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Abstract
Background  Amyloid-related imaging abnormalities (ARIA) are a common and potentially dangerous side effect 
in anti-amyloid therapies, creating a need for tools to assess ARIA risk. Several patient factors have been linked 
to ARIA; namely the presence of microbleeds (MBL+), APOE E4 carriership (APOE4+), and extremely low CSF Aβ42 
concentrations (AL). We hypothesize that studying the CSF proteome of Alzheimer’s disease (AD) dementia patients 
from a high-risk group (MBL+APOE4+AL) can inform on the biological underpinnings of ARIA risk and aid the progress 
of ARIA risk biomarkers.

Methods  We utilized CSF proteomic data of AD (n = 156) and cognitively unimpaired individuals (CU n = 100) of 
the Amsterdam Dementia Cohort. The proteome of the defined high-risk (n = 13) was compared to low-risk AD 
group (n = 23), using age and sex corrected linear regressions followed by gene ontology analysis. For biomarker 
prioritization, we selected proteins that were abnormal in the high-risk group versus low-risk and CU patients. The 
biomarkers were validated in an independent cohort (high risk n = 14, low risk n = 9) analyzed using customized 
multiplex panels. Lastly, we assessed biomarker lead co-expression.

Results  Ninety-four proteins differentiated in the high-risk group compared to low-risk (p < 0.05), none surviving 
FDR correction. These proteins were enriched for synapse-related proteins and axonogenesis. CHIT1 (vs. low-risk AD: 
FC = 1.0, p = 0.014, vs. CU: FC = 2.4, p < 0.001) and DDAH1 (vs. low-risk AD: FC=-0.31, p = 0.046, vs. CU: FC = 0.5, p < 0.001) 
were prioritized as biomarker. DDAH1 protein changes replicated in an independent cohort (FC=-0.37, p = 0.010), and 
CHIT1 replicated on a trend level (FC = 0.70, p = 0.104). DDAH1 levels had the highest co-expression with synaptic 
process, energy utilization and RNA-binding cell signaling related proteins (R > 0.8).

Conclusions  The findings suggest that in the high risk group, there is a lack of upregulation in synapse and 
axonogenesis related proteins. High CSF CHIT1 and less increased CSF DDAH1 levels within AD relate to ARIA risk. 
From the literature, the link to ARIA risk for CHIT1 could be its contribution to innate immunity or vascular amyloid 
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Background
Monoclonal antibodies targeting amyloid β (Aβ), one 
of the main hallmarks of Alzheimer’s disease (AD), are 
becoming available as an AD therapy [1–4]. The major 
side effect of these therapies is amyloid-related imaging 
abnormalities (ARIA) [5]. ARIA is detected with mag-
netic resonance imaging (MRI) and presents as either 
microhemorrhages or superficial siderosis (ARIA-H) 
or vasogenic edema or sulcal effusions (ARIA-E) [5, 6]. 
ARIA events have been reported in 10–40% of patients 
in various clinical trials targeting amyloid or related pro-
cesses with antibodies and are independent of clinical 
drug efficacy [1, 3, 4, 7–9]. The severity of these ARIA 
events can vary greatly, ranging from little or no symp-
toms (around 70% of the cases), to (in a few cases) death 
[10–12]. This highlights the unmet need for tools that 
assist clinicians in accurately predicting the risk of devel-
oping mild and severe forms of ARIA.

Although the exact etiology of ARIA remains unclear, 
it is hypothesized to be related to the induced innate 
inflammatory response by the therapy to vascular amy-
loid deposition [13]. This leads to leakage of the blood 
vessels/capillaries which can be captured on the MRI 
as ARIA-E or ARIA-H. As the first anti-amyloid thera-
pies were only recently approved there is still a sparsity 
of real-world post-treatment data on studying ARIA risk 
[14]. Clinical trials data has linked several risk factors to 
the development of ARIA, in particular the presence of 
microbleeds (MBL+), APOE E4 carriership (APOE4+), 
very high amyloid PET load, and extremely low CSF 
Aβ42 (AL) [15–18]. Using these risk factors as a proxy, 
we hypothesize that we need to define an extreme risk 
phenotype, where multiple risk factors are present as an 
indicator of common etiology, to capture the proteome 
changes relevant to ARIA risk and aid in an initial under-
standing of the biological underpinnings of ARIA risk 
[19, 20].

