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IDDM results from the destruction of pancreatic -cells
by autoreactive T-cells that appear to avoid deletion
early in development, possibly due to improper interac-
tion with antigen-presenting cells (APCs) resident in
the thymus or periphery. In the nonobese diabetic
(NOD) mouse, there exists a defect in APC function
characterized by its failure to fully mature upon stimu-
lation. The NOD mouse thus provides an excellent model
for the investigation of APC dysfunction and develop-
ment and how these relate to the incidence of autoim-
mune diabetes. We initiated studies of APC function in the
NOD mouse with respect to antigen processing and pre-
sentation, using a well-characterized antigen hen egg
lysozyme (HEL) and comparing it with the closely
related, major histocompatibility complex (MHC) (I-Ag 7)
identical, diabetes-resistant mouse strain NOR. Prolifer-
ation assays comparing NOD and NOR HEL-specific T- c e l l s
demonstrated that the T-cell proliferation response of the
NOD mouse to both native and denatured forms of the
antigen is lower than that of NOR. When crisscross pro-
liferation experiments were conducted using purified T-
cells and irradiated spleen cells as APCs from both
strains, the results demonstrated that the defect in pro-
liferation resided in the APC compartment of activation.
The levels of intracellular glutathione (GSH) were com-
pared in splenic macrophages from NOD and NOR mice;
it was found that on antigenic stimulation, NOR macro-
phages produced significantly more intracellular GSH
than did NOD macrophages, even under hyperglycemic (50
mmol/l glucose) conditions. The lower amount of GSH
seen in the NOD may result in less efficient processing of
antigen, and subsequently, lower levels of T-cell activa-
tion. D i a b e t e s 47:1212–1218, 1998

S
usceptibility to IDDM, an organ-specific autoim-
mune disease, is strongly linked to specific major
histocompatibility complex (MHC) haplotypes in
humans (1). The nonobese diabetic (NOD) mouse

is a widely used animal model for human IDDM. As with
human MHC haplotypes, the unusual H-2g 7 MHC (Kd, I-Ag 7, I-

En u l l, Db) of this mouse is strongly associated with diabetes
susceptibility (2–4). However, it has been determined that dia-
betogenesis in both humans and NOD mice results from
complex polygenic interactions between several alleles
within the MHC and multiple susceptibility genes outside of
the MHC (2–6).

Several lines of evidence from the NOD mouse model sug-
gest that non-MHC–linked diabetes susceptibility genes con-
tribute to subtle abnormalities in monocyte differentiation.
These susceptibility genes and the diabetogenic MHC hap-
lotype lead to the generation of antigen-presenting cells
(APCs) that are unable to process and/or present - c e l l
autoantigens in a tolerogenic fashion but retain the capacity
to activate autoreactive T-cells in the periphery. For example,
it has been demonstrated that marrow-derived APC (but not
thymic epithelial cells) from NOD congenic mice expressing
the diabetes-resistant H-2n b l haplotype of NON mice could
inhibit the development of diabetogenic T-cells from NOD
marrow (7). It has also been shown that the inability of NOD
APC to activate immunoregulatory T-cells in a syngeneic
mixed-lymphocyte reaction was associated with homozy-
gous expression of H-2g7 (8). The defect in antigen presenta-
tion may be due to the inability of the NOD APC to respond
to growth factors and thus produce fully mature macro-
phages. This is indicated by studies showing that in response
to the myeloid growth factor colony-stimulating factor 1
(CSF-1), there is a reduced level of promonocyte proliferation
and development to mature macrophages in NOD mice,
unlike in diabetes-resistant NON and SWR mice (7). Further
evidence for defective APCs was provided by the fact that
bone marrow–derived macrophages fail to respond to 

-interferon (INF- ) stimulation in a normal fashion (9). In dia-
betes-resistant strains, INF- , which induces macrophage
differentiation and activation, inhibits stimulation of bone
marrow cells by CSF-1. In the NOD mouse, however, this
inhibitory effect of INF- is abrogated (9).

It has also been reported that APCs stimulated with INF- ,
granulocyte macrophage-CSF, or the mitogen lipopolysac-
charide (LPS) demonstrate an increase in intracellular thiols,
such as glutathione (GSH) (10,11). GSH is an ubiquitous
tripeptide thiol involved in a variety of cellular functions (10).
It serves as a coenzyme, protects cells from oxidative damage,
and affects initiation and progression of lymphocyte activa-
t i o n ( 1 2 ) . With respect to immune system function, GSH may
be a limiting factor in that it can potentiate certain T- c e l l
functions in vivo (10). In addition, during the processing of
antigen in the lysosomes to produce immunogenic peptides,
an essential step is the reduction of disulfide bonds within the
antigen; GSH is also involved in the reduction of disulfid e
bonds (11,13). Thus, the inability of the NOD APC to respond
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properly to cytokine signals may have an effect on its capac-
ity to process antigen in an efficient manner.

