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Summary

Alzheimer disease (AD) is the most common type of dementia and is currently estimated to affect 6.2 million Americans. It ranks as the
sixth leading cause of death in the United States, and the proportion of deaths due to AD has been increasing since 2000, while the pro-
portion of many other leading causes of deaths have decreased or remained constant. The risk for AD is multifactorial, including genetic
and environmental risk factors. Although APOE ¢4 remains the largest genetic risk factor for AD, more than 26 other loci have been asso-
ciated with AD risk. Here, we recruited Amish adults from Ohio and Indiana to investigate AD risk and protective genetic effects. As a
founder population that typically practices endogamy, variants that are rare in the general population may be of a higher frequency in
the Amish population. Since the Amish have a slightly lower incidence and later age of onset of disease, they represent an excellent and
unique population for research on protective genetic variants. We compared AD risk in the Amish and to a non-Amish population
through APOE genotype, a non-APOE genetic risk score of genome-wide significant variants, and a non-APOE polygenic risk score
considering all of the variants. Our results highlight the lesser relative impact of APOE and differing genetic architecture of AD risk in

the Amish compared to a non-Amish, general European ancestry population.

Introduction

Alzheimer disease (AD), the most common type of demen-
tia, is the sixth leading cause of death in the United States
and occurs in over 35% of individuals age 85 and older."
It is currently estimated that 6.2 million Americans are
living with AD.! Deaths attributable to AD increased by
146.2% from 2000-2018, whereas other leading causes of
death remained constant or decreased.' This burden of
AD is expected to increase due to increased longevity and
decreased fertility, known as population aging."”* The
cost of managing AD will continue to increase, with an ex-
pected annual global cost surpassing $50 billion by
2050."°° People living with AD also suffer from severe
degradation of their quality of life, including reduced inde-
pendence and being at higher risk of somatic and psychiat-
ric comorbidities.”” Improved understanding of AD risk
and subsequent improvements to screening, prediction,
and prevention efforts are needed to reduce these burdens.
As current medications only marginally and temporarily
delay the progression and lessen the severity of AD, its
growing prevalence serves as an imperative issue.

Risk for AD is multifactorial, including genetic and envi-
ronmental risk factors.®'% ! While only 2%-5% of all cases

of AD are strongly familial (e.g., resulting from high pene-
trance mutations),'” the overall heritability of late-onset
AD is estimated to be as high as 70% based on twin studies
and genome-wide association studies (GWASs); however,
such estimates can vary by population and environ-
ment.'*"° Genetic risk for AD is complex, including
more than 26 independent associated loci spanning
diverse population groups.'®'® Despite this large number
of loci, the currently confirmed loci associated with AD
risk account for only a small proportion of the overall her-
itability of AD.">'® Increased sample sizes and diversity of
study populations will help GWASs to elucidate the
remainder of the heritability.

The largest genetic influence on late-onset AD is
conferred by the apolipoprotein E (APOE) locus'® on chro-
mosome 19. The APOE ¢4 allele confers 3- to 15-fold
increased risk for those holding either 1 or 2 copies of
the risk allele compared to those holding no risk alleles,
while the APOE &2 allele confers significant protection
from AD.'”?' This association between AD and APOE
has been replicated across many different and diverse pop-
ulations.”***

One such population is the Amish, who are descendants
of German and Swiss Anabaptist immigrants who settled
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in the United States during the 18th and 19th centuries.
Communities currently living in Holmes County, Ohio
and Elkhart and LaGrange Counties, Indiana are mostly
descendants from the German Palatinate, while the com-
munities in Adams County, Indiana largely descend from
Swiss Anabaptist immigrants.>>*’ Subsequent cultural
and religious isolation has restricted the introduction of
new genetic variation,”>*® leading the genetic variation
within the Amish to be derived from the more general Eu-
ropean gene pool. Due to the presence of genetic drift and
the Amish practice of endogamyj, it is possible that Amish
allele frequencies and non-Amish, European-ancestry
allele frequencies may be quite different.”’ It is for these
reasons that the Amish can serve as an ideal candidate
for genetic research. Study of the Amish can allow for
detection and consideration of effects that may not other-
wise be captured in studies of the general population.®®
The combination of these factors provides an ideal situa-
tion for the investigation of genetic variation that influ-
ences complex traits, including AD.

