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Abstract. The results of several genome-wide association studies (GWASS) in the field of Alzheimer’s disease (AD) have recently
been published. Although these studies reported in detail on single-nucleotide polymorphisms (SNPs) and the neighboring genes
with the strongest evidence of association with AD, little attention was paid to the rest of the genome. However, complementary
statistical and bio-informatics approaches now enable the extraction of pertinent information from other SNPs and/or genes
which are only nominally associated with the disease risk. Two different tools (the ALIGATOR and GenGen/KEGG software
packages) were used to analyze a large GWAS dataset containing 2,032 AD cases and 5,328 controls. Convergent outputs
from the two gene set enrichment approaches suggested an immune system dysfunction in AD. Furthermore, although these
statistical approaches did not adopt a priori hypotheses concerning a biological function’s putative role in the disease process,
genes associated with AD risk were overrepresented in the “Alzheimer’s disease” KEGG pathway. In conclusion, a systematic
search for biological pathways using GWAS data set seems to comfort the primary causes already suspected but may specifically
highlight the importance of the immune system in AD.
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INTRODUCTION

Although mutations in the amyloid-g3 protein precur-
sor (ABPP), presenilin-1, and presenilin-2 genes have
been shown to account for most cases of the early-onset,
autosomal dominant forms of AD, the latter account for
less than 1% of all AD cases [1]. The genetics of the
common form of AD appear to be far more complex
and the only unequivocally established genetic risk fac-
tor until now was the ¢4 allele of the apolipoprotein E
(APOE) gene [2].

As is the case in most multifactorial diseases, re-
searchers investigating the genetics of AD have turned
to high-throughput or very high-throughput genotyp-
ing to analyze case-control studies of hundreds of thou-
sands of polymorphisms. However, the initial genome-
wide association studies (GWASS) of case-control col-
lections in AD each examined a relatively small num-
ber of cases. To circumvent this limitation, we and oth-
ers recently performed two large, independent GWASs
on over 14,000 individuals. Both studies yielded com-
pelling evidence to suggest that the clusterin (CLU),
complement component (3b/4b) receptor 1 (CR1), and
phosphatidylinositol-binding clathrin assembly protein
(PICALM) genes are all associated with AD risk [3,4].
Nevertheless, if the estimate that 60-80% of AD risk
is due to genetic factors is correct, additional genetic
susceptibility loci remain to be identified [3-5].

Itis important to bear in mind that conventional GWA
approaches are primarily based on the application of
a highly conservative Bonferroni correction, which ul-
timately selects only the most highly statistically sig-
nificant associations. Accordingly, it is legitimate to
consider that the “missing” genetic determinants were
probably rejected on purely statistical grounds, since
they only presented a nominal association with the dis-
ease risk. This limitation can be overcome by using
meta-analyses of GWASS to gain statistical power (as
already been successfully performed in obesity or hy-
pertension, for instance) [6-8]. Other recently devel-
oped, complementary statistical and bioinformatics ap-
proaches are also capable of extracting pertinent infor-
mation from SNPs and/or genes nominally associated
with disease risk [9-12].

We decided to perform this type of comprehensive
analysis on our GWAS dataset. Our main hypothesis
was that the genetic determinants of AD are concen-
trated within one or more specific biological pathways,
rather than being randomly distributed. Several meth-
ods exist for ranking gene pathways in terms of their in-
volvement in disease susceptibility. A number of com-

puter programs have been developed to test for over-
representation of gene ontology (GO) categories (e.g.,
biological processes) in lists of significant SNPs pro-
duced in GWASs. We used the ALIGATOR software
to analyze our single-SNP GWAS dataset. This method
takes account of multiple sources of potential bias, such
as linkage disequilibrium between SNPs, variable gene
size, overlapping genes. and non-independent GO cat-
egories [13].

However, ALIGATOR (like most techniques based
on GO category analysis) is limited by the fact that each
functional category is analyzed independently; there is
no unifying analysis at the pathway or system level.
Furthermore, less than 1% of the GO annotations have
been confirmed experimentally [14]. In order to take
account of these limitations, we also used the GenGen
software package to perform pathway-based analysis of
GWA data. This approach is based on use of the KEGG
database to detect the over-representation of genes from
a specific pathway. It also enables one to define the
position of the associated genes in a given pathway [9,
15,16].

MATERIALS AND METHODS
The GWAS [3]

Genomic DNA samples from 2,344 AD cases were
available for analysis, prior to genotype quality con-
trol steps. All AD cases were evaluated by neurologists
from Bordeaux, Dijon, Lille, Montpellier, Paris, and
Rouen and were identified as French Caucasian. Aclin-
ical diagnosis of probable AD was established accord-
ing to the DSM-I1I-R and NINCDS-ADRDA criteria.
Genomic DNA samples of 7,076 controls were avail-
able from the 3C study, prior to genotype quality con-
trol steps. These controls were known to be dementia-
free after four years of follow-up. The 3C Study is a
population-based, prospective study of the relationship
between vascular factors and dementia. It has been car-
ried out in three French cities: Bordeaux (southwest
France), Montpellier (south France), and Dijon (cen-
tral eastern France). A sample of non-institutionalized,
over-65 subjects was randomly selected from the elec-
toral rolls of each city between January 1999 and March
2001 [17]. Written, informed consent was obtained
from study participants or, for those with substantial
cognitive impairment, from a caregiver, legal guardian,
or other proxy. The study protocols were reviewed and
approved by the appropriate institutional review boards.
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DNA samples were transferred to the French National
Genotyping Center (CNG) for genotyping. First-stage
samples that passed DNA quality control procedures
were genotyped with lllumina Human 610-Quad Bead-
Chips. Samples that had been successfully genotyped
for > 98% of the SNP markers were selected for inclu-
sion in the study. SNPs with a call rate < 98%, a minor
allele frequency (MAF) < 1% or exhibiting departure
from Hardy-Weinberg equilibrium in the control popu-
lation (p< 10~5) were excluded. On the basis of these
genetic data, we removed 134 AD cases and 980 control
samples because they were found to be first- or second-
degree relatives of other study participants or of non-
European descent. This process resulted in selection of
537,029 autosomal SNPs genotyped in 2,032 AD cases
(mean age: 73.7 £ 8.9; mean age at onset: 68.3 + 9.0,
34% men), and 5,328 controls (mean age: 73.8 + 5.4;
34% men).

The SNP-to-gene mapping file

For both ALIGATOR and GenGen analyses (see
URLS), gene and SNPs information data for chromo-
some 1-22 were extracted from NCBI ftp websites (re-
spectively reference assembly, build 36.3 and dbSNP,
build 130). Pseudogenes were systematically excluded
from analyses. A SNP located between the 5’ and 3’
ends of the first and last exons of a gene was always
assigned to the latter. A SNP located within 20kb of the
5’ and 3’ ends of the first and last exons of a gene was
assigned to the latter, in order to take account of pu-
tative regulatory (i.e., expression-modulating) regions.
However, if a given SNP was assigned to more than
one gene, all the entries were re-analyzed.

