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Abstract

The only recognised genetic determinant of the common forms of Alzheimer’s disease (AD) is the
€4 allele of the apolipoprotein E gene (APOE). To identify new candidate genes, we recently
performed transcriptomic analysis of 2,741 genes in chromosomal regions of interest using brain
tissue of AD cases and controls.

From 82 differentially expressed genes, 1,156 polymorphisms were genotyped in two independent
discovery sub-samples (n=945). Seventeen genes exhibited at least one polymorphism associated
with AD risk and following correction for multiple testing, we retained the IL-33 gene.

We first confirmed that the I1L-33 expression was decreased in the brain of AD cases compared
with that of controls. Further genetic analysis led us to select 3 polymorphisms within this gene,
which we analysed in three independent case-control studies. These polymorphisms and a
resulting protective haplotype were systematically associated with AD risk in non-APOE &4
carriers. Using a large prospective study, these associations were also detected when analyzing the
prevalent and incident AD cases together or the incident AD cases alone. These polymorphisms
were also associated with less cerebral amyloid angiopathy (CAA) in the brain of non-APOE &4
AD cases. Immunohistochemistry experiments finally indicated that the 1L-33 expression was
consistently restricted to vascular capillaries in the brain. Moreover, IL-33 overexpression in
cellular models led to a specific decrease in secretion of the AB4g peptides, the main CAA
component.

In conclusion, our data suggest that genetic variants in IL-33 gene may be associated with a
decrease in AD risk potentially in modulating CAA formation.

Keywords
Alzheimer; IL-33; brain expression; polymorphism; CAA

Introduction

Hereditary early-onset forms of Alzheimer’s disease (AD) have been linked to mutations in
three different genes: the amyloid precursor protein (APP) gene on chromosome 21, the
presenilin 1 (PS1) gene on chromosome 14 and the presenilin 2 (PS2) gene on chromosome
1 (1). These mutations, however, explain less than 1% of all AD cases (2). The genetics of
the vast majority of AD cases (especially late-onset forms, LOAD) appears far more
complex and is likely to involve interactions between environmental factors and various
susceptibility genes. Only the &4 allele of the apolipoprotein E (APOE) gene has been
consistent shown to be a susceptibility factor for complex inherited sporadic AD (3).
Although more than 200 genes have thus far been proposed as genetic determinants of AD,
no consensus has yet been reached for even one of them, mainly because of the lack of
robustness of the associations observed in independent populations (4).

To remedy this problem and determine the relevance of the different association studies, a
data bank (http://www.alzforum.org/res/com/gen/alzgene) was established to make it
possible to annotate all of the publications on association studies for AD (5). Beyond such
sharing of data in international databases, the study of AD genetics, like that of most
multifactorial diseases, has turned towards high- or very high-throughput analyses. The first
reports of systematic genome analysis (genome-wide association, or GWA) in case-control
studies of AD have been recently published (6-8). High-throughput transcriptomic and
proteomic analyses have also led to the development of approaches that make it possible to
help to select candidate genes based on their potential function, for example, genes that are
differentially expressed in a chromosomal region of interest (9). Even once linkage studies
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have highlighted the location of genes potentially associated with a disease, it remains
difficult to identify candidates within these broad chromosomal regions on the basis of
genetic association studies alone. The combination of genome scan studies with more
functional approaches, such as differential expression in normal and pathological tissues,
may help to pick out relevant candidate genes without any a priori hypotheses about
biological functions or involvement in the pathological process.

We applied such a strategy by combining genetic map information with gene expression
profiling data. We recently reported results obtained from a customised microarray
containing all the genes (n=2,741) located within 9 chromosomal regions of interest (10).
Assessment of the levels of gene expression in total RNA from frontal brain tissue of AD
patients and controls showed that 106 genes were differentially expressed (11). To speed up
the selection of candidate genes, we next developed a high-throughput genetic analysis of 82
of them including 1,156 polymorphisms. Following this systematic approach, we focused on
the IL-33 gene.

Materials and methods

Study population

The main characteristics of the populations are described in Table S14 and S15
(supplemental materials and methods). All subjects or, in those with substantial cognitive
impairment, a caregiver, legal guardian, or other proxy gave written informed consent for
participation in this study. The study protocols for all populations were reviewed and
approved by the appropriate Institutional review boards of each country.

French case-control study (12)—All samples were Caucasian from the north of France
(AD cases n=734, controls n=636). Clinical diagnosis of probable AD was established
according to the DSM-I11-R and NINCDS-ADRDA criteria. Caucasian controls were
defined as subjects without DMS-111-R dementia criteria and with integrity of their cognitive
functions (MMS>25). Presence of family history of dementia was considered as a criterion
of exclusion (at least two documented relatives affected). Controls were recruited in
retirement homes or from electoral rolls (altruistic volunteers).

