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Natural killer cells distinguish innocuous and
destructive forms of pancreatic islet autoimmunity
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In both human patients and murine models, the progression
from insulitis to diabetes is neither immediate nor inevitable, as
illustrated by the innocuous versus destructive infiltrates of
BDC2.5 transgenic mice on the nonobese diabetic (NOD) versus
C57BL/6.H-297 genetic backgrounds. Natural killer (NK)-cell-spe-
cific transcripts and the proportion of NK cells were increased in
leukocytes from the aggressive BDC2.5/B6.H-297 lesions. NK cell
participation was also enhanced in the aggressive lesions pro-
voked by CTLA-4 blockade in BDC2.5/NOD mice. In this context,
depletion of NK cells significantly inhibited diabetes develop-
ment. NOD and B6.H-297 mice exhibit extensive variation in NK
receptor expression, reminiscent of analogous human mole-
cules. NK cells can be important players in type 1 diabetes, a role
that was previously underappreciated.
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Type 1 diabetes (T1D) is an autoimmune disease characterized
by immune system attack on the insulin-producing S cells of the
pancreatic islets, resulting in the loss of glucose homeostasis and,
ultimately, hyperglycemia (1). Somehow breaking through the usual
net of immunological self-tolerance, a leukocytic infiltrate, domi-
nated by autoreactive T cells and augmented by bystander popu-
lations attracted by the local inflammation, invades the islets.
Interestingly, this “insulitis” does not always progress to diabetes. In
humans, the presence of anti-B-cell autoantibodies does not always
foretell clinical hyperglycemia (2). In nonobese diabetic (NOD)
mice, the most commonly used mouse model of T1D, insulitis
initiates in all individuals, male and female, but diabetes develops
mostly in females, and with variable incidence. In several other
murine models, an islet infiltrate is present but does not progress to
hyperglycemia (3, 4). Hence, conversion from insulitis to diabetes
appears to be a regulated process. Elucidating the elements that
control the pathogenicity of an islet infiltrate may be of great
therapeutic importance because, given the complications of screen-
ing the general population, the best hope of preventing T1D may
be to identify individuals with a benign insulitic lesion and block it
from becoming pathogenic.

The BDC2.5 T cell receptor (TCR) transgenic (tg) mouse has
proven a valuable model for studying the pathogenesis of T1D.
The transgene-encoded TCR, derived from a diabetogenic T cell
clone isolated from a NOD mouse (5), recognizes a B-cell-
derived antigen in the context of the NOD MHC class II
molecule Ag’. When the transgenes are carried on the NOD
genetic background, massive insulitis initiates in all animals just
after 2 weeks of age (6); however, the infiltrate remains quite
innocuous and only rarely progresses to diabetes (7), despite the
presence of a diabetogenic TCR that is destructive in other
circumstances. This state of “respectful” insulitis is histologically
quite similar to what has been described for the insulitic lesions
of NOD mice protected from diabetes development by strong
immunostimulation, i.e., a clear demarcation between the infil-
trating leukocytes and residual B cells (8, 9). This state can be
disrupted by a number of perturbations. In the early phase of
disease, at the time when naive, potentially diabetogenic T cells
are first incited to invade the islets, the blockade of costimulatory
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molecules, in particular of CTLA-4 (6), prevents the establish-
ment of an innocuous lesion and diabetes develops. Later, after
insulitis has been established, artificial induction of pancreatic
cell apoptosis via viral infection or administration of the cyto-
toxic drug cyclophosphamide also rapidly provokes diabetes (10,
11). All of these perturbations result in a more aggressive form
of insulitis, wherein the clear border between leukocytes and 3
cells breaks down, and B cell destruction becomes increasingly
evident. A very similar picture is seen when the BDC2.5 trans-
genes are carried on the C57BL/6-H-2¢7 (B6.H-2¢7) genetic
background: these animals succumb to diabetes within a few
weeks of insulitis onset, reflective of histological signs of an
aggressive infiltrate. According to genetic analysis, several chro-
mosomal intervals that differ between the NOD and B6.H-2¢7
genomes coordinately control this susceptibility to early-onset
diabetes (7).

