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ABSTRACT Mice bearing the I-Ag7 class II major histo-
compatibility complex molecules contain a high number of
spontaneous autoreactive T cells, as estimated by limiting-
dilution assays. We found this autoreactivity in various strains
that bear the I-Ag7 molecule, such as the nonobese diabetic
(NOD) mouse strain, which spontaneously develops autoim-
mune diabetes. However, NOD mice strains that do not
express the I-Ag7 molecule, but instead express I-Ab, do not
have a high incidence of autoreactive T cells. About 15% of the
autoreactive T cells also recognize the I-Ag7 molecule ex-
pressed in the T2 line, which is defective in the processing of
protein antigens. We interpret this to mean that some of the
T cells may interact with class II molecules that are either
devoid of peptides or contain a limited peptide content. We
also find a high component of autoreactivity among antigen-
specific T cell clones. These T cell clones proliferate specifi-
cally to protein antigens but also have a high level of reactivity
to antigen-presenting cells not pulsed with antigen. Thus, the
library of T cell receptors in NOD mice is skewed to autore-
activity, which we speculate is based on the weak peptide-
binding properties of I-Ag7 molecules.

This paper contains a functional analysis of T cells found
normally in lymphoid organs of nonobese diabetic (NOD)
mice. NOD mice are highly susceptible to diabetic autoimmu-
nity and also develop other tissue pathologies (1). The major
genetic trait for diabetic susceptibility in NOD is the class II
major histocompatibility complex (MHC) molecule, I-Ag7 (2).
I-Ag7 molecules are the equivalent of human DQ molecules,
which are associated with human type I diabetes (3, 4). Many
of the Caucasian type I diabetes patients carry a DQ b chain
that lacks the usual Asp residue at position 57 of the b chain
(3, 4). The same biochemical trait is found in the murine I-Ag7

b chain (5).
We have recently demonstrated that I-Ag7 molecules are

weak peptide-binding histocompatibility molecules, regardless
of the nature of the peptide (6). Peptides have weak affinity
with a fast dissociation rate. Included among the peptides are
the pancreatic b cell peptides that trigger diabetogenic T cells
(6). In accordance with their pan-weak binding properties,
I-Ag7 molecules are unstable in SDSyPAGE analysis [regard-
less of the source of antigen-presenting cells (APC), including
those from islets; refs. 6 and 7]. The high percentage of
SDS-unstable I-Ag7 molecules indicates their poor interaction
with autologous and foreign peptides. Most other class II
alleles bear 10–90% of molecules as SDS-stable (8, 9). Also,
I-Ag7 molecules have a short half-life in APC, and peptides
offered to APC of NOD have a strikingly short time of
presentation to T cells (6). The I-Ag7 molecules extracted from
APC have a relatively low content of peptides (10). A recent

analysis of I-Ag7 molecules with a mutation of Asp at 57 to
wild-type Ser disclosed that these also are weak binding
molecules (6).

The weak peptide-binding characteristics of I-Ag7 prompted
us to analyze whether it may be reflected on the properties of
T cells found normally in lymphoid tissues. We speculated that
because of the weak interactions of I-Ag7 molecules with
peptides, the normal regulatory processes that result in elim-
ination or inactivation of autoreactive T cells would not be
operative at their best. The consequences will be a higher
incidence of T cells reactive to a variety of self-antigens.

MATERIALS AND METHODS

Mice. Mice were originally obtained from The Jackson
Laboratory and maintained in the Washington University
Animal Facility, and female mice of 4 to 8 weeks of age were
used. These included: NOD, NOD.H-2b, C57BLy6 (B6),
C57BLy6-H-2g7 (B6.g7), and Balbyc. B6.g7 mice do not de-
velop diabetes. Neither do NOD.H-2b, although they show
periinsulitis (11).

