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This study aimed to evaluate the impact of APOE4 homozygosity on
Alzheimer’s disease (AD) by examining its clinical, pathological and
biomarker changes to see whether APOE4 homozygotes constitute a
distinct, genetically determined form of AD. Data from the National
Alzheimer’s Coordinating Center and five large cohorts with AD biomarkers
were analyzed. The analysisincluded 3,297 individuals for the pathological
study and 10,039 for the clinical study. Findings revealed that almost all
APOE4 homozygotes exhibited AD pathology and had significantly higher
levels of AD biomarkers from age 55 compared to APOE3 homozygotes.

By age 65, nearly all had abnormal amyloid levels in cerebrospinal fluid,
and 75% had positive amyloid scans, with the prevalence of these markers
increasing with age, indicating near-full penetrance of AD biology in
APOE4homozygotes. The age of symptom onset was earlier in APOF4
homozygotes at 65.1, with a narrower 95% prediction interval than APOE3
homozygotes. The predictability of symptom onset and the sequence of
biomarker changes in APOE4 homozygotes mirrored those in autosomal
dominant AD and Down syndrome. However, in the dementia stage, there
were no differences in amyloid or tau positron emission tomography
across haplotypes, despite earlier clinical and biomarker changes. The
study concludes that APOE4 homozygotes represent a genetic form of AD,
suggesting the need for individualized prevention strategies, clinical trials

and treatments.

AD is a genetically complex disorder with both rare and common
genetic variants involved in its pathogenesis"?. Mutations in three
genes, APP, PSENI and PSEN2, cause early-onset autosomal dominant
Alzheimer’s disease (ADAD)?, whereas variants in dozens of other genes
have been associated with an increased risk of developing the more
commonsporadic (late-onset) form of the disease'. Among these genes,
APOE is considered the strongest genetic risk factor. The three main
characteristics of genetically determined AD with respect to sporadic

AD arethe near-full penetrance of the disease, the predictability of the
age at symptom onset and a predictable sequence of pathological,
biomarker and clinical changes.

APOE4homozygotes have a lifetime risk for AD dementia that can
reach 60% at age 85, markedly increased compared to heterozygotes or
noncarriers*. Therecognition of this very high lifetime risk is much higher
thanthe low-riskcommonallelesidentified by genome-wide association
studies in AD', and comparable to that found in Mendelian diseases"*.

A full list of affiliations appears at the end of the paper.
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Table 1| Demographic, clinical and biomarker data from the multisite clinical cohort

Overall APOE4/4 APOE3/4 APOE3/3 APOE2/X
NACC
nsample 3,297 273 1,088 1,665 371
Sex
Female 1,553 (47%) 130 (48%) 511 (47%) 723 (46%) 189 (51%)
Male 1,744 (53%) 143 (52%) 577 (53%) 842 (54%) 182 (49%)
ADNC
High ADNC 1,590 (48%) 225 (82%) 696 (64%) 551(35%) 118 (32%)
Intermediate ADNC 675 (20%) 35 (13%) 225 (21%) 347 (22%) 68 (18%)
Low ADNC 598 (18%) 10 (3.7%) 137 (13%) 360 (23%) 91(25%)
Not AD 434 (13%) 3(11%) 30 (2.8%) 307 (20%) 94 (25%)
Alzheimer’s dementia 2,099 (64%) 240 (88%) 820 (75%) 840 (54%) 199 (54%)
Age at symptom onset 71(1.2) 65 (8.2) 70 (6.5) 74 (6.8) 74 (8.6)
Age at MCI 79(9.) 72 (10) 77(8.4) 82(8.2) 82(9.7)
Age at dementia onset 81(9.4) 74(12.2) 79 (9.1) 83(9.9) 84 (11.4)
Age atdeath 83(10.5) 80(6.7) 85(7.8) 89(8.8) 88(7.3)
Clinical cohorts
nsample 10,036 519 3,142 5139 1,236
Age 71(7) 69 (7) 71(7) 71(7) 72(7)
Sex
Female 5,666 (56%) 285 (55%) 1,762 (56%) 2,946 (57%) 673 (54%)
Male 4,370 (44%) 234 (45%) 1,380 (44%) 2,193 (43%) 563 (46%)
DX
HC 8,218 (83%) 289 (57%) 2,418 (78%) 4,426 (87%) 1,085 (90%)
MCI 1,045 (11%) 13 (22%) 384 (12%) 464 (9-1%) 84 (7.0%)
AD 618 (6.3%) 105 (21%) 290 (9.4%) 184 (3.6%) 39 (3.2%)
CSF AB,_s2 (pg per ml) 1,024 (538) (n=1,966) 631(319) (n=190) 898 (445) (n=730) 1,178 (571) (n=871) 1,208 (560) (n=175)
CSF pTau181(pg per ml) 24 (14) (n=2,115) 31(17) (n=189) 27 (14) (n=749) 22 (11) (n=977) 21(12) (n=200)

Hippo volume

0.0047 (0.0008)
(n=5,253)

0.0045 (0.0008)
(n=410)

0.0046 (0.0008)
(n=1,970)

0.0048 (0.0008)
(n=2,306)

0.0049 (0.0008)
(n=565)

Centiloid

21(37) (n=7,562)

56 (41) (n=364)

35 (42) (n=2,345)

12 (31) (n=3,896)

9 (28) (n=955)

Plasma pTau181 (pg per ml)

16 (16) (n=1,278)

20 (11) (n=113)

16 (10) (n=475)

15 (22) (n=563)

14.(9) (n=127)

Plasma NfL (pg per ml)

32(23) (n=2,086)

34(19) (n=182)

31(22) (n=762)

32(24) (n=940)

32(26) (n=202)

Tau-PET (SUVr) Braak 1/2

119 (0.16) (n=1,289)

1.33(0.20) (n=86)

1.21(017) (n=462)

116 (0.14) (n=600)

1.14 (013) (n=139)

Tau-PET (SUVr) Braak 3/4

1.20 (0.15) (n=1,289)

1.33(0.21) (n=86)

1.21(0.16) (n=462)

118 (0.14) (h=600)

116 (0.11) (n=139)

Tau-PET (SUVr) Braak 5/6

114 (0.15) (n=1,289)

1.23(0.23) (n=86)

114 (0.15) (n=462)

112 (0.14) (n=600)

111(012) (n=139)

DX, diagnosis; HC, healthy controls; Hippo, hippocampal. Data are shown as: mean (standard deviation).

