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Abstract

INTRODUCTION:Genetics of cerebral amyloid angiopathy (CAA) remains understud-

ied.

METHODS: We assessed variants in Alzheimer’s disease (AD) risk factor genes and

differential diagnosis genes by performing exome sequencing among 78 patients with

early-onset definite or probable CAA, after negative screening for APP mutation or

duplication.

RESULTS: Among 14 genes involved in non-Aβ CAA, or vascular leukoen-

cephalopathies, we detected pathogenic NOTCH3 variants in two patients, who

exhibited lobar hematomas at the ages of 58 and 65, leading to a diagnosis redi-

rection toward CADASIL. Of the remaining 76 patients, 23.1% carried at least one

apolipoprotein E (APOE) ε2 allele and 43.6% carried at least one APOE ε4 allele,

known as CAA risk factors. A total of 15 out of 76 (19.7%) carried either a loss-

of-function or a rare predicted damaging missense or known AD risk variant in

SORL1, TREM2, ABCA7, ABCA1, and ATP8B4.

DISCUSSION: Exome sequencing allowed the redirection toward CADASIL in two

patients and suggested sharedgenetic factors betweenADandCAA, beyond theAPOE

gene.

KEYWORDS
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Highlights

∙ The genetic component of cerebral amyloid angiopathy (CAA) remains understud-

ied.
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∙ Rare differential diagnoses such as CADASIL should be considered, even in cases of

cerebral hemorrhage.

∙ Our study suggests shared genetic factors between AD and CAA, beyond the APOE

gene.

∙ Rare variants in SORL1, TREM2, ABCA7, ABCA1 and ATP8B4might be susceptibility

factors in early-onset CAA.,

1 INTRODUCTION

Aβ-Cerebral amyloid angiopathy (CAA) is a severe disease charac-

terized by deposits of Aβ peptide in the walls of cortical and lep-

tomeningeal vessels, which lead to intracerebral hemorrhages (ICH)

or cognitive decline. Aβ-CAA is often associated with Alzheimer’s

disease (AD), as Aβ peptide aggregation is central in the pathophys-

iology of both diseases.1 The definite diagnosis of Aβ-CAA relies

on neuropathology. A probable diagnosis can still be proposed in

vivo, mainly based on imaging showing lobar hematomas, microb-

leeds, meningeal bleedings, or superficial siderosis in blood-sensitive

magnetic resonance imaging (MRI) sequences, following revised v2.0

Boston criteria.2

Despite the high diagnostic performance of these criteria, the diag-

nosis remains probabilistic, and various differential diagnoses may

explain the presence of spontaneous ICH, ormicrobleeds. For example,

pathogenic variants in NOTCH3, COL4A1, or COL4A2 genes have been

reported in young patients with ICH, including apparently sporadic

cases.3,4 Furthermore, peptides other than Aβ can aggregate in cere-

bral blood vessels and cause a different form of CAA. Aggregation of

gelsolin, transthyretin, prion, BRI2 protein, or cystatin may cause CAA

in rare caseswith a pathogenic variant in the corresponding gene. Such

cases frequently associate CAA with extra-neurological features.5,6

However, the distribution of these genetic differential diagnoses in

a clinically diagnosed probable CAA cohort remains unclear in the

absence of systematic genetic screening.

Most cases of Aβ-CAA occur sporadically with aging as the pri-

mary risk factor, but some patients experience an early onset (age at

first symptoms set arbitrarily at < 66 years, similarly to early-onset

AD [EOAD]), suggesting the contribution of genetic factors. Despite

the exclusion of patients with disease onset before 50 in the revised

Boston criteria v2.0, neuropathologically-proven autosomal dominant

forms may be associated with a younger age of onset.7 A small minor-

ity of patients (< 5%) exhibit monogenic forms of Aβ-CAA related

either to a duplication8 (or even a triplication9), or a single nucleotide

variant of the APP gene. The genetic component of Aβ-CAA etiol-

ogy remains largely understudied and unknown genetic risk factors

may contribute to the disease beyond monogenic forms. APOE is the

primary genetic risk factor gene, shared by Aβ-CAA and AD, with

APOE4 alleles increasing the risk of both conditions, and APOE2 alle-

les decreasing the risk of ADbut increasing the risk of CAA.10–12 In AD,

five major genes have been identified as moderate-to-strong risk fac-

tors through rare protein-damaging variants13,14 namely SORL1,15,16

TREM2,17 ABCA7,18 ,19 and recently ABCA1 and ATP8B4.20 Rare vari-

ants in these genes are reported with a moderate to strong effect for

AD with odds ratios > 1.5,14 while all the other (mainly common) AD

risk alleles identified in genome-wide association studies have odds

ratios (ORs) below 1.5.13 We hypothesized that those susceptibility

factors with a moderate to high effect on AD risk might also play a role

in early-onset Aβ-CAA.
We performed the first study based on exome sequencing in prob-

