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Quantitative and qualitative defects in CD1-restricted natural killer
T cells have been reported in several autoimmune-prone strains of
mice, including the nonobese diabetic (NOD) mouse. These defects
are believed to be associated with the emergence of spontaneous
autoimmunity. Here we demonstrate that both CD1d-null NOD and
CD1d-null NOD/BDC2.5 T cell receptor transgenic mice have an
accelerated onset and increased incidence of diabetes when com-
pared with CD1d*/~ and CD1d*/* littermates. The acceleration of
disease did not seem to result from changes in the T helper
(Th)1/Th2 balance because lymphocytes purified from lymphoid
organs and pancreatic islets of wild-type and CD1d-null mice
secreted equivalent amounts of IFN-y and IL-4 after stimulation. In
contrast, the pancreata of CD1d-null mice harbored significantly
higher numbers of activated memory T cells expressing the
chemokine receptor CCR4. Notably, the presence of these T cells
was associated with immunohistochemical evidence of increased
destructive insulitis. Thus, CD1d-restricted T cells are critically
important for regulation of the spontaneous disease process in
NOD mice.

ype 1 diabetes mellitus (IDDM) is an autoimmune disorder

characterized by lymphocyte-mediated destruction of insu-
lin-producing B cells in the pancreatic Islets of Langerhans (1, 2).
At present, the primary immune defects that initiate the auto-
immune destruction of islets and that lead to IDDM remain
elusive. Studies with the nonobese diabetic (NOD) mouse model
of IDDM have revealed that multiple factors, in particular the
presence or absence of regulatory cells, can affect the initiation
of disease (1, 2). In mice, rats, and humans, a specific population
of regulatory T cells, the natural killer T cell (NKT) subset, have
been suggested recently to play an important role in the pro-
gression of autoimmune diabetes (3, 4). The regulatory functions
of this population of T cells have been associated primarily with
the CD1d-restricted subset (1, 3-5). CD1d is a nonpolymorphic
class Ib protein expressed on the cell surface of antigen pre-
senting cells, whose function is to present lipid antigens in its
antigen-binding groove to CD1d-restricted T cells (3, 4). A role
for CD1d-restricted T cells in the progression to IDDM was
suggested by the findings of quantitative and qualitative defects
in these cells in both humans with type 1 diabetes (5, 6) and
rodent models of IDDM—the diabetes-prone NOD mice and
the BioBreeding (BB) rat (4, 7-9). Furthermore, diabetes in
NOD mice can be inhibited partially through passive transfer of
NKT cells enriched for CD1d-restricted T cells (10) or through
the introduction of the Va14J«281 transgene, which increased
the number of invariant CD1d-restricted cells (11).

Neither the passive transfer of cells enriched for CDI1d-
restricted T cells nor the introduction of the Va14J«281 trans-
gene were able to protect NOD mice fully from diabetes (10, 11).
In the passive-transfer models, the infusion of thymic “NKT”
cells was significantly more efficacious than those lines derived
from the spleen, which conferred little or no protection on
transfer (7). Moreover, in the Va14J«281 transgene model, only
3 of 6 founder lines (those with the most robust and largest
numbers of NKT cells) were protected partially from diabetes
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(11). To demonstrate the association of spontaneous autoim-
munity in NOD mice with CD1d-restricted T cell depletion, we
have crossed CD1d-deficient mice to NOD and NOD/BDC2.5
T cell receptor transgenic (tg) mice (12). The BDC2.5 T cell
antigen receptor (TCR) was cloned from an MHC class II-
restricted T cell clone specific to an islet-derived antigen. Both
CD17/~ NOD and CD1~/~ NOD/BDC2.5 mice have an accel-
erated onset and increased incidence of diabetes when compared
with their heterozygote and wild-type littermates. Therefore,
CD1d-regulated events are critical to the maintenance of pe-
ripheral tolerance in NOD mice.

