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IMPORTANCE Identification of genetic factors that interact with the apolipoprotein e4
(APOE4) allele to reduce risk for Alzheimer disease (AD) would accelerate the search for new
AD drug targets. Klotho-VS heterozygosity (KL-VSHET+ status) protects against
aging-associated phenotypes and cognitive decline, but whether it protects individuals who
carry APOE4 from AD remains unclear.

OBJECTIVES To determine if KL-VSHET+ status is associated with reduced AD risk and
β-amyloid (Aβ) pathology in individuals who carry APOE4.

DESIGN, SETTING, AND PARTICIPANTS This study combined 25 independent case-control,
family-based, and longitudinal AD cohorts that recruited referred and volunteer participants
and made data available through public repositories. Analyses were stratified by APOE4
status. Three cohorts were used to evaluate conversion risk, 1 provided longitudinal measures
of Aβ CSF and PET, and 3 provided cross-sectional measures of Aβ CSF. Genetic data were
available from high-density single-nucleotide variant microarrays. All data were collected
between September 2015 and September 2019 and analyzed between April 2019 and
December 2019.

MAIN OUTCOMES AND MEASURES The risk of AD was evaluated through logistic regression
analyses under a case-control design. The risk of conversion to mild cognitive impairment
(MCI) or AD was evaluated through competing risks regression. Associations with Aβ,
measured from cerebrospinal fluid (CSF) or brain positron emission tomography (PET), were
evaluated using linear regression and mixed-effects modeling.

RESULTS Of 36 530 eligible participants, 13 782 were excluded for analysis exclusion criteria or
refusal to participate. Participants were men and women aged 60 years and older who were
non-Hispanic and of Northwestern European ancestry and had been diagnosed as being
cognitively normal or having MCI or AD. The sample included 20 928 participants in
case-control studies, 3008 in conversion studies, 556 in Aβ CSF regression analyses, and 251
in PET regression analyses. The genotype KL-VSHET+ was associated with reduced risk for AD
in individuals carrying APOE4 who were 60 years or older (odds ratio, 0.75 [95% CI,
0.67-0.84]; P = 7.4 × 10−7), and this was more prominent at ages 60 to 80 years (odds ratio,
0.69 [95% CI, 0.61-0.79]; P = 3.6 × 10−8). Additionally, control participants carrying APOE4
with KL-VS heterozygosity were at reduced risk of converting to MCI or AD (hazard ratio, 0.64
[95% CI, 0.44-0.94]; P = .02). Finally, in control participants who carried APOE4 and were
aged 60 to 80 years, KL-VS heterozygosity was associated with higher Aβ in CSF (β, 0.06
[95% CI, 0.01-0.10]; P = .03) and lower Aβ on PET scans (β, −0.04 [95% CI, −0.07 to −0.00];
P = .04).

CONCLUSIONS AND RELEVANCE The genotype KL-VSHET+ is associated with reduced AD risk
and Aβ burden in individuals who are aged 60 to 80 years, cognitively normal, and carrying
APOE4. Molecular pathways associated with KL merit exploration for novel AD drug targets.
The KL-VS genotype should be considered in conjunction with the APOE genotype to refine
AD prediction models used in clinical trial enrichment and personalized genetic counseling.
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K lotho (KL) is a transmembrane protein and longevity
factor implicated in reducing aging-associated pheno-
types and cognitive decline.1,2 Two KL missense vari-

ants (F352V [rs9536314] and C370S [rs9527025]), in perfect
linkage disequilibrium, form a functional haplotype known as
KL-VS. Specifically, heterozygosity for KL-VS (KL-VSHET+ sta-
tus) has been shown to increase serum levels of KL and exert
protective effects on healthy aging and longevity when com-
pared with individuals who are homozygotes for the major or
minor alleles (KL-VSHET−).2-5 It currently remains unclear if KL-
VSHET+ status also provides protection against aging-
associated neurodegenerative disorders, such as Alzheimer dis-
ease (AD).

The apolipoprotein E4 (APOE4) allele is the strongest ge-
netic risk factor for late-onset AD.6 The most established patho-
genic effect of APOE4 is β-amyloid (Aβ) accumulation in the
brain, which correlates with decreased Aβ in the cerebrospi-
nal fluid (CSF).7,8 Brain Aβ accumulation likely represents a cen-
tral early step in AD pathogenesis9; Aβ accumulates before
symptom onset in individuals during early old age (60-80
years) before it reaches plateau levels and individuals con-
vert to experiencing mild cognitive impairment (MCI) and/or
AD.10-12 Over this age range, Aβ accumulation and correlated
cognitive decline are most prominent in individuals who carry
APOE4.13-16 Similarly, during this time, APOE4 is most strongly
associated with AD risk.17-19 In the search for new AD drug tar-
gets, it is thus critical to identify genetic factors that interact
with APOE4 to reduce risk for AD by lowering Aβ burden.20

Two recent studies evaluated whether KL-VSHET+ status
confers protection against AD in individuals who were cogni-
tively normal. One cohort study21 (N = 309; mean age, 61 years)
showed that KL-VSHET+ status reduced Aβ burden in individu-
als who carry APOE4. The second cohort study22 (N = 581;
mean age, 71 years) showed that KL-VSHET+ did not protect
against cognitive decline, and this was not modulated by
APOE4 status. Here, we test on a larger scale and across the
age span older than 60 years whether KL-VSHET+ status is as-
sociated with reduced risk for AD and conversion to MCI or AD.
We also reevaluate in larger samples the putative protective
association of KL-VSHET+ status with Aβ burden assessed by CSF
and positron emission tomography (PET) scanning mea-
sures. Similar to the prior studies, we stratified analyses by
APOE4 status to determine if the associations of KL-VS with
outcome measures are specific to individuals who carry APOE4.
Because the role of APOE4 in AD is most pronounced be-
tween age 60 to 80 years and genetic risk varies importantly
in relatively younger individuals (60-80 years) compared with
older individuals (≥80 years),23 we also tested the hypothesis
that the associations of KL-VSHET+ status with AD risk would
differ between those aged 60 to 80 years and those older than
80 years.

Methods
Ascertainment of Genotype and Phenotype Data
Twenty-two late-onset AD cohorts with genotype data were
used for case-control analyses (Table 1).24-38 Ascertainment and

collection of genotype and phenotype data for each cohort are
summarized in the eMethods in the Supplement and de-
scribed in detail elsewhere.38 The National Alzheimer Coor-
dinating Center’s Alzheimer’s Disease Center data sets 1 through
7 (NACC [ADC1-7]) and the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) and Religious Orders Study and Memory
and Aging Project (ROSMAP) longitudinal cohorts provided data
on the age at MCI or AD diagnosis and were used in conversion-
risk analyses. Genotyping was performed using various high-
density single-nucleotide variant (formerly single-
nucleotide polymorphism) microarrays across cohorts (eTable 1
in the Supplement). Participants or their caregivers provided
written informed consent in the original studies.

The current study protocol was granted an exemption by
the Stanford University institutional review board because the
analyses were carried out on deidentified, off-the-shelf data.
Further informed consent was therefore not required.