ALIGATOR analyses

The ALIGATOR software was developed to test
for over-representation of biological pathways (as in-
dexed by GO terms) in lists of significant SNPs from
GWASs. The software was implemented and used as
described [13]. To define the p values of SNP associ-
ations, we used logistic regression to evaluate case vs.
control differences. In order to take potential popula-
tion stratification into account, this process optional-
ly incorporated principal components that were signif-
icantly associated with disease status [3]. On the basis
of a file containing the full set of our GWAS results
(29,200 SNPs nominally associated with the AD risk
at p < 0.05), three p value categories were then exam-
ined (< 0.01, < 0.001, and < 0.0001) (Table 1). As

recommended by the tutorial on the ALIGATOR web-
site, we generated up to 50,000 replicate genelists. The
replicate genelists, generated from randomly-sampled
SNPs, are used to calculate the category-specific p-
value. We also tested different numbers of replicate
studies (1,000, 2,000, or 5,000). These replicate stud-
ies are used to assess significance of the numbers of
categories reaching various p-values, as well as study-
wide significance levels for individual categories which
are corrected for testing multiple non-independent GO
categories. This latter parameter slightly modified the
results. The data presented in the present report were
derived from 50,000 replicate genelists and 1,000 repli-
cate studies.

GWA KEGG pathway analyses

We used the GenGen package as described in the
online tutorial (see URLS). To adjust for differences in
gene size (i.e., different numbers of SNPs located with-
in or near to each gene) and for linkage disequilibrium
between SNPs within the same gene, a two-step cor-
rection procedure was performed. Firstly, the raw indi-
vidual genotype data were analyzed by logistic regres-
sion with PLINK software. Again, potential population
stratification is taken into account by optionally incor-
porating principal components that were significantly
associated with disease status. As recommended by the
software designer (see tutorial), we generated a GWA
association result file including SNPs, associated chi2
and P-values for at least 1,000 phenotype permutations.
At this stage, the file contained 28,866 SNPs nominal-
ly associated with AD at p < 0.05. Secondly, we ap-
plied the calculate_gsea.pl program, which has been de-
signed to perform pathway-based GWA tests on high-
density SNP genotyping data with respect to the KEGG
databases (release 17 November 2009) [18]. This pro-
gram uses (i) the GWA association result file, (ii) a
SNP-to-gene mapping file, and (iii) a pathway anno-
tation file to perform pathway-based association tests.
The algorithm was adapted from that used in Gene Set
Enrichment Analysis software [19]. The method selects
the lowest p-value of all the SNPs near a gene but also
uses phenotype-based permutation to adjust the statis-
tical significance. Since pathways with only few genes
and those with too many can bring some false positives,
KEGG pathways containing from 10 to 200 genes were
analyzed (as defined by -setmin 10 and -setmin 200 in
the calculate_gsea.pl program). Once the most strongly
associated pathways have been identified from amongst
a set of candidates, the nominal p-values are calculated
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Table 1

Number of GO pathways selected at different levels of significance using three different levels of associations for SNPs in the GWA data

set

No of No of No of assigned P < 0.0001 P <0.01 P <0.001
P value Top assigned genes No of P value! No of P value! No of P valuel
Criterion ~ SNPs genes with GO categories categories categories
For SNPs
0.0001 113 61 50 33 0.95 9 0.48 1 0.054
0.001 793 362 310 27 1.00 4 0.68 1 0.14
0.01 6423 2151 1766 30 1.00 3 0.70 1 0.20

1P values indicated whether signifcantly more GO pathways were identified than expected by chance.

from the permutation procedure and a false discovery
rate (FDR) procedure has been used to control the frac-
tion of expected false positive findings below a certain
threshold.

RESULTS

Table 1 describes the number of categories reaching
significance levels of 0.01, 0.001, and 0.0001 in ALI-
GATOR for over-representation in our GWAS dataset.
The ALIGATOR software allows estimation whether
this number of categories was obtained by chance or
may results from a real over-representation. In our
GWAS data set, no significant level of the excess of
over-represented categories was observed (Table 1).
However, many of the most significant individual GO
categories appeared to be involved in immune process-
es, whatever the cut-off value used to select significant
SNPs from the GWA dataset (< 0.01, < 0.001, or <
0.0001) (Table 2).

As mentioned above, the use of GO annotations
presents a number of limitations, particularly the lack
of a unified analysis at the pathway or system level.
To circumvent this limitation, we used the GenGen
software package and the associated KEGG database
to detect gene over-representation in a specific path-
way. As recommended by GenGen’s developers, we
first generated a GWA result file (including SNPs and
the corresponding chi2 and p values for at least 1,000
permutations) by using a co-dominant model adjusted
for principal components. These data were then cross-
checked against a KEGG pathway annotation file us-
ing the calculate_gsea.pl program. We found that 4,776
SNPs nominally associated with the AD risk were as-
signedto 1,395 genes involved in 173 KEGG pathways.
Following application of the FDR procedure, we identi-
fied 5 physiological or disease-related KEGG pathways
displaying over-representation of genes associated with
the AD risk in our GWA dataset (Table 3).

Remarkably, the top-ranked gene set/pathway was
that referenced in KEGG as “Alzheimer’s disease”: 46
of its 163 genes presented nominal association with the
AD risk. This over-representation was significant (p =
0.001) after FDR correction (Table 4 and Fig. 1). We al-
so found specific over-representation of genes involved
in one or more of KEGG’s immune pathways. How-
ever, in contrast to the results obtained for the KEGG
“Alzheimer’s disease” gene set, we observed two po-
tential causes of artificial enrichment in the KEGG im-
mune gene sets. Firstly, given the design of our initial
analysis, it is possible that some SNPs can be assigned
to different genes (see the paragraph on SNP-to-gene
mapping in the Material and Methods section). This
assignation can be problematic when the SNP is lo-
cated within a cluster of genes involved in the same
biological pathway. Secondly, some SNPs may be in
linkage disequilibrium and thus will ultimately bear the
same information — whereas not assigned to the same
gene. Inorder to take into account these two sources of
bias in the selected KEGG immune gene pathways, we
repeated an analysis in which each SNP was assigned
to only one gene (arbitrarily the closest) and by select-
ing only one SNP in the event of an r? value > 0.5
when comparing different SNPs. These processes led
to the exclusion of four SNPs. After having controlled
for these sources of biases, we were still able to iden-
tify two KEGG immune pathways displaying the over-
representation of genes associated with the AD risk in
our GWA dataset: (i) antigen processing and presenta-
tion (p = 0.04) and (ii) regulation of autophagy (p =
0.05) (Tables 5, 6 and 7).

