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Abstract

Glycans are chain-like structures of many monosaccharides which create the carbohydrate portion of
glycoconjugates such as a glycoproteins, glycolipids, or proteoglycans, and are involved in many
physiological functions. Glycans exposed on the surface of pathogens (pathogen-associated molecular
patterns, PAMPs) are recognized by the lectin pathway of the complement system, one of the key
components of innate immune system, through carbohydrate-binding lectins, such as mannose binding
lectin (MBL) or ficolin. Experimental and clinical evidences indicate that MBL also drives secondary
pathogenic thrombo-inflammation on the ischemic vasculature. MBL-mediated pathogenesis is
initiated by its binding to the sugar moieties exposed on endothelial cell membranes after brain

ischemia (damage-associated molecular patterns, DAMPs), e.g. induced by stroke.

Stroke is a major cause of disabilities and death worldwide and occurs by blockage or rupture of a
brain artery (ischemic or hemorrhagic stroke), with lack of oxygen supply to brain tissues and sudden
death of brain cells. Ischemic stroke is the most common type, i.e., 88% of all the cases. Pathological
events on the ischemic vessels include the activation of coagulation, contact/kinin, and complement
cascades. However, despite recent substantial progress in prevention and management, stroke still
remains a large unmet medical need. Therefore, novel therapeutic strategies are needed and MBL

inhibitors have been proposed as potential neuroprotective agents.

The main goal of this thesis was to identify potential MBL inhibitors, by developing and exploiting a

robust pipeline of preclinical studies.

At first, an in vitro Surface Plasmon Resonance (SPR)-based assay was developed to identify MBL
ligands/inhibitors and determine their affinities for MBL. The novel assay was extensively
characterized and proved to be reliable and convenient. The results obtained with different ligands
(e.g., monomeric mannose, a new glycan carrying nine mannose residues and mannose-coated gold
nanoparticles (Man-GNPs) confirmed that multivalency markedly increases the affinity. Accordingly,
Man-GNPs were selected as the best MBL-binding ligand for the following studies, which were
carried out in a cell model mimicking the ischemic injury. i.e. immortalized human brain vascular
endothelial cells (i-hBMECs) subjected to hypoxia and re-oxygenated in the presence of MBL. At
first, a novel Quartz Crystal Microbalance (QCM)-based biosensor assay was developed which
showed that mannose and N-acetylglucosamine —i.e., target sugars of MBL— are actually
overexpressed by cells following hypoxic conditions. Consistently, it was observed that deposition of
MBL on the cell surface is increased by hypoxia and this effect is counteracted by Man-GNPs, at non-
toxic concentrations (20 ug/mL). Further studies showed that hypoxic cells overexpress inflammatory

genes, in particular [CAM-1, in a MBL-dependent manner and this effect was prevented
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by Man-GNPs. These results prompted to test Man-GNPs in vivo, in mice expressing human MBL
(hMBL KI) and subjected to transient cerebral arterial occlusion, to have a mouse model of stroke.
The administration of Man-GNPs to these mice did not result in toxic effects but also did not protect

from the MBL-dependent stroke effects.

In conclusion, the work described in this thesis provides a full and robust pipeline for the preclinical
studies of MBL inhibitors, with potential neuroprotective effect in stroke. Among MBL inhibitors,
Man-GNPs were identified in vitro as the most promising one, and cell studies confirmed their ability
to prevent MBL targeting to hypoxia-induced DAMPs, and the following inflammatory profile.
However, the initial studies did not confirm efficacy in vivo, possibly for pharmacokinetic reasons

which need to be further clarified.

Ab stract .
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Riassunto

I glicani sono strutture composte da diversi monosaccaridi che formano la porzione di carboidrati
tipica delle glicoproteine, dei glicolipidi o dei proteoglicani e sono coinvolti in diverse funzioni
fisiologiche. I glicani che sono esposti sulla superficie dei patogeni (pathogen-associated molecular
patterns, PAMP) rappresentano un segnale riconosciuto dalle lectine del sistema del complemento,
una componente importante del sistema immunitario, tra cui ci sono le ficoline e mannose-binding
lectin (MBL). Studi condotti in modelli sperimentali di ictus ischemico e studi clinici nei pazienti
hanno dimostrato che MBL contribuisce al danno cerebrale endoteliale attivando cascate di tipo
trombo-infiammatorio. Il riconoscimento di segnali di danno (damage-associated molecular patterns,

DAMP) esposti sulle cellule endoteliali ischemiche ¢ I’evento che scatena queste cascate tossiche.

L’ictus ¢ una delle maggiori cause di mortalita e disabilita permanente nel mondo e dipende dalla
rottura (ictus emorragico) o dall’occlusione (ictus ischemico) di un vaso cerebrale. L’ictus ischemico
rappresenta il tipo piu frequente e si verifica in circa 88% dei casi. Nonostante alcuni progressi nella
cura, come I’introduzione della trombectomia meccanica, e nella prevenzione, la patologia rimane un
problema medico irrisolto. Sarebbe quindi auspicabile 1’identificazione di nuovi target terapeutici. In

questo contesto MBL rappresenta un potenziale bersaglio farmacologico.

L’obiettivo principale di questa tesi ¢ stato di identificare potenziali inibitori di MBL sviluppando ed

utilizzando una robusta sequenza di test in vitro e in vivo.

Inizialmente abbiamo utilizzato un approccio in vitro mettendo a punto un saggio con Surface
Plasmon Resonance (SPR) che ci ha permesso di identificare i ligandi zuccherini con miglior affinita
di legame a MBL. Abbiamo dimostrato che I’aumento della multivalenza dei leganti disponibili,
ottenuta avvalendoci di nanoparticelle d’oro funzionalizzate con residui di mannosio (Man-GNP),
permette un’efficace fargeting di MBL in vitro. Abbiamo quindi utilizzato cellule immortalizzate in
coltura derivate da microvasi cerebrali umani (ihBMEC), dimostrando, con tecnica Quartz Crystal
Microbalance (QCM), che le glicoproteine esposte sulla loro superficie cambiano se sottoposte ad
uno stimolo ipossico, aumentando 1’esposizione di residui di mannosio, il farget principale di MBL.
Abbiamo osservato che le ihBMEC ipossiche trattate con 20 pg/mL di Man-GNP hanno ridotto il loro
profilo infiammatorio, con particolare riferimento all’espressione di ICAM-1 e MMP-2, due marcatori
inflammatori vascolari. Questo effetto ¢ stato accompagnato dalla riduzione della deposizione di MBL
sulla superficie vascolare. Nell’ultima parte del progetto abbiamo testato ’efficacia del trattamento
con Man-GNP in un modello murino di ictus ischemico, sfruttando un ceppo animale umanizzato,
quindi deleto per le due isoforme murine di MBL e knock-in per quella umana. Il trattamento, quando

confrontato con quello con GNP coniugate al glucosio, che non legano MBL, non ha pero dimostrato
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un effetto neuroprotettivo sui deficit sensorimotori dopo ischemia. In ogni caso la somministrazione
sistemica delle Man-GNP si ¢ dimostrata sicura e futuri esperimenti permetteranno di definire una

strategia di trattamento migliore, volta ad aumentare la biodisponibilita della molecola.

In conclusione, questa tesi ha descritto una pipeline sperimentale per screenare diverse molecole con
il potenziale di agire come inibitori di MBL, partendo da un approccio in vitro su chip (SPR), fino ad
approcci in vitro su modelli cellulari ed in vivo su modelli animali di patologia. Gli studi in vitro

indicano che le Man-GNP inibiscono MBL, ma la loro efficacia in vivo resta da dimostrare.

Ab stract .
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GNPs: gold nanoparticles

HIF-1: hypoxia Inducible Factor 1

HS: human serum

IC50: the half-maximal inhibitory concentration
ICAM-1: intercellular adhesion molecule 1

IL-1alfa: interleukin 1

i-hBMECs: immortalized human brain microvascular endothelial cells

Kb: equilibrium dissociation constant

KI: knock-in

LCA: lens culinaris agglutinin

LP: lectin pathway

MBL: mannose binding lectin

MMP-2: matrix metallopeptidase 2

NeuSAc: N-acetylneuraminic acid (SialicAcid)
PAMPs: pathogen-associated molecular patterns
PHAL: phytohemagglutinin leucoagglutinin

RAGE: receptor for advanced glycation end products
rhFicolin-1: recombinant ficolin-1

rhMBL: recombinant human mannose binding lectin

RU: resonance units
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RCA: ricinus communis agglutinin
SAM: self-assembled monolayer

SNA: sambucus nigra lectin

SPR: surface plasmon resonance

TEM: transmission electron microscopy
TMD1: trastuzumab emtansine

WGA: wheat germ agglutinin
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Chapter 1 : Introduction

Glycans are sugar-based polymers, composed of many monosaccharides linked by glycosidic bonds
which forms chain-like structures on cells and most proteins. They present in many key physiological
and pathological processes including' modulation of structural and functional properties of
biomolecules, e.g. for detection of many infectious agents, cell adhesion, receptor activation, signal
transduction, endocytosis. As carbohydrate binding proteins, lectins are the major interacting partners
of the glycans. Lectins are proteins having different affinity to varieties of sugars carrying mono-, di-,

or multivalent carbohydrate binding sites®™*, and can either be free or exposed on the cell surfaces.

8-10 11-15

Lectins are endogenously found in microbes®’, plants®'® , animals and humans''""°, and are involved
in various biological processes, such as cellular development and interactions, signaling pathways and
immune responses. Therefore, the interaction between lectins and glycans plays fundamental role in

many human physio-pathological processes.

In humans, over 20 distinct types of lectins were detected including selectins, galectins and lectin
pathway initiators'""'*. The lectin pathway (LP) is part of the complement system, an arm of innate
immunity triggered when lectin proteins, e.g. mannose binding lectin (MBL) or ficolin, bind to
specific carbohydrates—and carbohydrate patterns—on the surface of pathogens (pathogen-associated
molecular patterns, PAMPs) or expressed by damaged self-cells (damage-associated molecular
patterns, DAMPs)'® While the complement activation consequent to the lectin binding to pathogens
has a protective role, the consequences of their binding to DAMPs may be deleterious'’. Among all

18,19

the lectins, particularly MBL shows a key pathogenic role after myocardial , renal %

b

121

gastrointestinal 2' and cerebral ischemic injury . In all these conditions but especially for cerebral

ischemic injury (stroke), MBL appears to contribute to tissue injury, as also confirmed by the fact that
genetic deletion or pharmacological inhibition of MBL are protective®**%,

Stroke is the third leading cause of disabilities and second leading cause of death worldwide®°.

Among the different types of strokes, the ischemic one is the most frequent (88% of all strokes) and
can be treated by the use of a thrombolytic agent and endovascular thrombectomy. Despite recent
progress in prevention and management, stroke remains a medical issue considering that the available
therapies present some limitations like a short therapeutic window and increased risk of hemorrhages.
As such around 40% of ischemic stroke patients are untreated and the rate of patient treated with
reperfusion is closer to <20% in Europe which is however showing a limited efficacy in some

patients, even if a successful reperfusion is achieved, the so-called futile reperfusion®’. Better

Chapter 1: Introduction
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understanding of the pathological mechanisms of MBL on ischemic brain tissues and the development

of MBL inhibitors represent promising research areas to address this unmet medical need.

As in every drug discovery, drug candidates should be developed and characterized in pre-clinical in

vitro and in vivo studies for their efficacy, toxicity, pharmacokinetics and safety information.

In this thesis, convenient and robust pre-clinical assays were set up and applied to test MBL inhibitors

and to evaluate their effects in cellular and in vivo models of secondary ischemic brain injuries.

It is important to recall that MBL has an oligomeric structure with multiple carbohydrate recognition
domains (CRD), allowing multiple interactions with arrays of polyglycosilated targets with high
avidity**2. Thus, to effectively interfere with these multivalent interactions, multivalent inhibitors

23,2433

such polymannosylated compounds are required to benefit more from this multivalency effect,

in this project it was focused on nanoparticles.

Nanoparticles is an important application of nanobiotechnology to medicine and there are already
many commercially available examples e.g. Copaxone for multiple sclerosis; Zevalin for lymphoma;
Abraxane for cancer’***. Their unique properties, and in particular the possibility to functionalize
them with labels or ligands, allows their applications for molecular diagnostics and targeted drug

delivery, with the aim of avoiding side effects and improving therapeutic window ***’.

In this study, different sugar-capped gold nanoparticles (sugar-GNPs) i.e. mannose-capped gold
nanoparticles (Man-GNPs) and glucose-capped gold nanoparticles (Glc-GNPs) were screened as
potential MBL inhibitors.*®

This project was based on a stepwise approach with the following main aims:

Chapter 1: Introduction
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Figure 1 Pipeline of the pre-clinical studies for MBL-inhibitors

1) The first aim was to design a Surface Plasmon Resonance (SPR) assay to investigate binding of
human MBL (in solution) to a mannose-exposing sensor chip by mimicking glycocalyx, and to apply
it for the identification and characterization of inhibitors of this binding, supporting translational
studies.

73940 was used to

Previously, the so-called “mannan assay study the binding of monovalent
carbohydrates to MBL. However, it requires long incubation and washing steps which may affect the
accuracy and precision of the measurements. For this, SPR was preferred in the present study, being
the most common and well-established label-free technology, providing real-time measurements in a
microfluidic system. The main application of SPR is for the characterization of biomolecular
interactions in terms of on and off rates (kinetics) and binding strength*' although its versatility allows

many other uses* ™,

In order to screen putative MBL binders, a direct SPR design was used at first in which the
compounds were flowed onto recombinant MBL immobilized on the sensor chip®. However,
immobilization of MBL can alter its binding properties, and also makes this configuration different

from the physiological condition, in which MBL is the circulating protein.

Thus a different SPR design was developed to mimic the real conditions more closely™. This involved
MBL-containing solutions, with or without inhibitors, flowing over a sensor chip coated with
mannosylated albumin. This enabled us to identify compounds that could prevent the binding of
murine MBL isoforms to immobilized mannose residues. Although it gave satisfactory results with
murine MBL, this approach did not work with native human MBL* thus limiting its application.

Therefore, in the present work™, a new SPR assay was developed for in vitro screening of compounds

Chapter 1: Introduction
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interfering with the binding of native human MBL to an appropriate chip surface functionalized with a
pattern of sugar moieties mimicking DAMPS. Also, a novel procedure to regenerate the chip surface
was characterized, accomplished by sequential cleaning with piranha solution followed by UV

cxposure.