UK case-control study (13)—All samples were Caucasian from Greater Birmingham
(AD cases n=370, controls n=167). Clinical diagnosis of probable AD was established
according to the DSM-I11-R and NINCDS-ADRDA criteria. Control subjects were assessed
using either DSM-111-R questionnaire or had a MMSE score above 28.

American case-control study (14)—All samples were Caucasian from Pittsburgh area
(AD cases n=871, controls n=829). Late-onset AD (LOAD) were from the University of
Pittsburgh Alzheimer’s Disease Research Center (ADRC). Clinical diagnoses of the patients
were made according to the NINCDS/ADRDA criteria. The ADRC follows a standard
evaluation protocol, which includes medical history, general medical and neurological
examinations, a psychiatric interview, neuropsychological testing and a MRI scan. Age-and
sex-matched 829 controls were recruited from the same Western Pennsylvania region as the
cases, and were determined to be cognitively intact following extensive clinical examination
(MMSE=>28).

Population-based 3C-study (15)—The 3C Study is a population-based, prospective (4-
years follow-up) study of the relationship between vascular factors and dementia. It has been
carried out in three French cities: Bordeaux (southwest France), Montpellier (southeast
France) and Dijon (central eastern France). A sample of non-institutionalised, over-65
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subjects was randomly selected from the electoral rolls of each city. Between January 1999
and March 2001, 9,686 subjects meeting the inclusion criteria agreed to participate.
Following recruitment, 392 subjects withdrew from the study. Thus, 9,294 subjects were
finally included in the study (2,104 in Bordeaux, 4,931 in Dijon and 2,259 in Montpellier).
At the baseline clinical examination, blood samples were obtained from 8,707 individuals.

Brain samples

(for details, see supplemental materials and methods). Brains samples were obtained from
114 patients with early- and late-onset sporadic AD accessioned (16) and 167 Control
brains, (17) as previously reported. The extent of cerebral amyloid angiopathy (CAA) in
leptomeningeal and intraparenchymal arteries and the proportion of tissue area occupied by
APao and APy, were quantified following immunohistochimistry (16).

Genotyping microarray

Using the HapMap website (see URLS), we defined a minimal set of SNPs capturing a
complete genetic information within the genes of interest (using all the referenced SNPs
with a frequency >10% and r2<0.8 to define these Tag-SNPs). We finally selected 1,156
SNPs and developed an Affymetrix microarray allowing for the typing of all the SNPs in
one experiment for each individual. Experiments were performed by the DNAvision society
(Belgium) as described by the supplier using a GeneChip Hybridization Oven 640 plate-
form and GeneChip Scanner 3000 7G 4C.

The selected SNPs were analysed in two independent sub-populations obtained by random
sampling from the complete French population (n=545) and the American one (n=400) (for
the main characteristics, supplemental material, Table S1B). Twenty one SNPs (1.8%) were
not successfully genotyped. All other individuals SNPs had a genotype success rate >90%.
Seventy SNPs (6%) were not in Hardy-Weinberg equilibrium (P<0.05). However, an
important proportion of these SNPs (n=35) were located in vicinity of or within a potential
Copy Number variation polymorphism (data not shown), potentially explaining this higher
than expected proportion (5%).

SNPs densification in interleukin 33 (IL-33), genotyping and SNPs selection

Besides the 4 Tag-SNPs selected using the HapMap website, thirteen SNPs
(frequency>10%) were randomly selected along the gene using NCBI website and
denaturing high-performance liquid chromatography (dHPLC) results (for genotyping
details and populations, see supplemental materials and methods)

Immunohistochemistry

Brain tissue from the temporal anterior cortex (Brodmann area 38) from nine AD patients
and twelve controls was investigated. The AD patients were extensively investigated and
followed until death in the Lille Memory Unit, the controls were people devoid of any
neurological illness. Positive controls of the staining steps were human tonsils and the colon
mucosa from a patient with Crohn’s disease (For immunohistochemistry protocol, see
supplemental materials and methods)

IL-33 mMRNA quantification

Total RNA was extracted from frozen frontal cortex brain tissue from the 114 AD (29) and
167 control (30) samples using phenol/chloroform protocol (Trizol® reagent, Invitrogen).
Quantification of 1L-33 mMRNA was performed using the quantigene technology (for details,
see supplementary materials) (18).
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Plasmid constructions

IL-33 cDNA was amplified by PCR using the human IL-33 cDNA as a template and the
following oligonucleotides: sense primer contained a Nhe | site (5'-
gctagccaagatcacaagaatactga-3') and an antisense primer contained a BamH | site (5'-
ggatccagatgcagttatacagaggg-3'). The PCR fragment was next cloned into a mammalian
expression pcDNA3.1(-) vector (Invitrogen, USA). The APP895Wt 5cDNA3 vector was
already described elsewhere (19).