The predictability of the age at symptomonsetin genetically deter-
mined AD has facilitated clinical trials and is the cornerstone of coun-
seling mutation carriers and their families. However, no previous study
has assessed the predictability of symptom onset in APOE4 homozy-
gotes, and, consequently, the statistical approaches commonly used
in ADAD, including the concept of estimated years to symptom onset
(the predicted time until anindividual with a disease-causing mutation
starts showing AD, based on family history), have not been used.

The predictable sequence of pathological, biomarker and clini-
cal changes in both ADAD and Down syndrome has provided unique
insights into the pathophysiology of AD**. Many biomarker studies
have assessed the impact of APOE on the biomarker changes. However,
mainly due to sample size limitations, the majority combine APOE4
heterozygotes and homozygotes in one ‘APOE4 carriers’ category.

Of note, the studies that analyze APOE4 heterozygotes and homo-
zygotes have found a gene dose response on AD biomarkers”®. Never-
theless, no study has comprehensively analyzed the gene dose effect
across the amyloid, tau, neurodegeneration framework (AT(N))® bio-
marker categories with age and estimated years to symptom onset in
APOE4homozygotes.

Taking advantage of the large dataset from the National Alzhei-
mer’s Coordinating Center (NACC) for pathological data (n >3,200)
and collecting datafrom five large multicenter cohorts of subjects with
AD biomarkers published to date (n >10,000), we aimed to assess the
clinical, pathological and biomarker changes in APOE4 homozygotes
to test the hypothesis that they can be considered as another form of
genetically determined dementia’; in fact constituting one of the most
frequent Mendelian diseases.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-02931-w

a ADNC pathology

APOE4/4
100%

75%
50%
25%

0%

APOE3/3
100%

75%
50%
25%

0%

50 60 70 80 90 50 60 70 80 90
Age at death Age at death
ADNC score [l None [l Low Intermediate [l High
b Invivo markers
Amyloid markers Tau markers
2 g : : : : : : .
z z
s 907 5 907
Q 60 & 60 -
> >~
[¢) [e)
C C
$ 30+ 8 304
o o
o o
[ [y
T T . . . . . T . . . . . .
55 60 65 70 75 80 85 55 60 65 70 75 80 85
Age Age
-« APOE3/3 = APOE4/4 - Centiloid -+ CSFAB,,, -« APOE3/3 -+ APOE4/4 - CSFpTaul8l - Plasma pTaul8l
€ Age at onset d 95% prediction intervals
: APOE3/3 -
100 - oy
| : APOE4/4 -
90 - e
o | \ + e ° PSEN2-N1411 4 —
O 80 - :
% s H L APP-V717I
701 ro | T Elotorms onaet PSEN1-E280A -
60 1 I - AD dementiaonset  Down syndrome - ————
-+ Death
50 | . . . . .
. . 20 40 60 80 100
APOE4/4 APOE3/3 Age

Fig.1|Penetrance and predictive value of APOE4 homozygosity in AD.

a, Distribution of ADNC scores by age of death, comparing APOE4 homozygotes
(APOE4/4) with APOE3 homozygotes (APOE3/3). b, Frequency of positive
amyloid and tau biomarkers across 5-year age intervals for both APOE4 and
APOE3homozygotes and the statistical significance of the difference. It
demonstrate that APOE4 homozygotes consistently exhibit higher levels of
abnormal biomarkers; by age 65, nearly all subjects in APOE4 homozygotes show
abnormallevels of CSF amyloid-p. Black triangles and dots indicate significant
differences between APOE4 homozygotes and APOE3 homozygotes in that age
interval. ¢, Overview of the mean and 95% confidence interval ages at which
symptoms, MCl and dementia manifest in APOE4 homozygotes compared

to APOE3homozygotes. It highlights that APOE4 homozygotes experience
significantly earlier onset ages and have narrower 95% confidence intervals for
these milestones than APOE3 homozygotes (n = 240 APOE4 homozygotes for
symptom onset, n =55 for MCl, n = 48 for AD dementia and n = 48 for death;
n=832 APOE3homozygotes for symptom onset, n =369 for MCI, n =265 for

AD dementiaand n =268 for death). d, The 95% prediction intervals for various
genetically determined forms of AD. The panel highlights a similar variability (or
predictability) for disease onset in APOE4 homozygotes and both ADAD mutation
carriers or individuals with Down syndrome, but a significantly wider prediction
interval in the APOE3 homozygotes compared to all other examined groups.
(The dataon ADAD and Down syndrome have been taken fromref. 13.)

Results

We collected data from 3,297 brain donors from the NACC cohort™
and 10,039 individuals from the clinical cohorts. Table 1 presents the
demographic characteristics, APOF haplotype, neuropathological data
and the biomarker data. There were no significant differences in sex
distribution between haplotypes (both NACC and clinical cohorts).
Asummary of demographic, clinical and biomarker data for each clini-
cal cohort datais available in Supplementary Table 1.