2) The second aim of this project was to gain a better understanding of the mechanisms associated to
the MBL deposition on ischemic vessels. Although MBL deposition has been demonstrated on
kidney46’47, hearth®®, intestine® and brain'®*** in several in vitro and in vivo studies with ischemic
reperfusion injury, the specific MBL-binding molecules expressed by damaged endothelial cells
remain unclear. Since MBL is a sugar binding protein, the experimental evidence®® points that MBL
could recognize the changes on sugar profile on glycocalyx—carbohydrate portion of glycoconjugates
on surface of damaged endothelium, such as a glycoprotein, glycolipid, or proteoglycan'— and
binding them to activate the complement cascade. In literature, it is shown that hypoxia altered
endothelium glycosaminoglycans (GAG) i.e. heparan sulfate (HS), chondroitin sulfate (CS), and
58,59

hyaluronan (HA), of different organs; kidney’'*%, heart’***, cremaster™, liver*, lung”’ and brain

but to our knowledge, this alteration has not investigated at the level of monovalent sugars.
To this aim, it was planned to develop a novel glycoprofiling assay for ischemic brain endothelium.

First assay is based on label-free sensors, and among them Quartz Crystal Microbalance (QCM)-
based sensors is the only one allowing to study molecular interactions on the cell surfaces® . Unlike
traditional methods, where multiple steps are required to obtain ligand molecule from the cells by
isolating and purifying them to immobilize onto the biosensor chip surface®, Attana QCM technology
provides a platform for a label-free, direct measurement of biomolecular interactions in their native
environments. In this way, not only the studies become less laborious and time-consuming but also
keep native form of the structures on cell which provide more accurate binding data. QCM cell
biosensors have been exploited to investigate protein-carbohydrate interactions in real-time
previously®*6> However, the study for real-time analysis of biomolecular interactions directly on
immortalized human brain microvascular cell surfaces with a novel hypoxic model by using QCM
biosensor have not been reported. In this thesis, the effect of hypoxia on glycocalyx alteration in
monovalent sugar level was investigated by measuring the binding of selected lectins to i-hBMECs

seeded on QCM chip, for the first time to the best of our knowledge.

This aim was accomplished with further studies based on lectin/immunohistochemistry®”%

using
fluorescent plant lectins with different affinities to sugars to stain the sugars on the endothelium of
ischemic i-hBMEC and ischemic brain tissues of mouse model which had a surgery of middle

cerebral artery occlusion (mcao).

Chapter 1: Introduction
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3) The third aim was carried out using a cell model of endothelial ischemic injury, to investigate the
toxicity and efficacy of Man-GNPs. Previously®, it was shown that cells exposed to hypoxia, and re-
oxygenated with human serum (HS) or recombinant MBL (thMBL) had an increased MBL deposition
(+93%) and complement system activation in comparison with normoxic cells. The presence of MBL
in cells caused hypoxia-induced altered cytoskeletal organization and reduced viability (—25%)
compared to conditions without MBL, showing a direct toxic effect of MBL. In this study, the same

ischemic model with i-hBMECs was used to screen the potential protective effect of Man-GNPs.

4) The fourth and last aim of this project was to explore the protective effects of Man-GNPs in an in

vivo mice model of ischemia.

The role of MBL in mouse model of ischemia has been widely studied®’*"".

For this, mice are
subjected to transient middle cerebral artery occlusion (tMCA0) in order to mimic stroke. Smaller
ischemic lesion, better vascular function and improved neurological deficits were observed in MBL
knock-out mice or in mice treated with anti-MBL molecules™’® A specific deposition of MBL was
found on ischemic endothelium, followed by complement activation and vascular inflammation. This
deposition of MBL lasted up to 48 h post-stroke, driving expansion of the ischemic lesion and
pointing to circulating MBL as a promising therapeutic target. In fact, MBL is synthetized by liver but
not brain cells, and the presence of MBL in the brain is due to circulating MBL which suggests the
potential of systemic injection of MBL inhibitors. For the present studies, mice expressing human
MBL were used (human MBL knock-in) to have better clinical translation of preclinical data. In fact,

humans and rodents carry different isoforms of MBL. While rodents have two functional MBL
isoforms (MBL-A and MBL-C), humans have only one **""

This thesis provides a complete pre-clinical pipeline, with a multidisciplinary approach, for the

development of MBL inhibitors as potential anti-stroke drugs.

Chapter 1: Introduction
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Chapter 2 : Method and materials

2.1 Chemicals and reagents

All chemicals were of analytical grade, used without further purification. All water was double-
distilled, supplied in house by a Milli-Q system (Millipore, Bedford, MA, USA). Hydrogen peroxide
solution (30% w/w) and D- (+)-mannose were purchased from Merck Millipore (Overijse, Belgium).
Tween 20 was from Sigma-Aldrich (Milan, Italy). 2- Mercaptoethanol (14.2 M) and cleaning reagents
(0.5% SDS, 50 mM NaOH and 100 mM HCI) were from the ProteOn Regeneration Kit (Bio- Rad,
California, USA).

2.2 Biological materials

Recombinant human MBL protein (thMBL) (9086-MB) and recombinant human Ficolin-1 protein,
carrier-free (rhFicolin-1) (4209-FC) were purchased from R&D Systems (Minneapolis, MN, USA).
Soybean agglutinin (SBA) unconjugated was purchased from Vector Laboratories (L-1010). Human

serum (from male AB clotted whole blood), USA origin, sterile-filtered (H6914) was purchased from
Merck Life Science S.r.l. MBL, human, mAb 3E7 (HM2061) was purchased from Hycult Biotech.

MBL-depleted human serum was prepared according to a method described previously’®. Briefly, a 5
mL column containing 2 mL of mannan-agarose (Sigma-Aldrich, Belgium) as depleting beads was
equilibrated with Veronal buffer (Lonza, Allendale, New Jersey, US) containing calcium chloride (3
mM) and magnesium chloride (10 mM). Human serum was passed through the column, and the flow-
through was collected. The depletion of MBL was confirmed by Human MBL Quantikine ELISA
(DMBLO00; R&D Systems, bio-techne Ltd. Abingdon, UK) showing = 95% depletion efficiency.

M9 Glycan (High mannose or oligo mannose N glycan with a di-N- acetylglucosamine core and 9

mannose residues) 95% purity, was provided by Ludger Ltd. (Figure 2).
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Figure 2 The Man9 glycan structure has three antennae that are capped with alpha 1,2 linked

mannoses, based on the NMR analysis

2.3 Thiol-glyco-derivatives

Synthetic glyco-derives, Man-EG¢C.:S, Glc-EG¢C.,S (Figure 3) were prepared according to the

reference method 7*™* by Midatech (Bil-bao Spain) and dissolved in water.

A

Oio

eI A N G S e W oG W e A P G
0’ (o) (&)

Chemical Formula: CyHg0,,8
B Molecular Weight: 630,83

o]

0, 0. 0. 0. S§——H
o \/\o /\/ \/\o /\/ \/\o /\/ \/\/\/\/\/\/
Chemical Formula: CygHg0,S
Molecular Weight: 630,83

HO'

Figure 3 Structure of the synthetic glyco-derives, Man-EG6C;;S (A), Glec-EG¢C:S (B)

2.4 Synthesis, functionalization and characterization of gold
nanoparticles

Gold nanoparticles (GNPs) were synthesized and characterized as previously described”. Briefly,
sodium citrate (9 mL, 68 mM), HAuCL (7.5 mL, 10 mM) and AgNO; (490 pL, 5.9 mM) were mixed
and stirred for 6 min at room temperature. Then the solution was added into 250 mL of boiling water
in a 500 mL flask and stirred (750 rpm) for 1 h at 100 “C, allowing the formation of the seeds. The
seed solution was cooled to room temperature, 5 mL of glycerol was added, and the solution was left

stirring for 10 min
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A second mixture of sodium citrate (10 mL, 34 mM), HAuCL (7.5 mL, 10 mM) and AgNO; (426 pL,
5.9 mM) was pre-mixed for 6 min and then added to the seed solution, followed immediately by the
addition of hydroquinone (8 mL, 91 mM). The solution was left stirring at 750 rpm for 1 h to age and

improve homogeneity.

Synthesized citrate-capped GNPs were purified by centrifuging, using Millipore Amicon Ultra-4
Centrifugal Filter Units, 30KDa cut-off, at 6000 rpm for 4 min and stored as colloidal solution in
water (12 mL, Au content 14 mg). These citrate-capped GNPs are stable in water for months, and
their core diameter is 14.1 * 2.1 nm, determined by transmission electron microscopy (TEM) images

(Figure 4). No evidence of residual silver on the gold surface was found, checked by TEM and energy

8 9 10 11 12 13 14 15 16 17 18 19 20
d(nm)

dispersive X-ray.

Counts %

Figure 4 TEM images

A) Citrate-capped GNPs; B) Mannose-capped GNPs; C) Glucose-capped GNPs; D) Statistical
distribution of particle diameters: d(average) = 14.1 £ 2.1 nm There were no differences in core size

distributions after functionalization with mannose and glucose derivatives

GNPs were functionalized by capping the metal surface with thiol- glyco-derivatives, exploiting the

strong thiol-gold bond and allowing a self-assembled monolayer on the gold surface (Figure 5).
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Figure S Synthesis of mannose and glucose-capped GNPs

First, 15 pL of 10 pg/mL thiol-glyco-derivatives, Man-EG¢Cy;S or Glc-EGeC,;S, were added to 85 pL
of water and 500 pL of citrate-capped GNPs (1.16 mg/mL) were added dropwise to the solution, then
shaken overnight at 4 °C in the dark. The samples were centrifuged at 13000 rpm (16.1 rcf) for 25 min
at 15 “C. After centrifugation, the supernatant was removed and the GNPs were re-dispersed in 600 pL
of water. This step was repeated three times. After the final cycle the particles were dispersed in 300

pL of water.

Citrate-capped GNPs and glyco-functionalized GNPs were fully characterized by: 1) dynamic light
scattering (DLS) and ¢-Potential, to determine their hydrodynamic diameter and assess their colloidal

stability (Table 1).

Table 1 Characterization by DLS of citrate and glycol-capped GNPs.

Gold Nanoparticles Hydrodynamic diameter (nm) Polydispersity index {-Potential (mV)
Citrate-GNPs 33+9 0.201+0.03 -26+5
Man-GNPs 28+7 0.173 +0.03 -19+2
Glc-GNPs 29+ 7 0.177+0.01 -9+ 2
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DLS was done with a 90 Plus Particle Size Analyzer from Brookhaven Instrument Corporation
(Holtsville, NY, USA) operating at 15 mW of a solid-state laser (A 661 nm), using a 90 scattering
angle. The (-potential was determined at 25 °C, using the same instrument equipped with an AQ-809
electrode, operating at an applied voltage of 120 V. The C-potential was calculated from
electrophoretic mobility based on the Smoluchowski theory. 2) UV-Vis spectroscopy to characterize
the plasmon band was done with an Agilent 8453 instrument equipped with a disposable cuvette with
1 cm optical path length (Figure 6) and a concentration of NPs calculated with the Beer-Lambert law.
3) Inductive coupled plasma optical emission spectroscopy (ICP-OES) to analyze the metal content
was done with ICP-OES iCAP 6200 Duo upgrade, Thermofisher. Samples were acid-digested on a
hotplate with aqua regia (HCl: HNO; 3:1) solution, diluted with water. 4) TEM was done on a
specimen prepared by dropping the GNP solution onto supported lacey-carbon copper TEM grids,
using a ZEISS LIBRA200FE microscope equipped with an in-column (Q-filter spectrometer/filter,
operating at 200 kV (Figure 4).

UV-Vis spectroscopy

1.2

0.8
0.6
0.4

0.2

400 450 500 550 600 650 700 750

—Man-GNPs —Citrate-capped GNPs —Glc-GNPs

Figure 6 UV-Vis spectroscopy to characterize citrate-capped GNPs and glyco-capped GNPs

Man-EGeCi1S-coated GNPs (Man-GNPs) and Glc-EG¢C;1S-coated GNPs (Gle-GNPs). Milli-Q water
was used as blank and automatically subtracted from all the samples. Uv-Vis spectra are normalized on

a 0—1 scale.

2.5 Piranha/UV cleaning and chip surface coating

For these studies, GLC and GLM sensor chips from BioRad were used, after the removal of the
alginate polymer layer which originally coated the gold surface. For this, the chips were taken out of

the housing (Figure 15) and their surface was immersed in sequence in SDS (0.5%), NaOH (50 mM)
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and HCI (100 mM) for a min each, with intermediate washes with water, then dried under a nitrogen
stream. After this pre-cleaning, the bare gold surface of the chip was obtained by immersing the chip
for 5 min in freshly prepared piranha solution [H,O,:H,SO. 1:5] pre-cooled to room temperature for 15
min under a magnetic-induction stirrer. Immediately after, the chip was immersed in water to remove
residual piranha solution, and rinsed again with water (150 mL), followed by 96% ethanol (50 mL),
then dried under a nitrogen stream. After that, the chip was placed horizontally under the biohazard

safety VBH sterile hood and exposed to the germicidal UV light of the hood for 1 h.

The cleaned chips were then either used immediately for in-situ surface coating or used ex-situ for
thiol-mediated immobilization of the SH-glyco-derivatives. For this, inside the sterile hood the chip
was again rinsed with water (150 mL) and 96% ethanol (50 mL) and placed in a homemade sealed
parafilm box. The dried surface of the chip was covered with freshly prepared SH-glyco-derivative
solution (800 pg/ mL) diluted in 50% ethanol, and left for 24 h on a circular shaker in the dark. Then
the surface was gently rinsed with water (50 mL) and 96% ethanol (5 mL), dried under a nitrogen
stream, and re-inserted into the chip housing. All the above steps (chip cleaning and ligand

immobilization) were carried out in sequence.

2.6 SPR binding assays

All the SPR analyses were done with the ProteOn XPR36 SPR. The running and dilution buffer was
TBST with Ca* 10 mM Tris buffer [pH 7.4], with 150 mM NaCl, 0.005% Tween-20 and 1.2 mM
CaClz.

For initial binding studies different concentrations of rhMBL (0.125-20 nM) were injected for 300 s
at a rate of 30 pL/min, over chips coated directly with different SH-glyco-derivatives, as described
above. Representative sensorgrams (i.e., the time course of the SPR signal in resonance units (RU))

were obtained from parallel spots of the SPR chip surfaces (Figure 7).
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Figure 7 Parallel flow channels of ProteOn XPR36 SPR chip surface

The ProteOn XPR36 SPR instrument has six parallel flow channels and can define six parallel strips of
the same sensor chip. These flow channels can serve to inject six different analytes. For each strip, the

SPR signal is measured in six spots, indicated by dots

For inhibition studies, 1 pg/mL (5 nM) rhMBL was pre-incubated with monovalent mannose (10 mM
and 30 mM) or M9 glycan (100-200 uM) for 1 h, as indicated, at 25 “C on an orbital shaker, and the

solutions were then injected over the chip, for 150-300 s at 30 pL./ min.

