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Gene therapy success in cancer treatment relies not only on a good molecular
strategy but also on the need of a saédficient,and targetselective gene delivery
systemt. Despite the great clinical success of lipid nanoparticlesqLasRon-viral

gene therapyvectors,they suffer fromlackof tumor targeting capability, which is

a prerequisite for effectivand selectivecancertherapy?. In this regard, the ci
membrane coating technology is becoming a prospective tool for targepegific

cells This topdown approach makes use of cell membraderived vesicles to

Ol Y2dzFf | S yiIsgf2 LI WRADESG24 a0 KSY HAGK A
source cell$. Specificallythe coating withcancer cell membrarghas been widely
investigated for theselective tumor targetingowing to the homotypic self
recognition abilityof cancer cell4.

In this project, the natural composition of the tumor cell membranes is instead
explored to achieve a heterotypic targetinrelying on the intrinsic interaction of
cancer cells with heterotypic cellsttnmor microenvironmentTMB. In this thesis,

we focused our attention on desmoplastic cancers, which exhibit hardly accessible
tumor stroma. Herein, rather than acting ditgcon hardly accessible cancer cells,
we reasoned that it could be more convenient to develop an innovagieee
therapy vectorsuitable to deliver RNAased anticancer agents specifically to the
more accessible cancer associated fibroblasts (CAFs).tAdétestablishment of a
CAF cellular model, a systematic biochemical characterization of the peculiar
features of CAFs was accomplished, including the metabolic phenotype profile
disclosure and identification of selective biomarker expressien [ -SMA. Next,

| focused on thdabricaion of a coreshell system, wherebgiRNA encapsulating
LNPgcore)were wrapped bycancer cell membrane derived nawesicles (CCM

NVs)shell).First, | developed a reproducible protocol for the production of labeled
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CCMNVs derived from murine 4T1 canasgls. CCMNVs were characterized in
terms of size, surface charge, protein content, membrane sidedness and
fluorescent propertiesand their &ility of heterotypic interaction with CAFs was
testedin vitro.Secondly,dzZNA y3 Y& AYUSNYyakKALI 6& GKS
Tel Aviv (Israel), | optimized a protocol for the production of-lapgled siRNA
encapsulating LNPs by means rofcrofluidic technology. Together with LNPs
physicochemical characterization, the high RNA encapsulation efficiency was
confirmed. Finally, | developed a protocol for LNPs coating with-BZ8Ahereby

the two components were first mixed at optimized ratios and =peently
subjected to sonication. Flow cytometry was selected as a characterization method
for evaluating the cdocalization of red and green fluorescence signals arising from
LNPs and CCGMVs, respectively. The appearance of a double positive population
identified after sonication suggested that a physical association of the two
componentsoccurred but was not sufficient to prove the actual incorporation of
LNPs into the CCIMVs leading to a cofshell structure. Future expansion of the
present work wilinvolve additional characterization experiments to fully disclose

the structural features of the semisynthetic nanovesicles.
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LYGNRRdAzOGA2Y
1. Nanotechnology and Nanomedicine

The term nanotechnology refers to thmanipulation of materials at atomic,
molecular,and supramolecular level in order to create and apply systems with
specific functions attributable to their siZeNanotechnology classically refers to
matter in the $ze range of 8100 nm, but it is often extended to include materials
0St 26 ™ 5 YWheh ¥onfiaed toShenanometric scalematerials show
physiochemical properties that differ from those of their larger counterparts due to
their higher surfaceo-volume ratio’. Thesenovel properties includingoptical,
magnetic,and electrornic properties,make nanomaterialsexcellent candlates for
biomedical applications, given the range of biological processes that occur at
nanometer scalé. The implementation of nanotechnology for medical needs has
been termedinanomediciné and is defined as the application of nanomaterials for

diagnosis, monitoring, and curing disea8¢sig.1).

*Rapid *Better resolution

*High specificity ‘Hfgh Spwifit:ity
+High sensitivity *High sensitivity
* Biosensors * Microscopy
« Lab on chip * Tomography
* Nanofluidics * (MRI)
Analysis
Diagnosis ~=ll P Imaging

Nanomedicine

Regenerative

Targeted Drug &Tissue

Delivaty Engineering
Therapy
« Cancer
« Inflammation * Stem Cells
* Gene Therapy * Biomaterials

*Brain Therapy

*Biocompatible
*Low Toxicity
*More efficient

*High bioavailability
+ High efficiency
* Low toxicity
Fig 1: lllustration indicating various fields of applications of nanomedicine and the advantages of introducing
nanotechnology in analysis, diagnosis, therapeutic and imaging techniguege adapted with permissioh
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The main tools explorechinanomedicineare nanoparticles (N§), defined assolid
colloidal particles ranging in size from 10 t6d0 nm Their highsurfaceto-volume
ratio, combined with tunable characteristics and functionality, makes them a
versatile tool and therefore attractivior diverse biomedical applicationd Here,
relevant for the objective ofhis work, my discussion wilbéus onthe application

of nanoparticles fogene therapyand cancer treatment.

1.1Gene therapy

Gene therapyconsists irthe introduction ofa therapeuticgenetic materia(DNA,
RNA, RNAietc) into an individual celand biological tissuet treat or prevent
geneassociated human diseasdi&e cancer, neurodegenerative diseases, and
autoimmune diseases. This strategy includesvo main approachegene transfer

and gene editinglf an altered gene causes a necessary protein to be faulty or
missing, gene transfer therapy can introducé& & S I £ (0 K & ¢ the@&NIoA 2 y
recover the function of the protein. Alternatively, the therapy can introduce a
different gene that provides ingiictions for a protein that helps the cell function
normally, despite the genetic alteratidd. On the contrary, instead of adding new
genetic material, gene editing relies on direct correction of the existing genetic
aberrationsin situ,to restore the proper cell functioA®415, Over the last years,
the development of new advancetbols based onthe CRISRRas9 systenhas
improved the geneediting specificityas well as madehis process much more
efficient, flexible and dfordable. However, @spitethe great potentiafor clinical
successgene therapyaces certairchallenges Tobe effectivein vivg nucleic acids
(NA) need to reach the target sit®@vercomng severalbiological barriers and

eventually gain the cell entdf'”. Nonethelesspaked gene therapy drugae not
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able to cross biological membranes becawsetheir negative charge anthrge
molecular weight '8 Additionally, they exhibit poor stability duringin vivo
circulation caused bysusceptibility toserum nucleasg phagocyte uptake and
rapid renal clearancd.astly, theaoxic effect arose by immune response stimulation
upon the systemic administration of naked nucleiddaseverely restricts their
clinical application'®'®, With the rapid progress of nanotechnology, nanosized
materials for gene delivery have attracted attention amising strategy for
overcoming theabovedescribedlimitations. To date, nany delivery systems are

being developed to accomplish a safe and effective delivesgwdralgene therapy
drugs®®. They aregenerally classified into two main categories: viral and nonviral

vectors?02L1l (Fig.2).

I Viral || Non-viral |
[ Biological | { Physical I Chemical |
o E.u "4 | Organic ] | Inorganic |
¢ & 7T
e ’ PSS T
: Gene gun  Needle injection 2 \,‘J_\\.ﬂ\ ) )

Adenovirus AAV { -2
‘g— Lipid NP Polymeric NP AuNP CNT
Retrovirus —

'
A‘ - rl
rﬁ Lentivirus Laser irradiation
b 4 Vacciniavirus
y
.

(:— Sonoporation

etc q +  Several formulations
[ =d
e < Electroporation | «  Cargo flexibility

Self-assembling
High transfection efficiency i
properties

Widely used in gene therapy

Ease to manipulate Control of the delivery area

Immunogenicity High tissue penetrance

Distinctive electrical, magnetic

Low immunogenicity and optical properties

Tissue damage

Tunable shape,size and

surface

Cargo flexibility

Fig 2: Overview ofhe types of vectors used in gene delivery: viral anduii@h vectorsAAV: adenessociated
virus. NP: nanoparticle. AUNP: gold nanoparticle. CNT: carbon nanotube. MNP: magnetic nanoparticle. MSN:

mesoporous silica nanoparticle. QD: quantum tlnage adapted with permissidf.
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The choice of the vector to be used in gene delivery depends upon 1) the type of
genetic material to be delivered, #)e type of gene therapy strategy being pursued
(stable or transient expressionB) the amount of the genetic material to be
delivered, 4) the route of administratiomnd the tissue/cell specificity (tropisi)

Both viral and nosviral vectors have their own unique advantages and

disadvantage$! (Fig.2).