A set of microarray and flow cytometric experiments were
performed to further delineate the molecular and cellular mech-
anisms underlying respectful versus destructive insulitis. We
began by comparing the gene expression profiles of the pancre-
atic infiltrates from BDC2.5/NOD and BDC2.5/B6.H-2¢7 mice,
leading us to identify some unexpected culprits.

Methods

Mice. The generation and maintenance of BDC2.5/NOD and
BDC2.5/B6.H-2¢7 TCR tg mice were previously described (6, 12,
13). The congenic NOD.NK1.1 mice (14) were kindly provided
by A. Bendelac (Princeton University, Princeton) and typed by
PCR on tail DNA (D6Mit52 and D6Mit135). All mice were
maintained under barrier conditions in the Joslin Diabetes
Center animal facility (protocols 99-19, 99-20).

RNA Preparation, Amplification, and Labeling. Sorted cells were
washed and lysed in 500 ul of TRIzol (Invitrogen) for RNA
isolation. For microarray analysis, two rounds of amplification
were performed by using a MessageAmp aRNA kit (Ambion,
Austin, TX); during the second in vitro transcription, biotin-
ylated ribonucleotides were incorporated by using the BioArray
HighYield T7 labeling kit (Enzo Life Sciences). Ten to 14 ug of
biotinylated amplified RNA was fragmented and hybridized to
Affymetrix Mu74Av2 chips. Quantitative real-time PCR assays
were performed by using SYBR Green (Applied Biosystems).

Microarray Data Processing. The raw intensity reading of each
individual target on the Affymetrix chips (CEL format) was pro-
cessed and normalized by using the Robust MultiArray transfor-
mation (15) run on an S+ ArrayAnalyzer (Insightful, Seattle). To
reduce the noise coming from inconsistency among replicates, we
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Fig. 1. NK-specific genes are up-regulated in BDC2.5/B6.H-297 pancreatic

infiltrate. (A) Live CD45" cells and CD4* BDC2.5-clonotype ™ cells were sorted
from the pancreas of 23- to 25-day-old BDC2.5/NOD or BDC2.5/B6.H-297 mice
for microarray analysis. (Left) Cumulative number of up- or down-regulated
genes in BDC2.5/B6.H-297 versus BDC2.5/NOD pancreatic CD45 cells for the
indicated relative variation. The gray line indicates the level of “background”’
variation as measured from a randomized data set. (Right) Cumulative num-
ber of up-regulated genes in BDC2.5/B6.H-297 versus BDC2.5/NOD pancreatic
CD45" cells or CD4* BDC2.5-clonotype™ cells. (B) Log-scale plot of expression
values in pancreatic CD45" cells with highlights on genes characteristic of the
indicated cell type. (C) Microarray expression value of NK-specific genes in
B6.H-297 purified NK cells versus CD45" pancreatic infiltrate.

ignored the genes for which there was a 10-fold difference in
normalized values between any sample and one of its replicates.
This excluded 307 genes from the analysis (2.4% of the Mu74Av2
chip). To generate a randomized data set, all replicate intensities for
two sample types to be compared were shuffled for each gene
separately and assigned randomly to one of the pseudosamples;
average values were then calculated as for the experimental
analysis.

Diabetes Induction via Anti-CTLA-4 mAb Treatment. Purified anti-
CTLA-4 mAb (clone UC10-4F10-11) was purchased from BioEx-
press (West Lebanon, NH). Diabetes was induced in BDC2.5/
NOD mice by injection of 150 ug of antibody on days 10, 12, and
14, and monitoring for hyperglycemia from 16 to 30 days of age
(daily urine glucose; positive reads confirmed by blood glucose
>250 mg/dl).

