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OPEN

IMMEDIATE COMMUNICATION

Whole-genome sequencing suggests a chemokine gene cluster
that modifies age at onset in familial Alzheimer's disease
MA Lalli1, BM Bettcher2, ML Arcila1, G Garcia3, C Guzman3, L Madrigal3, L Ramirez3, J Acosta-Uribe3, A Baena3, KJ Wojta4, G Coppola4,
R Fitch2, MD de Both5, MJ Huentelman5, EM Reiman5,6, ME Brunkow7, G Glusman7, JC Roach7, AW Kao2, F Lopera3,8 and KS Kosik1

We have sequenced the complete genomes of 72 individuals affected with early-onset familial Alzheimer's disease caused by an
autosomal dominant, highly penetrant mutation in the presenilin-1 (PSEN1) gene, and performed genome-wide association testing
to identify variants that modify age at onset (AAO) of Alzheimer’s disease. Our analysis identified a haplotype of single-nucleotide
polymorphisms (SNPs) on chromosome 17 within a chemokine gene cluster associated with delayed onset of mild-cognitive
impairment and dementia. Individuals carrying this haplotype had a mean AAO of mild-cognitive impairment at 51.0 ± 5.2 years
compared with 41.1 ± 7.4 years for those without these SNPs. This haplotype thus appears to modify Alzheimer's AAO, conferring a
large (~10 years) protective effect. The associated locus harbors several chemokines including eotaxin-1 encoded by CCL11, and the
haplotype includes a missense polymorphism in this gene. Validating this association, we found plasma eotaxin-1 levels were
correlated with disease AAO in an independent cohort from the University of California San Francisco Memory and Aging Center.
In this second cohort, the associated haplotype disrupted the typical age-associated increase of eotaxin-1 levels, suggesting
a complex regulatory role for this haplotype in the general population. Altogether, these results suggest eotaxin-1 as a novel
modifier of Alzheimer's disease AAO and open potential avenues for therapy.

Molecular Psychiatry (2015) 20, 1294–1300; doi:10.1038/mp.2015.131; published online 1 September 2015

INTRODUCTION
Alzheimer's disease (AD) is an incurable and invariably fatal age-
related neurodegenerative disease affecting millions of people
worldwide with devastating consequences for those suffering,
their families and society at large. The incidence of sporadic AD
increases exponentially with age in people over 65 making AD one
of the top 10 causes of death and the only one among these
10 lacking a prevention, disease-modifying treatment or cure.
If available, treatments able to delay Alzheimer's age at onset
(AAO) or to slow the progression of the disease would save billions
of dollars in direct and indirect medical costs while increasing the
quality of life for the millions of affected individuals.1 To inform
such treatments, we sought to identify variants modifying the
AAO of AD in one of the world's largest and best-characterized
familial AD populations: the familial AD kindred in Antioquia,
Colombia. In this population, a highly penetrant, autosomal
dominant missense mutation encoding a glutamate-to-alanine
substitution at codon 280 in the gene encoding presenilin-1
(PSEN1 E280A) causes early-onset familial AD at an average age of
49 years.2

AAO of AD is highly heritable in both familial and sporadic
forms of the disease, with predicted genetic contributions of up to
78% in the sporadic late-onset form,3,4 and over 90% in a
monogenic early-onset familial form.5 The best known genetic

modulator of AD AAO, the APOE ε4 allele, reduces AAO in both
familial and sporadic AD,6,7 suggesting pathologic commonalities
underlying both forms of the disease. Although genome-wide
association studies (GWAS) have identified several loci contributing
to the risk of developing AD, the entire burden of genetic risk has
not been accounted for and additional genetic modifiers of
Alzheimer's risk and AAO are likely to exist.
Common confounders in GWAS hamper discoveries of genetic

