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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is one of the most prevalent forms of neurodegenerative disorders. Previously, we have
Alzheimer’s disease shown that in vivo administration of an IL-17 neutralizing antibody (IL-17Ab) rescues amyloid-p-induced neuro-
IL-17

inflammation and memory impairment, demonstrating the pivotal role of IL-17 in AD-derived cognitive deficit.
Recently, AD has been recognized as a more intriguing pathology affecting vascular networks and platelet
function. However, not much is known about peripheral vascular inflammation and how pro-inflammatory
circulating cells/mediators could affect peripheral vessels’ function. This study aimed to evaluate whether IL-
17Ab treatment could also impact peripheral AD features, such as systemic inflammation, peripheral vascular
dysfunction, and related pro-thrombotic state in a non-genetic mouse model of AD. Mice were injected intra-
cerebroventricularly with Ap;_42 peptide (3 pg/3 pl). To evaluate the systemic/peripheral protective profile of IL-
17Ab, we used an intranasal administration of IL-17Ab (1 pg/10 pl) at 5, 12, and 19 days after Ap;_42 injection.
Circulating Th17/Treg cells and related cyto-chemokines, haematological parameters, vascular/endothelial

Immunological perturbance
Systemic inflammation
Vascular dysfunction
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inducible Nitric Oxide Synthase; IP-10, interferon gamma-induced protein 10; Iso, isoprenaline; KC, keratinocyte chemoattractant; MCP-1, monocyte-specific
cytokine; MCP-5, monocytes chemoattractant protein-5; MIPs, macrophage inflammatory proteins; NIA-AA, U.S. National Institute on Aging-Alzheimer’s Association;
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reactivity, platelets and coagulation function in mice were evaluated. IL-17Ab treatment ameliorates the sys-
temic/peripheral inflammation, immunological perturbance, vascular/endothelial impairment and pro-
thrombotic state, suggesting a key role for this cytokine in fostering inflammatory processes that characterize

the multifaced aspects of AD.

1. Introduction

Initially identified as an exclusively central nervous system (CNS)
disorder, Alzheimer’s disease (AD) has been recently recognized to be a
more complex pathology affecting the brain vascular network, but also
platelet function, and coagulation cascade [1-5]. In this context, it has
been proposed that amyloid-f (AB)4o and AB4s peptides can interact with
several proteins involved in the coagulation cascade, i.e., fibrin/fibri-
nogen, factor XII, and factor XIIIa, leading to clot formation [6]. Clots
derived from Ap-fibrinogen/fibrin binding display structurally
abnormal fibrin clots that are harder to degrade than normal clots and,
for this feature, they could represent a potential marker of AD [7]. This
condition, coupled with the impaired/overwhelmed clearance of Ap
peptides, contributes to microbleeds and micro- and perivascular
distress, known as cerebral amyloid angiopathy (CAA). The impaired
perfusion of the neocortex and hippocampus, coupled with a
pro-inflammatory microenvironment due to CAA, leads to a slackening
of the blood-brain barrier, resulting in the initiation of degenerative
processes within the brain tissue [8-10] such as increased recruitment of
monocytes and lymphocytes leading to further release of inflammatory
factors [11,12]. The increase of fibrin deposition, as well as the levels of
fibrinogen-derived peptides, has also been revealed in the brain of
humans and mice suffering from AD [13-16]. An aberrant, chronic,
primed state of platelets in AD patients has also been reported to
contribute to atherothrombosis, formation of leukocytes-platelets ag-
gregates and coagulation abnormalities [10,17]. This evidence re-
inforces the concept that in AD cerebral vascular dysregulation plays a
major role, thereby implying a link between AD and vascular diseases
[8]. However, little evidence is available about the potential impact of a
pro-neuroinflammatory environment on the peripheral vascular
network and if pro-inflammatory circulating cells/mediators could
affect peripheral vessels’ function.

A large body of experimental reports, including those from our
research group, indicate an essential role of T helper (Th) 17 cells and
Th17-derived cytokines, such as interleukin (IL)-17 A, IL-21, IL-22, IL-
23, granulocyte-macrophage colony-stimulating factor (GM-CSF) in AD
onset and progression [18-20]. This evidence is confirmed by the
finding that IL-17 is increased in AD [21-23] and that the inhibition of
the IL-18/1L-23/IL-17 pathway attenuates AD cognitive deficits [24].
Recently, we have shown that in vivo administration of an IL-17
neutralizing  antibody  (IL-17Ab)  rescues  amyloid-p-induced
neuro-inflammation and memory impairment [18], confirming the
pivotal role of IL-17 in AD-derived cognitive deficit. This current study
aimed to evaluate whether neutralizing IL-17A (here referred to as
IL-17) could also impact the peripheral features of AD, including sys-
temic inflammation, peripheral vascular dysfunction, and related
pro-thrombotic state in a non-genetic mouse model of Alzheimer’s
disease.

2. Materials and methods
2.1. Materials

Recombinant mouse IL-17 A neutralizing antibody (IL-17Ab, cat.
MAB421; monoclonal rat IgG2a, clone 50104), its related isotype control
(cat. MABOO6; Control; I1gGaa, clone 54447) and proteome profiler
mouse cytokine Array Kits (cat. ARY006) were purchased from R&D
System (Milan, Italy). AB;_42 (cat. 1428) and AB42 1 (cat. 3391) amyloid
peptides were purchased from Tocris (Milan, Italy). For flow cytometry

analysis, the buffers and all conjugated antibodies were obtained from
BioLegend (London, UK), Abcam (Milan, Italy) and Origene (Herford,
Germany). For clot retraction assay, Microvette® 300 Z (cat. 20.1308)
were purchased from Sarstedt (Verona, Italy). Elisa assay for IL-17 (cat.
RAB0263), IL-10 (cat. 860.030.096), and TGF-f (cat. 660.050.096) were
obtained from Sigma-Aldrich (Milan, Italy), MyBioSource (San Diego,
USA) and Diaclone (Besancon Cedex, France), respectively, whereas
ABy_42 (cat. E-EL-M3010) and GM-CSF (cat. MBS2505934) from Elabs-
cience and MyBioSource respectively. Adenosine 5’-diphosphate diso-
dium salt (ADP; CAS: 16178-48-6), trisodium citrate and Tyrode’s
solution (and all salts for Krebs solution), acetylcholine (Ach; A9101)
and isoprenaline (Iso; I5627) were obtained from Sigma-Aldrich (Milan,
Italy). Unless otherwise stated, all the other reagents were from BioCell
(Milan, Italy).