Cell culture and transfection

SKNSH-SY5Y-APPS9WT and COS-7 cell lines were maintained in DMEM with 10%
serum FCS, 2mM L-Glutamine and 50 U/ml penicillin, and 50 pg/ml streptomycin (and 1%
MEM NEAA (Invitrogen, USA) for SY5Y-APPWT) at 37°C in a humidified atmosphere
with 5% CO». Transient transfection of pcDNA3 vectors were performed using Exgen500
(Euromedex, France) in SY5Y-APPWT and Fugen-HD (Roche Diagnostics, Switzerland) in
COS-7 according to the manufacturer’s recommendations.

Immunofluorescence (IF)

The SY5Y-APPWT and COS-7 cell line was cultured on poly I-Lys-coated glass coverslips
(Chamber Slide System 2 wells (Lab-Tek; Nunc, Rosckilde, Denmark)) for 24 hours. For
IL-33 IF, cells were tranfected with IL-33 cDNA. After 48 hours, cells were fixed with in
PBS containing 4% paraformaldehyde and labelled with primary antibodies 1/100
(respectively, PAb to IL-33 (human) (Alexis®, Apotech, Switzerland) or anti-ST2 (2A5))
(for details, see supplementary materials).

Analyses of the APP metabolism

Holo-APP, APPs, APP-CFT and Actin were measured by protein blotting as previously
reported (19). AB4g and AP, peptide concentrations were measured by sandwich ELISA
(Human Amyloid p (1-40) Assay Kit (IBL-Hamburg, Germany) and INNOTEST® p-
Amyloid (1-42), (Innogenetics, Belgium) respectively). ST2 was measured by protein
blotting using 2A5 antibody (1/5000).

Statistical analyses

(for complete statistical methodologies, see supplemental materials and methods). The SAS
software release 8.02 was used for statistical analyses (SAS Institute, Cary, NC). The
association of the all the SNPs with the risk of AD was estimated by multiple logistic
regression models, adjusted for age, gender, APOE status and centre. Haplotypes were
estimated using the Haploview and Thesias software. In the French population, in order to
take into account of possible inclusion of subjects suffering from mild cognitive
impairments, analyses were performed using a MMSE score of 28 as a cut-off. The
associations did not differ when the controls exhibiting a MMSE<28 were excluded.

The association of rs1157505, rs11792633 and rs7044343 with age at onset was analysed
using a general linear model adjusted for gender and center following APOE stratification.
Haplotype associations with age at onset were estimated using the Thesias software (20).

For analyses using the 3C-study, logistic regression models were used to analyse the
association between the risk of prevalent/incident AD and IL-33 genotypes. Proportional
hazards models with delayed entry and age as the time scale were used to analyse the
association between the risk of incident AD and the I1L-33 genotype (21). Age, gender,
centre, educational level, hypertension, body mass index (BMI), diabetes, history of vascular
disease and APOE genotype were systematically used as adjusting factors (see supplemental
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materials and methods). Haplotype associations with the risk of AD were estimated using
logistic regression or proportional hazards models using Thesias 3.0 software (20).

Comparison of IL-33 mRNA amounts between AD cases and controls, and the association
study of rs1157505, rs11792633 and rs7044343 with CAA score were performed using a
non-parametric Wilcoxon test. Variations in AB peptides secretion were analysed following
normalization to the Mock vector experiments and differences were assessed by two-tailed
Student’s t-test.

Initial genetic screening

We used the HapMap database to select an initial set of 1,156 Tag-SNPs from 82 of the 106
differentially expressed genes (the HapMap database had no referenced SNPs for the
remaining 24 genes when the customised affymetrix genotyping microarray was designed —
HapMap data rel. 20/ phasell Jan06 on NCBI B35 assembly, dbSNP b125-). These Tag-
SNPs were then genotyped in two independent “discovery” sub-samples (French= 545;
Americans= 400) randomly selected from two large case-control studies from these
populations (12,13).

Seventeen genes had at least one polymorphism associated with the risk of developing AD
(nominal p-value<0.05) in the combined “discovery” sub-sample of 945 individuals (Table 1
and supplementary material, Table S1). At this stage, a complementary approach would
have been to correlate allele dosage with expression profiles. However, our initial
transcriptomic study was performed in a restricted number of brain samples (12 controls and
9 AD patients), not allowing for pertinent statistical analyses. We thus only applied a
conservative Bonferroni correction to select the most interesting genes.