Biological penetrance of AD in APOE4 homozygotes

We analyzed the biological penetrance of AD in both postmortem
data from NACC and in vivo biomarker results in the clinical cohorts.
Concretely, for the postmortem data, we studied the profile of Alz-
heimer’s disease neuropathological change (ADNC) scores (a meas-
ure of neuropathology load)" along the age span. Remarkably, nearly
all APOE4 homozygotes exhibited either high or intermediate ADNC
scores, while this was the case for approximately 50% of APOE3
homozygotes (Fig. 1a). Of note, the neuropathological findings in
APOE4homozygotes were consistent regardless of their age at the time
of death.

We then analyzed the biological penetrance using in vivo bio-
markers from the clinical cohorts. Concretely, we binarized as
positive or negative each participant’s data for amyloid (Centiloid,
cerebrospinal fluid (CSF) amyloid-f3 peptide 1-42 (AB,-4,) and tau
(CSF, phosphorylated tau at residue 181 (pTaul81)). The frequency
of positive amyloid and tau biomarkers across 5-year age intervals in
APOE4 and APOE3 homozygotes showed that APOE4 homozygotes
consistently exhibit higher levels of abnormal biomarkers than APOE3
homozygotes starting at age 55. By age 65, nearly all APOE4 homozy*
gote participants show abnormal levels of CSF AB,_,, and 75% had
positive amyloid scans: The biological penetrance of AD increased
with age for the other biomarkers, reaching 88% for all amyloid and
tau biomarkers at age 80, despite the selection bias in this popula:
tion toward cognitively unimpaired individuals (Fig. 1b). Of note,
the biological penetrance profile was similar when splitting by sex
(Supplementary Fig.1).

Further details, illustrating the neuropathological variations based
on APOE genotype, age and clinical diagnosis, can be found in Sup-
plementary Fig. 2, which shows a clear APOE gene dose effect on AD
neuropathology, as previously described™.
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represent those with medium to high levels of AD pathology (ADNC medium or
high). Confidence intervals are depicted by the shaded areas surrounding each
line. The analysis contrasts the timing of clinical symptom onset (left) with age at
death (right) as the event of interest.

Predictability of symptomatology in APOE4homozygotes
Table 1and Fig. 1c show the age at symptom onset, clinical diagnosis
of mild cognitive impairment (MCI), dementia and death (+2s.d.) in
APOE4and APOE3homozygotes from the postmortem cohort. APOE4
homozygotes started experiencing AD symptoms at age 65.6, MCl at
71.8, dementiaat 73.6 and death at 77.2, approximately 7-10 years ear-
lier than APOE3 homozygotes (P < 0.05 differences). We also performed
Kaplan-Meier survival analysis that confirmed the gene dosage effect
on both the age at symptom onset and age at death, as illustrated in
Fig.2a,b.

We then studied the variability on the age at symptom onset of
APOE4homozygotes compared to other genetically determined forms
of AD. Consequently, we calculated the 95% prediction intervals of
symptom onset (thatis, the age range within which we expect symptom
onset to start with 95% confidence). We found the same variability or
predictability in APOE4 homozygotes (32 years; Fig. 1d) compared to
the PSENI (33 years) and Down syndrome (32 years) (versus PSENI:
z-score =0.92; Pvalue = 0.35 and versus Down syndrome: z-score = 1.19;
Pvalue = 0.23), whereas it was significantly higher in APOE3 homozy-
gotes (versus PSENI: z-score =1.99; Pvalue = 0.04 and versus Down syn-
drome: z-score =3.36; Pvalue < 0.01)”. The predictability of the age at
symptomonset was similar when splitting by sex (Supplementary Fig.1).

Natural history of AD biomarker changes in APOE4
homozygotes

To explore the timing of changes inbiomarkers, we employed the con-
cept of ‘estimated years to symptom onset’, setting the baseline age at
65.6 years to zero (age at symptom onset in APOE4 homozygotes), as
iscommonly foundinthe study of other genetically determined forms
of AD. We compared the trajectories of several biomarkers of the AT(N)
framework with age and withrespect to the estimated years to symptom
onset in APOE4 and APOE3 homozygotes (Fig. 3). We assessed the age
atwhich divergence occurs by visually examining the locally estimated
scatterplot smoothing curves. The onset of CSF Af3,_,, concentrations

in APOE4 homozygotes cannot be ascertained as there were already
differences in the youngest individuals in their late 40s. The increases
in Centiloid scores started visually before age 50 years (15 years from
symptom onset). CSF pTau and plasma pTau concentrations in APOE4
homozygotes followed similar trajectories, with their concentrations
visually starting to increase in participants in their early 50s, around
10-15yearsbefore symptom onset. Regarding neurodegeneration bio-
markers, plasma concentrations of neurofilament light chain (NfL)
showed asteepincrease inall groups in a pattern similar to that of hip-
pocampal atrophy. Of note, the start of the hippocampal atrophy was
difficult to ascertain as hippocampal volumes showed a steep decrease
with age at all ages and for all haplotypes, probably reflecting the neu-
rodevelopmental impact of APOE4 on the medial temporallobe.Inany
case, APOE4homozygotes clearly presented different volumes at the end
ofthesixth decade. Supplementary Fig. 3 shows the results for tau posi-
tron emission tomography (tau-PET) standardized uptake value ratio
(SUVr) and Supplementary Fig. 4 shows the stratified analyses by sex.

