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Chapter 1

INTRODUCTION

Drug delivery

The general concept of drug delivery

The current focus in development of cancer themseon targeted
drug delivery to increase accumulation of an actiremotherapeutic
agent at a desired site of action while sparing nbemal tissues,
through spontaneous or induced targeting.

The therapeutic agents currently used, indeedallieeto specifically
and actively interfere with the pathological praees or abnormal
biological pathways only after selective accumolatat the disease
sites. However, independently by the route of adbtriation, the

distribution within the body of the therapeutic atgeis related to their
ability to cross, before reaching the site of actiseveral biological
barriers, such as other organs, cells and intideelicompartments
where they can be inactivated or express undesiraifects.

Consequently, since a great amount of it is wastatbrmal tissues,
in order to achieve a required effective conceiutnatit the site of
interest, the drug is commonly administered indagigantities.

To improve drug concentration in the targeted ®8ssuseveral
approaches have been suggested, including theiassoof the drug

to carrier systems, named drug delivery systemsDD

15



Distinct techniques of device fabrication at bdtk ticro- and nano-
scale are currently used to develop devices use®@S [1] to

improve the effectiveness of the pharmaceuticahagéministrations.
Several DDS have been developed in such ways keatdtug of
interest is typically encapsulated, entrapped, dsoebed on their
matrixes. The DDS so far used are commonly consttby polymer
conjugates, polymeric microparticles, lipid-baseariers such as
liposomes (Figure 1) and micelles, dendrimers, gslticon, silica

particles and carbon nanotubes, that are all fldsias good
biomaterials because of their high biodegradabilitgnd

biocompatibility.

A large piece of work has been done using liposocaseBDS, which
has led to several marketed formulations so far. iRstance, the
liposomal formulation of Amphotericin B, which idhd leading
compound in the treatment of leishmaniasis is tadaymore efficient
treatment against this parasite and other fundetiions.

Together with liposomes, polymer particles weredligwed as DDS to
improve the efficacy of the associated drug thawoka better control
of its biodistribution toward the diseased organcells and to their
faculty to overcome biological barriers [2].

The primary function of the DDS is to enhance tinegdtherapeutic
efficacy by improving the pharmacological propestieof a

conventional free drug such as poor solubility,slosf activity

immediately after administration and premature emayc

degradation, unfavorable pharmacokinetics, poodibiobution and
lack of selectivity for target tissues [3]. Howeuhe ideal DDS must

also take into consideration a different numbenedds, ranging from
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biocompatibility and ease of functionalization lint the effective
delivery of the drugs. Moreover an ideal DDS shaah the ability

to simultaneously (i) alter the pharmacokinetic &nobistribution of
the coupled drug, (i) act as drug reservoirs aiyl guarantee a
sustained release after reaching the tissue wherelrug is needed
[3].

To date, some DDS have demonstrated enhanced ogffiéar
numerous drugs compared with conventional formaeti Indeed,
the biological activity of the drug associated withe DDS is
generally improved, whereas the side effects dutdw toxicity are
reduced thanks to a better control of the biodistion [4]. The
improved efficacy can also be explained by a higitability of the
drug in biological media and ability to overcomelbgical barriers.
However, the main limitation of these systems remahne full control
of their biodistribution because they still lackepise targeting
specificities.

A site specific drug targeting, indeed, will be adtageous because
the consistent reduction of the quantity of the miktered drug as

well as of the negative side effects on non-taageas.
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Targeted drug delivery: the passive and active targeting

One of the benefits expected by using a DDS issgieific delivery

of the drug payload at the target site. There weerhain methods for
achieving the target drug delivery: the passivethedactive way.

The passive targeting is accomplished by takingaathges from the
characteristic features of the tumor biology. Thagdoaded DDS

passively reach the target organ by exploiting thehanced

permeability and retention (EPR) effect, which ddotes the basis
for the selective targeting of drugs to the sitesalid tumors [5]. The
EPR effect is the mostly observed in inflamed &ssand solid tumors
where the tumor blood vessels are dilated and |eedmystituted by
endothelial cells not well organized that show darfgnestrations,
ranging from 100 nm to 10 um [6-8]. These anatoh@od functional

abnormalities result in a massive leakage of bloplhsma

constituents, including macromolecules and cireaggDDS that can

extravasate into the tumor mass. Furthermore th& phonphatic
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drainage and the slow venous return in the tunssué allow blood
components to accumulate and be retained in thertumerstitium
[9]. Although passive targeting approaches reptesea base of
medical therapy, they encounter several limitatiesasne DDS cannot
diffuse efficiently within a tumor, while the rangonature of the
approach makes it unable to efficiently control pinecess. The loss of
control can induce multiple-drug resistance (MDR), condition
associated to the failure of chemotherapy treatsnérdat induce the
cancer cells to develop resistance towards onease mrugs. At the
base of the MDR there is the over-expression, @ dancer cell
surface, and activation of transporter proteing tisaally remove the
drugs diffused into the cells. As consequence tiagdelling function,
the drug therapeutic effect is lowered [10, 11] lehhe tumor cells
develop resistance to different drugs.

Nonetheless the passive strategy is restrainedubecaot all the
tumors exhibit the EPR effect, and eventually teesel permeability
cannot be the same all through a single tumor.

In order to overcome the limitations of the passargeting, the tumor
intracellular uptake of the DDS, after extravasatican be enhanced
through active targeting that demands a receptatiated
recognition. For this purpose, targeting moietieshs as ligands,
molecules that bind to specific receptors on thé steface, can be
conjugated to the surface of the DDS by using dhffe conjugation
chemistries [12].

After EPR-based accumulation, the DDS will recognend bind
target cells through ligand-receptor interactidifee bound DDS will

be internalized and the drug released inside th¢1d].
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In the active targeting method it is important ttie targeting ligand
selectively binds to receptors exclusively exprdsse the tumor cell
surface. However, sometimes it can be advantagemuarget the

DDS to non-internalizing receptors so that cellssimg the target
receptor can be killed through drug release asthtace of the closer
cells, where DDS can bind [14].

However, to date, there are still significant deubbout the relative
contributions of active against passive targetimgD®S. It is not

really clear if the active ligand targeting incressonly the cellular
internalization without affecting the total DDS acaulation in the

tumor mass, or if it raises both of them.

The efficacy of drug targeting thus depends onedifit parameters:
the size of the target, blood flow through it, nienof binding sites
for the targeted drug/DDS within the target siterniber and affinity

of targeting moieties on the DDS.

However, it is well known that both passive andivacttargeting

require DDS to be long-circulating so that they stay in the blood
circulation for long periods in order to providesafficient level of

accumulation at the target. Moreover,

DDScirculation in the blood and itsimportance for drug delivery

One of the key properties of long-circulating DB3Sheir longevity in
the blood, for both passive and active targetinge Teasons for
making long-circulating DDS are several, but thestrimportant is to
maintain a required level of a therapeutic agentha blood for an
extended time, so that long-circulating DDS canvilaaccumulate in

pathological sites with affected and leaky vaseauta{15]. Moreover,
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the prolonged circulation can help to achieve aebéargeting effect
by increasing the time for the interaction betwdle®m DDS and the
target due to a larger number of passages thrdwgytatget.

The most usual way to keep DDS in the blood longugh is to

“mask” them by modifying (grafting) their surfacetlwwater-soluble
polymers constituted by well-solvated and flexiloleains, such as
polyethylene glycol (PEG) (Figure 2) [16, 17]. Hgghilic polymers

have been shown to protect individual moleculessatid particulates
from interaction with different solutes. This phemenon, known as
“steric stabilization”, relates to the stability ofarious aqueous
dispersions and helps to protect drugs and DDS fumdesirable
interactions with components of the biological eomment. In

particular, PEG sterically hinders and reducesritexactions of blood
proteins (opsonins) with DDS surface. By prevenfdigS interaction

with opsonins it slows their fast capture and @eae by the
phagocytic cells of the reticuloendothelial systéRES). Moreover,
the mechanisms of preventing opsonization throudhG Pby

enhancing repulsive interactions between the palyraed the

opsonins, also increases the DDS hydrophilicity dhyelding its

surface charges [18].

O
H @)

Figure 2. On the left, the molecular structure BfF(left). On the right,
a stealth liposome coated with PEG (green)wwy.life-
enhancement.com)
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Advantages and disadvantages of PEGylation

Although quite few polymers have been tried asicsigrotectors for
DDS, the majority of research on long-circulatimggbk and DDS was
performed by using PEG especially because of ity attractive

properties: excellent solubility in aqueous solnsia@ue to the ability
to bind many water molecules, high flexibility @ ipolymer chains,
very low toxicity, immunogenicity and antigenicityminimum

influence on specific biological properties of mioetl active agents,
reduced accumulation in the RES and improvementhef DDS

pharmacokinetics.

As a result, PEG-coated and other long-circulatbBS were

prepared containing a variety of anticancer agergsch as
doxorubicin (DOX), adriamycin and vincristine [180]. The biggest
success was achieved with PEG-liposome-incorported, which

has already demonstrated very good clinical results

However, the pharmacokinetics of PEG-coated DD&termined by
the density and the conformation of the surfacgegted polymers.
Usually the projection of the polymer chains assusnmérush-like

configuration that avoids the immediate interactiavith the

complement system and the following sequestratioom f
macrophages. At a lower critical surface denshyg, polymer chains
assume a mushroom-like configuration (Figure 3)virich the DDS

surface is not completely covered and the PEG-@#ieDDS has a
shorter circulation time due to a faster complenastivation.
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Figure 3. Schemati
diagrams of PEG
configurations on a DDS. |
(a), the low surface coverag
of PEG chains leads to th
“mushroom”  configuration
where most of the chains a
located closer to the particle
surface. In (b), the higHh
surface coverage and lack of
mobility of the PEG chains
leads to the  “brush”
configuration where most of
the chains are extended away
from the surface [35].

w O

The effect of PEG surface coating on the pharmaetkis of DDS
was reported in 1994 by Gref et al. The authorsveldothat 66% of
the uncoated DDS were cleared away by the livevadly 5 minutes
after injection, while less than 30% of the PEGekled DDS were
removed by the liver after 2 h [17].

Therefore, the majority of biomedical DDS in advaahclinical trials
or on the market, approved by the Food and Drug iAtktnation, are
PEG-containing products [21].

However the biocompatibility and the stealth bebawf PEG are
influenced by some of its structural parameterg like molecular
mass and the polydispersity of the polymer. PEG usenedical and
pharmaceutical applications has a molecular maat ringes from
400 Da to about 50 kDa. PEG with low moleclar masgem 1 kDa
to 5 kDa, is often used to avoid elimination by RES, to reduce
enzymatic degradation and to hide cationic chaf@E§ with a molar
mass ranging from 20 kDa to 50 kDa is frequentlgpaeld to avoid
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the fast renal clearance of the drugs by increattiagsize of the drug
carriers above the renal clearance threshold [22].

The PEG molecular mass also determines other polyiméations
including the non-biodegradability and the toxiaitythe cellular level
that causes the cellular membrane fusion and tigsaeolization. The
toxic effect is in inverse proportion to the PEGleoolar mass: the
oxidative degradation decreases while increasiegnblecular mass.
Nonetheless the molecular mass should not exceectital clearance
threshold in order to allow a complete eliminatafrthe polymer and
to prevent a liver accumulation [21]

Additionally, PEG not only tends to shield the DB&m the immune
system but also the targeting agents from thegetasite, reducing the
probability of a successful recognition. Therefai®,date, no DDS
with a biomolecular targeting strategy has receiaedegulatory

approval [23].