The Amish have a unique etiology of AD, as a slightly
lower prevalence of AD has been reported within Amish
populations, even after accounting for the effect of a lower
frequency of the APOE ¢4 risk allele.”'** An improved un-
derstanding of what protective or other risk-bearing vari-
ants the Amish may be enriched for could prove helpful
in improving the general understanding of the genetic
risk of AD.

We recruited adults from Amish families living in
Holmes County, Ohio and Elkhart, LaGrange, and Adams
Counties, Indiana for studies of dementia. Our current
focus is recruiting individuals who are cognitively unim-
paired (CU) relative to age-normed benchmarks but at
elevated risk for developing AD based on family history.
We characterized this population and compared it with a
non-Amish European-ancestry population living in the
US for age, APOE genotype, and both a genetic risk score
(GRS) using genome-wide significant variants from the
Jansen et al. (2019)'” genome-wide meta-analysis and a
polygenic risk score (PRS) spanning the entire genome. A
PRS typically offers additional predictive ability due to
the inclusion of loci of small effect or loci that do not reach
genome-wide significance criteria.>*~>°

Material and methods

Subjects

Individuals included in this study have been recruited over the
past 20 years for multiple studies of AD or dementia,*"*’~* age-
related macular degeneration,**** and successful aging.***° For
all of these studies, the primary criteria for enrollment included
being age 50 or older, being part of the Amish community, and be-
ing of Amish descent. Recruitment primarily included commu-
nity-based home visits. All of the individuals were screened for
cognitive status. For the present study, individuals were included
if they were CU based on cognitive screening and were age 75
and older. For our dementia studies, we prioritized the inclusion

of individuals with at least one family member with possible or
probable AD. Participants were recruited from Amish families
living in Holmes County, Ohio and Elkhart, LaGrange, and Adams
Counties, Indiana. Research complied with the Health Insurance
Portability and Accountability Act and the Declaration of Helsinki.
Informed consent was obtained from participants and the study
was approved by the appropriate institutional review board (IRB).

Cognitive screening

At the time of enrollment, individuals were cognitively screened
using a combination of the Modified Mini-Mental State (3MYS) ed-
ucation-adjusted examination (all individuals),*° the AD8 Demen-
tia Screening Interview,”” the Consortium to Establish a Registry
for Alzheimer’s Disease (CERAD) Word List Memory Task,*® and
the Trail Making test (for the dementia studies).*’ Individuals
were classified as CU or cognitively impaired (CI) based on estab-
lished cutoffs.*** Individuals initially classified as CI were further
evaluated by a clinical adjudication board, comprising neurolo-
gists and neuropsychologists, to further classify them as having
mild cognitive impairment (MCI), AD, cognitive impairment
with no dementia (CIND), or having an unclear status. Based on
these screening results, individuals were ultimately classified as
unaffected if they were CU or affected if they were considered to
have AD or other dementia. Individuals classified as CI but not
having AD or other dementia were excluded from analysis.

Genotyping

At the time of enrollment, 30 mL of blood were collected from all
of the participants for use in direct DNA extraction and storage of
plasma. Genotype data were collected using an Illumina Expanded
Multi-Ethnic ~ Genotyping Array®’® with custom content
(MEGAex+3K) or an Illumina Global Screening Array’' (GSA).
The MEGAex chip includes over 2 million markers, whereas the
GSA chip includes a base quantity of 660,000 markers. When per-
forming chip genotyping, we also included customized content of
up to 6,000 variants to the MEGAex chip, including over 1,100
novel variants that have already been identified from our previous
Amish whole-exome sequencing (WES) and whole-genome
sequencing (WGS) studies and other associated variants from
GWAS and the National Institute on Aging’s Alzheimer’s Disease
Sequencing Project®®*® (ADSP) studies that are not already on
the chip. After genotype data were attained, imputation was per-
formed based on a Haplotype Reference Consortium (HRC)
panel.’*>®> We investigated genetic relationships of individuals
within the overall study population by calculating kinship coeffi-
cients using KING version 2.26.°° Furthermore, we compared the
average genetic relationship across subpopulations based on
recruitment site and cognitive status.