In summary, antigen presentation in the NOD mouse is
dysfunctional with respect to proper maturation and devel-
opment of macrophages. The inability of these APCs to
respond appropriately to growth factors/cytokines leaves
the NOD with a defect in its immune repertoire that may
result in the inefficient processing and presentation of anti-
gens and, subsequently, less-than-optimal activation of T-
cells. It has been shown that antigens that are processed and
presented inadequately can stimulate T-cells in the periphery
but are unable to induce tolerance (14,15). Furthermore, it is
thought that a more highly activated APC is required for the
activation of immunoregulatory Th2 T-cells than is neces-
sary for activation of Th1 T-cells (16–18). The inability to
properly process and present -cell antigens in a manner
sufficient to cause the deletion or tolerization of autoreactive
T-cells, together with the deficiency in activation of
immunoregulatory cells, may leave the NOD mouse with
only the capability to generate effector T-cell responses lead-
ing to an autoimmune state.

To date, studies on defective antigen presentation in the
NOD mouse have primarily involved genetic manipulation and
investigation of cytokine function. We investigated the APC
defect by looking at processing and presentation events with
a defined antigen, hen egg lysozyme (HEL), which has been
well studied in other mouse strains and is considered a
model protein for antigen processing (19–21). As the APC, we
used splenic macrophages, which are considered to be “pro-
fessional APC” and are well described in terms of their anti-
gen-presenting function. Using the HEL system, we analyzed
macrophage antigen-presenting function in the NOD mouse
and compared it with macrophages from the closely related
diabetes-resistant NOR mouse. In contrast to the NOD
mouse, the NOR/Lt mouse is an insulitis-resistant and dia-
betes-free strain produced from an isolated genetic contam-
ination within a NOD pedigree line by the C57BL/KsJ (BKs)
strain (22,23). Although the NOR is diabetes resistant, it
shares the diabetogenic H-2g 7 and, as is observed in the NOD,
peritoneal macrophages are unable to secrete normal levels
of interleukin-1 on LPS stimulation (23).

RESEARCH DESIGN AND METHODS

Mice. Eight-week-old male NOD/Bdc mice were obtained from the colony at the
Barbara Davis Center for Childhood Diabetes. Eight-week-old male NOR/lt mice
were purchased from Jackson Laboratories (Bar Harbor, ME).
Measurement of T-cell proliferation to HEL. NOD and NOR mice were
immunized at the base of the tail with 120 µg of native HEL emulsified in complete
Freunds adjuvant (CFA). At 7 days after immunization, the animals were killed,
and the inguinal and periaortic lymph nodes were removed for isolation of T- c e l l s .
The nodes were homogenized and then resuspended in 10 ml of Clicks culture
medium containing 1% Nutridoma SP serum supplement (Amersham), 2% L- g l u-
tamine, 1% gentamycin, and 0.02% 2-ME (Clicks/Nutridoma). For bulk population
T-cell proliferation assays, lymph node T-cells were plated in decreasing con-
centrations (8–2 1 05 cells/well) into 96-well round-bottom, antigen-coated
plates, containing either no antigen (media control) or 250 µg/ml native or dena-
tured HEL, in a total volume of 200 µl Clicks/Nutridoma. This concentration of anti-
gen was determined to be optimal, and no signs of toxicity were observed in
responder cell populations. After incubation at 37°C for 4 days, the cells were
pulsed with 0.5 µCi of 3H-TdR for 18 h, and then harvested onto glass fiber fil t e r s
with an automated sample harvester. Radioactive measurements were made on
a -scintillation counter.