When such a conservative correction was applied to take into account multiple testing
(Threshold, P=4.3x107°), only one association remained significant. The intronic rs7044343
SNP located within the IL-33 gene on 9p24.1 was associated with AD in the combined
sample (OR=0.5, 95% C.1. [0.4-0.7]; P=3x10~° adjusted for age, gender, centre and APOE
status, Table 2). This association was observed in both the French and American sub-
samples (OR=0.5, 95% C.I. [0.3-0.7], P=0.0002 and OR=0.6, 95% C.1. [0.4-1.0], P=0.05
adjusted for age, gender, centre and APOE status, Table 2). Another tag-SNP (rs7848215)
within the IL-33 gene was also weakly associated with the risk of developing AD in the
combined population (nominal P-value of 0.01; Table 2).

In depth analysis of the IL-33 gene

Following these initial observations, we decided to further explore the IL-33 gene. This was
supported by our observation of a lower expression in the brain of AD cases compared with
one of the controls (11) in our microarray analysis (—66%, P<10~2; Table 1). We first
validated this decrease in expression in a larger cohort of brain samples of AD (n=43) and
controls (n=45) (—41%, P=0.003, Figure 1A) using direct mMRNA quantification (see
materials and methods).

Only four Tag-SNPs (rs7848215, rs16924144, rs16924159 and rs7044343) in IL-33 were
genotyped in our initial stage, therefore we next searched for supplementary SNPs from the
NCBI international database and systematic screening for unknown polymorphisms within
promoter, exon, intron/exon boundaries and UTR regions by dHPLC and sequencing. No
non-synonymous polymorphisms were found (supplementary materials, Table S2). The
construction of a linkage disequilibrium map based on the 4 initial Tag-SNPs and 11 other
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SNPs genotyped in 220 French controls, led us to finally select 8 supplementary SNPs
(supplementary material, Figure S1).

These 8 supplementary SNPs were analysed in the combined “discovery” sub-sample of 945
individuals (supplementary material, Table S3). In addition to the two initial Tag-SNPs we
reported associated with AD, associations between three other SNPs and AD risk presented
nominal p-values<0.05 (Table 2). The rs7044343 association was still the only one to
survive to Bonferroni correction (P=4.3x10"°) but two others intronic SNPs (rs1157505 and
rs11792633) exhibited strong associations in the combined sample (Table 2).

We generated 12-site haplotypes and used the most common haplotype as a reference. Only
one haplotype including the rare alleles of the intronic rs1157505, rs11792633 and rs704343
SNPs was associated with the risk of developing AD (OR=0.6, 95% C.1. [0.4-0.9], P=0.003,
data not shown). Since the rs1157505, rs11792633 and rs704343 SNPs also exhibited
restricted linkage desiquilibrium (LD) between them (r2 from 0.19 to 0.64; supplemental
material, Figure S1), we thus supposed that these three SNPs were all informative.

We finally detected a significant statistical interaction between the APOE ¢4 allele and the
rs1157505 or rs11792633 SNPs (respectively, P=0.01 and P=0.04). A similar trend was
observed for the rs7044343 SNP (P=0.14). The stratification by APOE status revealed that
associations with AD risk were stronger in non-g4 carriers (allelic association; P=3x107% in
non-g4 carriers and P=0.9 in &4 carriers for rs1157505; P=5x10"4 in non-g4 carriers and
P=0.9 in &4 carriers for rs11792633; P=5x10"° in non-g4 carriers and P=0.9 in &4 carriers
for rs7044343).

IL-33 as a candidate gene for LOAD mainly in non g4-bearers in case-control studies

We decided to extend the analyses of the intronic rs1157505, rs11792633 and rs7044343
SNPs to the complete French (n=1,370) and American (n=1,700) case-control studies and to
a third independent case-control sample from the UK (n=522). In the combined population,
the association of these three SNPs with the risk of developing AD was influenced by the
APOE status (supplementary material, Table S4). In accordance with our initial results, we
observed a strong interaction between these SNPs and the APOE ¢4 allele (P=0.004 for
rs1157505, P=0.0001 for rs11792633 and P=0.002 for rs7044343; Table S4). The
association of the three SNPs with AD risk was again strictly restricted to non-g4 carriers, in
all the study populations (Figure 2 and supplementary material, Tables S4-7). The minor
alleles of rs1157505, rs11792633 and rs7044343 showed consistent protective effects
against the risk of developing AD (OR=0.67, 95% C.I. [0.55-0.82], P=6x10">;
OR=0.6395% C.1. [0.52-0.76], P=1x107% and OR=0.67 95% C.I. [0.56-0.81], P=3x107°,
respectively (Table S4)). Furthermore, the rs11792633 minor allele was also associated with
an older age at onset in non-g4 carriers (73.3 + 8.5 years in 12+22 carriers versus 71.9 + 7.9
in 11 carriers; P=0.02 adjusted for gender and centre).