In another set of experiments, 1 pg/mL rhMBL was preincubated with or without Man-EG,C;,S-
functionalized GNPs (25, 12.5, 6.25 pg/ mL) or Gle-EG¢C;;S-functionalized GNPs (25 pg/mL) for 1 h
at 25 °C on an orbital shaker. The solutions were injected over the chip surface for 5 min at 30 pL/min
or centrifuged at 13000 rpm (16.1 rcf) for 25 min at 4 °C to precipitate the NPs, and the supernatants

were injected as above.

To evaluate the binding of native MBL, 50-fold-diluted human serum was preincubated with or
without Man-EGeC,;S- or Glc-EG¢C,;S- functionalized GNPs (25 pg/mL) for 1 h at 25 °C on an
orbital shaker. Then the solutions were centrifuged at 13000 rpm (16.1 rcf) for 25 min at 4 “C, to
precipitate the NPs, and the supernatants were injected over the chip surface, for 800 s at 30 pL/min.

In parallel MBL-depleted human serum with or without the addition of thMBL were used.

The injection of diluted sera was immediately followed by injection of anti-hMBL 3E7 antibody (10
pg/mL at a rate of 30 pL/min to specifically recognize the MBL captured by the immobilized sugars.
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2.7 Western Blots

2.7.1 Native and recombinant MBL oligomerization

The i-hBMECs that underwent 16h of hypoxia (HYPX) or normoxia (CTRL), were then re-
oxygenated in presence of human serum 30% (HS) and 10 pg/mL recombinant hMBL (rhMBL) in
MBL depleted human serum 30% (MBL Dep. HS 30%) for 4 h. HS and hMBL Dep. HS were diluted
in medium without FBS and applied to cells. Four hours after reoxygenation media were collected and
immediately stored at —20 °C. Equal amounts of proteins (10 pg/sample) were electrophoresed on
Tris-Acetate 3-8% gradient gels (EA3735, Invitrogen) and without denaturation (0.1% of SDS) in
Tricine-SDS running buffer (Novex LC1675, Invitrogen) and transferred to polyvinylidene fluoride
membranes using Tris-glycine 20% MeOH. Membranes were incubated overnight at 4°C with hMBL
mouse antibody (clone 3E7) (1_1000; Hycult Biotech) followed by anti-mouse HRP-conjugated
antibody (1:10000, goat anti-mouse IgG specific light chain, Jackson ImmunoResearch) for 1h at
room temperature (RT). Immunocomplexes were visualized by chemiluminescence using the
IMMOBILON western blot substrate (Merck KGaA). Images were acquired by ChemiDoc Imaging
Systems (Bio-Rad).

2.7.2 MBL protein corona formation

Protein corona formed by lh of incubation of sugar-GNPs (80 pg/mL) in 30% HS diluted in
TBST/Ca™. Soft corona gradually removed by four consequent washing — centrifugation steps in
TBST/Ca™ at 13 rcf, 40 min. Samples were immediately stored at —20 °C. Presence of MBL
composition on soft corona (Soft C. ManNP/GIcNP) and hard corona (Hard C. Man/Glc) revealed
with western blot analysis. Equal volume of protein corona sample (10 upl/sample) were
electrophoresed on 12% sodium dodecyl sulfate polyacrylamide gel and with denaturation in a
mixture including 2% SDS and boiling for 5 min at 96 °C and transferred to polyvinylidene fluoride
membrane. hMBL mouse antibody (clone 3E7) (1:1000; Hycult Biotech) followed by anti-mouse
HRP-conjugated antibodies 1:10000, goat anti-mouse IgG specific light chain, Jackson
ImmunoResearch) were used. Immunocomplexes were visualized by chemiluminescence using the

IMMOBILON western blot substrate (Merck KGaA).

2.7.3 hMBL and mMASP-2 complexes of hMBL KI mice

Plasma samples from hMBL KI mice at -2d, 90min and 48h after tMCAo were collected and
immediately stored at -80°C. Equal amounts of plasma proteins (10 pg/sample) were electrophoresed
on Tris-Acetate 3-8% gradient gels (EA3735, Invitrogen) in 1% SDS loading buffer using Tricine-

SDS running buffer (Novex LC1675, Invitrogen) and transferred to nitrocellulose membranes by
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TransBlotTurbo system (Bio-rad). Membranes were incubated overnight at 4°C with a mix of hMBL
mouse antibody (clone 3E7) (1_1000; Hycult Biotech) and hMASP-2 rat antibody 1:1000 (clone
8B5). Membranes were then incubated for 1h at RT with a-mouse IRDye800 (1:10000, LI-CORE
Bioscience) together with an a-rat Alexa 647 (1:5000, Invitrogen), used for hMBL and MASP-2
staining respectively. Immunocomplexes were visualized by fluorescence using ChemiDoc Imaging
Systems (Bio-Rad). Quantifications were done with Image Lab Software (Bio-Rad) and results were

standardized using the total protein loaded (Ponceau solution).

2.8 Cell culture

Immortalized hBMECs (Innoprot) were cultured in rectangular canted neck cell culture flask
(Corning). Flask was coated overnight before use, with fibronectin (Sigma) 15 mg/mL in Dulbecco’s
phosphate buffer saline (DPBS, Euroclone). Cells were cultured in culture medium, prepared with
MCDB 131 (Gibco) supplemented with 5% fetal bovine serum (FBS, Euroclone), 2 mM L-glutamine
(Gibco), penicillin/streptomycin (P: 100 U/mL-S: 100 U/mL, Sigma), 1 mg/mL hydrocortisone
(Sigma), 50 mg/mL endothelial cell growth supplement (ECGS, Sigma), and kept at 37C, with 5%
CO02 and 90% humidity.

2.9 QCM ischemic glycoprofiling assay

Schema of hypoxic QCM experiment

Cells seeding - ihnBMECs Hypoxia Reoxygenation Cell Fixation

Dapi staining
(10000 cells) 16h (0.5% 0,, 10-18% CO,) 4h (atmospheric O,)
Cell growth l I Hypoxia Il ’ Treatment ‘ l Qacm
) \ J
Y Y
30% Human Serum Plant Lectin

injections

Figure 8 Protocol of ischemia on i-hBMECsSs to profile glycocalyx of ischemic endothelium.

i-hBMECs were either captured (10° cells/cm?) or seeded (10° cells/em?) on QCM LNB-CC and
LNB-COP chips, respectively. After i-hBMECs captured on LNB-CC for 15 min or seeded —to have
monolayer cell distribution—on LNB-COP for 2 days, cells underwent 16h of hypoxia (HYPX, 0.5%
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02, 10-18% COy) in anaerocult A mini kit (Merck KGaA) (Figure 8) or to normoxia (CTRL) in
incubator. Then, cells were treated with human serum 30 % diluted in culture medium (30% HS) for 4

h and fixed with paraformaldehyde 4%. Cells were checked with nuclei staining (DAPI).

CTRL and HYPX LNB-CC/COP chips pairs were inserted in Cell A200 QCM instrument. Different
plant lectins (PHAL, RCA, WGA, SNA, ConA, LCA) with different sugar affinities, were injected at
four different concentration (0.7-2-6-18 pg/mL) for 250s at 10 pL/min over CTRL and HYPX i-
hBMECs on LNB-CC or LNB-COP chips. Regeneration was done between each injection of lectins
with TBST buffer without Ca™ and two glycine pH1.5 injections, respectively.

2.10 In vitro ischemia model assay with sugar-GNPs treatment

Schema of Hypoxic Experiment

Cells seeding - ihBMECs

Hypoxia Reoxygenation Outcome measurement
(‘\\Uw ells 'S )
l l 16h (0.5% O,, 5% CO,) l 4h (atmospheric O,) l
| 7\ y T N /N
1
| Hypoxia l ’ Treatment ‘ Cell Viability

Cell growth

RT-PCR

‘ 30% HS w/wo sugar-GNPs ‘ immunohistochemistry

Figure 9 Experimental schema of i-hBMECs exposing hypoxia to investigate MBL interaction with
sugar-GNPs on ischemic endothelium.

i-hBMECs (5000 cells/cm?) (Innoprot) were seeded on black 96-well m-plates (ibidi, Germany) with
optically clear flat bottom, suitable for fluorescence microscopy. Plates were coated overnight before
use, with fibronectin (Sigma) 15 mg/mL in Dulbecco’s phosphate buffer saline (DPBS, Euroclone).
Cells were cultured in culture medium (MCDB-131 supplemented as described above; 0). Once cells
formed monolayer, they were transferred into a hypoxic chamber (Whitley H35 Hypoxystation, Don
Whitley Scientific, UK) at 37C, and maintained in deoxygenated culture medium at the following gas
concentrations: O, 0.5%, CO> 5% and N, 94.5% for 16 h. Deoxygenated culture medium was
obtained by leaving growth medium in a Petri dish inside the hypoxic chamber for 7 h before use.
Control cells were maintained in fresh culture medium in a normoxic incubator. After 16 h, hypoxic
cells were taken out of the hypoxic chamber, washed twice with DPBS and re-oxygenated for 4 h in a
normoxic incubator. During re-oxygenation, normoxic and hypoxic cells were exposed to 30% HS

(Innovative Research) with or without sugar-GNPs (40-20-5 pg/mL) or MBL depleted human serum
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30% (MBL Dep. HS 30%, obtained as described above; 2.2). All serums were diluted in culture
medium (not supplemented with FBS). At the end of re-oxygenation, media of all conditioned
collected and immediately stored at -20C°.Cells were ether fixed with 4% paraformaldehyde (PFA) in
DPBS RT for 15 min or scratch and collected with lysis buffer (PureLink RNA miniKit, Invitrogen,
CA, USA) containing 1% of 2-mercaptoethanol. Fixed cells were stored in 0.01M NaNs in PBS
0.01M at 4C° until immunofluorescence analysis, collected cells were stored at 20C° until RT-PCR

analysis.

2.11 Immunofluorescence

2.11.1 In vitro cell assay

Immunofluorescence was done on fixed cells. Nuclei were stained with DAPI (1 mg/mL, Invitrogen).
For MBL staining, after a blockade with 1% normal goat serum for 1 h, fixed cells were incubated
overnight with mouse antihuman MBL (1:100, Hycult Biotechnology). Cells were then incubated
with biotinylated anti-mouse (1:200) for 1 h followed by incubation with streptavidin Alexa 647-
conjugated (1:100) for 30 min. For F-actin staining, fixed cells were blocked with 1% bovine serum

albumin for 30 min, then incubated with phalloidin Alexa 488-conjugated (1:100, Invitrogen).

2.11.2 In vivo mouse model

MBL Deposition: Twenty-micron thick coronal sections were incubated with mouse antihuman MBL

(1:100, Hycult Biotechnology). Alexa 546 fluoro-conjugated goat-anti-rat IgG (1:500, Molecular
Probes) was used as a secondary antibody. Brain vessels and nuclei were stained with Alexa488

fluoro-conjugated isolectin (IB4, 1:200, Invitrogen) and DAPI (1pg/ml, Invitrogen), respectively.

Glycoprofiling: The same sections of mouse brains were incubated for 2h with Alexa 546 fluoro-

conjugated Concanavalin A (ConA, 1:250, Sigma Aldrich) and Hoechst for the staining of nuclei.

2.12 Confocal microscopy and quantitative analysis

2.12.1 In vitro cell assay

Images for MBL and phalloidin layer occupancy on normoxic and hypoxic i-hBMECs treated with
sugar-GNPs, were obtained by acquiring a 2.5 mm field in the center of each well. Acquisitions were
done by microscopy with a confocal scanning A1 unit (Nikon), managed by ‘NIS-elements’ software.
Cells were illuminated with 405 nm (nuclei), 640 nm (MBL) and 488 nm (F-Actin) lasers; 512 pixel
images were acquired with a 20x objective, over a 10 mm stack, with 2.65 mm step size, and stitched

with 15% overlay. To avoid bleed-through effects, a sequential scanning mode was used. After
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background subtraction, the fluorescent signal for MBL and F-actin was quantified by Imagel

software. Graphic elaboration of images was done with GIMP software.

2.12.2 In vivo mouse model

Images were acquired by confocal microscopy using a scanning sequential mode to avoid bleed-
through effects by an IX81 microscope equipped with a confocal scan unit FV500 with 3 laser lines:
405 nm (nuclei), 488 nm (Vessels) and 546 nm (MBL) lasers and a UV diode. Three-dimensional
images were acquired over a 10 um z-axis with a 0.23 pum step size and processed using Imaris

software (Bitplane) and Photoshop CS2 (Adobe Systems Europe Ltd).

For the quantification of the ConA signal, confocal microscopy was done using a sequential scanning
mode to avoid bleed-through effects by an Al Nikon confocal microscope with an excitation at 405
nm for DAPI and 561 nm for ConA signals. Large view images were acquired by a 20x 0.5 NA
objective, with pixel size 0.62 um and automatically stitched with 10% overlap. Large view images
served as reference to identify the cortical regions of interest for subsequent analysis. Four three-
dimensional volumes sized 210 x 210 x 12 um were acquired with a 40x 0.75 NA objective. Digital
image analysis was done using originally developed ImagelJ plugins. Briefly, the image was corrected
for background noise and then the raw integrated density of pixels calculated over all focal planes.

The sum of focal planes’ raw integrated density was used for statistical analysis.

2.13 Reflectance confocal microscopy

Reflectance confocal microscopy was set up to visualize Sugar-GNPs. Man-GNPs, Glc-GNPs and
Alexa488-conjugated beads were dropped on different microscope slides. Focus and background
adjustment were illuminated with 488 nm (Alexa488-conjugated beads) lasers and Sugar-GNPs were
excited with 561 nm (HV: 100, laser power: 0.5) changing the dichroic to the transmitted/reflectance
mirror (BS20/80) with pinhole adjustment. Images were acquired with a 100x 1.49 NA oil immersion
objective. Same setting then applied on normoxic and hypoxic i-hBMECs treated with 30% HS in
presence of Man-GNPs to visualize nanoparticles. Images were obtained by acquiring a 2.5 mm field

in the center of each well.

2.14 Super-resolution microscopy.

Structured illumination microscopy (SIM) was done on a Nikon SIM system with a 100x 1.49 NA oil
immersion objective (for F-actin quantification), managed by NIS elements software. Cells were
imaged at laser excitation of 405 for nuclei, 488 for F-actin with a 3D-SIM acquisition protocol.

