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ABSTRACT

Background:

Genetic variants that cause autosomal dominant Alzheimer’s disease are highly
penetrant but vary substantially with respect to age at symptom onset (AAO; ranging
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from ages <30 to >70), rates of cognitive decline, and biomarker changes. Most
pathogenic variants that cause autosomal dominant Alzheimer’s disease are in PSEN1,
which encodes the catalytic core of y-secretase, an enzyme complex critical to the
production of B-amyloid. We investigated whether the heterogeneity seen in AAO and
biomarker trajectories in PSEN1 pathogenic variant carriers can be predicted based on
the effects of individual PSEN1 variants on y-secretase activity and B-amyloid
production.

Methods: y-secretase activity was measured in 161 PSEN1 variants using genetically-
modified HEK293T cells. A summary measure of y-secretase activity (GSC;

short AB37+38+40 . .. .
B ) was calculated for each variant and compared to clinical history-
long AB42+43

derived AAO. Further, using cross-sectional and longitudinal data from 190 pathogenic
variant carriers participating in the Dominantly Inherited Alzheimer’s Network
Observational Study (DIAN-Obs; sites across the United States, Europe, South
America, and Asia; data collected between Feb 29, 2008 and July 1, 2020) we
assessed relationships between variant-level y-secretase activity and in vivo clinical,
cognitive, cerebrospinal fluid, and neuroimaging measures.

Findings: Variations in y-secretase activity across the 161 PSEN1 mutations examined
were highly predictive of AAO (r[159] = 0.58, p < 0.0001). Variations in y-secretase
activity were also strongly correlated with all examined clinical (CDR-SB: B[SE] = -
0.05[0.02], p = 0.003), cognitive (including MMSE: B[SE] = 0.08[.03], p = 0.004), and in
vivo biomarker measures (including cortical AR PET burden: (B[SE] = -0.03[0.01], p <
0.0001, MRI-based hippocampal volume: B[SE] = 37.35[6.3], p < 0.0001, and CSF
pT217: B[SE] = -0.009[0.002], p =0.0007) in human PSEN1 carriers.

Interpretation: Our findings suggest that clinical heterogeneity in autosomal dominant
Alzheimer’s disease can be at least partly explained by different effects of PSEN1
variants on y-secretase activity and downstream 3-amyloid production. In addition to
supporting a critical link between B-amyloid production and Alzheimer’s disease
progression, these results support targeting the y-secretase complex as a therapeutic
approach and the incorporation of y-secretase activity measures into autosomal
dominant Alzheimer’s disease clinical trials. Lastly, these results suggest cell-based
models such as those used here may represent a powerful and clinically relevant tool to
assess Alzheimer’s disease genetic variants of unknown significance or to predict
symptom onset in cases with limited family history.

Funding: The National Institute on Aging, the Alzheimer’s Association, the German
Center for Neurodegenerative Diseases, and the Japan Agency for Medical Research
and Development.
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INTRODUCTION

Although only ~1% of all people who have Alzheimer’s disease have autosomal
dominant forms,’ autosomal dominant Alzheimer’s disease plays a disproportionately
large role in our understanding of the biological basis of both late-onset, sporadic forms
of Alzheimer’s disease and genetically-driven forms of Alzheimer’s disease. All known
autosomal dominant Alzheimer’s disease-causing mutations appear to impact either the
expression level or metabolism of Amyloid Precursor Protein (APP) or by affecting
activity of the y-secretase complex. The study of autosomal dominant Alzheimer’s
disease mutations has broadly influenced the field, including the development of many
transgenic animal models of Alzheimer’s disease and in the development Alzheimer’s
disease therapeutics.

Despite the nearly complete penetrance of autosomal dominant Alzheimer’s disease -
causing pathogenic variants, the age at which patients develop symptoms of cognitive
impairment (AAQO) and the rate at which Alzheimer’s disease progresses varies
substantially across the many known autosomal dominant Alzheimer’s disease variants.
Indeed, AAO for autosomal dominant Alzheimer’s disease mutations can vary from the
20s to the 70s,"? suggesting that, while all variants appear to be penetrant, different
mutations may be more or less potent in driving Alzheimer’s disease progression.

An increase in production of longer, aggregation-prone AB fragments (e.g., Ap 42 and
43) relative to shorter, non-aggregating fragments (e.g., AR 37 and 38) by neurons is a
critical initiating pathogenic event in both late onset® and autosomal dominant*®
Alzheimer’s disease. The relative balance between production of aggregating and non-
aggregating forms of AB influences neurotoxicity® and is a direct result of the efficiency
and kinetics with which the y-secretase proteolytic complex cleaves APP7-'". Subtle
alterations in y-secretase activity can lead to profound neurodegenerative and cognitive
consequences, while modulation of y-secretase has therapeutic potential.®1%12-5 Qver
200 pathogenic variants in Presenilin-1 (PSEN1), the key catalytic subunit in the y-
secretase complex, have been identified and are the most common causes of
autosomal dominant Alzheimer's disease'®. Similar to heterogeneity in clinical and
Alzheimer’s disease biomarker progression seen in late onset Alzheimer's disease,
there is striking heterogeneity in AAO and rates of cognitive and biomarker change 720
across carriers of PSEN1 pathogenic variants.

