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Abstract

Background
Amyloid-β (Aβ) pathology in Alzheimer’s disease (AD) includes distinct types of plaques and cerebral amyloid
angiopathy (CAA). Post-translational modifications (PTMs) may define Aβ deposit-specific signatures. Among
them, nitration of tyrosine-10 (3′-nitrotyrosine, 3-NT) links oxidative stress to Aβ modification and microglial
activation, but its spatial distribution across deposit types and impact on aggregation dynamics remain
unclear.

Methods
Parietal cortex tissue from AD and CAA cases (n = 19) and controls (n = 9) was analyzed by multiplex
immunofluorescence for Aβ species (Aβaa1-8, AβN3pE, pSer8-Aβ), 3-NT, thioflavin-S, and CD68. Distinct
deposits, including diffuse plaques (n = 70) classic cored plaques (n = 70), coarse-grained plaques (n = 40),
capillary CAA (capCAA; n = 80), larger vessel CAA (n = 80), and leptomeningeal CAA (n = 25) were annotated,
together with gray matter regions from control tissue lacking Aβ pathology (n = 90). In vitro assays evaluated
how 3-NT affects Aβ aggregation kinetics, microglial morphology, and neuronal viability.

Results
We observed Aβ deposit-specific PTM signatures. Classic cored and coarse-grained plaques contained
increased pyroglutamylated (AβN3pE) and phosphorylated (pSer8-Aβ) species compared to diffuse plaques. In
contrast, 3-NT showed a distinct vascular predilection, with the highest relative burden in larger vessel and
leptomeningeal CAA. 3-NT colocalized with β-sheet–rich thioflavin-S-positive fibrils and areas of CD68-positive
microglia. In vitro, nitration slowed oligomer-to-fibril conversion but accelerated the growth of pre-formed fibrils
and sustained microglial activation without increasing neuronal toxicity.

Conclusions
Distinct PTMs delineate the compartment-specific architectural signatures of Aβ deposits. Whereas AβN3pE
and pSer8-Aβ broadly label parenchymal plaques, 3-NT shows a vascular predilection, particularly in
leptomeningeal CAA. This compartmentalized pattern identifies nitration as a candidate marker of vascular Aβ
pathology and a possible risk indicator for amyloid-related imaging abnormalities (ARIA) during anti-Aβ
immunotherapy.

Background
Alzheimer’s disease (AD) is characterized by extracellular amyloid-β (Aβ) deposits and intracellular
neurofibrillary tangles of hyperphosphorylated tau protein. Aβ deposition typically precedes that of tau and
represents the most extensively validated therapeutic target [1]. Physiologically produced as a monomer
possessing physiological functions [2], Aβ can misfold and aggregate into toxic oligomers, protofibrils, and
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fibrils that ultimately form deposits in the brain parenchyma as plaques or within cerebral blood vessels as
cerebral amyloid angiopathy (CAA) [3].

Aβ deposits, including diffuse plaques, classic cored plaques, coarse-grained plaques, and vascular deposits
affecting either capillaries (capCAA), larger parenchymal vessels, or leptomeningeal vessels, are not only
morphologically but also pathophysiologically diverse. Although Aβ pathology can be detected in cognitively
unimpaired individuals [4–6], certain deposits such as the coarse-grained plaque and capCAA show stronger
association with clinical decline, whereas diffuse plaques, classic cored plaques, and larger-vessel CAA often
occur without clear clinical consequences [7–11]. Preliminary observations from our recent study suggest that
leptomeningeal CAA, more so than capillary or larger-vessel CAA, may be associated with amyloid-related
imaging abnormalities (ARIA), although this requires confirmation in larger cohorts [12]. Prior work comparing
individual plaque subtypes has revealed differences in fibril structure and neuroinflammatory response [10, 13,
14]. In addition to structural differences, Aβ deposits are also defined by molecular signatures, including
isoform composition and post-translational modifications (PTMs), which may further influence aggregation,
fibril maturation, glial activation, and disease progression [10, 11, 13, 15]. These include spontaneous molecular
aging modifications such as L-isoaspartate formation at Asp7 [16], as well as regulated PTMs including
pyroglutamylation and phosphorylation, all of which have been implicated in the maturation and biological
properties of Aβ deposits [15, 17]. Despite their distinct implications for disease pathogenesis and therapeutic
response, systematic analyses directly contrasting parenchymal and vascular Aβ deposits remain limited.

Neuroinflammation is a crucial component of Aβ pathology [18–20], characterized by activation of microglia
and astrocytes surrounding plaques, accompanied by the release of cytokines, chemokines, and nitric oxide
[21–23]. Among the downstream effects of nitric oxide, tyrosine nitration at position 10 of Aβ (3′-nitrotyrosine,
3-NT) is of particular interest because it associates nitro-oxidative stress to plaque maturation and glial
activation [24, 25]. While nitration has been shown in vitro to divert Aβ aggregation away from canonical fibrils
and to modulate microglial responses [26], its distribution across deposit subtypes in human tissue and
relationship to other PTMs remains poorly understood. Recognizing the diversity of PTMs in Aβ pathology, we
compared nitration alongside two well-characterized PTMs, pyroglutamylation (AβN3pE) and phosphorylation
(pSer8-Aβ), to determine whether nitration represents a general feature of Aβ pathology or a compartment-
specific modification across parenchymal and vascular deposits. We then extended these findings in vitro to
directly test how nitration influences Aβ fibrillogenesis, microglial activation, and neuronal viability.

Methods

Post-mortem human brain tissue
We used brain tissue from individuals with AD and CAA pathology (n = 19) and controls without
neurodegenerative disease (n = 9) (Table 1). Seventeen cases fulfilled AD criteria, defined by the clinical
syndrome of dementia and a moderate to high level of AD neuropathologic change, while two additional cases
were included because of severe CAA pathology despite not meeting criteria for AD neuropathologic change
[27]. Brain dissection and neuropathologic diagnosis were performed according to international guidelines of
Brain Net Europe II consortium and of the National Institute on Aging-Alzheimer's Association (NIA-AA) [27]. AD
neuropathologic change is reported for tangles and Aβ plaques using Braak and Thal staging [28, 29]. Post-
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mortem brain tissue was obtained from the Netherlands Brain Bank (NBB), Amsterdam, the Netherlands, and
the department of pathology at the Amsterdam UMC, Amsterdam, the Netherlands. In compliance with all
ethical standards, brain donors or their next of kin signed informed consent regarding the usage of their brain
tissue and clinical records for research purposes. The brain donor program is approved by the medical ethics
committee of the Amsterdam UMC. We used fresh-frozen (FF) and formalin-fixed paraffin-embedded (FFPE)
tissue from the superior parietal lobule, as this neocortical area shows all Aβ deposits of interest [11, 30–32].
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Table 1
Case details.