Quality control and imputation

Quality control (QC) was performed independently on the
MEGAex+3k and GSA genotyping chip sets before merging. For
SNPs, this included removal for excess genotype missingness,
exclusion of monomorphic and duplicate SNPs, severe deviations
from Hardy-Weinberg equilibrium among common SNPs, and
Mendelian errors. For samples, this included removal for inconsis-
tent genetic and self-reported sex, and overall genotyping
completeness < 5%. Imputation was performed using the Michi-
gan Imputation Server’> and the HRC reference set. The
MEGAex+3k and GSA datasets were imputed separately, and
each was submitted using the GRCh38 build for autosomes and
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hg19 for the X chromosome. The reference population for HRC
was European and the phasing was done using the Eagle option.
Each dataset underwent QC separately after imputation (as
described above and in the supplemental methods), including
filtering by INFO score with a separate threshold for common
and rare (minor allele frequency [MAF] < 0.01) SNPs. The two
separately imputed sets were then merged after QC into one set
of 2,096 samples using overlapping SNPs contained in both. The
final imputed dataset contained 8,311,803 SNPs. Of these,
759,280 were rare and the remaining 7,552,523 were common.
Full details regarding the QC and imputation process can be found
in the supplemental information.

Non-Amish comparison group

We compared the Amish population to an existing source of non-
Amish, European-ancestry individuals living within the United
States. The ascertainment for this population has been described
elsewhere.’”*® Briefly, it included individuals ascertained by the
University of Miami John P. Hussman Institute for Human Geno-
mics and the Case Western Reserve University Department of
Population & Quantitative Health Sciences. Recruitment was pri-
marily through clinics, but also included home visits. After stan-
dard quality control, a total of 2,470 adults were included, with
an approximate 1:1 case-control ratio. Case status was based on
clinical diagnosis and was confirmed by autopsy when possible.
These included using the same neurocognitive battery of tests as
in the Amish. Diagnoses were further evaluated by two indepen-
dent neurologists in the absence of clinical or autopsy diagnosis.
The first onset of symptoms reported by the patient, his or her
informant, or otherwise extracted from medical records was re-
corded as age at onset. Control subjects were considered from
those who received a score of 27 or higher on a 3MS examination
and were at least 60 years of age. Other phenotype information in-
cludes sex, age of examination, and age of onset in cases.

Comparisons in genetic risk of AD

The Amish population and comparison group were initially
compared for distributions of sex, age, and cognitive status. Com-
parisons by genetic risk loci were performed in subsets of the com-
bined Amish and non-Amish data after exclusion of individuals
younger than age 75 years old to account for the age-related inci-
dence of AD**°%°" in addition to differences in age distribution
between the Amish data and the non-Amish comparison data.
Only SNPs that passed QC and had information available after
imputation in both the Amish and non-Amish groups were
considered for subsequent analysis. Dosage information was
considered for imputed SNPs with an INFO score of 0.9 or greater.

A GRS was generated using 22 genome-wide significant variants
(Table 1), excluding APOE variants, as reported in the recent Jan-
sen et al. (2019)'7 genetic meta-analysis. The GRS was constructed
using PRSice-2°' and goodness of fit was assessed in R version
3.5.1.°% For ease of interpretation, the mean and standard devia-
tion of the GRS were scaled to zero and one, respectively.

A non-APOE PRS was generated using a pruning and threshold-
ing approach in PRSice-2°" and the best-fit PRS model, in terms of
correlation coefficient R?, across the combined Amish and non-
Amish dataset was used. All SNPs from the Jansen et al. (2019)'7
meta-analysis were included for PRS construction, except for those
within 500 kb of either main APOE SNP (rs429358 and rs7412).
The parameters for clumping in the construction of PRSs included
a 500-kb window centered on each index SNP and an r* threshold

of 0.1. A PRS was calculated and fit for each threshold beginning at
p =5 x 108 and increasing in steps of 5 x 107> until the p value
threshold of 0.5 was reached. Then, an additional PRS was calcu-
lated using a p value threshold of 1.0 (all variants after clumping).
A best-fit PRS was chosen in combined data after applying across
different potential p value thresholds of included index SNPs.
For ease of interpretation, the mean and standard deviation of
the PRS were scaled to zero and one, respectively.