The ADNI cohort provided longitudinal measures of Aβ42
in CSF and Aβ aggregates in the brain from florbetapir PET24

(with sample and image processing described elsewhere39,40).
For Aβ levels on PET scans, we investigated standardized up-
take value ratios (referenced to the cerebellum) in a set of brain
regions (composite regions of interest: parietal, temporal, fron-
tal, and cingulate cortices) commonly affected by amyloid
pathology.41,42 Associations with CSF Aβ42 were also evalu-
ated in 3 cross-sectional cohorts that are available through Na-
tional Institute on Aging Genetics of Alzheimer’s Disease Data
Storage Site (NIAGADS). The cohorts’ genetic data and CSF mea-
sures were made publicly available on NIAGADS as part of the
data sharing associated with an article by Cruchaga et al.43 Both
the genetic data and CSF measures were processed in the Cru-
chaga et al article43 and made available under their processed
format. All data were collected between September 2015 and
September 2019.

The conversion and Aβ analyses used cohorts that are
largely overlapping with the main case-control analysis. Thus,
these should be considered supportive rather than fully inde-
pendent analyses.

Key Points
Question Does Klotho-VS heterozygosity protect against
Alzheimer disease (AD) in individuals who carry APOE4?

Findings In this study, associations were evaluated across 22 AD
cohorts (n = 20 928), 3 longitudinal cohorts (n = 3008), and 4
cohorts collecting β-amyloid measurements (cerebrospinal fluid,
n = 556; brain, n = 251). In individuals who carry APOE4, Klotho-VS
heterozygosity was associated with reduced AD risk and more
favorable β-amyloid profiles in the brain and cerebrospinal fluid of
older control participants. Klotho-VS heterozygosity was also
associated with reduced AD conversion risk in individuals who
carry APOE4.

Meaning Pathways associated with KL merit exploration for novel
AD drug targets, and the KL-VS genotype should be considered in
conjunction with APOE genotype to refine prediction models used
in clinical trial enrichment.
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Genetic Data Quality Control and Processing
Genetic data underwent standard quality control (Plink ver-
sion 1.9 [the Laboratory of Biological Modeling and the Pur-
cell Lab]), imputation, and ancestry determination (SNP-
weights version 2.1 [T. H. Chan School of Public Health at
Harvard University]; eFigure 1 in the Supplement).44-46 To ob-
tain the largest and most homogeneous sample, only non-
Hispanic individuals of Northwestern European ancestry were
selected. Principal component analysis of genotyped single-
nucleotide variants was performed to obtain principal com-
ponents that capture population substructure (eFigure 2 in the
Supplement). Participants’ relatedness was estimated from
identity-by-descent analysis. If samples were from related in-
dividuals (identity-by-descent value ≥0.25; ie, second-
degree relatives), only a single participant per relatedness clus-
ter was used. Detailed descriptions of processing procedures
and inclusion criteria are in the eMethods and eTable 2 in the
Supplement.

Statistical Analyses
We evaluated the association of KL-VSHET+ status with (1) rela-
tive risk for AD, (2) absolute risk of converting from being cog-
nitively normal to having MCI or AD, and (3) Aβ levels. All analy-
ses were stratified by groups who carried APOE4 (APOE-24/
34/44) and did not carry APOE4 (APOE-22/23/33). Associations
with AD risk and Aβ were evaluated across 3 age ranges: 60
years and older, 60 to 80 years, and 80 years and older. The
full sample of those 60 years and older represents the pri-
mary analyses. The groups aged 60 to 80 years and 80 years
or older were used to test the secondary hypothesis that out-
comes of KL-VS status differ across age. Associations with con-
version risk were evaluated in the full sample of individuals
60 years and older, whereas age stratification was not needed
in these time-to-event analyses. We also evaluated the for-
mal interaction of APOE4 with KL-VSHET+ status in analyses that
additionally included APOE4 and APOE4 × KL-VSHET interac-
tions as model covariates. Outcomes were evaluated per co-
hort and combined using inverse-variance–weighted meta-
analysis. In all models, we adjusted the outcome measure for
sex and the first 3 genetic principal components. For associa-
tions with AD risk and Aβ, we also adjusted for age, even within
age-stratified groups, to account for remaining age-
associated outcomes. Associations were considered signifi-
cant at a threshold P value of less than .05 (2-tailed).

A schematic overview of all analyses is provided in eFig-
ure 3 in the Supplement. The association between KL-VSHET+

status and AD risk was evaluated using logistic regression analy-
sis under a case-control design. When multiple age data were
available, we prioritized age at onset (AAO) above age at ex-
amination, which was itself prioritized above age at death in
affected individuals, and we prioritized age at death above age
at last examination in control participants (Table 1). This pri-
ority ranking is consistent with prior AD studies34,38 and re-
flects the reasoning that AAO best marks the advent of patho-
logical changes, while age at death in control participants marks
the total time spent without cognitive impairment. Associa-
tion between KL-VSHET+ status and absolute risk of conver-
sion to MCI or AD, accounting for death as a competing risk,

was evaluated using competing risk regression.47,48 In com-
peting risk regression, we also adjusted for years of educa-
tion, which was available for most participants in cohorts with
conversion data. Participants were required to be cognitively
normal at baseline and have at least 3 years of follow-up.49-51

Conversions were defined as the first clinical diagnosis of MCI
or AD, while participants who were cognitively normal and did
not convert or die were censored. Association testing with Aβ
levels was restricted to control participants, as in prior
studies.21,22 Associations between KL-VSHET+ status and Aβ
measures in the ADNI study were evaluated by linear mixed-
effects analysis to take into account the correlation between
multiple measurements within each participant, addition-
ally adjusting for diagnosis and participant as a random ef-
fect. The diagnosis term dealt with reversions from having MCI
to being cognitively normal. Associations with Aβ CSF in the
Cruchaga et al43 sample were evaluated by means of multiple
linear regression, additionally adjusting for cohort (eMethods
in the Supplement).

To evaluate and quantify potential cohort bias, case-
control and conversion risk analyses were repeated using mega-
analyses that included the cohort as a covariate. To evaluate
potential bias attributable to the heterogeneity in age infor-
mation across different cohorts (Table 1), case-control analy-
ses were repeated using only cases that had AAO data avail-
able (n = 7994). To increase the reliability of age at diagnosis,
conversion risk analyses were repeated requiring 4 and 5 years
of minimal follow-up.49-51 In addition, we performed regres-
sion analyses to validate whether the association of APOE4 with
risk for AD differs across age groups (60-80 years vs ≥80 years)
and if APOE4 status affects AAO. All analyses were per-
formed in R version 3.6.0 (nlme, metaphor, and cmprsk pack-
ages; R Foundation for Statistical Computing) between April
2019 and December 2019. Additional details for model/
inclusion criteria are in the eMethods in the Supplement.