Comparison with ADAD and Down syndrome

Wethen constructed and integrated amodel for the biomarker changes
using the standardized differences between APOE4homozygotes and
cognitively unimpaired APOE3homozygotes to better characterize the
order and rate of pathophysiological changes in APOE4homozygotes
and to compare themto the same model described in ADAD and Down
syndrome (Fig. 4). The combined models clearly show the similarities
inthe temporality of biomarker changesinall three genetic conditions.
The main difference between APOE4homozygotes and ADAD was found
inthe hippocampal atrophy, which showed smaller volumes at all ages
included in this study.

Similar biomarker changes at AD dementia stage across
haplotypes

In addition, we investigated the changes in biomarkers with age
among patients with a diagnosis of AD dementia. Consistent with the
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Fig.3|Changes in AD biomarkersin APOE3 and APOE4 homozygotes with
age. Locally esimated scatterplot smoothing curves representing biomarker
changes with age by APOE haplotype using the AT(N) classification system are
shown.APOE4 homozygotes are shown in red and APOE3 homozygotes in green.
Thereisapredictable sequence of biomarker changes in APOE4 homozygotes.
a, Trajectory of APOE4 and APOE3 homozygotes clearly deviate starting with
amyloid biomarkers, which were already decreased in the youngest participants
(50 years of age). b, Tau markers. ¢, Neurodegeneration biomarkers. Of note,
APOE4homozygotes also showed hippocampal atrophy from the offset,

Age Age

probably reflecting the neurodevelopmental impact on the medial temporal
lobe. Circles represent cognitively unimpaired participants, triangles represent
patients with MCland squares represent patients with AD dementia. The vertical
dashed lines at 65 years represent the age of expected symptom onsetin
APOE4homozygotes. Shading represents 95% confidence intervals. Outliers
have been visually truncated for ease of interpretation, while all statistical
analyses were performed using the complete dataset. EYO, estimated years to
symptom onset.
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(left), DSAD (middle) and ADAD (right). The predictable sequence of biomarker
changes is remarkably similarin APOE4 homozygotes to that described in ADAD
or DSAD. (The data are adapted from ref. 5).
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Fig. 5| Biomarker changes in patients with AD dementia. a, Percentage of
positivity in the amyloid PET scans by APOE haplotype. b, Biomarker levels
(Centiloids, CSF pTaul8land plasma NfL levels) with age by APOE haplotype in
individuals with AD dementia and a positive amyloid PET scan. ¢, The tau burden
with age measured in the different Braak regions (1-2, 3-4 and 5-6) by APOE
haplotypeinindividuals with AD dementia and a positive amyloid PET scan.

We found no differences in the amyloid or tau-PET uptake between APOE4 and
APOE3homozygotes in these patients. Shading indicates the 95% confidence
intervals. APOE4 homozygotes are represented in red and APOE3/3 carriersin
green. The solid line represents the median and the dashed lines represent the
25thand 75th percentiles.

neuropathological findings, nearly all patients with AD dementiawho
had at least one APOE4 allele were amyloid PET positive (irrespective
of age), whereas amyloid PET positivity decreased with age in APOE3
homozygotes (Fig. 5a).

To assess whether there were differences in the AD biology
across haplotypes and a potential association with age, we selected
those with a diagnosis of AD dementia and a positive amyloid PET
scan (to avoid non-AD cases in APOE4 noncarriers) and examined
the differences in tau and amyloid biomarkers. Interestingly, we
found no significant differences across haplotypes. We did not find
age-related differences in Centiloid or CSF pTau levels in individuals
with AD dementia (Fig. 5b). There were no differences between the
different haplotypes in tau-PET uptake either, but tau-PET uptake
decreased with age in all Braak regions for all haplotypes (Fig. 5¢).
This suggests that the difference in tau uptake across haplotypes
with disease severity (Supplementary Fig. 3) might be driven by
an earlier onset in APOE4 homozygotes with respect to the other
haplotypes.

Beyond homozygosity: APOE4 gene dose effect

Our study principally investigates APOE4 homozygotes, establish-
ing their similarities with ADAD and Down syndrome. Nonetheless,
we extend our analysis to APOE3 and APOE4 heterozygotes in the
Supplementary Information. These analyses underscore a distinct
gene dose effect of APOE4 on neuropathological (Supplementary
Fig. 2) and in vivo (Supplementary Fig. 5a) biological penetrance,
age of cognitive alterations presentation and death (Supplemen-
tary Fig. 5b), and biomarker profiles (Supplementary Fig. 6). APOE3
and APOE4 heterozygotes consistently exhibit intermediate phe-
notypes between APOE3 and APOE4 homozygotes. This gradient
effect is delineated in Supplementary Figs. 4-7 and Supplementary
Tables1and 2.

Discussion

This study provides comprehensive evidence to propose APOE4
homozygotes as another form of genetically determined AD, similar
to ADAD and Down syndrome associated Alzheimer’s disease (DSAD).
We leveraged the unique resources of the NACC cohort and gathered
one ofthelargest multicenter cohorts with multimodal AD biomarkers
(n>10,000) that enabled us to analyze more than 500 APOE4 homozy-
gotes. Our work showed that APOE4homozygotes meet the three main
characteristics of genetically determined AD, namely near-full pen-
etrance, symptomonset predictability and a predictable sequence of
biomarker and clinical changes.