1.1.1Viral vectors

Viral vectors consist of viruses that are modified to be replicatieficient by
replacing most of the viral genome with the therapeutic nucleic acids of intétest
Several viruses, such as retroviruses, lentivirus, adenovirus, and aderovirus
associated viruses (AAV), have been widely studied to deliver gene therapeutics in
diverse applicationg* Viruses mediate efficient gene transfer through their
favorable cell uptake and intracellular trafficking machinedesOneway viral
vectors are categorized is as integrating or fiotegrating, baseen whether the
recombinantvectorsintegrate their viral genome into the cell genomgtbe host

or if it remains in the cytoplasim an episomal forni®. Other factors when selecting

a viral vector arahe S Ol 2 N & i N LIA &dividifigzels, the NeBtarR A y 3
packagingcapacity,and its tendency to elicit immune responses if appliediva

A brief overview othe mainpropertiesof viral vectorgs reported below(Tah 1).
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Lentivirus AAV Adenovirus Retrovirus

Expression Stable Transient Transient Stable
Genome RNA SSDNA dsDNA RNA
Packaging capacity <8Kb ~4.5Kb >8 Kb <8Kb
Virus size (nm) 80-130 18-26 105 80-130
Cell infected Dividing / Dividing / Dividing / Dividing
Non-dividing = Non-dividing Non- dividing
Target cell genome Yes No No Yes
integration
Immune response Low Very low High Moderate

Tab. 1:Viral vectors properties; adapted with permissi&n

Although viral vectors provide high transfection efficiency and sustainable gene
expression, several obstacles compromise their use as delivery systems such as high
immunogenicityjnsertion mutagenesis rigk(for integrating viral vectors)imited

DNA packaging capacitgomplex production procedure arfugh manufacturing

costs 2%, The mutagenesis risk above mentioned referstih@ phenomenon
known as insertional mutagenesis i.e. ectopic chromosomal integration of viral
genetic materialdisrupts the expression dfimor suppression gene or activates
oncogene leading to the malignant transformation of céllsConsidering all th

above, the investigation of alternative systems is of great intersie totheir
demonstrated reduced pathogenicity, low cost and ease of production;virah

vectorsdisplayimportant advantageover viral approache¥.
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1.1.2Nonviral vectors

Nonviral gene delivery systems can be divided into physical and chemical
techniques.The materials used for all these methods are generally less toxic and
immunogenic than the viral counterpart&

Physical methods take advantage of physical phenomena that disrupt the cellular
membrane and allow for the internalization of the genetic material. Physical
methods includel) needle injection, in which naked DNA is directly injected
through a syringé**8 2) gene gurwherebynanoparticles are coated by DNA and
propelled by pressurized helium gas against the tartissue 3233, 3) laser
irradiation in which laser energy creates microscopic holes in the cell membrane,
enabling the genetic materials internalizatiéf®, 4) aher techniquessuch as
electroporation and sonoporation, which induce pore formation and transient
permeability using electric pulses or ultrasound, respectivély. Interestingly,
localized injection of naked DNA was first demonstrated intramuscularly in 1990
and afterward in several other tissues, including liver, skin, and btaithis case
DNA uptake is mostly localized in the area where needle track is, suggesting that
physical damage induced by needle insertion is responsible in part for the uptake
of DNA?5, From application standpoint, this procedure is particularly attractive
because of its simplicityut the therageutic efficacy is limited to the injection site
Indeed, the inability to achieve specific targetittgough naked DNA injection,
accountsamajor limiting factor for this gene therapy approachloreover, cespite
being attractive because of their low immunogenicity compared to viral vectors,
easyand safemanipulation one major limitation associated with physical methods

is the risk otissue danagng 2.
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Compared to viral vectors, chemigain-viral vectorscan transfelarge quantities

of genetic materialare suitable for safe largscale productionand are relatively

less toxic®®. However, they also pose some disadvantages suckeaseased
transfectionefficiency andlower geneexpressiorf®!l, Chemicakarriers can be
divided into organic and inorganic strategi®s Inorganic nanomaterials are an
emerging tool for therapeutic deliverthanks to their different structural and
physical propertiesndeed nanostructures size, shape and surface can be tailored
depending on their needs, making them a hel@pproach in almost every gene
delivery case®?. On the other sideorganic strategies mainly include the use of
cationic lipids or polymers that interact with negatively charged nucleic acids- Lipid
based drug delivery systems are one of the most ativacnontviral vectors for
delivering of gene therapeutics as several formulations of these carriers have been
approved by theFood andDrug administration(FDA and European medicines
agency(EMA to deliver different drugg$®#4 These systems takadvantage of the
selfassembling properties of amphiphilic lipids, such as phospholipids, to generate
carriers that protect nucleic acid$. Alternatively, msitively charged polymers,
such as pohkethylenimine (PEI) or chitosan can formanoparticles, called
polyplexes, upon interactrowith negativelycharged\NA andhave alsdeen widely
studied for the delivery of gene therapeutits

For nonviral vectorscell or tissue specificity can be achieved by harnessitlg
specific functionality in the design of chemical or biological vectors, while physical
procedures can provide spatial precision. Other practical advantages e¥irain
approaches include ease of production and the potential for repéat

administratian 2°.
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1.2mRNAbasedtherapy

Messenger RNA (mRNA), discovered by pioneering studies igI9Bll, is a
transient intermediator between genes and proteit¥sBy the late 1980g¢he vast
amount of research done at a moleculavelinsights into mRNA structundthe
development of in vitreranscribped (IVT) mRNAave boost the preclinical
development of mMRN#herapeutics*”484° providing the basis for mRNA as a new
class of drudg® Enzymatic irvitro transcription uses a DNA template of the target
protein %0, Following template lineazation, the mMRNA is synthesized from
nucleotide triphosphates (NTPS)y a DNAdependent bacteriophage RNA
polymerase. Once transcription is complete, the starting template DNA is digested
while the produced mRNA is purified to take forward for formulatidnThe
therapeuticdelivery ofRNAs prepared bgnzymatidn vitro transcriptionpresents
multiple advantagesverDNA or virusmediated gengherapyapproaches$? (Tab.

2). Firstly,exogenously delivered IVT mRNAsleculesdo not insert into the host
genome and thus avoid theisk of insertional mutagenesis thgénome integrating
systemshave been plagued to daté&3454 Secondly, due to its sint half-life (2-3
days)*>%6, no inactivation or excision &/ T mRNAs necessary compared to protein
expression strategies using genome integrating viral vectéemice, mRNA has a
significantly higher safety profile than DNi& gene therapyclinical applications.
Furthermore,in comparison with other nointegrative methods such as episomal
DNA plasmidsmRNAbasedgene therapycircumvents the need for selecting a
specific promoteland thusthe transfection processs relatively efficient and facile

57 Moreover, die to the large size of chemically compdd DNA plasmidpDNA)
celltransfectionusing DNAs less efficient than with respectively packed IVT mRNA
molecules®®. An additional advantage of mMRNA over conventional pDNA reflect

the fundamental differences of mMRNA molecules compared to pDNA when
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expressing target proteins. Unlike DNA, mRNA directly encodes the protein in
cytoplasm through a single translation step. This process enables extremely high
protein expression that is coparable to viral systems and rapid onset time for the
expression of target protein®. Moreover, mRNA therapeuticslo not need to
enter the nucleus, avoidingne of the key intercellular barriers that hampers DNA
based gene therapy®®*l. Finally, while plasmid DNA enterthe nucleus
preferentially during mitotic phaseesulting in high protein expressioonly in
dividing cellsmRNAmediated protein expression takes plaeéficiently both in

dividing and non-dividing cell$*.

RNAbased therapy DNAbased therapy
Cellular delivery Cytoplasm Nucleus
Target cell type Dividing and nordividing Dividing cells
cells
Risk ofinsertional none possible
mutagenesis
Therapeutic action Rapid (hours) Delayed (&b days)
Transfection efficiency High Low
Immunogenicity low high

Tab. 2: Comparison between RNand DNAbased gene therapy

All together hese advantagesnake IVT mRNA a powerful alternative gene
expression system for various applicationsnanamedicine®?. However several
factorsthreaten its practical useand need to beconsideredin order to maximize
the clinical application of mRN#ased genéherapy. These includ¢he innate low
stability of mMRNA as well as the possible immunogenic i$Sidéhen synthesizing
MRNA byn vitro transcription, several factors can influence the biological activity
of mMRNA and, depending ais design translation in the target cell is substantially
affected. Therefore, it is necessary to optimize the structural elementke IVT

MRNA for stablexpression othe target proteins(paragraph 1.2.1).
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1.2.11IVT mRNA modifications

Notably, obtaining highly biologically active RNA usually depends on reliable design
and preparatior?®. Severaltypes of chemical modifications BT nRNAhave been
performedto increasets intracellularstability (mediating its translation effiency)

or decrease the level of immunogenicity, while retaining its translation efficiency
6364 These involve ach component of an individual MRNAK S OF LI p
untranslated regions (UTRs), open readifgame (ORF) and polyadenylated
(poly(A)) taif>%® (Fig.3).