Case Sex Age of
death
(yrs)

Braak
tangle
stage

Thal Aβ
phase

Brain
weight (g)

APOE Neuropathologic
diagnosis

1 F 82 6 ≥ 4 1010 24 AD

2 F 81 6 ≥ 4 877 33 AD

3 F 81 6 ≥ 4 888 34 AD

4 F 87 6 ≥ 4 1081 34 AD

5 F 72 6 ≥ 4 960 23 AD

6 F 90 6 ≥ 4 1018 23 AD

7 M 81 5 ≥ 4 1191 44 AD with vascular
encephalopathy

8 M 59 6 ≥ 4 1300 44 AD

9 F 70 6 ≥ 4 894 44 AD

10 F 91 6 ≥ 4 900 34 AD

11 M 59 5 ≥ 4 1520 33 AD

12 M 68 2 0 1500 44 Vascular dementia with
CAA

13 F 96 5 ≥ 4 1102 34 AD with congophilic
angiopathy

14 M 88 5 ≥ 4 1290 44 AD with congophilic
angiopathy

15 F 95 5 ≥ 3 906 44 AD with vascular
encephalopathy

16 F 84 5 ≥ 4 1004 44 AD with congophilic
angiopathy

17 M 77 5 4 1006 44 AD with congophilic
angiopathy

18 M 71 1 1 1215 N/A CAA due to HCHWA-D

19 M 74 5 4 1230 N/A AD with CAA

20 F 72 N/A N/A 1300 N/A Control

21 F 69 N/A N/A 1290 N/A Control

APOE genotype is listed as allele combination (e.g., 24 = ε2/ε4). Brain weights represent fresh tissue weight
at autopsy. Cases 1–19 represent Alzheimer’s disease (AD) and AD with concomitant CAA or vascular
pathology, including one hereditary CAA case due to HCHWA-D (case 18). Cases 20–28 served as non-
demented controls. AD Alzheimer’s disease; CAA cerebral amyloid angiopathy; F female; M male; N/A not
available.
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Case Sex Age of
death
(yrs)

Braak
tangle
stage

Thal Aβ
phase

Brain
weight (g)

APOE Neuropathologic
diagnosis

22 M 56 0 0 1548 34 Control

23 M 74 0 0 1231 33 Control with ischemic
changes

24 M 49 0 0 1364 23 Control

25 M 90 2 0 1215 33 Control

26 M 79 2 1 1121 23 Control

27 M 83 1 1 1372 33 Control

28 M 89 2 0 1185 33 Control

APOE genotype is listed as allele combination (e.g., 24 = ε2/ε4). Brain weights represent fresh tissue weight
at autopsy. Cases 1–19 represent Alzheimer’s disease (AD) and AD with concomitant CAA or vascular
pathology, including one hereditary CAA case due to HCHWA-D (case 18). Cases 20–28 served as non-
demented controls. AD Alzheimer’s disease; CAA cerebral amyloid angiopathy; F female; M male; N/A not
available.

Aβ deposit selection
Sections stained for Aβ were scored for distinct deposits (classic cored plaques, coarse-grained plaques, and
CAA) using a semi-quantitative score readapted from Boon et al., 2020 [11]. Briefly, deposits were scored from
0 to 3 based on their density per 1 cm²: 0, none; 1, few; 2, moderate; and 3, many. For each case, scores across
the evaluated regions were averaged to obtain a representative value for that slide. Cases were then grouped
according to the predominant deposit type (eTable 1 in Additional file 1), which was subsequently annotated in
the corresponding immunofluorescent stainings.

Immunofluorescence
Multi-label immunofluorescence was performed on 5µm-thick sections. Frozen tissue sections were fixed in
acetone for 10 min prior to staining and then triple-stained for Aβaa1−x + 3-NT+either thioflavin-S or different Aβ

species, including AβNpE3 and pSer-Aβ (Table 2). Thioflavin-S staining was carried out after antibody incubation
by submerging slides in 1% thioflavin-S. FFPE sections were double-stained for Aβaa1−x + CD68. After
deparaffinization and dehydration, antigen retrieval for FFPE slides was performed by autoclaving in sodium
citrate buffer (pH 6.0, 121°C for 20 minutes). For both frozen and FFPE, primary antibodies were diluted in a
ready-to-use antibody dilution buffer with BSA (Sigma-Aldrich, cat# U3510) and incubated overnight. Secondary
antibodies were diluted 1:250 in antibody dilution buffer and incubated for 1 hour. All sections underwent a 5-
minute incubation with 0,1% Sudan Black in ethanol 70% to quench autofluorescence. Slides stained with
thioflavin-S were mounted with a solution of glycerol/TBS 70/30, all other slides with Fluoromount-G™
mounting medium with DAPI (Invitrogen, cat# 00-4959-52,) and coverslipped. In between steps, sections were
rinsed in phosphate-buffered solution (pH 7.6). Sections were stored at 4°C until scanning.
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Technical control experiments were performed to evaluate tissue autofluorescence, nonspecific secondary-
antibody binding, and secondary-antibody cross-reactivity. For negative controls, sections were processed
identically except that the primary antibodies were omitted while all secondary antibodies were included. No
deposit-associated fluorescence was observed under the acquisition settings used for experimental sections.
To assess potential secondary-antibody cross-reactivity within the multiplex immunofluorescence protocol,
each primary antibody was stained individually while the complete panel of secondary antibodies was applied.
In all cases, fluorescence was detected exclusively in the expected channel, with no detectable signal in the
non-corresponding channels.
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Table 2
Immunofluorescence antibody characteristics and staining details.