Methods

Mice. Females from the NOD/shi strain and NOD/severe com-
bined immunodeficient (SCID) mice were maintained at the
pathogen-free condition at The Scripps Research Institute (La
Jolla, CA). CD1d-deficient mice (CD1~/~, with a disruption of
both CD1.1 and CD1.2 genes; ref. 13) on a C57BL/6 X 129 sv
background were crossed to NOD/shi background, and off-
spring from the 13th generation were intercrossed to obtain mice
homozygous for the CD1d-null mutation (NOD CD17/7).
NOD/BDC2.5 TCR mice (12) were backcrossed onto the NOD
background for 20 generations. The NOD CD1~/~ mice were
crossed to NOD/BDC2.5 mice and intercrossed to generate
CD1/~ NOD/BDC2.5 and CD1*/* NOD/BDC2.5 mice. Mice
were considered diabetic after two consecutive measurements of
nonfasting blood glucose level over 300 mg/dl.

Cell Transfer. Ten-week-old donor splenocyte suspensions were
prepared (7) at a concentration of 108 cells per milliliter in PBS
and injected i.v. into the 8-week-old NOD/SCID females in a
total volume of 200 ul.

Antigen and Antibody. The islet autoantigen glutamic acid decar-
boxylase (GAD) was purified as described (14). Con A was
purchased from Sigma. For flow-cytometry analysis, purified or
conjugated antibodies to mouse CD1, CD4, CDS, TCR «f, V4,
DX5 (pan NK marker), CD25, CD44, CD62L, and chemokine
receptors (CCR) 3, 4, and 5 were purchased from PharMingen.

Histology. Sections of pancreas were examined histologically and
stained with mAb to CD4, CDS8, VB4, Mac-1, and CD25,
respectively (15).

Abbreviations: GAD, glutamic acid decarboxylase; IDDM, insulin-dependent diabetes mel-
litus; NOD, nonobese diabetic; NKT, natural killer T; tg, transgenic; TCR, T cell antigen
receptor; SCID, severe combined immunodeficient; CCR, chemokine receptor; Th, T helper.

tPresent address: Autoimmunity and Inflammation, Protein Design Labs, 34801 Campus
Drive, Fremont, CA 94555.

TTo whom reprint requests should be addressed at: Department of Immunology, IMM-23,
The Scripps Research Institute, 10555 North Torrey Pines Road, La Jolla, CA 92037. E-mail:
noras@scripps.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS | June5,2001 | vol.98 | no.12 | 6777-6782

>
o
(=]
=i
(=]
=
=2
=
=




Table 1. Flow cytometric analysis of lymphocyte infiltration and cell activation status in control and CD1d-deficient NOD mice

CD4* CcD8*
TCRap + DX5,
Mice n % CD25, % CD44, % CD62L, % CCR4, % CD25, % CD44, % CD62L, % CCR4, %
Spleens
cD1d+/+ 5 4.1+0.2 73x15 20.2 = 4.9 66.3 =45 382+*6.6 52*15 175=*=25 68.7 = 2.5 13.7 3.4
CD1d*/~ 8 2.6 +0.2 6.8 =27 173+ 1.2 785 =*+27 350*x7.2 71+17 16.6 £2.0 65.9 = 1.0 15.4 = 5.0
cD1d~/~ 8 0.1 = 0.0* 82+13 25.4 + 3.0 742 =22 423 +33 6.2+ 1.1 28.0*27 72.2 =23 15.0 £ 7.1
Pancreatic lymph nodes
CD1d*/+ 5 3.6 £ 0.1 43 +0.2 31.5*=5.1 57465 47.0x28 41*+05 21.0x23 5322*+505 145*6.0
cD1d*/~ 8 2.0+ 0.1 42+04 27.3 = 3.8 66.5 8.7 51.3*+8.0 6.3+10 26.6+18 60.00*6.31 183=*6.1
cb1d=/~ 8 0.2 = 0.0* 52 +0.3 30.2 2.9 68.2 =34 582x42 72+02 325+47 77.05*x560 202=*44
Pancreata
cD1d*+/+ 5 55*+04 3.8+ 0.6 23.7 = 2.0 50.3 £24 45.0=*8.2 52*+1.0 18214 53.2 £5.0 18.4 £ 6.0
cD1d*/~ 8 22*0.2 41*04 296+28 62.2+21 525+%6.3 7.0+32 293+28  40.0=*3.1 252 =45
CD1d~/~ 8 0.5 = 0.8* 87 +0.6* 387 +12* 555+6.1 77.2=*44*% 142 =*2* 325 =*5* 59.2 £ 6.2 31.0 = 4%

Mononuclear cells were isolated from spleens, pancreatic lymph nodes, and pancreata and labeled with mAbs as indicated. Data (mean =+ SD) shown in the

table are derived from 8-week-old female mice. *, P < 0.05, ANOVA.