CSF proteomics are an effective method to study dis-
ease biology and identify novel biomarkers for neurologi-
cal diseases. CSF has less interference from other body 
systems compared to blood and due to the close proxim-
ity to the brain it can also be more sensitive to changes in 
the central nervous system. Additionally, CSF testing has 
been implemented in specialized clinical care for AD [21]. 
Recent advancements in multiplex affinity-based pro-
teomics have driven large-scale biomarker discovery and 
have expedited translation to antibody-based laboratory 
tests that can be implemented in clinical settings [22–25]. 
In the current study, we leverage a large discovery study 

to characterize the CSF proteome of the AD dementia 
extreme phenotype (MBL+APOE4+AL) group. We com-
pare these patients to their extreme phenotype counter-
part– the lowest risk group in AD (MBL−APOE4−AU) 
- and to cognitively unimpaired elderly with a normal 
CSF AD biomarker profile, no microbleeds and not car-
rying the APOE E4 allele. The rationale for including a 
comparison against controls in the biomarker discovery 
stage is that a good biomarker for ARIA should reflect a 
biological state that is not or only weakly present in con-
trols. This prioritized novel biomarker leads that were 
validated in an independent cohort on customized bio-
marker panels. Altogether, the aim is to provide novel 
insight into the CSF biology related to ARIA risk and 
define a CSF biomarker for ARIA risk, that will subse-
quently facilitate future ARIA risk studies.

Methods
Participants
For the discovery cohort, all AD dementia (n = 156) and 
cognitively unimpaired individuals (CU, n = 100) with 
available data on microbleeds, APOE E4 genotype, CSF 
Aβ42 levels, and CSF PEA proteomics from the Amster-
dam Dementia Cohort (ADC) were included [26, 27]. 
The validation cohort consisted of the selection of mild 
cognitive impairment due to AD (MCI n = 17) and AD 
dementia patients (n = 6) from the ADC (n = 16) and the 
Sant Pau Initiative on Neurodegeneration (SPIN) cohort 
(n = 7) with available biomarker data and defined as 
extreme high or low risk profile (described in next para-
graph) [28]. All participants underwent cognitive and 
neurological assessments and magnetic resonance imag-
ing (MRI). Diagnoses were made during the multidisci-
plinary meeting according to consensus criteria [29, 30]. 
Ethical approval was given at the local review boards. 
Written informed consent was provided by all study par-
ticipants or a representative.

CSF measurements of Aβ42, total Tau (tTau) and phos-
phorylated Tau (pTau) 181 were performed locally using 
commercially available kits and drift corrected (ADC: 
Innotest, Fujirebio, SPIN: Lumipulse G600 automated 
platform) [31]. A positive AD biomarker profile was 
defined locally (ADC: Aβ42 < 813 pg/mL, pTau181 > 51 
pg/mL, and tTau > 375 pg/mL, tTau/Aβ ratio > 0.46, 
positivity was based on the ratio; SPIN: Aβ42/Aβ40 
ratio < 0.062, tTau > 456 pg/mL and pTau > 63 pg/mL 
positivity was based on all biomarkers) [32, 33]. The 
symptomatic AD group had an abnormal CSF AD bio-
marker profile and the CU group had a normal CSF AD 
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biomarker profile (ADC: ratio negative; SPIN negative on 
all markers).

Risk factors were scored in two manners (Fig. 1). Firstly, 
for initial analysis to determine correlated proteins based 
on the individual risk factor in AD patients, microbleeds 
were scored based on the number of MBLs, where the 
total number was available (n = 150). Zero MBLs, resulted 
in 0 points; 1 MBL in 1 point, 2 or 3 MBLs in 2 points; 
and 4 or more MBLs in 3 points [34, 35]. APOE4 geno-
type was categorized based on the number of APOE4 
alleles (0, 1 or 2) and Aβ42 measurements were used as a 
continuous measure.

