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Abstract

NOD. /dd3/5 congenic mice have insulin dependent diabetes (/dd) regions on chromosomes one
(/dd5) and three (/dd3) respectively derived from the non-diabetic strains B10 and B6.

NOD. /dd3/5 mice are almost completely protected from type 1 diabetes (T1D) but the genes
within /dd3and /dd5 responsible for the disease-altering phenotype have been only partially
characterized. To test the hypothesis that candidate /add genes could be identified by differential
gene expression between the diabetes-susceptible NOD strain and a protected NOD congenic
strain, genome-wide microarray expression analysis using an empirical Bayes method was applied
to RNA purified from activated NOD and NOD. /dd3/5 CD4+ T cells. Remarkably, the top ten
most differentially expressed genes were all from the /dd5 region on chromosome one, validating
our central hypothesis. The two genes with the greatest differential RNA expression were those
encoding decay-accelerating factor (DAF, also known as CD55) and acetyl-Coenzyme A
dehydrogenase, long-chain (ACADL), which are located in the /dd5.4and /da5.3 regions,
respectively. Neither gene has been implicated previously in the pathogenesis of T1D. In the case
of DAF, differential expression of mMRNA was extended to the protein level; NOD CD4+ T cells
expressed higher levels of cell-surface DAF compared with NOD. /dd3/5 CD4+ T cells following
activation with anti-CD3 and anti-CD28. DAF upregulation was shown to be IL-4 dependent and
blocked under Th1 conditions. These results validate the approach of using congenic mice
together with genome-wide analysis of tissue-specific gene expression to identify novel candidate
genes in T1D.

Introduction

Identifying genes involved in the pathogenesis of complex, multigenic autoimmune disease
is a challenging goal. Pathogenic alleles at loci influencing disease susceptibility are not
overtly deleterious to the immune system and thus are not easily identified, although a small
number of loci, in addition to the MHC (1), have been identified in human autoimmune
diseases (2-7) and in animal models such as the nonobese diabetic (NOD) mouse which
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spontaneously develops type 1 diabetes (T1D) (8,9). In diseases like T1D, it is likely that
dozens of allelic variants interact to promote or discourage disease manifestation, and that
no particular susceptibility allele is necessary or sufficient to mediate spontaneous T1D (10).
The strongest disease associated gene, the MHC class 11 molecule, for example, is not
sufficient to mediate disease, as shown by the lack of diabetes in B6 mice with homozygous
expression of the NOD MHC class Il molecule, I-A%7 (11).

The genetic complexity of T1D in NOD mice has led investigators to use a congenic strain
mapping strategy in order to positionally clone causative /dd genes (10). This approach
begins with a genome-wide scan of a population of mice segregating the T1D phenotype
(developed by crossing the NOD strain with a T1D-resistant strain) with polymorphic
genetic markers to identify genome regions conferring resistance and susceptibility to
disease (12). The confirmation that these regions contain genes altering T1D susceptibility
comes if an altered frequency of T1D is observed in a congenic strain having the region
linked with disease introgressed onto the NOD background. The next step, fine-mapping,
involves continued backcrossing of the congenic mice to the NOD strain with genetic
screening at each generation to detect recombination events occurring in the introgressed
interval. Mice with smaller intervals created by such recombination events are used to
develop new congenic strains that are then tested for the frequency of T1D to determine if
the gene mediating an effect on disease is retained in the smaller segment or if it has been
lost. If the smaller interval preserves the disease phenotype produced by the larger region,
the number of candidate genes is decreased. If the smaller interval loses its effect, this can
be due to the fact that the newly defined interval does not contain the gene, or, alternatively,
that there are two genes in the original segment required for the effect on disease and that
the recombination event has separated them (13). This approach has been very successful in
excluding candidate genes and narrowing the list of possible candidate genes controlling
complex diseases (3,8,14-20).

There is a practical limit, however, to fine-mapping, since recombination in the genome is
not completely random and hundreds of meioses must be screened to discover a
recombination event occurring within a region of one Mb. This makes the development of a
congenic strain having only one introgressed gene nearly impossible since one Mb of DNA
can contain dozens of genes. When the introgressed regions reach a lower limit, other
methods must be employed to prioritize candidate genes in the interval for further biological
studies. One approach (the “candidate gene” approach) is to consider the functions of all
known genes in the interval and develop hypotheses as to which ones might be relevant to
T1D, perform comparative sequencing, and design biological tests based on the mostly
likely causative polymorphisms discovered by sequencing (expression studies, searching for
splice isoforms, structure/function studies if an amino acid variation is found, etc) to
determine if evidence supporting the candidacy of a particular candidate gene can be
gathered. The limitation of this approach is that it usually presumes a certain etiologic
model, which may overlook novel genes involved in unexpected pathways.