Results
KL-VS Heterozygosity and AD Risk per APOE4 Status
We evaluated the association of KL-VSHET+ status with AD risk
by meta-analyzing across 22 AD cohorts (Table 1). We investi-
gated 3 different age ranges, stratified by APOE4 status
(Table 2). While KL-VSHET+ status is associated with de-
creased risk for AD in participants who carry APOE4 across the
entire age range of those 60 years and older (odds ratio [OR],
0.75 [95% CI, 0.67-0.84]; P = 7.4 × 10−7), the outcome was
driven mainly by the group aged 60 to 80 years (OR, 0.69 [95%
CI, 0.61-0.79]; P = 3.6 × 10−8), with no significant association
observed in the group 80 years and older (OR, 0.99 [95% CI,
0.77-1.27]; P = .94). There was no association found in any
APOE4-negative group. The interaction between KL-VSHET+ sta-
tus and APOE4 status for AD risk in the group aged 60 to 80
years was significant and protective (OR, 0.76 [95% CI, 0.66-
0.89]; P = 3.9 × 10−4). Forest plots in eFigure 4 in the
Supplement show high cohort homogeneity of KL-VSHET+ sta-
tus association patterns in individuals who carry APOE4.
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In sensitivity analyses, results were highly consistent when
cohorts were combined through mega-analysis (eTable 3 in the
Supplement). Additionally, given that 25.4% of cases did not
have AAO data provided (Table 1), we repeated analyses using
only affected individuals with AAO data and all control par-
ticipants (eTables 4 and 5 in the Supplement). Despite smaller
sample sizes, the protective association of KL-VSHET+ status
with AD in individuals carrying APOE4 was even more pro-
nounced and remained strongest in the group of individuals
who carried APOE4 and were between 60 and 80 years (meta-
analysis; OR, 0.64 [95% CI, 0.55-0.74]; P = 4.0 × 10−9). In ad-
dition, we confirmed that, as expected, the association be-
tween APOE4 positivity and AD risk was stronger in those aged
60 to 80 years (OR, 5.79 [95% CI, 5.38-6.23]) compared with
those 80 years or older (OR, 2.97 [95% CI, 2.63-3.35];
P < 2.2 × 10−16). Participants who carried APOE4 also had re-
duced AAO (mean [SD] age, 72.0 [6.7] years) compared with
participants who did not carry APOE4 (mean [SD] age, 76.1 [8.1]
years; P < 2.2 × 10−16).

KL-VSHET+ Status and Risk of Conversion to MCI or AD in
Individuals Stratified by APOE4 Status
We then assessed the association of KL-VSHET+ status with risk
for conversion to MCI or AD. Meta-analysis across the 3 inves-
tigated cohorts (eTable 6 in the Supplement) showed a signifi-
cant protective association of KL-VSHET+ status with conver-
sion risk in those who carry APOE4 (hazard ratio [HR], 0.64
[95% CI, 0.44-0.94]; P = .02) but not in participants who did
not carry APOE4 (HR, 1.06 [95% CI, 0.81-1.37]; P = .69; eTable 7
in the Supplement). The interaction between KL-VSHET+ sta-
tus and APOE4 status was significant and protective (HR, 0.62
[95% CI, 0.39-1.00]; P = .048). Figure 1 shows the cumulative
conversion risk across the age span, where the protective as-
sociation of KL-VSHET+ status in the group with APOE4 begins
around 77 years of age. Forest plots in eFigure 5 in the

Supplement and cumulative risk plots in eFigure 6 in the
Supplement show that these association and interaction pat-
terns are consistent across all 3 cohorts. In sensitivity analy-
ses, these findings remained consistent when evaluated
through mega-analysis and after requiring minimum fol-
low-up times of 4 or 5 years (eTable 8 in the Supplement).

We additionally evaluated the association of KL-VSHET+ sta-
tus with conversion from being cognitively normal or having
MCI to having AD (eTables 9 and 10 and eFigure 7 in the Supple-
ment). The KL-VSHET+ status reduced conversion risk in the
group carrying APOE4 (HR, 0.81 [95% CI, 0.66-1.00]; P = .047)
but not in the group without APOE4 (HR, 1.12 [95% CI, 0.78-
1.61]; P = .99). These outcomes were consistent for a mini-
mum of 4 years and 5 years of follow-up. The interaction of
KL-VSHET+ status with APOE4 status was protective but sig-
nificant only for patients with a minimum of 5 years of fol-
low-up (HR, 0.68 [95% CI, 0.49-0.95]; P = .02; eTable 9 in the
Supplement).

KL-VSHET+ Status and Aβ in Control Participants Aged 60 to
80 Years Stratified by APOE4 Status
Similar to AD risk analyses, we evaluated whether there was
an age-dependent association of KL-VSHET+ status with Aβ CSF
levels. In the age range of 60 to 80 years, KL-VSHET+ status was
significantly associated with increased Aβ CSF levels in con-
trol participants carrying APOE4 (β, 0.06 [95% CI, 0.01-0.10],
P = .03) but not in control participants without APOE4 (β, 0.04
[95% CI, −0.02 to 0.09]; P = .22; Figure 2A). In the full age range
(≥60 years), this association was not significant in control par-
ticipants carrying APOE4 (β, 0.02 [95% CI, −0.03 to 0.06];
P = .50) or control participants without APOE4 (β, 0.02 [95%
CI, −0.03 to 0.07]; P = .44; eFigure 8 in the Supplement). For-
est plots in eFigure 9 in the Supplement show consistent as-
sociations for both cohorts in those aged 60 to 80 years who
carried APOE4. Finally, we evaluated the association of KL-

Table 2. Association of Klotho-VS Heterozygosity (KL-VSHET+) Status With Alzheimer Disease Status in Age and Apolipoprotein E4 (APOE4) Strataa

Group

Association between KL-VSHET+ and AD risk by APOE4 status Interaction between KL-VSHET+ and AD risk by APOE4 status

Control
participants with
KL-VSHET+ status,
No./total No. (%)

Participants with
AD with
KL-VSHET+ status,
No./total No. (%)

Odds ratio (95%
CI) P value

Control
participants
with KL-VSHET+

status, No./total
No. (%)

Participants
with AD with
KL-VSHET+

status, No./total
No. (%)

Odds ratio
(95% CI) P value

60-80 y

APOE4+ 528/1737 (30.4) 1475/5883
(25.1)

0.69
(0.61-0.79)

3.6 × 10−8 1694/6189
(27.3)

2137/8478
(25.2)

0.73
(0.61-0.87)

5.1 × 10−4

APOE4− 1166/4452 (26.2) 662/2595 (25.5) 0.98
(0.87-1.11)

.79 NA NA NA NA

≥80 y

APOE4+ 187/713 (26.2) 218/826 (26.4) 0.99
(0.77-1.27)

.94 972/3772
(25.9)

552/2053
(26.9)

0.92
(0.69-1.24)

.61

APOE4− 796/3090 (25.8) 339/1253 (27.1) 1.09
(0.93-1.28)

.28 NA NA NA NA

Full sample

APOE4+ 724/2488 (29.1) 1707/6752
(25.3)

0.75
(0.67-0.84)

7.4 × 10−7 2704/10 103
(26.8)

2718/10 631
(25.5)

0.76
(0.66-0.89)

3.9 × 10−4

APOE4− 1997/7670 (26.0) 1015/3906
(26.0)

1.01
(0.91-1.11)

.91 NA NA NA NA

Abbreviations: AD, Alzheimer disease; HET+, heterozygous; NA, not applicable.
a This Table shows the results of meta-analyses including cohorts with a minimal sample size of 50 that had both affected individuals and control participants.
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VSHET+ status with Aβ findings on PET in an AD-relevant brain
composite region of interest. Findings were highly consistent
with those for CSF levels; that is, KL-VSHET+ status signifi-
cantly decreased Aβ on PET in the group who were positive
for APOE4 and aged 60 to 80 years (β, −0.04 [95% CI, −0.07
to 0.00]; P = .04; Figure 2B) but not in those aged 60 to 80 years
who did not carry APOE4 (β, 0.00 [95% CI, −0.02 to 0.01];
P = .69) or either of the other groups aged 60 years or older
(eFigure 8 in the Supplement).