modifiers of disease and include the genetic and phenotypic
heterogeneity of complex disease, population stratification,
inaccurate phenotyping, misclassification of disease status,
missing data and interactions between disease risk, onset and
progression. Our present study mitigates most of these
confounders by using an expertly phenotyped, geographically
isolated founder population affected with a monogenic
early-onset form of AD.8 Benefits conferred by our approach include
a uniform genetic background enriched for founder haplotypes,
and a reduction of environmental confounders such as differences
in diet, education and socioeconomic status among study partici-
pants. Most importantly, our case-only study design includes
individuals carrying a causal mutation in PSEN1 whose onset ages
were accurately diagnosed. The accuracy of our phenotypic
data was achieved by regular clinical monitoring of mutation
carriers from 1995 through the present at minimum intervals
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of every 2 years.2 Identical diagnostic criteria were used on all
participants, enabling accurate definition of distinct stages of the
disease. Usage of whole-genome sequencing data rather than
genotype microarray or exome sequencing provides a nearly
complete assessment of genetic variation in this cohort, and
obviates the need for statistical imputation of missing genotypes.
The near-complete penetrance of disease risk among mutation
carriers in our cohort allows us to disentangle risk from onset, and
focus our study on the latter. Taken together, these benefits
enhance our power to identify genetic variants modifying
Alzheimer's AAO.
Neuroinflammation is a common feature of AD9 and GWAS

have associated several immune-related genes with AD including
ABCA7, CD33, CLU, CR1, MS4A10,11 and recently TREM2.12,13 Most
of these associated genes are expressed in microglia,14 the
resident immune cells of the brain and mediators of neuro-
inflammation.15 Growing evidence supports chronic inflammation
as a major cause or contributor to Alzheimer's pathology.16

Chemokines, or chemotactic cytokines, are effector molecules
of this inflammation.17 In particular, CCL2, a proinflammatory
chemokine, is implicated in the chronic neuroinflammation
accompanying AD,18 and its cerebrospinal fluid levels predict a
faster rate of cognitive decline in AD.19 Identification of genetic
variants related to neuroinflammation will inform targeted
therapeutic approaches to treat or prevent AD.

Study populations and methods
Familial AD kindred in Antioquia, Colombia. The Colombian
Alzheimer's Prevention Initiative registry comprises more than
4000 living members from an extended kindred affected with
early-onset familial AD in Antioquia, Colombia. The familial AD
subtype caused by the PSEN1 E280A mutation, except for its early-
onset phenotype, clinically and pathologically resembles the more
common sporadic form of AD, predicting that results obtained in
this population may be generalizable to the sporadic AD
population comprising 99% of all AD cases. Additional descrip-
tions of the PSEN1 E280A Antioquian population, study partici-
pants, and relevant procedures have been previously and
extensively described.2,20 Enrollment in this study was pursuant
to approval by the institutional review board at the Universidad de
Antioquia and the Western Institutional Review Board.
In total, we obtained DNA from 117 individuals enrolled in the

Colombian Alzheimer's Prevention Initiative registry. For these
samples, available onset information was superimposed upon
previously assembled pedigrees20 and we prioritized individuals
with the most extreme AAO. To minimize spurious associations
because of relatedness, we excluded one member of each pair of
parent–offspring or sibships if concordant for extreme AAO. We
did, however, retain three pairs of individuals who were
discordant for their AAO. As a quality-control step to identify
cryptic relatedness or sequencing duplicates, we estimated all
pairwise relatedness by genome-wide identity in the 117
sequenced samples (6786 pairs). This analysis showed that the
vast majority (98%) of all pairs of individuals in this cohort are
estimated to be third-degree relatives or more distant
(Supplementary Figure 1). Although removing related individuals
is a common practice in GWAS, including relatives is
recommended in certain cases,21 especially in GWAS of a
quantitative trait such as AAO. After this selection process, 72
individuals met the study inclusion criteria of having (1) the causal
PSEN1 E280A mutation and (2) accurate diagnosis for disease AAO.