Another method to prioritizing candidate genes in the congenic interval is to first assay each
gene in the region for differential expression. The hypothesis is that if cells from congenic
mice having disease susceptibility and resistance alleles are compared, they would show
significantly different RNA expression patterns under experimentally relevant conditions.
There are several experimental considerations and limitations associated with this approach.
First, a method for testing all genes in the interval is needed. Second, if the strains are not
identical by descent in the chromosome region in question, each interval might have many
variant genes unrelated to that causing the T1D phenotype that are differentially expressed, a
possibility supported by a recent report (21). Third, it is possible that differential RNA
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expression is not the molecular mechanism by which variation at the disease-causing gene
within the /dd'region alters disease susceptibility.

A technique that can address the first limitation is genome-wide microarray expression
analysis (22,23). Given microarray chips with sufficient gene substrate, a high proportion of
genes in any interval can be tested, although not all splice variants of a gene may be detected
efficiently using most microarray chips that are currently available. The combination of
microarray analysis with congenic strain fine-mapping has the potential to focus attention on
genes within an interval that have no prior functional data in the literature supporting the
hypothesis that they are high priority candidate genes. This approach has had variable
success in genetic mouse models of autoimmunity. In two different lupus mouse models,
microarray analysis identified strong genetic candidates (19,20). In T1D, however, an earlier
attempt at this analysis was not successful when applied to expression in whole, naive spleen
(24). The authors concluded that analyzing expression in a noninduced whole organ was not
informative, implying that selecting specific cell subsets may be more productive.

In this report, we use the Affymetrix microarray expression system to analyze differential
gene expression in purified, activated CD4+ T cells from the NOD, NOD. /dd3/5, and B6.G7
(a NOD MHC congenic strain) strains. A large literature supports a pathogenic role for
CDA4+ T cells in NOD mice, suggesting that some /dd loci may act at the level of the CD4+
T cell. The NOD. /da3/5 congenic mouse, with the /dd3 interval on chromosome 3 (c3), and
the /dd5 interval on chromosome one (c1), is almost completely protected from diabetes
(1-2% incidence at seven months of age for NOD. /dd3/5 females compared with 80% for
NOD females) (25). The genetic basis of T1D protection from diabetes in NOD. /dd3/5 mice
has been partially characterized. The /da3region is 780 kb and the prime candidate genes
are those encoding IL-2 and IL-21 (16). As detailed in the accompanying paper (26), there
are four subregions within the larger /dd5region: /dd5.1, 1dd5.2, 1dd5.3, and 1dd5.4. The
genes accounting for /da5.1 and /dd5.2are most likely Ctla4(3,14,15) and Nramp1 (8,15),
respectively. To further characterize the genetic basis of T1D-resistance in NOD. /dd3/5
mice, we formulated two hypotheses: 1) CD4+ T cells from NOD and NOD. /ad3/5 should
show differential expression only in the congenic intervals on ¢l and c3; conversely, the
common NOD genome outside regions on c¢1 and ¢3 should be equivalently expressed.
Exception: Differential expression outside the congenic intervals could represent
downstream effects of genes found in the congenic intervals. 2) NOD. /dd3/5and B6.G7
mice should show identical expression of genes in the intervals on c1 and c3. Exception:
Gene interactions occurring between the non-NOD alleles on chromosomes 1 and 3 in
NOD. /dd3/5 mice and the NOD alleles throughout the remainder of the genome could alter
expression from that seen in B6.G7 cells in which B6 alleles are present in the remainder of
the genome, although expression would be distinguishable from that in cells having the
NOD alleles on chromosomes 1 and 3 together with the NOD background. Notably, all non-
T cell related genes should serve as internal controls insofar as they would not be expressed
in the activated CD4+ T cells. To minimize the skewing effect that low-expressed genes
have, due to their low variance, on the estimation of differential expression, we used an
empirical bayesian method for statistical analysis of differential expression. We confirmed
the microarray results by measuring protein expression using fluorescence-activated cell
analysis and/or assessing mRNA levels with reverse transcription of RNA followed by
quantitative PCR. Our results show the powerful potential of this approach. Out of over
22,000 genes analyzed on the chip, the top 23 genes found to be differentially expressed
between NOD and NOD. /dd3/5 were almost exclusively contained in the B10- and B6-
derived regions introgressed onto the NOD background. Two of the most differentially
expressed genes, Ca55 (formerly Dafl) and Acadl, have not been implicated in T1D
pathogenesis and are novel candidate genes for /dd5.4 and /dd5.3, respectively. The
identification of Cad55and Acadlillustrates that an unbiased genetic approach to gene
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identification utilizing congenic mouse strains, relevant cell populations, and genome-wide
microarray analysis can provide valuable insights into the biological processes underlying
T1D.