2.2. Animals

Experimental procedures were carried out in 12-week-old male CD-1
mice in compliance with international and national law and policies and
approved by the Italian Ministry of Health. Animal studies were per-
formed in compliance with the ARRIVE guidelines (EU Directive 2010/
63/EU for animal experiments, ARRIVE guidelines, and the Basel
declaration, including the 3Rs concept) [25,26]. Mice, purchased from
Charles River (Milan, Italy), were housed with ad libitum access to food
and water and maintained on a 12 h light/dark cycle. Experimental
study groups were randomized and blinded. All procedures were carried
out to minimize the number of animals used (n = 6 per group) and their
suffering.

2.3. In vivo animal model and drug administration

Mice were randomly divided into 3 experimental groups: CTRL
(APa2-1 ICV + IgGop IN), AD (AP1_42 ICV + IgGaoa IN) and IL-17Ab
(AP1_42 ICV + IL-17Ab IN). We used a well-established method for the
in vivo model consisting of a direct fibrillated Af injection, as recently
described [27,28]. Method assessment was validated by the simulta-
neous presence of Ap monomers and large oligomers (most likely dimers
and tetramers), at both 7 and 14 days post model induction, in mice
injected with fibrillated Af peptide, compared with mice injected with
not-fibrillated peptide [18]. Ap;_43 protein was dissolved in
phosphate-buffered saline (PBS, 1 pg/pl) in tubes that were sealed and
incubated for 1 day at 37 °C to allow peptide assembly state. Anaes-
thetized mice (mixture of N2O and Oy 70:30 w/v containing 2% iso-
flurane) were injected with aggregated Ap,_4o peptide (3 pg/3 pl) or its
inactive control peptide AP4s1 (3 pg/3 pl) into the cerebral ventricle
(ICV) at a rate of 1 pl/min, using a microsyringe (10 pl, Hamilton) ac-
cording to the procedure previously described [27]. The needle was
removed after 3 min using three intermediate steps with 1 min interstep
delay minimizing backflow. After surgery and Af; 42 administration,
mice were placed on a thermal pad until they recovered from the
anaesthesia. All procedures were performed under strictly aseptic con-
ditions. The Hamilton syringe, used for ICV injections, was repeatedly
washed with distilled water followed by flushing with 1 mg/ml BSA
solution to avoid non-specific binding of peptides to glass. To evaluate
the protective profile of IL-17Ab, we used an intranasal (IN) adminis-
tration route for the antibody IL-17Ab (1 pg/10 pl) and its relative iso-
type IgGaa (1 pg/10 pl) at 5, 12, and 19 days after Af;_45 injection. The
conditions used for the IN administration of IL-17Ab (volume, body
position, and anaesthesia) were based on previously published reports
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[18,29]. Mice from the different experimental groups were sacrificed at
7, 14 and 21 days after Ap;_42 protein for subsequent ex vivo analysis.

2.4. Flow cytometry

Lymphocytes isolated from whole blood (collected by intracardiac
puncture) by Ficoll-Paque Plus density gradient were washed in FACS
buffer (PBS containing 1% BSA and 0.02% NaN5) and directly stained
with the following conjugated antibodies: CD3 (1:200, clone 17A2), CD4
(1:200; clone GK1.5; BioLegend), CD8 (1:200; clone 5H10-1; Bio-
Legend), CD25 (1:200; clone 3C7; BioLegend) for 60 min at 4 °C. After
washing, cells were fixated, permeabilized, and stained intracellularly
with IL-17A (1:200; clone TC11-18H10.1; BioLegend) and FoxP3 anti-
body (1:200; clone MF-14; BioLegend). Th17 and regulatory T cells
(Treg) population were defined as CD4"IL-17" and CD4"CD25FoxP3*
cells respectively [30]. Platelet-rich plasma (PRP) (2 x10° platelets/pl;
see paragraph 2.8 for isolation and characterization) was centrifuged
and resuspended in FACS buffer (PBS containing 5% fetal calf serum and
0.02% NaN3) containing CD16/CD32 FcyIIR-blocking antibody (1:500;
clone 2.4G2; eBioscience) for 30 min. Thereafter, cells were incubated
for 1 h with the following APC/FITC or PE-conjugated antibodies:
CD42b (1:200; SM3032P, Origene), CD62P (1:200; RMP-1, BioLegend),
fibrinogen (1:200; ab72925, Abcam) and IL-17 Receptor (IL-17R;
CD217; 1:200; W15177A, BioLegend) according to previous reports
[31]. T-cells and platelets were successively defined according to the
flow cytometry procedure previously described [30,32]. At least 1 x 10*
cells were analysed per sample, and positive and negative populations
were determined based on the staining obtained with related IgG iso-
types [33]. Flow cytometry was performed on BriCyte E6 flow cytometer
(Mindray Bio-Medical Electronics, Nanshan, China) using MRFlow and
FlowJo software operation [30,34].