Intriguingly, prior work suggests some pathogenic PSEN1 variants might not
significantly alter the absolute amounts of AB42 production?'?2, indicating that more
thorough investigation is needed to understand how these pathogenic variants lead to
autosomal dominant Alzheimer’s disease and the mechanisms that cause earlier versus
later disease onset and progression. Findings from our group?® and others'®2* suggest
that probing the ratios of short-to-long AB peptide production across autosomal
dominant Alzheimer’s disease pathogenic variants may help us understand the
observed heterogeneity in these populations. Petit and colleagues?* investigated the
utility of examining ratios of short-to-long AR peptide production by y-secretase for
predicting estimated AAO by performing an analysis of 25 autosomal dominant
Alzheimer’s disease-causing PSEN1 variants and generating AR profiles in vitro; they
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showed that a ratio of short-to-long AB peptide production by the y-secretase complex
may be predictive of AAO.

Here, we examine a large set of PSEN1 pathogenic variants with AAO ranging from the
20s to the 70s and functionally characterize APP processing by the y-secretase
complex for each variant. We then compare this mutation-level characterization of y-
secretase function to cross-sectional and longitudinal clinical, cognitive, biofluid, and
neuroimaging data from people affected by autosomal dominant Alzheimer’s disease,
and thereby test whether the heterogeneity seen in by autosomal dominant Alzheimer’s
disease can be partly explained by mutation-level variations in the enzymatic activity of
the y-secretase complex.

METHODS

Study design

We performed cross-sectional and longitudinal analyses of data from participants who
were enrolled in the Dominantly Inherited Alzheimer Network observational study
(DIAN-Obs). Data from DIAN-Obs data freeze version 15 (last data from June 30, 2020)
were utilized. We included individuals with PSEN1 pathogenic variants and relevant
genetic, clinical, imaging, and cerebrospinal fluid (CSF) data. Participants in DIAN-Obs
provided informed consent prior to the completion of any study procedures in
accordance with the local institutional review boards of each participating site. DIAN-
Obs study procedures have received ethics approval at Washington University (MO,
USA) and all participating sites.

Participants

Data were included from 190 people carrying PSEN1 pathogenic variants. Within this
sample, 56 unique PSEN1 pathogenic variants were represented. These 56 variants
were characterized via cell-based methods (see Figure 1A, Table 1, and appendix pg
10). Detailed protocols for DIAN-Obs have previously been published and are described
in supplemental methods.

Clinical evaluators were blind to the mutation status of participants. As part of their
enrollment in DIAN-Obs, participants undergo comprehensive clinical and cognitive
evaluations. Clinical Dementia Rating (CDR®) Sum of Boxes (SB) was assessed for
each participant using structured interviews, as previously described?®. Mini-Mental
State Examination (MMSE) and Wechsler Memory Scale-Revised Logical Memory
Delayed Recall?® are sensitive global cognition and memory performance and were
selected a priori as our cognitive measures of interest.

Procedures

Functional assays of y-secretase activity were performed for 161 unique PSEN1
variants, including 56 unique variants represented in DIAN-Obs and data from the
remaining, non-overlapping, 105 unique variants previously characterized by our
group,?® and wild-type PSEN1. Using methods detailed appendix pg 1-2 and a prior
report using this model system, each PSEN1 variant or normal PSEN1 was sub-cloned
and placed into the PcDNA 3.1 expression vector?®. Subsequently, each variant was co-
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transfected with a plasmid encoding wild-type human APP-C99 (99 amino acid fragment
of the APP C-terminus) into HEK293T cells genetically depleted of PSEN1 and
PSEN2?3. Creation of this cell line and transient transfection procedures are described
in appendix pg 1 and 22. Conditioned media from transfected HEK cells was harvested
and diluted with 1% BSA in wash buffer (TBS supplemented with 0.05% Tween). AR37,
38, 40, 42, and 43 immunoassays were performed in triplicate and averaged as
previously described?® (see appendix pg 2). As the wildtype or variant PSEN1 were
transiently expressed in the cells, to normalize the amount of secreted AR peptides from
different transfectants, we further used a ratio between a specific secreted AB and the
total secreted AR C-terminal variants (37+38+40+42+43) as has been done
previously?324. We leveraged prior literature®232427 suggesting a measure of the
efficiency of successive cleavage (y-processivity) of Ap fragments can be used to
summarize y-secretase activity. Building on the work of Petit and colleagues?*, -

. . . . hort AB37+38+40 Ly
secretase activity composite was summarized as a ratio of > (l)(jng f’\ Sesras - 10 aid in the

interpretability of the ratio, we used this ratio as a percent relative to the production
seen in the same model system following transfection with wildtype PSEN1 (Gamma
Secretase Composite; GSC = variant PSEN1 y-secretase activity composite / wildtype
PSEN1 y-secretase activity composite * 100).

For DIAN-Obs study participants, AAO was determined through structured interviews to
determine the age at onset of progressive cognitive decline for the participant and their

first degree relative(s)?®. For the remaining 105 unique variants previously characterized
by our group?® (but not represented in DIAN-Obs) the previously reported AAO (derived
from literature review)?® was used for the current analyses.