Within AD patients, an extreme risk profile was 
defined. This was based on dichotomized risk factors. 
Microbleeds were stratified by the presence of at least one 
microbleed (discovery cohort MBL+n = 33; MBL−n = 123) 
as one microbleed already resulted in an increased risk 
in patients receiving Donanamab [36]. APOE E4 sta-
tus was split by carriership of at least one E4 allele (dis-
covery cohort APOE4+n = 96; APOE4−n = 60). Aβ42 

levels were separated based on the median within the AD 
group, in a cohort dependent manner (Discovery cohort 
ALOWER (L)n = 79; AUPPER (U), n = 77; Discovery cohort: 605 
pg/mL; Validation ADC cohort: 610 pg/mL;  Validation 
SPIN cohort: 522 pg/mL). This allowed for definition of 
the extreme high and low risk profiles of the discovery 
cohort (MBL+APOE4+ALn = 13; MBL−APOE4−AUn = 23) 
and the validation cohort (MBL+APOE4+ALn = 14; 
MBL−APOE4−AUn = 9). This resulted in 23 patients in 
the low risk group and 13 patients in the high risk group. 
We conducted sensitivity analysis in the discovery cohort 
including only patients with 4 or less microbleeds (n = 7 
in the high risk group) to test generalizability accord-
ing to the appropriate use criteria [37]. Additionally, we 
included an analysis to determine translatability based 
on the MMSE score by focusing only on patients with 
an MMSE score between 20 and 287. This resulted in 16 
patients in the discovery cohort (high n = 3, low n = 13). 
In the validation cohort there were a total of 19 patients 
(high n = 13, low n = 6) with an MMSE score between 

Fig. 1  Study overview. Created in https://BioRender.com
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20 and 28. One splicing variant outlier of CHIT1 was 
deleted, resulting in 12 patients with a high risk group.

MRI assessments
An MRI was performed using a 1.0T, 1.5T, or 3T whole-
body MRI scanner (Siemens Magnetom Impact, GE 
Healthcare; Signa, HDXT; Ingenuity TF PET/MR, Phil-
ips Medical Systems; Titan, Toshiba Medical Systems) 
according to previously described standardized protocols 
[26]. MBLs were defined as small, homogenous hypoin-
tensities smaller than 10 mm [38]. They were counted 
throughout the brain on the transverse T2* susceptibility-
sensitive sequence by an experienced neuroradiologist or 
trained personnel. Fazekas scores were determined using 
fluid-attenuated inversion recovery (FLAIR) according 
to previously described scoring: 1 is punctate foci, 2 is 
beginning confluence, and 3 is large confluent areas [26, 
39].

CSF proteomics
CSF was obtained by lumbar puncture, collected in poly-
propylene tubes and biobanked according to published 
guidelines [40]. In short, samples were centrifuged 2000 
x g for 10 min at room temperature. CSF was aliquoted 
in polypropylene tubes and stored at -80 °C until further 
analysis.

Proteins in the discovery cohort were measured using 
antibody-based proximity extension assay (PEA) tech-
nology. This included the measurement of 979 proteins 
with all available 96 Target multiplex panels, described 
in detail in our previous study [22]. In short, the PEA 
method employs oligonucleotide-bound antibodies. 
When both antibodies bind the target protein, the oli-
gonucleotides are in proximity forming the basis for a 
quantitative real-time polymerase chain reaction (qPCR). 
Protein expression levels were determined in normalized 
protein expression (NPX) values, which is an inverse log2 
scale, meaning that when the difference is 1, the levels are 
twice as high. Only assays with at least 85% of the sam-
ples above the lower limit of detection were included in 
the analysis [22]which resulted in 642 unique proteins.

CSF external validation on custom multiplex panels
The validation cohort was measured with custom multi-
plex panels optimized for CSF as described in our pre-
vious studies [22, 23, 41]. In short, each plate contained 
four CSF quality control samples, a negative control, cali-
brators used for normalization, and samples. The lower 
limit of detection per plate was determined at three times 
the noise from the negative control. These panels have 
been validated in independent patient cohorts for dis-
crimination of AD from CU individuals [22, 23]. Protein 
expression levels in these panels were presented as NPX 
values.

Statistical and biological enrichment analysis
All statistical analyses were performed in R version 4.3.2. 
Demographic group differences were determined using a 
t-test or chi-square test where appropriate.

In the discovery cohort, there were 12 values (n = 4 CU, 
n = 8 AD) of CHIT1 that were close to 0 NPX. These val-
ues were imputed using the mice package in R [42]. The 
values were imputed using predictive mean matching. 
None of the imputations were in the defined extreme risk 
profile groups.