2.5. ELISA and ELISA Spot assay

Enzyme-linked immunosorbent assays for A45_1 [35], GM-CSF [36],
IL-17 [24], IL-10 [37], and transforming growth factor-p (TGF-p) [38]
were carried out on plasma as previously described. Briefly, 100 pl of
samples, diluted standards, quality controls and dilution buffer (blank)
were added to a pre-coated plate with monoclonal anti-Af42_;, GM-CSF,
IL-17, IL-10 or TGF-p for 2 h. After washing, 100 pl of biotin-labelled
antibody was added for 1 h. The plate was washed and 100 pl of the
streptavidin-HRP conjugate was added and the plate was incubated for a
further 30 min period in the dark. The addition of 100 pl of the substrate
and stop solution represented the last steps before the reading of
absorbance (measured at 450 nm) on a microplate reader. Antigen levels
in the samples were determined using a standard curve and expressed as
pg/pouch [39,40]. In all described experimental conditions, the
cyto-chemokines protein array equal volumes (1.5 ml) of the brain and
aortic homogenates and plasma were incubated with the pre-coated
proteome profiler array membranes according to the manufacturer’s
instructions. Dot plots were detected by using the enhanced chem-
iluminescence detection kit and Image Quant 400 GE Healthcare soft-
ware (GE Healthcare, Italy) and successively quantified using GS 800
imaging densitometer software (Biorad, Italy) as previously described
[41].

2.6. Haematological investigations

Blood was collected via intracardiac puncture to perform haemato-
logical investigations of coagulation factors, including prothrombin
time (PT; expressed as seconds), partial thromboplastin time (PTT;
expressed as seconds) and fibrinogen (expressed as mg/dl), and sero-
logical analysis including red blood cells (expressed as 10°/pl), hae-
matocrit (expressed as %), haemoglobin (expressed as g/dl) and
platelets (expressed as 10%/pl). Haematological investigations were
performed by CELL-DYN Sapphire (Abbott SRL; Milan, Italy) [42,43].

Pharmacological Research 187 (2023) 106595

All procedures were conducted under strictly aseptic conditions.
2.7. Clot retraction assay

For clot retraction assays, we adopted the protocol proposed by Law
and coll. with slight modifications [44]. Briefly, not-anticoagulated
blood samples, obtained by intracardiac puncture (300 pl) were trans-
ferred into Microvette® 300 Z (Sarstedt, Verona, Italy) containing
clotting activator and incubated at room temperature for 2 h. Thereafter,
clots were collected and weighed (g), and residual serum volumes (ul)
were pipetted as an indirect value of clot reaction [45].

2.8. Platelet aggregation

Blood samples were collected, from all experimental groups, by
intracardiac puncture and mixed with trisodium citrate (3.8%, wt/vol).
To obtain PRP blood was centrifuged at 200 x g [46]. PRP was adjusted
with calcium-free Tyrode’s solution (NaCl 1.34 mM; KCl 2.9 mM;
NapHPO4 0.34 mM; NaHCO312 mM; HEPES 20 mM; MgCl, 1 mM;
Glucose 0.1%; BSA 0.35%) to obtain 2 x 10° platelets per pl. Platelet
aggregation was performed at 37 °C by using Chrono-Log Model 490
optical aggregometer (Chrono-Log, Canada). The aggregation profile
was monitored by measuring light transmission changes after ADP
stimulation (1, 3 and 10 uM). Results were expressed as % of aggregation
and area under the curve (AUC) [31,47].

2.9. Vascular reactivity

Mice from different experimental groups were anaesthetized with
enflurane (5%) and then killed in CO, chamber (70%). The thoracic
aorta was rapidly harvested and cleaned from adherent and connective
tissue. Rings of 1-1.5 mm in length were cut from each aorta, placed in
organ baths (3.0 ml) filled with oxygenated (95% O2-5% CO) Krebs
solution (NaCl 118 mM, KCI 4.7 mM, MgCl, 1.2 mM, KHyPO4 1.2 mM,
CaCly 2.5 mM, NaHCO3 25 mM and glucose 10.1 mM) and kept at 37 °C.
The rings were connected to an isometric transducer (Fort 25, World
Precision Instruments, 2Biological Instruments, Varese, Italy) associated
with PowerLab 8/35 (World Precision Instruments, Biological In-
struments, Varese, Italy). The rings were initially stretched until a
resting tension of 1.0 g and then were allowed to equilibrate for at least
30 min. During this period, when necessary, the tension was adjusted to
1.0 g, and the bath solution was periodically changed [48]. In each set of
experiments, rings were firstly challenged with phenylephrine (PE, 1
pM) until the responses were reproducible. Once the plateau was
reached, cumulative concentration-response curves to acetylcholine
(Ach, 10 nM to 30 uM) and isoprenaline (Iso0,10 nM to 30 pM) were
performed [49].