Natural Killer (NK) Cell Depletion. Purified anti-mouse NK1.1 mAb
(300 pg, clone PK136, BioExpress) was injected three times a
week starting at day 10. Anti-Asialo GM1 polyclonal Ab (300 ug,
Cedarlane Laboratories) was injected with the same timing;
control animals received 300 pg of normal rabbit gamma glob-
ulin (Jackson ImmunoResearch).

Results

Differences in Gene Expression Profiles at the Onset of Respectful and
Aggressive Insulitis. As described above, an islet infiltrate can
follow either of two courses: respectful or aggressive. To eluci-
date the elements underlying this dichotomous behavior, a
microarray analysis of gene expression was performed on early-
infiltrating cells in young BDC2.5 TCR tg mice on the NOD and
B6.H-287 genetic backgrounds, which present with innocuous
and destructive insulitis, respectively (7) (Fig. 14). The autoim-
mune T cells themselves were sorted as a CD4* population
expressing high levels of the BDC2.5 clonotype. In addition, a
bulk CD45* population, which includes a variety of hematopoi-
etic cell-types that enter the islets along with the T cells (e.g., B
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cells, monocytes, and NK cells), was isolated. RNA was prepared
from the sorted populations, amplified by using a technique that
permits the use of very small cell numbers while still preserving
data validity (A. Goldrath, C.B., D.M., unpublished work; see
Methods), and converted to labeled probe for hybridization to
Affymetrix Mu74Av2 chips. Two to three independent experi-
ments were performed for each cell population. The raw data
were processed with the RMA algorithm for probe-level nor-
malization (15), and composite expression values were calcu-
lated for each of the genes on the chip, averaging without outlier
elimination by using custom-developed S+ scripts for this and
subsequent analyses. As indication of statistical significance, a
gene-wise P value was derived by Welch’s 7 test. A conservative
false-positive rate was estimated from a randomized data set
generated by shuffling expression values between categories.
Several of the key gene expression differentials were validated by
RT-PCR and flow cytometry (Figs. 2 and 5, and data not shown).

We first analyzed the difference between innocuous and destruc-
tive insulitis from a global perspective by calculating the number of
genes whose expression was increased or decreased in leukocytic
infiltrates on the B6.H-287 background versus the NOD. For a
number of genes, expression values were higher for infiltrating
CD45% cells on the B6.H-2¢7 background than on the NOD
background. This difference was clearly more than could be attrib-
uted to “experimental noise,” as judged by comparison with values
issuing from the randomized data set: 73 versus 27 genes at a
fold-change cutoff of 2 (Fig. 14 Left; see Table 1, which is published
as supporting information on the PNAS web site, for a full
tabulation of the differences). Expression values for fewer genes
were augmented for the CD45* cells taken from the innocuous
insulitis on the NOD genetic background vis-a-vis the destructive
B6.H-2¢7 lesion: 40 genes at a fold-change cutoff of 2. A more
focused analysis of CD4* clonotype-positive cells from the infiltrate
revealed an induction profile similar to that of unsorted CD45™" cells
(Fig. 14 Right). Thus, the B6.H-2¢7 versus NOD differential did not
pertain just to the autoimmune BDC2.5 T cells, but rather to the
infiltrating cells in general. Because clonotype-positive T cells
represent only 20-50% of the infiltrate, changes that affected only
them would have been diluted out in the CD45* data sets. This
observation suggested that significant differences occurred in the
representation or gene expression of cells other than clonotype-
positive T cells in the two types of infiltrates.