We next generate 3-site haplotypes from rs1157505, rs11792633 and rs7044343 SNPs. In
non-g4 carriers, the 111 haplotype (resulting from the combination of the three frequent
alleles) was over-represented in AD cases compared with controls (63% versus 55%,
P=3x10"") and the converse 222 haplotype (resulting from the combination of the three
minor alleles) under-represented (13% versus 18%; P =3x1074). These findings were
consistent in all three case-control populations (supplementary material, Table S8). In the
combined sample, the association of these two haplotypes with the risk of developing AD
was consistent after permutation tests (respectively, P=2x107% and P=0.001 after 1,000
permutations). We estimated that the 222 haplotype was associated with a risk (P=4x1076;
supplementary material, Table S8) of developing AD lower by a factor of 0.65 compared
with the 111 haplotype. Haplotypes including at least one minor allele of the rs1157505,

Mol Psychiatry. Author manuscript; available in PMC 2010 April 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chapuis et al.

Page 8

rs11792633 or rs7044343 SNPs were also consistently associated with an older age at onset
(from 0.9 to 1.7 years), compared with the age at onset attributed to the 111 haplotype
(P=0.004 for global effect with Thesias software; data not shown).

IL-33 as a candidate gene for LOAD mainly in non g4-bearers in the prospective 3C-study

We also analysed the association of the rs1157505, rs11792633 and rs7044343 SNPs in a
large prospective population-based study. The rs1157505, rs11792633 and rs7044343
genotype distributions were seen to be in Hardy-Weinberg equilibrium in all AD and control
populations (supplementary material Table S9). AD cases and controls differed significantly
in terms of allele and genotype distributions, whatever the SNP studied (supplementary
material Table S9). A significant decrease in the risk of AD in carriers of at least one rare
allele of each SNP was observed, compared with those with no copies of these rare alleles
(ORs ranging from 0.61 to 0.64; supplementary material Table S10). These associations
were still significant when the analyses using proportional hazards model was limited to
incident AD cases (ORs ranging from 0.67 to 0.72, supplementary material Table S10).

We stratified our population by the APOE &4 allele. As previously described, the association
of the rs1157505 with AD risk was more pronounced in non-g4 bearers (supplementary
material Table S10 and P=0.09 for interaction). In contrast, no difference was observed for
the rs11792633 and rs7044343 polymorphisms (supplementary material Table S10 and
respectively, P=0.70 and P=0.75 for interaction). We next generated 3-site haplotypes and
used the most common haplotype as a reference. Only the haplotype including the rare
alleles of the rs1157505, rs11792633 and rs704343 SNPs was associated with the risk of
developing AD. Stratification by APOE status revealed that this association with AD risk
was restricted to non-¢4 carriers (Figure 2 and supplementary material Table S11). Again,
this association was significant when the analyses using proportional hazards model was
limited to incident AD cases (supplementary material Table S11).

Lastly, the association of the IL-33 SNPs with the risk of other types of dementia was also
assessed but no association was found, whatever the SNP studied (supplemental materials,
Table S12).

IL-33 as a candidate gene for LOAD mainly in non g4-bearers: evidence from combined

analyses

We finally performed combined analyses of all the studies using the review manager
software release 5.0 (http://www.cc-ims.net/RevMan/) to test for heterogeneity between the
different case-control studies and to estimate the overall effect (Mantel-Haentzel fixed odds
ratio). The different associations were highly homogeneous among the different studies
allowing for combined analyses (see tests for heterogeneity, Figure 2).

The rare allele distributions of the rs1157505, rs11792633 and rs704343 SNPs were
decreased in AD cases as compared to controls in all the studies, with ORs ranging from
0.68 to 0.72 (OR =0.68, 95% C.1. [0.59-0.79], P =3.8x10~/; OR =0.70, 95% C.I. [0.61—
0.80], P =6.3x1078; OR =0.72, 95% C.1. [0.63-0.81], P =8.3x1078, respectively for the
rs1157505, rs11792633 and rs704343 in the combined population; Figure 2A, 2B, 2C).
Similarly, the haplotype including the rare alleles of the rs1157505, rs11792633 and
rs704343 SNPs was associated with the risk of developing AD, with ORs ranging from 0.40
t0 0.71 (OR =0.62, 95% C.I. [0.53-0.74], P =3.6x1078 in the combined population; Figure
2D).
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Comparison between our analysis and published GWAs