Imaging and Fluid Biomarker Analyses

Detailed protocols for A and brain metabolism positron emission tomography (PET),
magnetic resonance imaging (MRI), and CSF studies are described in supplemental
methods (appendix pg 3-5 and 23) and in previously published work?20-2528-30_ Cerebral
ApB load was measured using ["'C]Pittsburgh Compound B (PiB) PET, and brain glucose
metabolism was measured with ['8F] Fluorodeoxyglucose (FDG)-PET. Partial volume
corrected values were used in all analyses. FreeSurfer v 5.3 defined regional measures
(appendix pg 23) were derived from MRI data. CSF AB42, AB40, and phosphorylated-
tau181 levels were measured using an automated immunoassay system (LUMIPULSE
G1200, Fujirebio, Malvern, PA, USA). Phosphorylated-tau 217 (pT217/T217) values
were derived from immunoprecipitation-mass spectrometry (IP-MS) as previously
described?® (appendix pg 5).

Statistical Analyses

Individuals from DIAN-Obs were included in cross-sectional analyses if they had
completed at least one AR PET scan, MRI scan, and at least one cognitive assessment
(Figure 1A). A subset of individuals also had ['®F] FDG-PET (n=162) and CSF (n=157)
available for cross-sectional analyses. Longitudinal data were available from 154 DIAN-
Obs participants (appendix pg 10).
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Statistical analyses were performed using R version 4.0.3. As described in more detalil
in the supplemental methods (appendix pg 6-8). Pearson correlations were used to
assess associations of GSC with AAO. Next, in order to demonstrate the potential utility
of using the GSC to predict an approximate AAO for novel pathogenic variants and/or
when a clinical history is not available, we first generated a linear model that defined the
linear relationship of y-secretase activity to the literature-derived AAO in the 105 PSEN1
variants characterized previously and not represented in DIAN-Obs (A40 ~ 28.14 +
0.27 = GSC). We next used this equation to predict AAO for the 56 variants included in
the DIAN-Obs (AAOgsc; appendix pg 11-15).

Linear mixed effect models (LMM) including fixed effects for age, self-reported sex, and
GSC were employed to assess associations between the cell-based y-secretase activity
and multi-modal biomarker and clinical data from DIAN-Obs. Similar to prior work from
DIAN-Obs, a random effect for family membership was included in each linear mixed
effects model. Separate models were used to assess associations with each clinical,
cognitive, or biomarker outcome measure, focusing on PiB-PET, FDG-PET, CSF AR
42/40, CSF logio(phosphorylated-tau 181), CSF log1o(pT217/T217), hippocampal
volume, CDR-SB, MMSE, and logical memory delayed (see supplemental methods;
appendix pg 6-8). Years of education was included as an additional fixed effect term in
models examining cognitive and clinical outcomes. The output of each LMM is reported
as unstandardized beta coefficients (B), the corresponding standard error [SE], and p-
value.

LMM were similarly constructed but made use of an annualized rate of change for each
outcome of interest (appendix pg 6). Additional analyses made use of a tertile split of
GSC scores to visualize how clinical, cognitive, and biomarker trajectories can be
understood in the context of y-secretase activity. Exploratory, regional analyses
comparing PiB-PET standardized uptake value ratios (SUVRSs), grey matter volumes,
and FDG-PET SUVRs across PSEN1 carriers with variants in the lowest (most
pathogenic; GSC > 33.7% relative to wildtype) vs. highest (least pathogenic; GSC <
51.6% relative to wildtype) tertiles of GSC.

Lastly, to visualize how variant differences in y-secretase activity may lead to distinct
patterns of autosomal dominant Alzheimer’s disease progression, we plotted the core
clinical, cognitive, and biomarker measures across the lifespan after splitting PSEN1
pathogenic variants into tertiles based on GSC using data from the DIAN-Obs study. To
complement this group-level analysis and to model how cell-based y-secretase activity
scores may predict individual disease trajectories in clinical and clinical research
settings, we also used all available data to visualize putative disease trajectories for 2
hypothetical individuals carrying mutations with 25% and 75% GSC, respectively.

Role of the funding source
The funders of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report.

RESULTS
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Grouping together in vitro HEK293T cell-based AB production for all 161 variants
(Figure 1B and appendix pg 11-17), median (sd) levels relative to wildtype PSEN1 for
AB37, 38, and 40 were 46.49% (44.4), 51.49% (51.4), and 85.13% (64.2). This indicates
that, as a group, PSEN1 pathogenic variants decrease the processive y-cleavage of A
by y-secretase (y-processivity), leading to a decrease in these fully processed (shorter)
AB peptides. Additionally, relative levels of AB42 and 43 across variants were higher
compared to that observed with wildtype PSEN7 (median (sd) = 182.41% (221.1) and
158.96% (1174.4), respectively; Figure 1B).

Next, we assessed relationships between the relative concentrations of AB species,
using the GSC, produced by each variant and AAO. Lower GSC values (Pearson’s
correlation [degrees of freedom], p-value: r[159] = 0.58, p < 0.0001) were associated
with earlier AAO (Figure 1C).