Protein correlates of individual risk factors were iden-
tified using Spearman correlation with the MBL score 
(score 0, 1, 2 or 3) and APOE alleles (score 0, 1 or 2) and 
Pearson for the CSF Aβ42 levels (Figure 1). Analyses 
were performed using the scored risk factor classifica-
tion indicated above, including only AD patients in the 
analyses. FDR multiple testing correction was applied. 
Proteins were further characterized with gene ontology 
(GO) analysis using the ClusterProfiler package [43]. The 
background was set to the 642 unique proteins included 
in the original correlation analysis. Due to this analysis 
step’s explorative and hypothesis-generating nature, we 
used proteins with the standard p-value cut-off of 0.05 as 
input for the biological enrichment. Significant GO terms 
had a q-value < 0.05.

For the biological characterization of MBL+APOE4+AL 
patients, this group was compared to the low risk - 
MBL−APOE4−AU - group using age and sex corrected 
linear regression analysis (Figure 1). The output was 
used to perform GO analysis with a similar approach as 
described above. All proteins with p < 0.05 were included 
in the GO-analysis and the background was set to the 
642 unique proteins included in the analysis. A follow-up 
analysis was performed based on the differential proteins 
from the high vs. low analysis for the ARIA risk bio-
marker identification and selection. The MBL+APOE4+AL 
patients were compared to CU individuals using age and 
sex corrected linear regression. FDR multiple testing cor-
rection was applied and set at q-value < 0.05. Biomarker 
findings were validated using an independent valida-
tion cohort with proteins measured on custom multi-
plex protein panels, following similar statistical analysis. 
To strengthen the assessment of the results, we used the 
beta coefficients and the standard error of the beta coef-
ficients from the linear regression models to perform 
a meta-analysis using the two cohorts. We performed a 
random-effects analysis using the metafor R package.

We used Pearson correlation analysis to test the asso-
ciation of our lead biomarkers with the proteomics data 
to further explore the biological correlates. Correla-
tion analyses were only performed in the AD dementia 
patients. Correlation coefficients of (R) > 0.5/-0.5 were 
considered moderate and R > 0.7/-0.7 were consid-
ered strong [44]. FDR multiple testing correction was 
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applied. Post hoc GO analysis was performed on the 
top 10 correlated proteins for CHIT1 and proteins with 
an R > 0.8/-0.8 for DDAH1. All 642 proteins included in 
the correlation analyses were included as the background 
and significantly enriched terms had a q-value < 0.05. We 
performed an extra analysis using z-scored median NPX 
per sample as a covariate in the linear regression model. 
Median NPX value can be used to investigate the general 
protein load.

Results
Clinical characteristics
AD patients were significantly older and had lower 
MMSE scores compared to the CU group (Table  1). 
Additionally, the Fazekas scores were significantly higher 
in the AD population compared to the CU group. Spe-
cifically focusing on the defined high (MBL+APOE4+AL) 
or low (MBL−APOE4−AU) ARIA risk AD patients in the 
discovery cohort, there were no significant differences 
in age and MMSE scores. The Fazekas score was higher 
in the high risk group. There were no clinical difference 
between the high and low risk groups of the validation 
cohort.

Correlation analyses per risk factor
MBL score was weakly correlated (p < 0.05) with the lev-
els of 18 proteins (Supplemental Table 1) in AD patients. 
APOE4 genotype was weakly correlated (p < 0.05) with 
14 proteins. Aβ42 measurements weakly correlated 
(p < 0.05) with 33 proteins. However, there were no 

enriched GO terms for any of these correlations. None of 
the correlation analyses survived FDR-correction.

Biological analysis of defined highest versus lowest risk 
group within AD patients
Biological differences of the risk factors were inves-
tigated based on the differential protein abundance 
of the MBL+APOE4+AL versus MBL−APOE4−AU AD 
patients. Ninety-four proteins were nominally significant 
(p < 0.05), yet none survived FDR-correction. Two were 
increased and the other 92 were decreased in the high 
risk group (Fig. 2A; Supplemental Table 2). In the sensi-
tivity analysis with a maximum of 4 microbleeds, 78 of 
the 94 proteins remained significant. In the GO enrich-
ment analysis, the 94 nominally significant proteins 
were further investigated. No molecular functions were 
enriched. Synapse, glutamatergic synapse, and asymmet-
ric synapse were enriched cellular components (Fig. 2B, 
q < 0.05). All enriched biological processes also related 
to the synapse and axonogenesis; regulation of neuron 
projection development, positive regulation of axonogen-
esis, synapse assembly, regulation of axonogenesis, posi-
tive regulation of cell projection organization (Fig.  2C, 
q < 0.05).