mRNA Structural Elements

UTR's
regulatory elements modulate the translation
efficiency with their length and structure

/ AN

5 cap 5-UTR open reading frame 3-UTR  poly(A) tail
AAAA
i ? i
5 cap ORF poly(A) tail
capping efficiency, cap structure Codon optimization, sequence modifications tail elongation (length) impacts the
innate sensing, protein synthesis increased protein expression stability and translational efficiency
STABILITY 4 PROTEIN EXPRESSION 4 STABILITY 4

Fig 3: Sructural elements of mRN#oleculeinclude open reading frame (ORF) encoding protein, surrounded

o0& p FYR o dzy i N} yaft I § SRo NBIA K 2lfidye abldptedwiithopErmipsiofr. O LI &

A list of the main structural modifications presentecbelow:

- In addition to being involved in the initiation of MRNA translatiéhS p Q O L
FYR 0Q LRfeo! o &iNHzOG dzNI f Sttty Sy i a
processes omRNAtranslation and decay¢ KS p Ol LJ LINR G SO
P G2 o S B8awNilk theRlafighrOof tBel paly®A) tail determines
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G§KS o G2 p S Goylsdnldntiyrfimea¥olisisdieR Bale &
focused on thedevelopmentof p Ol LJ | ghltte poB/@)lehgih R
optimization (100300 nucleotidesyvith the purpose oimaximizng mMRNA

stability and translational efficiency through exonuclease protecton
enhancedcatalysis to the ribosomal complék

¢tKS !¢wa G GKS o YR p GSNYAYI €
proteins but play important roles in regulating mRNranslation and
LINEGSAY SELINBAaA&AZ2Y -UIRIE prinarily {nvdS8ed inT A O
AYAGAFGAY 3 GKS (NI yUIER nosti a#febts theNsRldiy & &4 ¢
and halflife of the mRNAModificationsof 5(QUTR (Kozak sequen@@)do Q

UTR (pyrimidinerich sequence) involve a careful screening and
customization to the target of interesallowing each mRNA to be tailored

to the target cell to maximize protein synthesis per mRNA transtipt

The design of the ORF has largely focused on codon optimizatidoh

remains acontroversial approach for translation improvemenmnRNA
translation efficiencycan be improved by replacing rare codons with
synonymous codons decoded by tRNA with higher aburelan©RF! but

it may change protein conformation and give rise to novel peptides with
unknown biological activity in vivoMoreover, ncreasing theGGrich
sequence together with chemical modification of nucleosides (particularly
uridine moieties) can markedly increase the protein expression after
transfection as well as reduce mRNA immunogeniéitindeed, it has been

shown that modified nucleosides, such agethylpseudouridine andb-
methylcytidine greatly reduce (up to 10fbld) the detection by theTolkHike
receptors of the innate immune system, resulting in an increaagerotein

expressiorin vivocompared to unmodified mMRNA
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Combinations of different types of chemical modifications reveal a surprisingly
diverse set ofeffects, suggesting that there may be additional room for
optimization Furthermore, the properties and effects of many other RNA chemical
modifications remain to be explored.

In addition to the amplitude of protein expression, a Kayitation of mMRNA
therapeutics for chronic diseases is the relatively short duration of protein
production, which necessitates repeated administratiérin parallel to the above
mentioned mMRNA structural optimizations, which tackle immstimulation and
protein expression level, several approaches in development aim to enhance the
duration of protein expressianSeltamplifying mMRNAs (saRNAs) use the-self
replication basis of an RNA alphavirus, which can amplify RNA transcripts in the
cytoplasm, but replace the viral structural coded genes with the gene of intérest
This approach increases protein expression, requiringfettldess RNA for a similar
amplitude of protein expression compared to linear modified mRNA, and is now
being tesed as anin vivq scalable process for vaccine productitn Another
alternative to linear mRNA is circular mRNA (circRNA). Thefoack RAy 3 2 F (K
loose ends during processing shields circRNA from exonuclease activity, which
extends the RNA lifppan’’. Consequently, the extended longevity increases the
total protein yield compared to linear mRNA. Importantly, circRNA circumvents the
YySSR F2NJ Oz2adte p OF LILWAY3 | yR OdzYo SN&
ribosomal entry site (IRES)ggences. Moreover, circularization strongly reduces

RIG1 and ToHike receptor recognition without using chemical substitutfén
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1.2.2Biological barriers

Along with the optimization of IVT mRNA molecsteucture described above
another issue fothe clinical success of mRMasedtherapy concerns the delivery

of genetherapeutic to the target site. Indeed, thaesiredtherapeuticeffects can

be achieved nly if the mMRNA molecule reaches a specific target cell and produces
enough protein of interest®. Dependingon their target organ or tissue and their
administration route, gene therapeutics must cross multiple ext@ad intra
cellular barriers® (Fig 4). In the case of intravenou$V)administration route, once

in circulation, gene therapeutics mushavigate the bloodstream,avoid
macrophages uptakesross the endothelium barriego through the extracellular
matrix (ECM)and eventuallycross the complex molecular structure of the ckltu
membrare 8. Then, ome internalized in the cells, gene therapeutics must escape
the endosomalpathway in its early stage to avoid being exposed to low pH and
catalytic enzyme&. The absence of therapeutimpact observed following naked
Ywb! RStAGSNE Ada I RANBOG O2yaSldzsSyoS
these barriers.Consequently,t is necessary to provide mRN#th a suitable
delivery systemable to 1) protect it from nucleaseslegradationand phagocyte
uptake 2) cross cellular membrane8) escape from endosomes adjirelease the

payload into the cytoplasm fats subsequent translatiof.
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Extracellular barriers

Extravasation
Extracellular matrix
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Fig 4: The pathway of irvivo mRNA deliveryelivery vectors need to extravasate from the bloodstream to

reach target tissuesnediatethe cell entry angerformendosomal escapémageadapted with permissior§L.
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1.2.3mRNA delivery vectors

The development obptimal mRNA delivery vectors is an area of active research.
Thedeliverysystems exploredo date includelipid-based carrierspolymers,and
protein derivatives®8283 Lipid nanoparticles can resolve the challenges associated
with polymeric nanoparticles, such as cytotoxicity dinellack of suitable methods

for largescale production®. Compared to other delivery vehicles, lipid
nanoparticlefLNPsgare gaining increasing attention over the last yeand will be

described in tle following paragraph.

1.2.31 Lipidnanoparticles

Most of the mMRNA therapeutics under development relylipid nanoparticlesThe
current versions of RNWaded LNPs are advanced derivatives of liposomes, the
earliestgeneration of lipid nanoparticlesiyst discoveredn the 19605425,

Liposomes are lipid vesiclarger than LNPs (size between 20 dhd,000 nm)
composed essentially lphospholipids, sphingolipidand cholesteralDue to their
amphiphilic nature(hydrophilic head group and lipophilic groupese molecules
spontaneously seldssemble to form one ufilamellar liposome$ or more
(multilamellar liposome$ lipid bilayerswith spherical shape encompassing an

aqueouscore® (Fig 5).
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Liposome Lipid Nanoparticle

Fig 5: Schematic representation of liposome (left) and lipid nanoparticle (rsghugture.

Thanks to the extreme versatility at encapsulating bothydrophobic and
hydrophilic moleculesliposomes havemerged aghe first nanomedicine delivery
platform to successfully proceettom concept to clinical applicatiorSeveral
liposomal drugformulations have beerapproved and successfully applied to
medical practicé®’.’4. Starting from1990s new generatiors of lipid nanocarriers
made with different lipids such as LNP were developed with improved
characteristicén terms ofboth Kinetic andstructural stability?®. LNRare liposome
like structure especially suitable fahe encapsulaton ofvarious nucleic acids (RNA
and DNA)Indeed, the presence obgitivelycharged cationic lipidm the first LNP
generation allowed the efficienbading of negatively chargeulicleic acids*e8,
However, theyshow considerable drawbacksuchas cytotoxicity, opsonization
with plasmaproteins and low transfection efficiegé®. Therefore, ingénsive efforts
made to modulateheir physiochemical properties resulted in the discoveipH
sensitive ionizable cationic lipidisat substantially reduceé LN immunogenicity
openingthe era of new LNPs generation. As showFig 5 LNR are smaller than
liposomes less thanl00 nm in diametérand exhibitmore complex architectures
and rigid morphologyA key characteristic of LNEhat makes them different from
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liposomes is th@resence of lipids in the core, although data from severalistid
indicate that water is also present to some extéhf’ Despite numerous studies
proved the high RNA encapsulation efficiency in LNRaracteristics of the exact
structure of LNPs core astill under debate®. During last yeard,NP havéveen
thoroughly investigated and successfully entered the clm@018for the delivery

of sSiRNA3, The FDA approval of the drug Patisiran (ONPATTRO) for the treatment
of hereditary transthyretirmediated amyloidosisndeed marked an important
milestone in the development diNPmediated delivery of RN&erapeutics®.
Nowadays LN&have becomehe most advanced nowiral delivery platform oNA
improving mMRNAlimitations as therapeutics such as stability, delivsafety,and
efficacy Notably, two authorized coronavirus disease 2019 vaccines, FIRN2
and BNT162b2%, usel lipid nanopatrticles to deliver antigen mRX®Ag. §. Many
other lipid nanoparticlemRNA formulations have been developed and are under

clinical evaluation as alternative approaches for the prevention and treatment of

virus infections, cancer and genetic disea®&3%°’,

Initial works

on liposome
targeting
Solid ipid \
nanopar es,
- - lanostructured
lipid carriers.