Additional Analyses
In addition to comparing participants with KL-VSHET+ status
vs KL-VSHET− status, we contrasted individuals with KL-
VSHET+ status vs those who did not carry KL-VS (eTables 11-15
in the Supplement). Results were highly consistent with the
main analyses but had slightly reduced effect sizes. Because

KL-VS homozygosity (KL-VSHOM) has been associated with
negative outcomes on life span,2 brain-aging resilience,52 and
cognition,4 we also evaluated individuals with KL-VSHOM sta-
tus compared with those who did not carry KL-VS (eTables 16-19
and eFigure 10 in the Supplement). In individuals who carry
APOE4, results were consistent, with KL-VSHOM status increas-
ing risk, but only conversion risk from being cognitively nor-
mal or having MCI to having AD reached nominal signifi-
cance. There were no significant results in participants who
did not carry APOE4. Finally, given the biological ambiguity
of individuals who carry APOE24 (both risk-increasing and de-
creasing alleles), we repeated analyses excluding these par-
ticipants (eTables 20-24 in the Supplement). Again, results were
highly consistent with the main analyses.

Figure 1. Risk of Conversion to Mild Cognitive Impairment or Alzheimer disease by Klotho-VS Heterozygosity Status, Stratified by APOE4 Status
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A, Individuals with apolipoprotein E4 (APOE4). The outcome of KL-VSHET+

status, as determined from competing risk regression analysis meta-analyzed
across 3 independent cohorts, is significant in individuals who carry APOE4
(hazard ratio, 0.64 [95% CI, 0.4-0.94]; P = .02). B, Individuals without APOE4

(hazard ratio, 1.06 [95% CI, 0.81-1.37]; P = .69). AD indicates Alzheimer disease;
HET+, heterozygosity; HET-, nonheterozygosity; MCI, mild cognitive
impairment.

Figure 2. Association of Klotho-VS Heterozygosity Status with β-Amyloid Levels in Control Participants 60 to
80 Years Old, Stratified by Apolipoprotein E4 (APOE4) Status
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Discussion

Our results demonstrate that KL-VSHET+ status was associ-
ated with reduced AD risk in individuals who carried APOE4,
and this was so mostly between 60 and 80 years. In this age
range, KL-VSHET+ status was also associated with lower Aβ bur-
den in individuals who are cognitively normal and carry
APOE4. Additionally, starting close to 80 years of age, control
participants who carried APOE4 and had KL-VSHET+ status were
at reduced risk of converting to MCI or AD.

To our knowledge, the current study is the largest to date
to evaluate a heterozygous genetic association with AD risk.
Specifically, we hypothesized that KL-VSHET+ status would re-
duce risk of AD in those who carried APOE4. Furthermore,
given that the genetic risk for AD attributable to APOE4 is higher
between 60 and 80 years of age,17-19 which was confirmed in
our case-control analysis in which the OR for APOE4 was al-
most 2-fold higher in the group 60 to 80 years old (OR, 5.8)
compared with those 80 years or older (OR, 3.0), we hypoth-
esized that the protective association of KL-VSHET+ status in
those with APOE4 would be strongest in the 60-year to 80-
year age range. We showed that protective outcomes of KL-
VSHET+ status on AD risk in those who carry APOE4 was highly
significant across the entire age range older than 60 years but
was considerably stronger between the ages of 60 and 80 years
and was not detectable in the ages 80 years and older. This age-
specific interaction of KL-VSHET+ status with APOE4 is also con-
sistent with recent work that showed how genome-wide risk
for AD differs between 60 and 80 years and those older than
80 years.43 The largest (to our knowledge) prior APOE4-
stratified genome-wide association study of AD did not stratify
by age and only evaluated additive genetic effects and so would
not have picked up the KL-VSHET+ status outcome identified
here.53

We then evaluated the association of KL-VSHET+ status with
conversion risk. In individuals who carry APOE4, KL-VSHET+

status reduced risk of conversion from cognitively normal sta-
tus to MCI or AD with a hazard ratio of approximately 0.65 and
from cognitively normal status or MCI to AD with a hazard ra-
tio of about 0.80. This suggests that the protective nature of
KL-VSHET+ status is stronger in control participants and dimin-
ishes in affected individuals who have already developed MCI.
Ascertainment differences across cohorts represent a source
of bias, but findings were consistent for both mega-analyses
and meta-analyses. Additionally, by restricting our analyses to
participants with a minimal follow-up time of 3, 4, or 5 years,
we could increase confidence in the age at diagnosis.49-51 For
each model that required 5 or more years of minimal follow-
up, we obtained significant results for KL-VSHET+ status in the
APOE4-positive groups and interactions of KL-VSHET+ status
with APOE4. Lastly, we could add years of education as a co-
variate in the conversion models, allowing us to account for
MCI or AD risk mitigation attributable to possible differences
in cognitive reserve.54

Notably, the difference in conversion risk between par-
ticipants who had KL-VSHET+ status vs those with KL-VSHET−

status who carried APOE4 became apparent around 80 years

of age. There are no prior reports on MCI or AD conversion risk
attributable to having KL-VSHET+ status to compare our find-
ings with. However, Porter et al22 examined individuals who
were cognitively normal with a mean age of 71 years and re-
ported there was neither an association of KL-VSHET+ status
with longitudinal measures of global cognition nor a modify-
ing association with APOE4 status. Other studies that evalu-
ated the association of KL-VSHET+ status with measures of cog-
nition in control participants did not directly investigate
interactions with APOE4 but did observe protective associa-
tions that were more pronounced closer to 80 years of age.3,5,55

Overall, our findings appear consistent with prior literature,
but further studies need to evaluate the interaction of age,
APOE4, and KL-VSHET+ status on cognition in control popula-
tions.

We observed significant protective interactions between
APOE4 status and KL-VSHET+ status for both risk of AD and risk
of conversion, whereas KL-VSHET+ status had no association
with outcome in individuals who did not carry APOE4. This
suggests that KL-VS interacts with aspects of AD pathology that
are more pronounced in those who carry APOE4, such as Aβ
accumulation during the presymptomatic phases of the dis-
ease. Our analyses of Aβ CSF and PET in control participants
with APOE4 between ages 60 and 80 years indeed confirmed
reduced Aβ burden attributable to KL-VSHET+ status. Erickson
et al21 reported similar results, in that those with KL-VSHET+ sta-
tus did not display the commonly expected difference in Aβ
burden (in CSF levels and on PET scanning) between control
participants with APOE4 vs without APOE4, but participants
who were KL-VSHET− did. All brain areas that we investigated
in the composite region of interest also displayed consistent
results in the study by Erickson et al. While Porter et al22 re-
ported there was no association of KL-VSHET+ status with cog-
nition, they did not directly evaluate associations with Aβ. In
that study,22 participants were classified as having low or high
amounts of Aβ based on brain Aβ levels on PET scans. When
we considered ratios of participants with low and high Aβ
amounts, as reported in Table 2 of their article,22 we could de-
rive risk estimates associated with high levels of Aβ for those
with KL-VSHET+ status and APOE4 (OR, 0.59) and without
APOE4 (OR, 0.82). These are similar to our finding that KL-
VSHET+ status reduced Aβ on PET in those who carry APOE4.
Overall, our findings associating KL-VSHET+ status with Aβ ap-
pear consistent with results in 2 prior, independent studies.