Discovery of CSF CHIT1 and DDAH1 levels as potential 
biomarkers for ARIA risk
Ideally, the ARIA risk biomarker would also differen-
tiate from CU individuals. To realize this, we focused 
only on the 94 proteins that were identified in the 

Table 1  Patient demographics
Discovery cohort Validation cohort
Control AD dementia AD dementia AD dementia

Highest risk Lowest risk Highest risk Lowest risk
n 100 156 13 23 14 9
Age 57 (8)**** 66 (8)**** 70 (7) 68 (8) 70 (4) 68 (6)
Sex, F (%) 34 (34%) 59 (38%) 5 (38%) 6 (26%) 4 (29%) 2 (22%)
MMSE 28 (2)**** 20 (5)**** 17 (4) 19 (6) 24 (3) 23 (5)
Diagnosis
  MCI due to AD 0 (0%) 0 (0%) 0 (0%) 0 (0%) 10 (71%) 7 (78%)
  AD dementia 0 (0%) 156 (100%) 13 (100%) 23 (100%) 4 (29%) 2 (22%)
Microbleeds 0 (0%) 33 (21%) 13 (100%) 0 (0%) 14 (100%) 0 (0%)
Fazekas scores 0.45 (0.6)**** 1.03 (0.9)**** 1.92 (1.0)* 1.00 (0.9)*
APOE4
  E2/E2 1 (1%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
  E2/E3 16 (16%) 3 (2%) 0 (0%) 1 (4%) 0 (0%) 1 (11%)
  E2/E4 0 (0%) 1 (0.6%) 1 (8%) 0 (0%) 0 (0%) 0 (0%)
  E3/E3 83 (83%) 57 (37%) 0 (0%) 22 (96%) 0 (0%) 8 (89%)
  E3/E4 0 (0%) 61 (40%) 3 (23%) 0 (0%) 9 (64%) 0 (0%)
  E4/E4 0 (0%) 34 (22%) 9 (69%) 0 (0%) 5 ((36%) 0
Numerical variables are shown as mean (SD). P-values were calculated with t-tests and chi-square tests. Percentages are given as a percentage within a diagnosis 
group. Highest risk is defined as patients with microbleeds, APOE4 carriers and Aβ42 levels below the median. Lowest risk is defined is defined as patients 
without microbleeds, no APOE4 carriers and Aβ42 levels above the median. F = female; MMSE = mini-mental state examination; MCI = mild cognitive impairment; 
AD = Alzheimer’s disease
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differential expression analysis of MBL+APOE4+AL ver-
sus MBL−APOE4−AU. The 94 proteins were compared 
between the MBL+APOE4+AL and CU groups (Fig.  2D; 
Supplemental Table 2). Seven proteins were nominally 
different between MBL+APOE4+AL and CU. CHIT1 and 
DDAH1 survived FDR-correction. CHIT1 is increased 
in the high risk group (β = 1.006, p = 0.014; Fig.  3A) and 
DDAH1 is decreased in the high risk group (β=-0.305, 
p = 0.046; Fig. 3B) compared to low risk AD patients and 
both were upregulated in high risk versu CU. To give an 
indication about the translatability to eligible patients 
with a maximum of 4 microbleeds, DDAH1 showed and 
effects size of -0.476 and CHIT1 showed an effect size of 
1.00 in the high versus low comparison of this subgroup.

CHIT1 and DDAH1 clinical and biological correlates
Correlation analyses between the two most promising 
markers and all proteins included in the proteomic anal-
ysis were performed to provide context into the general 
processes they are associated with (Supplemental Table 
3). CHIT1 levels showed significant correlations with 
490 proteins (q < 0.05). However, all correlation coef-
ficients were between − 0.3 and 0.4, indicating weak to 
modest correlation strength. The strongest correlations 
were with VASN (R = 0.40, q = 0.0001), SMOC2 (R = 0.38, 
q = 0.0002), LILRB2 (R = 0.37, q = 0.0002), LYVE1 
(R = 0.37, q = 0.0002), and IL-18BP (R = 0.37, q = 0.0002). 
Post hoc GO analysis on the top 10 correlated proteins 
showed no enriched terms.