NOD.B6 /da3 B10 /dd5 mice, (reference 25, hereafter referred to as NOD. /dd3/5 mice),
NOD and B6.H297 (hereafter called B6.G7) mice were bred and housed under specific
pathogen free conditions and all procedures were conducted according to approved protocols
of the University of Pittsburgh School of Medicine Animal Care and Use Committee. /dd5
congenic strains 974, 1092, 1595, 2574, 1094 and 2193 were obtained from the Taconic
Emerging Models program.

Preparation, purification and stimulation of splenocytes—The spleen from each
mouse was removed aseptically and minced. After lysing red blood cells, the cells were
washed three times with PBS. To purify CD4-positive splenocytes, splenocytes were
prepared by magnetic separation using a MiniMACS system (Miltenyi Biotec, Auburn, CA)
according to the manufacturer’s instructions. Purified CD4-positive splenocytes were
suspended in RPMI11640 medium (Gibco-BRL, Grand Island, NY) supplemented with 10%
heat-inactivated fetal bovine serum (Gibco-BRL) and 1 mM L-alanyl-glutamine (Life
Technologies, Grand Island, NY), 100 U/ml penicillin, 100 pg/ml streptomycin (Life
Technologies), 1 mM sodium pyruvate (Life Technologies), and 50 .M 2-ME. The CD4-
positive splenocytes (1x108) were transferred to each well of a 24-well plate precoated with
anti-CD3 antibody and anti-CD28 antibody was added (1 pm/ml). The cells were cultured
for the indicated period and harvested. Th2 conditions were: recombinant mouse IL-4 (10
ng/ml) and/or anti-mouse IFN-y antibodies (10 g/ml), whereas Th1l conditions were:
recombinant mouse IL-12 (5 ng/ml) and/or anti-mouse IL-4 antibodies. In some studies,
anti-mouse IL-4 receptor antibodies alone were added (BD Pharmingen, San Diego, CA).

Flow cytometry—After culture, cells were incubated with Fc blocker (BD Pharmingen,
San Diego, CA) and stained with labeled antibodies for 20 min at 4°C. Samples were
analyzed on an FACS Caliber (BD bioscience, Miami, FL). Anti-CD4 and anti-CD55
antibodies were purchased from BD bioscience (San Diego, CA).

RNA extraction—Total RNA was extracted from cultured cells using the RNeasy mini kit
(Qiagen, Valencia, CA). The RNA was redissolved in RNase-free water and yield estimated
by spectrophotometry; equal quantities of RNA were used for analysis. Samples were
hybridized to the Affymetrix mouse chips (see below) at the Genomics and Proteomics Core
Laboratory at the University of Pittsburgh.

Real time RT PCR analysis of DAF mRNA expression—CD4+ T cell RNA was
reverse-transcribed using an oligo-dT primer and Reverse Transcription System (Promega,
WI, USA) according to the manufacturer’s instructions. Real time PCR was carried out for
DAF and GAPDH (internal control) in an ABI Prism 7300 sequence detector (PE Applied
Biosystems). All reactions were performed using TagMan Universal MasterMix; primer/
probe sets were purchased from Applied Biosystems. (PE Applied Biosystems). The
obtained mMRNA level was expressed relative to the GAPDH PCR product amplified from
the same sample; DAF value=2"((Ct of GAPDH) -(Ct of DAF)).

Real time RT PCR analysis of ACADL mRNA expression—RNA was extracted
from purified CD4+ T cells in TRIZOL® (Invitrogen) and 1000 ng of total RNA was used
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in a cDNA synthesis reaction with Superscript 11 reverse transcriptase (Invitrogen). cDNA
was used as template in a TagMan PCR reaction (prepared with TagMan Universal PCR
Master Mix, Applied Biosystems) with the following primers and probes designed to detect
ACADL mRNA: forward GATTTATCAAGGGCCGGAAG, reverse
GAAATCGCCAACTCAGCAAT and probe Fam-TGTCCGATTGCCAGCTAATGCC-
Tam. p2-microglobulin was used to normalize expression levels as described previously (3).