Antigen Antibody
clone

Source Host Isotype Tissue Dilution Secondary
step

Threshold
for
positive
pixels

Aβaa1−x IC16[33] Prof. Dr.
Carsten
Korth,
Heinrich-
Heine-
Universität
Düsseldorf,
Germany

Mouse IgG2a FFPE 1:200 goat-anti-
mouse-
IgG2a

Alexa 488

150

Frozen 1:200 goat-anti-
mouse-
IgG2a

Alexa 488

goat-anti-
mouse-
IgG2a

Alexa 647

150

800

AβN3pE 337.48 BioLegend Mouse IgG1k Frozen 1:1600 goat-anti-
mouse-
IgG1

Alexa 647

2000

pSer8-
Aβ

1E4E11[34] Prof. Dr.
Jochen
Walter,
University
Hospital
Bonn,
Bonn,
Germany

Mouse IgG1k Frozen 1:400 goat-anti-
mouse-
IgG1

Alexa 647

1500

3-NT HM.11 Abcam Mouse IgG2b Frozen 1:25 goat-anti-
mouse-
IgG2b

Alexa 594

120

CD68 KP1 Dako Mouse IgG1 FFPE 1:300 goat-anti-
mouse-
IgG1

Alexa 647

350

Overview of all antibodies applied in this study, including antigen target, clone, source, host species, isotype,
and working dilution. The table also lists the tissue type used (formalin-fixed paraffin-embedded [FFPE] or
frozen) and the corresponding fluorescent secondary antibody.

aa amino-acid; Aβ amyloid-β; FFPE formalin-fixed (4%) paraffin-embedded.

Antibody specificity and validation
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Primary antibodies were selected based on technical validation and established epitope mapping when
available:

Aβaa₁−x (clone IC16)

Specificity for N-terminally intact Aβ species (epitope aa1–8) has been validated by peptide competition
assays, where pre-incubation with synthetic Aβaa1−16 or Aβaa1−8 but not Aβaa8−15 quenched immunoreactivity
[35–37].

AβN3pE (clone 337.48)

Clone 337.48 was generated against a synthetic pyroglutamate-modified Aβ peptide corresponding to residues
3–16 (manufacturer information). According to the manufacturer's technical validation, ELISA-based binding
assays demonstrated selective binding to pyroglutamate-modified Aβ, with no detectable binding to the full-
length Aβ or recombinant tau proteins included in the validation panel. These data are consistent with the
intended specificity of clone 337.48 for pyroglutamate-modified Aβ species.

pSer8-Aβ (clone 1E4E11)

Specificity for Ser8-phosphorylated Aβ was established by Kumar et al. via ELISA, Western blotting, and
immunohistochemical competition assays [38]. Clone 1E4E11 specifically recognizes pSer8-Aβ without cross-
reacting with non-phosphorylated Aβ, pSer26-Aβ, 3-NT-Aβ, Aβ3−42, or AβN3pE. Immunostaining is completely

blocked by pre-incubation with a 200-fold molar excess of synthetic pSer8-Aβ peptide, whereas non-
phosphorylated Aβ peptide does not block binding.

3-NT (clone HM.11)

Clone HM.11 recognizes 3-nitrotyrosine residues and has been reported by the manufacturer not to cross-react
with unmodified tyrosine, phenylalanine, phosphotyrosine, or 3-chlorotyrosine. Because HM.11 recognizes
nitrotyrosine independently of the parent protein, its signal is referred to throughout as 3-NT immunoreactivity.
Spatial overlap with Aβ-positive deposits indicates enrichment of nitrotyrosine-containing proteins within these
deposits.

Digital pathology
Slides were scanned at 20x magnification on an Olympus Slideview SV200 slide scanner (Olympus Corporation,
Tokyo, Japan). Distinct deposit types were annotated in QuPath (version 5.0) using the closed polygon tool in
the Aβaa1−x channel. To prevent bias during annotation, all other channels were switched off. For each case, we
annotated 10 deposits representative of the predominant deposit type in the assigned group, along with 5
diffuse plaques (when present). In all CAA cases, 5 leptomeningeal vessels affected by CAA were also
annotated when available. For each control case, 10 random Aβ-negative gray matter areas and 3–6 vessels
were annotated. The number of deposits annotated per case is described in eTable 1 in Additional file 1. Based
on qualitative differences between the core and corona of classic cored plaques, we separately annotated
these regions in a total of 25 plaques (5 plaques in 5 cases with predominant cored plaque pathology).
Annotated deposits were analyzed for percentage of positive pixels using marker dependent thresholds

Page 10/31



(Table 2). These thresholds were established based on background fluorescence in target-negative regions and
applied uniformly across all images to isolate specific signal. Sections were excluded from analysis if tissue
rupture, detachment, or drying artifacts during staining compromised image quality (eTable 1 in Additional file
1).

Aβ assemblies and irradiation setup
We prepared four types of Aβ1−42 assemblies for in vitro experiments: oligomeric Aβ, nitrated oligomeric Aβ,

fibrillar Aβ, and nitrated fibrillar Aβ. 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)-treated Aβ1−42 peptide (1 mg;
Bachem, cat# 4090148), was dissolved in HFIP and evaporated to form a monomeric film, which was
resuspended in DMSO at 5 mM. This solution was further diluted in Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 without phenol red (Gibco, cat# 21041025) to the desired working concentration [39]. Aliquots
were then divided for aggregation protocols: oligomerization was induced by incubation under gentle shaking
for 48 h at 4°C, whereas fibrillization was induced by incubation under gentle shaking for 6 days at 37°C.
Nitration of pre-formed oligomers and fibrils was performed by photoirradiation as previously described [26]
with a minor modification of an additional 6h incubation at 37°C under gentle shaking. In short, photoirradiation
was performed by placing the assemblies under a red LED light for 30 minutes in the presence of the previously
described peroxynitrite-releasing molecule BPT-NO [40]. All experiments were conducted with freshly prepared
assemblies, and while different peptide batches were used, the same batch was always maintained within each
experimental set.

ESI-MS analysis of the Aβ-NO adducts
The Aβ-containing assemblies were treated as previously reported [26]. Briefly, assemblies were treated with
HFIP and sonicated for 60 min at 37°C for. After centrifugation (5 min at 12,000 g), HFIP was evaporated under
nitrogen. Assemblies were resuspended in phosphate buffer (50 mM pH 7.4) and incubated with trypsin
(enzyme/protein 1:20 w:w) at 16 h 37°C. The peptide content was analyzed by Liquid Chromatography – Mass
Spectrometry (LC − MS), using a Vanquish Ultra High-Performance Liquid Chromatography (UHPLC) system
(Thermo Fisher Scientific) equipped with a Hypesil Gold C18 column (2.1 mm × 50 mm, 1.9 µm, Thermo Fisher
Scientific). The mobile phase consisted of water (eluent A) and acetonitrile (eluent B), both containing formic
acid (0.1%).