To explore this possibility, we focused on the behavior of genes
representative of the various cell types that make up the CD45*
population (Fig. 1B). Surprisingly, a clear difference was ob-
served in the contribution of gene transcripts characteristic of
NK cells, most of which were more abundant on the B6.H-2¢7
background. Far fewer changes affected genes characteristic of
T, B, or myeloid cells, although there was a trend toward lower
representation in the last case. Because several of the genes
whose expression was enhanced in B6.H-2¢7 leukocytes encoded
NK receptors (NKRs) that can also be found on other lympho-
cytes (reviewed in ref. 16), we wondered whether the overrep-
resented transcripts included the full complement of genes
expressed in NK cells or only a subset. Therefore, we compared
the microarray expression values of the NK genes in the CD45*
cells isolated from pancreatic infiltrates and parallel values
generated from sorted splenic NK cells (Fig. 1C). The profiles
proved very similar, with a good correlation between expression
in splenic NK cells and in the mixed pancreatic infiltrate. It was
reasonable to hypothesize, then, that this difference reflected an
increased frequency of NK cells in the aggressive infiltrate,
rather than variation in expression of a subset of NK transcripts
expressed in other lymphoid cells.

The Fraction of NK Cells Correlates with Aggressivity. To validate the
microarray data, we measured the proportion of NK cells in the
insulitic lesions of BDC2.5/NOD and BDC2.5/B6.H-2¢7 mice by
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Fig.2. NKfrequency correlates with pancreaticinfiltrate aggressivity. (A) NK
cell were identified as DX5*CD3~ by cytofluorimetric analysis; their frequency
was measured in the pancreas of 20- to 24-day-old BDC2.5/NOD and BDC2.5/
B6.H-297 mice. One representative plot is shown as well as the value for all
individual mice tested (P < 0.03). Spleen values are shown for control. Gated
on live CD45" cells. (B) NK cell frequency in 16- to 22-day-old anti-CTLA4
treated versus untreated BDC2.5/NOD mice (P < 0.01).

flow cytometry. NK cells were identified as CD49b(DX5)*CD3~
lymphocytes. There were significantly more NK cells in the infil-
trates of BDC2.5/B6.H-2¢7 than of BDC2.5/NOD animals (P <
0.03) (Fig. 24 Left). No such increase was detected in the splenic
NK cell populations of the same animals (Fig. 24 Right), suggesting
that the difference observed in the pancreas reflects preferential
NK cell recruitment into the aggressive insulitic lesions of BDC2.5/
B6.H-287 mice.

We wondered whether this observation was also true of other
models of rapid-onset diabetes with immediately destructive
infiltrates. As discussed above, blockade of the CTLA-4 costimu-
latory molecule at the initiation of insulitis in BDC2.5/NOD
mice provokes diabetes almost immediately, with full hypergly-
cemia developing between 18 and 30 days of age (6). An
increased frequency of NK cells was also observed in this context
of aggressive insulitis, again in the absence of a corresponding
change in splenic NK cell populations (P < 0.01) (Fig. 2B). Thus,
an increased proportion of NK cells might be a general charac-
teristic of aggressive insulitis. Indeed, this result underlines that
the destructive influence of NK cells is not just a peculiarity of
the B6.H-2¢7 context, but can also be induced in NOD mice.

Next, it was necessary to rule out the more trivial possibility
that NK cells are recruited to the pancreas only because of a
preexisting inflammatory environment, and are merely a marker
of an aggressive attack. The kinetics of pancreas infiltration by
T and NK cells were followed during the induction of diabetes
by anti-CTLA-4 blockade (Fig. 3). In fact, NK cells were a
significant component of the infiltrate as soon as it could be
detected, from day 14 onward. If anything, the ratio of NK to T
cells decreased slightly after this point. Thus, NK cells are very
early players in the insulitis of BDC2.5 mice, not late-comers to
an already established inflammatory lesion.

NK Cells Are Important for Islet Cell Destruction. To directly test the
significance of NK cells in diabetes progression, we attempted to
prevent NK cell activity during the induction of diabetes in
BDC2.5/NOD mice by CTLA-4 blockade. An anti-Asialo GM1
polyclonal antibody was first used, a reagent classically used to
deplete NK cells, administered at the same time as the anti-CTLA-4
mAD. This antibody led to a significant decrease (P < 0.03, Cox
proportional hazards) in diabetes incidence versus mice treated
with a polyclonal rabbit IgG (Fig. 44). Cytofluorimetric analysis
confirmed that activated T cells infiltrating the pancreas were not
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Fig. 3. NK cells are early participants of an aggressive pancreatic lesion.
BDC2.5/NOD mice were treated with anti-CTLA4 Ab atdays 10, 12, and 14.The
number of NK cells and T cells was measured in the pancreas of each mouse
from day 12 to day 22. For comparison, the average number of NK cells (and
T cells, respectively) found in the insulitis-free pancreas of a young NOD mice
(likely arising from blood contamination) is 16 (50) at day 12, 38 (267) at day
15, and 165 (1,120) at day 18.

