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Abstract: The inflammatory, reparative and regenerative mechanisms activated in ischemic stroke
patients immediately after the event cooperate in the response to injury, in the restoration of functions
and in brain remodeling even weeks after the event and can be sustained by the rehabilitation
treatment. Nonetheless, patients’ response to treatments is difficult to predict because of the lack
of specific measurable markers of recovery, which could be complementary to clinical scales in
the evaluation of patients. Considering that Extracellular Vesicles (EVs) are carriers of multiple
molecules involved in the response to stroke injury, in the present study, we have identified a panel
of EV-associated molecules that (i) confirm the crucial involvement of EVs in the processes that
follow ischemic stroke, (ii) could possibly profile ischemic stroke patients at the beginning of the
rehabilitation program, (iii) could be used in predicting patients’ response to treatment. By means
of a multiplexing Surface Plasmon Resonance imaging biosensor, subacute ischemic stroke patients
were proven to have increased expression of vascular endothelial growth factor receptor 2 (VEGFR2)
and translocator protein (TSPO) on the surface of small EVs in blood. Besides, microglia EVs and
endothelial EVs were shown to be significantly involved in the intercellular communications that
occur more than 10 days after ischemic stroke, thus being potential tools for the profiling of patients
in the subacute phase after ischemic stroke and in the prediction of their recovery.

Keywords: extracellular vesicles; Surface Plasmon Resonance imaging; biosensor; stroke; biomarkers

1. Introduction

Stroke occurs when a blockage or bleed of the blood vessels either interrupts or reduces
the nutrient and oxygen supply to the brain, causing cell death in the brain tissue. The local
hypoxia and the consequent neuronal cell death determine signs and symptoms that are
proportional to the extent and duration of the blood interruption. Globally stroke has been
identified as the second cause of death by the World Health Organization’s Global Health
Estimates and the fourth cause of disability for over 65-year-old people [1]. Independently
from its cause (either blockage or bleed of a vessel), stroke determines severe disability in
about one-third of survivors, with rehabilitation treatment being crucial not only for motor
recovery but also for cognitive, respiratory and speech functions, among others.
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Although the acute treatment of patients after stroke has highly improved life ex-
pectancy, disability remains a high-priority issue and a significant clinical challenge for
post-stroke patients. In the acute phase, most drugs and treatments are aimed at normal-
izing the electrochemical balance of the brain in order to minimize the likelihood of a
secondary injury, but once the vital parameters of stroke patients are stabilized, the rehabil-
itation phase is fundamental to sustaining the spontaneous brain and vessel remodeling.
Rehabilitation can be based on physical, occupational, speech, or recreational therapies [1],
but must be tailored to the patients’ clinical features in order to achieve the best results.
For this reason, the preliminary evaluation at the admission at the rehabilitation hospital
should be as exhaustive as possible. Protocols have been validated by multiple national
societies, including the Italian Society of Physical and Rehabilitation Medicine (SIMFER) [2],
to identify the clinical variables that are considered essential for the establishment of a
personalized rehabilitation program including neurological examination and validated
clinical scales [3]. Still, a quantitative variable is needed to provide a decision support tool
to clinicians, i.e., biomarkers to objectively profile patients, not only in the acute phase but
also in the sub-acute phase of the disease in order to identify the optimal treatment. Up
to now, most biomarkers evaluated in subacute stroke patients were soluble circulating
molecules, such as neurotrophic factors [4], cytokines and others [5], but none of them
have currently demonstrated suitability for the objective profiling of patients and for the
prediction of patients’ response to treatment.

Extracellular vesicles (EVs) are known to be carriers of bioactive molecules involved
in the pathophysiology of stroke, in particular in the inflammatory, regenerative, and
reparative mechanisms activated after stroke injury. It was previously reported that specific
EV subtypes, such as platelet-derived and T-cell-derived EVs, are associated with stroke
severity and short- and long-term outcomes [6]. Great attention has been also devoted to
miRNAs, which were correlated with the susceptibility to ischemic stroke [7] and they were
proven to be involved in the EV-mediated intercellular communication that follows a stroke
event, suggesting a potential as diagnostic/ prognostic biomarkers as well as therapeutic
tools [3,8,9]. However, little attention has been dedicated so far to the EVs released by the
brain and blood vessels during the plasticity and remodeling after stroke [3]. EVs may
represent potential valuable biomarkers for stroke as those vesicles that circulate in blood
can mirror the processes occurring in the brain as well as in all of the other body organs
directly or indirectly involved in the reparative mechanisms activated after stroke.

In the last years, a plethora of high throughput techniques has been reported for the
single and bulk characterization of EVs, with the aim of overcoming the current obstacles
in EV detection and accelerating the translation of EV research to clinics [10-17].

Some of the most promising are nano/high flow cytometry and fluorescent nanoparti-
cles tracking analysis (f-NTA) for the determination of EV size and concentration, Single-
Molecular array (SiMoA) and Single Particle Interferometric Reflectance Imaging Sensor
(SP-IRIS) whose detection model is based on fluorescence. Raman, surface-enhanced Raman
spectroscopy or infrared analysis are other techniques that are used for the determination
of EV composition in bulk without specific markers [11]. In this study, we have taken ad-
vantage of a multiplexing Surface Plasmon Resonance imaging (SPRi) based biosensor [18]
that allows the detection of low concentrations of multiple biomarkers concomitantly in a
label-free manner analyzing intact EVs and the study of the expression of molecules on EV
surface due to the intrinsic SPR enhancing property of the EV membrane. The SPRi method
combines multiplexing analysis with the imaging capability that enables the visualization
of the working area in real time, allowing the EV phenotyping with a limited amount of
samples and reagents. Moreover, the potential presence of contaminants in the EV samples
that we obtained by size exclusion chromatography (SEC), does not represent a limitation
in our protocol because, during the SPRi experiment, the sample flowing on the surface of
the biochip undergoes an additional purification step detecting EVs specifically according
to their interactions with ligands. These features make SPRi adaptable for the development
of SPRi-based diagnostic and prognostic tools. In particular, we have now used the SPRi
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biosensor to investigate the role of EVs in the evolution of the clinical status of post-stroke
patients, with a particular focus on blood small EVs (<200 nm) [19] carrying markers of
brain and vessel origin. The biosensor was adapted and optimized for the evaluation of
the extent of damage and for the investigation of the reparative mechanisms activated
in stroke patients that might be involved in the differential response to the rehabilitation
treatment and in the consequent recovery. After the isolation of EVs from serum samples,
the correlation between EV-associated markers and clinical scales was verified in order
to profile patients and assess the predictive potential of EVs. In parallel, inflammatory
cytokines and the brain derived neurotrophic factor (BDNF) were measured in serum in
accordance with the reported literature [5,20].

