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CLINICAL-DIAGNOSTIC STUDIES
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Age-related cerebral microangiopathy (CMA) also known as cerebral small vessel disease (CSVD),
is a leading cause of cognitive impairment and stroke. Difficulties in studying CSVD are associated with limitations
in visualizing small vessels and diagnostics based on MRI signs of brain damage (white matter hyperintensity,
lacunae, microbleeds, etc.). Our previous assessment of each CSVD MRI feature using a four-point severity scale and
distribution among brain region using cluster analysis revealed the existence of two MRI types. They do not differ
in the severity of vascular risk factors but do differ in the severity of clinical manifestations and levels of circulating
plasma biomarkers. Here we present results of a pilot panoramic study of the proteome of peripheral blood mononuclear
cells from patients with CSVD MRI types I and II, as well as healthy volunteers. CSVD patients showed a tendency
toward downregulation of proteins associated with vesicular trafficking and extracellular matrix (ECM) remodeling
relative to control values. Patients with CSVD MRI type 1 showed trends toward insufficient activation of protective
proteins (arginase-1, thioredoxin, autophagy and protein stress regulators) and excessive activation of platelet proteins
and vascular wall remodeling regulators (such as profilin-1), compared to patients with CSVD MRI type 2. These results
indicate the need to study the microstructure of the basement membrane, vascular ECM, and perivascular spaces
in cerebral small vessels.
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INTRODUCTION

Cerebral microangiopathy (CMA) also known
as cerebral small vessel disease (CSVD) is the cause
of more than 25% of ischemic strokes,
the majority of spontaneous intracerebral hemorrhages,
up to 45% of dementia cases, as well as gait
disturbances and emotional disorders in older and
elderly people [1-6].

The development of CSVD is associated
with damage to small vessels of the brain —
perforating arterioles, venules, and capillaries
involved in the formation of the neurovascular unit
(NVU) and the blood-brain barrier (BBB). Classical
concepts of CSVD are based on the leading
pathogenetic role of arterial hypertension (AH),
causing arteriolosclerosis and cerebral ischemia [7—13].

However, therapeutic strategies aimed at AH control
have shown questionable benefits in delaying
brain damage in CSVD [12]. There is an increasing
number of cases of CSVD without AH and mixed
forms with neurodegeneration [14-17].

In 2013, the STRIVE (STandards for Reporting
Vascular Changes on Neuroimaging) diagnostic
MRI criteria were proposed. These criteria
correspond to the main pathological features
of small vessel damage in the brain in CSVD
(WMH, small subcortical infarcts, lacunae, dilated
perivascular spaces, cerebral microbleeds, and
cerebral atrophy) [2]. The STRIVE criteria opened
the possibility of prospective studies of CSVD
at the population level, but did not demonstrate
a correlation with the severity of clinical
manifestations [18].

Abbreviations used: AH — arterial hypertension, ARSA — arylsulfatase A; BBB — blood-brain barrier;
CMA - cerebral microangiopathy; CSVD — cerebral small vessel disease; ECM — extracellular matrix;
GALNS — N-acetylgalactosamine-6-sulfatase; IGJ — immunoglobulin J chain; LFQ — label-free quantification;
LRG1 - leucine-rich alpha-2-glycoprotein, NVU — neurovascular unit; SORL1 — sortilin-related receptor;
SYTL4 — synaptotagmin-like protein 4; TIMP2 — inhibitor of metalloproteinases 2; TXN — thioredoxin;
WMH - white matter hyperintensity.
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conditions of the Creative Commons Attribution (CC BY-SA 4.0) license (http://creativecommons.org/licenses/by-sa/4.0/).
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These observations prompted the scientific
community to continue studying the CSVD
pathogenesis by means of modern molecular genetic
methods. Over the past decade, population studies
of genetic polymorphisms and gene expression patterns
were conducted for most STRIVE criteria [19].
The functions of at least 15 genes associated with
hereditary forms of CSVD (up to 5% of cases)
have been studied in details [20]. Highly significant
evidence exists for the importance of non-ischemic
mechanisms associated with impaired NVU functioning
in the development of CSVD: endothelial dysfunction,
increased permeability of the BBB, neuroinflammation,
glymphatic dysfunction and neurodegeneration,
changes in the molecular composition and architecture
of the ECM [21, 22]. These processes are also
actively involved in the development of cognitive
disorders [6, 23, 24]. However, clarified pathogenetic
mechanisms have not culminated in the development
of pathogenetic therapy for CSVD [25].

Multi-omics technologies, such as massively
parallel nucleic acid sequencing and protein
mass  spectrometry, are used to study
age-related CSVD to a significantly lesser extent than
for neurodegenerative and cardiovascular diseases.
Single-cell RNA sequencing has revealed a unique
population of endothelial cells with a premature
aging phenotype in patients with advanced CSVD,
both in the affected and unaffected white matter [26].
A correlation has been established between
the volume of WMH and the rate of biological aging,
calculated from the methylation profile of CpG islands
in the genome [27, 28].