Recently, two GWA analyses in AD case-control studies were published (7,8). Since data
for both GWAs is in part publicly available, we compared our results with those reported in
these GWAs. Nine SNPs in IL-33 were analysed in the 500K affymetrix microarray which
was used in both GWASs but none of them overlapped with the SNPs we analysed. However,
we noticed that the rs10975519 SNP used on the microarray was in LD with the rs7044343
SNP (r2=0.74). In the Remain’s study (7), in accordance with our data, the rare allele of the
rs10975519 SNPs was associated with a decrease in the risk of developing AD in non-¢4
bearers (OR=0.70, 95% C.I. [0.52-0.93], P=0.01; supplemental material, Table S13).
Whereas the study of Reiman et al. supports that the IL-33 gene may be a genetic
determinant of AD in non-g4 bearers (7), the Li’s study do not allow us for assessing this
point (8). The individual APOE genotype data was unfortunately not publicly available and
so we were not able to assess the association of the 1L33 SNPs with AD risk according to the
APOE status.

The IL-33 gene, a determinant of CAA in non €4-bearers, is strictly expressed in the
vascular cells of the cerebral capillaries

Finally, to help define the involvement of IL-33 in AD, we analysed the impact of the
rs1157505, rs11792633 or rs7044343 SNPs on pathological hallmarks of AD in a collection
of 114 brain samples of confirmed AD cases. We investigated cerebral amyloid angiopathy
(CAA) and parenchymal amyloid load (both AB4 and ABs2). No SNP was individually
associated with parenchymal amyloid load (both AB4q and AB4,) whatever the APOE status
(data not shown). On the other hand, after stratification by APOE status, the three SNPs
were associated with cerebral amyloid angiopathy (CAA) in non-¢4 carriers. Individuals
with at least one copy of the minor rs1157505, rs11792633 and rs7044343 alleles had lower
whole-brain CAA scores (Table 3), with the decrease most pronounced in the temporal and
frontal areas (Table 3). However, the limited number of non-¢4 carriers did not allow us to
assess the association of the 111 and 222 haplotypes with CAA scores. It should nonetheless
be noted that, in this cohort of confirmed AD cases, the haplotype frequencies in non-¢4
carriers were similar of those observed in the probable AD cases (111 haplotype: 60.0% and
222 haplotype: 10.0%).

In agreement with the genotype/phenotype associations observed with CAA,
immunohistochemistry experiments showed that IL-33 immunoreactivity was restricted to
the endothelium and vascular smooth muscle cells of small arteries located in the arachnoid,
pia mater and superficial cortex in the brains of AD cases and controls (Figure 1B).

IL-33 overexpression is associated with decreased AR, secretion

The observation that the less common alleles of certain 1L-33 SNPs might be associated with
lower CAA levels — composed mainly of AB,_4o peptides— (22,23) suggests that IL-33
may modulate mechanisms involved in AB production and more specifically ABp.49. TO
explore this question, we undertook cell biology experiments to determine the specific role
of IL-33 in ABp-40 production. We used two well-characterised cellular models to address
this point. (19,24)

Overexpression of IL-33 in a SKNSH-SY5Y neuroblastoma cell line stably expressing
APP89W |eq to a significant 30% decrease in secretion of the ABj_ao peptides (P=0,005)
without modifying the production of AB1_4» or other APP fragments (figure 3A and 3B). A
similar significant specific decrease in AB1_4g Secretion was observed when we used COS-7
cells co-transfected with eukaryotic 1L-33 and APP%95Wt expression vectors (P=0,01;
supplementary figure S2A and S2B). IL-33 is a dual function protein that may act as both a
pro-inflammatory cytokine and an intracellular nuclear factor with transcriptional regulatory
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properties.(25-28). To determine its function in our in vitro models, we first conducted
immunofluorescence experiments that showed that the protein was located exclusively in the
nucleus in both SKNSH-SY5Y and COS-7 cells transfected with an 1L-33 expression vector
(figure 3D and supplementary figure S2D). Secondly, we exposed the SY5Y-APPS95Wt ce||
line to a recombinant human IL-33 protein in cell culture medium. Although the SY5Y-
APP695Wt || line expressed the cell surface receptor ST2, which mediates IL-33 pro-
inflammatory capacities (26, 27) (figure 3E), this treatment did not modify the level of Ap
secretion (figure 3G and 3H). Together, these results indicated that the reduction in Ap1_sg
secretion caused by IL-33 is likely mediated by pathways independent of its cell surface
receptor but depending instead on its transcription-regulating properties in the nucleus (26,
29).