Denaturation of HEL antigen was accomplished by dissolving 0.5 g HEL into
35 ml of a solution containing 8 M urea and 0.2 M 2-ME and stirring at room tem-
perature overnight. The reduced, denatured antigen was then alkylated with 0.3 M

dialyzed against several changes of 5 mmol/l phosphate-buffered saline, pH 7.4, fol-
lowed by 0.1 mmol/l (NH4) H C O3; then it was lyophilized.
Crisscross in vitro proliferation assay. NOD and NOR mice were immunized
with 120 µg of native HEL in CFA, as described above. At 7 days after immu-
nization, the animals were killed, and the inguinal and periaortic lymph nodes were
removed for isolation of T-cells. The lymph node T-cells were purified from indi-
vidual mice using CD4+ Cellect columns (Edmonton, Alberta, Canada) following
the manufacturer’s specifications. The purified T-cells were then titrated into
wells of 96-well round-bottom, antigen-coated plates containing either no antigen
or 250 µg/ml native or denatured HEL, in a total volume of 200 µl
Clicks/Nutridoma medium. Either NOD or NOR autologous irradiated spleen
cells were added to the T-cells in a crisscross fashion to serve as APCs. Assays
were pulsed with 0.5 µCi of 3H-TdR for 18 h and harvested as described above.
Preparation of splenic macrophages. Spleen cell suspensions from NOR or
NOD mice were pooled within groups, and NH4Cl was added to lyse the ery-
throcytes. The spleen cells were incubated in sterile Petri plates in culture
medium (Dulbecco’s modified Eagle’s medium with supplements) containing
10% fetal calf serum for 1.0 h at 37°C, after which the nonadherent cells were gen-
tly washed away. The adherent cells were removed with the use of nonenzymatic
dissociation buffer (Life Technologies, Grand Island, NY). The remaining cells were
then washed and resuspended in Clicks/Nutridoma.
Determination of intracellular GSH. Based on methods described by Ti e t z e
(24), determination of intracellular GSH was made in splenic macrophages of both
NOD and NOR mice after the addition of LPS, HEL, or medium alone. Splenic
macrophages were prepared as described above and were plated at a concen-
tration of 1 1 06 cells/well with LPS (10 µg/ml), HEL (250 µg/ml), or medium alone.
They were then incubated at 37°C for 24 h. The cells were washed 2 with phos-
phate-buffered saline and resuspended in 2.5% sulfosalicylic acid (1 1 06 c e l l s / 0 . 4
ml) to precipitate cellular protein (11). The precipitated protein was isolated
from the supernatant by centrifugation (12,000 rpm for 5 min) and assayed for pro-
tein content. For intracellular GSH determination (GSH assay), the cell supernatant
fraction was neutralized with triethanolamine (6 µl/0.1 ml sample volume) and then
mixed with 5,5 -dithiobis-(2-nitrobenzoic acid) (Ellman’s reagent), GSH reductase,
and NADPH. The resulting color product was measured as a change in
absorbency at 405 nm by a multiscan plate reader. Samples were run against stan-
dards containing known amounts of GSH to generate a concentration curve.
E ffects of increased glucose on intracellular GSH levels. Splenic macro-
phages were plated at a concentration of 1 1 06 cells/well with either LPS (10
µg/ml) or HEL (250 µg/ml). Control wells consisted of purified macrophages
alone. Glucose (50 mmol/l) and s-methyl GSH (2 mmol/l) were added in combi-
nation or separately to all wells. The cells were treated as previously described
for determination of GSH and protein content.
Statistical analysis. Statistical analyses were done by two-tailed Student’s t t e s t
using the InStat software package to determine differences within the means of
the sample groups.

R E S U LT S

Comparison of NOD and NOR T-cell proliferation

responses to native and denatured HEL after immu-

nization with native HEL. To determine whether splenic
APCs from NOD mice are capable of processing antigen with
the same efficiency as those from the diabetes-resistant NOR
strain, antigen-specific T-cell proliferation experiments were
performed. After immunization of NOD and NOR mice with
native HEL, lymph node T-cell responses to denatured or
native antigen were assessed. (Total cell numbers of lymph
node preparations from NOD and NOR mice were very com-
parable. The proportion of T-cells were also determined to be
comparable, as determined by equivalent T-cell yields after
p u r i fication for crisscross experiments). Results in Fig. 1
indicate that with decreasing numbers of responding T- c e l l s ,
the proliferation response to both native and denatured anti-
gen is markedly lower and declines more precipitously with
NOD T-cells than with NOR T-cells. In this particular experi-
ment, the NOR response was two- or threefold higher at
three different concentrations of T-cells than that observed
with NOD T-cells. Although the magnitude of responses
between assays was variable, the same general trend was seen
in repeated tests. The greater proliferation with NOR T- c e l l s
was observed even at the lower end of the titration curve
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(where, in some assays, NOD T-cell responses are not even
detectable), suggesting that NOR splenic APCs are more effi-
cient at processing and presenting antigen, which likely results
in an increased number of NOR antigen-specific T-cells. The
results of Fig. 1 also demonstrate that even if the antigen is par-
tially denatured (through reduction of disulfide bonds and
treatment with 8 M urea), NOD splenic APCs do not stimulate
T-cells in vitro at the same level as NOR splenic APCs.
Comparison of NOD and NOR T-cell proliferation