The autosampler was maintained at 4°C, and the injection volume was 5 µL. Mass spectrometric detection was
performed using a TSQ Quantis (Thermo Fisher Scientific) equipped with an electrospray ion (ESI) source
working in positive mode. Mass analysis was performed via single ion monitoring (SIM) of the selected peptide
species. Specific parameters were used for sheath gas (30 AU), auxiliar gas (10 AU), ion transfer tube
temperature (325°C) and vaporizer temperature (350°C). The extracted ion chromatogram (XIC) due to each
charged species of the hydrolytic peptide fragment was used for peak detection. Chromatograms were
analyzed using Chromeleon software.

Dot blot analysis
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After the photoirradiation, the presence of nitration on preformed Aβ1‑42 oligomers and fibrils was confirmed by
dot blot analysis. A volume of 1µL of 100µM stock of each assembly was spotted onto a nitrocellulose
membrane (0.2 mm, Hybond ECL, Amersham Italia). The same assemblies were also spotted at 1:3 and 1:10
dilutions in DMEM/F-12 without phenol red. Membranes were blocked in Odyssey blocking buffer (LiCor,
Biosciences) for 1 hour, then incubated with either anti-Aβ N-terminal 1–16 mouse monoclonal antibody 6E10
(1:100) or rabbit polyclonal anti-nitrotyrosine antibody A-21285 (1:400, BioLegend) overnight at 4°C. Finally, the
membrane was repeatedly washed and exposed to the secondary goat anti-mouse or anti-rabbit antibody
labeled with IR dye (1:20,000) for 45 min. Hybridization signals were detected with the Odyssey CLx Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE). The rabbit polyclonal anti-nitrotyrosine antibody (A-21285)
was selected for the dot blot assay because it is compatible with infrared-based membrane detection, whereas
the mouse monoclonal antibody HM.11 was used for multiplex immunofluorescence. Both antibodies
recognize nitrotyrosine residues rather than Aβ itself; therefore, immunofluorescence analyses were restricted
to 3-NT signals co-localizing with Aβ-positive deposits, while dot blot analyses were performed on purified
synthetic Aβ preparations.

Thioflavin-T Assay
We carried out the thioflavin-T assay as previously reported to monitor the effect of nitration on the amyloid-
type aggregation of Aβ [41]. Briefly, the Aβ1‑42 pre-formed oligomers and fibrils, nitrated or not, were incubated
with 10 µM of synthetic monomeric Aβ1−42 and Thioflavin-T (90µM) in 3% DMSO DMEM/F-12 medium (without
phenol red) for 3 days at 37°C. Fluorometric measurements were carried out in triplicate with excitation and
emission wavelengths at 450 and 480 nm, respectively, using the multiplate reader Victor Nivo (Milan, Italy).

Cell cultures and viability assays
Immortalized murine microglial BV2 cells (C57BL/6) were maintained at 37°C in 5% CO2, DMEM, supplemented
with 100 µg/mL penicillin/streptomycin antibiotic and 10% fetal bovine serum (FBS). One day before
experiments, 1×103 cells/well (passage ≤18) were seeded in 96-well plates with fresh DMEM containing 10%
FBS. All treatments were done in serum-free DMEM, with Aβ assemblies added where indicated at the final
concentration of 2 µM. After 72 hours, cell viability was assessed using the MTT assay: cultures were
incubated with 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution for 2
hours at 37°C, lysed in DMSO, and the formazan production was evaluated by the Multimode Microplate Reader
“Victor Nivo” (Revvity Inc), through the absorbance at 570 nm. Microglial morphology was assessed with an
Incucyte®SX1 system (Sartorius), capturing four images per well every 24 hours for 3 days. Morphological
phenotypes of amoeboid and rod-shaped were quantified cell-by-cell in Fiji ImageJ2 (version 2.14.0). The model
was validated by immunocytochemical staining for CD68 to confirm phagocytosis signals in amoeboid cells
(eFigure 1 in Additional file 1).

The neuroblastoma cell line, SH-SY5Y, was maintained in DMEM-F12 (GibcoTM, ThermoFisher) supplemented
with 10% heat-inactivated (HI) fetal calf serum (GibcoTM, ThermoFisher), 100 mg/mL penicillin and
streptomycin (Gibco, ThermoFisher), and 2 mM L-glutamine at 37°C, 5% CO2. Two weeks before experiments,

5×103 cells were plated on 96-well plates in DMEM-F12 with 5% HI fetal calf serum. The percentage of serum
was gradually decreased until it was 1% of the total. All-trans-retinoic acid (RA), 5 µM, was used to promote
neuronal differentiation, and the medium containing RA was changed every three days. Fully differentiated SH-

Page 12/31



SY5Y cells were treated with Aβ assemblies at the final concentration of 2 µM where needed. After 48h
treatment, cell cultures were incubated with 0.5 mg/mL MTT for 2 hours at 37°C, lysed in DMSO, and the
formazan production was evaluated by the Multimode Microplate Reader “Victor Nivo” (Revvity Inc), through the
absorbance at 570 nm.

Statistical analysis
For tissue analyses, the outcome variable was the pixel percentage of each immunofluorescent-stained marker,
converted to a proportion (0–1) prior to analysis. Descriptive statistics for these measurements are reported as
medians [interquartile ranges (IQR)]. Group-level effects on marker burden were evaluated using linear mixed-
effects models with deposit group as fixed effect and case as random intercept to account for multiple
annotations within subjects:

Models were estimated using the lmer function in the lme4 package. Fixed effects were tested with Type III
ANOVA using Satterthwaite’s approximation for denominator degrees of freedom (lmerTest package). When
ANOVA indicated a significant group effect, we ran pairwise comparisons using estimated marginal means
(emmeans package), corrected for multiple comparisons using the false discovery rate (FDR; Benjamini–
Hochberg procedure). Model assumptions including normality of residuals, homoscedasticity, and influence of
individual data points were evaluated using Q–Q plots, residual plots, and fitted vs. residual plots. Diagnostic
plots for model fit indicated approximately constant variance and mild tail deviations from normality in the
residuals. As linear mixed models are robust to moderate departures from normality, we retained this model for
inference. Tissue analyses were performed in R version 4.5.1 (R Core Team, Vienna, Austria) using RStudio
(2025.05.1).