Reduced Aβ burden attributable to KL-VSHET+ status in con-
trol participants with APOE4 between ages 60 and 80 years
may provide an explanation for the age shift between our case-
control and conversion findings. The AD risk attributable to KL-
VSHET+ status in those who carry APOE4 was lower between
ages 60 and 80 years, where the age for cases mainly repre-
sented AAO (mean age, 72 years). Protective associations of KL-
VSHET+ status with conversion risk became apparent around
77 years of age, roughly indicating a 5-year shift between the
onset of symptoms and a formal diagnosis or conversion. Ab-
normal Aβ levels in control participants can precede conver-
sion by 5 to 10 years,10 suggesting that KL-VSHET+ status may
delay conversion by reducing Aβ levels. Currently, there is an
increasing need to identify risk factors that improve prognos-
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tication of AD conversion risk.56 These risk factors can be used
to stratify patients into high-risk groups who can be recruited
into clinical prevention trials to increase their statistical power
and efficiency. The APOE4 allele is a major genetic risk factor
used for AD trial enrichment.57 Our results suggest that for pre-
vention trials, it will help to further select control partici-
pants who have KL-VSHET− status and APOE4 (70% of the
sample), who appear more likely to convert to AD. On an in-
teresting, related matter, KL-VSHET+ status has been associ-
ated with increased serum levels of KL,3,52 while KL-VSHOM has
conversely been associated with decreased serum levels of
KL.52 Both studies further found direct correlations between
systemic KL levels and cognitive performance in mice3 and
brain aging resilience in humans.52 Additionally, CSF levels of
KL were shown to be lower in individuals with AD vs age-
matched participants who were cognitively normal.58 Com-
bined with our findings that KL-VSHET+ status is consistently
associated with reductions (and KL-VSHOM with increases) in
AD conversion risk, this suggests that systemic KL levels may
serve as a promising biomarker to help identify those who are
positive for APOE4 and at higher risk for developing AD.

Currently, there is no known mechanism by which KL-VS
interacts with APOE4 to modulate Aβ levels. Interestingly, KL
expression is regulated by amyloid precursor protein (APP).59

Furthermore, 3 enzymes linked to APP cleavage (a disinteg-
rin and metalloproteinase domain-containing proteins 10 and
17 [ADAM10 and ADAM17] and β-secretase 1 [BACE1]) also
cleave KL in the cell membrane leading to shedding of KL’s ex-
tracellular domain.60-62 In AD mouse models, therapies aimed
at increasing KL expression or KL cleavage were shown to re-
duce Aβ burden through autophagy-mediated clearance and
confer neuroprotection through increased expression of
ADAM10.63,64 Overall, this raises the intriguing possibility of
an interaction between APOE4, KL-VS, and the molecular APP
processing machinery that produces Aβ. Other studies, in ani-
mal models and humans, indicate that KL-VSHET+ status con-
fers resilience to brain-aging and cognitive aging,4,52,65,66 which

may also contribute to protective associations against AD. Al-
though lacking direct validation, our findings may also sug-
gest that individuals with KL-VSHET+ status are biologically
younger than those who have KL-VSHET− status. Indeed, pre-
vious studies reported both a slowed epigenetic age for indi-
viduals with KL-VS heterozygosity67 and a direct correlation
between telomerase activity and KL expression.68 Notably, KL-
VSHET+ status showed an age-specific association with AD here,
which is in line with prior findings on life span trajectories.2,69

Future studies will need to explore these promising research
avenues.

Limitations
One limitation for our analyses is the variability in age and di-
agnosis ascertainment across cohorts. However, we repeated
all tests using both meta-analyses and mega-analyses. We also
performed sensitivity analyses, including only individuals with
AD who had AAO data available. Our findings were highly con-
sistent across all models and displayed little to no heteroge-
neity, making it unlikely that the results were affected by co-
hort bias. The null findings in the groups 80 years and older
may, however, also be attributable to limited sample sizes in
this age stratum.

Conclusions
Overall, our findings suggest that KL-VSHET+, possibly by in-
creasing systemic KL levels, is associated with a protective out-
come against AD that manifests in participants who carry
APOE4 and are cognitively normal between the ages of 60 and
80 years. Our work paves the way for biological validation stud-
ies to elucidate the molecular pathways by which KL-VS and
APOE interact. Information on KL-VS status should also prove
useful in further refinement of genetic risk profiles for both
clinical trial enrichment and personalized genetic counsel-
ing.
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D. Pearlson, MD, Karen Blank, MD, and Karen
Anderson, RN; Dartmouth-Hitchcock Medical
Center, Lebanon, New Hampshire: Laura A.
Flashman, PhD, Marc Seltzer, MD, Mary L. Hynes,
RN, MPH, and Robert B. Santulli, MD (past
investigator); Wake Forest University Health
Sciences, Winston-Salem, North Carolina: Kaycee
M. Sink, MD, MAS, Mia Yang, MD, and Akiva Mintz,
MD, PhD; Rhode Island Hospital, Providence: Brian
R. Ott, MD, Geoffrey Tremont, PhD, and Lori A.
Daiello, Pharm.D, ScM; Butler Hospital, Providence,
Rhode Island: Courtney Bodge, PhD, Stephen
Salloway, MD, MS, Paul Malloy, PhD, Stephen
Correia, PhD, and Athena Lee, PhD; University of
California San Francisco, San Francisco: Howard J.
Rosen, MD, Bruce L. Miller, MD, David Perry, MD;
Medical University South Carolina, Charleston:
Jacobo Mintzer, MD, MBA, Kenneth Spicer, MD,
PhD, David Bachman, MD; St. Joseph’s Health Care,
London, Ontario, Canada: Elizabeth Finger, MD,
Stephen Pasternak, MD, Irina Rachinsky, MD, John
Rogers, MD, Andrew Kertesz, MD (past
investigator), and Dick Drost, MD (past
investigator); Nathan Kline Institute, Orangeburg,
New York: Nunzio Pomara, MD, Raymundo
Hernando, MD, and Antero Sarrael, MD; University
of Iowa College of Medicine, Iowa City: Delwyn D.
Miller, PharmD, MD, Karen Ekstam Smith, RN,
Hristina Koleva, MD, Ki Won Nam, MD, Hyungsub
Shim, MD, and Susan K. Schultz, MD (Past

Investigator); Cornell University, Ithaca, New York:
Norman Relkin, MD, PhD, Gloria Chiang, MD,
Michael Lin, MD, and Lisa Ravdin, PhD; University of
South Florida, USF Health Byrd Alzheimer’s
Institute, Tampa: Amanda Smith, MD, Christi Leach,
MD, Balebail Ashok Raj, MD (past investigator) and
Kristin Fargher, MD (past investigator).