Lymphocyte Isolation. The pancreatic and hepatic lymphocytes
were isolated according to the methods described (7, 15).

Cell Proliferation and Cytokine ELISA. Lymphocyte proliferation
assay was performed (7) and results were expressed as stimula-
tion index (SI). IFN-vy, IL-12 (p40), and IL-4 production in
supernatant after 48 h of culture was measured by using optEIA
kits (PharMingen) according to the manufacturer’s guidelines.
The sensitivity was 30 pg/ml for IFN-y and IL-12, and 8 pg/ml
for IL-4.

Results

Exacerbation of Spontaneous Diabetes in CD1d-Deficient NOD Mice.
To investigate the contribution of CD1d-restricted T cells to the
control of autoimmune diabetes in the NOD mouse, a CD1d-
deficient genotype (CD1.17/~ and CD1.27/~) was crossed onto
the NOD genetic background for 13 generations. As determined
by fluorescence-activated cell sorter (FACS) analysis, the level
of CD1d expression in the NOD CD1*/~ mice was reduced to
half of that in the NOD CD1"/* mice and did not exceed the
background level in the NOD CD1~/~ mice (data not shown).
Introgression of the CD1d-null phenotype resulted in the
marked loss of NKT cells (TCR + DXS5 + cells), and presumably
CD1d-restricted T cells, in the spleens (0.1%), pancreatic lymph
nodes (0.2%), and pancreata (0.5%) of CD1~/~ NOD mice
(Table 1). To determine whether CD1d-restricted T cells par-
ticipated in the development of spontaneous disease, cohorts of
CD1/, CD1*/~, and CD1*/* NOD mice were followed for
disease incidence. Female CD17/~ NOD mice developed dia-
betes with a relatively early onset compared with their CD1-
expressing littermate controls. A portion (5-8%) of CD1~/~
NOD mice became diabetic as early as 12 week of age and 50%
were diabetic at 15 weeks. However, none of the CD1"/~ NOD
or CD1*/* NOD mice became diabetic before 15 weeks of age,
at which time the incidence was 0-5% in the CD1*/~ and
CD1*/* littermates (Fig. 14). By 32 weeks, the diabetes inci-
dence in CD1~/~ NOD mice (82%) was significantly increased
over that seen in CD1"/* NOD mice (56%; P < 0.05, Kaplan-
Meier, statistics).

To determine further in vivo the diabetogenicity of NOD
CD17/~ T cells, splenocytes from prediabetic (10-week-old)
mice were transferred into immunodeficient NOD/SCID recip-
ients that could not otherwise develop diabetes. Importantly,
there no differences were detected in the fraction of the ratios
of CD4" to CD8* T cells or transferred T cells when compared
with donor splenocytes from NOD CD17/~ to CD1%/~ or
CD1%/* NOD mice. The incidence of diabetes in NOD/SCID
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mice receiving splenocytes from CD17/~ mice was accelerated
significantly also and increased over that seen in NOD/SCID
recipients of cells from CD1™/* NOD (85% vs. 47%, P < 0.05,
Kaplan-Meier statistics, Fig. 1B). Thus, a deficiency of CD1d-
restricted T cells leads to exacerbation of both spontaneous and
adoptively transferred diabetes in NOD mice.

NKT Cell Deficiency Did Not Alter the T Helper (Th)1/Th2 Balance. To
investigate whether autoreactive T cell priming was altered by a
CDl1d-restricted T cell deficiency, the capacity of T cells in the
spleen to proliferate and secrete cytokines in response to in vitro
challenge with a dominant autoantigen (GAD) in IDDM was
determined. No changes in the capacity of splenocytes from
CD1-/~, CD1%/~, and CD1*/* mice to proliferate and secrete
IL-4, IFN-v, and IL-12 in response to GAD were detected (Fig.
24 and B). To ensure that there were no islet-specific effects of
the CD1-null phenotype on the Th1/Th2 balance, the responses
of lymphocytes isolated from the islets of NOD mice were
examined also. Lymphocytes infiltrating the islets were isolated
from 10-week-old CD17~/~, CD1*/~, and CD1** mice and
challenged in vitro with GAD. As was seen with the splenocytes,
the cells infiltrating the islets produced equivalent amounts of
IL-4, IFN-v, and IL-12 in response to in vitro challenge with
GAD (Fig. 2C). Thus, differentiation of Th1/Th2 cells in the
spleen and islets was unaffected by the introgression of a
CD1-null phenotype.