For in vitro experiments (2–4 replicates per condition) statistical significance was tested using one-way
ANOVA, and Tukey’s post-hoc test, performed in GraphPad Prism, version 10. A p-value < 0.05 was considered
statistically significant.

Results

Aβ species distribution across deposit types
We analyzed several Aβ species targeting distinct regions or PTMs along the Aβ1−42 sequence (Fig. 1): Aβaa1–x,

AβN3pE, pSer8-Aβ, and 3-NT. Their distribution across deposit types is shown in Fig. 2, and detailed statistical
outcomes for each pairwise comparison are provided in Additional file 2.

Aβ aa1–x . Diffuse plaques had the lowest Aβaa1–x immunoreactivity among all deposit types (Fig. 2). In contrast,
classic cored plaques and coarse-grained plaques both showed strong Aβaa1–x labeling, with median pixel
positivity exceeding 30% of the analyzed area. In classic cored plaques, the highest burden was in the plaques’
core (Fig. 3). The highest Aβaa1–x values were observed in CAA, particularly in capCAA (88% [82%-93%]),
indicating prominent accumulation of Aβ within vessel walls.

Marker proportion{ij} ∼ Group{i} + (1 ∣ Case{j})

Page 13/31



Aβ N3pE . AβN3pE was detectable in diffuse plaques, but its reactivity did not differ significantly from that in
control tissue (Fig. 2; Additional file 2). Classic cored and coarse-grained plaques showed higher AβN3pE values
than controls but remained lower than that in CAA. Within classic cored plaques, AβN3pE localized

predominantly to the dense core rather than the corona (Fig. 3). Among CAA subtypes, capCAA showed the
greatest burden (91% [81%-97%]), followed by larger-vessel CAA (72% [62%-80%]). Leptomeningeal CAA
displayed intermediate values (43% [29%-58%]), comparable to those of classic cored and coarse-grained
plaques.

pSer8-Aβ. pSer8-Aβ was present in diffuse plaques, though at lower levels than AβN3pE; however, its total
reactivity did not differ significantly from that in control tissue. Similar to AβN3pE, pSer8-Aβ immunoreactivity
was higher in classic cored and coarse-grained plaques, with signal concentrated within the plaque core
(Fig. 3). CapCAA and larger-vessel CAA again had the highest values (72% [52%-80%] and 63% [53%-73%],
respectively), whereas leptomeningeal CAA (27% [16%-47%]) showed levels comparable to those seen in
classic cored plaques.

3-NT. 3-NT immunoreactivity, measured using two triple-stain combinations (Aβaa1–x + AβN3pE + 3-NT and
Aβaa1–x + pSer8-Aβ + 3-NT), showed a consistent pattern across assays. Diffuse plaques showed negligible 3-
NT signal, and although detectable staining was present in classic cored and coarse-grained plaques, values
were not significantly different from those in control tissue (Fig. 2; Additional file 2). In contrast, all CAA
categories demonstrated elevated 3-NT levels compared to both control tissue and parenchymal plaques, with
larger-vessel (49% [36%-61%]) and leptomeningeal CAA (50% [34%-64%]) displaying the highest burden. Vessels
without CAA did not show any relevant positivity to 3-NT (eFigure 2 in Additional file 1). Among the examined
PTMs, 3-NT showed a compartment-specific pattern, being markedly enriched in the vasculature—especially in
leptomeningeal and larger-vessel CAA—whereas AβN3pE and pSer8-Aβ were broadly distributed across
parenchymal plaques and CAA, peaking in capCAA.

3-NT-Aβ associates with the presence of β-pleated sheets in Aβ deposits

Thioflavin-S staining confirmed the deposit classification, depicting amyloid in a β-pleated sheet conformation
in classic cored plaques, coarse-grained plaques, and CAA, but not in diffuse plaques (Fig. 4a). Using the triple
combination Aβaa1−x/3-NT/thioflavin-S, we found that 3-NT immunoreactivity was negligible in diffuse plaques,
whereas 3-NT and thioflavin-S signals showed near-complete overlap across all fibrillar Aβ deposits (Fig. 4a, b),
with the highest 3-NT signal observed in CAA. In classic cored plaques, differential analysis of the core and
corona confirmed that the fibrillar structure and 3-NT were mostly restricted to the core (Fig. 3).

To enable comparison of Aβ species immunolabeling and fibril content across deposits, a qualitative heatmap
summarizing staining intensity is presented in Fig. 5. In this heatmap, each row corresponds to a distinct Aβ
deposit, and each column represents a different Aβ species, 3-NT or thioflavin-S.

Following these findings, we performed in vitro thioflavin-T (ThT) assays to investigate the influence of nitration
on both oligomeric and fibril Aβ aggregation. As shown in Fig. 4c, ThT assays indicated that nitration delayed
the aggregation of oligomeric Aβ species, but accelerated fibrillation of preformed fibrils relative to non-nitrated
controls. Nitration was achieved using the BPT-NO irradiation method described previously [23], which
generates peroxynitrite and induces a defined level of tyrosine nitration (~ 0.45‰) sufficient to redirect Aβ
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monomer aggregation away from fibrillation. Using this same approach, dot blot analysis with an anti-
nitrotyrosine antibody confirmed that BPT-NO irradiation nitrated both oligomeric and fibrillar Aβ species
(Fig. 4d; full blot in Additional file 3). UHPLC-MS analysis of trypsin-digested assemblies specifically detected
the nitrated peptide fragment Aβ6–16–NO₂ only in irradiated Aβ1–42/BPT-NO mixtures. To provide an estimate of
the nitration level, we calculated the ratio of the chromatographic peak area of Aβ6–16–NO₂ to that of its
unmodified counterpart, Aβ6–16. The extent of nitration was similar in both oligomeric and fibrillar forms of Aβ

(eTable 2 in Additional file 1), suggesting that tyrosine in position 10 exhibits comparable accessibility to
nitration in both in vitro aggregation states.