We further examined the potential utility of using the GSC to predict an approximate
AAO for novel pathogenic variants and/or when a clinical history is not available. There
was high correlation between the history-derived AAO and the GSC-derived AAO
(AAQOgsc) in the subset of variants represented in DIAN-Obs (r [54] = 0.59, p < 0.0001;
appendix pg 11-15).

The location of the PSENT mutation with respect to the affected region within the
PSEN1 protein (Figure 1D) did not directly map onto the history derived AAO
determined for each DIAN-Obs participant (colored circles, Figure 1D). Furthermore, for
sites within the protein for which multiple variants were present (e.g., Met146 for which
there were 3 variants characterized) substantial variation in GSC was observed based
on the substituted amino acid (Figure 1D and appendix pg 11-15).

In the DIAN-Obs study sample (n = 190 people, representing 56 unique PSEN1
variants), lower GSC (decreased y-secretase activity relative to wildtype) was
associated with higher levels of mean cortical AB burden (B[SE] = -0.03[0.01], p <
0.0001; Figure 2A and appendix pg 18) as assessed by AB PET, after controlling for
demographic factors. Exploratory regional analyses revelated that the significant
association between variant-level GSC and AB-PET signal was observed in many
cortical regions, especially the precuneus and the cingulate regions (Figure 2D).

We next examined associations between the variant-level GSC and commonly used
imaging biomarkers of neurodegeneration. Both MRI-based hippocampal volume (B[SE]
= 37.35[6.3], p < 0.0001; Figure 2B and appendix pg 18) and precuneus FDG-PET
signal (B[SE] = 0.004[0.001], p = 0.001; Figure 2C and appendix pg 18) were highly
associated with the GSC, after controlling for demographic factors. Exploratory regional
analyses revealed that the cell-based GSC significantly was associated with widespread
grey matter volume differences across PSEN1 variant carriers, most notably in the
hippocampus, amygdala, temporal regions, precuneus, and posterior cingulate (Figure
2E), as well as differences in glucose metabolism including the precuneus, parietal, and
frontal regions (Figure 2F).
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Using established CSF measures of Alzheimer’s disease pathology, we observed that
variants with lower GSC were associated with lower CSF AR 42/40 (B[SE] = 5.32e-
04[1.4e-04], p = 0.0004; Figure 2G and appendix pg 19), higher CSF ELISA
log1o(phosphorylated-tauT181) levels (B[SE] = -0.007[0.002], p = 0.0003; Figure 2H and
appendix pg 19), and higher CSF IP-MS log10(pT217/T217) levels (B[SE] = -
0.009[0.002], p =0.0007; Figure 21 and appendix pg 19).

The cell-derived GSC levels were associated with MMSE (B[SE] = 0.08[.03], p = 0.004;
Figure 2J and appendix pg 20), CDR-SB (B[SE] = -0.05[0.02], p = 0.003; Figure 2K and
appendix pg 20), and logical memory-delayed scores (B[SE] = 0.09[.02], p = 0.0006;
Figure 2L and appendix pg 20).

We next assessed how longitudinal rates of change in core biomarker, clinical, and
cognitive measures of interest (Figure 3A, C, E, and G) may be related to cell-based
measures of y-secretase activity, summarized using the GSC. Variants with lower (more
pathogenic) GSCs were associated with faster increase in B-amyloid PET signal (B[SE]
= -7.5e-04[3e-04], p = 0.005; Figure 3B and appendix pg 21), as well as more rapid
decreases in hippocampal volume (B[SE] = 4.19[0.8], p < 0.0001; Figure 3D and
appendix pg 21), MMSE (B[SE] = 0.02[0.01], p = 0.002; Figure 3F and appendix pg 21),
and logical memory-delayed (B[SE] = 0.004[0.001], p = 0.0003; Figure 3H and appendix
pg 21).

Visualization of the core clinical, cognitive, and biomarker measures across the lifespan
depicted within low-, middle-, and high- GSC PSEN1 pathogenic variant in
corresponding pathogenic variant carriers in DIAN-Obs (Figure 4A-C),as well as
visualizations of the putative disease trajectories for 2 hypothetical individuals carrying
mutations with 25% and 75% GSC, respectively (Figure 4D-l) demonstrate that variants
with lower GSC (i.e., greater impairment in y-secretase activity) exhibit an earlier shift in
the age at which cognitive symptoms and biomarker changes become evident. Notably,
a similar pattern was seen when using estimated years to symptom onset (EYO;
calculated by subtracting history-derived AAO from the participant’s age) rather than
age (appendix pg 24). This suggests that cell-based assessments of y-secretase add to
the prediction of disease trajectories even after history-derived information about AAQO is
included in statistical models.