Distributions of the GRS and PRS were compared across the pop-
ulations and by AD or other dementia case status. GRS and PRS
models were compared with an APOE-only model, a covariate-
only (sex and age) model, and a combined APOE and covariate
model. APOE genotype was considered as a count of ¢2 and ¢4 al-
leles. Interaction terms including either APOE ¢2 and &4 allele and
Amish group membership were created in a combined Amish and
non-Amish analysis to investigate the potential for differential
effects of APOE within the Amish. Additional models were con-
structed including GRS and PRS to investigate the overall predic-
tive ability of the risk scores with and without the presence of
the other variables. The predictive value of the constructed models
was assessed by area under the receiver operating characteristic
(ROC) curve (AUC).

Results

Characteristics of study population

After quality control and assurance, the genotype informa-
tion of 2,096 Amish individuals was available for analysis.
The mean and median ages of the population were 75.17
and 79 years, respectively, with a range of 21-110 years
old (Figure S1). Of these, 1,965 had a cognitive examina-
tion performed. This dataset included 1,146 females and
819 males (Table S1). A total of 1,367 were classified after
consensus expert review as CU, 385 were CI, 18 had
MCI, and 326 were unclear or missing. Among the 385
with CI, 152 individuals (7.3% of the total sample) were
considered to have possible or probable AD or other de-
mentia. The remainder were considered as having CIND.

The non-Amish study population originally contained
2,470 individuals with 1,449 females and 1,021 males (Ta-
ble S1). The mean and median ages of the non-Amish par-
ticipants were 75.09 and 75 years (range: 60-100 years old;
Figure S1). This included 1,126 CU controls and 1,177
cases with AD or other dementia.

After exclusion of individuals younger than age 75 years
(Figure S2) and those not classified as affected or unaf-
fected, 1,091 Amish participants remained. The mean
and median ages of this Amish subset were 82.97 and 82
years, respectively (Table 2). This subgroup of the Amish
contained 954 unaffected (CU) individuals and 137
affected (AD or other dementia) individuals. The mean
and median age of the non-Amish group after exclusion
of individuals younger than age 75 years were 80.83 and
80 (Figure S2). This non-Amish subgroup contained 416
CU controls and 544 AD or other dementia cases.

After exclusion of individuals younger than age 75 years,
a lower prevalence of APOE ¢4 alleles and a higher preva-
lence of ¢2 alleles were observed in affected Amish
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Table 1.

List of SNPs included in non-APOE genetic risk score based on genome-wide significant variants

BP Nearest Effect MAF-affected MAEF-CU MAF-non-Amish MAF-non-Amish
Chr (GRCh37) SNP gene Al A2 estimate (8) Amish Amish cases controls
1 161155392 154575098 ADAMTS4 A G 0.016 0.248 0.283 0.230 0.255
1 207796828 152093760 CRI A G 0.024 0.259 0.238 0.202 0.181
2 127891427 154663105 BINI C A 0.031 0.423 0.394 0.447 0.374
4 11026028 156448453 CLNK A G 0.015 0.376 0.327 0.291 0.303
4 117232235 157657553 HS3ST1 A G 0.005 0.307 0.331 0.282 0.261
6 47432637 159381563 CD2AP C T 0.014 0.416 0.434 0.373 0.353
7 99971834 151859788 ZCWPW1 A G -0.018 0.307 0.294 0.340 0.351
7 143108158 157810606 EPHA1 C T -0.015 0.369 0.374 0.478 0.480
8 27464929 154236673 CLU/PTK2B A G —-0.020 0.347 0.386 0.364 0.397
10 11717397  1s11257238 ECHDC3 C T 0.013 0.339 0.362 0.366 0.350
11 59958380  rs2081545 MS4A6A A C -0.018 0.387 0.451 0.393 0.382
11 85776544  rs867611 PICALM G A -0.020 0.493 0.492 0.285 0.310
11 121435587 1511218343 SORL1 C T —0.036 0.062 0.051 0.031 0.054
14 92938855 1512590654 SLC24A4 A G -0.015 0.343 0.363 0.342 0.332
15 59022615 15442495 ADAMI10 C T -0.014 0.285 0.281 0.314 0.331
15 63569902 15117618017  APHIB T C 0.018 0.153 0.146 0.074 0.052
16 31133100  1s59735493 KAT8 A G -0.013 0.219 0.195 0.299 0.287
17 5138980 15113260531 SCIMP A G 0.020 0.099 0.109 0.124 0.121
17 47450775 1528394864 ABI3 A G 0.012 0.438 0.491 0.472 0.476
19 46241841 1576320948 AC074212.3 T C 0.035 0.055 0.040 0.027 0.019
19 51727962 153865444 CD33 A C -0.014 0.332 0.287 0.291 0.323
20 54998544 156014724 CASS4 G A -0.023 0.058 0.097 0.076 0.092