Proteomic studies of CSVD still represent
a rather rare event. Plasma protein profiling
in over 800 patients with CSVD revealed altered
expression of proteins, mainly possessing
peptidase activity, localized in the ECM or vesicles
involved in inflammation, hemostasis, transport
and metabolism of IGF-signaling components, and
ECM organization [29, 30]. A proteomic study
of cerebrospinal fluid in over 80 patients with various
MRI features of CSVD (WMH, lacunae, microbleeds)
revealed a significant association of WMH with
increased levels of matrix metalloproteinases
(in particular, MMP12), elastin, and collagen
proteins in the cerebrospinal fluid even at early
stages of CSVD [31].

There are a number of limitations that hinder
effective development of experimental pathogenetic
therapy for CSVD. Molecular genetic study
designs are limited in their effectiveness and
reproducibility due to the lack of standard
approaches for comparing the obtained data
with the quantitative and spatial distribution
of combined MRI features of CSVD, especially
in the late stages of the disease. However, recent
population studies have noted that a multiple increase

in the number of significant genetic polymorphisms
is detected when MRI features of CSVD
are subdivided by location, for example, into deep and
periventricular WMH [32], lobar and deep MCI [33],
and dilated perivascular spaces in the white matter and
basal ganglia [34].

We previously classified CSVD forms based
on their distribution across brain regions and
severity according to a four-point scale of their
MRI features [35]. In a sample of nearly 100 cases
of advanced CSVD characterized by widespread
confluent WMH (Fazekas stage 3), the MRI data
of the patients were divided into MRI type 1 and
MRI type 2 based on hierarchical agglomerative cluster
analysis and an iterative k-means algorithm [35].
The two variants insignificantly differed
in the representation and severity of vascular factors.
We have demonstrated that MRI type 1 is characterized
by more pronounced periventricular WMH, multiple
lacunae and microbleeds, cerebral cortex atrophy,
as well as a more severe spectrum of clinical
manifestations (pronounced cognitive impairment and
gait disturbances) and younger age. In MRI type 2,
hyperintensity of the deep and juxtacortical
white matter was combined with isolated lacunae
without microbleeds or cortical atrophy, as well
as milder clinical manifestations, and was older.
Based on ELISA studies of blood plasma parameters
associated with damage to the vascular wall and brain,
as well as MRI studies of pathophysiological
mechanisms — BBB permeability using T1-dynamic
contrast, pulsatility of blood vessels, and the ratio
of brain hydromedia (venous and arterial blood flow
and cerebrospinal fluid flow), it has been elucidated
that ischemia and depletion of angiogenesis play
a dominant role in the formation of MRI type 1,
while in MRI type 2, the main pathogenetic
factor is impaired BBB permeability and chronic
inflammation [35].

Multimodal wvalidation of this subdivision
of advanced CSVD stages into MRI types involves
searching for differentiating molecular genetic
signatures. This article presents the results
of a pilot study aimed at elucidation of associations
between the protein expression profile of peripheral
blood mononuclear cells and two main MRI types
of age-related CSVD.

MATERIALS AND METHODS
Sample Set Description
The study included six CSVD patients

(3 men and 3 women, aged 64+8.8 years) and
three healthy volunteers (1 man and 2 women,
aged 64+8.5 years). MRI examinations were performed
using a 3T magnetic resonance imaging (MRI)
scanner (Siemens Healthineers AG, Germany).
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MRI features of CSVD were assessed, while other
MRI abnormalities were excluded. All CSVD patients
had MRI features that met the STRIVE criteria and
were pronounced (Fazekas stage 3 WMH, lacunae,
and microbleeds). According to our developed
method for determining MRI types of CSVD [32],
three CSVD patients were classified as MRI type 1
(2 men and 1 woman, aged 64+9.6 years), and
three patients as MRI type 2 (1 man and 2 women,
aged 65£10.0 years). No pathological MR signs were
observed in healthy volunteers. The exclusion criteria
for the study were: history of subcortical infarction
within the last 3 months, history of hemorrhagic or
ischemic stroke (not lacunar); cardiac pathology
with a reduced ejection fraction < 50%, atherosclerotic
stenosis of the brachiocephalic arteries > 50%,
chronic kidney disease with GFR < 30 ml/min,
decompensated type 2 diabetes mellitus, thyroid
dysfunction without euthyroidism, cancer, previous
infectious or acute somatic illness, or surgery within
the last month.

Sample Preparation

Blood was collected in the morning
on an empty stomach into EDTA vacutainers.
The resulting samples were stored at 4°C
for no more than 5 h. Leukocytes were isolated
from 400 pl of fresh peripheral blood after two washes
with cold water without RNases and two washes
with cold PBS (centrifugation for 3 min at 500 g).
The cell pellet was stored in a buffer
containing 2% SDS in 100 mM triethylammonium
bicarbonate (TEAB, Fluka Analytical, Switzerland),
pH 8.5, at -20°C.