responses to HEL with NOD and NOR APC. To determine
whether the lower NOD T-cell proliferation responses illus-
trated in Fig. 1 were due to an inability of NOD splenic APC
(or a subset of these APC) to process antigen as efficiently as
spleen cells from the NOR mouse, a crisscross experiment was
performed in which both NOD and NOR T-cell responses
were measured with both NOD and NOR spleen cells (whole
spleen cell populations or enriched populations of macro-
phages or B-lymphocytes). For these experiments, mice were
immunized with HEL. After removal of the lymph nodes, T-
cells were purified by affinity chromatography on CD4+ Cel-
lect columns or by Mouse CD4 (L3T4) Dynabeads. (The yields
of purified T-cells were comparable from both NOD and NOR
mice.) For assay, responder T-cells from each mouse strain
were combined with whole irradiated spleen cells, enriched
splenic macrophages, or enriched nonirradiated B-lympho-
cytes of each mouse strain. In Fig. 2, the data are shown for
presentation by splenic macrophages, and it is evident that
NOR macrophages present antigen more efficiently than NOD
macrophages, regardless of whether presentation was to
NOD or NOR HEL-specific T-cells. Presentation by whole irra-
diated spleen cell populations (data not shown) was very sim-
i l a r, with spleen cells from NOR presenting more efficiently
than spleen cells from NOD. However, there was no difference
in presentation between NOD and NOR enriched nonirradiated
B-lymphocyte populations (data not shown). The difference
in magnitude of T-cell responses between the experiments
illustrated by Fig. 1 and Fig. 2 (particularly notable at only one

concentration, 5 1 05 cells per well, of NOR T-cells) may be
partially due to the presence of a functional B-lymphocyte pop-
ulation in the whole lymph node populations used in Fig. 1.
Also, the responding T-cells in Fig. 1 were unmanipulated,
whereas both T-cell and APC populations in Fig. 2 were sub-
jected to purification procedures that often affect the overall
magnitude of responses in these types of assays. This exper-
iment indicates that the defect in the NOD T-cell proliferation
response results from less efficient antigen presentation by
NOD splenic macrophages (but not by NOD B-lymphocytes)
and is not due to an inherently lower capacity of NOD T- c e l l s
to proliferate.
GSH levels in purified splenic macrophages from NOR

and NOD mice. The T-cell proliferation experiments estab-
lished that NOD splenic macrophages were less efficient than
NOR splenic macrophages in processing and presentation of
antigen, resulting in lower proliferation responses with NOD
a n t i g e n - s p e c i fic T-cells. Because studies by others have
shown that GSH is critical for correct processing of antigens
(10,13) and because it has also been established that
cytokines and LPS stimulation can enhance GSH production
in APC (11,25), splenic macrophages were purified as
described in M E T H O D S and were assayed for intracellular GSH
after stimulation with LPS or HEL antigen. The results, illus-
trated in Fig. 3, demonstrate that upon stimulation with anti-
gen or LPS, NOR splenic macrophages have a greater amount
of basal GSH than do macrophages from the NOD mouse. The
most dramatic difference between NOR and NOD macro-
phage GSH levels was observed in macrophages stimulated by
antigen (in this case, HEL): intracellular levels of GSH in NOR
macrophages were significantly higher (P < 0.002) than those
in NOD. Lower GSH levels could explain, at least in part, why
NOD splenic macrophages are inferior to NOR splenic APCs
in the activation of antigen-specific T- c e l l s .
E ffects of increased glucose and s-methyl GSH on

intracellular levels of GSH. A hyperglycemic environment
leads to oxidative stress and the generation of oxygen radi-