However, while a shift in the timing of symptom and biomarker changes was seen
across a range of y-secretase activity, it is notable that elevations in pathological Ap
burden (higher Ap PET or lower CSF Ap42) and tau (higher CSF phosphorylated-
tau181) appear to be early events across all tertiles and precede changes in
neurodegenerative markers (hippocampal volume, FDG PET) and clinical measures of
impairment (CDR-SB). Together, these results suggest that, while mutation-level
variations in y-secretase activity may impact AAO and rate of autosomal dominant
Alzheimer’s disease progression, the ordering of clinical, cognitive, and biomarker
changes is not itself fundamentally altered by differences in y-secretase activity.
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DISCUSSION:

Using a cell-based model system to assess the production of a broad set of AR
peptides, we observed that mutation level differences in y-secretase processing of APP
strongly predicted the age at which progressive cognitive symptoms are manifest (AAO)
for a given variant. In addition to predicting AAO, we observed that a summary measure
of y-secretase activity (GSC) was associated with the rates of functional and cognitive
decline. GSC was also associated with all fluid and imaging biomarker measures we
examined, including CSF measures of Alzheimer’s disease pathology, Ap PET, FDG-
PET, and MRI gray matter volumes. These results suggest that accounting for mutation-
level y-secretase dysfunction may clarify treatment effects in autosomal dominant
Alzheimer’s disease clinical trials and may also be useful in predicting approximate AAO
and disease trajectories for PSEN1 pathogenic variant carriers that have novel variants
or carry a pathogenic variant that lacks sufficient clinical history. Mechanistically, these
results highlight the importance of y-secretase activity on Alzheimer’s disease
pathobiology and provide support for y-secretase modulation as a potentially powerful
Alzheimer's disease therapeutic and preventative strategy3’.

These results here are concordant with recent findings from Petit and colleagues?4, who
used virally induced mouse embryonic fibroblasts to characterize 25 PSEN1 variants,
finding correlations between variant-level AR production and AAO. Building on this prior
work and using the same composite measure of variant level y-secretase activity, we
used a high-throughput human cell-based model system to characterize a large set of
PSENT1 variants, including some with available cross-sectional and longitudinal data in
corresponding PSEN1 variant carriers. Specifically, we observed that within two
datasets — 105 PSEN1 variants with available AAO, and an additional 56 PSEN1
variants with full clinical and biomarker data — that a composite measure of A peptide

production and y-secretase activity (%) expressed as a percent relative to

wildtype PSEN1 (GSC) was predictive of AAO. In contrast, initial work by Sun and
colleagues®, using a cell-free assay, showed no clear relationship between variant-level
AB 42/40 production and AAO. However, the cell-free assay used in this prior study
destabilizes PSEN133, which may lead to more severe pathogenic variants not
producing AB. Furthermore, an extended re-analyses of these data®*, after removing an
outlier, contradicted these initial results and support the current finding that y-secretase
activity and AB production ratios are associated with AAO.

We observed a small number of pathogenic variants (Ala164Val, Thr147Pro,
Glu318Gily, Val82Leu, GIu69Asp, and Asp40Del) with apparent GSC greater than 100%
(i.e., greater than that observed with wildtype PSEN1 in our model system). Further
work will be needed to understand this observation, especially as there is no cognitive,
clinical, or biomarker data for these variants available from the DIAN-Obs study3>#'. Of
note, out of these six variants, three (Ala164Val, Thr147Pro, and Glu69Asp) are not
classified as clearly pathogenic, one (Asp40Del) is considered of uncertain significance,
one (Glu318Gly) has been re-classified as benign, and one (Val82Leu) is considered



407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

likely pathogenic. Furthermore, our results for these variants are concordant with
previous in vitro work?*32 suggesting low or uncertain pathogenicity.

Previous reports investigating variant-dependent clinical and biomarker heterogeneity in
PSEN1 pathogenic variant carriers have utilized location-dependent characteristics
including whether a pathogenic variant is located prior-to or post-codon 200 of PSEN1
1920 within hydrophilic loop 1 of PSEN1°, and whether the pathogenic mutation impacts
a cytoplasmic vs transmembrane protein domain within PSEN142. We used a more
direct approach to characterize individual variants beyond location or the part of the
protein affected by the underlying mutation, focusing on the functional consequences of
each variant on y-secretase activity. In the current study, we observed GSC scores
could differ even within a particular codon based on which amino acid substitution is
present (e.g., Met146). This observation points out an important limitation of
categorizing individual pathogenic variants based on location alone and underscores
the need for further work to better characterize how different variants affecting the same
codon can lead to putatively differential changes in protein structure and differential y-
secretase activity.

We found that the GSC measure explained substantial in vivo biomarker heterogeneity
across PSEN1 pathogenic mutation carriers using available data from DIAN-Obs.
Focusing on associations between the GSC and AB PET, we observed that individuals
who carried pathogenic variants in the lowest (most pathogenic) tertile had, on average,
1.4 SUVR units greater Ap PET signal compared to those with variants in the highest
(least pathogenic) tertile, after accounting for age and sex. Putting these differences in
the context of the conventionally used threshold for Ag PET positivity in this cohort and
with this Ap PET tracer (cortical PiB PET SUVR positive at >= 1.42 SUVR), carriers of
pathogenic variants in the lowest (most pathogenic) tertile of the GSC would, on
average, become amyloid positive ~15 years sooner than those carrying PSEN1
variants in the highest (least pathogenic) tertile (estimated mean age of 23 and 37 years
for low and high tertiles, respectively. Consistent with cross-sectional results, analysis of
longitudinal data demonstrated that AR PET signal increased more quickly in individuals
carrying PSEN1 variants with lower (more pathogenic) GSC scores compared to those
with higher (less pathogenic) composite scores. Though further work is needed to
elucidate regional topology differences in Ap deposition trajectories, the results here
also suggest that variants with low GSC may have greater striatal A3 PET signal
compared to carriers of PSEN1 variants with high GSC values.