able or definite early-onset CAA patients following a nationwide

recruitment. The first aimwas to assess the possible presence ofmono-

genic differential diagnoses (such as NOTCH3, COL4A1, or COL4A2).

The second aim was the identification of putative genetic risk factors

for Aβ-CAA through the screening of rare variants in SORL1, TREM2,

ABCA7, ABCA1, and ATP8B4 genes.

2 METHODS

2.1 CAA participants

Blood samples from unrelated cases with early-onset CAA (age at

onset ≤ 65 years) were initially referred by hospitals throughout

France, to two centers (either theCNR-MAJ, Rouen or theDepartment

ofGenetics, LariboisièreHospital, Paris, France) forAPPgene screening

in a clinical setting (Figure 1). In the absence of APP pathogenic vari-

ants or duplications, we selected patients for exome sequencing among

those fulfilling the revised Boston criteria2 for probable CAA, probable

CAA with supporting pathology, or definite CAA. With respect to the

current version of the revisedBoston2.0 criteria, only a fewexceptions

were admitted: (i) the upper age limit was not retained here, and (ii)

the presence of limited vascular impairment in the deep brain regions

did not preclude the inclusion in this study if the other criteria were

met and the patients exhibited a family history of CAA, cerebrospinal

fluid (CSF) biomarkers showing low Aβ 42 levels, a medical history

strongly suggestive of CAA associated with the presence of comor-

bid high blood pressure, which was thought to be responsible for deep

microbleeds.Overall, four patientswere included in the studyusing the

latter exception (all of them showing numerous lobar hemorrhages and

high blood pressure history).

Data collection included personalmedical and family history assess-

ment, neurological examination, CSF biomarkers if available, and
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neuroimaging byMRIwith blood-sensitive sequences (T2GRE, SWI, or

SWAN). Cognitive decline was defined as a combination of a cognitive

impairment or complaint from the patient or his informant associated

with an objective cognitive assessment (either bedside mental status

examination or neuropsychological testing). A positive family history

was defined by the presence of at least one relative with EOAD,

CAA, or spontaneous lobar ICH among first-degree relatives. Patients

were recruited regardless of family history. Only patients born to

European-born parents were included to allow a comparison with the

Alzheimer’s Disease European Sequencing (ADES) consortium data.20

2.2 Exome sequencing

Exome sequencing procedures aredetailed in the Supplement Informa-

tion. For variant interpretation, we established a list of 14 Mendelian

genes known to be involved in AD, non-Aβ CAA,6 familial cerebral

cavernomatosis or vascular leukoencephalopathies (Table 1), and we

applied the ACMG-AMP recommendations.21

In patients not carrying pathogenic or likely pathogenic variants in

Mendelian genes, we assessed the presence of rare (allele frequency

[AF] < 0.01) non-synonymous variants in the TREM2, SORL1, ABCA7,

ABCA1, and ATP8B4 genes. We extracted probable loss-of-function

(LOF) variants (including nonsense, canonical splice site variants, and

frameshift indels), andmissense variantswere annotated using REVEL.

REVEL was used rather than other predictive scores of missense vari-

ant pathogenicity because of its well-validated performance.22 The

REVEL score is designed to help sort variants by gathering the infor-

mation of multiple bioinformatics predictors of in silico variant effect

predictions for missense variants, which was used in Holstege et al.

with available thresholds.20,22 The higher the score, themore likely the

variant is to affect protein function.