Pancreata in CD1~/~ Mice Harbor Higher Proportions of the Activated
Memory T Cells. To investigate the participation of CD1d-
restricted T cells in the diabetogenicity of autoreactive T cells,

2 100-
3 A
S 75+
(]
B 504
(&)
c
= 254
0
[0]
© 0
8 5 1015 2025 3035 25 5 751012515
] Age (week) Age (week)
Fig. 1. (A) Diabetes development in female CD1d-deficient NOD mice.

CD1~/~ (m, n = 22), CD1*/~, (A, n = 17), and CD1*/*, (O, n = 30). (B) Diabetes
development after adoptive transfer of splenocytes. Splenocytes from each
individual donor (n = 6) were transferred into two recipient female NOD/SCID
mice (n = 12).
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Fig. 2. NKT cell deficiency did not alter T cell proliferative capacity and T

helper (Th)1/Th2 balance in NOD mice. (A) Splenocytes were tested for
proliferation in response to GAD and Con A. (Background = 938 cpm; n = 4.)
(B) Cytokine release from splenocytes was determined 48 h after stimulation
with 10 pg/ml of GAD (n = 4, spontaneousrelease, IFN-y 120 == 36 pg/ml; IL-12,
89 * 17 pg/ml; IL-4, undetectable). (C) Cytokine release from pancreatic-
infiltrating cell was determined 48 h after stimulation with 10 ug/ml of GAD
(spontaneous release, IFN-y 188 * 45 pg/ml; IL-12, 112 = 26 pg/ml; IL-4,
undetectable). All data represent three independent experiments with similar
results.

T cell-activation status in the spleen and pancreatic lymph nodes,
aswell as in pancreata of the CD1~/~ NOD mice, was compared.
Lymphocytes from these organs were isolated and stained with
antibodies to cell surface molecules including CD4, CDS, CD25
(IL-2 receptor), CD44 and CD62 L (L-selectin). The total
number of infiltrating cells was 6.3 (£0.4) X 10, 9.8 (£1.6) X
105, and 17.4 (£2.3) X 10°/pancreas in CD17/~, CD1*%/~, and
CD1%/* mice, respectively (CD17/~ vs. CD1™/*, P < 0.05). No
significant differences in CD4 or CDS8 populations expressing
these activation markers were observed in the spleen and
pancreatic lymph nodes in CD1~/~, CD1*"/~, and CD1*/* mice.
Interestingly, the percentage of activated memory CD4* and
CD8™" T cells, as indicated by expression of CD25 and CD44, was
found to be increased in the pancreata of CD1~/~ mice relative
to CD1%/~ and CD1*/* mice (Table 1). Thus, in the absence of
CD1d, an enhanced frequency of activated memory T cells in the
target organ, the pancreatic islets, was observed.

CD1~/~ NOD Mice Develop Early and Progressive Insulitis. To deter-
mine whether the greater incidence of diabetes was associated
with the degree of lymphocyte infiltration in the islets in the
CD1~/~ NOD mice, a study of the insulitis in the young female
CD1~/~ NOD mice was undertaken. CD1~/~ NOD mice at 10
weeks of age demonstrated a markedly high insulitis index
(nearly 100%). In contrast, only 67% of the islets from female
CD1%/* NOD mice showed insulitis (Table 2). To assess the
kinetics of infiltration, the insulitis in 6-week-old mice was
analyzed. At this time point, 56% of islets demonstrated peri-
insulitis and 44% insulitis in CD17/~ NOD mice that was
accompanied by diminished staining for insulin, whereas only
38% of islets showed periinsulitis and 29% insulitis in CD17/*

Shi et al.