After thawing, 50 upl of a solution containing
10% SDS in 100 mM triethylammonium bicarbonate
buffer (TEAB, Fluka Analytical) were added
to each sample to a final concentration of 5% SDS and
50 mM TEAB (pH 8.5). The resulting solutions
were processed using a Bandelin Sonopuls ultrasonic
homogenizer (Bandelin Electronic GmbH & Co.,
Germany) (30% power) for 30 s on ice and
then the samples were centrifuged at 10,000 g
for 3 min at 4°C.

For hydrolytic cleavage of proteins with
trypsin (Promega, USA), S-trap spin columns
(Protifi, USA) were used in accordance with
the manufacturer's recommendations, as described
previously [36]. The resulting supernatant
(tryptic digest) was dried in a Concentrator 5301
vacuum concentrator (Eppendorf, Germany). Peptide
concentrations were determined colorimetrically
using a Pierce Quantitative Colorimetric Peptide
Assay kit (Pierce, USA) in accordance with
the manufacturer's recommendations. The peptides
were then dried, dissolved in 0.1% formic acid
to a concentration of 1 pg/ul, and submitted
for proteomic analysis.
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Shotgun Mass Spectrometry (MS) Analysis

The resulting hydrolysates were analyzed
in triplicates for each sample using an Ultimate 3000
RSLC-nano UHPLC system (Thermo Scientific, USA)
coupled to a Q Exactive HF-X Quadrupole-Orbitrap
high-resolution mass spectrometer (Thermo Scientific).
Samples were loaded in equal amounts (2 pul each)
onto an Acclaim p-Precolumn enrichment column
(0.5 mm x 3 mm, 5 pum particle diameter)
(Thermo Scientific) and washed with mobile phase C
(2% acetonitrile, 0.1% formic acid in deionized water)
at a flow rate of 10 pul/min for 4 min in isocratic mode.
The peptides were then separated on a PeakyEfficiency
HPLC column (FE 100 um x 30 cm, 1.9 um particle
size) (Molekta, Russia) in gradient elution mode.
The gradient was formed using mobile phase A
(0.1% formic acid) and mobile phase B
(80% acetonitrile, 0.1% aqueous formic acid)
at a flow rate of 0.3 pl/min. The column was washed
with 2% mobile phase B for 4 min, and then
the concentration of mobile phase B was linearly
increased to 35% over 74 min, then the concentration
of phase B was linearly increased to 99% over 2 min,
after 5 min of washing with 99% buffer B,
the concentration of this buffer was linearly decreased
to the initial 2% over 3 min. The total duration
of the analysis was 90 min.

MS analysis was performed in positive
ionization mode using a NESI source (Thermo
Scientific). The following parameters were set
for the MS analysis: emitter voltage of 2.1 kV,
capillary temperature of 240°C. Panoramic scanning
was performed in the mass range from 450 m/z
to 1500 m/z, at a resolution of 60,000. For tandem
scanning, the resolution was set to 15,000
in the mass range from 100 m/z to the upper
limit, which was determined automatically based
on the precursor mass. Precursor ion isolation
was performed in a window of 1 Da. The maximum
number of ions allowed for isolation in MS2 mode
was set to 20, with a precursor cutoff for tandem
analysis of 500,000 units and a normalized
collision energy (NCE) of 29. Only ions with charge
states between z = 2+ and z = 6+ were considered
for tandem scanning. The maximum accumulation
time for precursor ions was 50 ms, and for fragment
ions, 110 ms. The AGC values for precursors and
fragment ions were set to 1x10° and 2x 107, respectively.
All  measured precursors were dynamically
excluded from tandem MS/MS analysis for 90 s.
A commercially available cytochrome c¢ digest
(Dionex™ Cytochrome C Digest, Thermo Scientific)
was used for quality control of the MS analysis.

Protein Identification and Shotgun Proteomic
Data Analysis

For nine samples, MaxQuant software
(version 2.0.3.0, Max Planck Institute of Biochemistry,
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Germany) with the built-in Andromeda algorithm [37]
was used to identify proteins and calculate
the LFQ index for their quantification. The FASTA file
containing amino acid sequences of human
proteins (proteome UP000005640, 15.05.2023) and
its inverted analog were used to calculate
the false-positive rate (FDR). The following search
parameters were set for protein identification:
trypsin as the cleavage enzyme, monoisotopic
peptide mass determination accuracy of +4.5 ppm,
MS/MS mass determination accuracy of +20 ppm,
and one missed trypsin cleavage site. Methionine
oxidation, N-terminal acetylation, and cysteine
carbamidomethylation were considered as possible
and a fixed peptide modification, respectively.
The “matching between runs” (MBR) option
was enabled with default parameters. To validate
Peptide-Spectrum Matches (PSM) spectra and peptide
pairings and to identify peptides and proteins,
an FDR of 0.01 was used as a threshold.