Cumulative minor allele frequencies of different variant categories

in these genes (LOF,missensewithREVEL score>0.75 forABCA1, 0.50

for SORL1, or 0.25 for TREM2, ABCA7 and ATP8B4)20 were compared

to that of EOAD, late-onset AD (LOAD) patients, and non-demented

controls from the ADES consortium large dataset gathering multiple

international studies and recently reported inHolstege et al.20 Wealso

listed patients with a definite AD-risk factor in these genes, defined as

following: LOFvariant inTREM2,ABCA7,ABCA1, or SORL1, ormissense

variant with demonstrated LOF effect or missense variant with nomi-

nal genome-wide significant association, following a recently published

framework for risk variant interpretation in AD.14

2.3 Statistical analyses

Quantitative variables are summarized as mean ± standard deviation

(SD) unless otherwise specified. Carrier proportions are accompanied

by 95% confidence intervals based on the binomial distribution due to

the rarity of carriers.

Following ancestry comparison to 1000 Genomes data, none of the

CAA patients overlapped with either the African (AFR) or Asian (SAS

RESEARCH INCONTEXT

1. Systematic review: The genetic component of cerebral

amyloid angiopathy (CAA) etiology remains understud-

ied. The authors conducted an exome sequencing analysis

among 78 patients with early-onset definite or probable

CAA, based on modified Boston criteria, after negative

screening for APPmutation or duplication.

2. Interpretation: Our findings led to identifying two

pathogenic NOTCH3 variants in two probable CAA

patients, suggesting that this rare differential diagnosis

should be considered, even in cases of lobar cerebral

hemorrhage. We established that 23.1% of CAA patients

carried at least one apolipoprotein E (APOE) ε2 allele

43.6% carried at least one APOE ε4 allele, a known

CAA risk factor, and 19.7% carried either a loss-of-

function or a rare predicted damagingmissense or known

Alzheimer’s disease (AD risk variant in SORL1, TREM2,

ABCA7, ABCA1, and ATP8B4

3. Future directions: Our study suggests shared genetic

factors between AD and CAA. Given their roles in the

amyloid pathway, these data will be essential for the

development of future therapeutic strategies targeting

Aβ.

or EAS) super-populations in principal component analysis; therefore,

all were kept for further analyses (see detailed method for principal

component analysis in Supplemental Information).

Fisher exact tests were used to establish correlations between

rare non-synonymous variants in TREM2, SORL1, ABCA7, ABCA1, and

ATP8B4 and clinical characteristics, CSF biomarkers, or APOE geno-

type. Linear regression was used to fit ages of onset and sex to APOE4

and APOE2 allele counts. Statistical significance was set at a threshold

of 5%.

3 RESULTS

3.1 Inclusion of 78 definite or probable
early-onset CAA patients

We included 70 probable and 4 definite CAA patients (Table 2). Four

other patients were included despite few deepmicrobleeds given their

family history of CAA or EOAD, or CSF biomarkers with low Aβ 42 lev-
els, associated with neuroimaging features highly suggestive of CAA

and a medical history of high blood pressure, which was thought to be

responsible for the deep microbleeds. Fifteen (19.2%) patients had a

positive family history, 9 with spontaneous lobar hemorrhage in first

degree relatives, and 6 with EOAD in first degree relatives. The mean

age at first neurological event was 58.2 ± 8.7 years, with ICH being
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F IGURE 1 Summary of the study: CAA patients selected forWES and count of causative variants. CAA, cerebral amyloid angiopathy.

TABLE 1 List of 14 screened genes involved in Alzheimer’s
disease, non-AβCAA, cavernomatosis, or vascular
leukoencephalopathy.

Disease categories Gene

Alzheimer’s disease and CAA PSEN1 (AD)

PSEN2 (AD)

NonAβ -CAA TTR (AD)

CST3 (AD)

GSN (AD)

BRI2 (AD)

PRNP (AD)

Familial cerebral cavernomatosis KRIT1 (CCM1) (AD)

MGC4607 (CCM2) (AD)

PDCD10 (CCM3) (AD)

Vascular leukoencephalopathy NOTCH3 (CADASIL) (AD)

HTRA1 (CARASIL) (AR, AD)

COL4A1 (AD)

COL4A2 (AD)

TREX1 (AD)

COLGALT1 (AR)

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; CAA,

cerebral amyloid angiopathy.

the most common clinical presentation in 47.4% of patients, followed

by cognitive decline in 33.3% and transient focal neurological episodes

(TFNE) in 7.7%. Five patients presented with seizures, acute cogni-

tive decline, and behavioral changes with an aspect of CAA-related

inflammation onMRI according to current criteria.23 Other symptoms

included ischemic stroke (n = 1), dizziness, or nonspecific headache

(n = 2) leading to cerebral imaging. During the course of the disease

after diagnosis, 61.5% of patients presented at least one symptomatic

ICH and 56.4% showed secondary progressive cognitive decline.