UCSF Memory and Aging Center dementia cohort. The University
of California San Francisco (UCSF) Memory and Aging
Center Dementia cohort consisted of 152 carefully phenotyped
older adults meeting the National Institute on Aging-Alzheimer's
Association (NIA-AA) criteria for either mild-cognitive impairment22

or probable dementia because of AD.23 All patients underwent a
medical history review and physical examination, a structured
caregiver interview and neuropsychological tests (Table 1). To
confirm the robustness of our findings, we elected to include a
range of validated AD phenotypes (memory, executive, language
and visuospatial predominant presentations), severity levels
(Clinical Dementia Rating Scale of 0–2) and ages. Amyloid imaging
biomarkers, obtained via positron emission tomography imaging
with Pittsburgh compound B (11C-PiB)24 or Florbetapir F 18
(18F-AV-45)25 were available for 54 individuals, and all were
positive. The study was approved by the UCSF institutional review
board for human research. Consent for the study was provided by
the participants or their assigned surrogate decision makers.

Whole-genome sequencing and quality control. Whole-genome
sequencing was performed by Complete Genomics (Mountain
View, CA, USA).26 Reads were aligned to the human reference
genome (National Center for Biotechnology Information Build 37,
Genome Reference Consortium Human Build 37) and variants
were called by Complete Genomics. As the average depth of
sequencing was 450 × in our study, variant calling was reliable
and accurate, with a presumed error rate on par with other studies
using the Complete Genomics sequence data.27 Singleton variants
are those found in only one individual in the study, are enriched
for sequencing errors and cannot be associated with disease
statistically; therefore, we excluded these variants from our data
set. Note that this filter does not exclude rare variants per se, as
variants rare in the general population may still be enriched in our
geographically isolated founder population.

Association analyses. We used PLINK (v.1.07)28 to fit a linear
regression model between genotypes and AAO of mild-cognitive
impairment (MCI) as a quantitative trait. We also examined a
model with covariate adjustment accounting for the number of
APOE ε4 alleles (0, 1 or 2). The primary determinants of statistical
power in GWAS include sample size and the frequency and effect
size of the contributing variants. To address the small sample size
in this study, we considered the significance threshold in a few
ways. In the most conservative approach, we applied a Bonferroni-
adjusted significance level of Po5E− 08 to determine genome-
wide significance. Another approach is to apply a threshold based
on the effective number of independent tests. This threshold has
been estimated at Po7.2E− 08 for European populations.29

Table 1. Demographics and clinical characteristics of UCSF
Alzheimer's Disease Cohort

UCSF Alzheimer's Disease Cohort: participant
characteristics

Mean (or proportion)
(s.d.)

Age 67.8 (10.07)
Age at onset 62.9 (9.70)
Age at onset to plasma draw (age gap)a 4.89 (2.91)
Gender (% female) 54%
Education (years) 16.5 (2.35)
MMSE 22.25 (6.11)
CDR 0: 2%

0.5: 52%
1.0: 36%
2.0: 10%

APOE status ⩾ 1 ε4 alleles: 49%
No ε4 allele: 51%

Eotaxin levels (pgml−1) 173.2 (65.31)

Abbreviations: APOE, apolipoprotein E; CDR, Clinical Dementia Rating Scale;
MMSE, Mini Mental State Examination; UCSF, University of California San
Francisco. aNumber of years from age of onset until time of plasma draw.
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Because all carriers of the causal PSEN1 E280A mutation in the
Colombian Alzheimer's cohort descended from a common
ancestor of European descent,20 applying this empirical threshold
is well justified in our cohort. Finally, we performed computationally
intensive permutation procedures based on swapping phenotype
labels to generate empirical P-values.
Given the recent founder effect of this population and similar