CSF measures of Alzheimer’s disease pathology in PSEN1 carriers also had significant
associations with the variant-level GSC, including CSF measures of AB42/40,
phosphorylated-tau181, and phosphorylated-tau217. In addition to associations with
core measures of Alzheimer’s disease pathobiology, GSC correlated with FDG PET and
structural MRI, two commonly used neuroimaging measures of neurodegeneration.
Together with the described associations with AAO and functional impairment
measures, this broad pattern of association between y-secretase activity and core
Alzheimer’s disease and neurodegenerative markers further support the hypothesis that
heterogeneity in autosomal dominant Alzheimer’s disease can broadly be understood in
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the context of mutation-level differences in y-secretase activity. Importantly, despite
variations in AAO and biomarker trajectories across variants, the results here also
support prior observations that pathologic changes in A and tau consistently precede
neurodegenerative changes and clinical impairment across PSEN1 variants?32432,
Additionally, it remains quite possible that different formulations of the GSC will be
better optimized to predict particular biomarker trajectories in clinical trial settings.

Complementary work is underway to translate these findings to fluid biomarkers of Ap.
Recent studies investigating CSF and blood-based AR monomers246, oligomers*’48
and ratios of short-to-long AR monomers #° (e.g., AR 37/4223), have highlighted the
potential utility of evaluating AB peptides outside of AB40 and AB42 in CSF and blood.
To this end, work from our group suggests that the Ap 37/42 ratio in CSF better
distinguishes cognitively normal individuals from those with Alzheimer’s disease as
compared to the CSF AB42/40 ratio?3. However, interpreting AR monomer levels in
biofluids can be complex as AB production, clearance, and deposition are all processes
affecting biofluid peptide concentrations in vivo. Notably, the cell-based model system
used here allows us to focus on the extent to which each variant impacts the production
of pathogenic AB species without the potentially confounding effects of AB clearance
and deposition that may impact in vivo biofluid measures of AB.

The results here need to be considered in the context of certain limitations. Though
AAO information was available on all PSEN1 variants examined, only a subset had
available clinical, cognitive, and biomarker data from the DIAN-Obs study. Accordingly,
data from new pathogenic variants in DIAN-Obs and in the broader scientific literature
will need to be considered. Similarly, tau PET data will need to be considered in future
analyses as they become available. Additionally, it will be important to determine if
processing of y-secretase substrates besides APP, such as Notch*3-45, add to the
information derived from AB production as it relates to heterogeneity in biomarker,
clinical, and cognitive progression of autosomal dominant Alzheimer’s disease.
Furthermore, the model system used here cannot assess how changes in y-secretase
activity within individuals over time may impact disease progression, and further work
will be needed to assess changes in y-secretase activity over the lifespan of PSEN1
mutation carriers. Lastly, it will be important to extend the cell-based model system to
allow for the characterization of pathogenic variants in PSEN2 and APP, as ~20% of
autosomal dominant Alzheimer’s disease-causing variants are found within these
genes.

Despite these limitations, these findings indicate that variant-level differences in y-
secretase activity are highly associated with core measures of clinical, biomarker, and
cognitive, progression of autosomal dominant Alzheimer’s disease, and suggest that
these variant-level differences explain a large portion of the heterogeneity seen across
PSEN1 pathogenic mutation carriers. As the biochemical measures of y-secretase
activity used here are derived outside the context of family polygenic factors, age, and
estimated years to symptom onset, they offer a potentially unique channel of information
with respect to disease progression compared to these other factors and may thus
represent useful complements to these measures in autosomal dominant Alzheimer’s
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disease clinical trials. Similarly, as these cell-based measures are divorced from family
polygenic factors and age, they may prove to be valuable in gauging the impact of
genetic and lifestyle factors that may confer resilience or risk for autosomal dominant
Alzheimer’s disease onset and progression. Cell-based measures of y-secretase activity
may be particularly useful to assess pathogenicity, potential AAO, and predicted
Alzheimer’s disease trajectories for newly discovered PSEN1 pathogenic variants or for
variants lacking sufficient clinical history.

Importantly, our results showing y-secretase activity, derived from a cell-model system,
is associated with pathogenicity of disease also supports the continued investigation of
y-secretase modulators as an Alzheimer’s disease therapeutic strategy. By
demonstrating an association between the processing of APP by y-secretase in a cell-
based model system and autosomal dominant Alzheimer’s disease trajectories in vivo,
the results here provide support for the hypothesis that dysregulation of APP processing
is central to Alzheimer’s disease pathogenesis.