Nitration of Aβ fibrils sustains microglia activation
Because microglial activation is a key feature of Aβ pathology and nitration may modulate this response, we
quantified CD68 immunoreactivity in distinct deposits. The neuroinflammatory CD68 profile resembled the 3-NT
distribution. Diffuse plaques showed negligible CD68, comparable to control levels, indicating limited microglial
engagement in these aggregates (Fig. 6a-b; Additional file 2). In contrast, classic cored plaques showed the
highest immunoreactivity among all deposits, with CD68 located in between the core and the corona. Coarse-
grained plaques showed slightly less immunoreactivity, with the microglia appearing as smaller dots dispersed
throughout the plaque. In CAA, CD68 positivity was more variable than in parenchymal plaques, with the lowest
CD68 immunoreactivity observed in capCAA and the highest in larger-vessel CAA.

Given the co-occurrence of fibrillar plaques (coarse-grained and classic cored plaques), 3-NT, and activated
microglia in tissue, we investigated how nitration affects Aβ-induced microglial activation in vitro. All four Aβ
conditions—nitrated and non-nitrated oligomers and fibrils—triggered the differentiation of BV2 cells into an
amoeboid, phagocytic-like phenotype (Fig. 6c). By 72 hours post-treatment, cells in all conditions had largely
shifted toward a rod-shaped morphology; however, the amoeboid morphology persisted significantly longer
only in cells treated with nitrated fibrils. No reduction in BV2 cell viability was detected, consistent with a
dynamic cellular response rather than toxicity (eFigure 3 in Additional file 1). These in vitro results align with
our histological data showing both nitration and CD68 immunoreactivity in plaque types containing a fibrillar
component, further suggesting that nitrated Aβ fibrils induce a more sustained microglial activation than their
non-nitrated counterparts.

Nitration of Aβ does not increase toxicity in SH-SY5Y neurons
Finally, to test whether nitration could influence the toxicity of Aβ on neuronal cells, we conducted viability
assays using the human neuroblastoma cell line SH-SY5Y, differentiated into a neuron-like state. After 48h
treatment, Aβ fibrils were neurotoxic to the same extent as Aβ oligomers (eFigure 4 in Additional file 1).
Nitrated Aβ oligomers and nitrated Aβ fibrils showed similar toxic effects as their non-nitrated counterparts.
(eFigure 4 in Additional file 1).

Discussion
In this study, we characterized PTMs in parenchymal and vascular Aβ deposits in AD and considering our
neuropathologic survey, examined the functional impact of nitration. Our main finding is that PTMs are not
uniformly distributed but, instead, follow compartment-specific patterns: phosphorylation (pSer8-Aβ) and
pyroglutamylation (AβN3pE) broadly label fibrillar parenchymal plaques and vascular amyloid, whereas nitration
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(3-NT) is enriched in vascular deposits, particularly larger-vessel and leptomeningeal CAA. To gain insight into
the functional significance of nitration, we performed in vitro experiments in which preformed Aβ assemblies
were nitrated and then tested for their effects on aggregation, microglial activation, and neuronal viability.
These experiments revealed that nitration slowed oligomer-to-fibril conversion but accelerated the growth of
pre-existing fibrils, sustained microglial activation without inducing direct neurotoxicity.

Our tissue analysis supports a molecular continuum from early to mature deposits in the parenchyma. Diffuse
plaques showed trace amounts of AβN3pE and pSer8-Aβ and negligible 3-NT, consistent with their proposed role
as early-stage, relatively unmodified assemblies. Classic cored and coarse-grained plaques showed
comparable enrichment of AβN3pE and pSer8-Aβ, indicating that these N-terminal PTMs mark fibrillar
parenchymal deposits in general rather than distinguishing between plaque subtypes [14, 17, 42, 43]. However,
whereas AβN3pE and pSer8-Aβ were confined to the dense core in classic cored plaques, they were distributed

throughout the deposit in coarse-grained [11]. Phosphorylation at serine-8 has been shown to stabilize β-sheet
structure and promote fibril formation [44], consistent with its enrichment in fibrillar plaque types [11]. Fibrillar
plaques showed low but detectable 3-NT within their cores, suggesting that nitration arises in vivo once fibrillar
organization is established [25]. While a recent neuropathologic study reported intraneuronal 3-NT signal but
minimal plaque immunoreactivity using a monoclonal clone (4C3) on 40 µm free-floating sections[17], our
detection of 3-NT co-localized with Aβaa1-x in fibrillar plaque cores is consistent with previous observations [25].
Methodological variations, including section thickness (40 vs 5 µm thick tissue), antigen retrieval protocols, and
antibody clone selectivity, likely influence the unmasking of sterically buried N-terminal epitopes within dense
cross β-sheet cores. Furthermore, transmission electron microscopy immunogold analysis in that same
study[17] confirmed that 3-NT-Aβ assemblies integrate into fibrillar amyloid, providing structural support for its
presence within extracellular plaque cores. Together these tissue-level findings extend recent proteomic data
on Aβ40 and pyroglutamated species[14] and complement work on spontaneous molecular aging modifications
such as L-isoaspartate formation (isoAsp7-Aβ)[15, 45] by incorporating phosphorylation and nitration into the
maturation trajectory of parenchymal deposits.

While a sequential biochemical maturation (e.g., Aβ → AβN3pE → pSer8‑Aβ) has been proposed for
parenchymal tissue deposits [43] our data show that vascular deposits exhibit a distinct, vessel-bed–specific
modification profile characterized by higher nitration. CapCAA exhibited the highest relative levels of AβN3pE

and pSer8-Aβ with minimal 3-NT, pointing to predominant enzymatic PTMs. In contrast, larger-vessel and
leptomeningeal CAA retained robust AβN3pE and pSer8-Aβ yet showed higher 3-NT than capCAA. This pattern

plausibly reflects slower perivascular clearance, reduced astrocytic ensheathment [46, 47], and greater
exposure to perivascular macrophage-derived nitric oxide/peroxynitrite [48, 49] in these larger vessels. Thus,
local clearance and the oxidative milieu appear to determine whether vascular Aβ is primarily enzymatically
modified or additionally subjected to nitration.