Microarray techniques—MOE430A Affymetrix high-density oligonucleotide array
chips containing 506,944 oligonucleotide probes for 22,690 genes were used in the analysis.
Total RNA was converted to ds cDNA according to standard methods and purified using an
Affymetrix cDNA clean-up column. An aliquot of the ds-cDNA equivalent to 5-7 g of
starting RNA is added as template to an /n vitro transcription reaction as per the ENZO
BioArray high efficiency RNA transcript labeling kit, and the resulting biotinylated cRNA
purified using an Affymetrix RNA clean-up column. After elution the cRNA is quantified
by spectrophotometry and 20 g of cRNA is incubated at 94°C in fragmentation buffer (40
mM Tris-Acetate pH 8.1, 100 mM KOAc, 30 mM MgOAc) for 35 minutes. A 1 .l aliquot
of the sample is run on an Agilent Bioanalyzer to verify that fragmentation has resulted in
RNA of the desired size distribution.

Fifteen micrograms of the fragmented RNA is added to a final volume of 300 pl
hybridization cocktail, applied to the GeneChip® of interest and incubated overnight at
45°C with rotation. Following hybridization the sample is removed and the GeneChip
cassette filled with non-stringent wash buffer. The chip is loaded onto an Affymetrix
Fluidics station for wash and stain. The GeneChips® are then stained for ten minutes in
streptavidin-phycoerythrin (SAPE) solution (1X MES stain buffer, 2 mg/ml acetylated BSA,
10 pg/ml SAPE; 1X MES stain buffer contains 100 mM MES, 1M [Na+], 0.05% Tween
20). Non-stringent buffer is used to wash off the first stain solution. Signal amplification is
achieved by ten minutes incubation with biotinylated anti-streptavidin (1X MES stain
buffer, 2 mg/ml acetylated BSA, 0.1 mg/ml Normal Goat 1gG, 3 pg/ml biotinylated anti-
streptavidin) followed by a second ten minute incubation with SAPE. The chip is washed
and filled with non-stringent wash buffer before being removed from the fluidics station and
scanned using the GeneArray® scanner.

Data analysis—Gene expression for activated CD4+ T cells from NOD (four samples),
B6.G7 (four samples), and NOD. /dd3/5 (three samples) mice were used. Preprocessing of
the data consisted of Robust Multichip Average (RMA) background correction, quantile
normalization and RMA expression summarization as described by Irizarry et al. (27).
Preprocessing was implemented using the affy library of the bioconductor package of R
(28). The advantages of this preprocessing procedure over other methods, for instance the
stock Affymetrix MAS5.0, are described in Bolstad et al. (29). Correlations, Boxplots and
MVA plots were used to verify that the preprocessing successfully reduced the variability of
the expression measures between chips.

For statistical analysis of protein expression, Mann-Whitney test and paired t tests were
performed in GraphPad Prism and JMP-IN software. Physical location of genes was
established using Ensembl V34 October 2005.

Empirical Bayes analysis of normalized expression datasets and algorithmic queries to
generate candidate gene lists

After the normalization of gene array data (see methods), we used an empirical Bayes
method to generate an estimated posterior logarithm of odds for differential gene expression.
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The Bayesian approach was chosen because it is robust to anomalies caused by small
variance estimates in low-expression genes (30). This produced a log odd score for each
gene for comparing expression in CD4+ T cells between each pair of strains: NOD vs.

NOD. /dd3/5, NOD vs. B6.G7, and B6.G7 vs. NOD. /dad3/5. Since the log odd statistic is
appropriate for ranking genes according to differential expression and does not have an
associated P-value, statistical significance was assessed using the usual t statistic. To
generate lists of candidate genes from this overall dataset, we queried the dataset with
algorithms designed to test central biological hypotheses. This consisted of generating rules
expressing the biological hypothesis and applying the rules to the data set. The first
algorithm tested our central hypothesis that NOD and NOD. /dd3/5 gene expression will
differ throughout the introgressed regions, intersected with a second condition that