Among patients with CSF biomarkers available (n = 45), all but

threepatients showeddecreasedAβ42 levels. Phospho-Tau levelswere
above the threshold in 24 patients (53.3%) and total Tau protein levels

were abnormal in 14 (31.1%) (Figure 2). Overall, 22 patients (48.8%)

presented with isolated decreased Aβ42 levels and 20 (44.4%) com-

bined increased Tau or phospho-Tau with decreased Aβ42 levels, thus

similar to the typical AD biomarker CSF profile.

3.2 Contribution of monogenic differential
diagnosis genes

No pathogenic or likely pathogenic variant was found in PSEN1

and PSEN2 genes nor non-Aβ CAA genes (CST3, GSN, BRI2, TTR,

PRNP). Two patients carried distinct pathogenic variants in NOTCH3

(Table 3; Figure 3), suggesting they were affected by CADASIL (cere-

bral autosomal dominant arteriopathy with subcortical infarcts and

leukoencephalopathy). Patient ROU-1149 carried p.(Arg728Cys) and

experienced two lobar ICHs (first event: 65 years of age). Cere-

bral imaging showed lobar hemorrhage without lacunes in deep grey

matter, and mild white matter hyperintensities, without prominent

anterior temporal lobe involvement. The second patient, EXT-1182,

carried the variant p.(Arg592Cys) and presented with a right thala-

mic stroke in the context of severe high blood pressure at age 58.
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TABLE 2 Clinical characteristics of 78 definite or probable CAA French patients.

Age at onset, years, mean± SD 58.2± 8.7 [32–65]

Sex, male n (%) 51 (65.3%)

First neurological event

ICH, n patients (%)
Cognitive decline, n patients (%)
Ischemic stroke, n patients (%)
AAC-ri, n patients (%)
TFNE revealing CSS, n patients (%)
Vertigo or headache, n patients (%)

37 (47.4%)

26 (33.3%)

1

5 (6.3%)

6 (7.7%)

2 (2.5%)

Symptomatic lobar ICH 49 (62.8%)

Seizure during follow-up, n patients (%) 21 (26.9%)

Cognitive disorder during follow-up, n patients (%) 44 (56.4%)

CAA diagnosis following Boston’s revised criteria

Definite

Probable

Probablemixed angiopathy (1 or 2 deepmicrobleeds)

4

70

4

Familial history of ICH or EOAD in first-degree relative 19 (24.3%)

APOE genotype
APOE2 carriers n (%)
APOE4 carriers n (%)

18 (23.1%) with 3 homozygous

34 (43.6%) with 12 homozygous

CSF biomarkers available, n(%)
Aβ-42 (ng/mL), mean (normal> 635)

Aβ-40 (ng/mL), mean (normal> 12644)

Tau (ng/mL), mean (normal< 466)

Phospho-Tau (ng/mL), mean (normal< 55)

45 (57.6%)

415.1

7778.7 (20/45)

468.3

72.9

Abbreviations: CAA, cerebral amyloid angiopathy; CSF, cerebrospinal fluid; CSS, cortical superficial siderosis; EOAD, early-onset Alzheimer’s disease; ICH,

intracerebral hemorrhage; SD, standard deviation; TFNE, transient focal neurological episodes.

BrainMRI revealed a left temporal sequela of ICH (without symptoms),

more than 10 posterior lobar CMB but also CMB in the basal gan-

glia (initially thought to be in the context of severe hypertension), and

white matter hyperintensities affecting temporal lobes. None of those

two NOTCH3 pathogenic variant carriers underwent LP. Overall, we

retained CADASIL as the final diagnosis for those two patients with

atypical lobar hemorrhages.

3.3 APOE genotypes

After the exclusion of the two pathogenic NOTCH3 variant carriers,

18 of the 76 remaining patients (23.1%) patients carried at least one

APOE2 allele and 34 (43.6%) carried at least one APOE4 allele, includ-

ing 3 homozygousAPOE2-2 and12APOE4-4. No significant association

was found between APOE4 (p = 0.32 and p = 0.29) or APOE2 (p = 0.75

and p= 0.77) allele counts and age of onset or gender, respectively.