affected by the treatment, whereas >85% of NK cells were elim-
inated, on average. Yet, because there has been some debate as to
the specificity of this reagent (discussed in ref. 17), a second set of
experiments was performed by using the anti-NK1.1 mAb PK136,
which has been shown to deplete mouse NK cells (18). A genetic
control was used in this instance. Many of the NK-cell-specific
receptors are encoded in a large multigene complex, the NK gene
complex (NKC). The NKC haplotype of NOD mice carries an
inactive Nkrpcl gene and so their NK cells lack the NK1.1 epitope.
Thus, we used an intercross/backcross between BDC2.5/NOD
mice and the NOD.NK1.1 congenic line, which carries the NKC
from B6 origin (14). Initial tests showed that the BDC2.5/
NOD.NKI1.1 mice were fully susceptible to diabetes induced by
CTLA-4 blockade (data not shown). All of the intercross mice were
treated with an NK-depleting anti-NK1.1 mAb PK136 administered
at the same time as the diabetes-inducing anti-CTLA-4 mAb,
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Fig. 4. NK depletion impairs «-CTLA4 Ab-induced diabetes development.
Arrows indicate injections with aCTLA-4 Ab. (A) BDC2.5/NOD mice treated

with anti-Asialo GM1 or rabbit IgG as control. (B) BDC2.5/NOD or BDC2.5/
NOD.NK1.1 were treated with PK136 (300 g three times a week).
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monitored for development of diabetes; it was later determined
which mice carried the relevant NkrpI-c gene. A clear reduction in
the induction of diabetes was seen in those animals that expressed
the NK1.1 epitope compared with NK1.1-negative controls (P <
0.03) (Fig. 4B). The pancreas of animals that proved resistant to
diabetes was examined by histology and typical pictures of respect-
ful insulitis were seen (data not shown). In short, the proportion of
NK cells in an insulitic lesion correlates with the aggressivity of the
autoimmune attack, and their blockade/depletion significantly
inhibits a destructive outcome.

Why and How Are NK Cells Overrepresented in Aggressive Insulitis?
These results suggested that the differential installation of a re-
spectful versus aggressive insulitic lesion, and the eventual destruc-
tion of B cells in the latter case, may be linked to the activity of NK
cells at the onset of insulitis. This begs the questions of why and how
NK cell activities differ on the two genetic backgrounds. That
NOD-background mice show a difference in NK cell activity has
ample precedent: a number of studies have reported that NOD
mice have low NK cell activity in general, a characteristic that makes
them of great value for xenogeneic transplants (14, 19-21); most
recently, Ogasawara ef al. (22) described how the NKG2D receptor
is dysfunctional in NOD NK cells due to overexpression of its Rae-1
ligand in NOD mice.

We investigated the range of genetically encoded divergences
between NOD and B6.H-2&7 mice that might account for the
differential aggressivity of their insulitic lesions. First, the mi-
croarray analysis was extended by examining gene expression
profiles of purified splenic NK cells from juvenile NOD and
B6.H-2¢7 mice. A comparison of these data sets with those
derived from CD45™" participants in the pancreatic infiltrate was
expected to reveal which of the differences were intrinsic to NK
cells, and thus possibly causative, and which might represent
differential expression provoked by the aggressive insulitis. The
comparison of NOD versus B6.H-2¢7 fold changes indicated that
many of the differences found in the pancreatic infiltrate were
also present in splenic NK cells (Fig. 54). Expression of several
of the genes was significantly increased on the B6.H-287 back-
ground in both cases: Ly49m, h, and ¢, Nkrpla, and Nkrplc.
Conversely, Ly49a/p expression was augmented in both the
normal splenic and pathological pancreatic tissue of NOD
animals. Thus, beyond the differential representation of NK cells
in their insulitic lesions, as illustrated above, the NOD and
B6.H-2¢7 genetic backgrounds also seem to encode a range of
variations in the expression of NK-cell-specific genes.