To the best of our knowledge, this is the first time that such a wide panel of biomarkers
(10 brain and non-brain-associated proteins) has been investigated in the blood EVs from
stroke patients in the sub-acute phase after the event. The reported results confirm the
considerable applicability and versatility of the proposed SPRi biosensor and, specifically
for stroke, the tremendous clinical potential of EVs as predictive biomarkers of recovery
after injury when the rehabilitation strategy needs to be defined, even days after the lesion.
Finally, the present study is a pioneering report in rehabilitation medicine, proposing EVs
as rehabilitation biomarkers, i.e., biomarkers of patients” response to rehabilitation, paving
the way for further studies looking for precision medicine applications in the rehabilitation
field.

2. Results
2.1. Stroke Patients Profiling

In the present study, a cohort of 19 ischemic stroke patients was successfully recruited
at IRCCS Fondazione Don Carlo Gnocchi (Milan, Italy). All subjects were clinically profiled
using the Modified Barthel Index (MBI) [21], an established clinical scale for the evaluation
of a patient’s disability, at admission and discharge, i.e., after completing the assigned
rehabilitation protocol (about 2 months after admission) (Figure 1A). Twenty age and sex
matched volunteers (CTRL) in good health status were enrolled as the control group, too.
Table 1 summarizes the characteristics of stroke patients and healthy controls included in
the study.

Table 1. General features of the ischemic stroke patients (Stroke) and control subjects (Control)
enrolled in the present study. In parenthesis, median and interquartile ranges are reported for
numerical variables whilst count and percentages are reported for categorical variables.

Independent Variables (itr:i(ge) 510:‘:21'(()))1
Age, years 74 (18) 66 (8)
Sex, female 8 (42.1%) 10 (50.0%)
Modified Barthel Index admission, points 30 (26) -
Modified Barthel Index at discharge, points 56 (54) -
Time post onset, days 21 (14) -
Relapsing patients, number 8 (42.1%) -

Patients with diabetes, number 10 (62.6%) -
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Figure 1. Experimental design. (A): Schematic representation of the experimental setting of the
present study. (B). Schematic of the analysis performed by means of the SPRi biosensor: first the gold
biochip is functionalized with antibodies or ligands specific for EVs from selected cell source; then,
specific EV subfamilies are immobilized on the biochip thanks to tissue related markers; finally, the
immobilized EVs are characterized with a secondary injection of antibodies conjugated with gold
nanoparticles to enhance the SPRi signal, or synthetic ligands specific for surface molecules, in this
case the TSPO ligand PK-11195. (C): Representative CCD differential image of the SPRi chip surface
where the 12 families of ligands spotted on the biochip can be visually detected.

To better profile the recruited stroke patients, as well as volunteers of the control group,
we performed the quantification of the serum levels of the main cytokines (IL-6, IL-10,
TNF«x) and soluble factors ICAM-1, Leptin, Fas, BDNF, VEGFR2) known to be involved in
the pathogenesis and in the brain plasticity that occurs after stroke [5]. Comparing CTRL
and ischemic stroke samples, higher levels of the soluble Intercellular Adhesion Molecule 1
(ICAM-1, also known as CD54; Figure 2A), as well as IL-6 (Figure 2B), IL-10 (Figure 2C),
TNF« (Figure 2D) and Leptin (Figure 2E) were observed, even though only ICAM-1, IL-
6, IL-10 and TNF« proved to be significantly increased in the serum of stroke patients
compared to CTRL (p < 0.001, Mann—Whitney test). Thanks to the ELLA instrument, also
Fas (Figure 2F), BDNF (Figure 2G) and VEGFR?2 (Figure 2H) were quantified in stroke and
CTRL samples, observing a slight increase in VEGFR2 concentration in stroke compared to
CTRL (p = 0.05, Mann-Whitney test), while BDNF was significantly decreased in stroke
patients (p = 0.044, Mann—-Whitney test). Finally, the anti-age protein Klotho, associated
with vascular regeneration, was also quantified by ELISA assay. Klotho is known to be a
bioactive molecule transported in blood both in soluble and EV-associated form [22] and to
play a key role in the cross-communication between muscles and brain; it was proposed as
a predictor of functional outcome in acute stroke patients [23]. In the considered samples,
no significant difference in the concentration of serum Klotho was observed between the
two experimental groups (Figure 2I). Data from ELISA and ELLA assays are reported in
Supplementary Table S1.