DISCUSSION

The simple GWA approach used to test hundreds of
thousands of markers for association with a specific
phenotype has proved to be quite successful in charac-
terizing the major genetic determinants of certain dis-
eases. However, the loci discovered to date do not ac-
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Table 2
List of the most signifcantly overrepresented GO categories at different P value criterion for SNPs association with AD risk unsing ALIGATOR

P value Criterion GO ID Type Total genes Nb of genes Category-specific Study wide Function

For SNPs in category  on list p-value p-value!
P <0.01 48261 Biological process 5 3 0.00012 0.2 Negative regulation of receptor-
mediated endocytosis
32395 Molecular function 8 6 0.00052 0.532  MHC class Il receptor activity
3918 Molecular function 4 3 0.00086 0.703  DNA topoisomerase
(ATP-hydrolyzing) activity
42613 Cellular component 12 7 0.00118 0.806  MHC class Il protein complex
43190 Cellular component 9 4 0.0014 0.846  ATP-binding cassette (ABC) trans-
porter complex
31307 Cellular component 6 3 0.00154 0.871  Integral to mitochondrial outer
membrane
2504 Biological process 15 7 0.0017 0.893  Antigen processing and presentation
of peptide or polysaccharide antigen
via MHC class 11
5132 Molecular function 8 3 0.00184 0.904 Interferon-alpha/beta receptor
binding
6268 Biological process 13 4 0.0019 0.914  DNA unwinding during replication
6955 Biological process 542 73 0.00212 0.947  Immune response
P < 0.001 33344 Biological process 13 4 0.00004 0.14 Cholesterol efflux
42613 Cellular component 12 4 0.00018 0.4 MHC class I1 protein complex
2504 Biological process 15 4 0.00022 0.49 Antigen processing and presentation
of peptide or polysaccharide antigen
via MHC class 11
2455 Biological process 30 4 0.00096 2.05 Humoral immune response mediated
by circulating immunoglobulin
34379 Biological process 5 2 0.0012 2.53 Very-low-density lipoprotein particle
assembly
34377 Biological process 7 2 0.00158 3.33 Plasma lipoprotein particle assembly
65005 Biological process 8 2 0.00162 3.41 Protein-lipid complex assembly
32395 Molecular function 8 3 0.00162 341 MHC class Il receptor activity
5319 Molecular function 55 7 0.00174 3.69 Lipid transporter activity
31490 Molecular function 6 2 0.0023 4.8 Chromatin DNA binding
P < 0.0001 2455 Biological process 30 3 0.00002 0.054  Humoral immune response mediated
by circulating immunoglobulin
19724 Biological process 48 3 0.00012 0.136 B cell mediated immunity
16064 Biological process 46 3 0.00012 0.136  Immunoglobulin mediated immune
response
51235 Biological process 47 3 0.00024 0.209  Maintenance of location
2449 Biological process 58 3 0.00034 0.267  Lymphocyte mediated immunity
2460 Biological process 64 3 0.00034 0.267  Adaptive immune response based on
somatic recombination of immune re-
ceptors built from immuno
2250 Biological process 64 3 0.00034 0.267  Adaptive immune response
2443 Biological process 64 3 0.00048 0.344  Leukocyte mediated immunity
6959 Biological process 64 3 0.00092 0.478  Humoral immune response
17038 Biological process 93 3 0.00108 0.519  Protein import
50778 Biological process 83 3 0.00116 0.539  Positive regulation of immune

response

1P values indicated whether the signifcantly GO pathways were potentially identified by chance.

count for the complete heritability for most of the stud-
ied phenotypes. It has been suggested that since (i)
GWASs are probably insufficiently powered to detect
small main effects (false negatives) and (ii) gene-gene
interactions are likely to play a role, the full potential of
highly complex GWAS datasets may not yet have real-
ized [6]. Gene set enrichment analyses can address this
complexity by considering multiple loci simultaneous-

ly and relating them to known functional annotations.
Hence, pathway analyses can lead to new discoveries
overlooked in simple, single-SNP tests and thus suc-
cessfully identify associations with pathways involved
in pathogenesis.

This context prompted us to perform gene set enrich-
ment analyses of a GWAS dataset featuring 2,032 AD
cases and 5,328 controls. Using the GenGen software
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Table 3
KEGG pathways signicantly overrepresented in our GWA data set

KEEG Ref.  Total No Noof  Noofselected Nominal FDR Ranked list of over-represented

of genes’  genes? genes? P-value  P-value  gene sets/pathways
hsa05010 163 148 46 0.001 0.001  Alzheimer’s disease
hsa04140 34 31 16 0.003 0.007  Regulation of autophagy
hsa04650 131 127 64 0.002 0.02 Natural Killer cell mediated cytotoxicity
hsa04622 81 78 30 0.003 0.02 Antigen processing and presentation
hsa04612 71 64 29 0.001 0.03 RIG-I-like receptor signaling

Inumber of genes assigned to the pathway in the KEGG database.
2number of genes for which a SNP in the GWA database has been assigned.
3number of genes presenting a SNP nominally associated with AD risk and finally retained for estimation of overrepresen-

tation.
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Fig. 1. A depiction of the “Alzheimer’s disease” pathway in the KEGG database. Proteins or complexes encoded by genes nominally associated
with the AD risk and selected for over-representation by the GenGen package are indicated in red.

package, we observed an over-representation of genes biological functions involved in the disease process,
associated with the AD risk in the KEGG “Alzheimer’s our findings appear to be relevant and should advance
disease” pathway. Since the gene set enrichment anal- our current understanding of AD. For instance, genes

ysis does not make any a priori hypotheses about the coding for a-secretase (ADAM10 [20]) or 3-secretases
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Table 4
list of genes nominally associated with AD risk
and defined using the GenGen software as signif-
ciantly involved in the hsa05010 KEEG pathway
(Alzheimer’s disease)