The genetic risk score was calculated as a sum of the product of the effect estimate, 8, and the number of variants for each individual across each SNP. Effect
estimates from Jansen et al. (2019)'” were used. Chr, chromosome; BP, base pair; GRCh37, Genome Reference Consortium Build 37; A1, effect (minor) allele;
A2, reference allele; MAF, minor allele frequency; CU, cognitively unimpaired for age-normed benchmarks.

individuals than in non-Amish individuals (Table 3). The
unaffected Amish have a similar distribution of APOE ge-
notype to that of the non-Amish controls, except for a
lower prevalence of the APOE ¢2|e3 genotype.

Relatedness of Amish study participants

The average kinship coefficient across all individuals in the
Amish study population was 0.0037, which is equivalent
to being related between third and fourth cousins. The
average kinship coefficient across subpopulations stratified
by primary study site and cognitive status were similar (Ta-
ble S2).

GRS

The non-APOE GRS was constructed using effect estimates
from 22 genome-wide significant SNPs from the Jansen et
al. (2019)"” genetic meta-analysis (Table 1). These 22 variants
were chosen due to having variant information available in
both the Amish and non-Amish populations. After non-
APOE GRS construction, we observed, in general, less vari-
ance among the Amish GRS, regardless of affection status,
than among the non-Amish comparison group (Figure 1).
Although the mean GRS was greater for the affected Amish
than in the unaffected Amish, this difference is not statisti-
cally significant (p = 0.07). The GRS was able to distinguish

Table 2. Demographic information and cognitive status of Amish study population and non-Amish comparison group after exclusion of
individuals younger than age 75 years

Trait Amish n (%) Non-Amish n (%)
Female 636 (58.3) 563 (58.6)

CU 954 (87.4) 416 (43.3)

AD or other dementia 137 (12.6) 544 (56.7)

CU, cognitively unimpaired; AD, Alzheimer disease.
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Table 3.

APOE distribution by population and AD case status of individuals age 75 years and older with known APOE genotype

APOE genotype Affected Amish n (%) Non-Amish cases n (%) p value Unaffected Amish n (%) Non-Amish controls n (%) p value
e2|e2 0 (0.0) 0 (0.0) - 1(0.1) 3(0.7) 0.052
e2|e3 14 (10.2) 21 (3.9) 0.003" 84 (9.0) 52 (12.7) 0.038"
e2|e4 2 (1.5) 13 (2.4) 0.503 15 (1.6) 12 (2.9) 0.112
e3le3 70 (51.1) 201 (37.1) 0.003" 632 (67.4) 264 (64.2) 0.258
e3|e4 42 (30.7) 240 (44.3) 0.004" 195 (20.8) 78 (19.0) 0.447
ed|e4 9 (6.6) 67 (12.4) 0.055 11 (1.2) 2(0.5) 0.234
Total e2 16 (5.8) 34 (3.1) - 101 (5.4) 70 (8.5) -
Total €3 196 (71.5) 663 (61.2) - 1,543 (82.2) 658 (80.0) -
Total ¢4 62 (22.6) 387 (35.7) - 232 (12.4) 94 (11.4) -

A p value for two-sample population proportion Z score test in individuals age 75 years and older is provided for comparisons between affected Amish versus non-

Amish cases in addition to unaffected Amish versus non-Amish controls.
?A significant difference in proportion at . = 0.05.

between the non-Amish case group members and the non-
Amish control group members (p = 6.46 X 107°).