For further statistical analysis, LFQIntensity
values for proteins in all samples (including technical
replicates), were loaded from the MaxQuant
“proteinGroups.txt” output file into Perseus 2.1.3.0
(Max Planck Institute of Biochemistry) [35].
The data were pre-filtered: common protein
contaminants and false-positive identifications
were removed, and proteins identified by two or more
peptides were retained in the analysis. For quantitative
analysis of protein content in nine samples,
log2-transformed LFQ values, normalized by Z-score
and filtered by seven valid LFQ values out of nine,
taking into account technical replicates for at least
one study group, were used. After hierarchical
clustering with default parameters, three samples with
significantly different protein profiles were removed
from the analysis due to contamination of leukocyte
cells with major human blood proteins.

For the development of an alternative approach
of assessing contamination of selected six samples
(two patients with MRI type 1, two patients with
MRI type 2, and two healthy volunteers) with
blood components, the R/Bioconductor software
(MSnSet.utils package) was used. Major blood proteins
(hemoglobin, fibrinogen, albumin, spectrin) were
searched using protein identifiers in MSnSet (using
NCBI RefSeq protein IDs). Based on the calculated
LFQ scores, a logical vector was created to calculate
the average “presence” value of the identified proteins
in the samples, followed by a density plot (KDE plot).
In further analysis, the listed contaminant proteins
in the remaining six samples were ignored.

For quantitative analysis of protein content
in the samples, log2-transformed LFQ values,
normalized by Z-score and filtered by valid LFQ values
(5 valid values out of 6 in at least one experimental
group) were used. Missing LFQ values in each sample
were supplemented by sampling values from a normal

distribution with a width (spread) of 0.5 sigma
from the actual standard deviation of the sample
and a standard deviation reduction of 1.4 sigma.
Differential protein expression was assessed between
cohorts (CSVD vs. normal, MRI type 1 vs. normal,
MRI type 2 vs. normal, MRI type 1 vs. MRI type 2)
using the Student's t-test (g-value < 0.05, sO0 = 1)
with the default permutation-based FDR adjustment
provided by the software. The resulting differential
expression analysis data were visualized using
Volcano-plot. Differences in protein content were
considered as statistically significant at a g-value <0.05
and a fold change FC > 2 (i.e., logoFC > 1).

To construct a heat map of protein expression
profiles, a preliminary comparison of three cohorts
(MRI type 1, MRI type 2, normal) was performed
using ANOVA, followed by pairwise comparisons
using Tukey's post-hoc HSD test (q-value < 0.05).
For all proteins with statistically significant expression
changes identified by this method, hierarchical
clustering of samples by expression profile similarity
was performed using the k-means method (K = 20).
Functional annotation of proteins with significantly
altered expression was performed using the Fisher's
exact method based on international molecular pathway
databases (GO, GSEA, Reactome, KEGG, Pfam,
interpro) [38]. Protein-protein interaction analysis
was performed using the STRING program [39].

RESULTS

After removing common contaminants and
false-positive identifications, shotgun proteomic
analysis reliably detected 1,554 proteins in nine samples.
Sample quality control performed using hierarchical
clustering revealed significantly different protein
profiles in three samples: the three experimental
groups the number of identified proteins with
valid LFQ values reduced by almost threefold
(574 proteins). This may be due to contamination
of the isolated leukocyte samples with major blood
proteins and can reflect the problem dynamic
concentration range of blood proteins influencing
results of proteomic analysis of this biological
material. Six samples characterized by more
representative protein profiles out of 703 proteins
were selected for further analysis, and additional
contamination with non-target blood components
was assessed for these samples.

Sample Contamination Assessment

For six samples, an additional search for major
blood proteins (hemoglobin, fibrinogen, albumin,
spectrin) was performed, creating a logical vector
for calculation of the average “presence” value
of the identified proteins in the samples, followed
by plotting a density plot (KDE-plot) (Fig. 1A).
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Figure 1. Visualization of blood component contamination (KDE plot). A — Blood contamination of all studied samples:
red line — contaminating proteins, black line — proteins of interest. B — Blood contamination of samples of individual
groups. The area under the curve highlighted in red shows contaminating proteins and the area under the curve
highlighted in blue shows proteins of interest. The color version of the figure is available in the electronic version

of the article.

Both MRI type 2 samples demonstrated significant
contamination with non-target blood components
(Fig. 1B), thus demonstrating one of the limitations
of this pilot study.

Assessment of Differential Expression
of Protein Groups

After the initial processing of MS data,
703 protein groups were used for statistical analysis
(Supplementary Materials, Table S1). Descriptive
statistics (mean, median, standard deviation,
and range) are presented in the Supplementary
Materials (Supplementary Materials, Table S2).
For the four CSVD patients we found a significant
decrease in the expression of 141 proteins and
an increase in the expression of 92 proteins
(g-value < 0.05, sO = 1) (Fig. 2A; Supplementary
Materials, Table S3) as compared to two healthy
volunteers. The most pronounced decrease
in expression was observed for proteins involved
in ECM remodeling (TIMP2, GALNS, ARSA)
and modulation of TGFB signaling (LRG1).
The most significantly increased expression
was demonstrated by immunomodulatory proteins
(IGJ, CD5-like protein (CD5L)), as well as regulators
of epithelial barrier integrity and transcellular
trafficking (Ras-family protein Rab-10, moesin (MSN)).