Int. J. Mol. Sci. 2023, 24, 7937 50f18
A 80 p =0.00085 B % p=0.000024 C % p =0.0000028
700 30 — 30
=600
H 25 25
2500 . = g
3 ° E2 52
8 400 2 ¢ 2
Qe . " Q1 S5
= D
= 3004 e = ]
< .
S w0 ] —— Le . 10 10
.
to
e I?I ’ ] ) "] .' ’ i r :
’ L a— wsratataaty %
o T T o T o .\- T
CTRL STROKE CTRL CTRL STROKE
D 60 p =0.00047 E 150 F -
55 *
1254 30 .
.
2
=30 .. Ewm _
E . £ <
© LA £ - .
£ . . . z ugi 15 —T— . LI
Fs . — 50 }.—‘—'—‘—J °
10 I s .
10 * hd .
3 254 -
] A r A s *
0 ' T 0 T 0 T T
CTRL STROKE CTRL CTRL STROKE
G 150 p =0.044 H 35 P =0.05 I 1200
1254 304 1000
_ 254
=100 = = 800
= £
g BZU %’
g E’ . = 'y .
= ~ . = 600 .
w [4 Qo
z w 15 Py £ . . . .
o v} - K] [ S— . *
@ 5l g = . & 400 . PR I—
s 10 . . .
2 [—r— 5] 200 . .
ole -
o T T o T T o T T
CTRL STROKE CTRL STROKE CTRL STROKE

Figure 2. Stroke patients profiling. Box plots represent the quantification of soluble mediators of
inflammation and regeneration by enzyme-linked immunosorbent assay on serum samples of control
samples (CTRL; n = 16) and stroke patients (STROKE, n = 19), by means of ELISA plates or ELLA
automated system. The results obtained for ICAM-1 (A), IL-6 (B), IL-10 (C), TNF« (D), Leptin (E),
Fas (F), BDNF (G), VEGFR2 (H), Klotho (I) are reported. Mann—-Whitney test was applied to all
measurements to compare the distribution of the two experimental groups. The p-value is reported
when the two distributions resulted statistically significant (p < 0.05).

2.2. EV Physico-Chemical Characterization

Small EVs were isolated from all considered serum samples by the SEC isolation
method. The NTA demonstrated that the EV concentration was similar in samples from
stroke patients and CTRL (Figure 3A), as well as their dimensions (mean size: CTRL:
150 nm =+ 24.5; STROKE 147.9 nm =+ 25.7). Considering the amount of protein per particle,
it was found to be increased in stroke patients compared to CTRL (Figure 3B), even though
it is not statistically significant (Mann—Whitney test). Data are reported in Supplementary
Table S2.

In Figure 3C, EVs with typical cup-shaped morphology and dimensions are shown
in a representative Transmission Electron Microscopy (TEM) image obtained from the
considered samples. Western blot was also performed to detect some of the main protein
markers of EVs as suggested by MISEV [19]. Flotillin-1, CD9 and CD81 were chosen as EV
markers, whereas albumin was selected as a non-EV marker. As shown in Figure 3D, the
main markers of EVs were detected in both stroke and CTRL samples with comparable
intensities. Additionally, albumin was, as expected, found to be co-isolated with small
serum EVs.
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Figure 3. Extracellular Vesicle characterization. (A): Box plot reporting the EV concentration ob-
tained by NTA analysis on EV preparations from healthy controls (CTRL; black) and stroke patients
(STROKE; red). Each dot represents the mean value obtained for each subject after five acquisitions,
whereas X represents the mean value for each group. (B): Box plot reporting the pg of proteins per
particles obtained for each EV preparations from healthy controls (CTRL; black) and stroke patients
(STROKE; red). The value was obtained dividing the ug of proteins measured by BCA assay for
the concentration of particles obtained by NTA. Each dot represents the mean value obtained for
each subject, whereas X represents the mean value for each group. (C): Representative TEM image
obtained from the analysis of EV preparations from healthy controls and stroke patients. Black bar:
200 nm. (D) Western Blot analysis performed on EVs from both experimental groups revealing the
presence of Flotillin-1, CD9 and CD81 as well as the faint signal from Albumin, co-isolated with EVs
from serum.

2.3. SPRi Analysis

To characterize the populations of small EVs that circulate in the blood of stroke patients,
an SPRi-based biosensor was used. The considered SPRi biosensor was first applied to
the evaluation of blood EVs in 2018 [18] and further demonstrated to be suitable for the
characterization of human and murine EVs from brain and non-brain cells [22,24,25]. In the
present study, the biosensor has been further implemented to recognize up to 12 ligands
(including one positive and one negative control) and 10 EV families simultaneously, with
a single injection of pre-isolated EVs (Figure 1C). Specific ligands for vesicles derived
from endothelial cells (CD31+, CD106+), neurons (CD171+, Ephrin B+), microglia (IB4+,
CD11b+) and astrocytes (Glast+) were spotted on the surface of the functionalized gold
biochip as well as a marker for aging (Klotho+) and apoptosis (Annexin V binding to
phosphatidylserine enriched EVs). The detection of all subfamilies (both brain and non-
brain derived EVs) was successful in all considered samples. The relative amount of EVs
circulating in the serum of ischemic stroke patients and control subjects showed intragroup
variability that was not correlated with either age or sex of recruited subjects. The typical
SPRi sensorgram obtained after the injection of isolated small EVs on the biosensor is
shown in Figure 4A.
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Figure 4. Extracellular Vesicle detection by SPRi biosensor. (A): SPRi sensorgram related to the
injection of 500 pL of EVs (40 pg/mL) on a chip with an array of 12 families of ligands (four spots of
each family). Each curve is the average of the signal collected on the four spots of the same ligand.
Each signal is the subtraction between the signal obtained on the specific ligand family and the signal
obtained on the negative ctrl family (anti-IgG) spotted on the same chip. (B): SPRi intensities (average
+ standard error) related to the injection of EVs of 19 ischemic stroke patients and 20 CTRL subjects.
The signals are normalized for the intensities collected on the anti-CD9 family spotted on each SPRi
chip following a previously reported protocol [24]. ** = p < 0.05 after Mann—-Whitney test.

The graph shows the multiplexing ability of the SPRi sensor to detect the binding
of multiple EV families of interest taking advantage of specific markers related to their
parental cell and following it over time. Indeed, each signal is related to the interaction
between the ligand spotted on the chip and the EVs injected over the chip. For each sample,
the same amount of proteins calculated by the BCA assay was injected.