T Cell Experiments. Lymphocytes were obtained from
periaortic and inguinal lymph nodes of mice. Autoreactive T
cells, i.e., T cells that reacted to autologous APC without the
need for exogenous antigen, were estimated by limiting-
dilution analysis: lymph node cells were cultured at different
concentrations (from 100 to 3,000) in 200-ml wells with irra-
diated syngeneic spleen cells (5 3 105) and DMEM, with 10%
fetal calf serum (FCS) and 50 unitsyml of interleukin-2 (IL-2).
Frequency of responding T cells was estimated after 10–14
days of culture (12). Antigen-specific T cells were also exam-
ined by using lymph nodes cells from mice 7 days after
immunization with ovalbumin (OVA) (100 mg) in complete
Freund’s adjuvant (CFA). Such T cells were stimulated in vitro
and cloned also by limiting dilution using OVA. The positive
cultures were then expanded further in media with 50 unitsyml
of IL-2, washed, and then tested with NOD or B6 spleen cells,
with or without OVA. Either set of T cells (i.e., from unim-
munized and OVA-immunized mice) were propagated in
culture and established as clones that were then tested for their
reactivity under two conditions: (i) with spleen APC for
proliferation (2 3 104 T cells, 2.5 3 105, 2,000 rad irradiated
spleen cells; after 3 days cells were pulsed with 1 mCi of
3H-labeled thymidine for 6 hr) and (ii) with I-Ag7 bearing APC
lines, for IL-3 secretion (these were tested with 1 3 105 T cells
with 1 3 105 APC, harvesting the culture media after 1 day and
testing with the IL-3-dependent line FDC-3) (13). Secretion of
IL-3 was a consistent and reproducible readout by using
I-Ag7-transfected cell lines. These included the M12.C3 line
(named C3.g7) (6) and the T2 line (T2.g7), which lacks
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HLA-DM (14). We also used the T2-Ak line, which expresses
I-Ak (15).

RESULTS

Autoreactive T Cells in Mice Bearing H-2g7 MHC. We
examined the frequency of autoreactive T cells by limiting-
dilution analysis. Limiting numbers of lymph node cells were
stimulated with irradiated syngeneic spleen cells in microcul-
tures in the presence of exogenous IL-2. The frequency of
responding cells was calculated by linear regression and Pois-
son distribution analysis (12). Mice carrying the H-2g7 class II
MHC molecules (NOD and B6.g7) contained higher numbers
of self-reactive T cells, by about 8-fold at least, than their
congenic counterparts bearing H-2b MHC (NOD.H-2b and
B6) (Fig. 1 and Table 1). Immunization of NOD mice with
CFA did not increase the frequency of self-reactive T cells in
the draining lymph node (Table 1).

The specificity of the autoreactive T cells was studied further
by examining T cell clones. T cell clones were established by
weekly restimulation of lymph node cells with irradiated spleen
cells. After three cycles of in vitro stimulation, the T cells were
cloned under limiting dilution conditions (at one cell per well)
in the presence of irradiated spleen cells and IL-2. Cells from
positive wells were expanded further and then tested for the
reactivity to the spleen stimulator cells from NOD, Balbyc, and
B6 mice.

As expected, all of the clones responded to NOD spleen cells
but not to B6 spleen stimulator cells. All of T cell clones
established were of CD41, CD82 phenotype, which was evi-
dent by surface immunofluorescence (data not shown). Re-
sults with four representative clones are shown in Fig. 2A. Note
that one clone, NSC-4, showed cross-reactivity to Balbyc
spleen cells. Of a total of 13 clones examined, only 1, NSC-4,
had reactivity to Balbyc APC.

To examine further the nature of T cell reactivity to self class
II molecules we tested the clones against the T2 line expressing

FIG. 1. Frequency of autoreactive T cells determined by limiting-
dilution analysis. Limiting number of lymph node cells from indicated
strain of mice (32 wells per group) were stimulated with 5 3 105

irradiated (2,000 rads) syngeneic spleen cells in the presence of 50
unitsyml of IL-2 in a final volume of 200 ml 10% FCS DMEM in
U-bottom microtiter plates. Cultures were scored visually under
inverted microscope for the growth of the cells, and frequency of
responding cells was calculated by the methods described previously
(12). In this experiment frequencies of self-reactive T cells were 1 in
378 for NOD, 1 in 337 for B6.g7, and less than 1 in 3,000 for both
NOD.H-2b and B6.

FIG. 2. Reactivity of NOD-derived autoreactive T cells. Autore-
active T cell clones were established by stimulating lymph node cells
with syngeneic spleen cells and limiting dilution cloning (1 cell per
well). (A) Established T cell clones (NSC 3, 4, 5, and 7) (2 3 104) were
stimulated with 2.5 3 105 irradiated spleen cells. After 3 days of
incubation and a 6-hr pulse with 3H-labeled thymidine, cultures were
harvested for counting. (B) The same T cell clones (1 3 105) were
stimulated with indicated B lymphoma cell line (1 3 105). After 24 hr
of incubation, culture supernatants were harvested and tested for IL-3
activity by using the IL-3-dependent cell line FDC-3. (h, NSC3; u,
NSC4; d, NSC5; and ■, NSC7).