We first showed that APOE4 homozygotes present near-full pen-
etrance of AD biology. Inthis respect, itis worth noting that AD is now
considered a biological entity that can be diagnosed in vivo based on
the presence of AD biomarkers, irrespective of the presence or not of
clinical symptoms’. Second, although previous studies had already
reported the impact of the APOE haplotype in advancing symptom
onsetandrisk for the disease'*, we demonstrated that symptom onset
in APOE4homozygotes was as predictable asin ADAD and DSAD" (and
significantly higher than in APOE3 homozygotes). As a consequence,
we propose a reappraisal of the conceptual framework and statistical
approaches to favor the use of those commonly utilized in geneti-
cally determined dementias rather than the conceptual and analytical
approach used in sporadic AD studies (for example, estimated years
to symptom onset versus odds ratios)>". Finally, most biomarker stud-
ies collapse APOE4 carriers into one group, mainly due to sample size
considerations. However, there have also been fewer studies with small
sample sizes or using only one or two modalities (mainly amyloid)
that have shown an APOE gene dose effect’®'*", Using an integrated
model we could establishapredictable sequence of biomarker changes
that was remarkably similar in sequence to that described in ADAD or
DSAD*®. We found distinct hippocampal volume patterns in APOE4
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homozygotes, probably reflecting the potential neurodevelopmental
impact on the medial temporal lobe and a shift toward a limbic pre-
dominant phenotype in AD presentation in APOE4 carriers. Interest-
ingly, when we restricted the analyses to patients with AD dementia,
we found that, despite the very different ages at symptom onset, the
biomarker changes were similar across haplotypes in patients with
dementia of the same age. Of note, although Supplementary Fig. 3
shows that APOE4 homozygotes initially appear to have an increased
tau burden, this is moderated when both age and clinical status are
considered (Fig. 5). In agreement with other studies we found a lower
burden of tau with age, probably due to a higher prevalence of other
copathologies and/or reduced physiological resilience to any form of
pathology at older ages™.

We propose a reconceptualization of the genetic architecture of
AD, whichis usually divided into the sporadic and autosomal dominant
forms?. APOEis considered arisk factor rather thana causal gene. How-
ever, Genin et al.* proposed an autosomal semidominant inheritance
for APOE4in AD, based on estimates of the lifetime risk for AD dementia
in APOE4 homozygotes (and the intermediate risk in heterozygotes)
that can exceed 60-80% (refs. 4,14,21) in the range of major genes in
Mendelian diseases. We provide an integrated clinical, pathological
and biomarker confirmation of this hypothesis, and propose APOE4
homozygotes should be considered as another form of genetically
determined AD, like ADAD and DSAD’. We would like to note that Down
syndrome underwent a similar recent reappraisal’ based on the dem-
onstration of universal AD pathology, the predictable sequence of bio-
markers and clinical changes®, and a near-full penetrance for dementia
inthis population”. Much likein Downsyndrome (but notin ADAD), the
later onset of clinical symptoms in APOE4 homozygotes has led to an
underestimation of its penetrance. Competing age-related causes of
death often precede the manifestation of AD symptoms, thus reducing
its observed prevalence and masking the true extent of AD.

Thereconceptualization of genetically determined AD, inclusive of
conditions like APOE4 homozygosity and Down syndrome, necessitates
reevaluating established beliefs. Family history may not always be a
reliableindicator, as parents can carry and transmit genetic conditions
like trisomy 21 or the APOE4 allele without manifesting them. Tradition-
ally, ADAD is characterized by an early onset, typically before age 65.
However, this criterion should not exclusively determine the genetic
basis of the disease as it overlooks the complexity of genetic factors.
Notably, certain mutations in presenilin 2, despite being definitively
linked to ADAD, exhibit symptom onset around, or sometimes after,
age 65. Moreover, the expected age for symptom onset in all forms of
genetic AD exhibits considerable variability, potentially influenced
by other genetic variants and lifestyle factors that can modify disease
expression and progression.

This reconceptualization has profound consequences. First,
APOE4homozygotes and heterozygotes should not be combined as is
usually done, as they represent two distinct genetic risk profiles. There
is a strong gene dose effect on clinical, pathological and biomarker
data, with APOE3 or APOE4 heterozygotes consistently exhibiting inter-
mediate phenotypes between APOE3 and APOE4homozygotes, which
supports the concept of autosomal semidominance as suggested by
Geninetal.*. Second, given that the incidence of APOE4homozygotes
is approximately 2% (with racial and geographical variations)?, they
wouldin fact constitute one of the most frequent Mendelian diseases.
This will have consequences in counseling and the recommendations
to screen for APOE in the population and in the study of patients with
cognitive complaints. Nevertheless, it is important to note that our
findings predominantly reflect the risk association of APOE4 homozy-
gosity (and heterozygosity) within European ancestry populations.
Recognizing the paucity of data onindividuals of African descent, we
stress the recent findings suggesting differential APOE4-related risks
across ancestries®. Future research must prioritize the inclusion of
diverse populations to elucidate the full scope of effect of APOE4 on

AD risk, ensuring that genetic insights translate into benefits for all
ethnicities. Third, APOE4homozygotes would share the unique oppor-
tunities for research and trials recognized for genetically determined
AD. These opportunities start to be recognized (ClinicalTrials.gov
registration: NCT04770220).