2.10. Western blot analysis

Isolated aortas were homogenized in modified RIPA buffer (50-mM
Tris-HCl pH 8.0, 150-mM NacCl, 0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate, 1-mM EDTA, 1% Igepal) containing protease in-
hibitors cocktail. Protein concentration was determined by Bradford
assay using BSA as standard. Denatured proteins (40 pg or 80 g for
iNOS and COX-2 proteins) were separated on 8% sodium dodecyl
sulfate-polyacrylamide gels and transferred to a polyvinylidene fluoride
membrane. The membranes were blocked by incubation in PBS con-
taining 0.1% v/v Tween 20 and 3% nonfat dried milk (Applichem) for 1
h at room temperature and then incubated overnight at 4 °C with mouse
monoclonal anti-endothelial Nitric Oxide (NO) Synthase (eNOS, 1:500,
610297, BD Transduction Laboratories, USA) rabbit polyclonal anti-
inducible Nitric Oxide Synthase iNOS (1:1000; D6B6S, Cell Signaling,
USA), rabbit polyclonal anti-Cyclooxygenase- (COX-)1 (1:1000; 4841,
Cell Signaling, USA) or mouse monoclonal anti-COX-2 (1:1000, 610204,
USA) [50]. Membranes were extensively washed in PBS containing 0.1%
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Fig. 1. AP_4p drives systemic pro-inflammatory profile and neutralization of IL-17 ameliorates AB;_4»-dependent inflammation. Plasma collected from PBS ICV- and
ApB1_42 ICV-injected mice (A) were assayed by ELISA for AB;_4o (results are expressed as pg/ml) (B). Data are presented as means + S.D. of n = 6 mice per group.
Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s multiple comparisons. **##P < 0.0001 vs CTRL group. Thereafter, plasma from
CTRL (AP42-1 ICV + IgGoa IN), AD (AP;_42 ICV + IgGoa IN) and IL-17Ab (AB;_42 ICV + IL-17Ab IN) groups at 21 days’ time-point (see Supplementary Fig. 1 for
experimental detail) were assayed using a proteome profiler cytokine array. Densitometric analysis is presented as heatmap (C). Values of GCSF (D), IL-1p (E), IL-6
(F), IL-17 (G), JE (H), MCP-5 (I), MIP-1a/p (J-K) and RANTES (L) were extrapolated from heatmap and represented graphically. Data (expressed as INT/mm?) are
presented as means + S.D. of positive spots of three separate independent experiments run each with n = 6 mice per group pooled. **P < 0.01, *##P < 0.001,

####p < 0.0001 ys CTRL group; **P < 0.01, ****P < 0.0001 vs AD group.
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Fig. 2. IL-17 neutralizing antibody blunts
Th17/Treg cells increased repertoire. Lympho-
cytes isolated from whole blood at 21 days’
time-point of CTRL (AB421 ICV + IgGaa IN), AD
(AP1_42 ICV + IgGaa IN) and IL-17Ab (ABq1_42
ICV + IL-17Ab IN) groups by Ficoll-Paque Plus
gradient method were gated in their totality
and singlet before the identification of CD4"/

A ]
y 7| ®=14.0% 8 0.8 HHH IL-17* (A, Th17 population) and CD4/CD25"/
_ ) ' ® FoxP3™ (E, Treg population). Histograms indi-
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~ g0 tive cells), in the different experimental condi-
- ‘_7‘ 0.4+ tions (B, F). FACS pictures are representative of
= three independent experiments with similar
‘Qf 0.2 results. Thereafter, plasma collected in the same
€ L %) ' experimental conditions were assayed by ELISA
3 HAR P AR P AP for GM-CSF (C), IL-17 (D), IL-10 (G) and TGFp-1
o 0.0- (H) (expressed as pg/ml). Data are presented as
T T T means + S.D. of n = 6 mice per group. Statis-
tical analysis was conducted by one-way
ANOVA followed by Bonferroni’s multiple
C D comparisons. ##*P < 0.01, *###p < 0.0001 vs
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v/v Tween 20 before incubation horseradish (1:5000, A4700 Clone: AC40, Sigma-Aldrich, Italy) [51].
g y

peroxidase-conjugated secondary antibody for 2 h at room temperature.
Following incubation, membranes were washed and developed using
Chemidoc (Bio-Rad, Italy). The target protein band intensity was
normalized over the intensity of the housekeeping protein p-actin

2.11. RNA extraction and quantitative PCR (qPCR)

Total RNA was isolated from the mouse aorta by use of the TRI-
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Reagent (Sigma-Aldrich, Milan, Italy), according to the manufacturer’s
instructions, and quantized to the NanoDrop. The final preparation of
RNA was considered DNA- and protein-free if the ratio between readings
at 260/280 nm was > 1.7. Isolated mRNA was reverse transcribed by the
use of iScript Reverse Transcription Supermix for RTqPCR (Bio-Rad,
Milan, Italy). Quantitative PCR (qPCR) was carried out in a real-time
PCR system CFX96 (Bio-Rad) using the SsoAdvanced SYBR Green
supermix (cat. n. 1725274, Bio-Rad Milan Italy) detection technique.
gqPCR was performed on independent biological samples > 4-5 for each
experimental group. Each sample was amplified simultaneously in
triplicate in a one-assay run with a non-template control blank for each
primer pair to control for contamination or primer-dimer formation, and
the cycle threshold (Ct) value for each experimental group was deter-
mined. The housekeeping gene (actin) was used to normalize the Ct
values, using the 2°— ACt formula; differences in mRNA content be-
tween groups were expressed as 2°— AACt [52]. Primers Sequence
(5°->3’): IL-17A fw TCAGCGTGTCCAAACACTGAG rev CGCCAAGG-
GAGTTAAAGACTT; IL-17RA fw AGTGTTTCCTCTACCCAGCAC rev
GAAAACCGCCACCGCTTAG; IL-17RC  fw  TTCTGCGGTATTT-
GACTGTTTCG rev GTCCCGGACTTCAAGACCC; actin fw
GGCTGTATTCCCCTCCATCG rev CCAGTTGGTAACAATGCCATGT [53].

2.12. Data and analysis

In this study, statistical analysis complies with the recommendations
on experimental design and analysis in pharmacology [54] and data
sharing and presentation in preclinical pharmacology [55,56]. All data
presented as means + S.D. were analysed using Student’s t-test (two
groups), one-way or two-way ANOVA followed by Bonferroni’s and
Tuckey’s for multiple comparison tests (more than two groups).
GraphPad Prism 8.0 software (San Diego, CA, USA) was used for anal-
ysis. Differences between means were considered statistically significant
when P < 0.05 was achieved. The sample size was chosen to ensure
alpha 0.05 and power 0.8. Animal weight was used for randomization
and group allocation to reduce unwanted sources of variations by data
normalization. In vivo and in vitro studies were carried out to generate
groups of equal size (n = 4-6 of independent values), using randomi-
zation and blinded analysis. The figure legends specify data and statis-
tical tests for each experiment.