Table 2. Summary of histological analysis of pancreatic sections
from 10-week-old female CD1-/—, CD1*/—, and CD1+/+
NOD mice

Mice Total islets No insulitis Periinsulitis Insulitis
cD1d /- 169 2% 53% 45%
CD1d*/~ 138 27% 43% 30%
CD1d*/+ 188 33%* 38% 29%*
NOD/shi 169 28% 41% 31%

*, P < 0.05. Comparison was made between the CD1d*/* and CD1d~/~
group of mice by ANOVA.

NOD mice (Table 2, Fig. 3). Thus, the infiltration of islets by T
cells progressed more rapidly in the CD1~/~ NOD mice.

Expression of CD1d Determines the Diabetogenicity of NOD/BDC2.5tg
T Cells. NOD/BDC2.5 mice bear rearranged genes for the TCR-
a(Val) and TCR-B (VB4) chains (13). In our colony, NOD/
BDC2.5 mice do not develop spontaneous diabetes but maintain a
large number of resting islet-specific memory T cells (16, 17). The
diminished incidence of diabetes in the NOD/BDC?2.5 background
is consistent with the 10-20% rate seen in published studies (13,
16). To test whether CD1d-restricted events were important for the
regulation of diabetes incidence in the NOD/BDC2.5 transgene
model, the CD17/~ phenotype was bred onto the NOD/BDC2.5
background. The numbers of DX5 + TCRaf cells in the spleen of
CD1%~ NOD/BDC2.5, CD1** NOD/BDC2.5 and CD1/~
NOD/BDC2.5 were 1.37, 1.85, and 0.21%, and in the liver they
were 6.38, 6.62, 0.52%, respectively. Expression of DX5, a pan-NK
marker, was used as a surrogate marker for NKT cells because
NOD do not express the NK1.1 allele. Although there is not
complete overlap, DX5 is coexpressed with NK1.1 (CD161) on
NKT cells in strains that express the NK1.1 allele (4). Consistent
with previous results, none of the control female NOD/BDC2.5
mice developed diabetes over the period of observation (0 of 20
mice, followed for over 40 weeks). Interestingly, the CD17/~
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Fig. 3. Analysis of islet integrity and function in 6-week-old CD1d-deficient
NOD mice by immunohistochemical staining, using antibodies to CD4 (Left)
and a-insulin (Right). Note the periinsulitis in the CD1+/~ mice surrounding the
intact insulin-stained islet (Left Lower). In contrast, however, at this stage,
insulitis and reduced insulin staining are observed in the CD1~/~ mice (Right
Lower).
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Fig. 4. (A) Diabetes development in CD1d-deficient NOD/BDC2.5 mice.

CD1~/~ BDC2.5 (m, n = 16); CD1*/* BDC2.5 (O, n = 40). (B) Diabetes develop-
ment after adoptive transfer of splenocytes. Splenocytes from each donor (n =
4) were transferred into two recipient NOD/SCID mice (n = 8).

NOD/BDC2.5 mice began to develop diabetes at 23 weeks of age,
with a 43% incidence of diabetes by 35 weeks of age (7 of 16; Fig.
4). At that time, there was a significant increase in the total number
of lymphocytes infiltrating the islets of CD1~/~ NOD/BDC2.5 mice
[18.0 (+1.2) X 10°/pancreas compared with 8.2 (+0.3) X 10°
lymphocytes for NOD/BDC2.5 controls; P < 0.05; ANOVA]. The
increased islet infiltration by BDC2.5" T cells was associated also
with a loss of insulin-containing S cells (Fig. 5 Top) and a significant
increase in the severity of insulitis. Like the CD1~/~ NOD mice,
over 95% of the islets in 10-week-old CD1~/~ NOD/BDC2.5 mice
had insulitis, compared with only 52% in the NOD/BDC2.5 control
mice (data not shown). Immunohistochemical staining of these
islets revealed that the majority of infiltrating cells were V34" (tg
TCR) and/or CD4* cells (Fig. 5 Middle). Furthermore, infiltrating
lymphocytes in the islets of CD17/~ NOD/BDC2.5 mice stained
more intensely for the activation marker CD25 when compared
with the staining seen in NOD/BDC2.5 control mice (Fig. 5
Bottom). To confirm whether CD1d-restricted T cell deficiency
affects the activation of memory Vp4* tg T cells in the peripheral
lymphoid organs and in the target organ, a fluorescence-activated
cell sorter analysis of lymphocytes isolated from the spleen, pan-
creatic lymph nodes, and pancreas was performed. Compared with
control NOD/BDC2.5 mice, VB47 cells isolated from islets of
CD1/~ NOD/BDC2.5 mice expressed significantly higher levels of
CD25 and CD44 (Table 3).