Table 1. Frequency of autoreactive T cells

Mouse strain Frequency of autoreactive T cells

NOD (H-2g7) 1y1,021, 1y902, 1y916, 1y1,860
NOD primed with CFA† 1y874, 1y1,112
NOD.H-2b ,1y104, ,1y104, ,1y104

B6 (H-2b) ,1y104, ,1y5 3 104

B6.g7 1y862, 1y1,342, 1y1,445

*Frequency of self-reactive T cells was determined by the same
methods described in Fig. 1. Each determination represents a dif-
ferent experiment. (Data shown in Fig. 1 is not included here.)

†NOD mice were immunized with CFA (100 ml of 1:1 mixture of CFA
and PBS) at base of the tail. Seven days after immunization,
frequency of autoreactive T cells in draining lymph nodes was
determined.
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I-Ag7. This cell line is defective in HLA-DM genes and is
defective in processing protein antigens to bind to class II
MHC molecules (14). Self-reactive T cell clones were stimu-
lated by I-Ag7 expressed in the conventional B cell line C3.g7
and also in the T2 lines T2.g7 and T2-Ak for 24 hr, and IL-3
activity in the culture supernatants was measured. Fig. 2B
shows the results with the same four clones. Note that the
NSC-7 clone reacts with T2.g7. None reacted with T2 line
bearing I-Ak. In three different experiments testing for auto-
reactive clones, all 47 reacted with C3.g7 APC, and 7 of the 47
clones also showed reactivity to T2.g7 cells. Thus, a significant
fraction of self-reactive T cell clones (about 15%) recognize
I-Ag7 class II MHC molecule lacking peptides derived from
conventional self-protein antigens.

A Component of Self-Reactivity in Antigen-Specific T Cell
Clones. In our studies with antigen-specific T cell clones
derived from NOD mice, we have frequently noted a compo-
nent of autoreactivity, a high background proliferation to APC
not pulsed with the antigenic peptide. To examine this issue
further, we generated a number of short-term OVA-specific T
cell clones from immunized NOD and B6 mice. The T cell
clones were established from inguinal lymph nodes of mice 7
days after immunization with OVA in CFA. These clones were
tested for their autoreactivity. In Table 2, the reactivity to
OVA-pulsed APC and to APC alone were examined in T cell
clones derived from either NOD or B6 mice. Among 14
NOD-derived OVA-specific clones tested, 4 clones exhibited
significant reactivity to self APC, whereas no B6-derived clone

showed reactivity to APC alone (Table 2). Further examina-
tion of two representative NOD clones is shown in Fig. 3. The
OVA-2 clone was OVA-specific without a component of
self-reactivity, as evident by the low proliferation to APC of
NOD in the absence of OVA. In contrast, the OVA-1 clone
reacted to NOD APC in the absence of OVA, but its reactivity
was enhanced by addition of the specific antigen OVA.

DISCUSSION

In essence, the two main results shown here are, first, the high
frequency of autoreactive T cells found in the two strains
bearing I-Ag7 and, second, the presence of a component of
self-reactivity in about one-third of antigen-specific T cell lines
generated from NOD mice. These results have to be analyzed
in the context of a third result in the recent study by Ridgway
et al. (16). In their case, immunization of NOD mice with self
proteins in Freund’s adjuvant resulted in high proliferation of
lymph node cells without the need of antigen challenge. Our
two results, although not identical, are in fact complimentary.
The point that we make is that one does not need to immunize
to detect the spontaneous autoreactive T cells. As shown here,
we sampled the entire population of potential autoreactive T
cells by using IL-2 under limiting-dilution conditions.