Our histological and in vitro data provide a kinetic explanation for this compartment-specific 3-NT enrichment.
Thioflavin-S staining showed near-complete overlap between 3-NT and fibrillar amyloid, and our in vitro
thioflavin-T assays revealed that nitration slowed the conversion of Aβ oligomers into fibrils yet accelerated the
growth of pre-formed fibrils. Together, these data suggest that nitration does not initiate aggregation but rather
stabilizes and promotes the expansion of existing fibrillar assemblies. The strong enrichment of 3-NT in
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vascular amyloid, where fibrillar organization is highly ordered, further supports that nitration reflects late-stage
deposit maturation and compartmental specialization.

The relationship between nitration and neuroinflammation was then examined. The distribution of CD68-
positive microglia in tissue resembled that of 3-NT, being negligible in diffuse plaques and prominent in fibrillar
plaque types and larger-vessel and leptomeningeal CAA. In vitro, all Aβ assemblies transiently induced an
amoeboid microglial phenotype, but this response was prolonged only by nitrated fibrils. These findings
support a feed-forward model in which fibrillar Aβ activates microglia [50], promoting the release of nitric oxide
and peroxynitrite that, in turn, nitrate Aβ and sustain microglial engagement. Within this cycle, nitration appears
to maintain a localized state of chronic inflammatory activation rather than initiating it. Importantly, while prior
work has implicated TREM2 in recognizing phosphorylated Aβ [51], the prolonged response to nitrated fibrils in
our BV2 cells likely involves TREM2-independent pathways, as nitrated Aβ has not been shown to enhance
TREM2 binding [51]. Finally, we tested whether nitration influences direct neuronal toxicity. Using neuronally
differentiated SH-SY5Y cells, we found that nitrated Aβ oligomers and fibrils showed similar toxic effects as
their non-nitrated counterparts. Hence, nitration of Aβ fibrils exerts cell-type-specific effects: it prolongs
microglial activation without directly increasing neuronal toxicity.

Several limitations should be acknowledged. A key technical consideration concerns the interpretation of 3-NT
immunoreactivity. The anti-nitrotyrosine antibody used is not specific for nitrated Aβ, as it recognizes
nitrotyrosine residues on any protein. To ensure that our tissue-based 3-NT signal specifically reflected nitrated
Aβ rather than general nitrative stress, we employed a stringent masking approach. We analyzed 3-NT
immunoreactivity exclusively within the context of triple co-staining, and only 3-NT signals that colocalized with
Aβ (Aβaa1−x) were quantified. This approach allows us to confidently attribute the observed 3-NT enrichment in
CAA and fibrillar plaques to the amyloid milieu. The in vitro nitration model based on BPT-NO photoirradiation,
while controlled, may not fully replicate the complex oxidative environment in vivo. Furthermore, BV2 microglia
and SH-SY5Y neuronal-like cells, though standard first-line screening models, do not fully capture the
complexity of the human brain microenvironment. While multiplex immunofluorescence does not provide
absolute biochemical quantification of individual Aβ species, it preserves their spatial context, enabling direct
comparison of PTM distribution across distinct plaque morphologies and vascular compartments. This spatial
information is essential for identifying PTM patterns across distinct Aβ deposits, such as the preferential
enrichment of 3-NT within vascular amyloid observed in the present study. Like all analyses performed on thin
histological sections, immunofluorescence detects antigens exposed at the cut surface and therefore does not
provide a volumetric assessment of entire plaques. Because plaques are intersected at random positions
during sectioning, however, the quantified plaques represent a range of sectioning depths through their three-
dimensional structure. Although each individual measurement reflects only a single sectioning plane, this
random sampling reduces systematic bias associated with any particular cutting plane. The consistent spatial
enrichment patterns observed across plaques and cases suggest that the relative differences reported here are
robust despite this inherent limitation. In contrast, biochemical approaches such as LC-MS/MS or multiplex
ELISA provide absolute quantification of PTMs but require tissue homogenization, thereby sacrificing
information regarding plaque architecture and regional localization. These approaches should therefore be
regarded as complementary rather than competing methodologies. Future studies integrating regional
microdissection with mass spectrometric profiling and spatial digital pathology will provide both absolute PTM
quantification and high-resolution anatomical context across the spectrum of AD pathology.
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Nonetheless, the convergence of our tissue mapping data with mechanistic in vitro assays strengthens the
conclusion that nitration is a compartment-specific modification linked to vascular amyloid and sustained
microglial activation. This compartmentalization of 3-NT to vascular Aβ deposits, particularly leptomeningeal
and larger-vessel CAA, suggests a potential diagnostic application. A fluid assay targeting 3-NT–Aβ could index
vascular nitro-oxidative stress and serve as a biomarker for CAA burden, a pathology that is difficult to assess
with current amyloid PET or standard plasma Aβ assays yet strongly predicts ARIA in the context of anti-Aβ
immunotherapy. Sensitive quantification of nitrated peptides in CSF and plasma has already been
demonstrated [52, 53]. By capturing a compartment-specific oxidative signature rather than total Aβ load, 3-
NT–Aβ could provide a biochemical window into CAA pathology in the era of disease-modifying therapy.
Moreover, because 3-NT–Aβ is differentially enriched across CAA subtypes, such an assay might also help
discriminate between capCAA and leptomeningeal CAA, potentially offering insights into differential ARIA risk
or pathogenic mechanisms, though this remains speculative and requires prospective validation.

Conclusions
Together, these findings show that PTMs across Aβ deposits exhibit compartment-specific patterns reflecting
distinct biochemical environments. Phosphorylation and pyroglutamylation label parenchymal fibrillar
maturation, whereas nitration defines vascular amyloid and sustained microglial activation. By integrating
neuropathology with mechanistic assays, our study reveals that Aβ modifications follow compartment- and
assembly-specific pathways likely linked to inflammation, underscoring that Aβ heterogeneity in AD reflects
local tissue context rather than uniform progression. Replicating these findings across clinical stages and brain
regions will help pinpoint when these changes emerge. Finally, 3-NT emerges as an Aβ modification that may
help distinguish CAA, providing a rationale for future biomarker studies, particularly in the context of anti-Aβ
immunotherapy and ARIA.
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Figure 1

Amino acid sequence of the Aβ1-42 peptide.

The epitopes recognized by the antibodies used for immunofluorescent staining, including Aβaa1-x, AβN3pE,
pSer8-Aβ, 3-NT are indicated below the sequence.