3.4 Identification of suspected genetic risk
factors: Rare non-synonymous variants in SORL1,
TREM2, ABCA7, ABCA1, and ATP8B4 genes

All rare non-synonymous variants identified in the five candidate genes

were observed at the heterozygous state (Table 4).Weobserved 15/76

(19.7% [11.5%–30.5%]) carriers of either a LOF or a missense vari-

ant belonging to a category associated with AD.20 See Supplemental

Information for further details on TREM2 and SORL1 variants. The

well-replicated AD-associated variants p.(Arg47His) and p.(Arg62His)

in TREM2 were found in two different patients, respectively. Two LOF

ABCA7 variants (one nonsense and one frameshift) were observed

in CAA patients, along with five missense variants with a REVEL

score> 0.25. Altogether, LOF andmissense variants inABCA7 affected

9.2% [3.8%–18.1%] of cases compared to 6.2% in EOAD, 5.0% in LOAD

and 3.9% in controls in ADES study.20

Interestingly, one LOF variant was found in a CAA patient

(c.2115+1G>A splicing variant) in the recently reported ABCA1 gene,

despite the extreme rarity of LOF variants in controls (0.08%) and AD

cases (0.28% inEOADand0.18% in LOAD).20 ABCA1LOFandmissense

variantswith a REVEL score> 0.75 affected 1.3% [0.0%–7.1%] of cases

compared to 1.91% in EOAD, 1.5% in LOAD and 1.13% in controls in

ADES study.

In the SORL1 gene, no LOF variant was found. Finally, three dis-

tinct missense variants were seen in ATP8B4 in two CAA patients.

The cumulative MAF of variant carriers in ATP8B4 in early-onset

CAA patients (LOF + Missense Revel > 0.25 = 2.6% [0.3%–9.2%]

was similar to that of EOAD (3.56%) and LOAD patients (3.08%)

but higher than non-demented controls (2.09%) from ADES.

Overall, only one individual carried more than one rare variant

of interest: ROU-5131 carried two missense variants in ATP8B4,
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although we could not determine if the variants were in trans or

cis.

3.5 Correlation between variants in SORL1,
TREM2, ABCA7, ABCA1, and ATP8B4 and clinical
characteristics

No significant associationwas found between being a carrier of a prior-

itized rare variant in TREM2, SORL1, ABCA7, ABCA1, or ATP8B4 and (i)

APOE2 alleles (3/14APOE2 allele in carriers of damaging variant versus

15/62 APOE2 in noncarriers, OR = 0.86 [0.14–3.87], p = 1); (ii) APOE4

alleles (5/14 APOE4 alleles in carriers of rare variants versus 28/62

APOE2 in noncarriers, OR = 0.67 [0.16–2.57], p = 0.566; (iii) showing

isolated cognitive decline upon presentation (4/14 with initial cogni-

tive decline in carriers of a rare variant versus 23/62 in noncarriers,

OR = 0.56 [0.11–2.20], p = 0.549); (iv) symptomatic ICH (7/14 in car-

riers versus 39/62 in noncarriers, OR = 0.59 [0.15–2.26], p = 0.384);

or (v) typical CSF profile of AD (n = 5/9 in carriers versus 18/39 in

noncarriers, OR= 1.45 [0.27–8.48], p= 0.720).

4 DISCUSSION

For the first time to our knowledge, a whole exome sequencing (WES)

study was performed in early-onset APP-negative CAA patients. We

assessed rare monogenic forms of CAA, differential diagnoses and

novel AD-associated rare variants in patients diagnosed with CAA,

94% of whom met the Boston 2.0 diagnostic criteria for probable or

definite CAA (except the age criterion).2

4.1 Contribution of monogenic differential
diagnosis genes

Two patients eventually carried a NOTCH3 pathogenic variant, lead-

ing us to reconsider the diagnosis of CADASIL. Both patients exhibited

ICHs, which are rare in CADASIL, as reported in only 8% of 127 Tai-

wanese patients with CADASIL, 11 being strictly lobar24 and between

0.5% and 2% in Caucasian CADASIL patients.25,26 While CSS was

absent in 364 French–German CADASIL patients, 47% presented with

lobar CMB, and only 10% had strictly lobar CMB.27 The current study

illustrates that CADASIL might be considered in the case of lobar

ICH or microbleeds, especially if associated with deep microbleeds

or lacunes. Coexisting AD, CAA, and CADASIL neuropathological hall-

marks have been reported, 28–30 but it remains difficult to speculate on

apathophysiological link.Of note, oneof thepatientswith apathogenic

NOTCH3 variant here also carried one raremissense variantGly395Ser

in ATP8B4, which is the main variant in that gene driving AD genetic

risk,20 and an APOE2-4 genotype. Unfortunately, no histological study

was available to evaluate co-existing CAA in this patient.