Biological barriersto drug delivery

To date, through rational drug design, very spedfiugs have been
developed with molecular properties that allow ap&imal interaction

with the specific macromolecules (receptors, enz)mable to

mediate their pharmacological effects. Howeverhalgh their

delivery to the site of action can be improved bgorporating them
into a DDS, a major challenge in drug deliveryasircumvent all the
biological barriers, such as intestinal mucosa, RE$ thrombocytes
and erythrocytes [25], attack by Iytic enzymes [26pssing of the
endothelial wall [27] or blood brain barrier (BBR8], diffusion in

perivascular tissue against interstitial and osmptiessure [29] and
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entry into the cell cytoplasm through the extradall lipid bilayer
[30], that often prevent the potential clinical udfedrugs by avoiding
the reaching of their site action.

The biological barriers to drug delivery can balbyche divided into
epithelial, elimination and target cell barriers.

The epithelial barriers that restrict permeabilaff drugs to the
systemic circulation include the intestinal epitlwel, oral epithelium
and dermal epithelium that act as both physical bBrathemical
barriers. As physical barriers, they restrict patalar flux of solutes
through the tight cellular junctions between efditieells. Therefore,
solutes able to penetrate the epithelial barriarstpossess either the
physicochemical properties (size, charge, lipopityli hydrogen-
bonding potential, conformation) or the structuedtures necessary
to passively diffuse via the transcellular route lor one of the
endogenous transporter systems.

Another common feature of the epithelial barriershiat they possess
a low level of transcytotic activity, which restscthe permeability of
macromolecules. The epithelia also act as biocreEmiarriers
because of their ability to metabolize drugs. Hosvewt has recently
been shown that some of these epithelia (intestmatosa) contain
apically polarized efflux systems that can resttiet passive diffusion
of drugs.

If a drug successfully reaches the systemic citimraeither after
penetration of one of the epithelial barriers otemafdirect drug
administration, the endothelial barriers may resiis distribution to
its site of action. From a drug delivery point aew, the most

significant endothelial barriers is the BBB. Likeetepithelial barriers,
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the BBB serves as both a physical and a biolodieatier to drug
delivery. As a physical barrier, its tight cellul@nctions restrict the
paracellular flux of any kind of solutes. As bioafieal barrier, the
BBB also has metabolic capacity and apically pa&di efflux

systems that restrict blood-to-brain flux of centasolutes. The
vascular trafficking of macromolecules is thus Iygtestricted and
regulated.

Finally, the efficacy of drugs can be substantiakguced by the
action of elimination barriers, which include th#rétion system of
the kidney, the MPS of the liver and spleen and chreulating

leukocytes of the innate immune system. While molgdically very

different, the liver and the kidney both possegim@ism to remove
substances from the systemic circulation and toese¢hem (or their
metabolites) into excretion products such as biled aurine,

respectively. The net result is a reduced bloo@lle¥ the drug and
thus reduced efficacy.

Theimmune system response to biomaterials

The administration of DDS, although constitutedoymaterials, still
leads to an inflammatory response. A non-speadaifii@mmation is the
first response to amn vivo applied material and is immediately
followed by a systemic acute response which is adtarized by
stress-induced activation of the innate immuneesyd81, 32].

The inflammation involves vascular, humoral andutat response as
it is normally promoted by microbial infection, &gn antigens
(proteins, glycoproteins, carbohydrates, synthdtiomaterials) or

mechanical trauma.
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The mechanism involved in the defense of the baghirest foreign
substances acts through the discrimination betvge#nand non-self
components. This response involves the collabaraifadifferent cell
types, like  polymorphonuclear leukocytes (PMNs) and
monocytes/macrophages, together with the activatioih the
complement system, which is a mechanism implicatedhe fast
recognition of foreign agents, showing non-seludtures into the
body.

In general upon exposition to the blood, non-seibssances are
recognized by a process called opsonization, cimgisin the
adsorption of plasma proteins (opsonins) on thdaeear of the
exogenous agent [33]. Opsonization thus targetpd#ngcles for the
destructions by the phagocytic immune cells thatuerable to identify
directly the particles themselves. Without the opsation process,
the recognition and elimination of invading ageniould be
inefficient, since the macrophage would not enguldl remove them

from the bloodstream.

Opsonization: therecognition of biomaterials

The opsonization process starts when the immurterayecognizes a
particle (bacterium, DDS, ecc.) as an intruder. Treeognition

stimulates the production of immunoglobulins (Ig@hich are

specific for the antigenic target or binding to therface of the
particle. As well components of the complementaystike C3, C4,

and C5 proteins are involved in the complement-atedi clearance
of foreign material.
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During inflammation C3, physiologically present ite blood,
undergoes a hydrolysis process originating the ftdxment that can
bind to surface of the foreign object. The confaioreal change upon
adsorption on a surface also triggers the Cb3 foomaMoreover the
hydrolysis reaction leads to a biochemical cas¢hderesults in the
generation of also C5a fragment that contributekabel the foreign
agent. The opsonization process typically takesepla the blood
circulation and can take anywhere from few secdodsany days to
be completed. The pattern and amount of the coajsgpnins differ
on the base of the physicochemical properties efftheign material
and the time of exposition.

Phagocytes carry specific surface receptors thaigreze and bind
C3b, as well as IgG and Cab, and trigger a proedssreby the
invading particle is engulfed, surrounded and takeside the
phagocytic cell for the enzymatic digestion [34haBocytes also start
to release inflammatory mediators, such as histamiand
proinfammatory cytokines, in order to activate addaw other
phagocytes.

Although opsonization and phagocytic degradatiothenbloodstream
constitute the main clearance mechanisms to remoaesirable
circulating components, an efficient eliminationDS is determined
by the size. The DDS that cannot be removed bylkbed circulating
phagocytes will be sequestered by the renal systethe liver [35],
where the Kupffer cells located in the sinuses asgnt the largest

population of macrophages in contact with the blood
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Heter ogeneity of opsonization and macr ophage response

The attachment of different proteins of the comm@atrsystem to the
DDS, known as “differential opsonization”, depenols the DDS

surface charge and geometry and determines therefiifes in both
the blood clearance and phagocyte elimination rétesording to this
hypothesis, some DDS activate the complement systeare

efficiently and, consequently, they will be clearfs$ter from the
blood.

For example, liposomes containing anionic phospiasi induce the
activation of the complement system through thesital way, the
cationic liposomes via the alternative pathway (C8ba) while

zwitterionic liposomes are able to activate the plement only after
prolonged exposition to the blood, showing a lowapzation rate.

In the blood, the opsonins typically come into emhtwith exogenous
components by random Brownian motion and, onceeclibey bind to
the surface through different attractive forcesudmg van der Waals,
electrostatic, ionic and hydrophobic/hydrophilicdes [33].

Although the researchers have found some “steaitiditions” to

moderate the opsonization and consequently to iveptbe blood
circulation time and the effectiveness of the DR2$; still impossible

to avoid the carriers opsonization in a complegdficient way.
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The Transendothelial migration of leukocyte in the

inflammatory response

Sequential eventsregulate the leukocyte transmigration

Stealth DDS reach the inflamed tissues where thegficate their
function. Although stealth DDS delay and weakenitimate immune
response, the immune system later strengthensciiisnaby hiring
active circulating leukocytes at the inflamed site.

The response of leukocytes to any exogenous agjehtracterized by
their following recruitment to the inflamed site.hi$ response
encompasses a well defined multistep process domsisf: (i)
leukocyte rolling adhesion, mediated by selectifig, activation,
triggered by chemokine signals, (iii) firm adhesianediated by
integrins and (iv)ultimately, transendothelial migration (TEM) into
the surrounding tissue (Figure 4) [36, 37]. Tharerntrocess requires
about 25 min but only 1-2 min are required to p#ds®ugh the
endothelial cells lining the blood vessels. Althbutdpe endothelial
cells constitute the primary barrier at the blosdlie interface that
leukocyte must overcome, an active interaction betw the
endothelial cells and the leukocytes is requirem cross the vessel

wall.
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Figure 4: The three fundamental steps of the leytkopecruitment are
shown in bold: rolling, which is mediated by seiest activation, which
is mediated by chemokines, and arrest, which isiahed by integrins.
However additional steps are known: capture, sloWing, adhesion
strengthening and spreading, intravascular crawlignd finally
paracellular and transcellular transmigration. Each step the protein
involved in the different mechanism are shown mloxes [38].

n

The importance of the endotheium in the leukocyte
transmigration

The activation of the endothelium is a conditioguieed for both the
leukocyte adhesion to the vessel wall and the regalf the inflamed
tissue. At least three conditions of endotheliativation can be
distinguished: immediate, that takes place in feimutes; acute, in
hours; and chronic, in days. The immediate endntfmelctivation is
driven by different chemoattractants, like the ctement fragment
Cbha and inflammatory chemokines, and it is chareté by the
endothelial contraction and intercellular gaps fation.

Nonetheless, activated endothelial cells upregulageexpression of
chemokines and create both chemotactic and haptotgadients
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essential to promote weak adhesive interactionswdeet the

circulating leukocytes and the endothelial celB][3

Changesinduced in both the endothelial cellsand the leukocytes
During the step of rolling adhesion, leukocytes dme loosely
tethered to the blood vessel wall as consequendhenf transient
contact with the endothelium. The involved leukesytveakly bind to
the chemokines through their heterotrimeric G-pmet®upled
receptors that immediately induce the activationbefa-2 integrin
(B2-integrin), carbohydrate ligands involved in thaldwing firm
adhesion step. Thp2-integrins interact specifically with selectins,
adhesion molecules (inter-cellular adhesion mo&gulCAM, and
vascular cell adhesion molecules, VCAM) over-exgees on the
endothelial cells. The integrin-selectin interagto promote the
leukocyte adhesion as well as the spreading andintinevascular
crawling while preventing the detachment stimulatedm the
disturbing shear forces.

After interaction, the leukocytes produce cytokinesch as tumor
necrosis factor-alpha (TNé&), contribute to upregulate the expression
of ICAM and VCAM on the endothelial cell surface.

The expression of ICAM and VCAM is fundamental teagantee the
following leukocyte firm adhesion. This step, indeés mediated by
their interaction with specific leukocytp2-integrins,such asL 2
(leukocyte function-associated antigen-1, LFAl;, QBRCD18),
aMpB2 (macrophage-1 antigen, Macl; CD11b/CD18) a#@ll (very
late antigen-4, VLA4) that are over-expressed oa taukocyte

membranes. The interaction induce the endothddihk@ enhance the
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engagement and the clustering of both ICAM and VCANat are
required to promote important intracellular signilat weak the cell-
cell junctions, remodel the cytoskeleton, and/aduite membrane
fusion events that all contribute to leukocyte T34, 40].

ICAM-1. Intercellular adhesion molecule 1 (ICAM-1) is an
immunoglobulin-like (Ig-like) adhesion receptor th&inds the
leukocyte integrin LFA-1 [41, 42]. The fundamentale of ICAM-1
in the TEM is demonstrated by the fact that thadfection of ICAM-
1 alone is totally sufficient to regenerate thekteyte transmigration
across a non-endothelial cell type (CHO, epithelihbt lacks any
other leukocyte adhesion receptors [43]. MoreovBhaw and
colleagues showed, by using real-time imaging, deytes migrating
across HUVEC monolayer in which the LFAL integrigsickly
redistribute along the cell to form ring-like sttues that co-cluster
with ICAM1 enriched areas, localized close to tmelathelial cell

junctions [44].