Additionally, the differential expression
of protein groups was assessed for patients with
two different CSVD MRI types. During comparison
of the cohort of patients with MRI type 1 relative
to healthy volunteers, we identified a significant
decrease in the expression of 136 proteins and
an increase in the expression of 217 proteins
(g-value < 0.05, sO = 1) (Fig. 2B; Supplementary
Materials, Table S3). The most pronounced
decrease in expression was found in the case
of the aforementioned GALNS, immunomodulatory
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proteins of eosinophil granules (eosinophil basic
protein (RNASE3), eosinophil neurotoxin (RNASE2),
eosinophil peroxidase (EPX)), and inflammation-
associated proteins (CLEC5A lectin, CR1 complement
receptor). The proteins with the most significant
increase in expression differ in function,
but all are potentially involved in the regulation
of BBB integrity through intercellular adhesion and
transcellular trafficking — 1GJ, SYTL4, phosphatidate
cytidyltransferase 2 (CDS2), myosin regulatory
light chains (MYL12A/B), and alpha-4 tropomyosin
chain (TMP4) [41-45].

In a cohort of CSVD patients with MRI type 2,
we found a significant decrease in the expression
of 143 proteins and an increase in the expression
of 88 proteins (g-value < 0.05, sO = 1) (Fig. 2C;
Supplementary Materials, Table S3) as compared
to healthy volunteers. The most pronounced decrease
in expression was again observed for proteins
indirectly affecting ECM remodeling: ARSA, LRGI,
SORL1, and TIMP2. The most pronounced increase
in expression was obtained for proinflammatory
complement proteins (CFB, CFH), immunoglobulin
chains (gamma and lambda), and vasomodulators
(arginase-1, histidine-rich glycoprotein HRG).
However, taking into consideration the presence
of contamination of this type of samples with non-target
blood proteins, these changes can be considered
nonspecific and further study is clearly needed.

For the cohort of patients with MRI type 1,
relative to the cohort of patients with MRI type 2,
we found a significant decrease in the expression
of 27 and an increase in the expression of 152 proteins
(q-value < 0.05, sO = 1) (Fig. 2D; Supplementary
Materials, Table S3). The greatest reduction in protein
expression was found in the case of protective stress
proteins: arginase-1, a modulator of vascular tone,
Ral-A, a regulator of vesicular trafficking and
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Figure 2. Volcano-plot graphs showing differential protein expression (log2(Fold Change)) on the abscissa and
statistical significance expressed as -log(p-value) on the ordinate. Protein groups demonstrating statistically significant
differences based on the Student's t-test are highlighted in red. The color version of the figure is available

in the electronic version of the article.

apoptosis, GLIPR2, an autophagy suppressor,
ubiquitin-containing proteins, and the antioxidant
protein TXN. The most significant increase
in expression was observed for hemostasis regulators
(platelet glycoprotein GP6, protein disulfide
isomerase PDIAS), platelet immunomodulators
(CD226, LYN), intracellular trafficking regulators
(EHD3, beta-amyloid precursor protein APP),
and energy metabolism regulators (peptidylprolyl
isomerase PPIF, FHL1).

Cluster Analysis and Functional Annotation
of Protein Groups

Cluster analysis was performed using 499 proteins
with significantly altered expression in at least
one pairwise comparison by ANOVA with post-hoc
analysis (q-value <0.05). Proteins were grouped
into 20 clusters on a heatmap based on expression
similarity using the k-means method (Fig. 3).
Functional annotation using Fisher's exact method
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Healthy MRI-type2 MRI-type 1
volunteers CSVD CSVD

Figure 3. Heat map showing differences in the analysis of differentially expressed proteins in an ANOVA analysis
for three groups. Cluster /, number of protein groups 2: hot pink. Cluster 2, number of protein groups 4: pastel blue.
Cluster 3, number of protein groups 1: marsh. Cluster 4, number of protein groups 3: light green.
Cluster 5, number of protein groups 2: dark blue. Cluster 6, number of protein groups 1: pink.
Cluster 7, number of protein groups 4: sky-blue-1. Cluster 8, number of protein groups 51: gold.
Cluster 9, number of protein groups 35: fuchsia-1. Cluster /0, number of protein groups 18: sky-blue-2.
Cluster /1, number of protein groups 51: peach. Cluster /2, number of protein groups 52: dark gold.
Cluster /3, number of protein groups 33: sea green. Cluster /4, number of protein groups 5: light pink.
Cluster /5, number of protein groups 50: light green. Cluster /6, number of protein groups 39: brown.
Cluster /7, number of protein groups 4: fuchsia-2. Cluster /8, number of protein groups 14: blue.
Cluster 19, number of protein groups 42: light blue. Cluster 20, number of protein groups 32: bright blue.
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revealed significant enrichment of molecular
pathways from international databases for 9 clusters
(clusters 7, 9, 10, 11, 12, 15, 16, 19, 20)
(Fig. 3; Supplementary Material, Table S4).