PRS

The best-fit non-APOE PRS was constructed using all SNPs
(p value cutoff of 1.0) after clumping was applied. We
observed that the values of the non-APOE PRS in the Amish
individuals affected by AD or other dementia were
modestly lower than in the non-Amish case group (Figure
2). The values of the PRS in the non-Amish controls were
generally lower than that of the unaffected Amish. Overall,
the difference in PRS values between the Amish affected
and unaffected is much smaller than between the non-Am-
ish case and control group members. The PRS was unable to
distinguish between affection status in the Amish (p =
0.38), but it was able to distinguish between case status in
the non-Amish population (p < 2.2 X 107'¢).

Regression models

We evaluated the association of the GRS, PRS, sex, age, and
APOE allele count with the primary outcome of AD or
other dementia by building a series of logistic regression
models, after stratification by source population (Table
4). Age was associated (p < 0.05) with the primary outcome
across all models in both source populations. Sex was asso-
ciated (p < 0.05) with AD or other dementia in the non-
Amish models but not the Amish models.

We found that in univariate models, the APOE &4 allele
count was associated (p = 2.8 x 10~°) with affection status
in the Amish but that APOE ¢2 allele count was not (p =
0.45), whereas both APOE ¢2 (p < 1.7 x 10~*) and APOE
4 allele (p < 2.2 x 107'°) counts were associated with
case status in the non-Amish (Table S3). A combined Am-
ish and non-Amish analysis yielded that both an APOE
€2 x Amish (p = 3.2 x 107%) and an APOE ¢4 x Amish
(p = 8.9 x 107 ') interaction term were associated with
affection/case status in a model also including sex and
age covariates. The implied APOE ¢2 odds ratio (OR) from
this unstratified analysis model was 1.02 in the Amish

and 0.68 in the non-Amish. The implied APOE ¢4 OR
was 1.12 in the Amish and 1.35 in the non-Amish. In the
stratified multivariate models, there is increased risk associ-
ated with the APOE ¢4 allele count across both populations
but only significant protective effects of APOE ¢2 allele
count within the non-Amish population (Table 4). We
identified similar findings when investigating APOE effects
as a factor of APOE genotype (Table S4).

The GRS and PRS were associated (p < 0.05) with the pri-
mary outcome across all of the models tested, including
PRS in the non-Amish populations (Table 4). However,
the GRS and PRS were not significantly associated with
the primary outcome in the Amish population.

We also evaluated goodness of fit through AUC across each
of these models (Table 5). We determined that the AUC of the
sex and age-only (covariate) model is larger in the Amish
(0.69) than the non-Amish population (0.60). By contrast,
we determined that the AUC for an APOE genotype-only
model is larger in the non-Amish population (0.71) than in
the Amish population (0.59). A higher AUC was observed
for the GRS and PRS models in the non-Amish population
than in the Amish population both in the GRS- and PRS-
only models as well as in the full models with covariates.

Discussion

This study characterized and evaluated the genetic risk for
AD in an Amish population and compared it to a non-Am-
ish population of predominantly European ancestry. We
demonstrated that there are inherent differences in the un-
derlying genetic risk structure for AD in the Amish. These
may be through either different or undetected loci
compared to a more general European ancestry pop-
ulation. This warrants further investigation to elucidate
pathways involved in AD risk because the Amish are a sub-
population of European immigrants that have practiced
endogamy since arriving in the United States. Thus, they
share some genetic risk with the general European ancestry
population but also harbor unique genetic risk.
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Distribution of Genetic Risk Scores in Amish and Non-Amish Groups, Age 75+
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Figure 1.

Violin plot and boxplot of distribution of non-APOE genetic risk scores by Amish and Alzheimer disease status

Genetic risk scores were constructed using only genome-wide significant SNPs, excluding APOE variants. Only individuals age 75 years or
older were included. GRS was able to distinguish (p = 6.46 x 10~°) between the non-Amish case and non-Amish control group members
in addition to the Amish affected and non-Amish control group members (p = 1.79 x 10~%) but not between the affected Amish and

unaffected Amish individuals (p = 0.072).