In this selected CAA population, we also searched for monogenic

non-Aβ CAA causes,6 but found no pathogenic variant. However,

F IGURE 2 Scatterplots of CSF biomarkers (Aβ42, Aβ40, Tau, and
phosphorylated Tau) levels in CAA patients (n= 45). CAA, cerebral
amyloid angiopathy; CSF, cerebrospinal fluid.

ICH in non-Aβ CAA is commonly associated with extra-neurological

features,31 The phenotype of the patients included herewas not highly

suggestive of non-AβCAA.Nevertheless, systematic genetic testing for

TTR, CST3, BRI2, PRNP, orGSN in early-onset CAAcaseswith negative

APP screening remains relevant. To our knowledge, no study has per-

formed such systematic non-Aβ CAA genetic screening in a population

of patients fulfilling the revised Boston criteria, regardless of familial

history or extra-neurological features.

4.2 Identification of known or suspected genetic
risk factors: APOE and rare non-synonymous variants
in SORL1, TREM2, ABCA7, ABCA1, and ATP8B4 genes

Next, we examined APOE genotypes and genes recently associated

with AD through rare variants. A significant percentage of patients

had one APOE4 allele (43%) or at least one APOE2 allele (23%), which

are higher than frequencies in Caucasian populations (APOE4 around

21%–24% 32 and APOE2 around 5% in Caucasian populations 11).

APOE4 allele is a known risk factor for both CAA and AD,33,34 while

the role of APOE2 in CAA is debated. It has been linked to hemorrhagic

outcomes in CAA, but also to CAA severity and as a risk factor for CAA

by itself.35,36 We did not identify any association between the APOE2

status and any specific hemorrhagic features, despite limited power.

Overall, our series is however consistent with an enrichment of APOE4

and APOE2 carriers in CAA.

Then, we assessed variants within five genes of interest, recently

discovered as AD risk factors with moderate to high effect.14,20 Con-

sidering only fully validated AD-risk factors using a recently reported

framework for AD risk variant interpretation,14 five CAA patients

(6.6%) carried either a LOF variant in ABCA7 or ABCA1, one was a

carrier of the R47H TREM2 variant and one carried the R62H TREM2
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variant. Among them, 3/5 presented spontaneous lobar ICH without

cognitive decline suggestive of AD. In AD, moderate-to-high variant

effect sizes were observed for LOF variants in SORL1, TREM2, and

ABCA1 (albeit not significant by itself for ABCA1 probably because of

the extreme rarity of LOF variants), while less strong variant effects

were observed in ABCA7 and for selected missense variants. Here,

the small size of our series did not allow us to perform a burden test.

We thus compared our results to published gene-based burdens from

16,036 AD cases and 16,522 controls.20 Rare variants seemed to be in

similar frequency ranges inABCA7 andATP8B4 in early-onsetCAAas in

EOAD, both compared to LOAD and non-demented controls from the

ADES dataset, among the categories of variants associated with AD.

However, additional biases did not allow us to directly compare gene

burdens. The diverse quality of sequencing in ADES (gathering multi-

ple studies with diverse capture and sequencing methods, leading to

missing some variants in ADES, for example, the p.(Asp2065Val) recur-

rent variant in SORL1) might modify burdens of rare variants. Overall,

our data suggest that TREM2, ABCA7, ABCA1, and ATP8B4 might be

involved in early-onset CAA with 12/76 (15.7% [8.4%–26.0%]) of

cases carrying at least one rare predicted damaging or validated risk

factor variant after exclusionof the SORL1p.(Asp2065Val) variant. Fur-

ther larger studies are required to confirm these results and better

understand the contribution of these genes to CAA.