GENE best associated SNP  P-value
APOE rs2075650 3,6E-110
PLCB4 rs6086834 5,8E-04
PLCB1 6086570 9,1E-04
CDK5R1 rs756785 1,7E-03
MAPT rs1467967 1,9E-03
RYR3 rs16957135 2,6E-03
ADAM10 653765 2,7E-03
ITPR2 1517477122 2,9E-03
CACNAIC  rs4765898 4,0E-03
NDUFS6 rs750495 4,8E-03
MME rs2016848 5,5E-03
GRIN2B rs12818068 6,7E-03
ITPR1 rs2291597 7,0E-03
BACE2 6517656 7,1E-03
ITPR3 rs4713646 7,6E-03
BACE1 1s560564 8,3E-03
COX412 rs6060454 8,5E-03
COX7B2 rs9291291 8,5E-03
NOS2A rs3794764 9,3E-03
APP rs462281 1,0E-02
CALM1 rs1058903 1,1E-02
PPP3CA rs17030795 1,1E-02
CACNAID  rs3796349 1,2E-02
NDUFS2 rs10797094 1,2E-02
NOS1 rs12099598 1,2E-02
COX7A2L rs1981664 1,2E-02
CASP7 rs11196449 1,2E-02
LPL rs4466415 1,3E-02
PLCB3 rs915987 1,4E-02
SDHC rs4272646 1,6E-02
TNF r$3132452 1,7E-02
NDUFA9 rs4147683 1,8E-02
CACNAI1S rs3767498 1,9E-02
GNAQ rs7033572 2,0E-02
CAPN1 rs17743381 2,2E-02
UQCRC2 rs11648723 2,3E-02
NDUFV3 rs4148972 2,3E-02
GRIN2C rs7219247 2,3E-02
ERN1 rs17688326 2,4E-02
NOS3 rs3918227 2,5E-02
COX6B2 rs11084396 2,5E-02
LRP1 rs1800159 2,6E-02
ATP5C1 rs1244447 2,7E-02
MAPK1 152298432 2,8E-02
UCRC rs16988025 2,9E-02
CAPN2 rs751128 3,0E-02

(BACEL and BACE2 [21]) have SNPs nominally asso-
ciated with the AD risk in their vicinity (i.e., in the gene
itself or within 20kb of the 5’ and 3’ ends of the gene’s
first and last exons). This observation may indicate that
changes in the expression or function of proteins direct-
ly involved in ABPP metabolism may slightly modify
the risk of developing AD in sporadic, late-onset forms
of AD. This overrepresentation of genes associated with

AD risk in the “Alzheimer’s disease” KEGG pathway
seems also to point out Ca?* signaling involvement
(Fig. 1) [22]. This observation is of particular interest,
since much biological evidence has suggested that im-
paired Ca2* signaling is involved in the physiopathol-
ogy AD (by modulating AGPP metabolism [23] or in
modulating toxicity linked to amyloid-3 (A3) peptide
exposure [24], for example).

In addition to these well-documented processes, our
study suggests that the regulation of autophagy and
antigen processing and presentation are also involved
in AD. Autophagy has already been suspected of play-
ing a role in AD [25]. Firstly, this biological process
seems to be induced but impaired in neurons in the AD
brain, since autophagic vacuoles accumulate dramati-
cally in dystrophic neuritis [26]. Secondly, it has been
suggested that autophagy can protect neurons from Aj3-
induced apoptosis [27]. In fact, it is not clear whether
autophagy has causative or a protective role or whether
induction is a consequence of the disease process [28].

Interestingly, endogenous presentation of an epitope
derived from proteins on MHC class Il can be mediated
by autophagy [29]. We found that the KEGG *“anti-
gen processing and presentation” pathway also dis-
plays over-representation of the genes associated with
the AD risk in our GWA dataset. One can postulate
that A3 peptides are endocytosed by antigen-presenting
cells, processed into fragments that are bound to MHC
molecules and presented to T lymphocytes. Antigen
presentation can lead to B-cell stimulation and then pro-
duction of Ag-specific auto-antibodies. In conclusion,
specific immune responses could appear to be capable
of inducing A degradation and may constitute a natu-
ral line of defense against harmful accumulation of the
Ag peptides. Of course, such mechanisms have been
reported in A3 peptide-immunized AD patients: indi-
viduals have shown a dramatic reduction of amyloid
deposition when compared with non-immunized indi-
viduals [30]. However, natural antibodies against A3
peptides are present in the sera of AD patients and in
non demented individuals [31]. These auto-antibodies
inhibit A3 peptide aggregation in vitro [32], and it has
been observed that in non-amyloid-immunized AD pa-
tients, auto-antibodies against AG peptides may help
reduce the plaque burden and increase the numbers of
phagocytic microglia [32]. Altogether, these data can
be interpreted as an A peptide antibody-dependentac-
tivation of immune response. Furthermore, even if the
CLU and CR1 genes are not annotated in the KEGG
immune response pathways we picked-up, this hypoth-
esis would be in accordance to our initial results in-
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Table 5
immune KEGG pathways signicantly overrepresented in our GWA data set after correction for artificial cluster enrich-
ment and LD control

KEEG Ref.  Total No Noof  Noofselected Nominal FDR Ranked list of over-represented

of genes’  genes? genes? P-value P-value  gene sets/pathways
hsa04612 81 70 22 0.002 0.04 Antigen processing and presentation
hsa04140 34 28 11 0.005 0.05 Regulation of autophagy

Tnumber of genes assigned to the pathway in the KEGG database.
2number of genes for which a SNP in the GWA database has been assigned.
3number of genes presenting a SNP nominally associated with AD risk and finally retained for estimation of overrep-

resentation.

Table 6
list of genes nominally associated with AD risk
and defined (A) without and (B) with control-
ling for artificial gene cluster enrichment and
LD between SNPs as signifciantly involved in
the hsa04140 KEEG pathway (Regulation of
autophagy) using the GenGen software

A.GENE  best associated SNP  P-value

IFNA14 rs1330320 4,7E-04
IFNA10 rs4977686 2,0E-03
IFNAL6 rs4977686 2,0E-03
IFNA4 rs4977686 2,0E-03
IFNA7 rs4977686 2,0E-03
ATG7 rs2454505 2,5E-03
IFNAS8 rs1330322 4,0E-03
IFNA21 rs7037868 4,8E-03
IFNAL7 rs12337907 5,8E-03
IFNA1 rs7864960 7,5E-03
IFNAG rs10119678 1,1E-02
PRKAA2  rs2179761 1,3E-02
PIK3R4 rs11713445 1,3E-02
IFNA13 11224392 1,4E-02
IFNA2 rs1224392 1,4E-02
IFNA5 128383775 1,4E-02
B. GENE  best associated SNP  P-value
IFNA14 rs1330320 4,7E-04
IFNA7 rs4977686 2,0E-03
ATG7 rs2454505 2,5E-03
IFNAS8 rs1330322 4,0E-03
IFNA21 rs7037868 4,8E-03
IFNAL16 rs12337907 5,8E-03
IFNA1 rs7864960 7,5E-03
PRKAA2  rs2179761 1,3E-02
PIK3R4 rs11713445 1,3E-02
IFNA13 rs1224392 1,4E-02
IFNA5 rs28383775 1,4E-02

volving CLU and CR1 as major genetic determinants
of AD in influencing susceptibility to late onset forms
of the disease through a role in Ag clearance [3]. Fur-
thermore it is worth noting that CR1 might act as either
activator or inhibitor of B cell and T cell functions [33].
Interestingly CR1 is mainly expressed in the choroid
plexus in the brain [34] and the choroid plexus could
represent a site for lymphocyte entry in the CSF and
brain, and for presentation of antigens [35].

