with ABC solution (Vector Labora-
tories Inc.) and 3,3′-diaminobenzidine/nickel. Sections were then stained 
with anti-insulin antibodies for 15 minutes, followed by biotin-conjugated 
goat anti–guinea pig secondary antibody (Vector Laboratories Inc.) for 30 
minutes. The sections were incubated with streptavidin-HRP (Amersham 
Biosciences) and developed with AEC substrate–chromogen (DAKO Corp.) 
according to the manufacturer’s instructions. Coverslips were mounted 
after counterstaining with hematoxylin.

MHC class II tetramer staining. Biotinylated, MHC class II monomers were 
prepared as previously described (37). The tetramers were loaded with the 
BDC-15 peptide, which differs from the previously used BDC-13 peptide 
by the addition of an alanine residue at both the N- and the C-terminus 
(AAAAVRPLWVRMEAA). Both BDC-13 and BDC-15 provide similar 
levels of labeling. To form tetramers, biotinylated MHC class II mono-
mers and streptavidin-PE (Invitrogen Corp.) were mixed at a molar ratio 
of 4:1 and incubated for 1 hour. The tetramer was then incubated with 
5 × 106 thymocytes at a final concentration of 10 μg/ml for 30 minutes. 
Cells were additionally stained with anti-CD4 (RM4-5; BD Biosciences 
— Pharmingen), anti-CD8a (53-6.7; BD Biosciences — Pharmingen), and 
annexin V (BD Biosciences — Pharmingen) for 20 minutes.
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