Our study has several limitations that must be acknowledged. One
limitation of this study is the use of convenience samples, which may
notaccurately represent the broader population. Our separate analyses
on the NACC dataset and clinical cohorts each come with their own
biases. NACC leans toward symptomatic participants, whereas clinical
cohorts have stringent inclusion criteria that favor cognitive health,
possibly underestimating the true burden of AD. Despite these con-
straints, the consistent findings of near-full biological AD penetrance
among APOE4homozygotes inboth datasets bolster the robustness of
our study’s conclusions. Thelack of AB,_,, levels or the use of the ADNC,
whose score is not a granular measure of specific neuropathologi-
cal lesions, are other limitations. However, the ADNC is nevertheless
broadly accepted as ageneral marker of AD neuropathology. Thelack
of centralized biomarker assessment across multiple centersis another
limitation. Despite our efforts to standardize data by exclusively includ-
ing studies using the same Roche platform and adding ‘site’ as a covari-
ate in our statistical models, intersite variations could still introduce
bias. Another major limitationis the cross-sectional design. Together
with the biases of our convenience cohort, we were unable to calculate
incidence or cumulative incidence of AD dementia for each haplotype.
Future longitudinal studies considering competing mortality risks will
allow for amore comprehensive understanding of the disease risk and
its progression over time. The relationship between APOE4 homozy-
gosity and AD risk may be obscured by higher mortality from other
age-related conditions*. Additionally, as mentioned, all participants
came fromthe USA or Europe and were predominantly white. However,
there are geographical differencesin APOE4 frequency and ethnic risk
mitigation, with APOE4 conferring a lesser risk in Black than in white
populations®. Future studies should focus on population-based studies
with diverse origins.

Inconclusion, our study provides compelling evidence to propose
that APOE4homozygotes represent adistinct, genetically determined
form of AD, which hasimportantimplications for public health, genetic
counseling of carriers and future research directions.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information, details of author contri-
butions and competinginterests, and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41591-024-02931-w.

References

1. Bellenguez, C. et al. New insights into the genetic etiology of
Alzheimer’s disease and related dementias. Nat. Genet. 54,
412-436 (2022).

2. Frisoni, G. B. et al. The probabilistic model of Alzheimer disease:
the amyloid hypothesis revised. Nat. Rev. Neurosci. 23, 53-66
(2022).

3. BatemanR. J. etal. Clinical and biomarker changes in dominantly
inherited Alzheimer’s disease. N. Engl. J. Med. 367, 795-804
(2012).

4. Genin, E. et al. APOE and Alzheimer disease: a major gene with
semidominant inheritance. Mol. Psychiatry 16, 903-907 (2011).

5. Fortea, J. et al. Alzheimer’s disease associated with Down
syndrome: a genetic form of dementia. Lancet Neurol. 20,
930-942 (2021).

6. Fortea, J. etal. Clinical and biomarker changes of Alzheimer’s
disease in adults with Down syndrome: a cross-sectional study.
Lancet 395, 1988-1997 (2020).

Nature Medicine


http://www.nature.com/naturemedicine
https://clinicaltrials.gov/ct2/show/NCT04770220
https://doi.org/10.1038/s41591-024-02931-w

Article https://doi.org/10.1038/s41591-024-02931-w

7. Jansen, W. J. et al. Prevalence of cerebral amyloid pathology in 18. Snellman, A. et al. APOE €4 gene dose effect on imaging and
persons without dementia: a meta-analysis. JAMA 313, 1924-1938 blood biomarkers of neuroinflammation and beta-amyloid in
(2015). cognitively unimpaired elderly. Alzheimers Res. Ther. 15, 71 (2023).

8. Saddiki H. et al. Age and the association between apolipoprotein 19. Ghisays, V. et al. Brain imaging measurements of fibrillar
E genotype and Alzheimer disease: a cerebrospinal fluid amyloid-@3 burden, paired helical filament tau burden, and atrophy
biomarker-based case-control study. PLoS Med. https://doi. in cognitively unimpaired persons with two, one, and no copies of
org/10.1371/JOURNAL.PMED.1003289 (2020). the APOE £4 allele. Alzheimers Dement. 16, 598-609 (2020).

9. Jack, C.R. et al. NIA-AA Research Framework: toward a biological ~ 20. Mehta, R. I. & Schneider, J. A. What is ‘Alzheimer’s disease’? The
definition of Alzheimer’s disease. Alzheimer’s Dement. 14, neuropathological heterogeneity of clinically defined Alzheimer’s
535-562 (2018). dementia. Curr. Opin. Neurol. 34, 237-245 (2021).

10. Beekly, D. L. et al. The National Alzheimer’s Coordinating Center 21. vander Leeg, S. J. et al. The effect of APOE and other common
(NACC) Database: an Alzheimer disease database. Alzheimer Dis. genetic variants on the onset of Alzheimer’s disease and
Assoc. Disord. 18, 270-277 (2004). dementia: a community-based cohort study. Lancet Neurol. 17,

1. Montine, T. J. et al. National Institute on Aging-Alzheimer’s 434-444(2018).

Association guidelines for the neuropathologic assessment of 22. Belloy, M. E., Napolioni, V. & Greicius, M. D. A quarter century of
Alzheimer’s disease: a practical approach. Acta Neuropathol. 123, APOE and Alzheimera’s disease: progress to date and the path
1-11(2012). forward. Neuron 101, 820-838 (2019).

12. Reiman, E. M. et al. Exceptionally low likelihood of Alzheimer’s 23. Belloy, M. E. et al. APOE genotype and Alzheimer disease risk
dementia in APOE2 homozygotes from a 5,000-person across age, sex, and population ancestry. JAMA Neurol. 80,
neuropathological study. Nat. Commun. 11, 1-11 (2020). 1284-1294 (2023).

13. lulita M. F. et al. Association of Alzheimer disease with life 24. Jack, C.R. et al. Long-term associations between amyloid
expectancy in people with Down syndrome. JAMA Netw. Open positron emission tomography, sex, apolipoprotein E and incident
https://doi.org/10.1001/JAMANETWORKOPEN.2022.12910 dementia and mortality among individuals without dementia:
(2022). hazard ratios and absolute risk. Brain Commun. 4, fcac017 (2022).

14. Corder, E. H. et al. Gene dose of apolipoprotein E type 4 allele and
the risk of Alzheimer’s disease in late onset families. Science 261, Publisher’s note Springer Nature remains neutral with regard to
921-923 (1993). jurisdictional claims in published maps and institutional affiliations.