The SPRi signal intensities collected at the end of the injection of each EV sample are
indicative of the relative amount of each EV population. Therefore, we compared the SPRi
signal intensities related to the injection of EV samples of stroke patients with the ones
related to CTRL subjects. In Figure 4B, the value of reported SPRi signals was normalized
for the total CD9+ EVs (i.e., the SPRi signals collected on anti-CD9 spots, where CD9 was
used as a general marker of small EVs) for their relative quantification.

Comparing the results obtained in the two experimental groups, we observed varia-
tions in the level of circulating EVs released by both brain and non-brain cells. In particular,
samples from ischemic stroke patients showed an increase in circulating CD106+ (+83.4%),
CD31+ (+3.1%), CD171+ (+5.1%), Ephrin B+ (+21.5%) and CD11b+ (+21.8%) EVs, whereas
we observed a decrease in the circulating IB4+ (—6.6%) and Klotho+ (—10.7%) compared to
control subjects. Due to the intragroup variability of the results, only the increase in CD106+
EVs was found statistically significant (p = 0.036, Mann—-Whitney test). No variations
were observed in the relative amount of Annexin V binding EVs. Data are reported in
Supplementary Table S3.

To investigate more specifically the presence and expression of markers of regeneration
and plasticity associated with EVs, we performed a secondary characterization of the
immobilized EVs, by injecting a specific antibody conjugated to gold nanoparticles (GNPs)
after EV immobilization on the chip (Figure 1B). Starting from the observed variation in
the VEGFR?2 levels in serum (Figure 2H), a specific anti-VEGFR2 antibody conjugated to
GNPs was used to verify if the variation could be related to the expression of the receptor
on the specific subfamilies of EVs bound on the biosensor. The analysis revealed that in
stroke patients VEGFR2 was decreased in most of the considered vesicles (CD106+, CD31+,
CD171+, Ephrin B+, Glast+), but it was increased in microglia-derived vesicles (IB4+
and CD11b+) (Figure 5A). Nonetheless, for all of the considered markers, no statistically
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significant variation was found compared to the control samples, demonstrating that the
increase in VEGFR2 quantified by immunosorbent assay (Figure 2H) was not referring to
the EV-associated receptor.
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Figure 5. Extracellular Vesicles characterization by SPRi biosensor. SPRi signals obtained on the EV's
immobilized on the biosensor by secondary labeling with VEGFR2 antibody conjugated with GNPs
(A) or with the TSPO ligand PK-11195 (B). The signals obtained on EVs from healthy controls (CTRL)
and ischemic stroke patients (STROKE) are reported.

On the same immobilized vesicles, we explored also the expression of Translocator
Protein (TSPO) receptor which is known to be a marker of neuroinflammation, playing an
important role in glial activation and neuronal cell death in many central nervous system
diseases and injuries [26]. The results shown in Figure 5B demonstrate the controversial
expression of TSPO receptor on the surface of circulating EVs. Indeed, in neuron-derived
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EVs of stroke patients, TSPO was found to increase in CD171+ EVs, but not in the Ephrin
B+ vesicles. Similarly, focusing on microglia-derived EVs, TSPO was found more abundant
on CD11b+ EVs in stroke patients than CTRL, but not on IB4+ EVs. Considering EVs
released by endothelial cells in stroke patients, TSPO was diminished both on CD106+ and
CD31+ EVs, without statistical significance compared to controls (Mann-Whitney test). No
differences were observed on Glast+ EVs. Data are reported in Supplementary Table S4.

2.4. Correlation Study

To evaluate the ability of the proposed EV-associated biomarkers to profile stroke
patients, describe their lesions and predict their recovery after rehabilitation, a correlation
study was performed. First of all, it was verified that the considered variables were not
related to differences in age or sex in both stroke patients and control subjects. A correlation
was observed between the amount of CD11b+ EVs and the time from the last stroke event,
suggesting the dynamic response over time of microglia that follows the ischemic stroke
lesion. Then, we tested whether the SPRi-data were correlated to the patients” profile
defined by the MBI score that was calculated both at the admission (measure of functional
independence) and at discharge (measure of recovery) from Fondazione Don Gnocchi.

In the considered cohort of ischemic stroke patients, the univariate Spearman test
showed that there is a negative correlation between the expression of VEGFR2 on CD11b+
EVs (p = 0.044) and the MBI at admission (i.e., higher levels of VEGFR2 with lower MBI
score, thus increased stroke severity and brain damage). On the contrary, there was a
positive correlation between MBI at admission and the levels of TSPO receptor on both
endothelial EVs (CD106+, p = 0.048; CD31+, p = 0.035) and in general on small CD9+ EVs
(p =0.049), suggesting that the overexpression of TSPO on EVs might indicate a better health
status in ischemic stroke patients. In line with these results, the activation of endothelial cells
and their overexpression of TSPO receptor was proven to be a predictor of better recovery
after rehabilitation, with the amount of TSPO on CD31+ EVs being positively correlated
with MBI at discharge, around 2 months after the stroke event (p = 0.001, Univariate
Spearman test). Considering microglia, SPRi analysis of EV biomarkers brought to light
that the relative amount of CD11+ EVs in the serum of ischemic stroke patients correlated
with a better MBI at discharge, i.e., with good recovery (p = 0.004, Univariate Spearman
test). Besides, the crucial involvement of microglia-derived EVs in the recovery of stroke
patients is supported also by the positive correlation between the increased expression
of VEGFR2 on IB4+ EVs and MBI at discharge (p = 0.015, Univariate Spearman test). A
summary of the results of the correlation study are reported in Table 2.

Table 2. Univariate correlation analysis between SPRi instrumental variables and MBI at admission
and discharge. Only variables that showed significant correlation with MBI at admission and/or
discharge are reported. Significant correlations are reported in bold.