VCAM-1. VCAM-1 mediates the adhesion of leukocytes expngssi
VLA-4 to the endothelium. However it is not the malayer during
the transmigration stage, as shown by the notf&gni reduction of
leukocytes TEM after blocking only VCAM-1 with ahtdy.
However blocking VCAM-1 and ICAM-1 at the same timdas an
additive effect [45].

LFA-1. LFA-1 is a cell surface heterodimer of tHi2-integrin

subfamily. It is constituted by the non-covalentemction of three
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homologousx subunits ¢L or CD11a) to a commof-subunit 2 or
CD18), with an extracellular inserted domain, namedmain, that
undergoes conformational changes from the closedh& open
configuration for an effective ligand binding (Frgb).

LFA-1 is the only integrin expressed on all thekiezyte lineages and
acts both as a key adhesion receptor in immuneirdfammatory

processes and as a signal-transducing molecule [46]
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Figure 5. A. Model of LFA-1 and of bent LFA-1, cooged ofalL
(green) andf2 (cyan) chains interacting with a fungal enzyme
(cutinase) in its close (left) and opened (rigluformation. B. Genera
model for integrin activatio(Bonasio et al, 2007)

Mac-1. Mac-1 is acell surface receptor of tHg2-integrin subfamily,
that differs from LFAL for the different subunits ¢M or CD11b)
associated to the commdnsubunit 2 or CD18). It regulates the

cellular adhesion by promoting the chemotaxis tod-tmget
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chemoattractants [47]. Moreover Mac-1 is capableeobgnizing and

binding to many molecules found on the surfacasading agents.

Thetransendothelial route

The TEM step itself can be divided into several endiscrete steps
that take place before and during the actual diegisdprocess. The
steps before the diapedesis include the crawlinthénluminal side
and the production of leukocyte membrane protrissionamed
pseudopodia, to sense the right stimuli and intexéb the right sites
on the endothelial cells. However, the endothetalls actively
participate to the leukocyte TEM through the aremgnt of
microvilli-like projections, named transmigratoryug structures,
involved in the TEM, that finally can occur into dawdistinct modes:
paracellular and transcellular.

The paracellular TEM demands a temporary junctiaiatruption
while the leukocytes migrate “alongside of” or “les adjacent
endothelial cells through pre-existing gaps at dedl borders. In
contrast, transcellular TEM implies that a leukecytansmigrates
directly “through” the body of one distinct endadikkcell.

Upon crossing the endothelial cell barrier, thektmyte must beat the
underlying barrier constituted of the perivascllasement membrane,
in which, anyway, there are specific regions of lovatrix protein
expression that are more permissive to the leukotgnsmigration
[48, 49].
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Figure 6. Migration of leukocytes through endothielvalls involves penetrating
the endothelial cells and the associated basementbnane and the pericyte
sheath. A. Leukocytes extend membrane protrusiotts the endothelial cel
while they interact with ICAM1 at the endotheliatlicjunctions level trough
Mac-1. B. Paracellular migration involves VE-cadhgeil vascular endothelia
cadherin, expressed on the endothelium, and thetlesichl cell-selective)
adhesion molecules ICAM2. C. Transcellular migmnata@ccurs in specific part
of the endothelium in which ICAML1 ligation leadsttanslocation of ICAM1 to
regions enriched of actin and caveolae. Caveolatched in ICAM1link
together forming VVO that organize an intracellutdrannel through which

leukocyte can migrate. D. Migration across the émelal basement membrare
and the pericyte sheath is mediated by gaps betwdg@cent pericytes an
regions of low protein deposition present in thiapellular matrix [38].
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Céellular signaling eventsduring TEM

After the leukocyte adhesion, the clustering of N-A and VCAM-1

[50] on the endothelial cell trigger the activatiof different

intracellular signaling pathways which induce theakening of
adhesion junctions and the remodeling of the acitoskeleton.
These mechanisms generate the contractile forcpsree to induce
changes in the endothelial cell shape, during tB&.TIn particular
the remodeling force is generated by the actomyasintractility,

produced by the activation of the Rho kinases/Gé®asathways [51].

Rho GTPase signaling. Rho activation correlates with stress fiber
formation during the cytoskeletal remodeling tha¢maénd the
recruitment of ERM (ezrin/ radixin/moesin) proteitts the sites of
ICAM-1 clustering [52]. The ERM proteins, that uByalink the
cytoskeletal elements to transmembrane proteirgg; ah important
role also in the formation of cell surface membratractures such as

microvilli and transmigratory cups particularly ared in actin [53].

Endothelial cell apical cup structures

Additionally to the opening of intercellular junotis and the
cytoskeleton remodeling, the endothelial cellsvaty participate to
the leukocyte TEM process through the formationeofiothelial
microvilli-like membrane protrusions, called “dongi structures”,
able to attach and partially hold the adherentdeytes [53].

According to Barreircet al these structures are enriched in ICAM-1,
VCAM-1, actin, and ERM proteins [53The theory is that the
clustering of ICAM-1 and VCAM-1 activate bound ERdoteins, on
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the endothelial cell, that induce the actin remimgebnd following
formation of the membrane protrusions around tkeched leukocyte
(Figure 6).

The formation of the endothelial docking structumsks necessary in
order to efficiently capture the leukocytes, esaiei under
destabilizing shear flow conditions. However, traéigassembly has to
occur before the diapedesis, since they seem tjustcas directional
guides involved in helping the leukocytes to cribesendothelium.
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Figure 6. (a) Leukocytes can actively penetratestigothelial cell
cytoplasm by elongating pseudopods inside vesictegaining
caveolin and ICAM-1. (b) When leukocytes adhere the
endothelial surface, an adhesion/transmigration isuformed.
This docking structure contains microvilli that ef@te from both
endothelial cells and leukocytes. The microvillntan ICAM-1
and VCAM-1 as well as cytoskeletal proteins, sushviamentin
and actin. The adhesion transmigratory cup medidtes
leukocyte phagocytosis and movement towards thealbas
membrane of endothelial cells.
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Transcellular TEM

The paracellular route is not the only route by ahhieukocytes
extravasate. It has been shown that a relevant minadueukocytes
seemed to transmigrate through the *“transcellulatite without
breaching the EC junctions. They migrate directlgroas the
cytoplasm of a single endothelial cell [54], byngsia transcellular
pore that accurately goes through the cytoplasnhefendothelial.
Although the pores have been observed very closket@ndothelial
cell junctions, they are definitely distinct froteim. These channels
look like small circular gaps observed at the cewtfethe ICAM1
ring-like structures, with a diameter size rangingm 0.5 to 2 um
[55]

Endothelial cell membranous structures in relation to
transcellular TEM

The endothelial cells normally contain subcellulaembranous
structures such as caveolae, fenestrae and vesmalmlar organelles
(VVOs) that regulate the microvascular permeabilitgnd
inflammation. These specialized membrane microdosméhat have
been defined as the sites that regulate the trdo#ieglial exchange of
plasma proteins in and out of the bloodstream [36gy may
probably be directly or indirectly involved in theukocyte TEM.
Although is not really clear if caveolae fuse aodnf VVOs and/or
fenestrations, the hypothesis is that these membgastructures fuse
in order to form a transcellular channel that alothhe leukocyte
passage. This theory is supported by the obsenvéiat lymphocytes

transmigrate at areas enriched in caveolin-1, aeprocaveolae-
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associated [57]. It is possible that caveolae, eotrated around the
transmigrating leukocyte, might fuse locally andnioa transcellular
pore that links the apical with the basal cell meank. Nonetheless
it's not excluded that a caveolin-independent meidms may exist
as well, since the site of leukocyte transcelluldEM is often
associated with membrane structures, apparentinclisrom VVOs,
that concentrate adjacent to lateral endothelibjweactions [58]. This
“endothelial cell surface-connected compartmentcanstituted of
membrane vesicles that upon leukocyte adhesioriinc@tly recycle

to the junctional leukocyte adhesion sites [59].

Factorsregulating transcellular migration

The physiological factors that promote transcetldIBM are still not
well known, since the transcellular TEM has beenraneasily
observedn vivothanin vitro, where it looks to be the less used route.
Another group observed that the intraluminal crawliof the
leukocytes plays an important role in determininggich route the
leukocytes can take. For instance, Mac-1 defidemtocytes usually
adhere but do not crawl on the endothelial celld ey mainly use
the transcellular pathway [60], after being envebbpby the
endothelial cell protrusions. The formation and clion of these
structures is important as they help to presereeetidothelial barrier
integrity while TEM is occurring [61]. A final hygbesis is that
exposure to shear forces might affect transmignataute preference
[62]. Thus, which factors really affect transcediullEM is still under
investigation. Another factor that can influence MEroute
predilection is the endothelial ICAM-1 levels. Yared al [63]

40



demonstrated that transcellular TEM events werdipely correlated
with increased expression of ICAM-1, for exampleéeaf24 hour
treatment with TNFe. They assumed that high ICAM-1 levels
influence the route of TEM since they occupy a graaount of
receptors (LFA-1) on the leukocyte favoring a rapicest at the non-
junctional sites and consequently the transcellUEv.

Previous studies on HUVECs also demonstrated thaM Tof
neutrophils was exclusively paracellular on endahe cells
stimulated for only 4 hours with TNé&- since this short-term
application of TNFe causes junctional disruption [64] However after
24 hours of TNFe stimulation, 10% of TEM events also occurred by
transcellular route [63].

Based on these observations, differences in rastihination may
depend on the strength of intercellular junctiohsha inflamed site,
which depends on the locally exposure to cytokifiéss theory was
assessed by using interleukin-1 beta (f)-treatment which disrupts
the endothelial cell junctions [65]. This treatmeinideed, caused a
40% decrease in the number of monocytes migratargstellularly.

It looks like that leukocytes sense and use thke phateast resistance;
so if junctions are weakened, the paracellularaagipreferred. It still
remains to be demonstrated if an increase in tedintar TEM is
observed after inhibition of the paracellular padlyvby strengthening
the interendothelial cell junctions. This may beekevant explanation
for thein vivo conditions, since the first transmigration observes$
seen across vessels of the brain microvasculawieh have very
elaborate and impermeable cell junctions, and is wanscellular
[54].
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Integrating endothelial cell membrane fusion events with
leuk ocyte invasive podosomes

Although the endothelial cell protrusions play aimeole in the
leukocyte TEM, the leukocytes also contribute tes tmechanism.
They, indeed, extend podosome-like protrusions tbanse the
endothelial surface looking for a permissive lomativhere they begin
the transcellular invasion [66]. Carmah al demonstrated that only
the transcellular TEM is more dependent on thesavalive”
podosomes, that dynamically probe to sense arebmsvoéndothelial
resistance. Once a permissive area has been reedgtie leukocyte
protrusions develop into appropriate invasive poduss which
finally breach the endothelium. The leukocyte invaspodosomes
interact with the endothelial transmigratory cupgjich provide a
vertical traction substrate approaching the endiatheell surface
[66]. Interestingly, it is often observed an abumdka of vesicles or
VVO-like structures in the endothelial cell cytogta adjacent to the
invasive podosomes, which validate the idea thdbpomes elicit an
endothelial cell response to activate membraneifusvents that end

in the formation of the transcellular pore.