Both cohorts of CSVD patients were
characterized by a decrease in the expression
of proteins from two large clusters, as compared
to healthy volunteers: cluster 9 (35 proteins),
functionally annotated to neutrophil degranulation
and cluster 11 (51 proteins), associated with innate
immunity, lysosome activation, ECM components,
vesicular transport, and spatial modification
of proteins. Cluster 11 is also annotated to the profile
of genes with reduced expression in brain
tissue in Alzheimer's disease. In CSVD patients
the most pronounced decrease versus control group
was found in case of the expression of RNase A
from cluster 3 (RNAseA) and 4 proteins from
cluster 2 (SORL1, TIMP2, PLAUR, PRG3), involved
in neuroinflammation and interaction with the ECM.
Moreover, for both CSVD MRI types, there was
an increase (versus control group) in the expression
of 32 proteins of cluster 20, involved in the regulation
of the complement protein cascade and the acquired
humoral immune response, as well as an increase
in expression of three proteins of cluster 4
(SYTLA4, 1GJ, FGA), involved in the regulation
of the humoral immune response and hemostasis.
An increase in the expression of five proteins
of cluster 14 (SNCA, PPIA, IGHA1l, PRMTS,
a group of actin proteins) is associated with
an increase in the expression of proteins from
the large unannotated cluster 13 (33 proteins);
in patients with CSVD MRI type 1, this cluster
is expressed more actively than in patients with
CSVD MRI type 2, (versus control group).
According to the STRING database, proteins of these
two clusters are involved in stress-induced interactions
of the actin cytoskeleton and vesicular transport
of the cell with the external environment, primarily
through the key hub protein, profillin-1.

The most generalized changes in protein expression
profiles are observed in the cohort of patients
with CSVD MRI type 1 compared to patients
with CSVD MRI type 2 and healthy volunteers.
The most pronounced increase in the expression
of two proteins of cluster 1 (FGB, TPM4)
is complemented by increased expression of proteins
of clusters 12 (52 proteins), 15 (50 proteins),
and 16 (39 proteins): they all are involved
in the organization of intercellular contacts,
platelet activation, and degranulation. Patients
with MRI type 1 also show a more pronounced
(than in patients with MRI type 2) decrease
in the expression of 18 proteins of cluster 10
versus control group. These proteins are involved
in ubiquitin-proteasome protein degradation, regulation
of energy metabolism and the cell cycle, and apoptosis.

In patients with CSVD MRI type 2, changes
in the protein expression profile were also detected
versus patients with CSVD MRI type 2 and
healthy volunteers; the most increased expression
was noted for two proteins of cluster 5 (complement
protein CFH and vasomodulatory protein arginase-1)
and the ubiquitin-containing protein group of proteins
of cluster 6 (RPS27A, UBC, UBB, UBAS52). Increased
expression of cluster 19 proteins (42 proteins) involved
in the functioning of the ankyrin-1 complex and
4 proteins of cluster 17 (Ras proteins Ral-A and Rab-5B,
immunoglobulin proteins IGLV3-10 and IGHV5-51)
involved in the adaptive humoral immune response
is associated with a marked increase in the expression
of 14 proteins of the unannotated cluster 18, especially
relative to the cohort of patients with MRI type 1.
In the STRING database, proteins from these
three associated clusters form a single network
of protein-protein interactions indicating the regulation
of energy metabolism and antioxidant protection
of cells, vesicular transport, chromatin organization,
immunity and inflammation, and cell adhesion.
The key nodal proteins of the network are the glycolytic
enzyme glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and TXN. In patients with CSVD type 2
a decrease in the expression of four proteins of cluster 7
(DLD, HIST2H3A, HISTIH3A, SERPINAI) and
51 proteins of the unannotated cluster 8 was also
observed compared to the group of patients with
CSVD type 1 and healthy volunteers. According
to the STRING database, these proteins form
an interaction network associated with proinflammatory
leukocyte differentiation, in particular, with
mitochondrial and ER stress, glycoprotein synthesis,
and lysosome maturation, which influence
the expression of immune cell receptors and
proinflammatory transcription factors (such as NF-kB).
The key hub proteins in the interaction network
are superoxide dismutase-2 (SOD2), heat shock
protein HSP90AA1, and lysosomal protein LAMPI.

DISCUSSION

We conducted the first shotgun proteome study
of peripheral blood samples from patients with
various MRI types of CSVD. The results highlight
several key aspects of sample preparation that affect
the quality of the data obtained. Specifically, before
washing the leukocyte fraction with cold PBS,
the sediment must be thoroughly cleared of red blood
cells by using erythrocyte lysis buffer. An equally
important aspect is minimizing noise associated
with stress factors during sample preparation
(rapid temperature changes, aggressive cell suspension,
and centrifugation).