FIG. 1. Comparison of T-cell responses from NOD and NOR mice to native and denatured HEL. NOD and NOR mice were injected with 120 µg

native HEL in CFA. Periaortic and inguinal lymph node cells were harvested from the animals 7 days after immunization and were plated at

the represented concentrations of lymph node cells with the addition of autologous irradiated spleens cells to equalize cell density. The lymph

node cells were pulsed with either native or denatured HEL at 250 µg/ml. On day 4 of culture, the lymph node cells were pulsed with (3H - T d R )

for 18 h and harvested. Background counts per minute for non–antigen-pulsed wells was <10% of that of the antigen-pulsed wells. The data is

representative of repeated experiments.
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cals, which cause cell damage and destruction (26–28). Glu-
tathione peroxidase is a key enzyme involved in reducing
these oxygen radicals to less damaging species, a process
that occurs at the cost of intracellular GSH. We therefore
investigated the effect of hyperglycemia on the levels of intra-
cellular GSH in splenic macrophages unstimulated or com-
bined with LPS or HEL (Fig. 4). Incubation of NOR and NOD
p u r i fied splenic macrophages with 50 mmol/l glucose resulted
in very little change from basal levels of intracellular GSH in
both NOR and NOD animals, with respect to all treatments,
control, LPS, and HEL. S-methyl GSH is a GSH ester precur-
sor of GSH and will increase its intracellular levels. The addi-
tion of 2 mmol/l s-methyl GSH under the same high-glucose
conditions (50 mmol/l glucose + GSH ester) resulted in the
NOR macrophages showing a threefold increase over NOD
macrophages in intracellular GSH in controls (Fig. 4A) and a
five- and threefold increase over NOD macrophages in
response to stimulation by LPS and HEL, respectively (Fig. 4B

and C). The addition of 2 mmol/l s-methyl GSH in the absence
of high glucose also resulted in higher levels of intracellular
GSH in NOR macrophages than in NOD macrophages under
all three conditions. These data indicate that when challenged
with a hyperglycemic environment, the NOD macrophage

was inferior to the NOR with respect to regulating intracellu-
lar GSH levels, even in the presence of the GSH ester.

D I S C U S S I O N

We have reported here on studies of APC function in the
NOD mouse through the investigation of T-cell responses to
a defined antigen, HEL, and comparing these results with
those obtained from the closely related, non–diabetes-prone
NOR mouse. Our data show that T-cell responses from HEL-
primed mice are considerably lower in NOD mice than in NOR
mice and that this defect resides in the splenic APC, not the
T-cell. When NOD T-cells were combined with NOR spleen
cells as APCs, the T-cell responses to HEL, native and dena-
tured, were comparable to the NOR T-cell responses with
NOR APC. To investigate a possible mechanism for the lower
antigen-presenting capacity of NOD spleen cells, macro-
phages were isolated from spleen cell suspensions of un-
immunized NOD or NOR mice and assayed for GSH content
after stimulation with a mitogen (LPS) or with the antigen
HEL. The results showed that NOR macrophages had higher
levels of GSH than did NOD macrophages upon stimulation
with LPS; an even more dramatic difference was observed
with HEL-stimulated cells. Under hyperglycemic conditions,

FIG. 2. T-cell responses to native and denatured HEL comparing NOD and NOR APCs. NOD and NOR mice were injected with 120 µg native HEL

in CFA. Periaortic and inguinal lymph node cells were harvested from the animals 7 days after immunization. The T-cells were purified from

individual mice and were plated at the T-cell concentrations indicated, with the addition of purified splenic macrophages, from either NOD or

NOR in a crisscross fashion, to serve as APCs. The cultures were pulsed with either native or denatured HEL (250 µg/ml), and on day 4 of cul-

ture, the plates were pulsed with (3H-TdR) for 18 h before harvest. The data is representative of three different experiments.
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i.e., 50 mmol/l glucose, the GSH levels were reduced in both
cell populations, but with the addition of the GSH precursor
s-methyl GSH they were restored to higher levels in NOR
macrophages than in NOD macrophages.