3. Results and discussion

3.1. Api_42 drives systemic pro-inflammatory profile, and neutralization
of IL-17 ameliorates Af1_42-dependent inflammation

Increased plasma levels of Af; 42 have been detected in both pre-
clinical investigations and clinical studies of AD [35,57]. Therefore, to
verify if, in a non-genetic mouse model of AD, ICV administration of
fibrillated Ap;_42 could affect the systemic levels of Ap fragments, we
monitored A; 45 plasmatic concentration following 7, 14 and 21days
post AB;_42 ICV by ELISA (Fig. 1A). As shown in Fig. 1B, ABj_42 higher
levels were found as early as 7 days, followed by a further significant
increase at the late stage (14-21 days).

Recent literature proposes multiple mechanisms contributing to AD
onset and progression linked to high levels of circulating Ap;_42, which
include systemic inflammation, immune dysregulation (related to Th17/
Treg ratio), and vascular dysfunction [58-60]. T lymphocytes are
particularly involved in the inflammatory/immunological response
associated with AD (and with the “release” of ABj_42), and activated
T-cells can easily cross the blood-brain barrier contributing to the
ongoing inflammatory repertoire and disease pathogenesis and pro-
gression [18]. The current experimental findings extend upon our pre-
vious findings showing that IL-17 is a detrimental factor for AD, where
this particular cytokine (especially by its selective expression in the
hippocampus and prefrontal cortex) could represent a key factor for the
“self-amplifying” neuro-inflammatory onset typically associated with
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Ap-related disease. Indeed, in the revised criteria for AD, by the U.S.
National Institute on Aging-Alzheimer’s Association (NIA-AA) work-
groups, the disease’s diagnosis is no longer “merely” based on clinical
examination and neuropsychiatric tests but also includes the detection
of AP peptides [61] add circulating pro-inflammatory mediators and
soluble factors. In particular, tumor necrosis factor-a (TNF-a) [62],
IL-1o/B [63], IL-6 [64], IL-7 [65], IL-15 [66] and IL-18 [67], but also
IL-17 [22] and IL-10 [68] have been identified as “critical factors/-
markers” for AD. To assess if our murine model of AD could recapitulate
the systemic peripheral features indicated by NIA-AA, we used an un-
biased approach (pre-made protein array) based on profiling
cyto-chemokines detected in both total brain homogenates and plasma.
Mice were divided into 3 experimental groups: CTRL (Af4p1 ICV +
IgGaa IN), AD (APy-42 ICV + IgGoa IN) and IL-17Ab (AP1_42 ICV +
IL-17Ab IN) (see Supplementary Fig. 1). As shown in the heat map in
Fig. 1C, at the peak of amyloidosis (day 21) AD group displayed a
marked increase in plasmatic levels of several cyto-chemokines and
soluble factors such as granulocyte-colony stimulating factor (GCSF),
chemokine (C-C motif) ligand 1 (CCL-1), IL-1p/ra, IL-6, IL-16, IL-17,
interferon gamma-induced protein 10 (IP-10), monocyte-specific cyto-
kine (MCP-1, also known as JE), monocytes chemoattractant protein-5
(MCP-5), chemokine (C-X-C motif) ligand 9 (CXCL9 also known as
MIG), macrophage inflammatory protein (MIP)— 1a, and — 1p, normal
T lymphocyte chemotactic cytokine (regulated on activation, normal T
cell expressed and secreted; RANTES), compared to CTRL group. Inter-
estingly, in the IL-17Ab group, we detected not only a significant
reduction in the aforementioned factors (Fig. 1C) but also a reversion to
basal values of GCSF, IL-1f, IL-6, IL-17, JE, MCP-5, MIPla/p and
RANTES (Fig. 1D-L). A not significant trend was observed in the brain
(Supplementary Fig. 2) and plasma (Supplementary Fig. 3) after 7 and
14 days post ABj_42 ICV injection.

Thus, neutralization of IL-17 exerts a beneficial action on the brain,
protecting from Ap;_42-dependent pro-inflammatory cyto-chemokines
production involved in systemic/peripheral inflammation as supported
by a large body of experimental reports, including those from our
research group [18].

3.2. IL-17 neutralizing antibody blunts Th17/Treg cells increased
repertoire

Treg cells are of fundamental importance in modulating the relative
balance between inflammation and systemic immune tolerance in AD
[68,69]. To correlate Ap;_4o ICV with the development of a specific
circulating Th profile, we isolated lymphocytes from all groups at 7, 14
and 21 days and stained isolated cells for CD4/IL-17 and
CD4/CD25/FoxP3 for the identification of Th17 and Treg population,
respectively (gating strategy reported in Supplementary Fig. 4) [30,70].