Despite these interesting results, our study suffered

from the usual limitations of gene set enrichment anal-
yses [11]. The latter tend to highlight genes that con-
tain many SNPs or indeed any pathway that contains
several large genes. Conversely, these analyses tend to
overlook pathways that only contain small genes. To
compensate for this problem, we used two approach-
es based on permutation testing, needed to account for
this size bias. Furthermore, the quality of the biologi-
cal databases used in gene set enrichment approaches
strongly influences the relevance of the resulting out-
puts. We addressed this specific point by using two
different databases: GO and KEGG. The GO database
mainly relies on computer prediction but also includes
human annotation. It provides a broad spectrum of gene
sets for testing enrichment. However, as previously
mentioned, GO annotation analyses are limited (i) by
the fact that each functional category is analyzed in-
dependently (in the absence of a unifying analysis at
the pathway or system level) and (ii) because less than
1% of the GO annotations have been confirmed exper-
imentally [14]. This is why we also used the KEGG
pathway database; in contrast to GO, it is manually
compiled on the basis of biological evidence [17]. In-
terestingly, both approaches highlighted the innate im-
mune system (even though the over-representation of
the immune GO categories in the ALIGATOR analyses
was not significant). Furthermore, the fact that we ob-
served significant enrichment of genes featured in the
“Alzheimer’s disease” gene set supports the pertinence
of our results.

Lastly, gene set enrichment approaches have (in part)
been developed to detect potential genetic determinants
that are rejected on purely statistical grounds as a re-
sult of only nominal associations with the disease risk.
However, it is likely that false positive associations are
also included in these analyses and may lead to biased
gene set enrichment by chance. Even though this spe-
cific point is difficult to assess, we crosschecked our
data with the results obtained in another recent large
AD GWAS [4]. However, the available online data were
limited, since these only included SNPs associated at
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Table 7

list of genes nominally associated with AD risk and
defined (A) without and (B) with controlling for
artificial gene cluster enrichment and LD between
SNPs as signifciantly involved in the hsa04612
KEEG pathway (Antigen processing and presen-
tation) using the GenGen software

A. GENE best associated SNP  P-value
IFNA14 rs1330320 4,65E-04
HLA-DRB1  rs9270856 4,77E-04
HLA-DRA rs3135344 5,44E-04
HLA-DPA1 rs2105929 8,08E-04
HLA-DOA rs9277015 1,26E-03
IFNA10 rs4977686 1,97E-03
IFNA16 rs4977686 1,97E-03
IFNA4 rs4977686 1,97E-03
IFNA7 rs4977686 1,97E-03
HLA-E rs1264456 3,50E-03
HLA-DOB rs7767167 3,78E-03
IFNAS8 rs1330322 3,97E-03
LTA rs35969216 4,42E-03
IFNA21 rs7037868 4,77E-03
IFNAL7 rs12337907 5,78E-03
TAP1 rs4148870 5,85E-03
TAP2 rs4148870 5,85E-03
NFYB rs10778309 6,80E-03
IFNA1 rs7864960 7,52E-03
HLA-DQB1  rs7755224 8,53E-03
HLA-F rs1610603 8,88E-03
CANX rs7734102 8,94E-03
HLA-DQA1  rs9272105 8,98E-03
IFNAG6 rs10119678 1,08E-02
HLA-B rs2523619 1,19E-02
CHTA rs4072865 1,21E-02
IFNA13 rs1224392 1,37E-02
IFNA2 rs1224392 1,37E-02
IFNAS5 rs28383775 1,38E-02
CREB1 rs2551645 1,76E-02
HLA-DMA rs714289 1,82E-02
HLA-DMB rs714289 1,82E-02
CTSB rs1736090 1,90E-02
HSPAG rs1801274 2,10E-02
KIR3DL3 rs12151161 2,18E-02
B. GENE best associated SNP  P-value
IFNA14 rs1330320 4,7E-04
HLA-DRB1  rs9270856 4,8E-04
HLA-DRA rs3135344 5,4E-04
HLA-DPA1 rs2105929 8,1E-04
HLA-DOA rs6933546 1,7E-03
IFNA7 rs4977686 2,0E-03
HLA-E rs1264456 3,5E-03
HLA-DOB 1s7767167 3,8E-03
IFNA21 rs7037868 4,8E-03
IFNAS8 rs7025006 5,6E-03
IFNA16 rs12337907 5,8E-03
NFYB rs10778309 6,8E-03
IFNA1 rs7864960 7,5E-03
HLA-DQB1  rs7755224 8,5E-03
CANX rs7734102 8,9E-03
HLA-DQA1l  rs9272105 9,0E-03
HLA-B rs2523619 1,2E-02
TAP2 rs2071544 1,3E-02

Table 7, continued

IFNA13 rs1224392  1,4E-02
CREB1 rs2551645  1,8E-02
HLA-DMB  rs714289 1,8E-02
CTSB rs1736090 1,9E-02

the p < 0.001 level. Nevertheless, we found that
5 genes in the KEGG “Alzheimer’s disease” gene set
(APOE, GNAQ, BACE2, RYR3, and ITPR2) and 5
genes in the KEGG “antigen processing and presenta-
tion” pathway (HLA-DRB1, HLA-DRA, HLA-DOB,
HLA-DQAL, and TAP2) were associated with the AD
risk in both GWASs. Interestingly, the 6p21.3 region
gene region (containing the MHC) has been already de-
scribed as being associated with the AD risk in both by
genome-wide linkage analyses and conventional candi-
date gene approaches [36,37]. Furthermore, it has been
reported that the HLA-DRA gene is under-expressed in
the AD brain, compared with controls [38]. Taken as a
whole, these data support the association of the MHC
region with the AD risk and the involvement of an in-
flammatory process in AD. Importantly, we are aware
that clusters of genes with similar functions can create
spurious evidence that multiple genes in a pathway are
associated with the disease. However, we attempted to
limit this potential bias in two ways: (i) we repeated the
analyses by assigning each SNP to only one gene and
(ii) we controlled for linkage disequilibrium in this re-
gion. These precautions suggest that the HLA-DRBL1,
HLA-DRA, HLA-DOB, HLA-DQA1, and TAP2 sig-
nals are more or less independent.

In conclusion, the validity and the strength of the
present results are strongly dependent on the inherent
limitations of gene set enrichment approaches. Fur-
thermore, in vitro and in vivo experiments will be nec-
essary to clearly understand how these genes could take
place in the AD physiopathological process. Finally,
it is important to bear in mind that these results will
remain hypothetical until they are validated in other
large GWASs. At this stage, a meta-analyses of GWASs
would be particularly powerful. However, gene set en-
richment analyses of our large GWAS appear to con-
firm the prime suspects in AD: ABPP metabolism and
Ca?* signaling. In addition, our data specifically high-
light the importance of the innate immune system in
the pathophysiology of this disease.