DOD ADNI. Part A: Leadership and Infrastructure:
PI: Michael W. Weiner, MD (University of California,
San Francisco); ATRI PI and director of coordinating
center clinical core: Paul Aisen, MD (University of
Southern California, Los Angeles). Executive
committee: Michael Weiner, MD (University of
California San Francisco, San Francisco), Paul Aisen,
MD (University of Southern California, Los Angeles),
Ronald Petersen, MD, PhD (Mayo Clinic, Rochester,
Minnesota), Robert C. Green, MD, MPH (Brigham
and Women’s Hospital/Harvard Medical School,
Boston, Massachusetts), Danielle Harvey, PhD
(University of California Davis, Davis), Clifford R.
Jack Jr, MD (Mayo Clinic, Rochester, Minnesota),
William Jagust, MD (University of California
Berkeley, Berkeley), John C. Morris, MD
(Washington University in St Louis, St Louis,
Missouri), Andrew J. Saykin, PsyD (Indiana
University, Bloomington), Leslie M. Shaw, PhD
(Perelman School of Medicine, University of
Pennsylvania, Philadelphia), Arthur W. Toga, PhD
(University of Southern California, Los Angeles),
and John Q. Trojanowki, MD, PhD (Perelman School
of Medicine, University of Pennsylvania,
Philadelphia); Psychological Evaluation/
Post-traumatic Stress Disorder Core: Thomas
Neylan, MD (University of California San Francisco,
San Francisco); Traumatic brain injury core: Jordan
Grafman, PhD (Rehabilitation Institute of Chicago,
Feinberg School of Medicine, Northwestern
University, Chicago, Illinois); Data and Publication
Committee: Robert C. Green, MD, MPH (Chair)
(Brigham & Women’s Hospital/Harvard Medical
School, Boston, Massachusetts); Resource
Allocation Review Committee: Tom Montine, MD,
PhD (Chair) (University of Washington, Seattle);
Clinical Core Leaders: Michael Weiner, MD (Core PI),
Ronald Petersen, MD, PhD (Core PI) (Mayo Clinic,
Rochester, Minnesota), and Paul Aisen, MD
(University of Southern California, Los Angeles);
Clinical Informatics and Operations: Gustavo
Jimenez, MBS, Michael Donohue, PhD, Devon
Gessert, BS, Kelly Harless, BA, Jennifer Salazar,
MBS, Yuliana Cabrera, BS, Sarah Walter, MSc,
Lindsey Hergesheimen, BS (University of Southern
California, Los Angeles); San Francisco Veterans
Affairs Medical Center, San Francisco, California:
Thomas Neylan, MD, Jacqueline Hayes, and
Shannon Finley (University of California San
Francisco, San Francisco); Biostatistics Core Leaders
and Key Personnel: Danielle Harvey, PhD (Core PI)
(University of California Davis, Davis) and Michael
Donohue, PhD (University of California San Diego,
San Diego); Magnetic resonance imaging core
leaders and key personnel: Clifford R. Jack Jr, MD
(Core PI) (Mayo Clinic, Rochester, Minnesota),
Matthew Bernstein, PhD (Mayo Clinic, Rochester,
Minnesota), Bret Borowski, RT (Mayo Clinic), Jeff
Gunter, PhD (Mayo Clinic), Matt Senjem, MS (Mayo
Clinic), Kejal Kantarci (Mayo Clinic), and Chad Ward
(Mayo Clinic); Positron emission tomography core
leaders and key personnel: William Jagust, MD
(Core PI) (University of California Berkeley,
Berkeley), Robert A. Koeppe, PhD (University of
Michigan, Ann Arbor), Norm Foster, MD (University
of Utah, Salt Lake City), Eric M. Reiman, MD (Banner