Overview of leukocyte activity after transmigration

After migration in the inflamed tissue, the surrdiny chemical
composition of the interstitium will induce the lagcyte to
phagocytose the foreign body as well as releasmackiaes, reactive
oxygen species, growth factors, and cytokines sé&heleased factors
in turn recruit new leukocytes to the site of damaghere an aberrant
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prolonged activation of the leukocytes resultsnruawonted chronic

inflammation.

Development of delivery strategies using smart DDS.

A multistage delivery system approach

The inability of currently used DDS to successfuliggotiate the
biological barriers encountered upon systemic athtnation greatly
limits their effectivenessn vivo and, consequently, impacts in a
significant way their translation into the clinic.

Any current therapeutic agent that exploits thesjpie enhanced
selectivity of a DDS is not successful without afeguate strategy
able simultaneously (i) to allow chemotherapeugierd to reach the
desired tumor tissue by overcoming all the biolabiearriers, (ii) to
minimize the loss of the amount and activity and) (io Kill
selectively the tumor cells without affecting th&rreunding normal
cells [67].

In the last decay many progresses have been dotésinorientation
by also developing the idea of an innovative midge DDS. The
multistage model is based on the concept that gagfe is involved in
a time-sequential execution of a multi-step procé¥she escape the
immune system sequestration, (ii) the transporbszcrthe tumor
endothelial wall and the interstitial space reagkime tumor mass and
(i) the release of the therapeutic agent by atroiled mechanism
[68].

Recently Ferrari et al. developed a multistage vee}i system
constituted by a nanoporous silicon particles (NSfended as first
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stage vector, able to reach the tumor-associatetlesicbm and
eventually overcome the endothelial wall, whilergarg second stage
nanoparticles (NP) or free drugs, which later pext@é¢he tumor mass
and explicate their primary function (Figure 7) [69

Figure 7. Schematic showing the process of theistadie DDS. (a) The
first stage vector contains nanopores of spesifie to load different
types of second stage NP (b) The multistage DDSuigerficially
functionalized to travel into the blood flow, avoiBRES uptake,
marginate and adhere to tumor vasculature andirfe)lyf release the
therapeutic payload .

Although silicon based materials are widely used fa@rious
biomedical applications including implantable degc tissue
engineering scaffolds due to its biodegradabiliipcompatibility, the
selection of silicon as material for the NSPs fedition was also
suggested by the versatility of the fabricationtpcols that allow the
control of shape, size and porosity [69]. Severalqzols for NSPs
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fabrication, indeed, have been developed by integyatop-down

electrochemical porosification (etching) methods thwisilicon

microfabrication processes. These combinations igeovwell-

established techniques for the production and cheniaation of
NSPs, that ensure their scalability, precision r@pdoducibility

In general, the fabrication of NSPs consists of furcdamental steps:
the formation of the nanoporous silicon by eledtenical etching
and the definition of the particles pattern by mitdtography. The
NSPs porous structures, indeed, depend on the patidn of the
electrochemical etching parameters such as theeotmation of
etching solution, doping, electrical current anchetg time; while the
geometry is precisely controlled by photolithograpBy varying the
process succession of porosification and lithogyaphvariety of non-
spherical NSPs with alternative geometries, ascpitesd by rational

design can be fabricated (Figure 8).

[-Photoresist BlsiN lsi MPorous Si ]
(a) (b)

=i

Figure 8. Schematic depiction of the NSPs fabrcaprocess. a) Patter
transfer to the photoresist layer on top of theieial silicon (SiN) layer.
b) Trench formation in the silicon substrate thioagcombination of dry
and wet etching. ¢) Formation of the NSPs and seldayer following
anodic etching. d) NSPs ready to be released hwasohication in
isoprooanol alcohol (IPA) following stripping ofdtSiN mask [22].
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The multistage delivery system application

The first stage NSPs, designed and engineeredrtg K, provide
the first order localization at the lesion sitegptect the payload from
degradation and clearance and allow for its prochpted localized
release. The versatile parameters for the desigiSéfs make them to
function as carriers for a wide spectrum of theutigeand diagnostic
free agents as well as entrapped into NP. Thedimgginto the porous
silicon structure occurs by initial wetness methedth retention
based on electrostatic interaction. Moreover the gize and surface
charge of NSPs can be adapted and properly tundéd@imized for
the loading and release of different types of fredecules and NP. In
general, four factors are critical to determine ltheling efficiency of
active agents and NP into NSPs as well as the way will be
retained and released: physic-chemical featuresugfs/NP, pore size
and surface potential of NSPs and, finally, coodsi in which the
degradation/release occur. The pore size contneldype of NP that
can be loaded going from carbon nanotubes to qoadtis [69]. The
loading is usually performed by the absorption rdthin which the
therapeutic agent is adsorbed after the DDS foonatusually by
incubating the DDS with a concentrated drug sofutio

The retention of the payload and its stability ircalation depend on
the interaction between the payload and the cattegris principally
governed by electrostatic interactions: NSPs and wWitR similar
charge are indeed completely repellent. For thésom, usually the
NSPs are chemically modified to change the surthegge according

to the drug/NP of interest.
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Additionally, the geometry of the NSPs can be opéed to efficiently
penetrate into the tumor site and selectively sdehe payload. The
particle size and shape, indeed, influence theilation time, the flow
properties and margination behavior into the vasgéd, 71] as well
as its extravasation ability.

Decuzzi et al. demonstrated, via mathematical niogel that
hemispherical NSPs (Figure 9) adhere to the entiakheall more
efficiently than a spherical carrier having the sarolume [71].

(@) [®) (@) (@) @) ®) ®)
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ol o SERT R U VR R

Figure 9. Scanning electron microscopy (SEM)imagfdarge clusters
of NSPs. The NSPs are characterized by size argkdlvaformity. a)
A etched tube-shaped NSPs still attached to timsikubstrate beforg
the removal of the silicon nitride sacrificial layand the NSPY
subsequent release. b) Overview of a large clustelSPs etched
bowl-shaped NSPs following release by sonicatioliPia. c) Close-up
of a small cluster of etched hemispherical NSRsviohg

release by sonication in IPA [22].

1”4
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Consequently, they represent the most helpful dethigt the first-
stage vector should have to improve its marginadiat firm adhesion
at the tumor-associated vessels [70-73], sinceatteogy with the
flattened shape of a typical adherent leukocyte. redeer
hemispherical NSPs showed an improved cellularnalezation [74,
75], that can be mediated by interaction with réoespor by caveolae,
as well as a reduced cytotoxicity [76]. It has betown that the
silicon degradation product, the orthosilicic ad&lin a concentration
below the daily dietary assimilation, thus the Iudal proliferation,

cell cycle and apoptosis processes are all undl{é&.

Drugreleasefrom a DDS

In general, when developing a DDS it is importanténsider how the
used material can affect both drug release and biD&egradation.
The release rate of the payload generally relieqipdrug solubility;
(i) desorption of the surface-bound or adsorbedggdr(ii) drug
diffusion through the DDS matrix; (iv) DDS matrixegradation
process.

The most common mechanism that controls the reletfiee loaded
drug is diffusion. Two types of diffusion-contralesystems have been
developed: the first is a reservoir device in whicl bioactive agent
forms a core surrounded by an inert diffusion lesyrisuch as
liposomes; the second is a monolithic device inclwlihe active agent
is dispersed or dissolved in the inert biomater/d. in reservoir
systems, drug diffusion through and from the DDSrixas the rate-
limiting step, and release rates are determinedth®/ material

constituting the DDS and its affinity for the adiagents. A weakly
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bound drug is indeed rapidly released (burst releas order to
control this phenomenon DDS are coated, after doagling, with

polymers that can act as a barrier for the druggasa [77].

Although the release profile is correlated to thegdoading method,
the adsorption method favorites a burst releaséwine incorporation
method guarantees a sustained release, the rdéteasdDS is also
controlled by the biodegradability rate of the miads. The rationale
for using biodegradable DDS is that once the bienmtsurrounding
the drug is degraded, the drug escapes. In the in#ich the drug
is covalently bound to the matrix, it is releasedlyoafter bond

scission by hydrolytic or enzymatic processes thké place in the
local environment [78].

It has been shown that the stability of PEGylat&BDmay not always
be favorable for drug delivery because the DDS rnayunable to
easily release the active chemotherapeutic ageaftéo accumulation
inside the tumor. In order to solve these problears,additional

function can be added to long-circulating PEGylatadriers, which
allows for the detachment of PEG chains under thiera of specific

local stimuli that are typical of pathological aseasuch as the
decreased pH value or increased temperature, ed moinflamed and
neoplastic areas. In order to solve these probléabde linkage that
would degrade only in the acidic conditions of thenor mass are
well-known from the area of controlled drug releas¢owever

polymers components with pH-sensitive bonds acatieeability to

degrade and release the entrapped agents in badhs ar cell

compartments with lowered pH, such as tumors, nmft@ation zones

or cell cytoplasm or endosomes. To date, a vaoétiposomes have
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been described that include a variety of drugsugates capable of
releasing such drugs as adriamycin, paclitaxel,20& in acidic cell

compartments and pathological areas.

A biomimetic strategy

A new generation of biomaterialsfor immune evasion

Recently, particular attention has been paid not nthe topography
but also to the surface chemistry of a DDS sincés ithe most
important parameter that influences protein adsamptell interaction
and the host response.

The most common idea is still based on the modiGoaof the DDS
surface to minimize the long-term inflammatory eftfe that
compromise the advantages of the DDS itself.

Currently, the alteration of the surface propertésew biomaterials
have been established taking into consideratiomhallknowledge of
the tumor biology and the immune response in oraldretter control
the bio-responses. At the base of this idea therthe concept of
"biomimetics” which consists in observing and explg the

properties of natural materials, structures andtiesitin order to be
inspired for the realization of smart and multi-¢tional materials.
The goal is to combine manmade with biological malke by taking

advantages from the nature.
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Scope of thethesis

The objective of this thesis is to demonstrate thvatreased
localization of theranostic particles at the tursite can be achieved
by developing a novel biomimetic hybrid DDS capabtd#
simultaneously escaping biobarriers, while targgtthe cancerous
lesion. In order to improve the stealth propertisthe NSPs an
innovative liposome formulation, composed of ndtt@ospholipids
obtained through the extraction of the cellular rbesmes of
leukocytes isolated from the peripheral blood, eesn proposed.
This new generation of liposomes composed of tmeeskpids and
proteins of the blood circulating leukocytes areldmically inert and
weakly immunogenic. Moreover the presence of sonenbmane
proteins can transfer to the liposomes their bicklgfunctions thus
improving the liposome targeting ability withoutgrering following
surface functionalization. The leukocyte-derivedoBomes can be
used as coating material for the realization ofrbroetic DDS called
“leukolike” system (LS), since it combines the matuproperties of
leukocyte cells (free circulation in the blood atre transendothelial
migration and tropism towards the inflammatory )sitgith the
characteristics of an artificial delivery systemioftegradability,
biocompatibility, agents loading and release).

The LS thus demonstrates the advantages of a delieery strategy
able to bestow a DDS with prolonged circulationlesgve tumor

targeting and enhanced tumor accumulation andtreten
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Abstract

Biological barriers still incapacitate therapeugigents intravenously
administered. Although several efforts have beamedo improve the
stealthiness of drug delivery systems (DDS), they sdill unable to
efficiently negotiate the phagocytic cells of tmemune system and
the endothelial cells of the vessels.