URLSs

Aligator: http://x004.psycm.uwcm.ac.uk/~peter/.
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dbSNP: http://www.ncbi.nlm.nih.gov/projects/SNP/.

Gengen: http://www.openbioinformatics.org/geng-
en/.

KEGG: http://www.genome.jp/kegg/.

NCBI ftp: ftp://ftp.ncbi.nih.gov/.

Plink: http://pngu.mgh.harvard.edu/~purcell/plink/.

ACKNOWLEDGMENTS

The work was made possible by the generous partic-
ipation of the control subjects, patients, and their fam-
ilies. We thank Dr Anne Boland (CNG) for her tech-
nical help in preparing the DNA samples for analyses.
This work was funded by the National Foundation for
Alzheimer’s disease and related disorders, the Institut
Pasteur de Lille and the Centre National de Génotypage.

The Three-City (3C) Study was performed as
part of a collaboration between the Institut Nation-
al de la Santé et de la Recherche Médicale (IN-
SERM), the Victor Segalen Bordeaux I University, and
Sanofi-Synthélabo. The Fondation pour la Recherche
Meédicale funded the preparation and initiation of the
study. The 3C Study was also funded by the Caisse
Nationale Maladie des Travailleurs Salariés, Direction
Générale de la Santé, MGEN, Institut de la Longévité,
Agence Francaise de Sécurité Sanitaire des Produits de
Santé, the Aquitaine and Bourgogne Regional Coun-
cils, Fondation de France and the joint French Min-
istry of Research/INSERM “Cohortes et collections de
données biologiques” program. Lille Génopdle re-
ceived an unconditional grant from Eisai.

Authors’ disclosures available online (http://www.j-
alz.com/disclosures/view.php?id=314).

REFERENCES

[1] Raux G, Guyant-Maréchal L, Martin C, Bou J, Penet C, Brice
A, Hannequin D, Frebourg T, Campion D (2005) Molecu-
lar diagnosis of autosomal dominant early onset Alzheimer’s
disease: an update. J Med Genet 42, 793-795.

[2] Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA,
Mayeux R, Myers RH, Pericak-Vance MA, Risch N, van Duijn
CM (1997) Effects of age, sex, and ethnicity on the association
between apolipoprotein E genotype and Alzheimer disease. A
meta-analysis. APOE and Alzheimer Disease Meta Analysis
Consortium. JAMA 278, 1349-1356.

[3] Lambert J-C, Heath S, Even G, Campion D, Sleegers K,
Hiltunen M, Combarros O, Zelenika D, Bullido MJ, Tav-
ernier B, Letenneur L, Bettens K, Berr C, Pasquier F, Fiévet
N, Barberger-Gateau P, Engelborghs S, De Deyn P, Ma-
teo I, Franck A, Helisalmi S, Porcellini E, Hanon O; Euro-
pean Alzheimer’s Disease Initiative Investigators, de Pancor-
bo MM, Lendon C, Dufouil C, Jaillard C, Leveillard T, Al-

[4]

[5]

(6]
[71

varez V, Bosco P, Mancuso M, Panza F, Nacmias B, Bossl P,
Piccardi P, Annoni G, Seripa D, Galimberti D, Hannequin D,
Licastro F, Soininen H, Ritchie K, Blanché H, Dartigues JF,
Tzourio C, Gut I, Van Broeckhoven C, Alpérovitch A, Lathrop
M, Amouyel P (2009) Genome-wide association study iden-
tifies variants at CLU and CR1 associated with Alzheimer’s
disease. Nat Genet 41, 1094-1099.

Harold D, Abraham R, Hollingworth P, Sims R, Gerrish A,
Hamshere ML, Pahwa JS, Moskvina V, Dowzell K, Williams
A, Jones N, Thomas C, Stretton A, Morgan AR, Lovestone S,
Powell J, Proitsi P, Lupton MK, Brayne C, Rubinsztein DC,
Gill M, Lawlor B, Lynch A, Morgan K, Brown KS, Pass-
more PA, Craig D, McGuinness B, Todd S, Holmes C, Mann
D, Smith AD, Love S, Kehoe PG, Hardy J, Mead S, Fox
N, Rossor M, Collinge J, Maier W, Jessen F, Schiirmann B,
van den Bussche H, Heuser I, Kornhuber J, Wiltfang J, Dich-
gans M, Frélich L, Hampel H, Hill M, Rujescu D, Goate
AM, Kauwe JS, Cruchaga C, Nowotny P, Morris JC, Mayo
K, Sleegers K, Bettens K, Engelborghs S, De Deyn PP, Van
Broeckhoven C, Livingston G, Bass NJ, Gurling H, McQuillin
A, Gwilliam R, Deloukas P, Al-Chalabi A, Shaw CE, Tsolaki
M, Singleton AB, Guerreiro R, Mihleisen TW, Nothen MM,
Moebus S, Jockel KH, Klopp N, Wichmann HE, Carrasquil-
lo MM, Pankratz VS, Younkin SG, Holmans PA, O’Donovan
M, Owen MJ, Williams J (2009) Genome-wide association
study identifies variants at CLU and PICALM associated with
Alzheimer’s disease. Nat Genet 41, 1088-1093.

Sleegers K, Lambert J-C, Bertram L, Cruts M, Amouyel P,
Van Broeckhoven C (2010) The pursuit of susceptibility genes
for Alzheimer’s disease: progress and prospects. Trends Genet
26, 84-93.

Zintzaras E, Lau J (2008) Trends in meta-analysis of genetic
association studies. J Hum Genet 53, 1-9.