Alzheimer’s Institute, Phoenix, Arizona), Kewei
Chen, PhD (Banner Alzheimer’s Institute, Phoenix,
Arizona), and Susan Landau, PhD (University of
California Berkeley, Berkeley); Neuropathology
Core Leaders: John C. Morris, MD, Nigel J. Cairns,
PhD, and Erin Householder, MS (Washington
University in St Louis, St Louis, Missouri);
Biomarkers Core Leaders and Key Personnel: Leslie
M. Shaw, PhD, John Q. Trojanowki, MD, PhD,Virginia
Lee, PhD, MBA, Magdalena Korecka, PhD, and
Michal Figurski, PhD (Perelman School of Medicine,
University of Pennsylvania, Philadelphia);
Informatics core leaders and key personnel: Arthur
W. Toga, PhD (Core PI), Karen Crawford, and Scott
Neu, PhD (University of Southern California, Los
Angeles); Genetics Core Leaders and Key
Personnel: Andrew J. Saykin, PsyD, Tatiana M.
Foroud, PhD, Li Shen, PhD, Kelley Faber, MS, CCRC,
Sungeun Kim, PhD, and Kwangsik Nho, PhD
(Indiana University, Bloomington) and Steven
Potkin, MD (University of California Irvine, Irvine);
Initial concept planning & development: Michael W.
Weiner, MD (University of California San Francisco,
San Francisco) and Karl Friedl (Retired)
(Department of Defense). Part B: Investigators by
site: University of Southern California, Los Angeles:
Lon S. Schneider, MD, MS, Sonia Pawluczyk, MD,
and Mauricio Becerra; University of California, San
Diego, San Diego: James Brewer, MD, PhD, and
Helen Vanderswag, RN; Columbia University
Medical Center, New York, New York: Yaakov Stern,
PhD, Lawrence S. Honig, MD, PhD, and Karen L.
Bell, MD; Rush University Medical Center, Chicago,
Illinois: Debra Fleischman, PhD, Konstantinos
Arfanakis, PhD, and Raj C. Shah, MD; Wien Center,
Miami, Florida: Ranjan Duara, MD (PI), Daniel Varon,
MD (Co-PI), and Maria T. Greig (HP Coordinator);
Duke University Medical Center, Durham, North
Carolina: P. Murali Doraiswamy, MBBS, Jeffrey R.
Petrella, MD, and Olga James, MD; University of
Rochester Medical Center, Rochester, New York:
Anton P. Porsteinsson, MD, Bonnie Goldstein, MS,
NP, and Kimberly S. Martin, RN; University of
California Irvine, Irvine: Steven G. Potkin, MD,
Adrian Preda, MD, and Dana Nguyen, PhD; Medical
University South Carolina, Charleston: Jacobo
Mintzer, MD, MBA, Dino Massoglia, MD, PhD, and
Olga Brawman-Mintzer, MD; Premiere Research
Institute, Palm Beach Neurology, Palm Beach,
Florida: Carl Sadowsky, MD, Walter Martinez, MD,
and Teresa Villena, MD; University of California, San
Francisco, San Francisco: William Jagust, MD, Susan
Landau PhD, Howard Rosen, MD, and David Perry;
Georgetown University Medical Center,
Washington, DC: Raymond Scott Turner, MD, PhD,
Kelly Behan, and Brigid Reynolds, NP; Brigham and
Women's Hospital, Boston, Massachusetts: Reisa A.
Sperling, MD, Keith A. Johnson, MD, and Gad
Marshall, MD; Banner Sun Health Research
Institute, Sun City, Arizona: Marwan N. Sabbagh,
MD Sandra A. Jacobson, MD, and Sherye A. Sirrel,
MS, CCRC; Howard University, Washington, DC:
Thomas O. Obisesan, MD, MPH, Saba Wolday, MSc,
and Joanne Allard, PhD; University of Wisconsin:
Sterling C. Johnson, PhD, J. Jay Fruehling, MA, and
Sandra Harding, MS; University of Washington,
Seattle: Elaine R. Peskind, MD, Eric C. Petrie, MD,
MS, and Gail Li, MD, PhD; Stanford University,
Stanford, California: Jerome A. Yesavage, MD, Joy
L. Taylor, PhD, Ansgar J. Furst, PhD, and Steven
Chao, MD; Cornell University, Ithaca, New York:
Norman Relkin, MD, PhD, Gloria Chiang, MD, and
Lisa Ravdin, PhD. ADNI Depression. Part A:
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Leadership and Infrastructure: PI: Scott Mackin,
PhD (University of California, San Francisco, San
Francisco); ATRI PI and Director of Coordinating
Center Clinical Core: Paul Aisen, MD (University of
Southern California, Los Angeles), Rema Raman,
PhD (University of Southern California, Los
Angeles); Executive Committee: Scott Mackin,
PhD(University of California San Francisco, San
Francisco), Michael Weiner, MD (University of
California San Francisco, San Francisco) Paul Aisen,
MD (University of Southern California, Los Angeles),
Rema Raman, PhD (University of Southern
California, Los Angeles), Clifford R. Jack Jr, MD
(Mayo Clinic, Rochester, Minnesota), Susan Landau,
PhD (University of California Berkeley, Berkeley),
Andrew J. Saykin, PsyD (Indiana University,
Bloomington), Arthur W. Toga, PhD (University of
Southern California, Los Angeles), Charles DeCarli,
MD (University of California Davis, Davis), Robert A.
Koeppe, PhD (University of Michigan, Ann Arbor).
Data and Publication Committee: Robert C. Green,
MD, MPH (Chair), Erin Drake, MA (Director)
(Brigham & Women’s Hospital/Harvard Medical
School, Boston, Massachusetts); Clinical Core
Leaders: Michael Weiner, MD (Core PI), Paul Aisen,
MD, Rema Raman, PhD, Mike Donohue, PhD
(University of Southern California, Los Angeles);
Clinical Informatics, Operations and Regulatory
Affairs: Gustavo Jimenez, MBS, Devon Gessert, BS,
Kelly Harless, BA, Jennifer Salazar, MBS, Yuliana
Cabrera, BS, Sarah Walter, MSc, Lindsey
Hergesheimer, BS, Elizabeth Shaffer, BS (University
of Southern California, Los Angeles); Psychiatry Site
Leaders and Key Personnel: Scott Mackin, PhD,
Craig Nelson, MD, David Bickford, BA (University of
California San Francisco, San Francisco) and Meryl
Butters, PhD and Michelle Zmuda, MA (University
of Pittsburgh, Pittsburgh, Pennsylvania); Magnetic
Resonance Imaging Core Leaders and Key
Personnel: Clifford R. Jack Jr, MD (Core PI),
Matthew Bernstein, PhD, Bret Borowski, RT, Jeff
Gunter, PhD, Matt Senjem, MS, Kejal Kantarci, MD,
Chad Ward, BA, Denise Reyes, BS (Mayo Clinic,
Rochester, Minnesota); Positron Emission
Tomography Core Leaders and Key Personnel:
Robert A. Koeppe, PhD (University of Michigan,
Ann Arbor), Susan Landau, PhD (University of
California, Berkeley, Berkeley); Informatics Core
Leaders and Key Personnel: Arthur W. Toga, PhD
(Core PI), Karen Crawford, and Scott Neu, PhD
(University of Southern California, Los Angeles);
Genetics Core Leaders and Key Personnel: Andrew
J. Saykin, PsyD, Tatiana M. Foroud, PhD, Kelley M.
Faber, MS, CCRC, Kwangsik Nho, PhD, and Kelly N.
Nudelman (Indiana University, Bloomington). Part
B: Investigators By Site: University of California, San
Francisco, San Francisco: Scott Mackin, PhD
Howard Rosen, MD Craig Nelson, MD David
Bickford, BA Yiu Ho Au, BA Kelly Scherer, BS, Daniel
Catalinotto, BA Samuel Stark, BA Elise Ong, BA, and
Dariella Fernandez, BA; University of Pittsburgh,
Pittsburgh, Pennsylvania: Meryl Butters, PhD,
Michelle Zmuda, MA, Oscar L. Lopez, MD, MaryAnn
Oakley, MA, and Donna M. Simpson, CRNP, MPH.

Additional Contributions: Biological samples used
in this study were stored at principal investigators’
institutions and at the National Cell Repository for
Alzheimer’s Disease at Indiana University,
Bloomington, which receives government support
under a cooperative agreement grant (U24
AG21886) awarded by the National Institute on
Aging (NIA). Phenotypic data were provided by
principal investigators, the NIA-funded Alzheimer’s

Disease Centers, and the National Alzheimer’s
Coordinating Center (NACC). Genetic data were
contributed by principal investigators on projects
that were individually funded by National Institute
on Aging, other National Institutes of Health
institutes, private US organizations, or foreign
governmental or nongovernmental organizations.
Data for this study were prepared, archived, and
distributed by the NIA Alzheimer’s Disease Data
Storage Site at the University of Pennsylvania
(U24-AG041689-01); Alzheimer’s Disease Genetics
Consortium (grants U01 AG032984 and RC2
AG036528) the NACC (grants U01 AG016976)
National Institute on Aging Genetics Initiative for
Late-Onset Alzheimer Disease (Columbia
University) (grants U24 AG026395, U24
AG026390, and R01AG041797); Banner Sun Health
Research Institute (grant P30 AG019610); Boston
University (grants P30 AG013846, U01 AG10483,
R01 CA129769, R01 MH080295, R01 AG017173,
R01 AG025259, R01 AG048927, R01AG33193, and
R01 AG009029); Columbia University (grants P50
AG008702, R37 AG015473, R01 AG037212, and
R01 AG028786); Duke University (grants P30
AG028377 and AG05128); Group Health Research
Institute (grants UO1 AG006781, UO1 HG004610,
UO1 HG006375, and U01 HG008657); Indiana
University (grants P30 AG10133, R01 AG009956,
and RC2 AG036650); Johns Hopkins University
(grants P50 AG005146 and R01 AG020688);
Massachusetts General Hospital (grant P50
AG005134); Mayo Clinic (grant P50 AG016574, R01
AG032990, and KL2 RR024151); Mount Sinai
School of Medicine (grants P50 AG005138 and P01
AG002219); New York University (grants P30
AG08051, UL1 RR029893, 5R01AG012101,
5R01AG022374, 5R01AG013616, 1RC2AG036502,
and 1R01AG035137); Northwestern University
(grant P30 AG013854); Oregon Health & Science
University (grants P30 AG008017 and R01
AG026916); Rush University (grants P30 AG010161,
R01 AG019085, R01 AG15819, R01 AG17917, R01
AG030146, R01 AG01101, RC2 AG036650, R01
AG22018); Translational Genomics Research
Institute (grant R01 NS059873); University of
Alabama at Birmingham (grants P50 AG016582
and UL1RR02777); University of Arizona (grant R01
AG031581); University of California, Davis (grant
P30 AG010129); University of California, Irvine
(grants P50 AG016573, P50 AG016575, P50
AG016576, and P50 AG016577); University of
California, Los Angeles (grant P50 AG016570);
University of California, San Diego (grant P50
AG005131); University of California, San Francisco
(grants P50 AG023501 and P01 AG019724);
University of Kentucky (grants P30 AG028383 and
AG05144); University of Michigan (grants P30
AG053760 and AG063760); University of
Pennsylvania (grant P30 AG010124); University of
Pittsburgh (grants P50 AG005133, AG030653,
AG041718, AG07562, and AG02365); University of
Southern California (grant P50 AG005142);
University of Texas Southwestern (grant P30
AG012300); University of Miami (grants R01
AG027944, AG010491, AG027944, AG021547, and
AG019757); University of Washington (grants P50
AG005136 and R01 AG042437); University of
Wisconsin (grant P50 AG033514); Vanderbilt
University (grant R01 AG019085); and Washington
University (grants P50 AG005681, P01 AG03991,
and P01 AG026276). The Kathleen Price Bryan
Brain Bank at Duke University Medical Center is
funded by NINDS (grant NS39764), the National