By taking inspiration from nature, we propose antiimetic approach
for camouflaging DDS among circulating leukocytdcéhat, during
inflammation are normally recruited at the lesiorite s via
transendothelial migration (TEM).

We realized a new generation of DDS, named Leukdikstem (LS),
by functionalizing the surface of biocompatible oparous silicon
particles (NSPs) with cellular membranes extradteth leukocytes.
By using biological components as natural coatirgtemal the LS
acquired the same surface composition and functsnthose of the
donor leukocyte, consequently achieving manifoldvaatiages: a
superior evasion of the immune system sequestrainnenhanced

TEM while efficiently retaining and release a dpayload.
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I ntroduction

Recent developments in biomaterials open new hasizo biomedical
applications especially in the drug delivery fi§ld3]. Although DDS
exhibit improved pharmacokinetics and biocompatiil several
efforts are still required to develop new carrievgh ameliorate
performance properties: prolonged circulation tinmste-specific
targeting, high loading efficiency, sustained reteand reduced side-
effects [4, 5]. However, after intravenous injentidhese biological
actions are strictly affected by several DDS physiemical factors
such as size distribution, shape and surface hidtopity that
strongly influence the interaction with plasma pms (opsonins) and
the following sequestration by the macrophages dfe t
reticuloendothelial system (RES) [6, 7] . The aatiion of the immune
system together with the endothelial wall represéme major
biobarriers that a DDS must overcome to reachrtended target at
effective concentrations [8, 9]. The DDS surfacactionalization
with hydrophilic elements such as polyethylene gly(PEG) and
dextrans significantly increases the blood cirdalattime by
minimizing the opsonins adsorption to their surfiid®. The supplied
hydrophilic shell makes them more invisible to ithemune system
and able to passively extravasate and accumuldbe aumor site via
the enhanced permeation and retention (EPR) dBedtl] .

Based on a self/non-self discriminating mechanishge immune
response triggers an early activation of circuatieukocytes and
subsequent recruitment to the lesion site, wherey tactively

contribute to remove the invading agents [12]. ERe&iency of the
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immune system response strictly depends on thel rsiputtling of
leukocytes from the bloodstream to the inflammatsitg [13]. The
leukocyte escape from the vasculature through TEMther by the
paracellular or transcellular routes [14] that ilweo penetrating
manifold barriers: endothelial cells, pericytes atite basement
membrane generated by both of these cell types. [TEM is
predominantly mediated by the interaction betwedss ¢ndothelial
intercellular adhesion molecule-1 (ICAM-1) and @sunter-receptor
lymphocyte function-associate antigen-1 (LFA-1 @1Qa) [16] that
triggers the endothelial cellular contractilityqrered to facilitate the
leukocyte diapedesis [17, 18]. However, DDS, culyensed, are
faraway from reproducing as naturally as possilile structures,
components and properties of any blood cell andltramable to
completely avoid the recognition by the immune eyst

Here we realized a LS by camouflaging NSPs [19t&8]gh surface
coating with cellular membranes extracted from exovexpanded
leukocytes. We efficiently transferred both theammg and functional
properties of the donor leukocytes to a manmaddesys as
demonstrated by biochemical and functional analy&8ie biological
similarity between the leukocyte and the LS surfalé@ved the LS to
escape the macrophage phagocytosis two times nhare NSPs.
Additionally, in comparison to the NSPs, the LSwhd an increased
efficiency to retain a payload and maintain theictrral integrity by
avoiding the lysosomal pathway during transmigratiacross an
endothelial monolayer. While the NSPs mostly stckl release the
preloaded drug into the endothelial cells, the Lf®sses the

endothelial barrier and finally releases the drogthie surrounding
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tumor cells, accomplishing a tumor cell killing i&tly twice higher
than the NSPs.

The LS, therefore, represents a biomimetic DDS withique
properties that can be adapted to several typesmfEmmatory

pathologies.
Results and discussion

Plasma membraneisolation and characterization

By taking advantage from the nature we wanted wwegde the

complex properties of the leukocyte cellular membga on the

surface of the NSPs. In order to realize the LSfivge attempted to

isolate the plasma cellular membranes from bothmemortalized line

of human T lymphocyte cells (Jurkat cells) and aineimacrophage
cell line (J774A.1) by ultracentrifugation in a cltinuous sucrose
density gradient.

After ultracentrifugation three white lipid ringsewe observed at the
interface between each different sucrose layer. [déalized the

plasma cellular membranes by screening the distoibbof specific

proteins associated with the different cellular rbesnes through
immunoblotting on ten fractions collected from tio@ to the bottom

of the gradient (Fig. 1A).

The findings showed that nucleoporin 62 (Nup62) eytcchrome c-

oxidase (COX V), a nuclear and a mitochondrial kearlocalized at

the supernantant-30% sucrose and at the 40-55%ssuanterfaces
respectively; while CD45 and lymphocyte-specifiotein tyrosine

kinase (Lck), associated with non-lipid raft angidi raft membrane
regions, localized prevalently at the 30-40% suerogerface. We
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also studied the localization of the plasma mendamoteins, CD3z
and LFAl1l (CD11a), essential for the LS realizati@D3z is a
component of the T cell receptor (TCR) that papates in the
activation of T cells, while LFAL plays a crucialle in the leukocyte
TEM. Since a consistent amount of CD3z and LFADcalized with
the mitochondrial and nuclear membranes in thdifmas # 1-3 and 9-
10, we removed the membranes by centrifugationrandvered the
supernatants containing CD3z and LFAL. They werdgubwith the
fractions containing the CD45 and Lck enriched-meamb (Fig. 1A).

Leukolike system assembly: coating of NSPs with leukocyte
cellular membranes

To forge the NSPs surface close to the leukocyapisearance, we
incubated the NSPs with the isolated leukocyte nmiamds. In an
aqueous solution the isolated membranes self-asseimio multi-
bilayers lipid vesicles, ranging from the size @02nm to 500 nm
(Fig. 1B-C), with a net negative surface chargee Hurface zeta
potentials was measured to be -26.44 mV, similath® surface
charge of NSPs (-28.84 mV) (Fig. 3A). We adoptediract surface
modification approach, based on silanization with
aminopropyltriethoxysilane (APTES), to positivelliazge the NSPs
surface (APTES-NSPs), whose zeta potential wasume@dso be 7.41
mV (Fig. 3A). When the lipid vesicles approached the APTES-NSPs
reactive surface, the electrostatic interactionsliate the absorption
of the lipid vesicles: once a defect occurs indbter layer of the lipid
vesicles, they fracture and spread [24] on the BP"NSPs surface.

Further spreadings led to the complete coatin@®PTES-NSPs by
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one or more lipid bilayers (Fig. 2C-EAlthough multiple lipid
bilayers can enclose the APTES-NSPs, the size veagngally
unchanged (Fig. 2F).

The relevance of the APTES modification for an i surface
coating was supported by the non-uniform coatinggioked when
non-modified NSPs were incubated with the leukoayiembranes
(Fig. 3B). However the coating efficiency also deged by the lipid
concentration of the coating solution. We prepaxed diluted lipid
coating solutions (1:2; 1:5) and the APTES-NSPsewpartially
coated, as predicted (Fig. 2C-E).

Additionally, the coating efficiency depended alsp the size and
lamellarity of the lipid vesicles in the coatinglwon: smaller
vesicles with a reduced lamellarity, obtained tigtousonication,
ensure a more uniform and smooth coating (Fig. 3&&h, However,
the APTES-NSPs coated with membranes organizestrgei vesicles
better resembled a leukocyte (Fig. 3dwnce the name of LS.

Protein characterization of theL S

We next checked the protein profile of the LS stefaoy flow

cytometry analysis, paying particular attention thee presence of
CD3z and LFA1 (Fig. 3D). Under physiological comalis, CD3z is
localized in the cytoplasmic leaflet of the memigraslayer while

LFAL in the extracellular side. Because of theififedlent membrane
localizations on the leukocyte cells, LFA1l is déabte at higher
levels in comparison to CD3z unless permeabilinatdthe cellular
membrane occurs (Fig. 3D). The lower detection BBZ and higher
detection of LFALl on the LS rather than on the amed NSPs
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(control) suggested a correct orientation of bdihk proteins on the
LS. However, the lower detection of both proteins the LS in
comparison to the Jurkat cells was justified byghetein loss during
the membrane isolation procedure. We also confirthe presence of
CD3z and LFAL on the LS by immunoblotting (Fig. 3E)

Ability of the LSto ludetheimmune system response

The feasibility of transferring some of the physidaukocyte’s

features to the NSPs and the strong resemblanbeawdukocyte led
us to verify the LS ability to escape the macroghagtake trough a
self-defense mechanism. We created two differepédyof LS: the
first obtained by coating the NSPs with cellularnnteanes isolated
from Jurkat cells (Jurkat-LS), and the second wimiembranes
extracted from J774A.1 (macrophage-LS).

We seeded the J774A.1 at 30% of confluence andbhated with a
population of assorted LS (ratio 1:5 cell:LS) for @ and 24 hr.
Although the macrophage’s innate tendency to iatera every kind

of exogenous agents encountered on their way, {HedAll

prominently phagocytosed the Jurkat-LS, whereasleotyyl the
macrophage-LS, showing similar surface featureg. @). The results
obtained from a flow cytometry internalization asshowed that the
uptake rate of the macrophage-LS was constantchtteae point and
lower than the Jurkat-LS (Fig. 4A-B). The mediatueaobserved in
presence of macrophage- and Jurkat-LS was 400@hde8pectively.
In particular the highest Jurkat-LS uptake ratediawe value 900) was
observed after 3 hr of incubation while at 6 andh24t was lower
(median values 800 and 500) (Fig. 4B). The lowedakgs observed
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after 3 hr were probably due to a plateau reachedng the
macrophage phagocytosis. In order to discriminhte tvo LS we
previously added to the isolated Jurkat and J774Aenbranes a
distinct synthetic fluorescent lipid as a probeeTipid nature of the
probes did not alter the natural composition of tiiembranes (ratio
98:2 membrane lipids: synthetic lipid). In partayl the Jurkat
membranes were labeled with rhodamine-phosphoeidrante (red
fluorescence), while the J774A.1 membranes with
carboxyfluorescein-phosphoethanolamine (green dsmance).

These results were also confirmed by confocal rsmwpy (Fig. 4C)
and scanning electron microscopy (SEM) (Fig. 4D).the confocal
microscopy J774A.1 were always seen to interactemaith the
Jurkat-LS and rarely with macrophage-LS, indepenhdeh the
incubation time. The J774A.1 phagocytic activityswadeed clearly
shown in the presence of NSPs, loaded with flu@iesc
isothiocyanate-bovine serum albumin conjugated E6TQ-BSA)
which gives bright green fluorescence. At each tipant we
observed a ratio between J774A.1 and phagocytoS&sef 1:3 (Fig.
4C). Additionally, the SEM micrographs (Fig. 4B3howed that
although the macrophage-LS were in close contattt macrophages
they remained localized on the cell surface andelipatotally
engulfed. For the SEM analysis in which the sanm@eded to be a
mixed population of LS we combined together onlycrophages-LS
and NSPs, due to optical indistiguishibility of Kat-LS from
macrophage-LS. However all these results univocadyfirmed that
the J774A.1 did not recognize the macrophage-L&nagxogenous

agent as much as they recognized the Jurkat-L$hendSPs.
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We then checked the non-immunogenicity of the LSaagurther
confirmation of its biocompatibility. We determindtie levels of
production of two pro-inflammatory cytokines, tumuecrosis factor-
alpha (TNFe) and IL-6, by J774A.1 in response to macrophage-LS
(ratio J774A.1: macrophage-LS 1:5) after 3, 6 afdh20of interaction.
A zymosan solution (1ng/ml) was used as positivatrob. We
observed that zymosan induced high levels of TN@&50 pg/ml)
immediately after 3 hr, and of IL-6 (180 pg/ml),lyprafter 24 hr;
while the macrophage-LS induce the secretion oélbasels of both
TNF-o (< 100 pg/ml) and IL-6 (< 40 pg/ml) (Fig. 4E8s well as
macrophages. We also showed the non-immunogertiySPs and
Jurkat-LS (data not shown).