Independent Variables Mle at Admission M]il at Discharge
R p R p
CD11b+ 0.694 0.056 0.881 0.004
VEGFR2 on CD11b+ —0.680 0.044 —0.644 0.061
. VEGFR2 on IB4+ —0.244 0.330 —0.563 0.015
SPRi TSPO on CD106+ 0.671 0.048 0.402 0.283
TSPO on CD31+ 0.487 0.035 0.694 0.001
TSPO on CD9+ 0.458 0.049 0.258 0.287

These results were confirmed by means of 5-fold cross-validated Elastic-Net multi-
variate regressions. In particular, when considering admission MBI levels as the outcome:
(i) the expression of VEGFR2 on CD11b+ EVs, (ii) the levels of TSPO receptor on both
endothelial EVs (CD106+ and CD31+) and (iii) on small CD9+ EVs entered the multivariate
analysis. None of these descriptors, except for TSPO levels on CD106+, retained their
significance after the multivariate analysis, but regression coefficients (averaged across the



Int. . Mol. Sci. 2023, 24, 7937

10 0of 18

5-folds) maintained the trends of the univariate analysis. In particular, higher levels of
TSPO receptor on endothelial (CD106+ and CD31+) and small (CD9+) EVs and lower levels
of VEGFR2 expression on CD11b+ EVs pointed toward a better health status (Figure 6A).
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Figure 6. Correlation study. {3 regression coefficients of the Elastic-Net multivariate analysis for,
respectively, the admission (A) and discharge (C) MBI models. Actual versus predicted plot with
median absolute value [IQR] and R? coefficient for, respectively, the admission (B) and the discharge
(D) models.

On the other hand, (i) the total amount of TSPO receptor on CD31+ EVs, (ii) the
expression of VEGFR2 on IB4+ EVs and (iii) the relative amount of CD11+ EVs in the serum
entered Elastic-Net when targeting discharge MBI as the outcome. Within this analysis,
confirmation of the significant positive independent correlation with the discharge MBI of
the total amount of TSPO on CD31+ and of the relative among of CD11+ EVs was found in
all cross-validation folds (Figure 6C).

The cross-validation accuracy obtained is 8.55 [IQR = 9.76] and 14.97 [IQR = 13.79]
points for the admission and discharge MBI estimation with an R? 0f0.79 and 0.77, respec-
tively (Figure 6B,D).

3. Discussion

In the present study, we have characterized the small EVs that circulate in the blood of
ischemic stroke patients in the sub-acute phase of the disease, i.e., more than 10 days after
the event. This is indeed a challenge and urgent clinical need in rehabilitation medicine, as
rehabilitation treatment needs to be finely tailored to the personal need of stroke patients
once the acute and life-saving treatment has been completed. Taking advantage of a multi-
plexed SPRi-based biosensor we were able to effectively detect multiple subpopulations
of EVs by means of specific tissue markers expressed on the vesicle surface. The relative
amount of different brain (expressing markers typical of neurons, astrocytes, and microglia)
and non-brain (expressing markers typical of endothelial cells) families of small EVs were
evaluated in the blood of ischemic stroke patients at admission to the rehabilitation pro-
gram. In parallel, patients were biochemically profiled by the quantitation of inflammatory
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mediators (such as cytokines and leptins), BDNF and Klotho, which were already reported
in the literature as potential predictors of stroke recovery [5,23], as well as with the most
widely used clinical scale for the evaluation of disability in stroke patients, i.e., the modified
Barthel index (MBI). The evaluation of the disability by means of MBI was also performed
at patients’” discharge, and at the end of the rehabilitation program, and it was used as a
clinical measure of recovery after stroke.

In recent years, our knowledge about the involvement of EVs in the events occurring
after ischemic brain injury has exponentially increased, as well as the potentialities of
EVs such as therapeutics and amplifiers of brain repair and improvement of recovery
after stroke [27]. Despite the great efforts made to find stroke biomarkers to be used to
improve the patient’s classification and treatment, currently, no sensitive molecule has been
identified. The reasons might relate to the heterogeneity of stroke and the complexity of the
ischemic cascade that cannot be easily summarized by a single biomarker. Indeed, we be-
lieve that a panel of biomarkers might better reflect the pathophysiology of stroke [28]. The
herein-reported data support the emerging involvement of EVs in the subacute processes
of response to injury and neuroplasticity that follow the stroke lesion [3] and demonstrate
the crucial role of endothelial-derived EVs and microglia-derived EVs in the events that
follow the ischemic stroke injury, bringing new insights in the mechanisms that impact the
outcome of rehabilitation and treatment.

In line with previously reported literature [5,29], we observed that inflammation is a
key factor in the pathogenesis of stroke. In parallel to the profiling of patients by means of
cytokine quantitation, as already reported in the literature for acute stroke, we evaluated
microglia-derived EVs that significantly modify their presence in the blood of ischemic
stroke patients in relation to the time spent between blood withdrawal and stroke event,
even in the sub-acute phase of the disease. Indeed, EVs from activated microglia (CD11b+)
were increased in the serum of the considered subjects, compared to controls, and they
were shown to overexpress VEGFR?2 in case of severe stroke damage. Moreover, in the
sub-acute phase, the sustained response of microglia to the stroke injury and the consequent
high blood levels of CD11b+ EVs seem to be predictive of a better recovery after stroke,
measured at discharge by MBI. On the contrary, based on previous literature, cytokines are
known to reach a steady state in the subacute phase after stroke, being informative mainly
in the acute phase, i.e., immediately after the event [30]. However, in the considered cohort,
ICAM-1, IL-10, IL-6 and TNF-« serum levels showed a significant trend in the increase.
These results are in accordance with literature findings on the increase in TNF-a serum
levels of ischemic stroke patients as a part of the acute phase response that occurs during
stroke pathogenesis [31,32]. Indeed, the neuroinflammatory response is a dynamic process
and the levels of the soluble mediators are known to be fluctuant and strictly related to the
observational time point [29], especially in the acute phase of the disease. As an example, it
was previously reported that baseline levels of soluble FasL are lower immediately after
ischemia compared to healthy controls, but they return to normal levels after 24 h [33].
This is in agreement with previous data from mass spectrometry analysis of circulating
EVs of acute ischemic stroke patients where an overall elevation in the inflammatory
proteins, especially the acute-phase proteins, was observed in circulating EVs from patients
with acute stroke [34], even though we did not register any significant increase in the
concentration of circulating vesicles in the sub-acute phase.