$ ]

i T
Onpattro -
nucleic acid
LNP drug

E
o %
Doxil - the earliest DepoCyt Mepact Margibo

i (liposomal (liposomal | (liposomal
igasomal druy cytarabine) mifamurtide) | vincristine)

DepoDur Exparel  Onivyde  LNP-based
(liposomal (liposomal  (liposomal MRNA vaccines
morphine) bupivacaine) irinotecan) for COVID-19

[ )= antitumor
pain management
E > hATTR amyloidosis
= 'm>— mRNA vaccine

Fig. 6: Timeline of liposoms#LNPs advancement.(Upper part) technological advancement; (Lower part)

examples of FDApproved LNP drugbnage adapted with permissicf.
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Lipid @mposition

LNRin their classicdbrmulation are composed of four key components: structural

lipids, cholesterolstealth lipidsandionizable cationic lipidg={g. 7.

& PEG-Lipid

9 Cationic ionizable lipid
©  Helper lipid
&1 Cholesterol

riety Therapeutic nucleic acid

Fig 7: LNP StructureThe LNP interior contains electrostatically neutral inverted micelleswinich the
negatively charged nucleic acid is surrounded by the ionizable lipid and otheolipibnents. The surface of

the LNRBis composed of a hydrophilic shell containing the-Ri Image adapted with permissicn

Thechemical sucture of themost frequently used lipids in LNP formulaticare

shown inFig. 8and each single component is described below.

- Structural lipids are the fundamental scaffold of LNPs and are mainly
neutrally charged phospholipid¥hetwo main examples used in classical
formulations are DOPE and DSPC, commonly used a¥adt@otal lipids®
(Tab 2.

- Cholesterolis an essential component of LNPIt iscommonlyused at a
concentration ranging from 3@ to 40% of total lipid€rab. 3 and serveso

stabilize the LN® structure by filling in gaps between phospholipid%
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Inclusion of cholesterol contributes to greatdakility of LNPsnd serves

to modulate properties, such as membrane fluidi#y°°. Unveiling he
importance of cholesterolin the process of endosomal escape ab
paramount importancesince it remains one of the most uncooperative
barriers to successful gene delivefy. It is hypothesized that the lower
solubility of cholesterol in the core region may lead to its enrichment on the
LNP surface, promoting its crystallization and potentially contributing to
endosomafusion!®192 nterestingly, ecent studies demonstrated théhe
inclusion of phytosterol (G24 alkyl derivatives of cholesterolip LNPs
formulationshave a considerable impact on the morphology, as well as the
intracellular uptake of LNPs, resulting in a dramatic improvement in the
efficiency of nucleic acidelivery?2 This findingemphasizeshe crucial role

of each lipid structure in subcellular interaction as well as mieed for
greater insights into structural properties of L&y®hich enable to improve
endosomal escap¥?

Stealth lipids, mainly polyethylene glycol (PEG) polygortjugated lipids,
are added to the composition of LNK&-5% of total lipids)Tab. 3) to
increasecolloidal stabilityand stealth propertiesSuchability to reduce
nanoparticles aggregation and clearance enables to reduce LNPs
immunogenicity anégnhancein vivoretention, that results in an improved
safety and efficacy profile %, On the other hand, growing concerns
regarding PEG hypersensitivitgre expediting the need offurther
optimization of PEGylated lipids or the development of different stealth
lipids. Indeed, the formation of artPEG antibodies lsdbeen shown to
increase lhe clearance of PEGylated NPs, an effect wivabenhancedin
case ofpatients previously exposed PEG (e.g. treated with other PEGylated
drugs,cosmeticor hygiene products Notably,recent studies highlighted
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the role of PEGas themost commorcause of posvaccination anaphylactic
reactions in the case of Comirnaty (Pfizer/BioNTech) and €@vidiccine
(Moderna)%4

lonizable cationic lipidare pHsensitive lipids thatcan be structurally
divided into three partsa hydrophilic amine headroup, a hydrophobic
lipid chain, and a linker region that connects these two p#ité-ig 8). At

low pH, ionizable lipids have a positive changhich aidthe complexation
with the negatively charged mRNA molecules via electrostatic interactions
As such, mRNA is stabilized and its resistance to nuctbzgg@dation is
improved. Then, at physiological pHjonizable lipids becomeneutral,
redudng opsonizaton by serum proteins and raig lesscytotoxic effects
comparedto positively charged lipid3°7°. After cellular uptake by the
endosomal pathwaythe low lysosomal pHpromotes again the lipid
ionization. Hence, positively chargedionizable lipids fuse with the
negatively charged endosomal membramausing the disrupting of LNP
architecture,andleadingto the release oinRNA cargo into the cytoplasm
for subsequent translationOverall, the amine othe hydrophilic head
determines the acid dissolution constant (pKa) and a recent study
demonstrated that a pKa close to 6.4 is required for the efficient
translocation of LNPs cargo from the endosartethe cytosol®. In FDA
approved formulation, ionizable lipids constituthalf of the total lipid
amount, as shownin Tab. 3 that reports the lipid composition of FDA

approved LNPs.
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Product Lipid Composition

Cationic ionizable lipid/helper
phospholipid/cholesterol/PEQipid

Onpattro DLirMC3DMA/DSPC/Chol/DMBEG2000 =
50/10/38.5/1.5
mMRNA1273 SM102/DSPC/Chol/DMBEG2000 = 50/10/38.5/1.5
BNT126b2 ALG0315/DSPC/Chol/ALT@159 =

46.3/9.4/42.7/1.6

Tab3: Lipid composition of FB&pproved LN
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DLin-MC3-DMA
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ALC-0315

DOPE
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Fig.8: Chemicaktructure of lipids for LNR) DLiIRMC3DMA, SM102, and ALD315 b) DOPE and DEP¢$
Cholestergld) PEE@MG and AL0159.Image adapted with permissidf.
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The relative amounts of ionizable lipid, helper lipid, cholesterol and IRit3used

in the formulationsubstantially affect the physiochemical properties of Lk#Pze

and surface chargas well as the mRNA encapsulation efficielé$1%. Together

with these LNPs propertiethe ionizable amindipid chemical structurdnave been
shown toimpact the behavior of lipid nanoparticles in viand therefore need to

be optimized for each applicatichOveral| designing LNPs requires the strikiof

a proper balance between the need for particle stability, long systemic circulation
time, and the need for LNP destabilization inside the target cell to release the
oligonucleotide cargo, which requires the proper selection of both the cationic and
helper lipids. Customized design and empirical optimizagiemeeded for specific

applicationsas well as for specific cell targé.

Liver tropism

Tageted gene delivery is the key for precision therapy. Lipid nanoparticles as non
viral vectors have attracted extensive attentions in treating a variety of diseases,
such as cancer, immune diseaseardiacdiseases,and pathogen infectios
However, intravenously administered LNPs have largely been limited to one: organ
the liver 197, The LNPs inherent liver tropisrmvolves apolipoprotein E (ApoE)
adsorption in the blood that subsequently mediates uptake into hepatocytes via
the low-density lipoprotein receptor (LBR)!1%11L Recentfindingspoint out that
different LNPs distribute nucleic acids tfover microenvironment cell types
including Kupffer cells and endothelial cells as efficiently as they distribute to
hepatocytes. Additionallyslight modifications inLNPscomposition led to LNPs

accumulaion in Kupffer al endothelial cell subsets? Interestingly, arecently
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publishedpaper demonstratechow the chemistry of the ionizable amino lipid can
control the endogenous LNP identity, affecting cellular uptake in the liver and
altering therapeutic outcomes in aadel of liver cancet'3. This finding highlights
the importance of understanding the cellular localization of RNA delivery and
incorporating further checkpoints when choosing nanoparticles beyond physical
characterization, as small changes in the chafmtomposition of LNPs can have an
impact on both the fate of LNPs and therapeutic outcorriés