To validate these microarray observations, and because there is
some degree of uncertainty as to the precise genes assayed on the
array when dealing with multigene families, we measured the
expression of NK-cell-specific genes by RT-PCR and flow cytom-
etry. As many of these are encoded in the NKC on chr6, RNA or
cells from the NOD, NOD.NK1.1, and B6.H-2¢" lines were analyzed
to determine whether the differences were a primary manifestation
of the genes themselves or a secondary effect specified by genetic
loci located elsewhere. As the MHC is of the same haplotype in all
three lines, an indirect influence of MHC ligands could already be
ruled out. Real-time quantitative PCR analysis (Fig. 64) confirmed
the microarray results, showing higher levels of Ly49p transcripts in
NOD than in B6.H-2¢7 mice, and the inverse for Ly49a and Nkrp1l-a
transcripts (indicating, incidentally, that the chip feature predom-
inantly represents Ly49p expression). Differences clearly tracked
with the NKC on chr6.

Similarly, flow cytometric analyses of cell-surface protein expres-
sion (Fig. 6B) confirmed and extended the microarray and PCR
data on RNA levels. Of the eight surface receptors analyzed, two
did not vary between the strains but six showed clear differences in
the number of positive cells, staining intensity, or both: Ly49A/P,
Ly49C, Ly49D, Ly491/F/H, NKG2A, and 2B4 (and patterns were
remarkably consistent in independent experiments). Three of the
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Fig.5. Strain-specific expression of NK-specific genes. (A) Relative variation

(fold-change B6.H-297/NOD) in expression values of NK-specific genes are
plotted for splenic NK cells and CD45" pancreatic leukocytes. (B) Microarray
data for NK-specific gene expression in the pancreatic infiltrate of BDC2.5/
NOD and B6.H-297, as well as in splenic NOD and B6.H-297 NK cells. The genes
were sorted by chromosomal position. Fold changes (B6.H-297/NOD) are
indicated in each tissue. We confirmed the specificity of the probes used in the
Affymetrix MuAv2 chip. For some of the Ly49 genes, some cross-reactivity is
possible with other Ly49 genes.

receptors (Ly491/F/H, NKG2A, and 2B4) exhibited all-or-none
staining variations, perhaps denoting missing genes or polymorphic
alleles that affected antibody binding. For the other three
(Ly49A/P, Ly49C, and Ly49D), the differences influenced the
proportion of cells stained and the staining intensity. The surface
staining for Ly49A /P confirmed the microarray and RT-PCR data
(Fig. 6 and legend), Ly49P being a rare gene up-regulated in NOD
relative to B6.H-287 NK cells. The staining patterns also indicated
that the polymorphism in NKR expression correlated with the
NKGC, rather than with the rest of the genome. Expression of 2B4
was an exception in that staining levels on NOD and NOD.NK1.1
splenic cells were concordant, which is expected because 2B4 is the
only gene in the panel encoded outside the NKC.

In short, the NOD NKC encodes a set of NKR genes with
expression patterns very different from those of the B6.H-2¢7
NKGC, a variation far more extensive than previously recognized.
This variability is on par with the extensive polymorphism of the
human NKC (23).

Discussion

These data highlight an important role for NK cells in deter-
mining the outcome of an autoimmune attack on the pancreatic
islets. First, an extraordinary degree of genetic variation in the
expression and epitope profile of NK-cell-specific genes was
evident when diabetes-resistant and -susceptible mouse strains
were compared. Second, the proportion and numbers of NK cells
in the islet infiltrate, and the timing of their entry, correlated
with the aggressivity of the lesion. Third, depletion/blockade of
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Fig. 6.