Interaction of the LSwith HUVEC

We investigated the LS behavior in a cellular emwment by using a
well established endothelial model of large vessabothelium
(HUVECSs). For these experiments we seeded HUVECY (86
confluence and treated for 24 hr with TNFin order to induce an
inflammatory response. After TNé-stimulation, the media was
removed and replaced with the experimental medidagaing the
NSPs and the LS at a ratio HUVECs:NSPs/LS 1:5. Juiecellular
localization within the endothelial cells was dégelcafter 3, 6 and 24
hr of incubation by transmission electron microscqpEM). We
observed that at each time point, the LS were avsayrounded by
the cellular cytoplasm and maintained their intiggshowing patches
of coating membranes still adherent to the surfat®reas the NSPs

(control) were localized into intracellular vesgléFig. 5A) well
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defined by a lipid bilayer. Since cells usually gbaytate DDS into
phagosomes, intracellular vesicles that maturehegplysosomes by
fusing with lysosome vesicles [25], we analyzedirtteaibcellular
localization with lysosomal apparatus using the REyZotracker
lysosomal staining. The endothelial cells weretagavith the RED
Lysotracker solution (10ng/ml) for 1 hr by the esfdeach time point
and immediately observed, in live, at the confamétroscope. The
cells incubated with the NSPs showed a clear cbiate]n with
lysosomes (red spots) already after 3 hr. On tlineroside, cells
incubated with the LS (green signal associated he toating
membranes) showed no colocalization at any of el three time
points (Fig. 5B), confirming the previous TEM resul These
observations indicated that the presence of théingbanembranes
altered the phagocytosis pathway by inducing teedgmal escape, as

leukocytes.

Intracellular retainment of the L S payload

Having observed the integrity of the LS after delfunternalization,
we tested the efficiency of the LS to retain anthyl¢he release of a
payload within a cell, in comparison to the NSRw. fhis purpose we
preloaded NSPs with doxorubicin (DOX) before theikiecyte
membranes coating. For an homogeneous coatingsitreguired to
maintain the system in continuous movement, thusiog the early
release of some loaded DOX. As a consequencentbard of loaded
DOX was considered the final amount (0.061 mg) kdter the
coating. The same treatment was applied to thecoated NSPs
(0.059 mg).
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The release study was conducted leaving both tHesNfBd the LS at
37°C, in continuous movement. We checked the relefter 30 min,
1 and 1.5 hr (burst release) as well as afterdnd®3 days (sustained
release) (Fig. 6A). At each time point the samplese centrifuged at
500 rpm, the surnatants were saved and the pedistspended into
250 pl of fresh phosphate buffered saline (PBS),70H The drug
concentration was estimated as a linear functiothefabsorbance,
read at 480 nm, as determined by the standard .curve

The DOX burst release from the two systems wadyrehidferent:
after 1.5 hr, 80% of loaded DOX was already relddsmm the NSPs,
while only the 20% from the LS. Consequently, mf2edays, when
the NSPs totally released the loaded DOX, the dl8ased only the
40% of the payload, suggesting a retaining fumctd the coating
membranes (Fig. 6A). The release profile did na@ngfe by changing
the loaded agent. We repeated the experiments #iFQ-BSA as
payload (Fig. 6B). In this case a prolonged reta&inirof FITC-BSA
from the LS was observed until the second day wdidiler 1 day the
NSPs released 100% of the loaded FITC-BSA (Fig. 6B)

On the basis of these results, the LS retainingpgaty was also
checked in a cellular system. We incubated the N&&tgrol) and the
LS, both carrying FITC-BSA (Fig. 6C), with TNd- activated
HUVECs (70% confluence), in a HUVECs:NSPs/LS ratid.:5. The
coating membranes were labeled with the synthetit fluorescent
lipid for tracking their intracellular fate. Thelease was checked after
2 hr, 1 and 2 days looking for the FITC-BSA fluarest signal at the
confocal microscope. The expected green fluoregcemnensity in the

area surrounding the particles was observed oty aff hr within the

73



cells carrying the NSPs. At the same time poinssigmificant green
fluorescent signal was observed around the LS, évaght a diffuse
red fluorescence intensity was observed into theptgsm. After 48
hr the green fluorescent signal was stronger andenspread all
around the NSPs. An increased green fluorescenessity was also
seen in the area surrounding the LS, where thdluedescent signal
became stronger too (Fig. 6D). The observed reswitdirmed the
theory of the preserved integrity of the LS for [24that justifies the
delayed release of the payload, both within andhaut the cells, by

comparison with the NSPs.

Transmigration ability of theL S

Thinking at the LS as a device able to mimic thé&déeyte properties,
we verified its ability to transmigrate through thendothelial
monolayer, like real leukocytes, while deliverintharapeutic agent.

We examined the transmigration ability using 24iweanswell

inserts constituted by a polycarbonate micropomesbrane with a
8 um pore size. We seeded HUVECs (about 4x10"5)henupper
side of the transwell membrane and let them adaedespread until
100% confluence. We established the best conditomrobtain a
confluent HUVECs monolayer after seeding HUVECsddterent

dilutions and checking the confluence with crystalet staining.

When the monolayer reached 100% confluence, theiamiedthe

upper chamber was replaced with experimental mediataining

DOX loaded NSPs or LS in a concentration that retggkthe ratio 1:5
cell:particles. The cells were incubated for 24alwwing the particles

to transmigrate toward the underside of the tratisimsert. The
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number of NSPs and LS that migrated to the bottanfase of the
wells was determined by acquiring at the opticadffescent
microscope four non-overlapping random fields ochewaell. The
experiments were repeated in triplicate. The partmmber of each
field was estimated using ImageJ software and Wieeages reported
in the graph (data not shown). The results showkedlt the
transmigration ability of the LS was higher thaa tSPs one.

As a following step we tested the tumor killing lapiof the LS on
breast cancer cells (MDA-MD-231) seeded at theonotbf the lower
chamber of the transwell system. After crossing #ralothelial
monolayer the LS interact with the MDA-MD-231 celishile
releasing the DOX payload (0.39 mg). The DOX-asded cytotoxic
effect was evaluated by MTT assay and we obserhat the cell
viability decreased rapidly in presence of LS iimgarison to NSPs
as a dose-dependent result. MDA-MD-231 treated amt without
free-DOX were used as controls (data not shown).

Discussion

In biomedical research the most important concarsed related to
the way of controlling the physical-chemical prdpe of materials
for obtaining a specific biological behavior [2®h order to achieve
this aim, researchers started to investigate thiaai features of the
body’s own cells, such as the blood cells.

We proposed the LS as a feasible example of a ggneombination

between artificiality and nature. To our knowledbe LS represents
the first successful attempt to realize an innaatDDS that

integrates the features of an artificial deliveryystem
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(biodegradability, biocompatibility, agent loadirmspd release) with
the natural properties of the leukocytes (freeutatton in the blood
stream, TEM and tropism towards the inflammatorye)si By
combining together all these properties we aimedréate a hybrid
system able to reach the intended site successdnlllyto release a
theranostic agent at an effective concentration.

So far we demonstrated that the leukocyte cellambranes can be
used as a natural coating material, ideal to coorfeartificial device
some of the properties of a blood cell. A part frehowing the same
protein/lipid composition, the LS also resemblee tligure of a
leukocyte, minimizing its recognition from the imnmei system. By
evading from the macrophage uptake, the circulatiioe increases,
offering to the LS a higher chance to reach therested site. The LS
thus looks more promising than others DDS thategmal circulation
time, require different chemical surface modifioas that make them
more visible to the immune system.

Moreover our hybrid system showed the ability tcer@ome the
endothelial cells lining a vessel wall. During thEM, the LS escapes
the lysosome pathway, at which any exogenous agecommonly
destined, preventing the enzymatic degradation leé toating
membranes and a burst release of DOX at the erdotlevel. We
believed that the intracellular interaction betwadiAl, exposed on
the LS surface, and ICAM1, expressed in the stitedldHUVECS,
activated the signaling pathways involved in thedathelial
cytoskeletal remodeling and contractility duringe tleukocyte
diapedesis [27]. The active interaction betweenptiadeins on the LS

surface and the endothelial cells during the tragsation was
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confirmed by the lower transmigration rate of th&R$. Probably
NSPs could transmigrate only through the paraalltdute and not
by the intracellular pathway that is mediated byALACAM1
interaction. Additionally, the NSPs entrapped irthee lysosomal
vesicles were probably degraded or eventually seléaery late.

The LS thus showed some of a leukocyte propertieeeasing the
possibility to reach the inflammatory site and aske the payload in
response to the environmental conditions. The aq#i of the tumor
matrix and the secreted enzymes will lead to theticg membrane
dissolution and the consequent DOX leaking and keptay tumor
cells. The LS can be also internalized by the tunedls and release
the therapeutic agent directly into their cytoplasm

In conclusion, all these properties suggested ailples biomedical
application of the LS as optimal DDS.

In the cancer therapy, however, a specific targetstrategy is
required. Before feature testing on animal modéks targeting ability
of the LS will be improved by using cellular mentea of primary
leukocytesex-vivoexpanded and genetically modified. The possibility
to improve the leukocyte tumor tropism by geneljcaiducing the
expression of specific tumor targeting agents effar additional tool
to optimize the LS and to apply to different caniygres as well as to

all the vast array of pathologies which involvdanimation.
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Material and Methods

Cdl cultures

The immortalized T lymphocytes cell line (Jurkathe murine
macrophage cell line (J774A.1), the human umbileah endothelial
cell line (HUVEC) and the human breast cancer log#l (MDA-MB-
231) were all purchased from the American Type @allection
(ATCC). Jurkat cell suspensions were grown in RRIg40 medium
(GIBCO) supplemented with 10% fetal bovine serunBSF 1%
glutamine and 1% antibiotic antimycotic solution e(PStrep).
J774A.1 and MDA-MB-231 cells were cultured i@-minimum
essential mediumafMEM) supplemented with 10% FBS and 1%
Pen-Strep. HUVEC were cultured in recommended EGMW2
medium supplemented with EGM-2-MV singlequots afd BBS.
The cells were kept in a humidified atmosphere37atC, containing
5% CQ.