Discussion

The integrated strategy we developed to look for new genetic determinants of AD
(supplemental material, Figure S3) led us to identify the IL-33 gene as a potential genetic
determinant of AD. This gene is located on chromosome 9p24, a chromosomal region of
interest in AD defined by genome scan studies using family-based populations (10). We
postulated that a “true” genetic factor should systematically be associated with the risk of
developing the disease whatever the kind of populations analysed: family-based studies,
population-based studies or case-control studies.

A series of consistent observations in three independent case-control studies and a
prospective population-based study established that: (i) the minor alleles of the intronic
rs1157505, rs11792633 and rs7044343 SNPs within IL-33 were all associated with a
reduced risk of AD risk in non-¢4 carriers; (ii) these minor alleles defined a 3-site protective
haplotype among non-4 carriers. We thus observed significant and consistent effects in
pooling together a large number of AD cases and controls. Remarkably, the associations of
the rs1157505, rs11792633 and rs7044343 SNPs with the risk of developing AD, were
highly homogeneous between all the case-control studies (Figure 3). The lack of
significance observed in the English population was very likely a consequence of a lack of
statistical power (4% power to detect an OR of 0.7 assuming an o level of 0.05). Additional
genetic studies involving prospective cohorts as well as both family-based and large case-
control samples, will be of course required to fully characterise the association of the IL-33
gene with AD. However, it is encouraging that coherent observations from a recent GWA
support our findings.

Beyond these association studies, we also established a potential link between IL-33 and the
AD physiopathological process. We determined that the minor alleles of rs1157505,
rs11792633 and rs7044343 were associated with a lesser degree of CAA in the brains of
non-g4 AD patients and expression of 1L-33 was consistently restricted to the cerebral
vascular network. We also found a decrease in expression of IL-33 in the brains of AD cases
compared to controls which replicates our initial finding in a small number of brains that we
used with the microarray approach (11).

Although our findings suggest IL-33 modifies risk for AD, it is not clear how genetic
variants in 1L-33 might affect its function to alter risk. We were not able to establish an
association between the IL-33 mRNA level in the AD or control brains and the SNPs or
haplotypes studied (data not shown). The lack of power due to the number of brains
available for study as well as inter-individual variations in the measure of the IL-33 mMRNA
levels may partly explain this absence of genotype/phenotype association. Furthermore, it is
not possible to exclude that the difference in expression found in autopsied brain, is not
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representative of differences at early stages of the disorder or that SNPs may modulate
unknown splicing events modifying IL-33 biological properties.

Because we observed that the protective genetic variants in IL-33 were associated with a
lesser degree of CAA, which contains mainly ABag, (22,23), we examined how IL-33 might
specifically modulate AB4q production in two well-characterised cellular models previously
used to study APP metabolism.(19,24). Again, our observations consistently linked IL-33
expression with AD pathology: (i) overexpression of 1L-33 in cellular models led to a
systematic decrease in ABy4q secretion but without modifying production of either Apy4, or
other APP fragments; (ii) this decrease in AB4g secretion is likely to be a consequence of
transcriptional activity by IL-33, independently of its inflammatory properties. The latter
finding, moreover, appears to be related to two other observations: that IL-33 expression
appears to be restricted to the vascular capillaries and that smooth muscle cells are involved
in the production of vascular Ap peptides. Cultures of smooth muscle cells isolated from
CAA of human, canine or murine origins have confirmed the involvement of these cells in
vascular Ap peptide production, by demonstrating the abundant secretion of AB4g, AB42 and
Ap intracellular or extracellular deposits.(24,25). The data, considered together, indicate that
local secretion of AR, peptides in the vascular brain network — perhaps independently of
neuronal secretion — may be a key determinant of AD pathology.

The presence of CAA is often found in AD brains but it is hard to establish whether its
appearance is related to the initial manifestations of the disorder or is a process that occurs
later during the development of the disease. Interestingly, ApoE is also thought to play a
prominent role in the deposition of A peptides in cerebral vessels, as two items of
supporting evidence suggest: (i) the APOE &4 allele is a major risk factor for CAA (30-33)
and (ii) transgenic mice models show that ApoE4 strongly favours the formation of CAA
rather than parenchymal plaques (34). As a consequence, our data in addition to others seem
to point out the potential importance of this lesion in the AD process (35). Furthermore, our
evidence that allelic variants of both IL-33 and APOE genes modulate CAA may explain in
part the systematic interaction we observed between these two genes on the risk of AD or
CAA. The limited association between the 1L-33 SNPs with risk of AD or CAA in &4
carriers may thus be due to the major impact of the €4 allele on AD risk and AP deposition,
which might mask the effect of IL-33. Moreover, in the population-based 3C-study, we
observed that the IL-33 gene may be a genetic determinant of AD but not of other types of
dementia (such as mixed/vascular dementia in particular, data not shown). Although we
studied only 124 individuals suffering from other types of dementia, which limits the
relevance of this observation, it is interesting to note that vascular dementia has occasionally
been associated with CAA (36,37) (present in >80% of AD case series) (38,39). Altogether,
these observations may support a limited association between the 1L-33 SNPs and AD risk
by assuming that IL-33 is involved in CAA formation.