NOD. /da3/5and B6.G7 expression will be similar across the interval. This algorithm can be
represented as: [(NOD neq /dd3/5) AND (/dd3/5=B6.G7)]. To implement algorithm one,
we produced a list of genes satisfying the condition of differential expression of NOD and
NOD. /dd3/5 CD4+ T cells genes at the 96t percentile of log odds (Note that the percentile
chosen is arbitrary and has no effect on the top of the lists, only the bottom cut-off) and
intersected it with the list of genes at the 50t percentile of the NOD. /dd'3/5 versus B6.G7
log odds. This resulted in a list of 227 genes (1% of the original dataset) ordered by log odds
score, as displayed in Figure one. Figure 1a shows the complete set of genes; the vertical
and horizontal lines represent the conditions imposed by the algorithm. Figure 1b depicts the
set of genes meeting the algorithmic criteria. Next, we selected the most differentially
expressed genes on the list, as ranked by their odds ratio, and determined their chromosomal
location. Table One demonstrates the first eleven most differentially expressed genes, as
ordered by log odds of differential expression. Remarkably all of the genes were from the
congenic NOD. /dd3/5B10 genetic intervals on chromosome 1. Two probe sets with high
differential expression did not yield a gene product in Ensembl (data not shown). This list
was not “selected” from the larger list; i.e. it shows the first 11 genes on the larger list. Note
that the cut-off is arbitrary; however the further one goes down the list of 227 genes meeting
our criteria, the more one begins to find smaller log odd scores, nonsignificant A-values, and
the emergence of genes located in non-introgressed chromosomal regions. However, it is
important to emphasize the possibility that the candidate gene that will be proven to be the
/dd gene at some point in the future may well not be at or near the top of the list. Moreover,
the biological hypothesis embedded in algorithm one does not address the possibility that
differential expression of genes in the /dd3/5 regions cause the differential expression of
genes outside the introgressed regions (see below).

The second algorithm we employed to query the dataset is expressed as: [(NOD neq /dd3/5)
AND (NOD neq B6.G7)]. This algorithm intersected the set of genes showing differential
expression between NOD and NOD. /dd3/5 with the set of genes differentially expressed
between NOD and B6.G7. The 96™ percentile of the log odds was the cut-off for each
comparison and generated a list containing n=229 genes. One might expect that if NOD and
NOD. /dd3/5 gene expression varied at the introgressed regions, NOD and B6.G7 gene
expression should also vary at the same regions, producing a list identical to algorithm one.
As shown in Figure 1c, however, this algorithm clearly produced a different set of genes
than algorithm one. Applying the (NOD neq G7) condition to the (NOD neq /da3/5)
condition intersects a set of genes, depicted in figure 1d, that includes 10 of the 11 genes in
Table one, and 12 additional genes (Table two). Table two displays the first 22 most
differentially expressed genes, as ordered by log odds of differential expression, resulting
from the second algorithm. The robustness of our approach was again confirmed since we
observed that 19 of the 22 differentially expressed genes are located in the introgressed
regions on chromosomes one and three (Table two). Finally, using the /ad5 subregion
boundaries as defined by the T1D frequencies of /dd5 congenic strains (Fig. 3 and ref. 26),
17 of the 22 differentially expressed genes are still included within the boundaries of 3 of
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the 4 known /dd5 subregions: /cosin 1dd5.1, Acadlin 1dd5.3and 15 genes, including Dafl,
in /dd5.4. 1t is notable that the differential expression of ICOS has been reported previously
in studies comparing activated T cells from /dd5 congenic mice (15, 31). In these studies it
was hypothesized that the differential expression of ICOS is caused by allelic variants at
Ctlad.

Comparison of the results of algorithms one and two (Tables one and two) shows that
substitution of the condition (NOD neq B6.G7) for (/dd3/5 = B6.G7) has the effect of adding
a set of genes to the list which had been excluded by the condition (/dd3/5 = B6.G7).
Moreover, the additional genes included at least three that are not from the /dd3/5
introgressed chromosomal regions, including the most differentially expressed gene in the
data set, SuclgZ on chromosome 6. This raises the biological question of how NOD and
1dd3/5CD4+ T cells can differ in expression of a gene, Suc/gZ2 (succinate-Coenzyme A
ligase, GDP-forming, beta subunit), which is of NOD origin in both strains. The simplest
explanation is that algorithm two permits the inclusion of genes subject to gene interactions;
i.e. downstream effects of differential expression of genes in the introgressed region on
genes outside the region, or visa versa (see discussion).