Fig. 2  CSF characterization of extreme risk group. (A) Volcano plot with differentially expressed proteins in CSF for MBL+APOE4+ALower (high risk) versus 
MBL−APOE4−AUpper (low risk) AD dementia patients. The x-axis show the beta coefficients (log2 foldchange) and the y-axis shows the p-value. All proteins 
with a p < 0.05 are indicated in blue (downregulated) and red (upregulated), the horizontal line indicated the p < 0.05 threshold. P values were calculated 
using a linear regression analysis with age and sex correction. Network plot of significantly enriched (B) cellular components and (C) biological processes. 
Colored dots of the proteins indicate the log2 foldchange, where red indicates it is increased in the high risk group and blue indicates it is decreased in the 
high risk group compared to the low risk group based on the nominal p-value. GO-terms were significant when q < 0.05. (D) Volcano plot with differen-
tially expressed proteins in CSF for MBL+APOE4+ALower (high risk) AD dementia patients versus CU individuals. The x-axis show the beta coefficients (log2 
foldchange) and the y-axis shows the p-value. All proteins with a p < 0.05 are indicated in blue (downregulated) and red (upregulated), the horizontal 
line indicated the p < 0.05 threshold. FDR-corrected significant proteins are indicated in a darker shade. P values were calculated using a linear regression 
analysis with age and sex correction, followed by an FDR multiple testing correction
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DDAH1 levels were correlated with 614 proteins 
(q < 0.05) of which 108 had a strong correlation (R > 0.7). 
The strongest correlations were with LRRN1 (R = 0.88, 
q < 0.0001), IGF1R (R = 0.88, q < 0.0001), GALNT2 
(R = 0.88, q < 0.0001), CLSTN3 (R = 0.87, q < 0.0001), 
and SCAMP3 (R = 0.87, q < 0.0001). We performed post 
hoc GO-analysis on the proteins with an R below − 0.8 
or above 0.8 (n = 30) and found several processes to be 
enriched (Fig. 4). Enriched molecular functions related to 
energy utilization and cell signaling (Fig.  4A) and cellu-
lar components and biological processes relate to synap-
tic structure and development (Fig. 4B/C). An additional 
analysis with z-scored median NPX value per sample as a 
covariate in the linear regression model resulted in simi-
lar findings for both CHIT1 and DDAH1.

External validation of CHIT1 and DDAH1 on customized 
multiplex panels
We validated CHIT1 and DDAH1 as candidate ARIA 
risk markers in an independent cohort of AD patients 
using custom multiplex panels [22, 23]. In line, there 

was a trend of increased CHIT1 (p = 0.104) and signifi-
cantly decreased DDAH1 (p = 0.010) in the highest risk 
group compared to the lowest risk group (Fig. 3C-D). We 
performed a meta-analysis showing the overall effects 
across the two cohorts. There is an overall increase in 
CHIT1 levels with an estimate of 0.86 95%CI [0.31–1.41] 
(Fig. 3E) and an overall decrease with an estimate of -0.34 
95%CI [-0.53- -0.15] of DDAH1 (Fig. 3F). To be included 
in clinical trials, patients required an MMSE score 
between 20 and 28. We also performed a meta-analysis 
including patients within this range. The random effects 
model gives an estimate of 0.89 with a 95%CI [0.04–1.73] 
for CHIT1 and − 0.38 with a 95%CI [-0.65 - -0.11] for 
DDAH1.