Althoughthe delivery of nucleic acgto the liver by LN®has therapeutic potential,
manyother diseass would benefit fromnon-hepatic LNP tissugargeting, such as
cancer and neurological armhrdiovascular diseaselIndeed, the predictable and
rational design of LNPs for delivery of nucleic acids to extrahepatic tissues
constitute a key challenge that must be overcome to reach the full potenfia
mRNA LNP technologies to allow broad therapeutic developriénAs already
mentioned, ipid molar composition of the four types of lipids used in the
formulation, as well ashe type of ionizableminolipid, have a greaimpact on ceH
specifictargeting.One such example shathat increasing amounts of DMBEG

led to the reduction inLNPssizefrom 200 nm to 30 nm, resulting in an enhanced
cellular uptake by dendritic cells in lymph nodé% Alternatively, an increasing
number ofapproactesaimed at improving LNPs tissgpecifictargetingconsist in
decorating LNPs wittargeting ligands directly to the formulation in ethanwela
chemical conjugating to the LNP surfaée A new methodology termed selective
organtargeting (SORT) was recently developed that enables controllable delivery
of nucleic acids to target tissuefhepatic and extrahepatjc!'®. SORT lipid
nanoparticles (LNPa)ye formed by inclusion of a supplemental SORT mol¢hate
accurately tunecellular uptake andlelivery to the liver, lungs and spleen of mice

after intravenous administratiomia an endogenous targeting mechanism of action
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These effects are dependent on the chemistry and amount of included SORT
molecule in a modular and tunable fashioNevertheless, SORT strategy can
currently only realize orgaspecific delivery to the liver, spleen and lungs while
approaches to deliver RNANP therapeutics to other organs, tumor tissues and
specific cells stineed to be explored and developétt. Overall, #¢houghthe great
success to synthesize lipid nanopatrticles, it remains a challenge to produce lipid
nanoparticles with definable targetabilitgspecially withhigh quality and good
translation reproducibility'®. An alternative to theabovedescribedapproaches is

the incorporation of cell membranderived components into LNPmaking a
0A2ft23aA0If KE@oNAR O2yaidNHzOG GKI.aThisRA & LJt
approat will be described iparagraph?2.3.3.1.

2.Cancer

¢KS GSNXY aOF yOSNE Scynipleh@terégenkoustand\Nigi8y I NP
dynamic diseasesll characterized by an uncontrolled cell growth. It can occur
everywhere in the body leading to the formation of a new mass of abnormal
proliferating cells that grow beyondheir usual boundaries and can acquire
infiltrating behavior spreading to othergans!!’. The most validated hypothesis
regarding cancer onset is the multistep clonal evolution by which cancer evolves
starting from an initial mutation in a single normal cell that acquires selective
growth advantages over other cellS€onsequentlythe mutated cell starts to
proliferate, accumulating genomic instability during generation$ and this
process leads to a stepy-step acquisition of different biological modifications that
enable cells to become tumorigenic and malign&iit The significant progress in

understanding the cancer biology let to defiten common capabilities that cells
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acquire during tumorigenesis and tumor developmeni) sustaining proliferative
signaling 2) evasion ofgrowth suppressors3) evasion ofimmunesurveillance 4)
replicative immortality 5) inflammation 6) activation ofinvasion and metastasis
7)angiogenesis8)genome instability and mutation®)resiseince tocell death and

10) deregulaton of cellular energetics!®1?° (Fig 9). Over the years these cancer
hallmarks were used as targets for the development of anticancer drugs. A deep
understanding of all these cancer hallmarks could help in the development of new

pharmacological treatments.

EGFR
inhibitors
1. Sustaining 2. Evading
proliferative growth
signalling suppressors
10. Deregulating 3. Avoiding
cellular immune
energetics g destruction
9. Resisting 4. Elrl'abtllmg
h replicative
e immortality

8. Genome 5. Tumour-
instability promoting
& mutation inflammation

B\
7. Inducing 6. Activating
angiogenesis invasion &
metastasis

Inhibitors of
HGF/c-Met

Fg. 9: Cancer hallmarks anthrget elements for therapyScheme of all the modificatiomsvolved in cancer
onset and progression and drugs that have been developed to target each of lthege adapted with

permissiont20,
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Beside endogenous factors such as genetic predisposition, extensive research
during last years recognized that cancer occurrence and progression is attributable
to complex interactions of various exogenous risk factors that are classified by the
World Heath Organization (WHO) in physical (ultraviolet and ionizing radiation),
chemical (asbestos, tobacco, alcohol) and biological carcinogens (virus, bacteria or
parasites)?1. Considering that the overall risk accumulation is combined with the
tendency forcellular repair mechanisms to be less effective with aging, it is not
surprising that the incidence of cancer rises dramatically with age. Indeed, estimate
published byEuropean Cancer Inforation Systempredicted that population
ageing will lead to a big increase in the number of people dying from cé&82e&r0

increaseby 2040, compared to 20262

2.1 Nandecnologyfor cancer treatment

Cancer is a major public health problem and a leading cause of death worldwide
(estimated 18.1 million cancer cases in 202001 despite all clinical efforts lots of
malignancies still have no effective treatment. Moreover, cancendence
statistics by WHO are projected to increase with a tota2émillion new cancer
cases expected to occim 2030 122 Conventionamethods to treat cancer include
surgery, chemotherapy, and radiotherapy. However, if tumors arenesactable

or metastasized, chemotherapy is the only therapeutic resolution to control the size
and spread of cancer. As one of the most common clinicallesires, chemotherapy

stil has unsatisfactory performance. Among the reasons why lots of
pharmacological strategies fail, the mains are the poor selectivity of the drugs and
the onset of resistance, resulting in systemic toxicity and ineffectivenesseof th

treatment, respectively. In this scenario, nanotechnology can help in overcoming

37


https://ecis.jrc.ec.europa.eu/explorer.php?%240-4

current drug limitations: the encapsulation of cytotoxic drugs into NPs may reduce
toxicity, extend blood circulation time and increase stability via the reduction of
their systemic exposure. Nanocarriers can protect paysdsazm biodegradation or
excretion, influencing the pharmacokinetic profile of a compound. Moreower
encapsulation of a high quantity of drug can protect frdm extrusionmediated

by themultidrug resistance pumps (MDR pumpsyercominghe resistancdassue
Finally, the nandormulations may improve biodistribution and tissue penetration
and, iffunctionalized with targeting agents, NPs can also provide a mechanism to
deliver these drugs specificalio the tumor site'?%. Research on nanotechnology
basedcancer therapy extends beyond dragd genedelivery into the creation of
new alternative approaches that include immunotherapliptothermal therapy
(PTT), photodynamic therapy (PD¥P. Moreover, recent advancements in
nanomaterials synthesis and tailoremlade biomaterials with specific desirable
LIKEAAO2O0KSYAOIf LINPLISNIASE Fff2g (KS
that can combine the diagnosis and therapy in a single cartemméd as
theranostiq 126124 Cancertheragnosticallow faster, safer, and effective cancer
therapy and remains a significant research area by cancer nanotechnology and

biomedical researcherg’1?8 (Fig. 10.
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Cancer diagnosis Cancer therapy
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Fig. 10: Nanoparticles for cancer treatment and diagnosis: Theranos#ooplatforms integrate the
conventional or the new therapeutic modalitiedrig and gene delivery, photothermal therapy (PTT) and
photodynamic therapy (PDjTand diagnostic functions (magnetic resonance IjNfRaging, positron emission
tomography (PET)riaging fluorescence imagingnd photoacoustic (PA) imagin@mto one singlearrier to

assistthe management of cancelmage adapted with permissié#.