Plasma membraneisolation

2.8x10 cells were centrifuged at 500 g for 10 min at 4&@ the
pellet resuspended in 2 mL of complete homogemnabuffer (HB)
(25mM sucrose, 10mM Tris/HCI, 1mM Mg&£llmM KCl, 2mM

phenylmethylsulfonyl  fluoride (PMSF), trypsin-chytngpsin

inhibitor 200 ug/mL, DNase 10 ug/ml, RNase 10 ug/fimal

concentration; Sigma-Aldrich) pH7.3. Cells were dpated in a
hand-held Dounce homogenizer (20-30 passes imammg)centrifuged
at 500 g for 10 min at 4 °C. The supernatant wdleaded and the

pellet resuspended in HB. The homogenization andribegation
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steps were repeated until the pellet was freetatircells, checked by
light microscopy. The supernatants were pooled &ad on a

discontinuous sucrose density gradient composesbef (w/v), 40%

(w/v), 30% (w/v) sucrose in a 0.9% normal salinkison (NSS). The

discontinuous gradients were ultracentrifuged iBeekman SW-28
rotor at 28.000 g for 30 min at 4 °C, using polywarate tubes. The
plasma membrane-rich region was collected at tl¢030 interface.

Ten fractions were collected from the top to thédra of the gradient
for successive protein characterizations. The pdasmembrane-rich
region was diluted two-fold with NSS and ultracéoged in a

Beckman SW-28 rotor at 28.000 g for 1h at 4 °C. Ppledet was

resuspended in two-fold NSS and ultracentrifugeairagt the same
conditions. The isolated membranes were lyophilizeer night,

weighted and stored at 4 °C after rehydratatioa minimal amount
of NSS.

Immunoblotting

The distribution along the gradient of proteinsoassted to nuclear,
mitochondrial and plasma membranes was analyzedidiyblot
procedure. Briefly, 2.5 pl of each fraction wereotspd on a
polyvinylidene fluoride (PVDF) membrane . The mearw® was
blocked with 5% milk, 0.1% Tween-20 in PBS solutiéollowed by
sequential incubation with primary antibody (1:500@ution) and
HRP-conjugated mouse anti-human IgG secondaryaifil:10000
dilution) (SantCruz Biotechnology). The blots weleveloped using
SuperSignal West Dura chemiluminescent substrassdd and the

luminescent signals recorded on X-ray film usind@nica SRX-
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101A X-ray processor. The monoclonal antibodies nAsed as
primary Ab were: anti nucleoporin p62 (np62), COX Lck, CD45,
CD3z (SantaCruz Biotecnology) and LFA1 (CD11a) (8gend).

L Sassembly

The protein concentration of the isolated plasmanbranes was
guantified by Bradford assay (BioRad). The lipichcentration was
estimated considering the protein to lipid ratid ry weight. The
membrane solutions were always diluted in a suchtedave a final
lipid concentration of 1 mg/ml.

NSPs (1.5x1%) with a diameter of 2.8 um, oxidized or superfigia
modified with APTES, were incubated with the lipdembrane
solution over night, at 4°C under continuous rotati In some
conditions the membrane solution was sonicated4fmmin at 45°C
before incubation with the NSPs. Lipid membraneusohs with a
dilution factor of 1:2 and 1:5 were also prepared.

After incubation, the not-bonded membranes werehedsway from
the membrane coated NSPs (LS) by centrifugatiosO@trpm for 10
min at 4°C. The same conditions were applied fbthed LS realized
(Jurkat-LS and macrophage-LSwere realized using membranes
isolated from Jurkat and J774A.1 cells respectjvely

Fluorescent LS were realized for flow cytometry andnfocal
microscope analysis. A synthetic fluorescent ligig2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-carboxyfluoresc@-FITC) or
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-Ndimine-

rhodamine-B-sulfonyl (PE-Rhod)) was resuspended itite lipid
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membrane solution, with a final lipid molar rati®&. The molecular
weight of the phosphatidylcholine was considered tlas mean
molecular weight value of the isolated membranes.

The {-potential measurements of NSPs, LS, lipid membsahetions
and Jurkat cells were performed in phosphate biffer 7) using a
Zeta PALS Zeta Potential Analyzer (Brookhaven unstents
Corporation; Holtsville, NY). The average sizes aveletermined at
the Multisizer™ 4 Coulter Counter (Beckman Coulter)

Transmission electron microscopy

The samples were fixed with a solution containigg @utaraldehyde
(GTA) and 2% paraformaldehyde (PFA) in 0.1 M cadatty buffer,
pH 7.3. After fixation, the samples were washed &eated with
0.1% Millipore-filtered cacodylate buffered tannacid, postfixed
with 1% buffered osmium tetroxide for 1 h, and is¢a en bloc with
1% Millipore-filtered uranyl acetate. The samplesrevdehydrated in
increasing concentrations of ethanol, infiltrateshd embedded in
Spurr’s low viscosity medium. The samples were pdiized in a
70°C oven for 2 days. Ultrathin sections were ouaiLeica Ultracut
microtome (Leica, Deerfield, IL) stained with urdmgetate and lead
citrate in a Leica EM stainer, and examined in a1 JEO010
transmission electron microscope (JEOL, USA, IReabody, MA) at
an accelerating voltage of 80 kV. Digital imageseavebtained using
AMT Imaging System (Advanced Microscopy Techniquésrp,
Danvers, MA).
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Scanning electron microscopy

Samples were spotted onto a metal stub, dried ensidvacuum
desiccators over night and coated with a thin layfegold (5 nm)
using an SEM gold sputter before the acquisitiordigital images
using a FEI quanta 400 ESEM FEG instrument equippddan ETD
(SE) detector or a Hitachi S-5500 SEM apparatus.

Flow cytometry

Surface staining of Jurkat cells (1x1076), NSPs1(@%) and LS

(2x1075) were performed in ice cold PBS 1x, 10% FB% sodium

azide. Primary labeled antibodies, FITC-conjugadet-CD3z mAb

or/and APC-conjugated anti-CD11a mAb, were addetliacubated
for 1h at 4°C in the dark under continuous rotatidfor the

intracellular staining of the CD3z domain, Jurkaltswere previously
permeabilized in 0.01% Tween-20 for 4 min. Oppoetusotypes of
the 1IgG FITC- and APC-conjugated mAb were used aegative

control at the same conditions. After washing, sheples were then
analyzed with a Becton Dickinson FACS Calibur egeip with a

CellQuest software. Five thousand events were atedufor each

experiment. The results are the average of thrpergrents.

Macrophage uptake of theL S

J774A.1 cells were seeded at 30 % confluence atwubated with:
APTES-NSPs alone (control), Jurkat-LS alone (pesitcontrol),
macrophage-LS alone (negative control), a mixed ufaion
containing NSPs and macrophage-LS (for SEM angly3iskat- and
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macrophage-LS labeled with PE-Rhod and PE-FITCeesely (for

confocal microscopy and flow cytometry); with aioatell:particles
1.5. The samples were analyzed after 3, 6 and 2adubation by
SEM, confocal microscopy and flow cytometry.

For SEM analysis samples were fixed using a salutiontaining
2.5% GTA. After fixation, the samples were washed dehydrated
using 30, 50, 70, 90, 95 and 100% ethanol seriaitioin steps,
followed by dehydratation in 50 % ethanol-hexamielisylazane
(HMDS) and pure HMDS solution. Samples were driad2f days in a
desiccator before sputter coating with 5 nm layérgold and

observation by using a FEI quanta 400 ESEM FEGunsgnt.

For the confocal microscopy analysis, the J774Allscseeded in 4
chambers glass slides, were fixed in 4% PFA salufar 20 min,

washed two times with PBS, permeabilized using 0Ti#on-X 100

solution for 4 min and washed with PBS two timed$teA30 min

incubation with 1% bovine serum albumin (BSA) blimgk solution,

the cellular cytoskeleton staining was performedhwAlexa-Fluor

594-Phalloidin (Invitrogen) for 30 min, followed bthe nuclear
staining with DRAQ5 (Biostatus Ltd) for 45 min. Athe steps were
completed at room temperature (RT), by preventigbtlexposure.
After staining, the chambers were removed, a difoproLong Gold

mounting medium was added and the coverslip mountedThe

samples were observed using a Leica DM6000 upragintfocal

microscope equipped with a 63x oil-immersion obyect

A flow cytometry analysis was accomplished to qifgnthe

percentage of PE-FITC and PE-Rhod positive cells aseasure of

macrophage uptake. The J774 cells were detachedtire wells by
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gentle scraping with a cell scraper, fixed with #%A and analyzed
with a Becton Dickinson FACS Calibur equipped w@h488-nm

Argon laser and CellQuest software.

Cytokines analysis

J774A.1 macrophages were cultured overnight in 24-plates at a
30% confluence containing 1 mL medium. After 24the cells were
incubated with fresh medium (6Q0) containing NSPs, macrophage-
LS, Jurkat-LS and macrophage-/Jurkat-LS (1.5 caidtiples).
Zymosan at 10 ng/mL concentration (Sigma, USA) wasd as a
positive control for cytokines production and uatesl cells were
used as a measure of basal levels of cytokineseléde cell culture
supernatant was collected at 3, 6, and 24 hr amddstat —80 °C.
Samples were analyzed according to the manufatgurestructions
using a Abcam mouse-TNé-and mouse IL6 cytokine kit ELISA
(Abcam). Cytokine levels were read on a SPECTRA X plate
reader (Molecular Devices). The quantification wasried out based
on standard curves for each cytokine in the comagoh range of 1—
1000 and 1-500 pg/ml respectively.

L Sinteraction with endothelial cellsand subcellular localization
HUVECs were grown until 70% confluence and stimedatwith
tumor necrosis factor alpha (TNE-10 ng/mL, for 4 h at 37 °C. After
activation HUVECs were incubated with APTES-NSRsn{ml) and
LS labeled with PE-FITC (ratio cell:particles 1f6)y 3, 6 and 24 h at

37 °C. Samples were prepared for TEM analysis aviqusly
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described. In some experiments cells were incubfted h by the
end of the incubation time with a Red LysoTrackduton 10 ng/ml
for the lysosomal staining. The LysoTracker solutwas washed
away with PBS-glucose buffer (GIBCO). Live imagesrg acquired
within 1 h using a Leica DM6000 upright confocal cnaiscope

equipped with a 63x oil-immersion objective.

L Sloading and release profile of a payload

APTES-NSPs (1 x 0 2.8 um) were resuspended into 200 pl of a
FITC-BSA solution (5mg/ml) for 2 h at 4°C in the rlda under
continuous rotation. Samples were then centrifuged2000 rpm
(Beckman Coulter Allegra X-22 Centrifuge equippedhwa 296/06
rotor) for 5 min to remove the free unloaded FIBSA. The amount
of FITC-BSA in the supernatant was quantified es@ihg its
emission peak at 488 nm using a UV-vis spectropheter. The
fluorescence was converted into a concentratiogfnfL) of BSA
using a standard curves obtained at known FITC-B&Acentrations.
The FITC-BSA loaded NSPs were mixed with gD0Oof 1 mg/ml
coating membrane solution and incubated at 4°C Zbr under
continuous rotation. FITC-BSA loaded NSPs usec¢@srol were
subjected to the same procedure. Samples werectm@nfuged at
1000 rpm for 5 min to remove the no-bonded memlsraared the
amount of FIT-CBSA released during the coating.stéfe amount of
loaded FITC-BSA left into the NSPs and the LS wesntestimated.
The release profile of FITC-BSA from NSPs and LSsvexaluated
maintaining the systems in a moving condition. Bapernatant was
taken out at established time (30 min, 1hr, 1.84&hr, 48hr, 72hr) and
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replaced with 20QuL fresh NSS. The fluorescence of FITC-BSA at
488 nm was reported and the cumulative releaselT@@-BSA was
calculated. Statistical analysis of the releasenftbe two different
systems (NSPs/LS) were conducted. ANOVA analysis warried
out, anda = 0.05 used as significant level.