DIAN Data Accessibility:

Due to the rarity of dominantly inherited Alzheimer's disease, individual-level data from
DIAN cannot be shared publicly, as it would compromise participant anonymity. This
limitation has been validated by the Institutional Review Board (IRB) and confirmed with
the NIH. Nevertheless, this data remains accessible for qualified researchers upon
request. Requests can be submitted through the following link: DIAN Biospecimen
Request Form.
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RESEARCH IN CONTEXT

Evidence before this study: We searched PubMed from September 1,1990 to
September 1, 2023 for relevant articles in English relating to autosomal dominant
Alzheimer’s disease pathogenic variants that affect y-secretase processing of amyloid
precursor protein (APP). Search terms included: “dominantly inherited Alzheimer's
disease”, “autosomal dominant Alzheimer’s disease”, “familial Alzheimer’s disease”,
‘gamma-secretase”, “amyloid precursor protein”, “presenilins”, “y-secretase”, “amyloid”,
‘PSEN1”, “APP”, “AB42”, and “Ap40”. Previous studies have suggested an increase in
production of longer, aggregation-prone AB fragments (e.g., Ap 42 and 43) relative to
shorter, non-aggregating fragments (e.g., AR 37 and 38) is a critical initiating pathogenic
event in both late-onset Alzheimer’s disease and autosomal dominant Alzheimer’s
disease. Intriguingly, prior work suggests some pathogenic PSEN1 variants may not
significantly alter the absolute amounts of AB42 production, indicating that more
thorough investigation is needed to understand how these pathogenic variants lead to
autosomal dominant Alzheimer’s disease and the mechanisms that cause earlier vs.
later disease onset and progression. To this end, findings from our group and others
suggest that probing the ratios of short-to-long AB peptide production across autosomal
dominant Alzheimer’s disease pathogenic variants may help us understand the
observed heterogeneity in these populations.
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Added value of this study: Findings from the current study indicate that variant-level
differences in y-secretase activity are highly associated with core measures of clinical,
biomarker, and cognitive, progression of autosomal dominant Alzheimer’s disease, and
suggest that these variant-level differences explain a large portion of the heterogeneity
seen across PSEN1 pathogenic mutation carriers. As the biochemical measures of y-
secretase activity used here are derived outside the context of family polygenic factors,
age, and estimated years to symptom onset, they offer a potentially unique channel of
information with respect to disease progression compared to these other factors and
may thus represent useful complements to these measures in autosomal dominant
Alzheimer’s disease clinical trials. Cell-based measures of y-secretase activity may be
particularly useful to assess pathogenicity, potential AAO, and predicted Alzheimer’s
disease trajectories for newly discovered PSEN1 pathogenic variants or for variants
lacking sufficient clinical history.

Implications of all of the available evidence: The cell-based methods used here
represent a powerful tool to better understand the observed heterogeneity in
Alzheimer’s disease progression in clinical and research settings, as well as a means of
assessing autosomal dominant Alzheimer’s disease variants of unknown significance or
in cases with limited family history. Our findings suggest that clinical heterogeneity in
autosomal-dominant Alzheimer’s disease can be at least partly explained by varying
effects of PSEN1 variants on y-secretase activity. If these findings are confirmed in
prospective longitudinal studies, assessing y-secretase activity across PSEN1 variants
or within individuals at risk for Alzheimer’s disease might eventually be useful for
prognosis and identifying new therapeutic approaches.
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TABLE AND FIGURE LEGENDS

participants.

Table 1. Cross-sectional study sample characteristics for DIAN-Obs

Variable
Age (yrs)
Sex
Male
Female
APOE4
Non-Carrier
Carrier
Education (yrs)
EYO (yrs)
AAO (yrs)
CDR Global
CDRO
CDR 0.5
CDR 1+
Race

white

" Median (IQR); n (%)

N = 190°
39.0 (32.0, 48.0)

109 (57%)
81 (43%)

55 (29%)

135 (71%)

14.0 (12.0, 16.0)
-5.5 (-13.1, 1.4)
44.5 (40.6, 51.4)

110 (58%)
44 (23%)

36 (19%)

163 (86%)

Median (IQR) values presented unless otherwise noted.

EYO = Estimated years to symptom onset; AAO= Estimated age at symptom onset;

CDR = Global Clinical Dementia Rating Scale
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Figure 1. Cell-based measures of y-secretase activity are associated with age of
symptom onset across two cohorts representing 161 unique PSEN1 variants. (A)
Schematic summarizing the characterization of variant-level Ap production and y-
secretase activity, and correlations with age of symptom onset, cognitive, and biomarker
data for each variant (created with BioRender.com). (B) Bar chart showing the individual
AB monomer levels (% relative to total AB) for each of the 161 PSEN1 pathogenic
variants examined as well as wildtype (WT) PSEN1. (C)

y-secretase activity was summarized as a ratio of short (fully y-secretase processed) to