Fourteen-bit images sized 1024 pixels with a single pixel of 0.030 mm (100) or 0.036 mm (60) were
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acquired in a gray level range of 0—4000 to exploit the linear range of the camera (iXon ultra DU-
897U, Andor) at 14-bit and to avoid saturation. Raw and reconstructed images were analyzed with the
SIM check plugin of Imagel. For cytoskeletal organization, 12 cells from four wells per condition
were acquired and analyzed with F-actin touches on 1 pm-spaced grid superimposition. SIM images
were quantified with ImagelJ. Briefly, a region of interest was drawn including the cell cytoplasm but
not the nucleus. Background noise was normalized throughout the samples and F-actin filaments were

selected by signal segmentation followed by the skeletonize function.

2.15 Real-time RT-PCR

Total RNA was extracted from cells at the end of the 4 h re-oxygenation using the PureLink RNA
miniKit (Invitrogen, CA, USA) according to the manufacturer’s instructions. Samples of total RNA
(100 ng) were treated with DNAse (Applied Biosystems, Foster City, CA, USA) and reverse-
transcribed with random hexamer primers using multiscribe reverse transcriptase (TagMan reverse
transcription reagents, Applied Biosystems, Foster City, CA, USA). Primers were designed to span
exon junctions in order to amplify only spliced RNA, using PRIMER-3 software (http://frodo.wi.mit.
edu/) based on GenBank accession numbers (3 -actin: NM_001101.5, MBL2: NM_000242.2). The
same starting concentrations of cDNA template were used in all cases. Real-time PCR was done using
Power SYBR Green according to the manufacturer’s instructions (Applied Biosystems). B-actin was
used as reference gene and relative gene expression levels were determined according to the Ct
method (Applied Biosystems). Data are presented with individual values. Primer sequences: AhR
fwd: cagtactgccaggcecaaca, rev: tgtgtggtagtctgagtgttatttatg; IL-1o fwd: tgaagaagacagttcctccattg, rev:
cttcatggagtgggccatag; MMP-2 fwd: atgccgectttaactggag rev: ggaagccaggatccatttte; ICAM-1 fwd:
tgatgggcagtcaacagcta rev: ggtaaggttcttgeecactgg; RAGE  rev:  accgagtccgtgtetaccag  fwd:
tecctetgacacacatgtce; TMD1  fwd:  gttgtgegtegetgtetc  rev:  actcgcagaggaagecatc HIF-1 - fwd:
tttaccatgccecagattcag  rev: ggtgaactttgtctagtgettcca ; Caludin-5 fwd: cctgegaggegttggataa rev:
gacgttccgaggagcectg; B-actin fwd: ccagctcaccatggatgatg, rev: atgccggagecgttgte.

2.16 Mice

Procedures involving animals and their care were conducted in conformity with institutional
guidelines in compliance with national and international laws and policies. Our project involving
animals received ethical approval by the local ethic committee and by the Italian Ministry of Health
(Autorizzazione n° 383/2021-PR, project number 9F5F5.194). Male and female C57BL/6 J mice were
used at 10-13 weeks old and weighting 26-28 g, either WT or hMBL KI, kindly provided by Dr.
Gregory Stahl, Harvard Medical School, Boston, US, and colonized at the Mario Negri Institute). The
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protocols and details of this report are in accordance with the ARRIVE guidelines (http://

www.nc3rs.org.uk/page.asp?id=1357, see the list provided as a supplementary file).

2.17 Focal cerebral ischemia: Transient middle cerebral artery
occlusion

A. cerebri media (MCA)
Circle of Willis

Coating Length (mm)
9-10

P — Pack of 10 filaments

A. carotis interna (ICA)
A. Plerygopalatina (PPA)

Re-usable

Diameter (mm)

A. occipitalis
A. carotis externa (ECA)

fe———— A. carotis communis (CCA)

C
=mmm hMBL Kl characterization *
= sugar-GNPs treatment
Sacrifice
6 WT mice ) Blood Histology
6 hMBL KI mice withdrawal
90’ 2d
Blood tMCAo0 Health monitoring
withdrawal Duration of tMCAo: 30 min Sensimotor deficits
(neuroscore)
-2d 0
10 Tmm;‘; “V();NP 24§ EPM
19 hMBL KI mice mice with Man-GNPs Blood i
: 9 mice with Gic-GNPs \ - el Sacrifice iy
1:1 gender ratio
8 (20 pgimL) withdrawal Histology
3h 7d 8d

Figure 10 Representative figures for focal cerebral ischemia with transient middle cerebral artery

occlusion (tMCAo)

Siliconized filament (Doccol Corporation, A) and scheme of the vessel architecture supplying the brain
(depicted in background) in the mouse (B). Experimental schema of two different tMCAo experiments:
hMBL KI mice characterization (blue line) and sugar-GNPs treatment (black line). Panels show the

timeline (see red numbers) for tMCAo, treatment and post-tMCAo evaluations (C).

Focal cerebral ischemia was induced by transient middle cerebral artery occlusion (tMCAo) as
previously reported by our group’'. Anesthesia was induced by 3% and maintained by 1.5% isoflurane
inhalation in an N,O/O, (70/30%) mixture. Transient ischemia (60 minutes) was achieved using the
filament model. A silicone coated monofilament nylon suture (sized 7-0, diameter 0.06-0.09 mm,
length 20 mm; diameter with coating 0.23 mm; coating length 10+1 mm, Doccol Corporation,
Redlands, CA, USA) was introduced into the common carotid artery (appropriately isolated) and
advanced to block the middle cerebral artery (MCA). After 30 minutes, blood flow was restored by

carefully removing the filament. During surgery body temperature was kept at 37°C by a heating pad.
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During MCA occlusion, mice were awakened from anesthesia, kept in a warm box and tested for
intraischemic deficits (for inclusion/exclusion criteria, see below). Analgesia was achieved by local
application of an ointment (EMLA, containing 2.5% lidocaine and prilocaine, Aspen Pharma) where
the skin was opened. Animals were monitored after surgery according to the IMPROVE guidelines’®
and treated subcutaneously with 0.1 mg/kg buprenorphine if developing severe signs of distress

(IMPROVE’s amber category of clinical signs).
Inclusion/exclusion criteria

Mice were included in the study if successfully induced with ischemia, i.e., filament correctly
positioned in the MCA. Thus, ischemic animals were included if presenting =3 of the following intra-

ischemic deficits:

1. the palpebral fissure had an ellipsoidal shape (not the normal circular one)
2. one or both ears extended laterally

3. asymmetric body bending on the ischemic side

4. limbs extended laterally and did not align to the body.

Mice were excluded if:

1. they died during MCA surgery

2. they had a decrease in body weight < 35% before sacrifice compared to baseline

2.18 Treatments

Mice received by intravenous (IV) bolus injection in the tail vein at 3h after onset of tMCAo, while
under anesthesia, 20 pg/mL (40 pg/mouse) Man-GNPs and Glc-GNPs (injected volumes maximally
100 pL/mouse). Ten mice for Man-GNPs and nine mice for Glc-GNPs treatment were used with 1:1

gender ratio.

2.19 Neurologic deficits

Forty eight hours after the induction of ischemia, each mouse was rated on two neurologic function
scales unique to the mouse. The general deficit scale evaluates hair (0-2), ears (0-2), eyes (0—4),
posture (0—4), spontaneous activity (0—4), and epileptic behavior (0-12), whereas the focal deficit
scale evaluates body symmetry (0—4), gait (0—4), climbing on a surface held at 45° (0—4), circling
behavior (0-4), front limb symmetry (0—4), compulsory circling (0—4), and whisker response to a light

touch (0—4). Scores range from O (healthy) to 56 (the worst performance in all categories) and
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represent the sum of the results of general and focal deficits (13 categories). Results are expressed as
composite neurological score. All mice meeting the criteria (intraischemic deficits) were included. If
sacrificed for humane endpoint, they were given the worst behavioral score. A trained investigator

who was blinded to the experimental conditions performed experiments.

2.20 Elevated plus maze (EPM)

The EPM measures disinhibition and anxiety-like behaviours. The test consists of two open and two
closed arms (each 35 cm x 5.5 cm), and a central platform (5.5 cm x 5.5 cm), elevated 60 cm above
the ground. Mice were acclimatized in the room for 1 h prior to testing, then placed in the central
platform facing an open arm and their movements were recorded for 5 min. Video recording and time
spent in the closed and open arms were measured by Ethovision XT, 514.0 (Noldus Information
Technology, Wageningen, The Netherlands). All mice meeting the criteria (intraischemic deficits)
were included. If sacrificed for humane endpoint, they were given the worst behavioral score. Data
were expressed as percentage of time spent on the open arms (OA) over the total time the mouse spent

on the maze [open arm time % = 100 x (OA time/total time)].

2.21 Plasma collection

Blood (=50 pL) was obtained from the submandibular vein (cheek pouch) -2d, 90 min and 48h after
tMCAo. Drops of blood were exude from the stick point and were collected into a suitable sample
container. Blood was centrifuged at 2000 g for 15 minutes at 4°C and the plasma was stored at -80 °C

for subsequent analyses.

2.22 Brain collection

Mice were anesthetized with 300 uL of ketamine (150 mg/kg) plus medetomidine (2 mg/kg) intra-

peritoneally before sacrifice.

Mice were transcardially perfused with 30 mL of phosphate buffered saline (PBS) 0.1 mol/L, pH 7.4,
followed by 60 mL of chilled paraformaldehyde (4%) in PBS. The brains were carefully removed
from the skull and post-fixed for 6 h at 4 °C, then transferred to 30% sucrose in 0.1 mol/L phosphate
buffer for 24 h until equilibration. The brains were frozen by immersion in isopentane at —45 °C for 3

min and stored at —80 °C until use.
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2.23 Lectin pathway activity assay

[ . Substrate

MBL/
MASP
mannan coating

Figure 11 Schema of Mannan-assay for C3 deposition

A lectin pathway specific C3 deposition ELISA was prepared on a Maxisorp ELISA plate (NUNC™).
Plate was coated with 10 pg/mL mannan diluted in coating buffer (15 mM Na2CO3, 35 mM
NaHCO3, pH 9.6) and incubated overnight at 4°C. Residual protein binding sites were saturated by
incubating the plate with 1% BSA-TBS blocking buffer (0.1% (w/v) BSA in 10 mM Tris—CL, 140
mM NaCl, 1.5 mM NaN3, pH 7.4) overnight at 4°C. The plate was then washed with washing buffer
(TBS with 0.05% Tween 20 and 5 mM CaCl2). EDTA-plasma samples collected from hMBL KI -2d,
90 min and 48h after tMCAo, were thawed on ice and suspended in barbital buffered saline (BBS;
4 mM barbital, 145 mM NaCl, 2 mM CaCl2, | mM MgCI2, pH 7.4), to a final plasma concentration
of 6%. Wells receiving only BBS buffer were used as negative controls. Plasma solutions were
incubated on the coated plate at 37°C for 1 h 30 min (40 puL/well). The plate was washed and
incubated for 1 h 30 min at RT with a polyclonal anti-human C3c antibody (Dako, A0062) diluted
1:5,000 in washing buffer. After washing, the plate was incubated with an alkaline-phosphatase
labeled goat anti-rabbit IgG antibody (Sigma A-3812) diluted 1:5,000 in washing buffer for 1h
30 min at RT. Following washing, the assay was developed by adding 100 pL substrate solution
(Sigma Fast p-Nitrophenyl Phosphate tablets, Sigma). The absorption at OD405 nm was then
measured using the Infinite M200 spectrofluorometer managed by Magellan software (Tecan, CH).
Plates were washed and incubated for 1 h 30 min at RT with a polyclonal antihuman-C3c antibody
(Dako, A0062) diluted to 2.4 pg/mL in wash buffer. After washing, plates were incubated with an
alkaline phosphatase-labeled goat anti-rabbit IgG antibody (Sigma A-3812) diluted to 1 pg/mL in
wash buffer for 1 h 30 min at RT. After washing, the assay was developed by adding 100 pL of
substrate solution (Sigma Fast p-Nitrophenyl Phosphate Tablets, Sigma). The absorbance at 405 nm
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was then measured using the Infinite M200 spectrofluorometer managed by Magellan software

(Tecan, CH).

2.24 Statistical analysis

Wells containing cells were randomly allocated to treatments. Subsequent immunohistological
evaluations were done by blinded investigators. Data are reported as bar plots with mean + SD.
Groups were compared by analysis of variance (ANOVA) and post hoc test, as indicated in each
figure legend. The parametric or non-parametric test was selected after a Kolmogorov—Smirnov test
for normality to assess whether groups met normal distribution. The constancy of variances was
checked by Bartlett’s test. Data with equal variances were analyzed with two-way ANOVA followed
by Tukey’s and Sidak’s multiple comparison, one-way ANOVA followed by Tukey’s multiple
comparisons or unpaired t-test. Welch’s corrected t-test was used for normally distributed data with
unequal variances. Group size for in vitro studies was defined pre hoc using the formula: n = 2s?
f(a,b)/2 (sd in groups = s, type I error a = 0.01, type II error b = 0.2, percentage difference between
groups = 200 (2 time fold-change in the hypoxic group)). The standard deviation between groups was
calculated based on a pilot experiment presented in 36 measuring the overexpression of /JCAM-1 due

to hypoxia, and resulted in s = 42, yielding n = 4).

Group size for in vivo studies was defined pre hoc using the formula: n = 2s? f(a,b)/2 (sd in groups =
s, type 1 error a = 0.05, type Il error b = 0.2, percentage difference between groups = 25). The
standard deviation between groups was calculated based on previous experiment with neuroscore at

48h as primary endpoint, and resulted in s = 22, yielding n = 12).
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Chapter 3 : Result

3.1 In vitro binding studies

3.1.1 Defining optimum MBL binding surface

3.1.1.1 Introduction

Surface plasmon resonance (SPR) is a label-free sensor which allows to detect biomolecular
interactions in real-time, measuring binding kinetic rate constants (association rate constant kon;
dissociation rate constant ko) and the equilibrium dissociation constant (KD, a measure of affinity or

binding strength) (Figure 12).

oF
Analyte flowing
in a microfluidic ———38 Vo\oww 3o
system “owwdo”
Sensor chip ®
A — oot ]
i : NN . g
Ligand Polrzag S ptectes §
immobilized on . \'/ n
a sensor chip Y | opeca
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Figure 12 Working principle of The ProteOn XPR36 SPR instrument.

SPR technology allows to characterize biomolecular interactions between two unlabelled molecules,
one immobilised on a sensor chip (referred to as the “ligand”), the other (the “analyte”) flowing
through a microfluidic system over the chip surface (A). The interaction between the flowing analyte
and the immobilized ligand is measured directly in real-time. The output of a typical SPR experiment is
a sensorgram, in which the SPR binding signal is shown in function of time, distinguishing the

association and the dissociation phases, i.e., during and after the flow of the analyte, respectively (B).