15. Fortea, J., Quiroz, Y. T. & Ryan, N. S. Lessons from Down syndrome
and autosomal dominant Alzheimer’s disease. Lancet Neurol. 22, Springer Nature or its licensor (e.g. a society or other partner) holds
5-6 (2023). exclusive rights to this article under a publishing agreement with

16. Therriault, J. et al. Frequency of biologically defined Alzheimer’s the author(s) or other rightsholder(s); author self-archiving of the
disease in relation to age, sex, APOE g4, and cognitive accepted manuscript version of this article is solely governed by the
impairment. Neurology 96, e975-e985 (2021). terms of such publishing agreement and applicable law.

17. Betthauser, T. J. et al. Multi-method investigation of factors
influencing amyloid onset and impairment in three cohorts. Brain © The Author(s), under exclusive licence to Springer Nature America,
145, 4065-4079 (2022). Inc. 2024

'Sant Pau Memory Unit, Hospital de la Santa Creu i Sant Pau - Biomedical Research Institute Sant Pau, Barcelona, Spain. “Centro de Investigacién
Biomédica en Red de Enfermedades Neurodegenerativas. CIBERNED, Barcelona, Spain. *Barcelona Down Medical Center, Fundacié Catalana Sindrome
de Down, Barcelona, Spain. “Department of Medicine, Faculty of Medicine and Health Sciences, Institute of Neurosciences, University of Barcelona,
Barcelona, Spain. °Barcelonafeta Brain Research Center (BBRC), Pasqual Maragall Foundation, Barcelona, Spain. °Neurosciences Programme, IMIM -
Hospital del Mar Medical Research Institute, Barcelona, Spain. ‘Department of Medicine and Life Sciences, Universitat Pompeu Fabra, Barcelona, Spain.
8Centro de Investigacion Biomédica en Red Bioingenieria, Biomateriales y Nanomedicina. Instituto de Salud carlos lll, Madrid, Spain. °Centro Nacional de
Investigaciones Cardiovasculares (CNIC), Madrid, Spain. °Wisconsin Alzheimer’s Disease Research Center, University of Wisconsin-Madison School of
Medicine and Public Health, Madison, WI, USA. "Brigham and Women'’s Hospital Massachusetts General Hospital, Harvard Medical School, Boston, MA,
USA. Barcelona Supercomputing Center, Barcelona, Spain. *These authors contributed equally: Juan Fortea, Victor Montal. [ e-mail: jfortea@santpau.cat;
victor.montal@protonmail.com

Nature Medicine


http://www.nature.com/naturemedicine
https://doi.org/10.1371/JOURNAL.PMED.1003289
https://doi.org/10.1371/JOURNAL.PMED.1003289
https://doi.org/10.1001/JAMANETWORKOPEN.2022.12910
mailto:jfortea@santpau.cat
mailto:victor.montal@protonmail.com

Article

https://doi.org/10.1038/s41591-024-02931-w

Methods

Study design

We used two distinct sources of human data: (1) a neuropathological

study using datafrom NACC'?, and (2) an in vivo study using data from

five clinical cohorts thatincluded multiple biomarkers. A description

ofeach ofthe cohorts can be found in the Supplementary Information.
The study was approved by the Sant Pau Ethics Committee in

accordance with the recommendations of the Declaration of Helsinki.

Each cohortinvolvedinthe study obtained approval fromits respective

Institutional Review Board committee.

Participants

National Alzheimer’s Coordinating Center. We included participants
with a neuropathological evaluation”, APOE haplotype information
(dataaccessed on1August 2022) and a clinical evaluation®. Most par-
ticipants also had information on the age at disease onset (symptom
onset, MCl and/or dementia). Further details on the participants’
diagnosis and a description of the neuropathological scoring can be
found in the Supplementary Information.

Clinical cohorts. Our study included cross-sectional data from five
multisite cohorts: (1) Alzheimer’s Disease Neuroimaging Initiative
(n=2,214)*; (2) The A4 Study (n =5,477)*; (3) the ALFA Study (n = 418)*;
(4) the Wisconsin Register for Alzheimer’s Prevention (n=612)* and
(5) the OASIS3 Project (n=1,317). All five cohorts include a diverse
set of biomarkers across the AD continuum, with a special emphasis
on preclinical AD. We included all the available data from participants
with at least one available biomarker of interest, a clinical diagnosis
and anAPOE haplotype.

APOE genotyping
We included participants with available APOE haplotype as reported
ateachsite?°,

Biochemical analysis

A subset of 1,665 participants from three sites (ADNI, Alfa + and
Wisconsin Register for Alzheimer’s Prevention) underwent biofluid
measurements. All sites followed a similar processing pipeline, and
protein levels were quantified using the same technology across all
cohorts?***, Specifically, Elecsys was used to measure CSF AB,_,, and
pTaul8llevels, and SIMOA was used to measure plasma pTau and NfL
levels. We used the biofluid quantification directly provided by each
cohort. Of note, three of the five clinical sites do not have Af,_,, meas-
urements, and we did notinclude the AB,_,, or AB,_4, ratio.

Brainimaging

Asubgroup of 5,108 participants underwent assessments of hippocam-
pal volume using T1-weighted MRl data and we used the mean volume
of the bilateral hippocampus normalized by the total intracranial
volume as reported at each site. Another subset of 7,490 participants
underwent amyloid PET imaging using the Pittsburgh compound B,
Florbetapir or Flutemetamol tracers. SUVr measures were reported by
eachsiteand transformedinto Centiloid scale scores tointegrate data
fromthe different tracers. To classify participants as amyloid-positive,
we used a threshold of 24.4 Centiloids®. Another subset of 1,267 par-
ticipants underwent tau-PET imaging with flortaucipir. We quantified
the SUVrinthe different Braak stage regions (Braak1-2, 3-4 and 5-6)
using regions of interest from Freesurfer Desikan Atlas. A detailed
descriptionon the tau-PET quantification pipeline canbe foundin the
Supplementary Information.