ancestry in this population, we did not adjust for population
stratification in our model. Also, with the high endogamy and
consanguinity in the cohort, we could not remove all related
individuals from the analysis without markedly reducing our
sample size. To address this, we performed association testing
with the Mendel software package (v.14.3) using the Ped-GWAS
option30 designed for use with a mixture of related and unrelated
individuals. We performed association testing with the permuta-
tion option (--perm 1 000 000) to generate empirical P-values. We
also conducted a separate linear regression analysis between
genotypes and AAO of dementia, although only 60 individuals
met inclusion criteria for this variable, limiting our sample size and
hence detection power.
For the UCSF cohort, we implemented a general linear model,

using AAO as the outcome variable, Clinical Dementia Rating
(CDR) and APOE genotype as covariates, and eotaxin-1 levels as
the primary predictor variable. We also controlled for patient age
by including a variable representing the difference between
disease onset and the age at which the samples were drawn
(referred to hereafter as an 'age gap' variable). Statistical analyses
were performed using the SAS software (SAS Institute, Cary,
NC, USA).

CCL11 secretion assay. To determine the effect of the CCL11 A23T
mutation on the secretion of this chemokine, wild-type and
mutant coding sequences (CDS) of CCL11 (NM_002986) encoding
the eotaxin precursor protein were cloned into a mammalian
expression vector containing GFP (pEGFP-N1) and verified by
Sanger sequencing. Four million HEK-293T cells were seeded onto
a 10-cm dish the day before transfection with 8 μg of expression
vector. Media were changed after 12 h, and the supernatant was
collected 24 h after this for analysis. Transfections were performed
in biological quadruplicate for each construct.

Genotyping. TaqMan single-nucleotide polymorphism (SNP)
genotyping assays (Applied Biosystems, Foster City, CA, USA) for
rs1129844 and rs9909184 and APOE were performed on genomic
DNA extracted from the UCSF cohort.

ELISA measurements of eotaxin-1 levels in UCSF cohort. Following
collection, each blood sample was centrifuged at 2000 g for
15min at 4 °C with the resultant plasma divided into 500 μl
aliquots and stored at − 80 °C. All assays were conducted following
the manufacturer’s protocol for Human Chemokine Panel 1V-PLEX
Plus Kit (Meso Scale Diagnostics, Rockville, MD, USA). Each
multiplex array was scanned using an MESO QuickPlex SQ 120
(Meso Scale Diagnostics, Rockville, MD, USA). Manufacturer
supplied software (Discover Workbench 4.0) was used to quantify
the concentration of eotaxin-1 based on sample dilution and
relative to the supplied in-assay standard curve. Nominal recovery
for control eotaxin-1 levels remained between 111 and 120% with
a coefficient of variation o10%. Eotaxin-1 coefficient of variation
remained below 10% for 91%, and below 20% for 98% across all
patient samples. Standard curve coefficients of variation for
patient sample detection range remained below 10% with
standard sample recovery at 100% (±5%) across all plates.

Functional variant prediction in the extremes for AAO. Individuals
whose AAO manifests at the extremes of the trait distribution in
the Antioquian familial AD kindred may harbor large-effect
genetic variants modulating AAO that can be bioinformatically

identified.31 Therefore, we categorized each individual as early- or
late-onset for MCI if their AAO exceeded 1 s.d. of the population
mean onset, in either direction. This threshold-based approach
resulted in 12 and 16 individuals being classified as early and late
onset, respectively, for MCI. We filtered the observed genetic
variants by their frequency among early- and late-onset
individuals, requiring the presence of a variant in at least four
individuals of one category and its absence from the other group.
These filters yielded 23 726 variants, which we then annotated

using ANNOVAR.32 Only 121 variants fell within protein-coding
regions. We further filtered these variants based on their
mappability scores and their false-positive rates in other whole-
genome sequencing studies. We used Kaviar to assess the
frequency of variants in the general population.33 None of the
coding variants were predicted to cause protein truncation
(nonsense variants) or frameshifts. Rather they encoded substitu-
tions including 26 nonsynonymous variants. The nonsynonymous
variant class of mutations comprises the majority of variants
underlying human inherited disease,34 and may affect protein
function. We predicted whether the identified nonsynonymous
variants were likely to be deleterious to protein function using the
SIFT35 and CADD36 algorithms, which are based on a variety of
metrics including sequence conservation across species. An
overview of these filtering steps is depicted in Supplementary
Figure 2.