In this section, a new, convenient and robust SPR-based protocol was developed for in vitro screening
of compounds interfering with the binding of native human MBL to an appropriate chip surface
functionalized with a pattern of sugar moieties mimicking DAMPs (Figure 13). The SPR method is
based on the specific binding of human recombinant MBL or native MBL present in human serum to
the immobilized sugar moieties, to screen and identify inhibitors of this binding. This assay also
includes the procedure to regenerate the chip surface after each experimental session, accomplished

by sequential cleaning with piranha solution followed by UV exposure.
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Figure 13 Overview of SPR assay principle

3.1.1.2 In-situ functionalization of the SPR chip is not efficient

At first, it was attempted to immobilize the SH-glyco-derivatives in the SPR instrument, i.e., flowing
the SH-molecules over the bare gold surface. This would have allowed to immobilize different SH-
glyco-derivatives in parallel lanes of the same sensor chip (Figure 7) and would have given more

control of the level of immobilization.

Figure 14A shows the sensorgrams obtained when flowing Man-EG6C11SH (800 pg/mL) or
mercaptoethanol 1 M (used as a control SH-molecule) on the bare gold surface for 980 s, indicating
that both of them could be immobilized at high levels. The signal of Man-EG6C11SH was lower than
with mercaptoethanol, despite the higher MW, indicating that the number of immobilized Man-
EG6C11SH molecules is about 15 times lower than the number of immobilized mercaptoethanol

molecules.
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Figure 14 Functionalization of the SPR chip surface in the instrument.

(A) Immobilization of mercaptoethanol 1 M (black) and man- EG¢C;;SH (800 ng/mL) in two strips of
the same chip. (B) Injection of rhMBL (20 nM) onto these functionalized strips with sequential
injection of SH-glycopolymer with (green) or without (red) mercaptoethanol. thMBL binding on bare

gold, shown in purple, and binding on the mercaptoethanol-coated channel is in black.

Figure 14B shows the binding signals of thMBL on the prepared surfaces. The response was good on
the Man-EG6C11SH-immobilized surface but not on the mercaptoethanol-immobilized surface;
however, thMBL binding was even greater on the unfunctionalized bare gold, probably due to the
cysteine groups of the protein. It is therefore hypothesized that mercaptoethanol efficiently coated the
whole surface, while the immobilization of Man-EG6C11SH was not so efficient, leaving some

unfunctionalized gold-surface to which thMBL can bind.

To confirm this, the Man-EG6C11S-immobilized surface was subjected to an intermediate flow of
mercaptoethanol for 980 s, followed by thMBL injection. In this condition, the binding of thMBL was
substantially lower (green), supporting the notion that in-instrument immobilization of Man-

EG6C11SH is not sufficient to saturate the whole surface.
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3.1.1.3 Ex-situ functionalization of the SPR chip is efficient and reproducible

UV exposure and coating with
&, Piranha Solution [1:5] glycopolymer
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Figure 15 Diagrammatic scheme of piranha/UV cleaning and the chip surface coating cycle.

To overcome the low functionalization efficiency in the instrument, the SH-glyco-derivatives were
immobilized on the bare gold surface outside the SPR instrument. This meant that the incubation time
could be extended to 24 h, with the aim of allowing a complete functionalization. After this
incubation, the chip is inserted into the SPR instrument (Figure 15) to evaluate the MBL-binding to

the functionalized surfaces.

To be feasible, this approach needed a suitable method for chip regeneration. Therefore different
cleaning strategies (Figure 16A) were tested to remove the immobilized ligands, e.g. dextran matrices
or SH-glyco-derivatives, and identified the combination of immersion in piranha solution followed by

exposure to UV as the best (Figure 16B).

Chapter 3: Results 41



< DEGLI STUDI
E =]
= g
& = SCUOLA DIDOTTORATO
- . \
Z 2 UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA

A Different cleaning approaches B o,%

1000 : e

S Lfe

© 800~ ;

S 600- /‘\\__ Piranha and UV

[

Q -

§ 400 Piranha

S 200- ;

® M w

o— T _ R rh MB.LZD;‘M .......................... Piranha Solution
I 1 T I T T 1
0 100 200 300 400 500 600
Time [s]

meantSD, n=5 parallel dots
Figure 16 Comparison of different cleaning approaches to reclaim the used SPR chip.

Chips were cleaned as indicated and functionalized with Man-EG¢C;:S outside of the SPR instrument.
rhMBL (20 nM) was flowed for 300 secs. The panel A show the sensorgrams (i.e., time course of SPR
signal in RU) expressed as mean+SD of five detection spots of the same chip. SPR Chip cleaning with

Piranha and UV is showed in panel B, cleaned SPR chip microfluidic channels pointed with arrow.

Further studies were carried out to evaluate the performances of the same chip after sequential
regenerations. Figure 17 shows that this enabled us to completely remove the immobilized Man-
EG¢CiiS (compare panels A and B), while maintaining the surface properties for subsequent
functionalizations (compare panels B and C, in which thMBL binding is reinjected after regeneration

and functionalization with Man-EG4C/;S).
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Figure 17 Sensorgrams obtained on the same chip after sequential cleaning with piranha/UV,
surface coating with Man-EG¢C{S outside the SPR instrument as indicated, and injection of

rhMBL.

The figures show the sensorgrams expressed as mean+SD of six detection spots of the same chip (for
clarity only one side of SD is shown). Black lines show the fitting of the sensorgrams in panel A and C,
with a common estimated KD of 2.3 nM (the small difference in the absolute RU values was accounted
for small difference in the estimated Rmax, left free in the fitting, as expected for different

immobilizations).

3.1.1.4 Characterization of the binding properties of Man-EG,C;;S-coated surface in

buffer and serum

Binding properties of the Man-EG¢C;;S-coated surface were characterized by using the conditions for

surface cleaning and functionalization described previously (2.5).

Figure 18 shows the concentration-dependent binding of rhMBL to Man-EG¢C.;S previously
immobilized on a cleaned GLC chip. The Kpwas 0.46 + 0.03 pg/mL, calculated by a fitting of all the
sensorgrams in Figure 18 with the Langmuir equation. Assuming a MW of thMBL of 230 kDa (i.e.
trimers of structural monomers, each made up of three identical 25.5 kDa polypeptide chains "), the

estimated Kpis 2.3 + 0.13 nM (mean+SD of six different detection spots) as in the literature **.

The mean K, from twelve injections of different concentrations of thMBL over eight piranha/UV
cleaned chips (up to four times) functionalized with Man- EG¢C,;S is 2.3 * 0.33 nM (association rate

constant k,, 7.4 + 0.7x10° M~ 's™'; dissociation rate constant Koy 1.3 £ 0.2x107°s7").
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Figure 18 Concentration-dependent binding of rhMBL obtained by simultaneous injections of four

dilutions of rhMBL (0.03-1 pg/mL).

The variability of the sensorgrams obtained in six detection spots (SD shown as shaded area) with the

fitting (black lines) obtained using the the Langmuir equation results in a KD of 0.46 pg/mL.

As for the specificity of the binding, it was found that the Man-EG¢C,;S-coated surface did not bind

Soybean-agglutinin and rh-Ficolinl (Figure 19), in agreement with literature data showing no binding

of these lectins to mannose ">,
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Figure 19 MBL specifically bound to Man-EG¢C(S-coated SPR chip surface.

Binding specificity was evaluated by injecting a fixed concentration (1 pg/mL) of different lectins:

rhMBL(orange), rhFicolin-1 (green), Soybean Agglutinin (SBA) (pink) over Man-EG¢C;;S-coated SPR

chip surface.
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Then the binding of native MBL the Man-EG¢C;;S-coated surface was investigated. Human serum
was diluted 50 times to reduce non-specific binding due to other serum proteins and injected over the
Man-EG¢C,;S-coated surface. Diluted MBL-depleted serum was tested in parallel to estimate the non-

specific binding.

Figure 20A shows the clear MBL-dependent binding, although there was also significant MBL-
independent binding. To specifically visualize the MBL-dependent binding, a second injection with
an anti-MBL antibody was added, immediately after the serum. The antibody injection specifically
detected the MBL-dependent binding, since the signal was negligible for MBL-depleted serum
(Figure 20B).
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Figure 20 Detection of specific homogenous hMBL binding

The graphs show representative sensorgrams, i.e., the time course of the surface plasmon resonance
signal in resonance units (RU). Human serum (HS) or MBL-depleted HS was injected for 800 sec at the
rate of 30 pg/mL over chip surfaces coated with Man-EG¢C;;S (A). MBL-dependent binding was then
determined by sequential injections of anti-hMBL 3E7 antibody (10 pg/mL) shortly after the sera (B).
All sera were diluted 1:50 in TBST/Ca*2. Data show the mean+SD of the sensorgrams obtained in six

detections spots.

To check for quenching of the MBL detection due to the matrix, thMBL was added to MBL-depleted
serum and compared the binding signal with those in buffer. Diluted serum had only a slight (13%)
quenching effect (Figure 21A, B).
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Figure 21 Evaluation of quenching effect of MBL binding in presence of sera.

Injection of thMBL (1 pg/mL) in TBST/Ca*? buffer or in MBL-depleted HS over Man-EGsC11S (A).
MBL-dependent binding determined by sequential injections of 3E7 antibody (10 pg/mL) shortly after
rhMBL (B). All sera were diluted 1:50 in TBST/Ca*2. Data show the mean+SD of the sensorgrams

obtained in six detections spots.

3.1.2 Recognizing MBL inhibitors in buffer

Preincubation of thMBL for 1 h in buffer with 10 or 30 mM mannose (1.8 and 5.4 mg/mL) resulted in
concentration-dependent inhibition of thMBL binding to Man-EGC,;SH-coated surface, with IC50
5.1 mM (95% CI 5.45 £2.35 mM) (~ 1 mg/mL) (Figure 22).
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Figure 22 Proof of principle for screening inhibitors of MBL binding to a Man-EG¢CS -coated
SPR chip surface.

Sensorgrams shows the injections of thMBL preincubated or not with monovalent mannose (10 and 30
mM) (blue), and mannose alone (yellow). All samples were prepared in TBST/Ca™® Data show the

mean+SD of the sensorgrams obtained in 5-6 detections spots.
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A glycan carrying nine mannose residues (M9), was then tested after 1 h preincubation of thMBL in
buffer (Figure 23). M9 was tested at 100 and 200 pM, corresponding to 0.18 and 0.36 mg/mL. The
glycan inhibited thMBL binding to the Man-EG¢C,;SH-coated surface with an estimated IC50 of 175
UM (0.33 mg/mL). These data indicate that this oligo-mannose glycan increases the affinity of MBL

by about 30 times, presumably due to the multivalency effect.
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Figure 23 Inhibitory multivalency effect of M9 Glycan on MBL binding over Man-EG¢CS -coated
SPR chip surface

Sensorgrams shows the injections of rhMBL binding after preincubation of M9 Glycan (100 pM, blue
(A), 200 puM, blue (B)), rhMBL alone (orange) and M9 glycan 100 puM (green)). All samples were

prepared in TBST/Ca*2. Data show the mean+SD of the sensorgrams obtained in 5-6 detections spots.

To benefit more from the multivalency effect, following studies focused on gold nanoparticles
exposing many residues of mannose (Man-GNPs), or glucose (Glu-GNPs) as controls. These NPs
were synthesized starting from citrate-capped GNPs with a core diameter of 14.1 + 2.1 nm (Figure 4).
The citrate-GNPs and glyco- GNPs were fully characterized by TEM and UV-Vis (Figure 4-Figure 6)
and by DLS in order to determine their hydrodynamic diameter and check their colloidal stability by

measuring their {-potentials (see Table 1).

For evaluation of the inhibitory effect of Man- or Glc-GNPs, thMBL in TBST/Ca* buffer was
preincubated for 1 h with 3 pg/mL of GNPs. The mixture including GNPs was injected, over the

functionalized sensor surface.

The results indicated a relevant binding of GNPs themselves on the surface (Figure 24A), which made
it necessary to perform a second injection with anti-MBL antibody (Figure 24B). Although suggesting
an inhibitory effect of GNPs (Figure 24) the possibility that MBL bound to the GNPs might still be

recognized by the antibody would make the interpretation of the results difficult.
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Figure 24 Inhibition of MBL binding on Man-EG¢C;;S -coated SPR chip surface by sugar-capped
GNPs.

rhMBL (1 pg/mL) was preincubated with and without Mannose-(blue, Man-GNPs) and Glucose-(green,
Glc-GNPs) coated gold nanoparticles (3 pg/ml) for 1 hour. The preincubated solutions were injected for
300 sec. over parallel channels of the Man-EG¢C;;S-coated SPR chips (A). Specific MBL binding was
determined by sequential injections of anti-hMBL 3E7 antibody (10 pg/mL) shortly after the injection
of solutions (B). Each sensorgram shows the mean of six parallel sensor spots; SD is indicated as

shaded area.

Since the aim here was to see whether GNPs actually bind MBL, the solution was centrifuged in order
to pellet GNPs with bound MBL, injecting the supernatants (containing unbound rhMBL) over Man-
EG¢C11S-coated surfaces.

Figure 25 shows that Man-GNPs reduced the rhMBL-dependent binding signal in a concentration-
dependent manner, with an extrapolated IC50 of 1.1 pg/mL (95% CI 0.2-3.3 pg/mL) whereas Glc-
GNPs had a much smaller inhibitory effect, with IC50 > 25 pug/mL. The very small amount of NPs
with an inhibitory effect (1.1 pg/mL) indicates that the avidity effect markedly raises the affinity of

these multivalent mannose-based ligands of MBL by 2-3 orders of magnitude.
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Figure 25 MBL binding signals after pre-incubation with inhibitory sugar-capped GNPs.

Sensorgrams show the injections of thMBL binding after preincubation of mannose-capped GNPs (6.5-
25 pg/mL) (Man-GNPs, blue), or glucose-capped GNPs (25 pg/mL) (Gle-GNPs, green), rhMBL alone
(orange). All samples were prepared in TBST/Ca*?. Data show the mean+SD of the sensorgrams

obtained in 5-6 detections spots.

3.1.2.1 Different Oligomerization of hMBL

MBL is a folded molecule, forms a structural unit of three MBL monomers (MBL3), which are

organized through higher order oligomers by interchain disulfide bridge formation®*!

. Circulating
MBL is a highly polydisperse molecule with the size of the oligomers ranging from three to eight
structural units (3xMBL; - 8xMBL;) *.. Due to this highly polydisperse structure of MBL,

oligomerization of hMBL and native hMBL were compared to evaluate better the affinity studies.

Western blot analysis (Figure 26), carried out in non-reducing conditions, showed that human
endogenous MBL is present as high-order oligomers, with major distinct bands ranging 171-382 kDa.
On the other hand, the major bands of thMBL ranged from 25.5 kDa (monomers) to ~71 kDa

(trimers).
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Figure 26 Recombinant and human endogenous MBL showed different oligomerization.