Finally, if CD1d-restricted T cells were able to regulate the
diabetogenic potential of VB4* tg T cells, transfer of these tg T
cells from CD1~/~ NOD/BDC2.5 mice into naive NOD/SCID
recipients should result in the development of diabetes. Notably,
15 weeks after transfer of splenocytes into NOD/SCID mice,
45% of the recipients developed diabetes, whereas the transfer
of splenocytes from CD17/* NOD/BDC2.5 littermates did not
result in the development of diabetes (P < 0.01, Kaplan—-Meier
statistics; Fig. 4B). Importantly, there was no difference in the
activation status of splenocytes from CD1~/~ NOD/BDC2.5 and
NOD/BDC2.5 donors (Table 3). To confirm that diabetes
development was associated also with accelerated insulitis in this
model, the kinetics of infiltration of the islets was determined.
The pancreata of recipients of splenocytes from CD1~/~ NOD/
BDC2.5 mice and from NOD/BDC2.5 mice were evaluated by
immunohistochemistry on days 7 and 14 after transfer. Insulitis
began to appear in splenocyte recipients from both types of
donors by day 7, but on days 7 and day 14, insulitis was much
more severe and aggressive in those receiving CD1~/~ NOD/
BDC2.5 splenocytes (Fig. 6).

CCR Expression in Pancreatic Infiltration. To investigate potential
lymphocyte recruitment signals differentiating CD1~/~ NOD
and CD1™/* NOD mice, an analysis of T cell CCR and endo-
thelial adhesion molecule expression was undertaken (18). A
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fluorescence-activated cell sorter analysis of lymphocytes puri-
fied from the peripheral lymphoid organs and pancreata was
done to determine CCR status for chemokine receptors CCR3,
CCR4, and CCRS, whose increased cell-surface expression or
intraislet concentration of ligand were associated with increased
diabetogenicity (ref. 19; S.-H.K. and N.S., unpublished data).
Consistent with the nontransgenic mice, the expression of both
CD25 and CD44 was up-regulated on CD4™" T cells in the islets
(Table 3). Interestingly, higher levels of CCR4 on T cells
infiltrating the islets of CD17/~ NOD/BDC2.5 mice were found
compared with CD1*/* NOD/BDC2.5 controls (Table 3, as well
as in CD1~/~ NOD mice shown in Table 1). In addition, the
pancreatic endothelium from CD17/~ NOD/BDC2.5 mice ex-
pressed higher levels of lymphocyte function-associated antigen
(LFA)-1 and intercellular adhesion molecule (ICAM)-1 when
compared with control mice (data not shown). No significant
differences in expression of CCR3 and CCRS in those mice were
found. Thus, the introduction of a CD1d-null phenotype into
NOD and NOD/BDC2.5 mice resulted in the acceleration of
insulitis with activated CCR4" wild-type and tg T cells.

Discussion

Recent evidence indicates that in NOD mice, autoimmune destruc-
tion of pancreatic islet cells is caused in part by a deficiency or
dysfunction of regulatory T cells (1, 2). As with other autoimmune
diseases (19), a number of pathogens and/or the expression of
inflammatory mediators such as IFN-vy (20) and TNF« (21) are
thought to delete or inhibit these regulatory cells. These regulatory
cell populations have been found in rodents and seem to be present
in humans as well (22). Recently, the CD4*CD25" T cell subset of
ill-defined specificity was demonstrated to contain regulatory cells
capable of controlling autoimmunity to islet autoantigens in mice
(23) and in rats (24). A separate population of regulatory T cells

CD1d** BDC2.5 CD1d” BDC2.5
U S S N G o R o TR AT
DB

a-insulin ¢

VB4 | .?