Lindgren CM, Heid IM, Randall JC, Lamina C, Steinthors-
dottir V, Qi L, Speliotes EK, Thorleifsson G, Willer CJ, Her-
rera BM, Jackson AU, Lim N, Scheet P, Soranzo N, Amin N,
Aulchenko YS, Chambers JC, Drong A, Luan J, Lyon HN,
Rivadeneira F, Sanna S, Timpson NJ, Zillikens MC, Zhao JH,
Almgren P, Bandinelli S, Bennett AJ, Bergman RN, Bonny-
castle LL, Bumpstead SJ, Chanock SJ, Cherkas L, Chines P,
Coin L, Cooper C, Crawford G, Doering A, Dominiczak A,
Doney AS, Ebrahim S, Elliott P, Erdos MR, Estrada K, Fer-
rucci L, Fischer G, Forouhi NG, Gieger C, Grallert H, Groves
CJ, Grundy S, Guiducci C, Hadley D, Hamsten A, Havulinna
AS, Hofman A, Holle R, Holloway JW, lllig T, Isomaa B, Ja-
cobs LC, Jameson K, Jousilahti P, Karpe F, Kuusisto J, Laiti-
nen J, Lathrop GM, Lawlor DA, Mangino M, McArdle WL,
Meitinger T, Morken MA, Morris AP, Munroe P, Narisu N,
Nordstrom A, Nordstrom P, Oostra BA, Palmer CN, Payne F,
Peden JF, Prokopenko I, Renstrom F, Ruokonen A, Salomaa
V, Sandhu MS, Scott LJ, Scuteri A, Silander K, Song K, Yuan
X, Stringham HM, Swift AJ, Tuomi T, Uda M, Vollenweider
P, Waeber G, Wallace C, Walters GB, Weedon MN; Wellcome
Trust Case Control Consortium, Witteman JC, Zhang C, Zhang
W, Caulfield MJ, Collins FS, Davey Smith G, Day IN, Franks
PW, Hattersley AT, Hu FB, Jarvelin MR, Kong A, Kooner
JS, Laakso M, Lakatta E, Mooser V, Morris AD, Peltonen L,
Samani NJ, Spector TD, Strachan DP, Tanaka T, Tuomilehto J,
Uitterlinden AG, van Duijn CM, Wareham NJ, Hugh Watkins;
Procardis Consortia, Waterworth DM, Boehnke M, Deloukas
P, Groop L, Hunter DJ, Thorsteinsdottir U, Schlessinger D,
Wichmann HE, Frayling TM, Abecasis GR, Hirschhorn JN,
Loos RJ, Stefansson K, Mohlke KL, Barroso I, McCarthy
MI; Giant Consortium (2009) Genome-wide association scan



(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

J.-C. Lambert et al. / Implication of the Immune System in Alzheimer’s Disease: Evidence from Genome-Wide Pathway Analysis

meta-analysis identifies three Loci influencing adiposity and
fat distribution. PLoS Genet 5, €1000508.

Newton-Cheh C, Johnson T, Gateva V, Tobin MD, Bochud M,
Coin L, Najjar SS, Zhao JH, Heath SC, Eyheramendy S, Pa-
padakis K, Voight BF, Scott LJ, Zhang F, Farrall M, Tanaka T,
Wallace C, Chambers JC, Khaw KT, Nilsson P, van der Harst
P, Polidoro S, Grobbee DE, Onland-Moret NC, Bots ML, Wain
LV, Elliott KS, Teumer A, Luan J, Lucas G, Kuusisto J, Burton
PR, Hadley D, McArdle WL; Wellcome Trust Case Control
Consortium, Brown M, Dominiczak A, Newhouse SJ, Samani
NJ, Webster J, Zeggini E, Beckmann JS, Bergmann S, Lim N,
Song K, Vollenweider P, Waeber G, Waterworth DM, Yuan
X, Groop L, Orho-Melander M, Allione A, Di Gregorio A,
Guarrera S, Panico S, Ricceri F, Romanazzi V, Sacerdote C,
Vineis P, Barroso I, Sandhu MS, Luben RN, Crawford GJ,
Jousilahti P, Perola M, Boehnke M, Bonnycastle LL, Collins
FS, Jackson AU, Mohlke KL, Stringham HM, Valle TT, Willer
CJ, Bergman RN, Morken MA, Déring A, Gieger C, Illig T,
Meitinger T, Org E, Pfeufer A, Wichmann HE, Kathiresan S,
Marrugat J, O’Donnell CJ, Schwartz SM, Siscovick DS, Subi-
rana |, Freimer NB, Hartikainen AL, McCarthy Ml, O’Reilly
PF, Peltonen L, Pouta A, de Jong PE, Snieder H, van Gilst WH,
Clarke R, Goel A, Hamsten A, Peden JF, Seedorf U, Syvédnen
AC, Tognoni G, Lakatta EG, Sanna S, Scheet P, Schlessinger
D, Scuteri A, Dorr M, Ernst F, Felix SB, Homuth G, Lorbeer R,
Reffelmann T, Rettig R, Volker U, Galan P, Gut I1G, Hercberg
S, Lathrop GM, Zelenika D, Deloukas P, Soranzo N, Williams
FM, Zhai G, Salomaa V, Laakso M, Elosua R, Forouhi NG,
Volzke H, Uiterwaal CS, van der Schouw YT, Numans ME,
Matullo G, Navis G, Berglund G, Bingham SA, Kooner JS,
Connell JM, Bandinelli S, Ferrucci L, Watkins H, Spector TD,
Tuomilehto J, Altshuler D, Strachan DP, Laan M, Meneton P,
Wareham NJ, Uda M, Jarvelin MR, Mooser V, Melander O,
Loos RJ, Elliott P, Abecasis GR, Caulfield M, Munroe PB.
(2009) Genome-wide association study identifies eight loci
associated with blood pressure. Nat Genet 41, 666-676.
Wang K, Li M, Bucan M (2007) Pathway-based approaches
for analysis of genomewide association studies. Am J Hum
Genet 81, 1278-1283.

Chen GK, Witte JS (2007) Enriching the analysis of
genomewide association studies with hierarchical modeling.
Am J Hum Genet 81, 397-404.

Kraft P, Raychaudhuri S (2009) Complex diseases, complex
genes: keeping pathways on the right track. Epidemiology 20,
508-511.

Elbers CC, van Eijk KR, Franke L, Mulder F, van der Schouw
YT, Wijmenga C, Onland-Moret NC (2009) Using genome-
wide pathway analysis to unravel the etiology of complex
diseases. Genet Epidemiol 33, 419-431.

Holmans P, Green EK, Pahwa JS, Ferreira MA, Purcell SM,
Sklar P; Wellcome Trust Case-Control Consortium, Owen MJ,
O’Donovan MC, Craddock N (2009) Gene ontology analysis
of GWA study data sets provides insights into the biology of
bipolar disorder. Am J Hum Genet 85, 13-24.

Rhee SY, Wood V, Dolinski K, Draghici S (2008) Use and
misuse of the gene ontology annotations. Nat Rev Genet 9,
509-515.

Wang K, Zhang H, Kugathasan S, Annese V, Bradfield JP, Rus-
sell RK, Sleiman PM, Imielinski M, Glessner J, Hou C, Wilson
DC, Walters T, Kim C, Frackelton EC, Lionetti P, Barabino
A, Van Limbergen J, Guthery S, Denson L, Piccoli D, Li M,
Dubinsky M, Silverberg M, Griffiths A, Grant SF, Satsangi J,
Baldassano R, Hakonarson H (2009) Diverse genome-wide as-

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

1117

sociation studies associate the IL12/1L23 pathway with Crohn
Disease. Am J Hum Genet 84, 399-405.