The results demonstrate not only that there is less varia-
tion in APOE genotype within the Amish but also that the
APOE genotype may not play as large of a role in the devel-
opment of AD or other dementia as within a typical Euro-
pean ancestry population. Our results with this larger, up-
dated dataset confirm prior findings that APOE has a
smaller effect on AD risk in the Amish population than

in a non-Amish population,? possibly due to the lower
prevalence of APOE ¢4 in the Amish population. There is,
however, evidence that the effect of APOE may differ be-
tween the Amish and non-Amish (Table 4). This is further
supported by the statistical significance of the APOE allele
count X Amish group membership interaction term in a
model including sex and age covariates. Other studies

Distribution of Polygenic Risk Scores in Amish and Non-Amish Groups, Age 75+
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Figure 2. Violin plot and boxplot of distribution of non-APOE polygenic risk scores by Amish and Alzheimer disease status
Polygenic risk scores were constructed using a pruning and thresholding approach on all variants, excluding those within 500 kb of
either APOE SNP. Only individuals age 75 years or older were included.
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Table 4.
population

Effect estimates of predictors of AD status across multivariate models with count of APOE alleles as covariate, separated by source

Amish full GRS Non-Amish full GRS Amish full PRS Non-Amish full PRS
Trait model (95% CI) model (95% CI) model (95% CI) model (95% CI)
Female sex 0.986 (0.949-1.025) 1.073 (1.014-1.136)" 0.987 (0.949-1.025) 1.059 (1.003-1.117)*
Age 1.019 (1.015-1.023)* 1.023 (1.017-1.030)* 1.019 (1.015-1.023)" 1.020 (1.014-1.026)"
APOE &2 allele count 1.020 (0.960-1.084) 0.845 (0.774-0.922)" 1.016 (0.956-1.080) 0.845 (0.778-0.918)"

APOE ¢4 allele count 1.114 (1.071-1.159)°

GRS or PRS 1.015 (0.996-1.034)

1.348 (1.289-1.410)°
1.052 (1.022-1.084)"

1.115 (1.072-1.160)* 1.305 (1.250-1.362)"

0.997 (0.979-1.025) 1.183 (1.149-1.218)°

Models include sex, age, count of APOE ¢2 and ¢4 alleles, and non-APOE genome-wide significant genetic risk score (GRS) or non-APOE polygenic risk score (PRS).
Estimates are presented as odds ratios (OR = e”). Effect size is considered for 1-year change in age, per copy of each APOF allele, and per 1 standard deviation

change in GRS or PRS.
2Significance at & = 0.05.

have found extensive evidence of the variance of APOE ef-
fect across ancestry groups and potential interactions of
nearby genes with APOE.'®21:°%* As a founder population
descending from a subpopulation of European ancestry,
there is the potential to determine how the risk conferred
by APOE and surrounding regions may differ from a
more general non-Hispanic white population.

The non-APOE GRS and non-APOE PRS (Table 4) have only
moderate predictive value on their own, but in addition to
covariates, they do provide a meaningful increase in predict-
ability in a logistic regression model for case/affection status.
We determined that, based on a GRS of genome-wide signif-
icant SNPs from a recent meta-analysis of GWASs,'” there ex-
ists more variation of genetic risk in a non-Amish population
than in an Amish population. When extending to a PRS
analysis, this phenomenon is much more prominent. The
PRS model also added distinguishing ability in AD or other
dementia status in the non-Amish population. We deter-
mined that a non-APOE GRS and a non-APOE PRS do not
seem to differ greatly in their predictive ability of affection
status in the Amish, suggesting that risk scores created using
effect size weights derived from non-Amish European sam-
ples may not accurately predict risk in the Amish, especially
among variants that do not meet the criteria for genome-
wide significance in the European population. This is some-
what similar to previous findings®' of GRSs that included
APOE but highlights that APOE still plays an important
role in AD prediction in the Amish. By extending these re-
uslts to consider the ability of the AD PRS to distinguish be-
tween states of cognitive impairment, we determined that
there was a significant difference in mean PRS distribution
between the CI and CU Amish (Figure S3).