Discussion
In the current study, we investigated how predetermined 
risk factor profiles for ARIA affected the CSF proteome 
to gain insights into the CSF biology of ARIA risk. We 
discovered two new potential biomarkers (CHIT1 and 
DDAH1) that may hold promise for ARIA risk prediction 

Fig. 3  Boxplots of potential CSF biomarkers for ARIA risk. Concentrations of the proteins that were differentially expressed in the MBL+APOE4+ALower (high 
risk) versus MBL−APOE4−AUpper and CU individuals as determined with linear regression are shown for the discovery (A-B) and validation (C-D) cohort. In 
pink the low risk group and in beige the high risk group. Meta-analyzed cohort results for CHIT1 (E) and DDAH1 (F).
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tools. High risk AD patients showed lower CSF protein 
levels related to the synapse and axonogenesis compared 
to low risk AD patients. CHIT1 levels positively corre-
lated with microbleeds. DDAH1 covaried with proteins 
enriched for synapse and neuron development related 
processes, as well as energy utilization and RNA-binding 
cell signaling related proteins, which highlights that these 
markers may cover distinct biological aspects of ARIA 
risk. The available custom panels would allow broad test-
ing of their value as more clinical samples will become 
available.

Here, we showed that patients with a high risk of devel-
oping ARIA may have lower levels of axonogenesis and 
synapse related protein levels, specifically protein levels 
related to the glutamatergic and asymmetric synapse 
were reduced or failed to upregulate. The glutamater-
gic synapse is known to be affected in AD and is one of 
the major excitatory neurons involved in learning and 
memory [45]. Astrocytes are important regulators in the 
homeostasis of glutamate, synaptic plasticity and mem-
ory in general [46, 47]. We postulate that a reduction in 
these proteins in CSF could be indicative of astrocytic 
impairment, especially considering that the majority 
of the proteins which drove the significant GO-terms 
(PLXNA4, ERBB4, NTRK4, PLXNB1, and PLXNB2) 
are mainly expressed by astrocytes [48, 49]. Research in 
mice has indicated that there is a compensatory response 
of astrocytes to the loss of smooth muscle cells follow-
ing anti-amyloid therapy [50]. Although the exact nature 
(pro- or anti-inflammatory) of this response needs to be 
further investigated, a disrupted homeostatic state can 
make the brain predisposed to ARIA events. Plexins (e.g. 
PLXNA4, PLXNB1, PLXNB2) are important proteins in 
synaptic plasticity, epithelial repair, pro-inflammatory 
responses, and glial cell communication and were also 
shown to be downregulated in the high risk group [51, 

52]. Combined these findings suggest that the downregu-
lation of these proteins may play a role in the insufficient 
compensatory response to treatment, resulting in ARIA 
events.

DDAH1 is the most common of two isoforms of 
dimethylarginine dimethylaminohydrolase (DDAH), its 
main function is to metabolize asymmetric (N(G), N(G))-
dimethylarginine (ADMA) [53]. This induces an increase 
in nitric oxide (NO) levels, a signaling molecule with 
multiple functions (ADMA-NO pathway) [54]. NO can 
cause vasodilation, stimulate an immune response, and 
is involved in neurotransmission, apoptosis, gene tran-
scription, and post-translation protein modification [55]. 
DDAH1 is widely expressed throughout the body, and in 
the brain it is mainly expressed by neurons and endothe-
lial cells [56]. The downstream effects of reduced DDAH1 
levels may be reflected in the strongest co-expression 
proteins that were enriched for lower synaptic develop-
ment, energy metabolism, and cell signaling, and possi-
bly also enrichment for lower synaptic processes in the 
characterization of the high risk phenotype. A sensitiv-
ity analysis adjusting for median protein level (z-scored 
median NPX level) yielded similar biological results. Fol-
lowing stroke, increased DDAH1 levels have been shown 
to promote neurogenesis and induce ischemic tolerance, 
which is suggestive for neuroprotective functioning of 
DDAH1 [54, 57]. DDAH1 has also been shown to pro-
tect against blood-brain-barrier (BBB) leakage, and it has 
been shown that a disruption of the ADMA-NO pathway 
can induce brain edema [56, 58]. In line, a recent study 
on AD molecular subtypes, one subtype is character-
ized by BBB dysfunction and this is the subtype with low 
DDAH1 levels [59]. In relation to ARIA risk, it is conceiv-
able that the low CSF DDAH1 levels may be suggestive of 
BBB dysfunction, and a reduced capacity to exhibit neu-
roprotective functions once the treatment is started.