Despite the great efforts in the implementation of new strategies for prevention,
early detection, and treatment, cancer remains a major public health probtém
Therapeutic failure can be attributable to the fact that cancer has been long viewed
as a disease consisting of transformed cells acquiring cell autonomous
hyperproliferative, invasive and limitless survival capaciti¢swever emerging
evidence indicate that, to effectively control cancer, we need to consider

carcinogenesis and tumor progression not asetautonomous andcancer cell
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centered condition, but rather as a disease involving complex heterotypic
multicellularinteractions within a newly forme tissue, the cancer tissue. Hence,
the concept of tumor microenvironment as an integrated and essential part of the

cancer tissue was coinégf131.132

2.2 Tumor microenvironment

Tumor heterogeneity has been identified as a major challenge for the development
of effective anticancer therapies. Indeed, cancer should be considered as an
G2NHBIyé O2YLI2ASR z2ndlignHnt cells Tlgskly ifteractyigRin &/ 2 V'
complex network. Té overall interplay between these cell populations identifies
the tumor microenvironment TMB 33 The TME typically comprises immune cells
(including T and B lymphocytes, turmassociated macrophages (TAM), dendritic
cells (DC), natural killer (N&@lls, neutrophils, and myeloiderived suppressor cells
(MDSCQ)); stromal cells (such as carasmociated fibroblasts (CAF), pericytes,
adipocytes and mesenchymal stromal cells); the extracellular matrix and other
secreted molecules, such as growth fastorcytokines, chemokines, and
extracellular vesicles (EV); and the blood and lymphatic vascular networks, which
are collectively enmeshed and in communication with each oteewell aswvith

the heterogeneous cancer cells themselV&s3S,

Recent stidies have shown that the mechanism of tumor initiation, progression,
and resistance involves not only endogenous changes to tumor cells, but also to the
TMEwhichplay critical roles in regulating tumdiologyand modulating response

to standardof-care therapies. All TME componentgovides the necessary
conditions for thegrowth, invasion, and metastasis of cancer cells, akin to Stephen

Paget's hypothesis of "seed and &0if% The increased awareness ofr@nhal
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contributions to cancer progression and therapeutic outcome has led to a new
cancer treatment paradigm: targeting the tumor stroma acquires primary role in
the fight against cancef®’. Hence multiple therapies directed to various
components of theTME have been developed in recent yeat$ The most
advanced strategies, which either have been approved or are currently under
clinical evaluation, mainly focus on the targeting of TAMs, DCs, T cells, tumor

vasculature, ECM, and CAFs, and are highlightBudyir. 1134
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Fg. 11: The TME is composed of diverse cell types and secreted factors that represent targets for anticancer
therapies. Cell types that populate the TME include immune cells, stromal cells, the blood and lymphatic vascular
networks and tissuspecific cell typesuch as neurons and adipocytes. These cells secrete ECM components,
growth factors, cytokines, and EVs, which are essential for signaling between cell types in the TME and
systemically. As each of these cell types can contribute to the regulation of puoggession and therapeutic
response in unique ways, multiple therapies directed to the TME have been developed in recehmhggars.

adapted with permissior34,

2.2.1Cancer associated fibroblasts

Among the cell types that populate the TME, cancer associated fibroblasts (CAFS)
are one of the most abundanpopulations Some studies have shown that
fibroblasts account for 70 to 9% of the whole tumor volume of breast cancer and
pancreatic cancer 13813% CAFsshare several features with myofibroblasté’.
Indeed, tie evolution and structure of TME has many parallels with wound healing
and inflammation processes. In this condition, quiescent fibroblasts can be
activated and become snath muscle reactive fibroblasts (myofibroblasts), which
are involved in tissue repair and scar formatiéh*2. Starting from the assumption
OKFG aldzY2NB | NE ¢ 249zf R aot surgrisig that2in syich U
chronic inflammatory condition resident fibroblasts are constitutively activated.
CAFs are known to have a dynamic and often tupromoting function and are
critically involved in cancer progression with multiple actiombey 1) create a
protective barrier for ancer cells remodeling the tumor stroma; 2) induce
epithelialto-mesenchymal transition; 3) activate survival pathways and metabolic
reprogramming in tumor cells; 4) promote tumor metastasis and angiogenesis and

5) strongly contribute to build an immunospgessive environment** (Fig. 13.
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Fig. 12:Roles of CAFs assistingumor initiation, progressionand therapeutic resistance

The increasing effort in unveiling the role of TME in cancer development and
resistance has shown a complexerplay between tumor cells and neighboring
CAFs, frequently referred to as bidirectional crosstalk. In this process, the behaviors
of both components are mutually influenced: CAFs are able to stimulate pro
survival programs in cancer cells by differemchanisms; conversely, cancer cells
recruit resident fibroblasts and other cellular subtypesg(, mesenchymal stem
cells, circulating fibrocytes) and reprogram them into CAFs, thereby converting
them from a quiescent to a tumor supportive staf€142 Quch crosstalk takes place

by essentially three pathways: 1) direct heterotypic-cell contact, 2) paracrine
secretion of exosomes, and 3) paracrine secretion of soluble factays growth

factors, cytokines, chemokines). In particular, exossmleased from both cancer
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cells and CAFs are exploited to communicate with neighboring cells delivering their

content (e.g., proteins, mMRNA, miRNA) theréfh

2.2.1.1CAFsanappealingargetfor anticancer strategies

Taking advantage dheir abundance in TME antheir involvement in tumor
pathogenesiscancerassociated fibroblasteave beenexplored for the definition

of innovative therapies$*’. Currently, anticancer strategidbat relies ontargeting
CAF populationgnclude: the depletion of CAFghe inhibition of CAF activator
signaling pathwayandthe reversiorfrom an activated to a quiescent state of CAFs
141 However, these strategies present some intringistrictions, such as thiack

of a specific CAF marker, which hamper their selective depletitameover, the
heterogenicity of CAFs makes it difficult to discriminate between tuptomoting
and tumorsuppressive subpopulations, often resulting in therapeutic failure or
even exaerbating thetumor invasiveness“® Rather than depleting CAFs or
compromising their function, a new valid strategy could be torogramthem to

act as a source of antitumor effectors in TMEdeed, their peculiar localization
near the blood vessels® as well as their role as main drug scavengers for the off
target distribution of anticancer agents inside the tumor aféamake CAFs an
accessible target. Moreover, exploiting thetrinsic roleas reservoiof cytokines
and growth factors involved in paracrine signaling, the reprogrammfri@AFs to
produce cancer cytotoxic agent could be a vahticancerstrategy to treat tumors

that share a distinctive desmoplastic stroifsee nekparagraph)
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2.2.2Extracellular matrix

The extracellular matrix (ECM), which comprises the interstitial elements within
tissues or organs, ia three-dimensionahetwork composed of fibrous proteins
(collagens, elastins, fibronectinkaminins),glycosaminoglycangyaluronic acid)

and proteoglycans®l. The ECM plays vital roles for all biological processes by
providing architectural support, anchorager feell adhesion, a reservoir for water,
and various growth factors, as well as inductions for intracellular signaling pathways
138 As one of the major components of the tumor microenvironment, the
dysregulation of ECM is a remarkable feature of camoerthe man differences

between normal and tumeassociated ECM are represented-ig 13.

Normal ECM Matrix Stiffness in Cancer
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Fig. 13:Schematic illustration of ECM components in normal tissue (left) and the TME Kigtnty. stiffness is
mainly related to excessive collagen and HA within TME. Both cancer cells and fibroblasts contribute to the
remodeling of the ECM during its stiffness, fundamentaflyencing many critical biological processes during

the developmenbf cancer Image adapted with permissick?.
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Stromal cells, including fibroblasts and pericytes, are the major source of£CM
Particularly, fibroblasts directly produce structural macromolecules (collagen,
fibronectin, and laminin) andecrete enzymes involved in the modification and
degradation of these structural macromolecules (lysyl hydroxylases and
metalloproteinase}'®3. During the development afome type of soli¢ancer,CAFs
contributeto an excessive collagen deposition andisordered production dECM
components,which induce significant mechanical stiffening within the tumor
tissue. h return, the stiffened ECM alters the characteristics of cancer®éliBhis
feature, named desmoplasiais typical of some kinds ofumors, particularly
pancreatic, bladder and some breast cancer subtiffend act as a biophysical
barrier for drug delivery. Indeedhé dense stromatogether with concomitant
increase in the interstitial fluid pressure (IFRampers the tissug@enetration of

anticancer agents making most therapies ineffectit®e

2.3Tumortargeting

The concept of drug tumor targeting was first introduced by Paul Ehrilch (Nobel
Prize in Physiology or Medicine in 1908) who described a hypothetical "magic
bullet" capable to selectively act on diseasmdIstissues without affecting normal
cells'®®, This can be translated in achieving the maximal therapeutic efficacy with
minimal toxic effect!>”. Nanotechnologies offer the possibility to design such
"magic bullets" that may effectively accumulate inside the tumor and ensure a
controlled therapeutt delivery. Indeed, as already mentioned, most current
anticancer agents do not differentiate between cancerous and normal cells, leading
to systemic toxicity and severe side effetts As a result, all these adverse effects,

such as bone marrow suppigen, cardiomyopathy, and neurotoxicity, strongly
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are two main strategies by which targeting can be achieved, namely passive and
active targeting. Passive targeting exploitengotumor abnormalities in order to be
preferentially internalized inside the cancerous microenvironment, while in active
targeting NPs are decorated with some functionalities, such as ligands or peptides,