RESULTS
Association of a novel locus on chromosome 17 modifying
Alzheimer's AAO
Association analysis revealed a cluster of single-nucleotide
variants comprising a haplotype on chromosome 17 approaching
genome-wide significance for association with AAO of MCI (best
P-value 6.43E− 08). This P-value is genome-wide significant at the
empirical threshold for European populations29 and was well
supported by association of multiple variants in the region
(Figure 1 and Supplementary Table 1). Adjusted for APOE status,
the regression model identified the same peak at chromosome 17
and improved the best P to a genome-wide significant 4.85E− 08.
APOE ε4 was not significant in this model. Permutation testing
empirically supported the chromosome 17 peak as the top
associated locus in our study (P= 1E− 06, the lowest achievable
P-value; Supplementary Table 2). The regression model using AAO
of dementia as the trait of interest also indicated this same region
as the top hit, although the overall P-value was increased as a
result of the diminished sample size for this variable (Supplementary
Table 3). The Mendel software program, accounting for related-
ness among the samples, identified the same locus as the top
associated region in this study and achieved genome-wide
significance (P= 2.86E− 08; Supplementary Table 4). Remarkably,
the effect size of this haplotype was almost 10 years of delayed
onset in carriers. Average AAO of MCI in carriers of the protective
haplotype was 51.0 ± 5.2 years compared with non-carriers age at
MCI 41.1 ± 7 years (mean± s.d.) (Figure 2).
Examination of the regional association plot on chromosome 17

revealed that the associated haplotype spans several chemokines,
including some proinflammatory factors reported to be elevated
in AD (Figure 3).37 One chemokine subfamily, the monocyte
chemoattractant proteins (MCPs), is implicated in neuronal death
during sustained inflammation.38 Four major MCPs reside within
the genomic neighborhood associated in this study—MCP1
encoded by the CCL2 gene, MCP2 encoded by CCL7 gene, MCP3
encoded by CCL8 gene and MCP4 encoded by CCL13 gene. Two
additional genes in this locus include CCL1, encoding a
well-characterized proinflammatory chemokine,39 and CCL11,
which encodes eotaxin-1, a chemokine whose serum and
cerebrospinal fluid levels increase with age and correlate with
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reduced neurogenesis,40 making it a promising candidate for
modifying Alzheimer's AAO.
To identify the genetic variants potentially causal for the large-

effect size of the association peak, we functionally annotated all
single-nucleotide variants in linkage disequilibrium with our
association peak. The haplotype associated with AAO of MCI
comprises 22 single-nucleotide variants spanning almost 80 kb
(Figure 3 and Supplementary Table 5). Of these, the only single-
nucleotide variant located within the coding portion of a gene,
rs1129844 (NG_012212.1:g.5208G4A, NP_002977.1:p.Ala23Thr),
encodes an alanine-to-threonine missense polymorphism at
codon 23 in eotaxin-1 (CCL11 A23T). This missense polymorphism
lies directly at the signal peptide cleavage site of the eotaxin-1
precursor protein and is predicted to alter its cleavage in silico
(Supplementary Figure 3).41 Differential secretion of mutant and
wild-type eotaxin-1 in HEK-293T cells suggests that this mutation
may enhance the secretion of eotaxin-1 (Supplementary Figure 3).