Institute of Mental Health (grant MH60451) and
Glaxo Smith Kline. Genotyping of the Translational
Genomics Research Institute series 2 (TGEN2)
cohort was supported by Kronos Science. The
Translational Genomics Research Institute series
was also funded by the NIA (grant AG041232), the
Banner Alzheimer’s Foundation, the Johnnie B.
Byrd Sr. Alzheimer’s Institute, the Medical Research
Council, and the state of Arizona and also includes
samples from Newcastle Brain Tissue Resource
(funding via the Medical Research Council, local
National Health Services trusts, and Newcastle
University), Medical Research Council London Brain
Bank for Neurodegenerative Diseases (funding via
the Medical Research Council), South West
Dementia Brain Bank (funding via numerous
sources, including the Higher Education Funding
Council for England, Alzheimer’s Research Trust,
BRACE, the North Bristol National Health Services
Trust Research, and Innovation 58 Department and
DeNDRoN), the Netherlands Brain Bank (funding
via numerous sources, including Stichting MS
Research, Brain Net Europe, Hersenstichting
Nederland Breinbrekend Werk, International
Parkinson Fonds, and Internationale Stiching
Alzheimer Onderzoek), Institut de Neuropatologia,
Servei Anatomia Patologica, and Universitat de
Barcelona. The NACC database is funded by the NIA
(grant U01 AG016976), and NACC data are
contributed by the NIA-funded Alzheimer’s Disease
Centers (grants P30 AG019610, P30 AG013846,
P30 AG062428-01, P50 AG008702, P50
AG025688, P50 AG047266, P30 AG010133, P50
AG005146, P30 AG062421-01, P30 AG062422-01,
P50 AG005138, P30 AG008051, P30 AG013854,
P30 AG008017, P30 AG010161, P50 AG047366,
P30 AG010129, P50 AG016573, P30
AG062429-01, P50 AG023501, P30 AG035982,
P30 AG028383, P30 AG053760, P30 AG010124,
P50 AG005133, P50 AG005142, P30 AG012300,
P30 AG049638, P50 AG005136, P30
AG062715-01, P50 AG005681, and P50
AG047270). The genotypic and associated
phenotypic data used in the study Multi-Site
Collaborative Study for Genotype-Phenotype
Associations in Alzheimer’s Disease (GenADA) were
provided by the GlaxoSmithKline and R&D Limited.
The ROSMAP study data were provided by the Rush
Alzheimer’s Disease Center, Rush University
Medical Center, Chicago, Illinois. Data collection
was supported by the NIA (grants P30AG10161,
R01AG15819, R01AG17917, R01AG30146,
R01AG36836, U01AG32984, and U01AG46152),
the Illinois Department of Public Health, and the
Translational Genomics Research Institute. The
AddNeuroMed data are from a public-private
partnership supported by European Pharmaceutical
Industries and Associationscompanies and small
and medium-sized enterprises as part of InnoMed
(Innovative Medicines in Europe), an Integrated
Project funded by the European Union of the Sixth
Framework program priority
(FP6-2004-LIFESCIHEALTH-5). Alzheimer’s
Disease Neuroimaging Initiative: data used in
preparation of this article were obtained from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI)
database (http://adni.loni.usc.edu). As such, the
investigators within the ADNI contributed to the
design and implementation of ADNI and/or
provided data but did not participate in analysis or
writing of this report. Data collection and sharing
for this project was funded by the Alzheimer's
Disease Neuroimaging Initiative (National Institutes
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of Health grant U01 AG024904) and the
Department of Defense (award W81XWH-12-2-
0012); ADNI is funded by the NIA, the National
Institute of Biomedical Imaging and Bioengineering,
and generous contributions from AbbVie,
Alzheimer’s Association, Alzheimer’s Drug
Discovery Foundation, Araclon Biotech, BioClinica
Inc, Biogen, Bristol-Myers Squibb Company,
CereSpir Inc, Cogstate, Eisai Inc, Elan
Pharmaceuticals Inc, Eli Lilly and Company,
EuroImmun, F. Hoffmann–La Roche Ltd, and its
affiliated company Genentech, Fujirebio, GE
HealtControlsare, IXICO Ltd, Janssen Alzheimer
Immunotherapy Research & Development LLC,
Johnson & Johnson, Lumosity, Lundbeck, Merck &
Co, Meso Scale Diagnostics, NeuroRx Research,
Neurotrack Technologies, Novartis
Pharmaceuticals, Pfizer Inc, Piramal Imaging,
Servier, Takeda Pharmaceutical Company, and
Transition Therapeutics. The Canadian Institutes of
Health Research is providing funds to support ADNI
clinical sites in Canada. Private sector contributions
are facilitated by the Foundation for the National
Institutes of Health. The grantee organization is the
Northern California Institute for Research and
Education, and the study is coordinated by the
Alzheimer’s Therapeutic Research Institute at the
University of Southern California. The ADNI data are
disseminated by the Laboratory for Neuro Imaging
at the University of Southern California. The
authors thank the Clinical and Genetics Cores of the
Knight ADRC at Washington University for clinical
and cognitive assessments of the participants and
for APOE genotypes (Charles and Joanne Knight
Alzheimer’s Research Initiative of the Washington
University Alzheimer’s Disease Research Centre)
and the Biomarker Core of the Adult Children Study
at Washington University for the cerebrospinal fluid
collection and assays; recruitment and
cerebrospinal fluid studies at University of
Washington were supported by the National
Institutes of Health (grant PO1 AGO5131).
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