Page 25/31



Figure 2

Quantification of Aβ species across distinct deposits.

(a) Representative staining and (b) quantification of Aβ species (Aβaa1-x, AβN3pE, pSer8-Aβ) and of 3-
nitrotyrosine (3-NT) immunoreactivity, always overlapping with Aβ staining, using two triple-stain combinations:
Aβaa1–x + AβN3pE + 3-NT, and Aβaa1–x + pSer8-Aβ + 3-NT, across distinct deposit groups. Signal is expressed as
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the percentage of the annotated deposit area occupied by pixels with fluorescence intensity above the
predefined threshold (positive area [%]).Boxplots show median and interquartile range with each dot
representing a single measurement within a subject (n=5-10 per subject). Pairwise comparisons were
performed using linear mixed-effects models with subject as a random intercept; only comparisons versus
controls are shown (**p<0.01, ***p<0.001, ****p<0.0001 after FDR correction). Full statistical results are
provided in Additional file 2. Scale bar = 20 µm for all images; lmvCAA panels were acquired at a different
magnification and therefore display an individual 20 µm scale bar. capCAA capillary CAA; lmvCAA
leptomeningeal vessels CAA; lvCAA larger-vessel CAA; CCP classic cored plaques; CGP coarse-grained
plaques.

Figure 3

Quantification of core versus corona in classic core plaques.

(a) Representative images of Aβaa1-x, and of AβN3pE, pSer8-Aβ, 3-NT and thioflavin-S overlapping with Aβaa1-x

staining in classic cored plaques. (b) Quantification of AβN3pE, pSer8-Aβ, 3-NT, and thioflavin-S
immunoreactivity in the plaque core and corona. Signal is expressed as the percentage of the annotated core or
corona area occupied by pixels with fluorescence intensity above the predefined threshold (positive area [%]).
Boxplots show the median and interquartile range with whiskers extending to the minimum and maximum
values. Each dot represents a single datapoint within a subject (n=5 per subject). To avoid inflating sample size,
statistical analyses were performed on subject-level (n=5) using Mann-Whitney U test. ***p<0.001. Scalebar =
20 µm applies to all images.
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Figure 4

Nitration is associated with β-pleated sheet conformation in Aβ deposits and influences aggregation kinetics.

(a) Representative images showing Aβaa1-x/3-NT/thioflavin-S staining across distinct Aβ deposits. (b)
Quantification of 3-NT and thioflavin-S staining. Signal is expressed as the percentage of the annotated deposit
area occupied by pixels with fluorescence intensity above the predefined threshold (positive area [%]). Boxplots
show median and interquartile range with each dot representing a single measurement within a subject (n=5-10
per subject). Pairwise comparisons were performed using linear mixed-effects models with subject as a
random intercept; only comparisons versus controls are shown (***p<0.001, ****p<0.0001 after FDR
correction). Full statistical results are provided in Additional file 2. (c) Thioflavin-T kinetic assay showing the
time required for each assembly (pre-formed oligomers and fibrils, nitrated or not) to reach maximal
fluorescence intensity. Bars represent means ± SEM of n=3 independent measures. **p<0.01, ****p<0.0001 by
one-way ANOVA with Tukey’s post-hoc test. (d) Representative dot blot confirming Aβ presence with the anti-Aβ
6E10 antibody (top inset) and nitration with anti-3-NT in pre-formed Aβ1-42 oligomers and fibrils, either nitrated
or not, at different dilutions. CAA cerebral amyloid angiopathy; (capCAA) capillary CAA; (CCP) classic cored
plaques; (CGP) coarse-grained plaques; (lmvCAA) leptomeningeal vessel CAA; (lvCAA) larger-vessel CAA; (oAβ)
Aβ1-42 oligomers. Scale bar = 10 µm for all images except for lmvCAA, which was acquired at a different
magnification and has its own 100 µm scale bar.
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Figure 5

Heatmap of Aβ species, nitration, and thioflavin-S positivity across distinct deposit types.

Left panels display representative immunofluorescence images (Aβaa1-x staining) illustrating the distinct
deposit types. The right heatmap displays the relative burden of distinct Aβ species, nitration, and Thioflavin-S
(ThioS) within each deposit type. To construct the heatmap, the relative percentage of positive pixels was
calculated and categorized into a semi-quantitative ordinal scale: 0 (absent/no staining), 1 (mild), 2 (moderate),
and 3 (maximal positivity). Abbreviations: CAA, cerebral amyloid angiopathy; capCAA, capillary CAA; CCP,
classic cored plaque; CGP, coarse-grained plaque; lmvCAA, leptomeningeal vessel CAA; lvCAA, larger-vessel
CAA. Scale bar = 10 µm.
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Figure 6

Quantification of CD68+ microglia in Aβ deposits and in vitro.

(a) Representative Aβaa1-x/CD68 staining of distinct Aβ deposit types. (b) Quantification of Aβaa1-x and CD68
immunoreactivity. Signal is expressed as the percentage of the annotated deposit area occupied by pixels with
fluorescence intensity above the predefined threshold (positive area [%]). Boxplots show median and
interquartile range with each dot representing a single measurement within a subject (n=10 per subject).
Pairwise comparisons were performed using linear mixed-effects models with subject as a random intercept;
only comparisons versus controls are shown (*p<0.05, ***p<0.001, ****p<0.0001 after FDR correction). Full
statistical results are provided in Additional file 2. (c) Morphological analysis of BV2 microglia cells treated
with pre-formed Aβ1-42 fibrils or oligomers (oAβ), nitrated or not. Datapoints represent the percentage of each
morphology (amoeboid, rod-shaped and ramified morphologies) relative to total differentiated cells per well.
Ramified morphologies, representing a resting phenotype, were excluded from quantitative analysis because
they accounted for a negligible fraction of the overall differentiated population. Bars represent means ± SEM
from three independent experiments with n=3-4 each. *p<0.05, ***p<0.001, ****p<0.0001 vs respective controls
by one-way ANOVA with Tukey’s post-hoc test. Controls (ctrl) showed no significant differences between 24
and 72 h for either phenotype. CAA cerebral amyloid angiopathy; capCAA capillary CAA; lmvCAA
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leptomeningeal vessel CAA; lvCAA larger-vessel CAA; CCP classic cored plaque; CGP coarse-grained plaque.
Scale bar = 10 µm.
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