Confirming differential expression of candidate genes Cd55 and Acadl

The list of 23 novel candidate genes shown in Tables one and two represent about 0.1
percent of all genes on the gene chip. Nonetheless, in experimental terms, investigating this
number of genes represents an enormous effort; moreover the results are complicated by the
likelihood that gene interactions account for some of the differences in the genes listed in
Tables one and two. We therefore decided to initially focus our investigation on the most
differentially expressed gene in the /dd5.4 and /dd5.3regions identified by algorithm 1
(Table one), Ca55and Acadl. Cad55 encodes the protein DAF (decay-accelerating factor),
also known as CD55. Cd55is located in the distal segment of the B10-derived /dd5 region
present in the NOD. /dd3/5 mouse. First, we evaluated DAF protein expression on purified
CDA4+ T cells (cultured under the same conditions as the gene chip analysis) from NOD,
NOD. /dd3/5, and B6.G7 mice. As shown in Figure 2a, DAF was significantly upregulated
on the cell surface of NOD CD4+ T cells compared with NOD. /dd3/5or B6.G7 CD4+ T
cells, thereby confirming the gene chip results at the protein level. Reverse transcription of
RNA obtained from the CD4+ T cells followed by quantitative PCR (TagMan methodology)
analyses also confirmed the results obtained in the microarray experiments; there was
increased expression of DAF RNA in activated NOD CD4+ T cells compared with similarly
activated cells from NOD. /dd3/5and B6.G7 mice (figure 2b).

Having confirmed the gene chip results for Ca55, we examined additional /dd’5 congenic
strains of mice with progressively smaller B10-derived chromosome one regions, some with
NOD alleles at Cd55and some with B10 alleles, for DAF protein expression (Figure 3,
genetic map, and figure 4, expression studies). In each case, CD4+ T cells from mice with
B10 alleles at Ca'55 (lines 1092 and 974) showed decreased DAF expression, while the
CD4+ T cells from mice with the NOD allele (lines 1595 and 2574) showed relatively
higher expression (Figure 4). These results identify Ca55 as a candidate gene for /dd5.4,
although further dissection of this region by making additional /dd’5.4 congenic strains is
required to substantiate this candidacy since the B10-derived genetic intervals comprising
1dd5.4 are large, approximately 70 Mb (Figure 3). Hundreds of genes are located in these 70
Mb of introgressed DNA including Ca55and several other differentially expressed genes
listed on Tables 1 and 2.

In contrast to the very large /dd5.4region, Acadlis located in the much smaller (9.3 Mb)

1dd5.3region (Figure 3 and ref. 26) and is the only gene within /da5.3 detected in the
microarray analysis to be listed as one of the most differentially expressed genes. We
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confirmed and extended the gene chip results of increased expression of the B10 ACADL
allele by assessing ACADL mRNA expression by quantitative PCR following reverse
transcription in activated CD4+ T cells from congenic mice having smaller B10-derived
intervals in the /dd5 region than the NOD. /dd3/5 congenic strain (Figures 3, 5). Line 1094
CD4+ T cells, which have the B10 ACADL allele, had increased expression of ACADL
MRNA compared with cells from line 2193 mice having the NOD allele (figure 5). These
observations localize the differential expression of Acad/to a 16 Mb congenic interval that
overlaps the 9.3 Mb /dd’5.3region making Acadla major candidate gene for mediating the
disease-causing phenotype localized to the /dd5.3region (26).

DAF upregulation on CD4+ T cells is promoted by IL-4 and suppressed in Thl conditions

Our discovery of a variation in DAF expression that localizes to a chromosome region that
includes Cd55'is of interest since the knockout of the DAF/CD55 gene increases T cell
activity and susceptibility to EAE (see discussion). We thus hypothesized that the
differential expression of DAF by the B10 and NOD alleles would have functional
consequences on the immune response, and initiated studies to investigate the regulation of
DAF expressed at the cell surface of CD4+ T cells in different cytokine environments
(Figure 6 and Table three). As noted above, NOD CD4+ T cells upregulate DAF under
neutral conditions. However, as shown in Figure 6 a and b, Thl conditions prevented
activation-induced DAF upregulation on NOD CD4+ T cells whereas Th2 conditions
strongly enhanced DAF upregulation. Th2 conditions did not, however, increase DAF
expression on NOD. /dd3/5 CD4+ T cells (not shown). Next, we asked which components of
the Th2 culture conditions were sufficient for upregulation of DAF. We found that IL-4
alone added to culture supported strong upregulation of DAF on NOD CD4+ T cells (Figure
six a and b, Table three); the expression levels of DAF with both Th2 and IL-4 alone were
significantly different from neutral conditions (A= 0.026 and £ = 0.05), but expression under
Th2 conditions did not differ from IL-4 alone. Moreover, anti-1L4 receptor antibodies alone
added to culture with CD3 and CD28 stimulation completely prevented DAF upregulation;
the expression levels of DAF with anti-IL-4R antibody were significantly different from
neutral conditions (£ = 0.049), whereas expression under Th1 conditions was not
significantly different from anti-IL4R alone. The strong effect of IL-4 on DAF upregulation
raises interesting issues related to T1D pathogenesis in NOD mice.