At the peak of “amyloidosis” (day 21) AD group displayed a marked
increase in Th17" cells compared to CTRL (Fig. 2A-B). This cellular
phenotype was associated with a significant increase in GM-CSF
(Fig. 2C) and IL-17 (Fig. 2D). Treatment with IL-17Ab significantly
reduced both the number of circulating CD4*/IL-17" cells (Fig. 2B) and
the levels of GM-CSF (Fig. 2C) and IL-17 (Fig. 2D). Af1_42 ICV was also
associated with a significant increase of both circulating CD4"/CD25"/
FoxP3™ (Treg) cells (Fig. 2E-F) and IL-10 production (Fig. 2G). Notably,
following the treatment with the IL-17Ab, we observed a significant
reduction in Treg profile (Fig. 2F) and IL-10 (Fig. 2G). Conversely, no
significant differences were found for TGF-§ (Fig. 2H). At the earlier
stage of ABj_42 ICV injection (7 and 14 days), IL-17Ab did not signifi-
cantly affect either Th17 (Supplementary Fig. 5) or Treg (Supplementary
Fig. 6) expansion and activation, suggesting that the beneficial effect
exerted by IL-17Ab is reached through the cumulative dose adminis-
tered. Th17/Treg cellular analysis was strengthened by a lower per-
centage of positive cells found in all the staining for the isotype control
antibodies (Supplementary Fig. 7) and by no significant changes on
circulating CD3" and CD8" cells between AD and IL-17Ab group
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Fig. 3. Neutralization of IL-17 ameliorates AD-related vascular inflammation. Homogenates obtained from aorta (harvested at 21 days) of CTRL (Af42_1 ICV + IgGaa
IN), AD (APj_42 ICV + IgGoa IN) and IL-17Ab (AP;_42 ICV + IL-17Ab IN) groups were assayed using a proteome profiler cytokine array. Densitometric analysis is
presented as heatmap (A). Thereafter, values of CCL-1 (B), IL-1p (C), IL-16 (D), IL-17 (E), KC (F), MIG (G) and RANTES (H) were extrapolated from heatmap and
represented graphically. Data (expressed as INT/mm?) are presented as means + S.D. of positive spots of three separate independent experiments run each withn = 6
mice per group pooled. ###p < 0.001, ####p < 0.0001 vs CTRL group; ****P < 0.0001 vs AD group (B-H). mRNA expression of IL-17 (I), IL-17RA (J) and IL-17RC
(K) in aorta from CTRL, AD and IL-17Ab groups at 21 days’ time points was evaluated. Data were expressed as mean + S.D. of n = 4 mice per group. Statistical
analysis was conducted by one-way ANOVA followed by Tukey’s for multiple comparisons. *P < 0.05, ***P < 0.001 vs CTRL group; °P < 0.05 vs AD group.



V. Vellecco et al.

A
o-
§ % s
-~ £
© ©
¢_>§ 60 *k E
qh, 000 % ah,
X 901 = [ B
-o- - ]
120- &
-8 -7 -6 -5 -4
Ach (Log M)
c CTRL AD IL-17Ab
140 kDa
42 kDa
p-actin —--———--- -—
0,79 £ 0,31 0,65+0,14 0,74 £ 0,20
E CTRL AD IL-17Ab
70 kDa
COX-1 wmdlh o - o o -
. 42 kDa
B-actin =SS - .- asan S ahana <«———
0,61+0,18 0,64 +£0,14 0,58 £ 0,09
G H
= 100 . 50
T
S so Fekekk 40 o
£ > °
E’ 60 g E‘ 30
o -
2 4 o 20
£ 2 10
2
o 0
D B . E— A N B E—
S Partial
Fibrinogen thromboplastin
time
J
CTRL IL-17Ab
[0 ]
M

Kk

Haemoglobin

15
0 ek
10 #HHE
.
5
0
D B S E—

aldl

Pharmacological Research 187 (2023) 106595

B
B CTRL(AB, ICV + 1gGy, IN)
0- I AD (AB14; ICV + 1gG,4 IN)
[ 1L-17ADb (A4, ICV + IL-17Ab IN)
30
*kk
601 o
---
90- -
T T T T 1
-8 7 -6 5 -4
Iso (log M)
b CTRL AD IL-17Ab PC
130 kD
iNOS —2
. 42 kD
B-actin - — - - e el <
0
F CTRL AD IL-17Ab PC
70 kDa
COX-2 -
42 kD
P-actin == ——— > > —-———— —— Pkt
0
I
15
*Te
O 0 CTRL (AByz.1 ICV + 1gG;4 IN)
Y s © AD (AB14; ICV + 1gG,, IN)
o IL-17Ab (AB4, ICV + IL-17Ab IN)
0
A B S —
Prothrombin
time
K L
0.20 HHHHE = 200
— = ek
) 85
E 0.15 Fekkk S E 150 HHHE
2 ® 2 e
g 0.10 o 2 100
- w g
L2 005 Q5 50
o x =
0.00 ? o
A B B E— D B R E—
Haematocrit Platelets

1600

40] [ *k Oy .
" i 1200 & o

2 ° 800

b ﬁ D D ’ .] I ﬁ ﬂ
0 0

%

103yl
o

(caption on next page)



V. Vellecco et al. Pharmacological Research 187 (2023) 106595
Fig. 4. Neutralization of IL-17 affects endothelial reactivity and reduces clot formation. Concentration-response curves of acetylcholine (A; 10 nM to 30 uM) and
isoprenaline (B; 10 nM to 30 uM) on a stable tone of phenylephrine (1 uM) on aorta rings harvested at 21 days in all experimental conditions, were performed. Values
are expressed as means + S.D. of n = 6 mice per group and expressed as % relaxation. Statistical analysis was conducted by two-way ANOVA followed by Bon-
ferroni’s for multiple comparisons.*P < 0.05, **P < 0.01, ***P < 0.001 vs CTRL group; °°°P < 0.001 vs AD group (A-B). Aorta ring homogenates, harvested at 21
days’ time-point in all experimental conditions, were assayed by western blot for eNOS (C), iNOS (D), COX-1 (E), and COX-2 (F). Western blot imagines are
representative of three separate experiments with similar results. Values of cumulative densitometric values, reported at the bottom of related figures, are expressed
as OD Ratio with actin. Values are presented as means =+ S.D. of three separate independent experiments run each with n = 6 mice per group pooled. Statistical
analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. Haematological investigations were assessed on blood samples at 21
days post model induction on CTRL (Af42 1 ICV + IgGaa IN), AD (APy_42 ICV + IgGaa IN) and IL-17Ab (AB;_42 ICV + IL-17Ab IN) groups. The effect on the coagulation
process and fibrinolytic activity were determined by measuring fibrinogen (expressed as mg/dl) (G), PTT (expressed as s) (H), and PT (expressed as s) (I). The effect of
IL-17Ab on clot formation was evaluated, macroscopically, by a clot retraction assay (J), and quantified measuring their weights (expressed as g) (K), and their
residual serum volumes (expressed as pl) (L). Finally, haematological indexes related to red blood cells (expressed as 106/p1), haemoglobin (expressed as g/dl),
haematocrit (expressed as %), and platelets (expressed as 10>/ul) were evaluated (M). Data are presented as means + S.D. of n = 6 mice per group. Statistical analysis
was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. ####P < 0.0001 vs CTRL group; * *P < 0.01, ***P < 0.001, ****P < 0.0001

vs AD group (G-M).