It has been reported that the NOD APC has a defect in mat-
uration (9), and this developmental deficiency may be
accompanied by an inability of the NOD APC to generate GSH
upon cytokine or antigen stimulation. In a high-glucose envi-
ronment, conditions that might be expected to exist in the
hyperglycemic animal or patient, GSH production is
decreased even further. Also, chronic hyperglycemia in the
diabetic animal or patient leads to oxidative stress, mani-
fested by a low ratio of reduced to oxidized GSH (27). A
reduced level of GSH may affect antigen processing and pre-
sentation. It is known that during the processing of antigen
in the lysosome to produce immunogenic peptides, the
reduction of disulfide bonds is essential and dependent on
cytosolic cysteine and GSH (13). Cysteine reduces disulfid e
bonds within the protein and allows for the unfolding of the
protein, thus providing easy access by proteolytic enzymes
that cleave the protein into peptides to be bound by class II
MHC molecules before presentation (29). The oxidized form
of the amino acid cystine requires GSH for reduction back to
cysteine. Further evidence indicating that reduction of disul-
fide bonds is critical in the processing of antigens comes
from studies on minimal requirements for protein binding to
class II. At low pH and under conditions favoring disulfid e
bond reduction, it was found that the native form of the anti-
gen HEL could inhibit binding of a labeled HEL peptide to a
p u r i fied class II protein at pH 5 in the presence, but not the
absence, of the reducing agent dithiothreitol (29). Thus, a
decrease in intracellular GSH levels can lead to lowered
capacity for reduction of disulfide bonds and negatively
affect antigen processing. In another recent report, Chinese
hamster ovary (CHO) cells transfected with murine class II
genes were found to exhibit a unique antigen-processing
defect consisting of an impaired ability to process antigens
containing disulfide bonds and correlating with signific a n t l y

lower levels of GSH (30). The quantity of intracellular GSH
therefore appears to be critical in determining the efficiency
of processing protein antigens containing disulfide bonds.

In the presence of splenic macrophages from NOD mice, T-
cell proliferation responses to HEL were consistently lower

FIG. 3. Levels of GSH in splenic macrophages from NOD and NOR mice.

The bars indicate the concentration of GSH in purified splenic macro-

phages from NOD and NOR mice treated with medium alone ( ), LPS

( ), or HEL ( ) for 24 h. Intracellular GSH was measured against

standards containing known amounts of GSH. Data are mean values

+ SE of four experiments. P values are shown for conditions where sta-

tistical significance was noted between treatments.

FIG. 4. Effects of increased glucose and s-methyl GSH on GSH levels

in NOD and NOR splenic macrophages. The bars show the concentra-

tion of GSH in purified splenic macrophages from NOD and NOR mice

treated with medium control alone (A), LPS (B), or HEL (C). In addi-

tion, each of these culture conditions were supplemented with

medium only (basal levels, ); with 50 mmol/l glucose ( ); with 50

mmol/l glucose and 2 mmol/l s-methyl GSH (GSH ester; ); or with 2

mmol/l s-methyl GSH ( ). Intracellular GSH was measured against

standards containing known amounts of GSH. Data are mean values

+ SE of four experiments. P values are shown for conditions where sta-

tistical significance was noted between treatments.
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even with partially denatured antigen. This result suggests
that there may be insufficient protein processing in NOD
s p l e n i c macrophage, manifested by reduced proteolytic
cleavage and thus limiting the number of peptides to be pre-
sented. Further evidence that the NOD mouse is defective in
its ability to process and present antigen was provided by the
work of Hansen et al. (31) with GAD 65, in which it was
shown that synthetic GAD peptides elicited a strong T- c e l l
response when used as immunogens, but no T-cell responses
to these same peptides could be detected if the native antigen
was used in immunization. The fact that not all peptides that
can be generated from an antigen are necessarily presented
under normal conditions was also demonstrated in studies by
Mamula (32) on whole cytochrome c versus a peptide pro-
duced by cyanogen bromide cleavage. Furthermore, it was
found that immunization with the immunogenic peptide
together with the native protein could break T-cell tolerance
to other sites on the protein (32). Another possibility is that,
in some cases, full-length proteins can bind directly to class
II (33). If partially denatured peptides from intact antigens are
bound to class II in a mouse that is unable to process antigen
n o r m a l l y, the resulting antigen-MHC complexes can be more
heterogeneous than those produced by intracellular process-
ing of intact protein antigens (34). As Mamula and Craft (14)
pointed out, T-cells specific for cryptic peptides may exist
because APCs are unable to process and present these pep-
tides normally; this may be the situation in the NOD mouse.

Another factor contributing to the inefficient antigen pre-
sentation by NOD spleen cells could be the inherent inability
of the NOD APC to bind peptide in the class II molecule
tightly enough to insure that the peptide–class II complex
reaches the cell surface. The unique I-Ag 7 of NOD has been
reported to be SDS unstable and a poor binder of peptides,
which might thus reduce the number of peptides presented
(35). This is an important point in view of the fact that a
more stable MHC class II molecule is more likely to interact
with T-cells and stimulate activation. However, the NOD
mouse and the NOR mouse share the same MHC class II (H-
2g 7), but the NOR splenic APCs were more efficient at pro-
cessing and presenting antigen to the NOR T-cells. There-
fore, poor class II binding in itself is not a sufficient expla-
nation for the defect in antigen processing present in the
NOD APC. It appears, then, that in the NOD mouse, a devel-
opmental defect in splenic macrophages, together with the
diabetogenic MHC haplotype, results in an APC that is
unable to process and/or present autoantigens in a tolerogenic
fashion but retains the capacity to activate autoreactive T- c e l l s
in the periphery.