Wide differences in NK surface receptor expression between NOD and B6.H-297 mice. (A) Real-time PCR analysis of Ly49a, Ly49p, and Nkrp1-a in sorted

splenic NK cells from 4- to 5-week-old NOD, NOD.NK1.1, and B6.H-297 mice. (B) Cytofluorimetric analysis of NK surface receptors on NOD, NOD.NK1.1, and
B6.H-297 splenocytes. Bold numbers indicate the average percentage of NK cells (+SD) positive for the indicated surface molecule (when gated on DX5+CD37).
Numbers in parenthesis indicate the mean fluorescence intensity on the x axis of the designated population. The mAb used to stain Ly49A88 (clone A1) has been
showed to cross-react with Ly49ANOP and partially to Ly49PNOD (40). The preferential expression of Ly49P by NOD NK cells might be reflected by the slight but

clear staining observed on Ly49A~ NOD NK cells versus Ly49A~ B6.H-297 NK cells.

NK cell function significantly reduced the speed and penetrance
of diabetes onset. It seems very unlikely that the outcome of the
blocking experiments reflected effects on other NK1.1-positive
cells, in particular CD4" NK-T cells. This T cell subset has been
associated with diabetes protection rather than exacerbation in
both the NOD and BDC2.5 models of diabetes (14, 24-26), and
we observed the same degree of diabetes reduction with the
anti-Asialo GM1 reagent, which does not deplete NK-T cells
(27), as with the anti-NK1.1 mAb.

An important role for NK cells in setting the tone of insulitis
comes as a surprise because their impact on autoimmune
diabetes seems to have been little studied, there being only scant
mention in the literature (17). NK cells have been observed in
the islet infiltrate of NOD mice (28), and an effect of anti-
Asialo-GM1 on cyclophosphamide-induced diabetes has been
reported (29, 30). Work in the BB rat model had suggested a role
for NK cells (31), but this was later questioned on the basis of the
specificity of the depleting antibody (17). Furthermore, NOD
mice have been reported to exhibit low NK cell activity (14,
19-21), such that a disease-promoting role has seemed coun-
terintuitive. However, it is important to keep in mind that, as a
consequence of the selection regime that led to its isolation,
which favored late-onset diabetes compatible with reproduction,
the NOD genome will harbor alleles of genes disposing to lapses
in lymphocyte tolerance pathways but should be impoverished in
alleles that promote rapid progression to clinical disease. By
delaying the onset of diabetes beyond the peak reproductive age,
a relatively low level of NK cell activity may be precisely what
permitted derivation of the NOD strain in the first place. The
introduction of foreign genetic material might unleash more
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aggressive pathogenic pathways that are usually not in play in
straight NOD mice. Indeed, Brodnicki et al. (32) have nicely
illustrated this by crossing the B6 idd14 locus onto the NOD
background and thereby provoking a significantly more robust
disease. Interestingly, the idd6 and idd19 regions that condition
diabetes susceptibility encompass the NKC (33).