(Supplementary Fig. 8). According to relevant literature, we have: i)
confirmed that the onset and progression of the disease are associated
with increased circulating levels of Th17 and Treg; ii) demonstrated that
treatment with IL-17Ab modulates the inflammatory response by
restoring Th17/Treg ratio repertoire. Thus, in this AD mouse model, IL-
17 plays a pivotal role not only in Th17-pathogenic activity but also in
the Treg cells-driven immunological tolerance.

3.3. Neutralization of IL-17 ameliorates AD-related vascular
inflammation and reduces clot formation

To assess whether the systemic inflammatory state was also corre-
lated to peripheral vascular inflammation and dysfunction, we per-
formed a cyto-chemokines analysis on aorta homogenates at 7, 14 and
21 days post ABi_42 ICV injection. A deep alteration in the pattern of
inflammatory factors was evident in vascular tissues. Indeed, as shown
in the heat map in Fig. 3A, at the 21-day time-point, the AD group dis-
played a marked increase of B lymphocyte chemoattractant (BLC),
GCSF, CCL-1, soluble intercellular adhesion molecule-1 (sSICAM), IL-1f/
ra, IL-6, IL-16, IL-17, IP-10, keratinocyte chemoattractant (KC), JE, MIG,
RANTES and tissue inhibitor of metallopeptidase inhibitor-1 (TIMP-1)
compared to CTRL. Following IL-17Ab treatment, there was a marked
reduction in the factors mentioned previously (Fig. 3A) and a reversion
to basal levels of CCL-1, IL-1p, IL-16, IL-17, KC, MIG and RANTES
(Fig. 3B-H). Similarly, to immunological assessment, no significant dif-
ferences between AD and IL-17Ab groups were revealed after 7 and 14
days (Supplementary Fig. 9). To investigate if such a pro-inflammatory
profile was related to the activation of IL-17 signalling, we evaluated the
transcript expression of IL-17 and its primary receptors (IL-17RA and IL-
17RC) in aorta samples harvested on day 21. As shown in Fig. 3I-K, in
AD, a significant increase of all three genes was observed compared to
CTRL. IL-17Ab treatment reduced the mRNA expression of both IL-17
(Fig. 3I) and IL-17RA (Fig. 3J) whilst no significant differences were
found for the accessory receptor IL-17RC (Fig. 3K). All these data
strongly imply a key role for IL-17 (mainly produced by Th17" cells)
signalling in orchestrating and sustaining the peripheral vascular
inflammation associated with AD.

Does this inflammatory environment affect vascular function? The
experiments performed using isolated aorta rings indicated that in AD
mice there is a significant reduction of both Ach- and Iso-induced vas-
orelaxation compared to CTRL group (Fig. 4A-B respectively). The lack
of effect of the IL-17Ab treatment on the major enzymes involved in
vessel reactivity, namely endothelial nitric oxide synthase (eNOS,
Fig. 4C), inducible nitric oxide synthase (iNOS, Fig. 4D), cyclooxygenase
1 (COX-1, Fig. 4E) and cyclooxygenase 2 (COX-2, Fig. 4F) suggested that
IL17/IL17R pathway does not modulate these canonical vascular en-
zymes. When tissues were incubated with the IL-17Ab, Ach-induced
vascular response was rescued (Fig. 4A-B). Since Ach-induced vasodi-
latation is exclusively endothelium-dependent, this result indicates a
targeted action on the endothelium. Conversely, the lack of effect on Iso

implies a lack of action on smooth muscle cells [48, 71-73].

It is well-established that the endothelium is the first link between
inflammation and coagulation. Indeed, dysfunctional endothelium rep-
resents not only the interface between plasmatic inflammatory media-
tors/cells and vessels but also the surface where molecules involved in
both coagulation and the development of inflammation are exposed
[74]. Recent studies show that during AD onset and progression, the
activation of several “latent and silent” coagulation factors takes place
[8,75]. This concept is in line with the endothelium protective effect of
the IL-17Ab above discussed. As reported in Fig. 4G, IL-17Ab treatment
prevented the fibrinogen increase observed in the AD group without
affecting PTT (Fig. 4H) or PT (Fig. 4I). To verify the relevance of
increased fibrinogen on clot formation, we next analysed the clot
retraction in all groups. Clot morphology (Fig. 4J), clot weight (Fig. 4K)
and residual clot serum volumes (Fig. 4L) changes were all significantly
reduced by IL-17Ab treatment. In the AD group, there was also a sig-
nificant decrease in red blood cells (day 21, expressed as 10°/ul), hae-
moglobin (day 14 and 21, expressed as g/dl), and haematocrit (day 21,
expressed as %) (Fig. 4M).

This data is in line with previous reports that show circulating ab-
normalities in AD patients [1,2]. IL-17Ab treatment reverted this for-
mula to physiological values (Supplementary Fig. 10), whilst no
significant variances were observed for platelets among groups
(expressed as 10%/pl) in all experimental time-points. Taken together, all
these data depict a peripheral vascular dysfunction in which the endo-
thelium impairment leads to an inflammatory/pro-thrombotic state. The
beneficial effects of IL-17Ab unveil the main role of IL-17 in developing
these phenomena.