Wang K, Zhang H, Ma D, Bucan M, Glessner JT, Abrahams
BS, Salyakina D, Imielinski M, Bradfield JP, Sleiman PM, Kim
CE, Hou C, Frackelton E, Chiavacci R, Takahashi N, Sakurai
T, Rappaport E, Lajonchere CM, Munson J, Estes A, Korvats-
ka O, Piven J, Sonnenblick LI, Alvarez Retuerto Al, Herman
El, Dong H, Hutman T, Sigman M, Ozonoff S, Klin A, Owley
T, Sweeney JA, Brune CW, Cantor RM, Bernier R, Gilbert JR,
Cuccaro ML, McMahon WM, Miller J, State MW, Wassink
TH, Coon H, Levy SE, Schultz RT, Nurnberger JI, Haines JL,
Sutcliffe JS, Cook EH, Minshew NJ, Buxbaum JD, Dawson
G, Grant SF, Geschwind DH, Pericak-Vance MA, Schellen-
berg GD, Hakonarson H (2009) Common genetic variants on
5p14.1 associate with autism spectrum disorders. Nature 459,
528-533.

3C Study Group (2003) Vascular factors and risk of dementia:
design of the Three-City Study and baseline characteristics of
the study population. Neuroepidemiology 22, 316-325.
Kanehisa M, Goto S, Hattori M, Aoki-Kinoshita KF, Itoh M,
Kawashima S, Katayama T, Araki M, Hirakawa M (2006)
From genomics to chemical genomics: new developments in
KEGG. Nucleic Acids Res 34, D354-357.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert
BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lan-
der ES, Mesirov JP (2005) Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide ex-
pression profiles. Proc Natl Acad Sci U S A 102, 15545-15550.
Yang P, Baker KA, Hagg T (2006) The ADAMs family: coor-
dinators of nervous system development, plasticity and repair.
Prog Neurobiol 79, 73-94.

Vassar R, Kovacs DM, Yan R, Wong PC (2009) The beta-
secretase enzyme BACE in health and Alzheimer’s disease:
regulation, cell biology, function, and therapeutic potential. J
Neurosci 29, 12787-12794.

Small DH (2009) Dysregulation of calcium homeostasis in
Alzheimer’s disease. Neurochem Res 34, 1824-1829.
Dreses-Werringloer U, Lambert JC, Vingtdeux V, Zhao H, Vais
H, Siebert A, Jain A, Koppel J, Rovelet-Lecrux A, Hannequin
D, Pasquier F, Galimberti D, Scarpini E, Mann D, Lendon
C, Campion D, Amouyel P, Davies P, Foskett JK, Campagne
F, Marambaud P (2008) A polymorphism in CALHM1 in-
fluences Ca2+ homeostasis, Abeta levels, and Alzheimer’s
disease risk. Cell 133, 1149-1161.

Resende R, Pereira C, Agostinho P, Vieira AP, Malva JO,
Oliveira CR (2007) Susceptibility of hippocampal neurons to
Abeta peptide toxicity is associated with perturbation of Ca2+
homeostasis. Brain Res 1143, 11-21.

Nixon RA (2007) Autophagy, amyloidogenesis and Alzheimer
disease. J Cell Sci 120, 4081-4091.

Yu WH, Cuervo AM, Kumar A, Peterhoff CM, Schmidt SD,
Lee JH, Mohan PS, Mercken M, Farmery MR, Tjernberg LO,
Jiang Y, Duff K, Uchiyama Y, Naslund J, Mathews PM, Catal-
do AM, Nixon RA (2005) Macroautophagy — a novel Beta-
amyloid peptide-generating pathway activated in Alzheimer’s
disease. J Cell Biol 171, 87-98.

Cheung YT, Zhang NQ, Hung CH, Lai CS, Yu MS, So KF,
Chang RC (2009) Temporal relationship of autophagy and
apoptosis in neurons challenged by low molecular weight beta-
amyloid peptide. J Cell Mol Med, in press.

Rami A (2009) Autophagy in neurodegeneration: firefighter
and/or incendiarist? Neuropathol Appl Neurobiol 35, 449-461.
Taylor GS, Rickinson AB (2007) Antigens and autophagy: the
path less travelled? Autophagy 3, 60-62.



1118 J.-C. Lambert et al. / Implication of the Immune System in Alzheimer’s Disease: Evidence from Genome-Wide Pathway Analysis

[30]

[31]

[32]

[33]

[34]

Nicoll JA, Barton E, Boche D, Neal JW, Ferrer |, Thompson
P, Vlachouli C, Wilkinson D, Bayer A, Games D, Seubert
P, Schenk D, Holmes C (2006) Abeta species removal after
abeta42 immunization. J Neuropathol Exp Neurol 65, 1040-
1048.

Geylis V, Kourilov V, Meiner Z, Nennesmo |, Bogdanovic
N, Steinitz M (2005) Human monoclonal antibodies against
amyloid-beta from healthy adults. Neurobiol Aging 26, 597-
606.

Kellner A, Matschke J, Bernreuther C, Moch H, Ferrer I,
Glatzel M (2009) Autoantibodies against beta-amyloid are
common in Alzheimer’s disease and help control plaque bur-
den. Ann Neurol 65, 24-31.

Erdei A, Isadk A, Torok K, Sandor N, Kremlitzka M, Prechl
J, Bajtay Z (2009) Expression and role of CR1 and CR2 on
B and T lymphocytes under physiological and autoimmune
conditions. Mol Immunol 46, 2767-2773.

Singhrao SK, Neal JW, Rushmere NK, Morgan BP, Gasque
P (1999) Differential expression of individual complement
regulators in the brain and choroid plexus. Lab Invest 79,
1247-1259.

[35]

[36]

371

[38]

Wolburg H, Paulus W (2010) Choroid plexus: biology and
pathology. Acta Neuropathol 119, 75-88.

Candore G, Balistreri CR, Colonna-Romano G, Lio D, Caru-
so C (2004) Major histocompatibility complex and sporadic
Alzheimer’s disease: a critical reappraisal. Exp Gerontol 39,
645-652.

Bullido MJ, Martinez-Garcia A, Artiga MJ, Aldudo J, Sastre I,
Gil P, Coria F, Mufioz DG, Hachinski V, Frank A, Valdivieso F
(2007) A TAP2 genotype associated with Alzheimer’s disease
in APOEA4 carriers. Neurobiol Aging 28, 519-523.

Chapuis J, Hot D, Hansmannel F, Kerdraon O, Ferreira S,
Hubans C, Maurage CA, Huot L, Bensemain F, Laumet G,
Ayral AM, Fievet N, Hauw JJ, DeKosky ST, Lemoine Y, Iwat-
subo T, Wavrant-Devriéze F, Dartigues JF, Tzourio C, Buée
L, Pasquier F, Berr C, Mann D, Lendon C, Alpérovitch A,
Kamboh MI, Amouyel P, Lambert JC (2009) Transcriptom-
ic and genetic studies identify IL-33 as a candidate gene for
Alzheimer’s disease. Mol Psychiatry 14, 1004-1016.