A C K N O W L E D G M E N T S

This work was supported in part by National Institutes of
Health (NIH) Grant RO1 DK44132 (K.H.) and NIH Institu-
tional Training Grant T32 AI 07365.

R E F E R E N C E S

1 . Sheehy MJ: HLA and insulin-dependent diabetes. D i a b e t e s 41:123–29, 1992
2 . Hattori M, Buse JB, Jackson RA, Glimcher L, Dorf ME, Minami M, Makino S,

Moriwaki K, Kuzuya H, Imura H, Strauss WM, Seidman JG, Eisenbarth GS: The
NOD mouse: recessive diabetogenic genes in the major histocompatibility com-
plex. S c i e n c e 231:733–735, 1986

3 . Prochazka M, Leiter EH, Serreze DV, Coleman DL: Three recessive loci
required for insulin-dependent diabetes in nonobese diabetic mice. S c i e n c e

237:286–289, 1987

4 . Wicker LS, Miller BJ, Coker LZ, McNally SE, Scott S, Mullen Y, Appel MC:
Genetic control of diabetes and insulitis in the nonobese diabetic (NOD)
mouse. J Exp Med 165:1639–1654, 1987

5 . Wicker LS, Miller BJ, Fischer PA, Pressey A, Peterson LB: Genetic control of
diabetes and insulitis in the nonobese diabetic mouse: pedigree analysis of a
diabetic H-2n o d / b heterozygote. J Immunol 142:781–784, 1989

6 . Livingstone A, Edwards CT, Shizuru JA, Fathman CG: Genetic analysis of dia-
betes in the nonobese diabetic mouse. I. MHC and T cell receptor beta gene
expression. J Immunol 146:529–534, 1991

7 . Serreze DV, Leiter EH: Development of diabetogenic T cells from NOD/Lt mar-
row is blocked when an allo-H-2 haplotype is expressed on cells of hemopoietic
origin, but not on thymic epithelium. J Immunol 147:1222–1229, 1991

8 . Serreze DV, Leiter EH: Defective activation of T suppressor cell function in
nonobese diabetic mice: potential relation to cytokine deficiencies. J

I m m u n o l 140:3801–3807, 1988
9 . Serreze DV, Gaskins HR, Leiter EH: Defects in the differentiation and function

of antigen presenting cells in NOD/Lt mice. J Immunol 150:2534–2543, 1993
10. Roth S, Droge W: Glutathione reverses the inhibition of T-cell responses by

superoptimal numbers of “nonprofessional” antigen-presenting cells. C e l l

I m m u n o l 155:183–194, 1994
1 1 . Frosch S, Bonifas M, Eck H-P, Bockstette M, Droege M, Rude E, Reske-Kunz

AB: The efficient bovine insulin presentation capacity of bone marrow-
derived macrophages activated by granulocyte-macrophage colony-stimu-
lating factor correlates with high level of intracellular reducing thiols. Eur J

I m m u n o l 23:1430–1434, 1993
1 2 . Smyth MJ: Glutathione modulates activation-dependent proliferation of

human peripheral blood lymphocyte populations without regulating their
activated function. J Immunol 146:1921–1927, 1991

1 3 . Collins DS, Unanue ER, Harding CV: Reduction of disulfide bonds within
lysozymes is a key step in antigen processing. J Immunol 147:4054–4059, 1991

1 4 . Mamula MJ, Craft J: The expression of self-antigenic determinants: implica-
tions for tolerance and autoimmunity. Curr Opin Immunol 6:882–886, 1994

1 5 . Milich DR, Jones JE, McLachlan A, Houghton R, Thornton GB, Hughes JL: Dis-
tinction between immunogenicity and tolerogenicity among HBcAg T cell
determinants: influence of peptide-MHC interaction. J Immunol

143:3148–3156, 1989
1 6 . Shahinian A, Pfeffer K, Lee KP, Kundig TM, Kishihara K, Wakeham A, Kawai

K, Ohaski PS, Thompson CB, Mak TW: Differential T-cell costimulatory
requirements in CD28-deficient mice. S c i e n c e 261:609–612, 1993

1 7 . Green JM, Noel PJ, Sperling AI, Walunas TL, Gray GS, Bluestone JA, Thomp-
son CB: Absence of B7-dependent response in CD-28 deficient mice. I m m u -

n i t y 1:501–508, 1994
1 8 . Thompson CB: Distinct roles for the costimulatory ligands B7–1 and B7–2 in

T helper cell differentiation? C e l l 81:979–982, 1995
1 9 . Shastri N: Needles in haystacks: identifying specific peptide antigens for T- c e l l s .