that actively recognize and interact with speci&ceptors on cancer cells surface

159

2.3.1Passive and Active targeting

During tumor formation, normal vascular tissues made of tight lined endothelial
cells become defective and more permeable than in healthy tissues. Indeed, the
increasing need of nutrients and oxygen by cancerous cells lead to the rapid
formation of leaky essels characterized by abnormal branching and enlarged inter
endothelial gaps, which allow a massive exchange of substadfitesloreover,
tumor mass is also characterized by an impairment in lymphatic drainage, which
results in a prolonged retention tiiese substances inside the tiss@iegether with
nutrients, the leaky blood vessels allow the extravasation and accumulation of
nanoparticles with sizes of up to 400 nm in the tumor interstitial spat¥2 This
mechanism, calledt Sy KI Y OSR LISNYSFoAf Aleéwdsfirit NBI
described in 1986 wheresearcher®bserved that NPs better accumulad@d are
retained in tumor tissue compared to small molecul&s. Even though a high

number ofcurrently approved nanomaedines rely on the passive drug targeting,
this approachhas some limitations In the last couple of years, scientisigve

realized that the EPR effect is highly heterogeneous, changing over time during
tumor development and possibly also being transiemhis pathophysiological
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phenomenon does not only vary between mouse models and patients, but also
among tumor types of the same origin, and among tumors and metastases within
the same patient2 In addition, the physicochemical properties of nanopzes

such as their size, shape and surface charge also contribute to the variations in the
EPR effect and drug accumulati$f Finally although the formulation is effectively
delivered to the tumor microenvironment, internalization of the drug inte ttell

is not guaranteed. Atbgether these issues malkallengingo predict the success

of a nanoparticlebased drug delivery system which solely relies on the EPR effect
(Fig. 13.

Active targeting involves the use of a variety of affinity moieties (such as ligands,
antibodies,or peptides) to direct the binding of nanoparticles to many biological
targets, receptors or other surface membrane proteins overexpressed on target
cells 1% Hence, these functionalities may promote NPs internalization in cancer
cells by triggering receptemediated endocytosis. As r@sult, active targeting
ensuresthe release of drugs inside, or at least nearby, tumor cells improving
therapy efficacy. Magover, this mechanism shows the potential to suppress
multidrug resistance via bypassing ofglcoproteinmediated drug effluxte®,
Numerous targeting ligands have been employed to actively target nanoparticles
including antibodies, antibody fragmentsptamers, peptides and whole proteins
(e.g., transferrin) and different receptor ligands (e.g., folic a&tObviously, for

this mechanism to be selective and successful, the antigen chosen as a target should
be as much as possible exclusively, oleast preferentially, expressed on cancer

cells than healthy counterpar{&ig. 14.
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Passive targeting
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Fig. 14: Schematic representation of passive and active targeting. Irmdgpted withpermissiont6,
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Despite the potential benefit of active targeting is widely accepted, this technology
has resulted in a few clinically validated produtt Indeed, functionalization of
NPs remains insufficient to reproduce complex and multicellular interactions

present in a human body, thus limiting the efficacy of active dielgzery*8,
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2.3.2Challenges faNPsmediated tumor targeting

As already mentioned iparagraph2.2.2,the densityof ECM componentstrongly
influences nanomedicine accumulation, as it forms a barrier which prevents the
penetration of nanomedicines from the vessels deep into the tumor interstitium,
further contributing to inhomogeneous distribution of drugs and drug delivery
systems!®. The hypothesis that nanomedicine accumulation is compromised in
collagenrich tumors has been confirmed in several studies, showing that dense
fibrillar collagen prevents large molecules as well as standard chemotherapeutic
agents from penetrating dege into tumorous Together with this, before than
reaching the tumor site, nanotherapeutic agemtsistface another challenge: the

reticuloendothelial systemRE$uptake6°.

2.3.2.1Reticuloendothelial systeaptake

Despite the progress in the field of nanopatrticles for applications as drug and gene
delivery systems, the specifitumor targeting, and immune system escape
capabilities of thesearriersare still limited*®.

DAGSY GKS WF2NBAIYQ O2YLRAAGAZ2Y 2F yI V3
they are rapidly sequestered by the reticuloendothelial systenheterogeneous
population of phagocytic celtbat are part of the immune systerk’. The process

of sequestration begins with opsonization of nanoparticles, involving the
adsorption of plasma proteins, including serum albumin, apolipoproteins,
complement components and immunoglobulins, onto the surface of circulating
nanoparticles(protein corona)!’?2 Corsequently, RES components specifically

recognize the protein corona formed around NRgucing their eliminatiorbefore
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they reach the tumor sité’3. Thisprocessesultsin a shortnanopatrticle circulation
time and, ultimately, lestherapeutic efficacy’4173175,

In addition to increasing uptake by th@mononuclear phagocyte systenMPS3,
opsonization often proves detrimental to actiargeting strategies for
nanoparticles, as the adhered biological corona masks targetiagdgg resulting

in a marked reduction in specificit§#176.
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Fig. 15 Strategies for nanoparticle biomimicry for MPS avoidance and prolonged circulatage adapted

with permissio 169,

In summary dthough substantial research efforisave aimed to incorporate
multiple functionalities and moieties within the overall nanoparticle design, many
of these strategies fail to adequately address RieDarrier 16,

Instead of creating new alternative solutions from the growpg recentresearch
looks towards nature for inspiration, taking design cues directly from biological
systems. Indeed, an entire area of research dedicated towards biomimetic

nanotechnologies has spawned in recent yedfs
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2.3.3Biomimeticnanoparticles

Biomimetic nanparticles (BNP9 emerged as a strategy to overcome thbove
describedimitations associated with synthetic carrier, since many of the desirable
abilities of drug delivery systems are innate characteristics of biologicalesdsfc
Specificallycell membranebased NP& anemerging class of drug delivery vehicles
that mimicthe features and functions of native cell$17°, This approaclncludes

two main strategies 1) the use otthe cell membranetself astherapeutic cargo
carrieror 2) the coating of anothemateriatbased core NRsith cellmembrane'®®

181 This last approach YV I ¥efRemisrane camouflaging | LILINE beOK X

described in the next paragraph.

2.3.3.1Cell membranecamouflaged NPs

Cell membraneoatedcamouflagednanoparticles(CMNPs)onsist of a cordNP
coated withthe membrane derived from natural cel{shell) resulting in a hybrid

core-shell structure'®? (Fig. 16.

Coating
CM fragments

Source cells

CMNPs

Core NP

Fig. 16:Schematic illustration of core NPs coating with cell membrane (CM) fragments. &daged with

permissioriss,
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Thistop-down approach integratethe complexity and versatility of the biological
cell membranewith the flexibilityand controllabilityof synthetic materialg84185,
Indeed, the cell membrane coating acts as a medium to functionalize synthetic NPs,
providing the design of ideal multifictional delivery systems suitable for different
biomedical application&.

Retaining the celimembrane structure (lipid bilayer) and componentsefnbrane
bound antigensand sugar moieties) CMNR#isplay peculiar properties that are
typical of the donor cellssuch asl) the ability of bio-interfacing in complex
biological systems2) selfidentification®5, which enablesthe biomimetic delivery
system to escap@mmune clearance and opsonizatiéf, 3) prolonged systemic
circulation'®® and4)enhanced targeting toward a specific biological compartment
189 Different source cell will endow CMNPs of different properties and tfings
choice of cell membrane depends on the desired therapeutic aimslate various

cell membranes have been utilized to design biomimetic systems including red

blood cells, platelets, cancer cells, and macropha@y&ig. 17.
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Fig. 17:Timeline of CMNPs developmeithage adopted withpermissiort9°,
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of CMNPs that have bedasted in differentmedicalapplicationsThe first example
reported in literatureby Zhang et akhows the use of erythrocytenembranes to

coat polymeric NPs in order to reduce macrophage uptake and systemic clearance
190 | ater, Tasciotti eal. expanded the selection of membranes from aarcleated

cells to nucleated celigsingleukocytes as the raw material for membrane ting.
Beside monotypi€MNPsin the last decade theesearch is focusingisoon a new
appealingstrategy that combinsthe cell membrans derived fromtwo different

cell typesgenerating hybridcell membranecoated nanoparticle!®®. The first
example was proposed by Zhang et al. that demonstrated the preservation of both
RBC and platelet proteins on the same nanocarrier, combining their unique
functions. Subsequently,an increasing number of combinations were
experimentedsuch as cancer cetlRBCs, macrophagagsancer cells, and bacterial

vesiclegcancer cell3°L

Cell membraneamouflaged NRsroduction

The preparation of CMNPs usuatlympriseghree steps Fig 18): 1) isolating the
cell membranes from the source celigep 1) designing theNP inner core (step 2),
andfusing thecell membranewith the core NPs to form a coighell structure(step

3) 191.
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Step 1: cell membrane Step 2: nanoparticle Step 3: reconstructing
extraction inner core fabrication || cell membrane-coated nanoparticles

Cell membrane l Extrusion
isolation

Hypotonic treatment PLGA Iron oxide Gelatin

Freeze-thaw
Ultrasonic

Homogenizer

Gold Mesoporous
l particle sllica Linosome Sonication

Cell membrane-
coated nanoparticle

Cell membrane
purification

differential ultracentrifugation

density gradient centrifugation
ultrafiltration

size exclusion chromatography

Electroporation

Fig. 18:Schematic diagram of preparing monoty@&INPs Stepl includes two processes of harvesting cell
membrane fragments; step 2 requires cautious selection and fabrication of the inner core according to the

purpose; step 3 is thénfl step to coat the cell mebrane onto a templateémage adopted with permissidfC.