Western blot analysis for MBL oligomerization was run in non-reducing condition with media collected
over immortalized human brain microvascular endothelial cells, exposed to hypoxia (HYPX) or not
(CTRL), and then re-oxygenated in the presence of 30% human serum (HS) or 10 pg/mL recombinant
hMBL (rhMBL) in MBL depleted human serum 30% (MBL Dep. HS 30%), as explained in 2.10. Human
endogenous MBL presented in 30% HS, showed high oligomerization within major distinct band range
of 171-382 kDa, whereas thMBL majorly ranged in 31-71 kDa. No significant changes observed

between the CTRL and HYPX groups. Four replications of the samples prepared for each condition.

3.1.2.2 Protein Corona formation on MBL inhibitors in serum

Protein corona is a natural interface between nanomaterials and biological surroundings, as biological
molecules, including proteins, sugars, and lipids, forming “a corona” on the surface of all
nanoparticles (NPs). This formation may confer a biological identity of the nanomaterials such that
they can engage NPs interactions with living systems™. Surface of sugar-capped GNPs (sugar-GNPs)
are attracted by both low affinity serum proteins which creates outer dynamic soft corona (see blue
circle around the NPs) and high affinity serum proteins that strongly bound to particles to create inner
hard corona (see red circle around the NPs) immediately after sugar-GNPs are introduced into human

serum (Figure 27A).

Protein corona was formed by incubation of sugar-GNPs in 30%HS diluted in TBST/Ca™. Soft
corona was gradually separated from the hard corona by four consequent washings — centrifugation
steps in TBST/Ca’? (Figure 27A). MBL was found on hard corona of Man-GNPs, which proves that
protein corona formation does not interfere the binding of hMBL to Man-GNPs in serum. This

binding is strong and sugar specific as no strong signal was detected on Glc-GNPs (Figure 27B).
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Figure 27 MBL was found on hard corona of mannose-capped GNPs (Man-GNPs) but not glucose-
capped GNPs (Glc-GNPs).

Scheme of MBL protein corona formation and separation of soft corona and hard corona (blue and red
circle, respectively) (A). MBL signal decreased after first to third washes (Soft C1-3_Man/Glc-GNPs)
and no signal captured after additional washing step (Soft C.4 Man/Glc-GNPs), meaning soft corona
efficiently separated from hard corona. Hard Corona was analysed over loaded sugar-NPs (pointed with
black arrow for Man-NPs, white arrow for Glc-GNPs). Sugar-GNPs remained on the top of the
membrane, but only hard corona proteins run through the membrane. MBL was found only on hard

corona of Man-GNPs, but no strong signal detected on Glec-GNPs (B).

3.1.2.3 Recognizing MBL inhibitors in serum

Studies were carried out to see whether the Man-GNPs also inhibits MBL binding in serum, i.e., to
assess both the effect of protein corona formation on GNPs and high oligomerization of endogenous

MBL which would affect Man-GNPs ability to bind MBL.

Man- or Glc-GNPs (6.25 pg/mL) were pre-incubated in 50-fold diluted HS for 1 h. The solutions
were then centrifuged to pellet NPs, and the supernatants (containing unbound MBL) injected over the
Man- EG4Ci;S-coated surface (Figure 28A). To clearly dissect the MBL-dependent binding, a second
injection with an anti-MBL antibody was added, after the one with serum. Figure 28B shows that
Man-GNPs completely inhibited the binding of native MBL (blue), while Glc-GNPs had negligible
inhibitory effect (Figure 28B, green).
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Figure 28 Inhibition of MBL binding by sugar-capped GNPs in human serum.

HS (1:50) was preincubated with and without Man- EG4C,;S (blue) and Glc- EG¢cC,;S (green) coated
GNPs (6.25 pg/mL) for 1h, and precipitated by centrifugation (25 min). Only the supernatants were
injected simultaneously for 800 s over parallel channels of the Man- EGsC,;S coated SPR chip. (A)
Specific MBL binding determined by sequential injections of anti-hMBL 3E7 antibody (10 pg/mL)
shortly after the injection of sera. (B) Each sensorgram shows the mean of six parallel sensor spots; SD

is indicated as shaded area (one side only for clarity).

3.2 Hypoxia altered glycocalyx of i-hBMECs
3.2.1 Introduction

Quartz Crystal Microbalance (QCM) is a cell-based biosensor assay providing real-time
pharmacodynamic analyses on tissues and cells in whole blood and sera.®*** QCM offers extended
possibilities for understanding the biology including in vivo-effects, overcoming limitations of
traditional biosensors as they require isolated and purified target molecules immobilized on the sensor
surface where the target is not present in its natural context, possibly resulting in undesirable

conformation alterations of the target molecule.

Attana Cell A200 QCM was used to investigate possible hypoxia related changes on glycocalyx of i-
hBMECs, mimicking the physiological conditions of ischemic brain injury. For that, either LNB-
carboxyl sensor chip (LNB-CC), allowing cell capturing by immobilized PHAL lectins, and LNB-
COP sensor chip, providing a surface for cell culturing, were used for glycoprofiling assay.
Glycoprofling was carried out by parallel injections of different concentrations of plant lectins—
having affinities to different sugars® i.e. PHAL and RCA to galactose, WGA to GIcNAc, SNA to
NeuSAc, ConA and LCA to mannose— on normoxic and hypoxic i-hBMECs in Cell A200 QCM

instrument (Figure 29).
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Figure 29 Diagrammatic scheme of LNB-CC/COP chip preparation for glycoprofiling of ischemic
i-hBMECs endothelium and lectin binding assay on altered glycocalyx of i-hBMECs within the
Cell A200 QCM instrument.

3.2.2 Overexpression of glycans after hypoxia

Plant lectins were bound more on ischemic (HYPX) endothelium of i-hBMECs than normoxic
(CTRL) ones, contributing to the fact that hypoxia altered glycocalyx of endothelium and induced
more sugar expression on cell surface (Figure 30). LNB-COP chip with i-hBMECs showed higher
signal compared to LNB-CC chip, suggesting monolayer formation of endothelial cells provides

better binding surface for lectins.
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Figure 30 Hypoxia altered glycoprofile of i-hBMECs endothelium.

i-hBMECs captured on LNB-CC or seeded on LNB-COP surface were exposed to hypoxia (HYPX) or
not (CTRL), and then re-oxygenated in the presence of 30% HS. Cells were fixed (4% PFA) and LNB
chips inserted to Cell A200 QCM instrument. Different plant lectins, with different sugar affinities,
were injected at four different concentration (0.7-2-6-18 pg/mL) for 250 sec. over CTRL and HYPX i-
hBMECs on LNB-CC (A) or LNB-COP (B) chips. For each concentration, the ratio of the binding
signals observed in HYPX vs CTRL cells was determined and is shown as single point in the graph.
The bars show the mean with 95% CI (n=3-4). Statistical analysis was carried out using the original
data, i.e., binding signals measured in CTRL and HYPX cells, and was a Ratio paired t-test: *p< 0.05,
**p< 0.01 HYPX vs CTRL.
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3.3 Screening potential effect of GNPs in in vitro cell assay

3.3.1 Toxicity

Potential effects of chosen MBL inhibitor i.e., Man-GNPs were investigated on hypoxic and normoxic
i-hBMECs. For potential toxic effects, the normoxic and hypoxic cells were treated with high
concentration (40 pg/mL) of Man-GNPs and as negative control with Glc-GNPs in presence of 30%
HS. Cell viability assay were carried out by cell counting with DAPI staining. No significant changes

were observed either by hypoxic model and high concentration of sugar-GNPs (Figure 31).

Cell count (DAPI)
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800
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400

cells/mm?

200

30% HS + Man-GNPs
30% HS + Glc-GNPs
30% HS + Man-GNPs
30% HS + Glc-GNPs

CTRL HYPX

Figure 31 High concentration of sugar-GNPs (mannose-capped GNPs (Man-GNPs); glucose-capped
GNPs (Gle-GNPs)) did not affect cell viability.

i-hBMECs underwent 16h of hypoxia (HYPX, red) or normoxia (CTRL, blue). Then they were re-
oxygenated in presence of human serum diluted 30% in culture medium (30% HS) with or without 40
pg/mL sugar-GNPs for 4h. Cells were counted after nuclei staining (DAPI). The data are shown as
mean with individual values + SD (n = 3). Two-way ANOVA followed by Tukey’s post hoc, ns.

Cells were then examined for cytoskeleton organization. First, F-actin layers were labelled with
phalloidin. Hypoxia induced structural damage, as indicated by a greater spacing between cells, less
dense phalloidin staining for F-actin filaments. This effect was not antagonized by presence of 40

ug/mL sugar-GNPs (Figure 32).

Chapter 3: Results

55



< DEGLI STUDI

SCUOLA DIDOTTORATO
UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA

©3 UNIVERSITA
= ONVIIN |

ICOCC

>
w

HYPX
vehicle
area / DAPI
‘@ 6000+
©
2
= T
© 40004 0£> *% *%k *%
(]
o
© 0]
HYPX HYPX £ 20007
Man-GNPs ] Glc-GNPs S
-
e 0 N < 2 2
& o Q ]
& &;,o‘ 0‘\ ;,é
& O
& ()
HYPOXIA

Figure 32 Hypoxic and normoxic i-hBMECs undergone re-oxygenation with or without in the
presence of 40 pg/mL sugar-GNPs in 30% HS labelled with phalloidin (F-actin) to stain the

cytoskeleton.

F-actin staining (green) showed that normoxic (CTRL) i-hBMECs formed a regular layer, while
hypoxic i-hBMECs had greater spacing between cells and less dense staining (A). Scale bars 100 um.
The effect of hypoxia was not antagonized by presence of 40 pg/mL sugar-GNPs (B). Data are reported
as mean with individual values £ SD (n=3). One-way ANOVA followed by Tukey’s post hoc, **p< 0.01
vs. CTRL.

To clarify more the non-toxic function of sugar-GNPs, it was aimed to visualize sugar-GNPs to
understand if the particles were localised in cell or not. For this, reflectance confocal microscopy
(RCM) was used thanks to optical properties of spherical gold nanoparticles. First, RCM was set up
on microscope slides by exciting metallic surface of sugar-GNPs with a single-wavelength laser (561
nm) and then collecting the reflective laser with same wavelength. Focus of camera was adjusted by

Alexa488 conjugated fluorescence beads (Figure 33).
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Figure 33 Set up and test of reflectance confocal microscopy to visualize sugar-GNPs using a

confocal microscope.

Sugar-GNPs (red) were captured by reflectance confocal microscopy. Focus and background adjustment
done by Alexa488-conjugated beads (100 nm, green, Control images only in presence of Alexa488-
conjugated beads presented as No GNPs. Images acquired with a 10x objective (scale bar 20 um) and a

100x objective (scale bar 1 pm).

Then, the same setting applied on i-hBMECs to investigate Man-GNPs localization. In both

conditions i.e., normoxic and hypoxic, nanoparticles were detected in cell soma (Figure 34).

Cytoskeleton organization was altered by hypoxic condition (Figure 32 ,Figure 34B) compared to
CTRL group (Figure 34A), as previously reported”’. However, this strong effect of hypoxia would
also mask possible toxic effect of sugar-GNPs since they were accumulated in the cytoplasm of CTRL
cells. Therefore CTRL cells were selected and analysed to investigate whether intracellular Man-
GNPs presence induced structural changes to the cytoskeleton as shown before with MBL deposition

on F-actins filaments 2.
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Figure 34 Mannose-capped gold nanoparticles (Man-GNPs) were localized inside i-hBMECs with

or without exposure of hypoxia.

Normoxic (CTRL) or hypoxic (HYPX) i-hBMECs undergone re-oxygenation in the presence of 40
pg/mL Man-GNPs in 30% HS were analysed by reflectance confocal microscopy for Man-GNPs
localization. 3D confocal images show Man-GNPs (red, reflectance microscopy) were clustering on
regular (CTRL, A) and distributed (HYPX, B) F-actin layer (phalloidin, green; nuclei are blue (DAPI),
scale bar 10 pm). Man-GNPs were internalized in the cytoplasm of CTRL (A’) and HYPX (B’) i-
hBMECs as pointed with arrows in xy plane and in z projection being within in the same focal plane as

F-actin filaments (scale bar 10 um).

F-actin filaments were identified on SIM images and quantified by recording their touching with
superimposed grid (Figure 35A). Touching per filament in CTRL Man-GNPs-positive cells compared
with CTRL Man-GNPs-negative cells did not differ significantly across groups (Figure 35B) and no

correlation was found between the touching and Man-GNPs number per 100um?’.
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Figure 35 Cytoskeletal organization of i-hBMECs was not altered in presence of Man-GNPs.

Cytoskeletal structure of normoxic i-hBMECs treated with (w) or without (w/0) 40 pg/mL Man-GNPs
in presence of 30% HS were analysed by structured illumination microscopy (SIM). SIM images of F-
actin (phalloidin, green; nuclei are blue (DAPI) were used to assess the F-actin skeletonization (scale
bar 2 pm) (A). F-actin skeletonization and 1 mm-spaced grid were superimpositioned. Grid touching
per F-actin filament did not vary upon GNP treatment (B). No correlation was found between grid
touching and number of Man-GNPs per 100 um? (C). Data are reported as mean with individual values

+ SD (n=12 cells from four wells per condition). Unpaired t test, ns.

These results are strongly suggesting that presence of high concentration of Man-GNPs (40 pg/mL)
did not affect cell viability (Figure 31) and their internalization had not caused filament loss (Figure

32) as well not disorganized cytoskeleton (Figure 35).

3.3.2 Defining protective dose of sugar-GNPs

Proven toxic-free effect of sugar-GNPs, next it was investigated potential protective effect of sugar-
GNPs. First possible protective outcome was measured to see if Man-GNPs can reduce inflammatory
cascades activated by hypoxia. For that, different hypoxia related inflammatory genes expressed by i-
hBMECs, were screened to understand if the hypoxic model presented in this study i.e., 16h of
hypoxia and following 4h of reoxygenation is enough for the cells to express any of those
inflammatory genes. Among eight different hypoxia related genes as shown in Figure 36, only /L-

lalfa, MMP-2 and ICAM-1 were overexpressed by presence of hypoxia.
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Figure 36 Characterization of hypoxia-induced inflammatory genes in i-hBMECs after 4h of re-

oxygenation in presence of 30% of human serum.