How might NK cells impact on diabetes progression? Their
best known functions are the direct cytotoxic lysis of virus-
infected, tumor, or MHC-deficient cells and the secretion of
inflammatory cytokines, such as IFN-vy. Either or both of these
could be involved in B cell destruction. Indeed, there is increas-
ing evidence that NK cells can “help” both CD4* and CD8* T
cell responses in infectious contexts (34, 35). It may be instructive
to compare the variations in gene expression profiles observed
here with those seen in a kinetic analysis of cyclophosphamide-
induced diabetes in BDC2.5/NOD mice (M. Matos, D.M., and
C.B., unpublished work). In that case, no changes in NK-cell-
specific transcripts were detected. Rather, the gene expression
changes in the islets were dominated by a loss of B lymphocyte
transcripts, and the induction of IFN-y and of a number of
IFN-vy-controlled genes. Differential expression of IFN-y was
also observed here, as were changes in levels of several of the
downstream transcripts (Table 1). Thus, an IFN-y-dominated
response may be a commonality of aggressive end-stages, but the
means of arriving to it may differ, sometimes promoted by NK
cells, sometimes by cytotoxic agents. Interestingly, in a murine
model of myasthenia gravis, the T cell response was critically
dependent on IFN-vy production by NK cells, suggesting that NK
cells might have a previously underappreciated general function
in promoting autoimmune diseases, quite opposed to the pro-
tective role previously emphasized (36).
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In two quite distinct settings, genetic variation or costimulatory
blockade, the stable insulitis of BDC2.5/NOD mice was perturbed,
resulting in NK cell-promoted destruction. How can this conver-
gence be explained? Although it is reasonable to suggest that genes
of the B6.H-2¢7 background control NK cell activity, the link
between CTLA-4 and NK cells on the NOD background is less
obvious. CTLA-4 has been strongly implicated in the generation
and action of T cells with regulatory potential, and we have found
that an equilibrium between regulatory and effector T cells is also
important in maintaining the stable insulitis of BDC2.5/NOD mice
(37). Thus, it is conceivable that a regulatory T cell imbalance
resulting from CTLA-4 blockade might promote an early recruit-
ment of NK cells. Alternatively, the anti-CTLA-4 mAb might affect
the NK cells themselves. Indeed, although always implicitly as-
sumed, it has never been formally demonstrated that the induction
of diabetes by anti-CTLA-4 mAb is via an effect on T cells. It
remains possible that, in addition or instead, CTLA-4 has a damp-
ening influence on NK cells, and that the diabetogenic effect of
blocking CTLA-4 reflects release from that inhibition.

The NKR repertoire expressed by NK cells is highly varie-
gated, each cell expressing a different subset of NKRs, likely
resulting from stochastic regulatory processes (38). Here, many
differences were found in the expression of NKC genes when
splenic NK cells of BDC2.5/NOD mice were compared with
those of BDC2.5/B6.H-2¢7 animals. This observation is consis-
tent with a very recent report that NOD mice show a deficiency
in multiple pathways of NK cell activation (39). The molecular
divergences were not secondary to MHC gene variation, which
can strongly influence NKR expression, because the MHC is
identical in these two strains. Nor are they determined by
differential expression of ligands encoded in other chromosomal
regions, as shown for NKG2D (22), because the NOD.NK1.1
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congenic strain showed the same expression patterns as B6.H-2¢7
for all receptors encoded in the NKC. However, there is reason
to believe that other loci located outside the NKC may also play
an important role in the differential recruitment and activation
of NK cells, not least because NOD.NK1.1 and standard NOD
mice develop diabetes with a comparable frequency (14, 21). An
earlier genetic analysis of the loci impinging on early- versus
late-onset diabetes in BDC2.5 mice on the B6.H-2¢7 versus NOD
background had implicated four intervals distributed through
the genome (7). The most influential of these regions was located
proximally on chromosome 7. Several immunologically relevant
genes map to this region, some of which are of particular interest
because they encode proteins of critical importance in NK cell
biology (DAP12, DAP10, and FIt3L). Suggestively, the microar-
ray data revealed that both DAP12 and Flt3l were differentially
expressed in B6.H-2¢7 and NOD splenic NK cells or T cells
(Table 1). It will be of great interest to directly test whether these
genes play a part in the differential activity of NK cells in these
two strains.

In conclusion, this study highlights an important role for NK cells
in unleashing an autoimmune lesion’s potential for destruction. It
also reveals an extraordinary variance in the NOD and B6 genomes
in the expression of NKRs. By extension, one might propose that
the very rapid progression to diabetes in the subset of pediatric
human patients that presents with severe hyperglycemia in the first
years of age might also reflect an influence of NK cells and of the
equally extensive NKR polymorphisms in humans.
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