long (incompletely y-secretase processed) Ap fragments (Shf:;:izzii?o) . This y-

secretase activity composite (% relative to wildtype PSEN1; GSC) correlated with age of
symptom onset in 161 PSEN1 variants, including 105 PSEN1 variants not represented
in DIAN-Obs (blue triangles) and 56 newly characterized PSEN1 variants represented in
DIAN-Obs (red squares). Individual data points are jittered to maintain blinding. The
shaded area around the solid black linear fit line represents one s.e.m. from a linear
regression. (D) Visualization of GSC scores for each of the 161 PSEN1 variants
characterized.
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Figure 2. Lower y-secretase activity across variants is associated with more
abnormal biomarker, clinical, and cognitive measures in autosomal dominant
Alzheimer’s disease. Association between variant-level y-secretase activity composite
scores (% relative to wildtype PSEN1; GSC) and in vivo imaging biomarker data from
carriers of corresponding PSEN1 pathogenic variants is shown for cross-sectional Ap
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PET (N = 190, covariate-adjusted PiB-PET SUVR cortical composite, A), covariate-
adjusted bilateral hippocampal grey matter volume derived from structural MRI (N =
190, B), and covariate-adjusted bilateral precuneus FDG-PET SUVR (N = 162, C) from
PSEN1 pathogenic variant carriers (56 unique variants represented across 190
mutation carriers). Exploratory, regional analyses comparing PiB-PET SUVRs (D), grey
matter volumes (E), and FDG-PET SUVRs (F) across a range of GSC, with colors
indicating t- and p-values derived from the comparison of neuroimaging data from
PSENT1 carriers with variants in the lowest (most pathogenic; GSC < 33.7% relative to
wildtype) vs. highest (least pathogenic; GSC > 51.6% relative to wildtype) tertiles of
GSC. Individual data points are jittered to maintain blinding. Associations between y-
secretase activity composite scores (GSC) for each PSEN1 variant and cross-sectional
CSF AB 42/40 (N = 157, G), covariate-adjusted CSF log1opT181 (N = 157, H),
covariate-adjusted CSF log1opT217/T217 (N = 99, 1), covariate-adjusted MMSE (N =
190, J), age-adjusted CDR-SB (N = 190, K), and covariate-adjusted logical memory-
delayed (N = 186, L) values from PSEN1 pathogenic variant carriers are shown.
Individual data points are jittered to maintain blinding. The shaded area around the solid
black linear fit line represents one s.e.m. from a linear regression.

CSF = Cerebrospinal Fluid; pT = phosphorylated tau; MMSE = Mini Mental State
Examination scores; CDR-SB = Clinical Dementia Rating Scale- Sum of Boxes.

22



771
772

773
774
775
776
777

>
@

Baseline Age

Lo

Gamma-secretase
s composite tertile

- Lowest

J.fu;;::.:; J//// \r IS

PiB PET (SUVR)

Rate of Change in PiB PET (Cov.-ad].)

2]
o

- i
£ z .
é
§ £
o
g 5 o
# £
-4
G600
Age
E . E
g
T
3
20 %
0
w g
2 £ -
3 &
:
1 Q
B
@
2
25 &0 TS
v -secretase activity composite (% rel to wt)
G. H.
=
;
§ 15 E
= -J
g 5 :
g 10 E .
2 % .-l
7 2. .
| o ‘s
5 o
£ :
&

26 80 h-]
y-secretase activity composite (% rel to wi)

Figure 3. Lower y-secretase activity across PSEN1 variants is associated with
more rapid worsening in biomarker, clinical and cognitive measures in autosomal
dominant Alzheimer’s disease. Individual longitudinal measures are plotted for PiB-
PET SUVR (N = 119, AB burden; A), hippocampal volume (N = 141, HV; mm3; C), Mini
Mental Status Exam (N = 154, MMSE; E), and logical memory delayed (N = 152, Log.
Mem.; G). Colors indicate whether an individual’s PSEN1 variant is in the low (red; most
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pathogenic tertile; GSC < 33.7%), middle (black; intermediate pathogenicity; GSC of
33.7% — 51.6%), or high (blue; least pathogenic, GSC > 51.6%) tertile for y-secretase
activity composite score (% relative to wildtype; GSC). To facilitate statistical
comparison, covariate-adjusted, individual-level annualized rate of change slopes for
each biomarker and cognitive outcomes of interest were extracted from linear mixed
effects models and plotted against GSC (Ap PET — B; Hippocampal Volume — D; MMSE
— F; Logical Memory — H). Individual data points are jittered to maintain blinding. The
shaded area around the solid black linear fit line represents one s.e.m. from a linear
regression.
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Figure 4. Variant-level variations in y-secretase activity are broadly associated
with the clinical and biomarker course and can be used to predict progression for
novel PSEN1 pathogenic variants. To visualize how variant-level differences in y-
secretase activity may broadly alter the clinical, cognitive, and biomarker course of
autosomal dominant Alzheimer’s disease, we plotted the standardized differences in
core clinical, cognitive, and biomarker measures across the lifespan for DIAN-Obs
participants carrying PSEN1 pathogenic variants in the lowest (A, most pathogenic
tertile; GSC < 33.7% relative to wild type), middle (B, intermediate pathogenicity; GSC =
33.7% — 51.6% relative to wildtype), or highest (C; least pathogenic, GSC > 51.6%
relative to wildtype) tertile for y-secretase activity (GSC). All values are shown as z-

scores relative to mutation non-carriers from DIAN-ODbs. This group-level analysis was
followed by an individual-level visualization of disease trajectories for pathogenic variant
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801 carriers of 2 possible variants with 25% and 75% of wildtype y-secretase activity (GSC),
802 respectively (D-l).
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