Association of eotaxin-1 levels with Alzheimer's AAO and effect of
the associated haplotype on eotaxin-1 levels in sporadic AD
A prerequisite for generalizability of our results is the presence of
this allele in the general population. Within the Colombian data

set, rs1129844 (G4A) was observed with a minor allele frequency
of 0.14. In the general population, the minor allele frequency for
rs1129844 is identical (0.14), making this variant a fairly common
polymorphism with a prevalence in the general population
matching that of APOE ε4 (minor allele frequency = 0.15). Given
the presence of this haplotype in the general population, we
tested whether plasma levels of eotaxin-1 correlate with AAO in an
independent Alzheimer's cohort at the UCSF Memory and Aging
Center (n= 152). After controlling for CDR, APOE ε4 genotype and
the age gap variable, we found that higher plasma eotaxin-1 levels
were significantly correlated with higher AAO (F(6, 145) = 2.81;
P= 0.012; β= 0.0252, s.e. = 0.0122; t-value = 2.07, F-test for
linear regression). APOE ε4 genotype was not significant in
this model.
Finally, we asked whether the haplotype identified in the

Antioquian early-onset Alzheimer's cohort affects eotaxin-1 levels
in the UCSF Memory and Aging Center Alzheimer's cohort. In
agreement with previous studies,40 eotaxin-1 levels increased with
age in the total cohort. However, when we stratified these samples
by the presence of the onset-associated haplotype, we found that
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Figure 1. Manhattan plot of genome-wide association results for age of mild-cognitive impairment in our cohort. Red line indicates genome-
wide significance (Po5E− 08) and blue line indicates nominally associated loci (Po5E− 06).
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this haplotype decoupled the relationship between age and
plasma levels of eotaxin-1 (Figure 4). In other words, we observed
a linear increase in eotaxin-1 levels for non-haplotype carriers but
not for haplotype carriers. This decoupling suggests that this
haplotype exerts a complex regulatory effect on eotaxin-1 levels.
Although the age-associated increase in eotaxin-1 levels has been
correlated with reduced neurogenesis and memory impairment,40

eotaxin-1 may elicit a hormetic response curve with normal or
even neuroprotective effects within a certain interval, and
deleterious effects at higher levels. By abrogating the linear
increase between eotaxin-1 levels and age, the haplotype
identified in this study may effectively constrain eotaxin-1 levels
within this normal/protective realm. We observed a trend
toward a protective effect of the associated haplotype on AAO
in the UCSF cohort, although this effect was not significant
(Supplementary Figure 5).

In silico identification of functional variants in extreme onset
individuals
A complementary approach to association testing is bioinforma-
tically screening the catalog of genetic variation we generated
through whole-genome sequencing to identify putative functional
variants. This bioinformatic screen for functional variants present
in individuals at one extreme for AAO predicted eight variants to
be deleterious to protein function (SIFT score ⩽0.1) (Supplementary
Table 6). Among these was rs150955128 (NM_000418.3:c.554G4A,
NP_000409.1:p.Arg185His), an arginine-to-histidine amino-acid
substitution at codon 185 of the interleukin 4 receptor (IL4R).
The variant is present in seven of the late-onset genomes and
absent from the early-onset genomes. An additional 8
of the 72 PSEN1 mutation carriers also have this variant.
Of the predicted deleterious variants, carriers of rs150955128
displayed the largest difference in AAO versus non-carriers (50.5
versus 43.2 years), suggesting a protective effect in carriers of this
variant. This variant is present with a minor allele frequency
around 1% (G4A) but the Exome Aggregation Consortium
browser (http://exac.broadinstitute.org/) revealed that the variant
is largely restricted to Latino populations and virtually non-
existent in Asian, African or European populations. This finding
also underscores the importance of including racially and
ethnically diverse populations in GWAS.42

DISCUSSION
Through whole-genome sequencing of 72 individuals affected
with early-onset familial AD caused by an E280A mutation in