Discussion

Identification of candidate genes in complex autoimmune diseases, even when they are
confined to a defined genetic interval, remains a challenging scientific problem. Hypothesis
driven approaches (e.g. investigating immunological mediators in T1D, or investigating
possible autoantigens) will overlook genes in novel and unexpected pathways whereas a
“hypothesis free” whole genome approach can miss candidate genes by investigating too
many variables simultaneously. Indeed, a prior published attempt to discover causative
genes in NOD congenic mice analyzed expression in whole, unstimulated spleen
preparations and did not detect compelling candidate genes in the /dd'intervals (24). In the
current study, we have reapproached the search for candidate loci by focusing on gene
expression in activated CD4+ T cells from both NOD and NOD congenic mice. Our
approach, which combines a whole genome analysis with hypotheses based on the
importance of CD4+ T cells in T1D pathogenesis, is expressed in our algorithms stating that
we expect to find a subset of genes differentially expressed in the introgressed congenic
intervals.

As summarized in Tables one and two, this approach was highly successful; 20 of 23 genes
identified were located in the introgressed regions on chromosomes one and three of the
NOD. /da3/5 mouse. Notably, these genes were not selected from the larger list arbitrarily,
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but are the top most differentially expressed genes as determined by our Empirical Bayesian
approach. Remarkably, two of the most differentially expressed genes, DafZ and Acadl,
were determined to be located within the boundaries of the /dd5.4 and /dd5.3 loci,
respectively. Moreover, mRNA and protein expression analyses confirmed the gene chip
results and thereby established DafZ and Acadlas candidate genes.

Nonetheless, as exemplified in several entries in Table two, our approach produced more
complicated results as well. By changing the parameters of the algorithmic query, we
generated additional candidate genes; moreover, several of the candidate genes in Table two
were not located in the introgressed regions on chromosomes one and three. Suclg?Z, for
example, emerges as the most differentially expressed gene on both lists, but it is located on
chromosome six. NOD and NOD. /dd3/5 mice have identical alleles on chromosome six,
which raises the question of how and why the NOD and NOD./dd3/5 T cells differ so
dramatically in expression of genes that are identical. While we do not explore the
mechanism of this differential expression here, the simplest explanation is that it represents
a downstream effect of one of the /ad3/5 genes in the introgressed intervals. In other words,
differential regulation of a gene in the introgressed /da3 or 5regions in NOD. /dd3/5 vs.
NOD CD4+ T cells affected the expression of Suc/g2 differentially in NOD and

NOD. /dd3/5 mice, leading to upregulation of Suc/g2in NOD./dd3/5 CD4+ T cells. For
example, it is possible that the increased expression of Acad/in /dd3/5and B6.G7 CD4+ T
cells leads to greater energy production that in turn upregulates Suc/gZ, which encodes an
enzyme important in the citric acid cycle. The same hypothesis applies to Gzmd, which is
located on Chromosome 14 and therefore has the same allele in the NOD and NOD. /dd3/5
strains. Gzmdis overexpressed in NOD. /dd3/5 CD4+ T cells compared with NOD CD4+ T
cells, which in turn express higher levels than B6.G7 CD4+ T cells. In this case, the non-
NOD allele in the NOD. /dd3/5 intervals appears to act on or upstream of Gzmd'to
upregulate its response, and the amount of upregulation is modified by one or more genes
that differ between NOD and B6 in other areas of the genome. The highlighting of such
downstream gene amplification events by microarray analysis should provide significant
insights into disease pathogenesis. Since the combined activity of protective alleles at /da3
and /dd5 provide more disease protection than would be expected if the alleles were acting
in a multiplicative fashion (32), the discovery of compelling differential gene expression
events in activated /dd3/ldd5 CD4+ T cells could reveal how the combination of particular
protective alleles in an “autoimmune” pathway can significantly alter the balance between
health and disease.