Fig. 4  Correlation analyses with DDAH1 and CHIT1. Networks of enriched GO-terms for (A) molecular function, (B) cellular components, and (C) biologi-
cal processes. Pearson correlation analysis between DDAH1 and all proteins were performed. All proteins with a correlation coefficient R > 0.8 and FDR 
corrected q < 0.05 were included in the GO analysis. Colored dots with the proteins indicate the correlation coefficient, where red indicates a positive 
correlation and blue indicates a negative correlation
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CHIT1 levels are increased in several neurodegenera-
tive diseases [60]. Within the brain it is mostly expressed 
in the white matter, but generally it is expressed by acti-
vated macrophages [48, 49, 61]. It plays an important 
role in the innate immunity and aids in the clearance of 
chitinous organisms [62, 63]. Furthermore, it has been 
shown to play a role in reactive gliosis, but a protective 
effect of CHIT1 in AD has also been reported, by regu-
lating microglial activation and reducing neuronal apop-
tosis [63, 64]. Research on ARIA in mice showed an 
increase in the infiltration of perivascular macrophages 
and peripheral monocytes, which results in microhe-
morrhagic lesions [13]. We postulate that increased 
CHIT1 levels in CSF may be a sign of an activated innate 
immune response or perhaps pre-existent increased infil-
tration of macrophages and monocytes, which, following 
treatment, primes the perivascular macrophages to the 
response seen in ARIA.

This study is the first to investigate the effect of ARIA 
risk profile on the CSF proteome of AD patients. There 
are methodological considerations that should be noted. 
First, due to the sparsity of patient data of ARIA cases, we 
used a proxy for ARIA risk by comparing extreme phe-
notypes. However, we hypothesized that by defining an 
extreme risk profile, we are able to identify the underlying 
proteomic profile of the combined effects of the risk fac-
tors. This is similar to how autosomal dominant AD can 
be relevant as an extreme and well-defined phenotype for 
sporadic AD [65, 66]. Here we showed that by taking this 
approach we were able to identify differences in the pro-
teome and prioritize two potential ARIA risk biomark-
ers. In addition, we cannot make the distinction between 
ARIA-H and ARIA-E, while it could be affected by differ-
ent biological risk factors. Furthermore, while the initial 
cohort was large, with over 200 individuals, the extreme 
risk phenotype groups were small, including less than 20 
patients per group. Therefore, the statistical power was 
limited and as such we could not systematically adjust 
for multiple testing. This limits our ability to detect other 
potential proteins of interest and warrants extra caution 
with the interpretation of these results due to the risk 
of false positive findings. Eligibility for receiving treat-
ment is based on the number of microbleeds and MMSE 
score. Our analysis including only eligible patients based 
on first the maximum of 4 MBL followed by the MMSE 
score indicate our results are also translatable to the in 
trials included population. For the biomarker analyses, 
we used an independent validation cohort with an ortho-
logical assay, highlighting the validity of the prioritized 
markers. For CHIT1 it is important to acknowledge that 
a small subset of patients have alternative splice variants 
[67]due to which the protein is not detected by the anti-
bodies (5%). Notably, the CHIT1 values in these splice 
variant carriers is so low that is cannot be confused with 

a low value that fits with the low risk phenotype. More-
over, none of these variants were in the discovery analysis 
comparing the extreme risk groups, indicating that these 
results were not influenced by the different variants.

Conclusion
In this study, we suggest CHIT1 and DDAH1 as potential 
biomarkers for an ARIA risk screening tool. We provide 
background on the potential roles of these markers in 
ARIA and indicate how they can relate to the increased 
risk. Besides clinical replication and the association with 
AD, CHIT1 and DDAH1 have good cross-technology 
robustness, (i.e., CSF Olink and untargeted Mass Spec-
trometry DDAH1 R = 0.70, CHIT1 R = 0.69; CSF Olink 
and Somascan DDAH1 R = 0.91, CHIT1 R = 0.89) [68]. 
Altogether, our findings justify investigating the perfor-
mance of these assays and the applicability as an ARIA 
risk screening tool in a research context in treated 
patients and be critically assessed for added value com-
pared to MRI, plasma and genetic tools. This step is tech-
nically very feasible, because custom PEA panels (CHIT1 
and DDAH1), and singleplex immunoassays (ELISA: 
CHIT1) were designed for scalable application [69]. 
Accurately predicting individuals at risk of developing 
ARIA could greatly improve the impact of the medica-
tion and smoothen the patient selection and monitoring 
processes.
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