Similarly, BDNF was reported to be a valid neuroimmune mediator of stroke that could
predict the prognosis of the patients. Low levels are related to poor prognosis [5,20] whereas
increased BDNF can be induced by physical exercise, thus enhancing the prognosis even in
chronic post-stroke subjects [5,35]. In our cohort, BDNF was only slightly altered in suba-
cute stroke patients compared to controls. This might be due to the time passed between the
event and the analysis or to the specific clinical features of the selected experimental group,
still in our setting BDNF does not seem to be informative about the patients” response to
injury, nor predictive of their recovery having no correlation with the MBI value evaluated
both at admission and discharge.
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Similarly, the protein Klotho, both in its soluble and EV-associated form, was not
proved to be altered in stroke patients compared to CTRL. Klotho is a pleiotropic protein
that was proven to play a protective role against ischemic brain injury [36] and to circulate
in high concentrations in the plasma of acute stroke patients, correlating also with better
functional outcomes [23]. Unexpectedly, in the considered subjects, despite the physical
exercise performed during the rehabilitation protocol that was expected to stimulate the
release of Klotho in blood [37], we did not detect any variation in the serum concentration
(soluble and EV bound form) and not even in the EV-associated levels.

Looking at the multitude of EVs that circulate in blood after stroke, it was expected to
find variations in the populations coming from brain and blood vessels due to the dramatic
injury encountered by nervous and vascular tissues during ischemic stroke that leads to
disruption of the blood-brain barrier with consequent easy access of vesicles released in
the brain to the systemic circulation. In the reported experimental setting, we chose to
examine the two main resident cell types involved in the brain tissue response to injury,
neurons and astrocytes. Based on previous literature, we were expecting a significant
response of astrocytes in the subacute phase after stroke, with increased release of EVs in
blood as these cells undergo significant activation, known as astrogliosis [38] that causes
their molecular, cellular, and functional changes [39,40], starting three days after stroke
onset [41]. Indeed, an increase in Glast+ EVs was encountered in comparison with control
subjects, but it did not reach statistical significance. Besides, no significant modifications
related to neuron-derived vesicles were observed, even though the expression of TSPO on
CD171+ was detected.

TSPO is a sensor for brain injury and repair, with very limited expression in the
brain under normal physiological conditions, and with dramatic increase after brain injury
and inflammation [42]. Although we were expecting to find TSPO on astrocyte-derived
and microglia-derived EVs, we found increased expression of TSPO in neuron-derived
(CD171+) and microglia (IB4+), but not on EVs from astrocyte (Glast+) nor on EVs from
activated microglia (CD11b+). The TSPO selective ligand PK-11195 was also able to bind
endothelial-derived EVs (both CD106+ and CD31+), which are known to be the major
body cell type expressing this protein, also in the normal brain [43]. The overexpression of
TSPO might be due to the severe damage suffered by blood vessels during ischemic stroke,
that results in the activation of endothelial cells during the acute and subacute phases of
ischemic stroke [44]. The activation state together with the disruption of the blood-brain
barrier can actually represent the cause of the increased levels of EVs originating from
endothelial cells in the considered population of stroke patients. The other mediator of
regenerative stimuli analyzed in the present study is VEGFR2 expression. VEGFR?2 plays a
fundamental role in cerebral vasculature angiogenesis [45], which has been demonstrated
to occur in patients after brain ischemia [46]. Although the soluble form of VEGFR2 was
not found to be significantly increased in the serum of subacute stroke patients, compared
to CTRL, our data demonstrate an increased expression of VEGFR2 on microglia-derived
EVs, providing hints to further investigate the involvement of the VEGFR2 signaling
pathway in the cross-communication between microglia cells and to evaluate its ability
to be informative about the severity of the suffered ischemic damage and also about the
potentiality of recovery.

It has to be noted that EVs are complex carriers of biomolecular moieties and the
biomarkers selected in the present paper represent only some of the potential EV com-
ponents involved in stroke recovery that might also include, for example, EV-associated
miRNAs. Further studies are needed to confirm the present observations on a wider cohort
of stroke patients and to monitor the expression of the selected biomarkers before and after
rehabilitation.
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4. Materials and Methods
4.1. Patients Recruitment and Samples Collection

In this study 19 stroke patients and 20 CTRL were recruited at IRCCS Santa Maria
Nascente Operative Recovery and Functional Re-education Unite of Fondazione Don
Carlo Gnocchi (FDG; Milan, IT) after protocol approval by Fondazione Don Carlo Gnocchi
Ethical Committee (protocol number: Prot.n.20/2018/CE_FdG/FC/SA). Following the
declarations of Helsinki, all participants or their representatives provided written informed
consent. Patients were enrolled in the subacute phase after the stroke event because this is
the timeframe when the rehabilitation program is started. As inclusion criteria, diagnosis
of ischemic stroke, no alteration in level of consciousness, ischemia of the intracerebral
vessels and supra-aortic trunks or cardioembolism and over 50 years old were required.
Patients with a diagnosis of hemorrhagic stroke, state of coma or minimal consciousness,
mechanical or systemic arterial thrombolytic therapy, oncological diseases, diseases of the
immune and hematological system and neurodegenerative diseases were excluded from
the study. Patients were profiled using the MBI [21] clinical scale at hospital admission and
at discharge, i.e., after completing the assigned rehabilitation protocol. The rehabilitation
protocol included intensive motor and cognitive rehabilitation, with rehabilitation sessions
every day for about 2 months (Figure 1A). Control subjects were selected among volunteers
in good health status, with no previous diagnosis of ischemia, myocardial infarction,
oncologic diseases or other severe systemic or neurologic disorder. Recruited control
subjects were age and gender-matched with stroke patients (Table 1). For all recruited
subjects, at hospital admission, 10 mL of blood was collected and serum was obtained after
10 min of centrifugation at 2500 g at room temperature. Serum samples were aliquoted
in cryovials, anonymized and stored at —80 °C until use. Figure 1A shows the schematic
representation of the experimental setting of the present study.