These results likely are the consequence of I-Ag7 molecules
being a weak peptide-binding molecule: the expectation is that
with the fast dissociation rates of peptides and a low overall
content of peptides, thymic-selective mechanisms would not
operate at their full potential. Thus, negative selection would
not be at its optimum in purging the repertoire of self-reactive
T cells. Note that about 15% autoreactive T cells reacted with
I-Ag7 from the T2 line lacking HLA-DM. We interpret our

Table 2. Autoreactivity of short-term OVA-reactive T cell clones*

Clones
derived from

Stimulation with

NOD 1 Ag NOD B6 1 Ag B6

NOD
1 8.9† 0.3 0.1 0.2
2 25.6 0.2 0.2 0.7
3 35.1 9.5 0.3 0.6
4 53.7 0.6 0.2 0.3
5 7.6 0.7 0.6 0.6
6 52.3 0.6 0.2 0.7
7 56.6 1.0 0.8 0.5
8 9.2 0.3 0.1 0.8
9 18.6 1.2 0.1 0.1

10 16.8 1.1 4.1 3.2
11 34.9 26.8 7.3 5.2
12 13.4 9.8 1.1 2.4
13 7.6 0.1 0.1 0.1
14 1.7 0.1 0.2 0.2

B6
1 0.2 0.3 8.3 0.1
2 0.2 0.3 15.4 0.2
3 0.1 0.2 65.3 0.4
4 0.3 0.2 99.1 0.3
5 0.4 0.2 8.2 0.1
6 0.2 0.2 6.1 0.2
7 0.2 0.2 9.4 0.2
8 0.2 0.1 7.9 0.1
9 0.1 0.1 7.0 0.1

10 0.3 0.1 5.8 0.2
11 0.2 0.1 3.1 0.1
12 1.4 0.5 42.9 0.5
13 0.1 0.1 3.6 0.1
14 0.2 0.2 15.7 0.1

*OVA-specific T cell clones were established by culturing lymph node
cells from OVA immunized mice and cloning under limiting-dilution
condition. Cells in the positive wells were washed, split into four wells,
and stimulated with irradiated spleen cells (2.5 3 105 per well) in the
presence or absence of OVA (0.5 mgyml). Cultures were harvested
after 3 days of incubation and a 6-hr pulse with 3H-labeled thymidine.

†CPMyculture (3 1023).

FIG. 3. Autoreactivity of OVA-reactive T cell clone. OVA-specific
T cell clones were established by the same methods as described in
Table 2. Established T cell clones (OVA-1 and 2) (2 3 104) were
stimulated with 2.5 3 105 spleen cells alone or in the presence of an
indicated dose of OVA. After 3 days of culture and a 6-hr pulse with
3H-labeled thymidine, cultures were harvested for counting.
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results to indicate that some of the autoreactive T cells
recognize I-Ag7 lacking the full repertoire of autologous
peptides. Without its accessory function, the I-Ag7 in the T2
line is expected to be lacking autologous peptides and to be
mostly occupied, if at all, by limited species of them, like the
CLIP peptide (17). Our interpretation of this finding is that
NOD biases its T cell receptor repertoire to recognition of
empty I-Ag7 molecules.

The presence of a self-reactive component in about one-
third of OVA peptide-specific T cells represents a second
peculiar finding in NOD mice, much along the lines of the
previous discussion. Again, this component could be explained
by selection of T cell with receptors in which the peptide-
specific determinant does not represent a dominant compo-
nent. However, we have not ruled out that NOD T cells may
have a higher frequency of more than one a chain expression
to explain the diversity of such T cells (18). Regardless, this
finding of dual specificity, i.e., autoreactive plus OVA-peptide
reactive, could have biological significance: in the framework
of a weak peptide interaction by APC, the second autoreactive
component could contribute to the expansion and activation of
such T cells.

The larger repertoire of self-reactive T cell clones in NOD
mice would favor the different manifestations of T cell auto-
immunity. It is noteworthy, however, that the presence of the
I-Ag7 molecule is not the sole requirement for autoimmunity:
it is well recognized that autoimmunity requires the concom-
itant expression of more than one gene product (11). Regard-
less, NOD autoimmunity operates under different sets of
circumstances from conventional T cell reactivities in that, as
shown herein and in previous studies, it is under the framework
of low-affinity MHC–peptide interaction. The only situation
akin to NOD autoimmunity is that found in mice bearing I-Au

immunized with an encephalitogenic epitope. The peptide has
a very weak binding interaction, but nevertheless induces
autoimmune encephalomyelitis (19). All together, these find-
ings raise provocative questions regarding NOD autoreactive
T cells and form the basis for our future studies.
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