PSEN1, we have identified a haplotype on chromosome
17 associated with delayed AAO of MCI and dementia. The
identified haplotype spans several chemokines, including CCL2, a
proinflammatory chemokine implicated in the chronic neuroin-
flammation accompanying AD.18 In our study, the associated
haplotype confers ~ 10 years of protection against AD onset
among carriers in the Antioquian early-onset AD cohort. In the
general population, this haplotype is relatively common, with an
expected prevalence of around one in four people. Within this
haplotype, we identified a missense polymorphism in eotaxin-1
(CCL11 A23T) lying directly at the signal peptide cleavage site and
therefore we predict this variant may alter the cleavage
and secretion of this chemokine. Indeed, we found enhanced
secretion of the variant protein in an in vitro expression
study. Extensive pathological commonalities between the
Antioquian familial AD and the general form of the disease, and
the relatively common prevalence of the identified haplotype,
lend hope that this haplotype functions similarly (i.e., protectively)
in the general population. In the UCSF cohort, we observed a
protective trend for this haplotype on AAO, which requires a larger
sample to validate.
Eotaxin-1 levels increase throughout life and this increase is

correlated with reduced neurogenesis.40 This raises the intriguing
possibility that eotaxin-1 is a molecular effector of aging, the
largest risk factor for developing AD. Here we show that plasma
eotaxin-1 levels are correlated with AAO in an independent cohort
of Alzheimer's patients, implicating this chemokine as a novel
modulator of Alzheimer's AAO. Furthermore, carriers of the
chromosome 17 haplotype in the UCSF cohort did not exhibit
the typical increase of chemokine levels with age. As chemokines
mediate both neuroprotection and injury,43 we postulate a
hormesis response model for eotaxin-1 levels whereby low to
moderate levels of this chemokine elicit a normal or protective
response, but higher levels ultimately lead to neurodegeneration
and memory impairment. By decoupling eotaxin-1 levels from
age, the haplotype identified in this study may protect against the
deleterious effects accompanying high levels of this chemokine.
The protein product of CCL11 resulting from differential signal

peptide cleavage is predicted to retain additional amino-acid
residues at its N terminus, a key region specifying binding and
activity of chemokines.44 Recent structural studies have implicated
a critical role for this region of eotaxin-1 in binding and activation
of its receptor CCR3.45 Similar to other AD-associated immune-
response genes, this receptor is expressed highly in microglia.14

Therefore, it is reasonable to hypothesize altered eotaxin-1
signaling modulates neuroinflammation among carriers of the
CCL11 A23T mutation.
Individuals at the extremes of a trait distribution are likely to be

enriched for functional variants underlying that trait. Through
bioinformatic prediction of variants likely to alter gene function,
we identified a Latino-specific variant in IL4R enriched in the
latest-onset individuals in this study. Similar to the eotaxin-1
receptor, IL4R is also highly expressed in microglia14 and its ligand,
the anti-inflammatory cytokine interleukin-4, attenuates AD
symptoms in transgenic mice.46 Another ligand for IL4R is
interleukin-13. Taken together, interleukin-4 and interleukin-13
induce clearance of β-amyloid and improve memory in transgenic
mice.47 As these cytokines are known to cause the release
of eotaxin-1 in certain human cell types upon binding IL4R,48

we suggest that eotaxin-1 release may mediate β-amyloid
clearance. This finding thus dovetails with our implication of
eotaxin-1 in modulating AAO, and highlights cytokine-mediated
neuroinflammation as a promising pathway for therapeutic
intervention in AD.
Clarifying the precise relationship between the identified

haplotype and eotaxin-1 levels, and identifying the primary
cellular sources and regulators of this chemokine in both healthy
and diseased states, warrant further study. As the incidence of AD
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doubles approximately every 5 years,49 delaying the onset by this
amount would consequently halve the disease incidence. In this
study, we identified a protective haplotype conferring a ~ 10-year
protective effect in one monogenic early-onset Alzheimer's
population. Therapies based on this protective haplotype offer
the potential to reduce markedly the incidence of AD while
enhancing the quality of life of millions of individuals.
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