CD25 43¢

Fig. 5.  Analysis of islet integrity and function. Sections from 6-week-old
CD1d-deficient NOD/BDC2.5 mice by immunohistochemical staining, using
antibodies to a-insulin (Top), vB4 (Middle), and CD25 (Bottom).
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Table 3. Flow cytometric analysis of VB4+ tg cell infiltration and activation status in then CD1d~/~ and CD1d*/* BDC2.5 mice

Spleen Pancreatic lymph nodes Pancreata
Mice n CD25, % CD44,% CD62L, % CD25,% (D44, % CD62L, % CD25, % CD44, %  CD62L, % CCR4, %
CD1d*/*BDC2.5 4 6.2*+03 198+ 13 79.4+45 528+ 121 223 +3.2 66.7+42 6.33=1.1 254 £33 588 *43 688 =*8.0

CD1d~/~ BDC2.5

4 68*+04 225+20 775=33 8.08 204 38.1*26 45822

13.4 £ 1.2* 42.0=x3.1* 445=*27 96.2 +4.3*

Mononuclear cells were isolated from spleens, pancreatic lymph nodes, and pancreata and labeled with mAbs as indicated. Data (mean = SD) shown in the
table are double-positive population for V84 and each of the indicated Abs, derived from 8-week-old female mice. *, P < 0.05, ANOVA.

specific for lipid antigens, CD1d-restricted T cells that include the
TCR a-chain rearrangements Val4Ja281 in the mouse or
Va24JaQ in humans, are thought to regulate autoimmunity also (3,
4). In the NOD mouse, the transfer of lymphocyte populations
enriched for CD1d-restricted T cells or transgenic over-expression
of the Val4Ja281 TCR a-chain from invariant CD1d-restricted T
cells have been demonstrated to regulate the progression of dia-
betes (4, 10, 11). Here we report that in the NOD mouse, the loss
of CD1d results in profound islet infiltration by activated T cells and
the exacerbation of autoimmune diabetes. Several mechanisms by
which this particular cell population could function have been
suggested. The presentation of lipid antigens to T cells by the CD1d
molecule is a critical first step eliciting adaptive T and B cell
responses (3). Once activated, CD1d-restricted T cells then are
thought to initiate and regulate events such as tumor surveillance,
parasite recognition, and autoimmune responses (3, 4). In addition
to regulatory functions, CD1d-restriected T cells can act as NK-like
effector cells also (4). An understanding of the mechanism by which
CD1d-restricted T cells regulate autoimmune diabetes is compli-
cated by the undefined nature of the event or events that initiate the
autoimmune destruction of the islets and the lack of a clearly
identified target cell for CD1d-restricted T cells (1, 3, 4).

The restricted population of autoreactive T cells in NOD/
BDC2.5 tg mice provides a unique model to investigate the
mechanisms by which regulatory lymphocytes control an auto-
reactive T cell population in vivo. NOD/BDC?2.5/SCID, but not
NOD/BDC2.5, mice developed diabetes with early onset (in our
colony, 3-4 weeks) and 100% incidence (ref. 17; S. Pakala and
N.S., unpublished observations). The mechanism underlying this
observation is believed to be the presence of regulatory T cells
that are lost in the SCID background. The introduction of a
CD1d-null phenotype onto the NOD/BDC2.5 background re-
sulted in the rapid influx of activated VB4*+ T cells and the
subsequent development of diabetes in ~50% of females. The
conversion of NOD/BDC2.5 mice that were diabetes-free to the
disease-susceptible phenotype of CD1~/~ NOD/BDC2.5 mice
demonstrates that the diabetogenic potential of autoreactive
BDC2.5 T cells was controlled significantly by CD1d-dependent
mechanisms. In addition, the differences in disease incidence
observed when comparing NOD/BDC2.5/SCID or CD1~/~
NOD/BDC2.5 to NOD/BDC2.5 mice suggests that regulatory
mechanisms that are independent of CD1d are also important.
One caveat to this interpretation arises from the strategy used to
generate the NOD/CD17/~ phenotype. Because the NOD/
CD1/~ phenotype was generated from a 129/B6 CD1~/~
founder, there is the possibility that results reflect the introduc-
tion of an adjacent gene cotransferred during the backcross of
the mutated 129 locus onto the NOD genetic background. The
backcross of the mutated locus into NOD mice resulted in the
introgression of a 2-centimorgan region of DNA on chromosome
3 that was centromeric to 1dd10 (data not shown).