The same procedures were applied for determiniegldading and
release profile of DOX. The DOX solution had a cemtcation of 2
mg/ml and the absorbance peak was at 490 nm.

Intracellular L Srelease profile of a payload

HUVECs were seeded, grown until 70 % confluence stimdulated
with TNF-o at the conditions already described. HUVECs were
incubated with FITC-BSA NSPs (control) and FITC-BE&. In these
experiments the LS was realized using PE-Rhod leedliclipid
membranes. After 2, 24 and 48 hr of incubation,dbkés were fixed
with 4% PFA solution and prepared for confocal msoopy analysis
applying the staining protocol described above. Tinages were
acquired using a Leica DM6000 upright confocal wscope

equipped with a 63x oil-immersion objective.

L Stransmigration ability

24-well transwell inserts constituted by a polycaréte microporous
membrane with a 8 um pore size were used. HUVEKRzu{a2x10"5)
were seeded on the upper side of the transwell mamalkand let them
adhere and spread until a 100% confluence. Thelumnde was
checked with crystal violet staining. 200 ul of nzedh the upper

chamber was replaced with 200 pl of experimentadieneontaining
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NSPs and LS (cell:particles ratio 1:5). In the lowkamber 600 pl of
PBS were added in order to avoid that experimentatlia went
through the membrane. After 24 hr, the numberatied NSPs and
LS that migrated was determined by acquiring atntih@oscope four
nonoverlapping random fields on each well, and eéhweells were
analyzed for each experimental point. The numbetrarismigrated

NSPs and LS was estimated by ImageJ software.

MTT cell proliferation assay

MDA-MB-231 cells were seeded in 24-well plates @80 cells well
in EGM-2-MV media enriched with TNEk- 10 ng/ml, in a final
volume of 600 pl, and transwell inserts prepared pasviously
described were introduced into the well. 24 hrrigte media into the
transwell insert was removed and substituted wild Pl of fresh
media containing NSPs and LS both preloaded witiXP& a ratio
1:5 cell:particles. At 24, 48, 72 and 96 hr, thediuen was removed
and medium containing 0.5 mg/mL of 3-(4,5-dimethigzol-2-yl)-
2,5-diphenyltetrazolium bromide(MTT, Sigma-Aldrichias added at
200 ul well for 4 h at 37 °C to the appropriate platbedium was
then removed and 20@l of dimethylsulfoxide (DMSO, Sigma-
Aldrich) was added to each well. After 30 min at,Rfie absorbance
was read at 570 nm using a SPECTRA max M2 platelerea

(Molecular Devices).
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Figurelegends

Figure 1. A. Membrane isolation through a discontinuous sser
density gradient and immunoblotting of specificldar membrane
markers along the gradient fractions. In the wbhibges are indicated
the fractions containing the plasma cellular memésaenriched in the
interested proteins LFA1 and CD3z. The cellulaatgswas used As
positive control, the 55% sucrose solution as negatontrol. B.
Transmission electron micrograph (TEM) of leukocysolated
membranes organized into lipid vesicles. C. Pddicaf B showing

the lipid bilayer structure of a singular vesicle.

Figure 2. A-E. TEM and scanning electron microscopy (SEM)
micrographs showing the adsorption of isolated deyke membranes
on NSPs. The coating efficiency depends on thel lippncentration
1:5 (C), 1:2 (D), 1 (E) of the membrane solutioimsTEM are shown
both the coronal and transversal sections of the N&Ps (B) and LS
(C-E). The SEM micrographs show how the porougasarof NSPs
looks before and after coating with membrane sohsticontaining a
different lipid concentration. The different coafirefficiencies are
clearly visible in the corresponding magnificatioms the right. F.
The size distribution of the NSPs diameter does af@nge after
membrane coating as shown in the graph.

Figure 3. A. Net surface charge (zeta potential) reading tfee
isolated membranes, NSPs before and after APTESacsur
functionalization, LS and Jurkat cells. B. SEM rographs of the LS
(b and d) realized using oxidized- (a) or APTES-ified NSPs (c).
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The images show how the different surface net @afgthe NSPs
surface plays an important role in the interactwith the isolated
membranes. C. 3D reconstitution of NSPs (a) and $&btfographs
of LS made with different coating procedures (satian (b), no-
sonication (c)) and of a real leukocyte. D-E. Floytometry analysis
and immunoblotting showing the protein (CD3z, LFADmMposition
of the LS surface (histograms on the right) in cangon with the
Jurkat cells (histograms on the left).

Figure 4. A-B. Flow cytometry analysis and corresponding
histograms of macrophage-LS (green) and Jurkatre®) (ptake rate
in presence of J774A.1. C. Confocal microscopy etrophage-LS
(green) and Jurkat-LS (red) (upper row), and N$&sef row) uptake
rate in presence of J774A.1 after 3, 6 and 24 hnaifbation. In the
lower row NSPs were labeled by loading bovine seralimumin
conjugated to fluorescein isothiocyanate (FITC-B%gxeen) D. SEM
micrographs of Jurkat-LS (upper row) and macropHzge(lower
row) uptake rate in presence of J774A.1 at 3, 62h0dr respectively.
D. Pro-inflammatory cytokines (TNE; IL-6) production by murine
macrophages treated with zymosan suspension ofmlnghd
macrophage-LS for 3, 6 and 24 hr. TMFand IL-6 levels were

assayed by ELISA. Data are representative of 3rerpats.

Figure 5. A. TEM micrographs and (B) confocal images showing
NSPs colocalization with lysosomes (left columngl &% localization
into the cytoplasm (right column) after internativa by HUVECs at
2h (upper panels), 4h (middle panels), 24h (lowanets). In the
confocal images lysosomes were stained with Lysk&aRed (1 uM)
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for 1h, NSPs are shown trough bright field while tbS is labeled
with green fluorescent lipids. A magnification afol boxed region is

shown at the corner of the correspondent panel.

Figure 6. A-B. DOX- and BSA-release profile from NSPs (reahd
LS (green). The release profiles have been check@BS pH 7.4 in
moving condition for few days. A burst release &, @ and 1.5 hr is
shown in the inserts. All the experiments were dongiplicate. C.
Confocal microscopy images of LS loaded with FIT&M(a) and
coated with leukocyte membranes stained with aatmode-lipid (b).
The correspondent merge and bright field are shiowthe panels c
and d. D. Confocal microscopy images of FITC-BSfeémn) release
from NSPs and LS (described in A) after 2, 24 arg@hr4of
internalization with HUVECs. The FITC-BSA releasarts at 24hr
prevalently from NSPs and it is more evident adi@nr, as seen in the
upper panels showing only the channel of the FITSAB Some
FITC-BSA from LS can be poorly observed after 48htr.24hr the
coating membranes start to dissociate from the $Shown by the
spreading of the red fluorescence in the lower Isane
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Figure3
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Figure4
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Figure5
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Chapter 3

CONCLUSIONS AND FUTURE
PROSPECTIVES

DDS tar geting per spectives
Several types of DDS have demonstrated to imprbeetherapeutic

index of the carried drug while reducing their sidHects, after
intravenous administration. Although currently dalie DDS can
enhance the drug accumulation at the interesteq sgpecially in
tumors, the DDS interactions with and uptake by tinmor cells
remain insufficient. The main strategy that wasppsed to further
enhance drug delivery and retention at the levéliwfor cells is based
on the active targeting [1], that guaranties a Iyigpecific
biodistribution of the carrier due to specific irgetions.

One way to promote recognition between DDS andetazglls is to
attach ligands at the DDS surface that can bindispaly to target
cells. For instance, proteins or carbohydratesbeansed as ligands of
endogenous receptors expressed at the cell suffaced]. An
advantage of using specific ligands as targetingeties is that the
DDS would be targeted only toward cells showinghhexpression
levels of receptors in comparison to physiologmahditions. In fact,
it is common in several cancer cells to observear-expression of
some receptors, whereas other are downregulated admbst

disappear from the cell surface. Thus, it seemdulde take

99



advantage of differences in the level of receptxpression in the

targeting strategy.

However, the actual methods for grafting variousety of targeting
moiety on DDS surface have to be improved in otdepreserve the
functionality of the ligand active site.

The ideal DDS should be able to specifically taripet cancer lesion
while still maintaining the ability to escape themune system and

overcome all the other biological barriers.

Towardsa clinical application of the L eukolike system.
According to these requests, new efficient method for grafting

targeting moieties can derive from the integratainbiotechnology

with immune-based and gene therapy-based apprqaaimsh can

have wide applications across the field of drugveey.

Additionally, the combination of technology withtnee in order to

adapt the physiological mechanisms adopted byrtimeune cells to
NSPs, already brought to the development of theal&w class of
DDS able to avoid unwanted uptake and clearance IRES and

thereby to improve the circulation time of the ffitage vectors
(NSPs).

As proposed in the chapter above, the surface iimadization of

NSPs with leukocyte plasma membranes can be used “atealth

approach” to provide a physical protection agaRE6 uptake and an
increased accumulation at the tumor level with anseguent

prolonged cytotoxic activity. The coating membragnedeed, prevent
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the burst release of the payload thus ensuringmged activity of
the drug in the time.

Thinking to an imminent test of these successfsllts in anin vivo
model, eventually, it will be interesting to actiygarget the LS by
transferring on it the natural tropism that cietirlg leukocytes have
for the tumor site. If proved favorably, conseqienhis technology
will be translated to a pre-clinical model in whiahtologous tumor
infiltrating lymphocytes (TIL) can be directly celited by biopsy of
tumor samples anel vivoexpanded.

It is also known that afteex vivoexpansion TIL are still able to
recognize and infiltrate the tumors from which tlaiginated [4, 5].
Moreover ex vivo expanded TIL still maintain markers of memory
cells, co-stimulatory receptors and cell surfacerker® associated
with their trafficking to the tumor [6]. The TIL caalso be genetically
modified in order to express high levels of a chimantigen receptor
(CAR) with a particular specificity for a lineagpexific antigen of
interest, that is known to be over-expressed orotualls.

This kind of gene-therapy approach improves the otyamtigen
phenotype of the young TIL making them and consaty the LS,
an attractive solution for drug delivery becausetltdir increased
ability to specifically recognize the tumor cells.

The plasma membranes of the TIL that efficientlpress CAR will
be isolated and used for the realization of LS séeond generation.
By exploiting the potential of autologous TIL to grate to the tumor
microenvironment, it can be expected that the LStesy, upon
intravenous injection, will move toward the lumirglrface of the

endothelial cell drizzling the tumor mass, wherell windergo
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transmigration and finally accumulate in the tumuacroenvironment
due to the CAR tropism.

In this way, by perfectly combining the rationakdp of a DDS with
the fundamental understanding of tumor biologyt tkaa necessary
step to better overcome the numerous barriers etemd, the LS
represents the ideal approach to determine a sfatesand
personalized case-by-case strategy. The LS apprbashoffers the
possibility to create, time by time, LS with diféat properties able to
translate a laboratory-based research into a heahpy, better suited
to face the tumor heterogeneity.

The versatility of the LS, due to the natural pmbips of its
components (autologous leukocytic membranes) artdeability to
genetically modify primary leukocytes with the desi tumor
targeting agents, offers a powerful tool applicab@ only to a
multitude of different cancer types but to inflantorg pathologies in
general.
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