Curr Opin Immunol 8:271–277, 1996
2 0 . Neefjes JJ, Momburg JJ: Cell biology of antigen presentation. Curr Opin

I m m u n o l 5:27–34, 1993
2 1 . Allen PM, Unanue ER: Differential requirements for antigen processing by

macrophages for lysozyme-specific T cell hybridomas. J Immunol

132:1077–1079, 1984
2 2 . Serreze DV, Prochazka M, Reifsnyder PC, Bridgett MM, Leiter EH: Use of

recombinant congenic and congenic strains of NOD mice to identify a new
insulin-dependent diabetes resistant gene. J Exp Med 180:1553–1558, 1994

2 3 . Prochazka M, Serreze DV, Frankel WN, Leiter EH: NOR/Lt mice: MHC-
matched diabetes-resistant control strain for NOD mice. D i a b e t e s 4 1 : 9 8 – 1 0 6 ,
1 9 9 2

2 4 . Tietze F: Enzymic method for quantitative determination of nanogram
amounts of total and oxidized glutathione. Anal Biochem 27:502–522, 1969

2 5 . Gmunder H, Eck H-P, Benninghoff B, Roth S, Droge W: Macrophages regulate
intracellular glutathione levels of lymphocytes: evidence for an immunoreg-
ulatory role of cysteine. Cell Immunol 129:32–46, 1990

2 6 . Gonzales AM, Socher M, Hothersall JS, McLean P: Effects of aldose reductase
inhibitor (sorbinil) on integration of polyol pathway, pentose phosphate path-
w a y, and glycolytic route in diabetic rat lens. D i a b e t e s 35:1200–1205, 1986

2 7 . DeMattia G, Laurenti O, Bravi C, Ghiselli A, Iuliano L, Balsano F: Effect of
aldose reduction inhibition on glutathione redox status in erythrocytes of dia-
betic patients. M e t a b o l i s m 43:965–968, 1994

2 8 . Trocino RA, Akazawa S, Ishibashi M, Matsumoto K, Matsuo H, Yamamoto H,
Goto S, Urata Y, Kondo T, Nagataki S: Significance of glutathione depletion and
oxidative stress in early embryogenesis in glucose-induced rat embryo culture.
D i a b e t e s 44:992–998, 1995

2 9 . Jensen PE: Acidification and disulfide reduction can be sufficient to allow
intact proteins to bind class II MHC. J Immunol 150:3347–3356, 1993

3 0 . Short S, Merkel B, Caffrey R, McDoy KL: Defective antigen processing cor-



ANTIGEN PRESENTATION IS DEFECTIVE IN NOD MACROPHAGES

relates with a low level of intracellular glutathione. Eur J Immunol

26:3015–3020, 1996
3 1 . Hanson MS, Cetkovic-Cvrlje M, Ramiya VK, Atkinson MA, Maclaren NK,

Singh B, Elliott JF, Serreze DV, Leiter EH: Quantitative thresholds of MHC class
II I-E expressed on hemopoietically derived antigen-presenting cells in trans-
genic NOD/Lt mice determine level of diabetes resistance and indicate mech-
anism of protection. J Immunol 157:1279–1287, 1996

3 2 . Mamula MJ: The inability to process a self-peptide allows autoreactive T
cells to escape tolerance. J Exp Med 177:567–571, 1993

33. Sette A, Adorini L, Colon SM, Buus S, Grey HM: Capacity of intact proteins
to bind to MHC class II molecules. J Immunol 143:1265-1267, 1989

3 4 . Viner NJ, Nelson CA, Deck B, Unanue ER: Complexes generated by the bind-
ing of free peptides to class II MHC molecules are antigenically diverse com-
pared with those generated by intracellular processing. J Immunol

156:2365–2368, 1996
3 5 . Carrasco-Marin E, Shimizu J, Kanagawa O, Unanue ER: The class II MHC I-

Ag 7 molecules from non-obese diabetic mice are poor peptide binders. J
I m m u n o l 156:450–458, 1996