4.2. Enzyme-Linked Immunosorbent Assay on Serum Samples

Inflammatory cytokines (TNF-«, IL-6, IL-10, ICAM-1/CD54, Fas), Brain derived
Neurotrophic factor (BDNF) and the antiaging protein Klotho were quantified in stroke
patients (n = 19) and CTRL samples (n = 16; four control samples could not be ana-
lyzed due to limited serum sample volumes). Enzyme-linked immunosorbent assays
(ELISA) were performed to detect the presence and the concentration of ICAM-1/CD54
(Human ICAM-1/CD54 Quantikine ELISA Kit—R&D Systems, Biotechne, Minneapolis,
MN, USA) and Klotho (Human soluble x-Klotho Assay Kit—Immuno-Biological Labo-
ratories, Minneapolis, MN, USA). Serum samples were diluted 1:2 or 1:20, depending
on the kit, and optical intensity was measured within 30 min at 450 nm with Clariostar
microplate reader. ELLA (Biotechne) is an instrument that allows automated ELISA assays
in a microfluidic Simple Plex cartridge, as a pre-kitted immunoassay based on microfluidic
channels and three Glass Nano Reactors for triplicate analyses. ELLA was used to analyze
TNF-«, IL-6, IL-10, BDNF, Leptin, Fas and VEGFR2. Following the manufacturer’s instruc-
tions, serum samples were diluted 1: 2 or 1:10 directly into the wells of the cartridge and
1 mL of phosphate-buffered saline (PBS) was added for washes. Data were analyzed by
Origin2021 (OriginLab, Northampton, MA, USA).

4.3. Isolation and Characterization of Extracellular Vesicles

EVs were isolated from the serum of ischemic stroke patients and healthy controls
by SEC using qEV Size Exclusion Columns (Izon Science, Christchurch, New Zealand) as
previously described [18,24]. Briefly, 500 uL of centrifuged serum were loaded in a column,
and the eluted fractions from 7 to 11 were collected and stored at —20 °C in PBS) with
protease inhibitor cocktail (Merck, Darmstadt, DA, Germany) until use.

The total protein content of EV samples was measured by BCA assay (Pierce BCA
assay kit, Thermo Fisher Scientific, Waltham, MA, USA) after EV lysis (RIPA buffer 1X
addition followed by a sequence of vortexing and sonicating for 5 min each, repeated three
times). To evaluate the size distribution and the concentration of the isolated EVs, the NTA
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was carried out thanks to the NanoSight NS300 instrument (Malvern Panalytical, Malvern,
UK). Briefly, all EV samples were diluted 1:10 in fresh filtered PBS and then injected for the
NTA analysis. Recordings of the movements of particles were collected for 60 s, five times
for each sample.

To verify the typical morphology of EVs, TEM images were obtained. In brief, 5 uL of
freshly isolated EVs were incubated on Formvar carbon-coated grids. The grid was stained
with 2% uranyl acetate solution for 10 min and dried. The sample was then analyzed with
TEM (Zeiss, Oberkochen, DE, Germany) at 80 kV.

Reported markers of small EVs (Flotillin-1—BD Transduction Laboratories™, San Jose,
CA, USA; CD9—eBioscience, Inc., San Diego, CA, USA; CD81—clone 1.3.3.22, Thermo
Fisher Scientific) were evaluated by Western blot. Antibody anti-Albumin (Cell Signaling
Technology, Danvers, MA, USA) was also used to evaluate the presence of albumin in the
EV preparations. Stroke and CTRL samples were obtained by pooling EV preparations
from three stroke patients and three healthy controls, respectively. In brief, freshly isolated
EVs were ultra-centrifuged at 4 °C at 100,000 x g for 70 min (L7-65; Rotor SW60; Beckman
Coulter, Brea, CA, USA), lyzed with RIPA buffer and then concentrated using the Pierce
SDS-Page Sample-prep Kit following the manufacturer’s protocol (Thermo Fisher Scientific).
The secondary HRP conjugated Ab used was goat anti-mouse (Thermo Fisher Scientific) and
the protein revelation was performed with LiteAblot TURBO Working Solution (EuroClone,
Milan, Italy).