Preliminary evidence already suggested a role for SORL1, TREM2,

ABCA7, and ABCA1 genes in CAA. For instance, severe levels of CAA

next to typical AD neuropathology were found in AD patients carrying

rare LOF and missense variants in ABCA7 37 and SORL1.38 CAA-ri was

already described in a patient carrying a SORL1 variant.39 In mouse

models, the lack of ABCA1 and TREM2 considerably increased the level

of CAA and lobar microbleeds.40–42 Given their pathophysiological

consequences (for more details in the Supplemental Information), if

further confirmed, these promising candidates in CAA genetic deter-

minism would underline the impaired Aβ-aggregation and secretion

and lipidmetabolism as amainstay in CAA pathophysiology. As for APP

mutations or duplications,43 a same variant in these genes could drive

AD risk in some patients and prominent CAA in others.

4.3 Consideration of coexisting AD in our CAA
cohort and study limits

CAA was the main driver of the phenotype in our patients, with more

than 64% in total presenting specific CAA neuroimaging features (ICH,

TFNE revealing CSS, CAA-related inflammation). Nevertheless, given

the high frequency of coexistence of AD and CAA, the possibility that

some patients have an underlying AD associated with CAA cannot

be ruled out. They share common pathways and potentially shared

genetic risk factors, while their clinical expression does not overlap in

many aspects. This highlights the relevance of dedicated evaluation of

genes validated in AD, in the field of early-onset CAA.We investigated

whether the presence of these risk factors in our study population

was independent of underlying AD. To this end, we examined potential

correlations between carrying one of these rare variants and two key
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F IGURE 3 MRI imaging of the two carriers ROU-1149 (panel A) and EXT-1182 (panel B) of a pathogenic NOTCH3 variant presenting with a
history initially compatible with CAA. Panel A: Left andmiddle axial T2-GREweighted sequence showing several posterior lobar microbleeds and
bilateral temporal ICH sequela; right: axial T2 weighted sequence showingmild periventricular white matter lesions of posterior topography and
dilated perivascular spaces. Panel B: Left andmiddle axial T2-GREweighted sequence showing several posterior lobar microbleeds; right: axial
FLAIRweighted sequence showingmild periventricular whitematter lesions and previous thalamic stroke. CAA, cerebral amyloid angiopathy; ICH,
intra-cerebral hemorrhage;MRI, magnetic resonance imaging.

indicators: (1) CSF biomarkers suggestive of AD pathophysiology and

(2) a cognitive (non-hemorrhagic) profile. No significant associations

were found suggesting that the rare variants identified in the five AD-

related genes are not specifically associatedwith patients suspected of

having both CAA and AD. Instead, these variants may play a role in the

development of CAA independently of AD pathology.

Our study suffered from two main limits: the small number of

patients, which precludes any gene-based burden tests, and its retro-

spective nature although this is the most common strategy for genetic

screening in a defined patient population. Some patients were enrolled

before the publication of the v2.0 Boston criteria and the hetero-

geneity in terms of cerebral imaging such as 1.5 versus 3 Tesla MRI,

T2* versus SWI weighted sequences, or some missing data due to the

limited number of T2 weighted-sequence allowing the assessment of

dilated perivascular spaces in semi-ovale centers for instance, pre-

cludes correlations between imaging features and genetics results.We

therefore did not evaluate possible changes in perivascular spaces or

microbleed count according to the presence of genetic risk factors.

A prospective study with homogeneous neuroimaging data should be

performed to better answer these questions.

In conclusion, by performing WES in 78 early-onset probable or

definite CAA patients, we found two patients with CADASIL, suggest-

ing that this rare differential diagnosis should be considered, even in

cases of lobar hemorrhage. Rare predicted damaging or known risk

variants in AD-associated genes TREM2, ABCA7, ABCA1, and ATP8B4

were found in up to 15.7% of CAA patients, with 6.6% carrying at least

onewell-validated AD risk factor. In addition to APOE genotypes, some

of these variants might thus have contributed partially to the develop-

ment of CAA in the carriers. This suggests a putative shared genetic

determinism between AD and CAA. Larger studies of early-onset CAA

patients are required to confirm these results and to better understand

the role of rare variants in AD-associated genes. Given their respective
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roles in the amyloid pathway, these data will be essential for the devel-

opment of future therapeutic strategies targeting Aβ in terms of both

indication and safety.44
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