It has been argued that burst secretion of IFN-y and IL-4 by
CD1d-restricted T cells is critical to the initiation of adaptive
immune response and may facilitate the differentiation of au-
toreactive T helper (Th)1 or Th2 cells (19, 25). Previous studies
reported that the protection of diabetes by transfer of NKT cells
(10) or expression of the Va14J«281 transgene (11) depended on
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IL-4 and IL-10 production. However, in the CD1~/~ NOD
mouse model, CD1d-restricted events had little effect on T cell
cytokine profiles and were important for inhibiting the accumu-
lation of activated CCR4™" T cells in the islets. Furthermore, the
regional changes noted in lymphocyte CCRs and expression of
adhesion molecules on endothelial cells indicates that CD1d-
restricted T cells are regulating lymphocyte activation and
trafficking locally. This hypothesis is supported by the findings of
elevated CCR4, CD25, and CD44 proteins on T cells infiltrating
the islets, but will require molecular quantitation of CD1d-
restricted T cell distribution and activation.

The elaboration of chemokines and expression patterns of their
receptors is known to be critical for cellular homing into and out of
sites of inflammation (18). Notably, CCR4 expression identified a
markedly diabetogenic T cell population, and the transfer of these
cells precipitated severe diabetes in naive NOD recipients (S.-H.K.
and N.S., unpublished data). Therefore, CD1d-restricted T cells
partially determine the diabetogenicity of potentially autoreactive
T cells by using a mechanism associated with the regulation of CCR
expression on autoreactive T cells.

Stimulation of CD1d-restricted T cells in vivo results in the
rapid activation of NK, T, and B cells (26, 27). This relationship
between innate defense mechanisms and adaptive cellular phe-
nomena was used to argue that CD1-restricted T cells function
at the interface between innate and adaptive immunity (1-3, 19).
In rodents and humans, CD1d-restricted T cells seem to be
dysfunctional in autoimmune-prone individuals and as a conse-
quence, NOD mice would be predicted to have an impaired
transition to appropriate adaptive responses (6, 7). Despite this
prediction, the exacerbation of diabetes by germ-line deletion of
the CD1 locus suggests that CD1d-dependent events are impor-

Fig. 6. Splenocytes from CD1*/* and CD1~/~ NOD/BDC2.5 mice were trans-
ferred into NOD/SCID recipients. Pancreata from individual recipients were
removed at days 7 and 14 after transfer, and paraffin sections were stained
with hematoxylin/eosin and examined for infiltration.
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tant, albeit less effective in NOD mice, for the control of
autoimmunity. In contrast, in recent studies CD1d-restricted T
cell deficiencies did not significantly alter the course of autoim-
mune diseases induced by autoantigens and bacterial adjuvants,
i.e., experimental autoimmune myasthenia gravis (28) and ex-
perimental allergic encephalomyelitis in C57BL6 mice (L. Van
Kaer, personal communication). The potent adjuvants used in
these studies directly induce a prompt series of cellular activation
events in NK and dendritic cells, and the subsequent adaptive
responses of B and T cells. The induction of costimulatory
molecules and the abrupt release of inflammatory mediators as
a consequence of such activation is likely to bypass the role for
CD1d-restricted T cells in these settings.

Thus, CD1d-restricted T cells regulate the diabetogenicity of
both heterogeneous (NOD) and homogeneous (BDC2.5) auto-
reactive T cell populations, and the regulatory events controlled
by CDld-restricted T cells are associated with the control of
autoreactive T cell activation and maintenance of self-tolerance.
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Vigorous efforts are being made to identify diabetes suscep-
tibility genes outside of the MHC in both mouse and man
(IDDM or Idd loci, respectively) (e.g., refs. 29-31). Although
many large genetic regions that putatively encode one or more
such genes have been identified, no definitive identification has
been reported, with the exception of the insulin gene and
possibly IL-2. CD1d, encoded on mouse chromosome 3 or
human chromosome 1, may from the present study be a candi-
date, but much further work would be needed to implicate it in
either the murine or the human disease.
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