The classical method of shotgun proteomics that
we used can be improved. The use of data-independent
acquisition (DIA) MS and cell deconvolution software
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will enable more informative protein profiles
to be obtained and assessed with correction for the ratio
of different cell populations. The implementation
of machine learning for the quantitative and spatial
evaluation of CSVD MR features that meet
the STRIVE criteria will improve the reliability and
reproducibility of correlation analysis data for protein
expression profiling.

Our differential expression analysis and cluster
analysis of protein expression with functional
annotation revealed a number of molecular genetic
alterations that require further validation on larger sets
of samples.

In particular, in patients with advanced
stages of CSVD, a general trend towards decreased
expression of a group of proteins associated with
vesicular trafficking and ECM remodeling (including
in the vascular endothelial basement membrane)
was observed. These included the lysosomal
enzymes GALNS [40, 41] and ARSA [42, 43],
the metalloproteinase inhibitor TIMP2 [44], and
the glycoprotein LRG1 [45]. Interestingly, this group
of proteins has also been functionally annotated
in relation to Alzheimer's disease; this is consistent
with the current trend towards an increasing
proportion of CSVD cases combined with
neurodegeneration [15]. In particular, in CSVD patients
we found a trend towards decreased expression
of the transmembrane receptor SORLI. It carries out
vesicular trafficking of the beta-amyloid precursor and
its metabolic products; a decrease in its expression
was detected in the brain tissue of patients with
Alzheimer's disease [46].

It is known that the most common hereditary
form of CSVD, cerebral autosomal dominant
arteriopathy ~ with  subcortical infarcts and
leukoencephalopathy (CADASIL), is also associated
with the accumulation of glycoprotein granular
osmophilic inclusions in the wall of small cerebral
vessels [47]. Other hereditary forms of CSVD
are associated with mutations in genes encoding
lysosomal enzymes (CTSA) [48], components
of the endothelial basement membrane ECM
(COL4A1/COL4A2) [49]. Population genetic studies
of sporadic forms of CSVD also confirm
the association of CSVD with the expression of genes
regulating the composition of the ECM (taking into
account mathematical correction for vascular risk
factors) [19]. In-depth study of the structure
of the basement membrane, the ECM of the vascular
wall, and the perivascular ECM of cerebral small
vessels is necessary.

The low power of the patient samples with
different MRI types of CSVD does not allow us to talk
about significant differences in protein expression
between these two groups. However, the results
of a pilot study indicate a tendency towards
insufficient activation of protective stress-induced
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proteins in patients with CSVD MRI type 1,
characterized by an earlier age of onset and a more
severe spectrum of clinical manifestations [35],
as compared with CSVD MRI type 2. In particular,
insufficient expression of arginase-1 and antioxidant
proteins (TXN, etc.) can lead to NO-mediated
damage to the BBB by reactive oxygen species and
proinflammatory immune cells. In this context,
suppression of Ras proteins, ubiquitin-containing
proteins and autophagy suppressors can contribute
to apoptosis of NVU components. Also, in the case
of CSVD MRI type 1, it is necessary to confirm
in future studies the tendency towards more
intense activation of platelet proteins that increase
the risk of microthrombosis, and proteins involved
in stress-induced reorganization of the actin
cytoskeleton and remodeling of the vascular wall
(such as profilin-1) [50-52].

CONCLUSIONS

Our shotgun proteomic study has several
significant limitations: a minimal sample size,
contamination of some samples with non-target
blood components, and the lack of cellular
deconvolution during MS data analysis. However,
the study results highlight the need for further study
of protein expression profiles in the peripheral blood
and cerebrospinal fluid of patients with various
MRI types of CSVD by using larger sets of samples,
including comparisons with RNA sequencing and
immunohistochemical analysis results. This will deepen
our understanding of the pathogenetic mechanisms
of CSVD development and validate our approach
to subdividing advanced CSVD stages into MRI types.
Considering the etiopathogenetic heterogeneity
of MRI manifestations of CSVD will improve
the efficiency of the search for diagnostic
biomarkers of the disease and candidate targets
for targeted therapy.
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IMNJIOTHOE HAHOPAMHOE UCCJIEJOBAHUE ITPOTEOMA
MOHOHYKJEAPOB IIEPUPEPUYECKOM KPOBH V ITAIIUEHTOB
C PA3JIMYHBIMHA MPT-TUITAMHU HEPEBPAJIbHOM MUKPOAHT MUOTIATUH

A.A. I'euny'*, I1.C. IlInanaxosa', J1.A. /loopvinuna’, E.H. Kpemnesa', E.B. Xpanoea’, B.I. 3z00a’, O.B. Tuxonosa’