4.4. SPRi Analysis
4.4.1. Biosensor Preparation and EV Detection

The SPRi biochip was prepared as previously described [18]. Briefly, the gold surface
of the biochip (Horiba, Scientific SAS, Palaiseau, France) was coated with a self-assembled
monolayer (SAM) in order to conjugate multiple ligands: Annexin V recombinant protein
(VWR, PRSI90-218, MI, Milano, Italy), anti-EphrinB (HBM-EPH-50, HansaBioMed, Tallinn,
Estonia), anti-CD171/L1CAM (14-1719-82, eBioscience), IB4 lectin (from Bandeiraea simpli-
cifolia; L3019, Merck KGaA, Darmstadt, Germany), anti-Glast (EAAT1/GLAST-1/SLC1A3
Antibody, NB100-1869SS, Novus Biologicals LLC, Centennial, CO, USA), anti-CD31 (11-
0311-81, eBioscience), anti-Klotho (R&D Systems), anti-CD9 (14-0098, eBioscience), anti-
CD106 (MA5-16429, Invitrogen, Waltham, MA, USA), anti-CD11b (553311, BD Biosciences,
San Jose, CA, USA) for EVs detection, and anti- x-Lactalbumin (GTX77275, GeneTex, Inc.,
Alton Pkwy, CA, USA) and anti-IgG (407402, BioLegend, Inc., San Diego, CA, USA) to test
the functionality of the chip and as a negative control, respectively. Spotting of ligands on
the chip surface was performed using the SPRi Arrayer (Horiba Scientific SAS, Palaiseau,
France) equipped with a metal-ceramic capillary pin of 0.7 mm diameter for direct contact
spotting procedure. Four spots per ligand were obtained for a total of 48 spots (Figure 1C).
The biochip was loaded for the SPRi measurements in the XelPleX instrument (Horiba
Scientific SAS); 200 uL of sucrose (3 mg/mL) were injected at a flow rate of 50 uL/min for
calibration before each experiment; 500 uL of EVs (40 ng/mL measured as total protein con-
tent by BCA) in PBS were injected into the SPRi flow chamber with a flow rate of 25 pL/min.
SPRi data related to the relative amount of specific EV families were collected on each
ligand. The SPRi signals were collected and analyzed by using EzSuite and OriginLab
software. SPRi sensorgrams were obtained by subtracting the signal related to the anti-IgG
antibody spotted in parallel on the biosensor surface.

4.4.2. Gold Nanoparticle Preparation and Secondary EV Labelling

The presence of the Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) on the
surface of the immobilized EVs was evaluated by injecting in SPRi 500 uL of spherical
GNPs conjugated with anti-VEGFR2 with a flow rate of 25 uL./min. GNPs of 14 nm were
synthesized and functionalized as described by Sguassero et al. [47]. GNPs were used in
order to increase the signal intensity as they are surface plasmon-assisted field amplifiers
and intrinsic refractive index sensors representing a powerful tool thanks to their rich
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surface chemistry and high electron density (see Supplementary Material, Figures S1 and
52). Moreover, the presence of a neuroinflammatory marker, Translocator Protein (TSPO)
on the EV surface was evaluated by injecting 200 pL of its relative ligand PK11195 (Merck
KGaA) with a flow rate of 25 uL/min. At the end of each experiment, the biochip was
regenerated with 200 pL of 100 mM NaOH at 50 pL/min. The SPRi signals of each injection
were collected and analyzed by using EzSuite software and Origin2021. Sensorgrams were
corrected by subtracting the signal related to the negative control (anti-rat IgG antibody)
spotted on the chip in order to remove the background noise due to non-specific binding.

4.5. Statistical Analysis

Statistical analysis was performed using Origin2021 and SPSS v.28. The Mann—
Whitney non-parametric test was used to compare continuous variables obtained from the
serum (ELLA and ELISA data) and EV characterization between stroke and CTRL groups.
Correlation analysis was performed between SPRi-data and functional independence mea-
sured by the MBI score at admission and at discharge from intensive rehabilitation. In
particular, either Pearson’s or Spearman’s tests were adopted conditioned to the normality
test results (Shapiro-Wilk). The level of significance « was set at p-value = 0.05.

Then, features significantly correlating with either the admission or discharge MBI,
entered a five-fold cross-validated multivariate regularized linear regression (Elastic-Net,
EN) with outcome, respectively, set to the admission or discharge MBI. Regularization
is adopted to prevent the risk of overfitting. EN is a regularized method that linearly
combines the regularization penalties of the LASSO and Ridge regression limiting the
respective limitations of the two methods as used in isolation [48]. Ridge adds to linear
regression models quadratic regularization (A;||B| 12): it always assigns a non-zero coeffi-
cient to all features in the model, consequently failing in eliminating coefficients even if
the corresponding independent variable is irrelevant to the prediction. Conversely, LASSO
regularization term (A1||B||;) fosters the neglect of specific features but is known to suffer
when the dimensionality of the dataset is higher than the number of the available examples
or when multicollinear independent variables are present [49,50]. The weighted use of both
regularization terms results in regression parameters f estimates as follows:

B = argmin g ||y — XB|* + Az||BI1> + M|Blly

where X is the feature set and y is the dependent variable. Regularization parameters tune
the type of regularization applied, with the special cases A =0, A1 #0and Ap #0, A1 =0
corresponding to the LASSO and Ridge regression, respectively. The median absolute value
and interquartile range (IQR) between actual and predicted values will be used to evaluate
the multivariate accuracy of the two models together with the R? coefficient. Regression
analyses and cross-validation were conducted using Python libraries (statamodels, sklearn).

5. Conclusions

Taken together, our results suggest that microglia-derived EVs and endothelial EVs
are significantly involved in the intercellular communications that occur more than 10 days
after ischemic stroke. The reported data suggest that EVs could be even more effective
than previously proposed biomarkers in the profiling of patients in the subacute phase
after ischemic stroke and in the prediction of their recovery after rehabilitation. Although
our results are valid for mild ischemic stroke patients over 50 years old, our data support
the idea that EVs are involved in crucial mechanisms in post-stroke brain remodeling that
could be further explored and enhanced to favor patients’ recovery. Despite the expected
variability of data from patients after ischemic stroke due to lesion extent and spontaneous
repair processes, EVs seem to retain sufficient information for the biochemical profiling of
patients. This work provides hints and methodology (multiplexing SPRi based biosensor)
to further deepen the role of EVs as biomarkers of rehabilitation after ischemic stroke and
as key players in stroke recovery, to be used as decision support systems for clinicians
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and physiotherapists dealing with complex patients” profiles in the subacute phase of the
disease.
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