Statistical analyses

All statistical analyses were conducted using R (v.4.2.2), utilizing the
‘survival’, ‘survminer’ and ‘statsExpressions’ packages. Demographic
differences across groups were evaluated using chi-square tests for

categorical variables and Kruskal-Wallis tests for continuous variables.
Pairwise comparisons followed, deploying the Dwass-Steel-Critch-
low-Fligner method.

We used the NACC dataset to analyze the distribution of ADNC
scores across different ages at death, comparing APOE4 and APOE3
homozygotes, and to analyze the impact of the APOE haplotype on
disease onset and its predictability (as assessed by the 95% prediction
interval). We statistically compared the different age at onset between
haplotypes using Kruskal-Wallis tests (followed by pairwise com-
parisons using the Dwass-Steel-Critchlow-Fligner test). We also used
datafromref.13to compare predictive intervals for APOE4 and APOE3
homozygotes, PSEN1 and Down syndrome®. We calculated the average
age and standard deviation for symptom onset in PSENI and Down
syndrome, then z-normalized the predictive intervals for APOE4 and
APOE3to assess statistical similarity based on a normal distribution.

We also conducted a Kaplan—-Meier survival analysis to ascertain
the gene dosage effect on the age at symptom onset and age at death.
We assessed the probability of remaining free from a dementia diag-
nosis and surviving across different time points using the Kaplan-
Meier method, which was followed by a Cox regression model for
further insight. Participants from the NACC were stratified based on
ADNC status into two categories: ADNC positive (high or intermedi-
ate) and ADNC negative (none or low). We then evaluated the survival
probabilities for each group. Incorporating sex as a covariate, the
Cox regression analysis yielded statistically significant differences in
survival outcomes between the groups, underscoring the influence
of AD pathology on disease progression and mortality. All remain-
ing analyses were performed using the clinical cohorts’ dataset. To
determine the order and temporality of the biomarker changes across
haplotypes, we first compared the frequency of positive amyloid and
tau biomarkers across 5-year age intervals for both APOE4 and APOE3
homozygotes. We used a previously reported cohort-specific threshold
to binarize amyloid and tau biomarkers into positive and negative.
We also compared the biomarker levels at each age interval using
Welch’s ¢-test and including the clinical cohort as a covariate. We also
fitted a first-order locally estimated scatterplot smoothing curve
in each haplotype independently using a standard tricubic weight
function with a span parameter to 0.75 (refs. 3,6). As in our previous
study, we defined biomarker change as the age at which the groups
appear to start diverging visually, because the exact age at which the
confidence intervals diverge is dependent on intrinsic limitations of
studies assessing the natural history of biomarkers, such as the nature
ofthevariable, the sensitivity of the assay, the slope of the association
and, in our study, the uneven sample sizes for the different biomark-
ers®. To compare the timing of changes in APOE4 homozygotes to
those in Down syndrome and ADAD, we constructed a model of the
standardized difference between all APOE4 and healthy control APOE
homozygotes as afunction of estimated years from expected symptom
onset>®. Concretely, we included the whole set of APOE4 homozy-
gotes, independently of their cognitive status, and normalized their
biomarker scores by the values from cognitively unimpaired APOE3
homozygotes.

Finally, to compare the AD biology across haplotypes in the
dementia stage, we compared the biomarker changes to age in those
participants with a diagnosis of AD dementia and a positive amyloid
scantoavoid the biasintroduced by the differential risk of AD biology
across haplotypes.

Concretely, we used Welch'’s t-test to compare between APOE
haplotypes. We performed several post hoc sensitivity analyses to
investigate the possibility of site-specific variations, which may have
been caused by differences in imaging protocols or biochemical bio-
marker analysis protocols. These analyses are available in the Supple-
mentary Information. The Supplementary Information also provides
an in-depth explanation of the statistical methods used to generate
the Supplementary Results.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Access to tabular data from ADNI (https://adni.loni.usc.edu/), OASIS
(https://oasis-brains.org/), A4 (https://ida.loni.usc.edu/collabora-
tion/access/appLicense.jsp) and NACC (https://naccdata.org/) can
be requested online, as publicly available databases. All requests will
be reviewed by each study’s scientific board. Concrete inquiries to
access the WRAP (https://wrap.wisc.edu/data-requests-2/) and ALFA +
(https://www.barcelonabeta.org/en/alfa-study/about-the-alfa-study)
cohort data can be directed to each study team for concept approval
and feasibility consultation. Requests will be reviewed to verify whether
therequestis subject to any intellectual property.

Code availability

Allstatistical analyses and raw figures were generated using R (v.4.2.2).
We used the open-sourced R packages of ggplot2 (v.3.4.3), dplyr
(v.1.1.3), ggstream (v.0.1.0), ggpubr (v.0.6), ggstatsplot (v.0.12), Rmisc
(v.1.5.1), survival (v.3.5), survminer (v.0.4.9), gtsummary (v.1.7), epitools
(v.0.5) and statsExpression (v.1.5.1). Rscripts to replicate our findings
canbefoundat https://gitlab.com/vmontalb/apoe4-asdad (ref. 32). For
neuroimaging analyses, we used Free Surfer (v.6.0) and ANTs (v.2.4.0).
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