'"Poccuiickuii IEHTp HEBPOJIOTHH U HEHpOHayK,
125367, Mockga, Bonokonamckoe mocce, 80; *an. moura: gejnts.a.a@neurology.ru
*Hay4Ho-ucciie10BaTeNbCKU HHCTUTYT OMoMeauuuHcKoi xumuu umenn B.H. OpexoBuua,
119121, Mocksa, yin. [Torogunackas, 10

Bospacrt-3aBucumas nepedpanbaas Mukpoanruomnarus (IIMA), accounnupoBaHHas ¢ COCyAUCTHIMU (DaKTOpamMu
pHCKa, SIBISIETCS OOHOW M3 OCHOBHBIX IIPUYMH KOTHUTHBHBIX PAaCCTPONUCTB M MHCYABTOB. CnoxHOCTH n3ydenus LIMA
00yCIIOBIIEHBI OTPAaHWYCHUAMHU B BU3yaJIHM3allMd MEJIKHX COCYIOB, IHArHOCTHKOW Ha ocHoBaHMM MPT-mpu3nakoB
MOPaXCHHUS BEIIECTBA TOJIOBHOTO MO3Ta (TMIIEPUHTEHCUBHOCTH OEJI0T0 BEIIIECTBA, JIAKYHBI, MUKPOKPOBOM3IUSHIS U JIP.).
[TpoBenénnas Hamu paHee oueHKa kaxaoro u3 MPT-nmpusnaka [IMA no 4eThipéx0auibHOI crcTeMEe BBIPAKEHHOCTH
U paclpesieNIeHUI0 M0 OTAeIaM Mo3ra IpH KJIaCTepHOM aHalIM3€ YCTaHOBUIA cyliecTBoBaHue AByX MPT-tumos,
HE OTIMYAIOIINXCA MO BBIPAKEHHOCTH COCYAUCTHIX (DaKTOPOB PHCKA, HO HMEIOMMX Pa3Iu4Mus B THKECTH
KJIMHUYECKUX HPOSBICHUH M YpPOBHE LUPKYJIUPYIOMIMX OHOMapKepoB IUIa3Mbl KpoBU. B naHHON pabore mpoBeneHo
MWIOTHOE MAaHOPaMHOE HCCIIEJOBAHHE MPOTEOMa MOHOHYKJIEAapOB MepHU(epudecKod KpPOBH ISl TAIMEHTOB
¢ nepBbiM u BTOpbiM MPT-tumamu [IMA, a Takxke 3M0pOBBIX H0OpOBOJBIEB. Y marnueHToB ¢ [IMA BbisBIeHa
TEHJICHLUSI K CHW)KEHHIO YPOBHs OEJIKOB, aCCOLMMPOBAHHBIX C BE3UKYJSPHBIM TPa(UKOM M PEMOAEINPOBAHUIO
BHekJleToyHoro marpukca (BKM), orHocuTensHO HOpMBEL Y manueHToB ¢ nepBbiM MPT-tumom [IMA BbIsIBICHBI
TEHJICHIMM K HEJOCTATOYHOM aKTHBALIWH 3aIIUTHBIX OElKOB (apruHasa-1, THOPENOKCHH, PETYISATOpHl ayTodaruu 1
6enKoBOro crpecca), MPH YPE3MEPHONW AKTHBALMHM TPOMOOLMTAPHBIX OEJNKOB M PETYISATOPOB PEMOISIUPOBAHHS
COCYIHCTON CTEHKHM (TaKuX Kak MpoQmuinH-1), mo cpaBHeHHIO cO BTOpeIM MPT-tumom. [lomydenHble pe3yisTaThl
YKa3bpIBalOT HAa HEOOXOOMMOCTh M3YYEHHS MHKPOCTPYKTYpHl 0Oa3zanmpHON MeMOpansl, BKM cocynucroit cTeHKH u
MEPUBACKYJISIPHBIX IIPOCTPAHCTB YISl IepeOpaIbHBIX MEJIKUX COCY/IOB.

Tonnvlii mexem cmamou Ha pycckom sA3vike 00CmyneH Ha catime Jcyprana (hitp://pbmc.ibmc.msk.ru).
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HCCIIeIOBaHUS; MarHUTHO-pe3oHaHCcHast ToMorpadus; STRIVE-kpurepun; macc-cieKTpoMeTpus 6€IKoB

®unancupoanme. [IpoTeoMHBIH aHaNM3 BBHIOJHEH B paMKax TeMmbl “BimsHue coenuHeHuil, oOnanarommx
TepONPOTEKTUBHBIMHA CBOMCTBAMH, HA €IMHUYHBIE OMOMAaKpOMOJIEKYIbI, MOJECIbHBIE OOBEKTH U OPTaHU3M YeJIOBEKa”
npu (QuHAHCOBOW momAep:kke MuUHHCTEPCTBAa HaykKHm W BeIcmero oOpaszoBaHums Poccuiickoit ®enepamun
(Cormamenue Ne 075-15-2024-643).
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