In predicting the primary outcome of AD or other demen-
tia, our results suggest that of the factors considered here, age
is the most crucial risk factor in the Amish population,
whereas APOE and PRS have greater importance in the
non-Amish population. We observe much worse predictive
ability when using a PRS that includes SNPs that do not
meet genome-wide significance criteria when applied to
the Amish population compared to the non-Amish popula-
tion, suggesting that the underlying genetic architecture
for ADriskis dissimilar to that of a general European ancestry

population, especially among SNPs that do not meet the
criteria for genome-wide significance in the non-Amish pop-
ulation. This result is also supported by an exploratory post
hoc PRS analysis in only the Amish subjects in whom we
found that the genome-wide significant threshold of p = 5
x 1078 (the GRS threshold) was the best-fit non-APOE PRS af-
ter a pruning and thresholding approach similar to the main
analysis.

The lower predictive ability in the Amish for GRS and
PRS comprising known AD risk factors suggests that the ge-
netic risk profile in the Amish is significantly different.
When combining this with information that the Amish
have a lower prevalence of cognitive impairment and de-
mentia,*"**°> it may be possible that their genetic archi-
tecture is protective of these outcomes in a way that using
risk estimates from a general European ancestry popula-
tion cannot explain. Further study of population preva-
lence and non-genetic, behavioral, and environmental
risk factors within Amish and non-Amish populations
may help us to understand whether potential protection
of the Amish from cognitive impairment is exclusively
due to differences in genetic architecture or a combination
of genetic architecture and other risk factors. Our results
add to mounting evidence that there is genetic risk for
AD in the Amish that is not captured by genetic risk scores
derived from non-Amish populations.®'*%3’

We conclude that there are evident differences in the ge-
netic architecture for AD risk in the Amish compared to a
non-Amish European ancestry population, especially in
terms of APOE genotype frequency, PRS distribution, and
their conferred risk. Future genomic studies including the
Amish should consider using effect estimates from an
Amish analysis to determine whether there are substantial
differences in predictive ability than are seen after PRS
construction using effect estimates from a non-Amish pop-
ulation. Identification of why the Amish appear to be rela-
tively protected from AD and cognitive impairment, in
general, warrants further study to determine whether the
protection is granted by protective loci, differential effects
of known loci, non-genetic lifestyle factors of the Amish,
or a combination of these factors. Further study of this pop-
ulation will allow us to identify risk factors enriched in the
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Table 5.

Goodness of fit of predictive models by sex, age, APOE allele count, genetic risk score, and polygenic risk score

COV + GRS + GRS + GRS + PRS + PRS + PRS +
Group cov APOE APOE GRS APOE cov COV + APOE PRS APOE cov COV + APOE
Amish 0.69 0.59 0.74 0.54 0.61 0.70 0.75 0.52 0.60 0.69 0.74
Non-Amish 0.60 0.71 0.77 0.58 0.74 0.63 0.77 0.72 0.81 0.74 0.83

For each constructed logistic regression model, the area under the curve of a receiver operating characteristic curve is presented. The outcome of interest in each
model is probable or confirmed AD or other dementia. COV, sex and age covariates; GRS, genetic risk score including only genome-wide significant single nucle-
otide variants, excluding APOE variants; PRS, polygenic risk score using a pruning and thresholding approach, excluding single nucleotide polymorphisms within

500 kb of APOE variants.

Amish that may enhance previously identified path-
ways°>®” important in the development of AD and identify
additional pathways or mechanisms that contribute to or
protect against cognitive decline. By extending this cohort
through new recruitment and longitudinal follow-up, the
power to identify both novel risk and protective genetic
loci and potential predictors of progression from normal
cognition to AD will be increased. Additional studies such
as these will allow for better detection of rare effects and
better understanding of the differences in the genetic risk
of AD between the Amish and non-Amish populations.

Data and code availability

Data are available through The National Institute on Aging Ge-
netics of Alzheimer’s Disease Data Storage Site (NIAGADS;
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