We identified Ca’55 as one of the most differentially expressed genes between NOD and
NOD./dd3/5T cells. Cad55is well known as a complement regulatory gene, but recent
research has also identified it as a T cell costimulatory molecule that interacts with its
ligand, CD97 (33). Splice variants of CD97 produce isoforms having variable numbers of
EGF domains that engage DAF with variable affinity (34). DAF likely binds to the first
CD97 EGF domain but also requires domains 2 and 5; the alternately spliced variant of
CD97 that expresses only domains 1,2, and 5 binds DAF with highest affinity (35). Cd55
knockout mice have been studied in several models of autoimmunity and show worsened
experimental glomerulonephritis, experimental myasthenia gravis, and EAE (36-39).
Moreover, Cd55'- mice demonstrated significantly enhanced T cell responses with
hypersecretion of IFN-y (39). Our genetic mapping studies indicate that the NOD allele of
1dd5.4 acts as a T1D-resistance allele whereas the B10 allele increases T1D susceptibility
(26). Since NOD CD4+ T cells upregulate DAF in response to activation conditions in
which NOD. /dd5 CD4+ T cells do not, and DAF knockout mice have increased
autoimmunity, our mRNA expression results are consistent with Ca’55 as a candidate gene
for /dd5.4. Additional congenic strains of mice with the region of /dd5.4 containing Cad55
are currently being developed to test this hypothesis.
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Our characterization of DAF regulation clearly showed that NOD DAF is upregulated by
Th2 conditions and downregulated by Th1 conditions. We have previously shown that NOD
T cells are biased to Th1 expression (40,41), consistent with many other publications
suggesting a Thl bias in NOD mice (42-47). Since Th1l conditions prevent DAF
upregulation, it may be that the genetic program generating Th1 conditions in NOD T cells
negates the protective effect of DAF by preventing its upregulation. Conversely, many
therapeutic interventions associated with the induction of Th2-related phenotypes have
prevented T1D (48-50). Given our results, it is possible that one mechanism mediating the
protective effect of Th2 conditions on T1D is the upregulation of DAF on NOD CD4+ T
cells.
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Figureone.

Dot plot representation of whole gene chip data set queries by hypothesis driven algorithms.
Shown is the distribution of genes representing the whole data set of NOD, NOD. /dd3/5,
and B6.G7 gene chips, analyzed using algorithmic queries represented on the x and y axes
(see text). a): Genes meeting the criteria (NOD neq NOD. /dd3/5) (vertical line) intersected
with (/ad3/5= B6.G7) (horizontal line). “b” shows the subset of genes meeting the criteria
in “a”. ¢: Genes meeting the criteria (NOD neq NOD. /dd3/5) (vertical line) intersected with
genes meeting the criteria (NOD neq NOD. /dd3/5) (horizontal line). “d” shows the subset of
genes resulting from the criteria applied in “c”.
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DAF protein and mRNA expression analyses on NOD, NOD. /dd3/5, and B6.G7 CD4+ T
cells. CD4+ T cells were purified and stimulated with anti-CD3/CD28 for three days and
were then analyzed by flow cytometry for cell surface expression of the DAF protein (a) and
quantitative PCR following reverse transcription for mMRNA expression (b).
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Genetic map of NOD /dd5 congenic strains. The shaded regions represent the B10-derived
regions introgressed onto the NOD background.
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Analysis of DAF expression on anti-CD3/CD28 stimulated CD4+ T cells from NOD. /dd5
congenic strains: increased DAF expression is observed only on cells having the NOD DAF
allele. CD4+ T cells were purified and stimulated with anti-CD3/CD28 as in Figure two.
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Figurefive.

Differential expression of ACADL. Expression of ACADL was assessed in RNA isolated
from CD4+ T cells stimulated /in vitro with CD3 and CD28 for 0, 5 and 24 hours. Two
strains were compared for ACADL expression, line 1094 (filled squares) and line 2193
(filled circles). Line 1094 has B10 alleles at /dd5.3whereas line 2193 has NOD alleles at
1dd5.3. Data from two experiments of four performed are shown (a and b). All four
experiments had similar results. Comparisons of the delta Ct values of ACADL mRNA
obtained from CD4 T cells from lines 1094 and 2193 demonstrated significant differences at
the 5 and 24 hour time points (P= 0.06, 0.01, and 0.02 using a paired ftest at 0, 5, and 24 h,
respectively).
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Figuresix.

DAF expression on NOD CD4+ T cells is upregulated by both Th2 conditions and IL-4, and
downregulated by both Th1 conditions and anti-IL-4R. NOD CD4+ T cells were purified
and stimulated with anti-CD3/CD28 as in Figure two, under neutral, Thl, and Th2
conditions (see methods) or with only IL-4 or anti-IL-4 receptor antibody. a) One
representative of seven experiments is shown. b) The mean channel fluorescence from all
experiments plus SEM is shown for each condition. The complete data set is shown in Table
three. Neutral condition DAF expression was significantly different from DAF expression
using Thl, Th2, IL-4 and anti-IL-4R conditions (P=0.012, 0.026, 0.05, and 0.049
respectively), and Th1l DAF expression was significantly different from that under Th2
conditions (P=0.015). Thl condition DAF expression was not significantly different from
that using the anti-1L4R condition nor was Th2 condition DAF expression significantly
different from that using the 1L-4 condition. All significance testing was performed using
the paired t test.
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