Hypoxic (HYPX) i-hBMECs overexpressed /L-/a, MMP-2 and ICAM-1 compared to normoxic (CTRL)
cells. Data are reported as mean with individual values £ SD (n= 4). Two-way ANOVA followed by
Sidak’s post hoc test for AhR, MMP-2, ICAM-1, RAGE, TMDI, HIF-1, Claudin-5, **p<0.01,

*¥*#%p<0.001 and Welch corrected t-test applied to /L-/a, being variances unequal per Bartlett’s test,
*p<0.05, **p<0.01.

Normoxic and hypoxic i-hBMECs treated in presence of Man-GNPs (5-20-40 pg/mL) in 30% HS
were examined for the gene expression of /ICAM-1, MMP-2 and IL-Ialfa (Figure 37). Data obtained
from 3 independent experiments, it was showed that /CAM-I and MMP-2 were significantly
overexpressed by hypoxia (***p<0.001) but /L-Ialfa was not affected. Only overexpression of /CAM-
1 was significantly (**p<0.001) reduced in presence of 20 pg/mL of Man-GNPs as it is reduced by
30% MBL-depleted HS. This is an important observation since MBL was reported to mediate /CAM-1
overexpression. A partial rescue of the hypoxia-driven MMP-2 overexpression was also observed with

20 pg/mL of Man-GNPs, which showed similar expression levels as compared to the normoxic

condition.
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Figure 37 Normoxic (CTRL) or hypoxic (HYPX) i-hBMECs undergone re-oxygenation in the
presence of S, 20 or 40 pg/mL Man-GNPs in 30% HS (w/Man-GNPs) and analysed for

inflammatory gene expression.

Overexpression of ICAM-1 was significantly reduced when i-hBMECs were exposed to 20 pg/mL of
Man-GNPs, to a similar extent than exposure to MBL depleted HS 30% (MBL-dep) and 40 pg/mL of
Man-GNPs was effective to reduce overexpression of MMP-2. IL-1alfa expression was not significantly
changed in presence of Man-GNPs with or without hypoxia. Data from 3 independent experiments are
presented as mean with individual values = SD (n= 4-12). Two-way ANOVA followed by Tukey’s post
hoc test, ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.

Consistently to /CAM-1 result, Figure 38 shows increased MBL deposition on endothelium in the
hypoxic i-hBMECs, while this deposition was decreased with a treatment of 5 and 20 ug/mL Man-
GNPs.
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Figure 38 MBL deposition was significantly increased on endothelium after hypoxia and this
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deposition was decreased with a re-oxygenation in the presence of 5 and 20 pg/mL Man-GNPs in

30% HS.

Normoxic (CTRL) or hypoxic (HYPX) i-hBMECs undergone re-oxygenation in the presence of 5, 20 or
40 pg/mL Man-GNPs in 30% HS (w/Man-GNPs) and analysed for MBL deposition on cell. MBL (red)
deposition was greater on hypoxic than CTRL cells exposed to 30% HS, measured as fluorescence
intensity. This increase on MBL deposition was significantly reduced when i-hBMECs were exposed to
5 and 20 pg/mL of Man-GNPs. Nuclei were stained with DAPI (blue). Scale bar is 200 pm. Data are
reported as mean with individual values + SD (n= 4). Two-way ANOVA followed by Tukey’s post hoc
test, **p<0.001, *p<0.05.

To understand if deposited MBL was linked to Man-GNPs, colocalization studies between MBL and
Man-GNPs were carried out (Figure 39). Immuno-staining of MBL (red) was not merged with Man-
GNPs which was acquired with reflectance confocal microscopy (white). This indicates that the
scavenging of MBL by Man-GNPs seems to be played in the medium, as Man-GNPs did not bind
MBL in the cells.
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Figure 39 No-colocalization was found between MBL and of 5, 20 or40 pg/mL Man-GNPs on
hypoxic and normoxic (CTRL) i-hBMECs.

Normoxic (CTRL) or hypoxic (HYPX) i-hBMECs undergone re-oxygenation in the presence of 5, 20 or
40 pg/mL Man-GNPs in 30% HS were analysed by reflectance confocal microscopy for Man-GNPs and
MBL co-localization. Confocal images show Man-GNPs (white, reflectance microscopy) and hMBL
(red) were depositing on F-actin layer (phalloidin, green; nuclei are blue (DAPI), scale bar 10 um).

Man-GNPs were not co-localized with hMBL (as seen in magnification of white frame, scale bar 1 pm).

Summarizing the data obtained in the in vitro model of ischemia/reperfusion, Man-GNPs were
showed that they are not toxic to the cells with high concentrations (40 pg/ml). 20 pg/ml Man-GNPs
significantly reduced the over-expression of inflammatory genes and MBL deposition on ischemic
endothelium. The scavenging of MBL by Man-GNPs seems to be played in the medium, as Man-
GNPs did not bind MBL in the cells.
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3.4 In vivo ischemic mouse model
3.4.1.1 Introduction

In vitro binding (3.1) and cell assay (3.3) were used to screen inhibition of either recombinant or
endogenous human MBL isoform (hMBL) with sugar-GNPs. There are two main reasons to use
hMBL; 1) to have better clinical translation of preclinical data, 2) evolutionary differences i.e.,

structural and functional differences between human and mouse MBL isoforms as explained in

Figure 40. Briefly, humans are carrying one isoform of MBL, while mice are expressing two isoforms
(MBL-A and MBL-C) 37!, Human MBL isoform is encoded by different functional gene compare to
mice®, showing only 59.92% with MBL-A and 60.25% with MBL-C similarity of amino acid
sequences (available in Uniprot accession No. MBL-C: P41317, MBL-A: P39039, hMBL P11226).
Additionally, these isoforms show different affinity to different sugars (see Table B of

Figure 40). Therefore, in vivo studies were carried out with a humanized mouse model which
expresses human MBL [hMBL2 knock in (KI)] but does not express murine MBL isoforms (mMBL1"
", mMBL2™"), in order to prevent any alteration on sugar-GNPs inhibitions. First, h(MBL KI mice were
characterized as an in vivo ischemic model and then sugar-GNPs were screened for their protective

functions after iv administration.
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Figure 40 Evolutionary differences in MBL isoforms between rodents and humans.

MBL shows different isoform between humans i.e., human MBL, hMBL and mice i.e., MBL-A and
MBL-C with a 59.92% and 60.25% similarity of amino acid sequence respectively (Table A). These
isoforms having different affinity to sugars as different concentration (mM) of monosaccharide
required for 50% inhibition (Iso) of MBL binding to Mannan (see reported in Hansen et al., J Immunol
2000, Table B).

3.4.2 Characterization of hMBL knock-in (KI) mice

Humanized mice only expressed hMBL, keeping all the physiological system unique for mice. This
genetical modification is especially important for lectin pathway (LP) activation, since MBL requires
a complex structural formation with MBL-associated serine proteases (MASP)—as its binding
partner— to initiate LP. Therefore, WB analyses with non-reducing condition were run to investigate
single and complex structure of MBL over blood samples collected 2d before and 90 min, 48 h after
tMCAo. Figure 41 shows that hMBL had different oligomerizations (Figure 41A) and among these
oligomerizations only trimers of trimers (3xMBL3) were slightly changed on a time depended manner

(Figure 41B).
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Figure 41 Human MBL has little changes in oligomerization and was consumed after tMCAo

Western blot analysis for MBL oligomerization was run in non-reducing condition over plasma samples
of hMBL KI mice collected 2 days before (-2d) and 90 min (90°) or 48h after tMCAo. hMBL expressed
by ischemic hMBL KI mice showed four different oligomerization states, within major distinct band
range of 77-308 kDa, with the 77 kDa representing trimers of structural monomers, each made up of
three identical 25.5 kDa polypeptide chains monomer (A). Heat map analysis of these different
oligomerization states of hMBL was performed by calculating the percentage of the OD band signal of
each oligomerization state over the total signal for that sample (%OD band). The heat map presents the
ratio of %OD band signals (scaled with colours) for each oligomerization state (see the numbers on the
left side of the heat map; 1 is for the trimers (MBL3); 2 is for dimer of trimers (2xMBL3); 3 is for the
trimer of trimers (3xMBL3); 4 is for the tetramers of trimers (4xMBL3y of three mice at the different
time points (-2d, 90°, 48h). The most represented state is 3xMBL3 higher than 60% at -2d, and

decreasing thereafter.
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Next, complex structure of human MBL with MASP as binding partner of MBL was investigated,
since these partners were from two different species—MBL from human and MASP from mouse—
and presence of their complex structure in plasma is fundamental for lectin pathway activation. There
are three different MASP proteases (MASP-1, MASP-2, and MASP-3), but in this study, only MASP-
2 was investigated due to its critical contribution to post-ischemic brain injury.* Therefore, a non-
reducing western blot assay was carried out on hMBL and mouse MASP-2 (mMASP-2). Fluorescence
signals from human MBL merge with mouse-MASP-2 (Figure 42) between 117-171 kDa. These
results were especially important as they suggested that the human isoform of MBL was complexed

with murine MASP-2, which is key for MBL-s function as a complement system activator.
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Figure 42 hMBL expressed by hMBL KI mice was circulating with mMASP-2 after tMCAo.

Plasma sample of hMBL KI mice collected 2d before and 90 min (90°), 48h after tMCAo were used in
non-reduced western blot analyses. hMBL stained with anti-hMBLaB (red, A) and mMASP-2 with
(green, B) were merged (yellow, C) between 117and 171 kDa.

Following characterization was performed for DAMPs exhibition on ischemic side of the brain
(ipsilateral hemisphere) compared to healthy side (contralateral hemisphere). Exhibition of DAMPs
on ischemic brain endothelium was already shown above in in vitro QCM studies with different
lectins, via overexpression of sugars on ischemic glycocalyx. Among all the sugars, mannose shows
highest affinity which makes it primary MBL target. Therefore, ipsi- and contralateral hemispheres of
brain slices collected from wild and hMBL KI mice with 30 min of tMCAo, were stained with
fluorescence ConA—plant lectin which has high affinity to mannose—to examine presence of
mannose on DAMPs. Both mouse types were similarly overexpressed (mannose on ipsilateral

hemisphere compared to contralateral hemisphere (Figure 43).
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Figure 43 Brain glycocalyx characterization via mannose staining with fluorescent Concavalin-A

(ConA).

ConA labelling (green) after 48 h of reperfusion was greater on ischemic ipsilateral cortex than healthy
contralateral cortex (nuclei are blue (DAPI), scale bar 50 pm) (A). ConA labelling was measured as
fluorescence intensity (B). Data are reported as mean with individual values =+ SD (WT n=8, hMBL KI
n=6). Two-way ANOVA followed by Sidak’s post hoc test, *p<0.05.

After finding overexpressed MBL target (i.e., mannose) in the ischemic part of the brain, it was next
investigated whether MBL could be also detected in the ischemic brain of the humanized mouse
model. It was assessed the presence of hMBL in hMBL KI mice with 30 min of tMCAo (Figure 44).
hMBL was not detected on contralateral vessels (Figure 44B) but was detected on ipsilateral vessels
of ischemic mice and deposited on the luminal side of the vessels after tMCAo (Figure 44A), as
evidenced by single plane (Figure 44A') and three-dimensional images (Figure 44A"). Coronal
sections of vessels were obtained by clipping the three-dimensional renderings (Figure 44A'") and

further confirmed the intraluminal deposition of hMBL.
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Figure 44 hMBL targeted the brain vessels pertinent to the ischemic territory

Representative images for hMBL (green), vessels (IB4, red) and nuclei (Hoechst, blue) were stained on
the brain sample of hMBL KI mice collected after 48h of tMCAo. hMBL was showed deposition on
ischemic vessels of ipsi-lateral side (A). Single xy plane views with z projections of the white boxes in
A confirmed that hMBL were located in the luminal space of vessels (A’). 3D renderings (A'") and
clipped volumes (A'': clipping in correspondence of the yellow planes) further demonstrated
intraluminal deposition of hMBL. No localization (B, B’) and intraluminal deposition (B'', B'")
detected on the vessels of healthy contra-lateral side. Confocal analysis, scale bar 20 uym (A, B) and 5

pum (A', B").

After structural convenience of the hMBL KI model, its role on lectin pathway (LP) activation was
investigated. LP activation encompasses tight sequential activation of complement cascades through
the cleavage of the complement component C3, which releases the complement C3a and C3b
fragments. These fragments possess pro-inflammatory properties *°. Therefore, role of MBL on
complements pathway activation was tested in mouse plasma (pools from 5 mice belonging to the

7187 with mannan-coated plates, through the presence

same experimental group) using an in vitro assay
of C3b complement fragments. Both wild type and hMBL KI mice followed similar pattern of lectin
activation i.e., reduction 90min and increased 48h after tMCAo compared to plasma samples collected

2d before tMCAo (Figure 45).

Chapter 3: Results

69



A

©3 UNIVERSIT

ICOCC

< DEGLI STUDI

SCUOLA DIDOTTORATO
UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA

2= ONVIIN |

A B
Wild type hMBL KI
1.5 tMCAo, 48h 1.5 tMCAo, 48h
c baseline, -2d c
2 tMCAo, 90' 2 baseline, -2d
% 1.0 % 1.0+
o o
& &
o o o tMCAOo, 90'
a ° = o
© 0.5 < © 0.5
o
LA | ML | AL LR | LR L | LR L | MR |
0.1 1 10 100 0.1 1 10 100
%Plasma %Plasma

Figure 45 Systemic activation of the complement system after 48h, 90’ and 2d of tMCAo in wild
and hMBL KI mice.

LP activity assay was carried out on mannan-coated plate measuring C3b deposition over plasma of
mice belonging to the same ischemic experimental group. The in vitro assay for LP activation on
mannans showed similar activation in plasma from wild (A) and hMBL KI (B) mice. The data refer to

pools of plasma from 5 mice per group, and plasma concentrations are reported on a logarithmic scale.

3.4.3 In vivo protective effect Man-GNPs on the ischemic mouse model

Characterized hMBL KI mice for ischemic model, was used for screening inhibitory effect of sugar-
GNPs in pathological condition. Since 20 pg/mL concentration of Man-GNPs showed the most
protective effect (reducing inflammation and MBL deposition after hypoxia) in vitro, hMBL KI mice
was treated with 20 pg/mL of Man-GNPs 3h after tMCAo. Same treatment applied for the control
group with Glc-GNPs. Each mouse was rated on neurologic function scales by examining their
behavioral deficits. 48h after the tMCAo mice were examined by sensorimotor deficits (neuroscore)
as the primary outcome (Figure 10C). To measure long-term anxiety level of mice, EPM analyses
were carried out 8d after tMCAo to avoid possible anxiety interference due to blood withdrawer at
day 7. No differences on neuroscore (Figure 46A) and EPM (Figure 46B) analyses were detected
between Man- or Glc-GNPs treated mice, which would be acute pharmacokinetic loss of the
nanoparticles in liver®®. However further understanding and analyses are required to enlighten this

argument.
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Figure 46 Evaluation of behavioural deficits, neuroscore after 48 h and EPM after 8d of

reperfusion in hMBL KI mice with a treatment of sugar-GNPs (20 pg/mL).