The cellular pathways controlled by the 1L-33 protein that may specifically modulate AB4q
secretion have not yet been identified. We only know that this protein, identified in 2003, is
a protein that may have a dual function possibly acting as both a cytokine stimulating the
Th2-associated cytokines production and an intracellular nuclear factor with transcription
regulating properties (26-29). Although our data suggest that IL-33 is involved in AD as a
nuclear factor, we cannot rule out the possibility that it also influences the AD process as a
cytokine and participates in lymphocyte T recruitment (40,41). Such an observation may be
relevant since T-cell deficiency has been associated with deficits in spatial learning and
memory (42) and that immune cells that infiltrate the brain appear to modulate the AD
process in animal models (43,44).
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In conclusion, there is clear evidence of an association between the risk of developing AD
and the IL-33 gene. The National Center for Biotechnology Information (NCBI) database
currently lists at least 178 SNPs (validated or not) in this region. As a consequence, only
important, systematic and ambitious efforts in sequencing and genotyping (even rare
variants) in combination with replication in large independent populations and with
functional analyses of intermediate phenotypes will help determine the exact implication of
IL-33 in AD. However, the characterisation of IL-33 as a genetic determinant of AD
indicates a potential relevant link between CAA formation, neurovascular dysfunction,
alteration of immune cell functions and inflammatory process, all of which contribute to
AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Expression level of IL-33 in the brain of AD cases and controls. All values of IL-33
mRNA were reported as arbitrary units following normalisation by p-actin mMRNA
quantification. MRNA quantifications (IL-33 and S-actin) were carried out in triplicate in all
individuals (n = 45 controls and n=43 cases). Cross: mean of IL-33 expression in cases and
controls; Middle line: Median; Upper horizontal line: inclusion of 75% of the individuals;
lower horizontal line: inclusion of 25% of the individuals. *: individuals exhibiting extreme
values (out of the global distribution). (B) Representative I1L-33 immunolabelling in the
colon mucosa of a patient with Crohn’s diseas as a positive control; (C) Representative
IL-33 immunolabelling in AD brains. In the superficial cortex from an Alzheimer patient,
the small meningeal and superficial cortical small vessels show the same pattern of labelling
than in the one observed in controls. (D,E) Representative 1L-33 immunolabelling in the
control brains. This labelling is mostly located in endothelial cells and vascular smooth
muscle cells of small vessels, in the nucleus and/or the cytoplasm
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Figure 2.

Impact of the rs1157505, rs11792633 and rs7044343 SNPs on the risk of developing AD in
the American, English, French, prospective-3C study and combined populations according
to the APOE status. (A), (B) and (C) Allelic OR for the rs1157505, rs11792633 and
rs7044343 SNPs respectively. (D) OR for the haplotype 222 (including the rare alleles of the
rs1157505, rs11792633 and rs704343 SNPs).
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Figure 3.

Overexpression of IL-33 in the neuroblastoma SKNSH-SY5Y cell line stably transfected
with APP69Wt (A) Representative experiment of APP metabolism variations following
transfection of the IL-33 expression vector (APPs, APP soluble; APP-CTF, APP carboxy
terminal fragments); (B) Representative experiment of AB4q and A4, secretions following
transfection of the IL-33 expression vector; (C) Mean variations of the AB4g and ARy,
secretions from three independent experimentations in duplicates; (D) I1L-33 accumulates in
nucleus (colocalisation with dense regions of DAPI staining, indicating association with
heterochromatin). No signal was detected using an empty vector (Mock) (Data not shown);
(E) detection of the ST2 receptor expression in the SY5Y-APP69Wt ce|| line by
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immunofluorescence experiments and western blot; (F) Representative experiment of APP
metabolism variations in response to human recombinant IL-33 protein; (G) Representative
experiment of APB4g and AB4p secretions in response to human recombinant IL-33 protein;
(H) Mean variations of the AB4g and AB4, secretions from three independent
experimentations in duplicates.
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