3.4. Neutralization of IL-17 modulates AD-related platelets activation
and pro-aggregative state

The lack of effect on platelet counts, combined with the beneficial
effect of IL-17Ab on clot formation, suggested a possible modulation of
platelet function and activation by IL-17. This hypothesis relies on the
following evidence: i) a functional IL-17 receptor is expressed on both
murine and human platelets [31]; ii) increasing clinical evidence shows
that enhanced platelet activation is a feature of AD-related vascular
dysfunction [76]. Here, the platelet-activating profile examined by using
flow cytometry and samples collected on day 21 demonstrate that in AD
samples there is a significant increase in fibrinogen and CD62P expres-
sion as compared to CTRL group (Fig. 5). IL-17Ab treatment selectively
reverted the expression of fibrinogen (Fig. 5D), leaving unchanged the
level of CD62P (Fig. 5E). CD42b™ cells (a specific marker of platelets),
were gated for expression of fibrinogen-binding sites on the aIIbp3
integrin, CD62P and IL-17R (gating strategy reported in Supplementary
Fig. 11) according to the protocol described previously [31]. A possible
direct effect of IL-17 on its receptor was ruled out by the lack of sig-
nificant changes in IL-17R extra-cellular expression among the experi-
mental groups (Fig. 5F). Reported values were strengthened by a low
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Fig. 5. Neutralization of IL-17 modulates AD-related platelets activation and pro-aggregative state. PRP, isolated from whole blood at 21 days’ time-point for CTRL
(AP42_1 ICV + 1gGap IN), AD (AB;_42 ICV + IgGoa IN) and IL-17Ab (APy_42 ICV + IL-17Ab IN) group, was firstly gated for CD42b before the identification of
Fibrinogen™ (A), CD62P™" (B), and IL.-17 Receptor™ (C). Histograms indicate the total positive populations (expressed as Mean Fluorescent Intensity, MIF) (D-F), in the
different experimental conditions. FACS pictures are representative of three independent experiments with similar results. Data are presented as means + S.D. of
n =5 mice per group. Statistical analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. **P < 0.01 vs CTRL group;
*P < 0.05 vs AD group. Platelet functionality was evaluated at 21-day time-point in all experimental conditions. Representative tracers of ADP-induced aggregation
at 1, 3 and 10 uM (G). Results were reported as % of aggregation (H) and AUC (I). Data are expressed as mean =+ S.D. of n = 4 mice per group. Statistical analysis was
conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. *P < 0.05, **P < 0.01 vs its own CTRL group; °P < 0.05 vs its own CTRL group;
##P < 0.01 vs its own CTRL group; §P < 0.05 vs its own AD group.
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Fig. 6. Neutralization of interleukin-17 (IL-17) modulates systemic inflammation, peripheral vascular dysfunction, and related prothrombotic state in Alzheimer’s
disease. Our findings propose that AD is strictly associated with systemic inflammation and peripheral vascular dysfunction. Intracerebroventricular (ICV) admin-
istration of APj_42 in mice (upper left panel) is paralleled accompanying to a plasmatic increase of fibrillated peptide after AB;_45 ICV injection (middle left panel).
AP1_42, inducing neuro-inflammation, promotes an unbalance Th17/Treg ratio that concomitantly fuels, mainly through IL-17, a vascular/endothelial inflammation
and platelet hyper-reactivity state (upper right panel). The Venn diagram (shown in the middle right panel) highlights the pro-inflammatory mediators (IL-17 related)
“normally” upregulated in the later stage (21 days) of the disease. Our findings also revealed that the administration of IL-17Ab attenuates this inflammatory scenario
and immune response/s rescuing peripheral AD-outcome (left and right down panel).
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percentage of positive cells found in the staining for the isotype control
antibodies (Supplementary Fig. 12) challenged with ADP (1, 3 and
10 uM). Results are shown as % of aggregation, which reflects the
maximum amplitude of the curve (Fig. 5H), and AUC, which is an
expression of overall platelet activity (Fig. 5I). As expected, there was an
enhanced platelet aggregation since ADP response was significantly
higher in AD group compared to CTRL at all tested concentrations
(Fig. 5H-I). Platelets harvested from the IL-17Ab group displayed a
reduced value of AUC, but not % of aggregation, when challenged with
ADP 10 pM (Fig. 5I). Both parameters were not affected by 1 and 3 pM of
ADP in terms of % of aggregation (Fig. 5H) and AUC (Fig. 5I). These
results confirm the presence of an activated state of platelets in this
preclinical model as observed in AD. Therefore, platelets and coagula-
tion cascades are feasible to foster each other, displaying a synergistic
effect reciprocally. The finding that IL-17Ab affects the AUC but not the
% of aggregation implies that IL-17 amplifies, rather than directly in-
duces, platelet aggregation.

4. Conclusions

Alzheimer’s disease (AD) is a common neurodegenerative disease
characterized by a neuro-inflammatory state, and to date, its treatment
represents a large unmet clinical need. The involvement of IL-17 in the
pathogenesis and progression of AD-related neuro-inflammation has
been reported in several studies. However, the role of this cytokine on
the systemic/peripheral features of AD has not been addressed. In this
study, we have demonstrated that the selected non-genetic mouse model
of AB1_42-induced Alzheimer’s disease, not only recapitulates the neuro-
inflammation typical of AD, but also provides the main systemic/pe-
ripheral features of the pathology. Indeed, this model allows simulta-
neous evaluation of systemic inflammation, immunological
perturbance, peripheral vascular/endothelial impairment, and the pro-
thrombotic state. In this context, we have unveiled a pivotal role of
brain-derived IL-17 (mainly produced by Th17" cells) as a circulating
trigger for the unconventional endothelium/platelets activation leading
to sustaining inflammatory mechanism(s) related to AD (Fig. 6). IL-17
neutralizing antibody treatment modulates all these features suggest-
ing novel, alternative therapeutic approaches for managing the multi-
faced aspects of AD.
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