No effect of treatment with Man-GNPs was observed over mice treated with Glc-GNPs. Neuroscore (A)
and EPM (B) evaluations were not changed significantly between the groups. All mice meeting
inclusion criteria (intraischemic deficits) were included. If sacrificed for humane endpoint, they were
given the worst behavioral score. The data are shown as bars + SDs (n = 9 for Glc-GNPs treatment, n =

10 for Man-GNPs); 1:1 gender ratio, unpaired t-test, ns.
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Chapter 4 : Discussion

In this thesis, a pipeline for pre-clinical screening of hMBL inhibitors, which includes in vitro binding

and cell assays up to in vivo studies, was developed and characterized.

The new SPR-based assay was designed to mimic the endothelium-exposed DAMPs (carbohydrate
patterns) exposed to flowing (circulating) MBL, with the aim to screen compounds inhibiting the
MBL-DAMPs binding. Among the putative inhibitors, mannose-coated nanoparticles (Man-GNPs)
were identified as the most promising candidate, due to their strong binding to hMBL, also present
properties in sera. In order to assess the potential toxic and protective effects of Man-GNPs, studies
were carried out in a model of ischemic immortalized human brain microvascular endothelial cells (i-
hBMEC:s).

As last, neuroprotective effect of Man-GNPs were screened in vivo in a humanized mice model of

1schemic stroke.

In vitro binding studies with SPR were first aimed to prepare the surface mimicking the mannosylated
pattern of DAMPs and showing optimal MBL binding properties, to be used subsequently to screen
MBL inhibitors. For this, Man-linker-SH molecules were selected, to form a self-assembled
monolayer (SAM) between the bare gold surface of the chip and thiol group™*. At first, it was tried
to prepare the monolayer inside the instrument, i.e., flowing the molecule within the microfluidic
channels. This protocol would have had important advantages: to control the amount of immobilized
molecule by measuring the SPR signal in real time and to immobilize different SH-molecules in each
parallel strip of the same sensor chip. Unfortunately, this approach was not successful, because the
exposure of the bare gold to the flowing molecules was too short to saturate the whole surface, so
leaving a significant proportion of unfunctionalized gold (a problem for the following injections of
MBL). This is consistent with literature data®®“?, indicating that the formation of well-organized and
complete SAM requires exposure of the chip to the solution for hours, which was not feasible, since
the flowing solution could not be recycled and therefore an excessive amount of material would have

been required.

Therefore, in order to allow longer-lasting exposure of the chip to the molecule, surface
functionalization was carried out outside the SPR instrument. Moreover, a method for efficient and
complete cleaning/regeneration of a previously used chip was also developed, allowing multiple uses.
This was accomplished by sequential cleaning with piranha solution followed by UV exposure®.
While several studies’*** have used piranha solution for chip cleaning, no data was found in

literature that combines this process with UV exposure. The latter step is likely to converts the alkyl
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thiolates to water-soluble alkyl sulfonates, that can be removed from the surface thorough washing®,
thus allowing a more efficient removal of the sulfur contamination. It was also demonstrated that this
cleaning/regeneration method achieves complete removal of the immobilized SH-glycopolymer,
while maintaining the surface properties for subsequent functionalization, hence very good
reproducibility after different regeneration/functionalization steps. This protocol can be applied to

different SH-ligands and therefore it might be useful in different research areas.

The best MBL-capturing molecule was found as Man-EGe¢Ci1S, because MBL bound in a
concentration-dependent manner with a high, nanomolar affinity and the binding was specific to MBL
since no binding was observed with other lectins with different sugar selectivity®®. This high-affinity
binding suggests a multivalent interaction, i.e., each MBL molecule binds through its different CRD

domains to different mannose residues on the chip °.

This novel method also proved able to measure native MBL in human serum, which is a very
important feature not accomplished with our previous approach®. Since human serum gives quite a
high non-specific signal, a second injection with an anti-MBL antibody was required to specifically

recognize the serum MBL captured during the first injection.

Next, the SPR assay was exploited for screening MBL inhibitors. It is important here to highlight that
SPR overcome the disadvantages of other assays carried out at equilibrium (e.g. mannan
immunoassay)*’. With these latter assays, the long incubation of MBL-containing solution in sugar-
coated microtiter wells may reduce the binding between the inhibitor and MBL, due to the
equilibrium shift induced by the high-affinity binding of free MBL to immobilized sugars. This
potential artifact, leading to underestimation of the compound’s inhibitory effect, is minimized during
the very short flow of plasma over the mannose-coated SPR surface. Another worthwhile advantage
of the SPR assay is that it does not need any labeled reagent and uses less antibody than for microtiter

wells.

With the SPR approach, monomeric mannose inhibited MBL binding to immobilized sugars with an
IC50 in the mM range, as expected’™’’. A new oligo-mannose glycan was also tested which had three
times higher inhibitory potency than monomeric mannose presumably because of the multivalency
effect. Finally, new sugar-NPs, i.e., Mannose-EGsC11S-coated GNPs (Man-GNPs) and Glucose-
EGsCi1S-coated GNPs (Glc-GNPs) were developed, and within them Man-GNPs proved to be
extremely potent with a potency of at least 2—3 orders of magnitude higher than monomeric mannose,
presumably a result of the multivalence effect provided by the Man-GNPs*®. As expected, Glc-
EGsC11S-coated GNPs (Glc-GNPs)—control group of the experiment since MBL shows low affinity
to glucose® —had much less potency (> 25-fold).
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Then, the binding of Man-GNPs to endogenous (native) hMBL was evaluated even in human serum.
In fact, endogenous MBL shows a higher degree of oligomerization (from 3xMBL3 to 5xMBL3) in
comparison to thMBL (from MBL to MBL3). This might allow native MBL to have more
carbohydrate binding domains that could increase the binding affinity to Man-GNPs. Indeed,
endogenous hMBL showed a strong binding to Man-GNPs (hard corona) but not to Glc-GNPs.
Consistently, SPR studies showed that Man-GNPs (6.5 ug/mL) was effective in inhibiting the binding

of serum MBL to mannosylated sensor surface.

These in vitro results indicated Man-GNPs as a promising MBL inhibitor and therefore following
studies in the pipeline were planned to confirm its potential protective properties in cells model of
ischemia. For this, immortalized human brain microvascular endothelial cells (i-hBMECs) were
exposed to hypoxia** which, according to previous data, show an increased deposition of MBL. Even
though these data indicate a hypoxia-induced alteration of glycocalyx, there were no data on the
sugars involved. This was addressed here by using the QCM technology, allowing to study cells on-a-
chip biosensor. In particular two different approaches were used, i.e., capturing cells on the chip by
immobilized PHAL lectins, or directly growing cells on the chip. The latter was more complicated,
but it showed higher binding of lectins, suggesting that monolayer formation of cells provide better
binding surface for lectins. Hypoxia induced an increased binding of all lectins, including wheat germ
agglutinin and concavalin A, which bind mannose and N-acetylglucosamine respectively, i.e., the

same target of MBL.

The next step of the pipeline was focused at evaluating of Man-GNPs in preventing the hypoxia-
induced effects on i-hBMECs. At first, it was evaluated if the sugar-GNPs, with or without hypoxia,
were toxic to the cells. For this, 1.5 times more of highest concentration (25 pg/mL) of in vitro SPR
binding studies was chosen, considering further in vivo mouse studies where the total blood volume

of a mouse is 1.5-2 times more than total blood volume of a human.

Cell viability was measured with cell counting since other techniques™®*

requires fluorometric
readings which would interfere with quenching effect of gold nanoparticles'®. No significant
cytotoxic effect of sugar-GNPs were observed with this method. Further analyses were carried out by
measuring F-actin layer density, which was reduced by hypoxia as expected®?. With this approach too,
no effect of sugar-GNPs was observed. The localization of sugar-GNPs on i-hBMECs was
investigated by reflectance confocal microscopy (RCM) as a label-free imaging technique since

101-103

labeling nanoparticles with fluorescent dyes may affect their physicochemical properties and

subsequent in vivo behavior **!®. Additionally, photobleaching effect of metallic surface of sugar-

104,105

GNPs creates problem on detection of fluorescent signals . Sugar-GNPs were detected in

normoxic and hypoxic cell soma with no toxicity. While the exact mechanisms of sugar-GNPs
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internalization is not known, it can be speculated that nanoparticles may be taken by endocytosis'® or

by recognizing molecules on cell surfaces such as the glucose transporter, Glut-1'"" for Gle-GNPs.

In summary, sugar-GNPs did not show any toxicity. So next, they were tested for their efficacy,
starting from their effect on hypoxia-induced over-expression of the inflammatory genes MMP-2, IL-
lalfa and /CAM-1. Among these genes, over-expression of /ICAM-1 was significantly reduced with the
treatment of 20 pg/mL Man-GNPs, which is especially important because [ICAM-1 is a
transmembrane protein expressed by activated endothelial cells and is involved in the recruitment of
inflammatory cells to the injured brain e.g. facilitates leukocyte endothelial transmigration'®.Indeed
the connection of /CAM-1 and MBL was shown before in vivo as I[CAM-1 expression is downstream
to the MBL deposition on ischemic endothelium™. The results obtained with the cellular model of
hypoxic i-hBMECs for MBL deposition on ischemic endothelium are consistent with the in vivo
results, thus supporting the specificity of the inhibitory effects of 20 pg/mL Man-GNPs on MBL-
driven pathological mechanisms on the ischemic endothelium. However, no inhibitory effect of Man-
GNPs was observed at the highest dose tested here (40 ug/mL). It may be speculated that this was due
to aggregation of the nanoparticles at this concentration, thus lowering their available functionalized

surface to MBL binding.

To clarify if Man-GNPs may target MBL in the cells, co-localization studies were carried out. The
binding of Man-GNPs to MBL, and thus the above-mentioned effects due to MBL scavenging, are
likely to occur in the extracellular space, since no co-localization of the two was observed at the
intracellular level. To validate our co-localization studies, the quenching effects of gold nanoparticles
were not be taking into account which could hide the signal of MBL. Because the distance between
the fluorophore which conjugated to the secondary antibody for detecting MBL and the GNP, exceeds

the maximum radius of gold-driven quenching.

The last part of the project was aimed at evaluating if the promising properties of Man-GNPs,
highlighted by in vitro binding studies and by functional cell assays, are maintained in vivo. For this,
a mouse model of ischemia, induced by transient (30 min) occlusion of the medial cerebral artery
(tMCA0) followed by reperfusion was used. Furthermore, a hMBL KI mouse model was used, for the
first time, under brain ischemic conditions, and this required a preliminary characterization. It was
found that hMBL showed a similar oligomerization before and after tMCAo, which is important for
more reliable translation of the results since in vitro affinity studies of Man-GNPs were carried on
serum samples collected from healthy donors. Indeed, hMBL oligomerization states may alter the
availability of their carbohydrate binding sites to the Man-GNPs. Moreover, it was confirmed that
circulating hMBL is actually associated with MASP-2—mannose-binding lectin-associated serine

protease-2, the first enzymatic component for the lectin pathway of complement activation'*'"? —
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2611 Moreover, it was confirmed that ischemia induces, in the brain vessel endothelium of these mice,
the exposure of mannose-containing DAMPs (as observed with fluorescent ConA) and the deposition

of MBL, with activation of the LP pathway (as observed by measuring C3b 48h post-ischemia).

After the characterization of the hMBL KI mouse model of ischemia, that confirmed the relevance of
MBL and the lectin pathway in the ischemic stroke model, it was evaluated if the consequences of
ischemia could be prevented by Man-GNPs, administered iv to have plasma concentrations of 20
png/mL, 3h after reperfusion. Unfortunately, no improvement was observed in the animals treated with
Man-GNPs as regards to the ischemia-induced sensorimotor deficits, in comparison with animals
treated with Glc-GNPs (not binding to MBL). The lack of efficacy could be due to a very rapid
removal of Man-GNPs from the circulation, i.e. for a very fast elimination and/or accumulation in

88112113 § e liver, kidney, spleen. In this regard unpublished observations from the NanoCarb

organs
network showed a quick liver accumulation of the GNPs after systemic injection, which may limit

their bioavailability in blood. Further pharmacokinetic studies are needed to clarify this point.

Chapter 4: Discussion

76



< DEGLI STUDI

SCUOLA DIDOTTORATO
UNIVERSITA DEGLI STUDI DI MILANO-BICOCCA

UNIVERSITA

= ONVIIN |

=
(]
=
(]
(]

Chapter 5 : Conclusion

The studies reported in this thesis describe the development, characterization and exploitation of a
stepwise, comprehensive pre-clinical pipeline for the identification of inhibitors of MBL, as potential
drugs to ameliorate brain injury after ischemic stroke. Pipeline starts from binding studies between the
drug and its molecular target by a novel SPR-based biosensor, allowing to determine the affinity
constants. This original SPR method can be also easily applied in different research areas by using
different tailored SH-linkers, and allows reproducible and affordable assays. The most interesting
MBL ligand/inhibitor identified with SPR is a mannosylated nanoparticle, so that studies on the
formation of protein corona on nanoparticles surface were added in the pipeline. Additionally, our
results confirmed the importance of using endogenous (native) form of proteins, since the
recombinant form might show significant structural differences, as found in our studies with MBL.
The following step in the pipeline involved studies in cells, and for them it is crucial to select correct
cell lines and disease models. In our study, human brain microvascular endothelial cells exposed to
hypoxia were used to study alterations of brain vessels induced by ischemia, and in particular to study
the molecular features underlying the deposition of MBL to damage-associated mannosylated
patterns. For that, an original cell-on-a-chip QCM binding assay was developed and exploited.
Moreover, the same cells can be — and were - exploited to test the most promising MBL inhibitors, to
evaluate their intrinsic toxicity and their protective efficacy. These studies indeed confirmed the
promising properties of an MBL inhibitor, and so its neuroprotective properties can be evaluated in
the most expensive and time-consuming in vivo preclinical studies. In order to have more relevant
results for clinical translation, here for the first time a new mouse model of stroke were characterized,
that is a mouse expressing the human form of MBL only, exposed to a transient occlusion of the
cerebral artery. This model can be then exploited to screen new potential drugs, as it was done in this

thesis with the mannosylated nanoparticles.

In conclusion, not only the work of this thesis allowed to develop an original pre-clinical pipeline for
drug discovery, but also applied it to test a new neuroprotective therapeutic strategy, based on sugar-

coated nanoparticles, for a still unmet medical need, i.e., the injury caused by brain ischemia.
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