Step 1: The first step comprises cell membrane isolation and membrane
purification, both of which need to be performed gently to preserve the structure
and composition of the membranas well as to avoid denaturation of proteins
located on the surface and within the membrad¥. Among various options,
methods mostly used for membrane isolation include hypotonic Iy freeze
thawing 1%, the use of ultrasonic wave'¥? and homogenizatio#®3. The choice of
the methods depends on the calharacteristicsand often the combined use of
these methods can yield satisfactory resultsor example, simpler extraction
methods, such as hypotonic lysis and fre#lzawing, can be suitablefor non
nuclea cellswhile nuclear cells, such as cancer cells require other methods, such
as the use of ultrasonic waves and homogenizafithh The next stage for cell
membrane extractiomnvolves the purification of cell membranes. Several methods

have been develeed, including differential ultracentrifugation, density gradient
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centrifugation, and ultrafiltration%®. While differential ultracentrifugation adopts

a gradual increase in centrifugal speed, which is suitable for cell lysates with
significantly different sedimentation coefficients, density gradient centrifugation
requires the formation of a continuous or discontinuous density gradient in the
centrifuge tube and is suitable for separating materials with different densitfes

By contrast, ultrafiltration requires no phase change, no heat release, low energy
consumption, and no chemical reagenk®wever, it is greatly limited by sample
volume.

Step 2:The core constituents of cell membrasamouflaged NPs can be organic,
inorganic or organiginorganic hybrid nanosystem<$”1%,  Obviously different
inner cores endow CMNPs with different propertiaad therefore the core
selectionshouldbe carried oudependngon the desiredapplication'®s. Typically,

the core of the NP, which must lokelivered and released at the target site, consists
of its therapeutic agent and framework, which are shielded by cell membranes
obtained from step 1ln the case of drug delivery, the NP core carries the payloa
that needs to be delivered to the desired siterganic cores are fabricated using
organiccompounds, such as polymers, liposomes, gelatin, chitosan, and human
serum albumin and thus display the advantage of biocompatibility and
biodegradability!9%2%0, Amongthese the FDA approved poly(lacten-glycolic 3
acid) (PLGAjas beerwidelyusedasskeleton of the coreandloaded with different
cargo such as anticancer drugs, nadrared (NIR) dye, and/or other materiafs.
Other examplesinclude the use ofliposomes as core material for loading both
hydrophilic and hydrophobic therapeutic carg#s. Alternatively, inorganidNPs

with their tunable andinherent electrical, optical, anthagneticpropertieshave
been exploited for different applications such as photodynamic therapy
photothermal therapyfluorescence imaging, and magnetic resonance imatffag
However their non-negligible toxicity for healthy tissues and organs has restricted
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their clinial use?°3, Several examples of inner core materiataployedfor cell

membranecamouflaged NPare listedin Tab.4.

Applications Source cells

Drug delivery Erythrocyte

Leukocyte

Platelet

Cancer cell

Stem cell

Bacterium

Endothelial cell

Gastric
epithelial cell

Hybrid cell
Imaging and Erythrocyte

phototherapy
Leukocyte

Platelet

Cancer cell

Stem cell
Endothelial cell
Fibroblast
Hybrid cell

Toxin Erythrocyte

neutralization
Leukocyte

Platelet

Host cell
Erythrocyte

Materials of inner core Disease models

PLGA, PCL, hydrogel, $I@;, silica, protein, Cancers, bacterial infection,
sodium alginate, porous carbon/silica, drug hemorrhagic shock, diabetes
nanocrystal, alextran, solid lipid, mellitus, acute liver failure
perfluorocarbons, gold, MnZIF8,
bacterium, adenovirus
PLGA, mPEBRAE, silica, silicon, liposome,  Cancer, rheumatoid arthritis,

silver, PCIPEG, ZiB acute pancreatitis, lung
inflammation
PLGA, AAmM/APMAAmMm, silica, dextran, blac Canceratherosclerosis,
phosphorus, melanin, liposome bacterial infection, myocardial
I/R injury
PLGA, PGHE8, Fels, gold, silica, cationic Cancer
polymers, liposome, Z{&
PLGA, hydrogel Cancer, myocardial infarction
Silica Bacterial infection
MnO; Atherosclerosis
PLGA Helicobacter pylori infection
PLGA, CusS, copolymer micelle, liposome Cancer
PLGA, UCNPs, gold;Bg prussian Cancer

blue/manganese, black phosphorus, chitosa
dioxide, melanin, PPy, silica, U6, TPC, Gu
xSe, PCEC, ICG

FeOs, gold, PLGA, UCNPs, MARGA, Cancer, bacterial infection
gold/silver, ICG
PLGA, Ry, silica/bismuth, WsOue Cancer
PLGA, UCNPs, ICG;ZIPCN224, Silica, PPt, Cancer

styrene/acrylic acid, &4, gold, TIG@MnQ,
ZIF8, carbon sphere/cerium oxide

UCNPs Cancer
FeOd/gold /
SPNs Cancer
CusS, melanin, 6@ Cancer
PLGA, hydrogel, gold Bacterial infection,

organophosphate poisoning,
type Il immune hypersensitivity

reactions
PLGA, K& Sepsisendotoxemia, HIV
infection, rheumatoid arthritis
PLGA, helical nanomotors Immune thrombocytopenia
Hydrogel Zika virus infection
PLGA, MFiQ, Bacterial infection, cancer, vire
infection
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Immune Leukocyte PLGA Bacterial infection
modulation Cancer cell PLGA, silicon, pSi Cancer
Bacterium Gold, nucleotide Cancer

Sensing and Erythrocyte PLGA, carbon, k& Viral infection, bacterial

detection infection, cancer
Leukocyte FeQs, graphene Cancer

Platelet PLGA Atherosclerosis
Cancer cell Gold, silica, PLGA, Ag Cancer
Sonodynamic Cancer cell TiQ, ZIF8 Cancer
therapy Hybrid cell liposome Cancer

Anti-adhesion Bacterium PLGA Bacterial infection

therapy

Tah 4: List of different cell membrare-camouflaged nanoparticlesAAm: acrylamide; APMAAm:-(%

aminopropyl) methacrylamide; F68: pluronic copolymer F68; UCNPs:upconversion nanoparficl€ypper
Sulfide; Py: polypyrrole; ICG: indocyanine gre&iiF8: zeolitic imidazolate framework 8; PQRA4: porous
coordination network224; PPt: Pt(Il) porphyrinioetal organic framework; SPNs: semiconducting polymer

nanoparticles; TPC: 5,10,15;@@raphenylchlorin PCLpolycaprolactonePCEC: PREGPCL

Step 3:The last step for the preparation of CMNPs is theonstruction ofcell

membranecoated NPs The coating process is commonly achieved by several

methods that include physical extrusion, sonication, and microfluidic
electroporation(Fig 19).
b Cell membrane c
D
=
’ Sonication Cell membrane-

coated nanoparticles
Inner core
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Fig.19: Schematic illustration of theamouflageof cell membrane to nanoparticles bytrusion (a)sonication

(b) and nicrofuidic electroporatiorfc). Image adopted with permissidfC.

Extrusion refers to the production of uniformly sized particles by pushing the
material through naneporous membranes® (Fig. 19a. The cell membrane
fragments obtained fronstep lare extruded tdform uniform vesiclesThen these
vesicles are rextruded with solid NPs (inner core) in the nanopore channel,
thereby fusing to form coreshell CMNP$%. The efficiency of cell membrane
coating by extrusion can be determined based on two factbet drastically
influence the coverage percentage riggitleout ratio. membraneto-core ratio

and surface charge of the inner co®. Compared witlother methods, extrusion
results in better uniformity and smaller size disperdfiandcan be flexibly applied

to coat NPs of different size’®®, However the primary drawback of using this
method for mass manufacture is the substantial sample waste riegultom the
buildup of material on the porous membrarf@®. Unlike extrusion, sonication
method prevents material loss during the coating proc&&sBy applying acoustic
waves at the frequency of ultrasound (20 k#H2VIHz), sonicatioproduces local
instability in bilayer membranes causirigeir deformation and disruptior?*™.
Hence,upon mixing of thetwo components, he mechanical force imposed by
ultrasonic energy allow thenembrane materiato spontaneously reassembia
vesiclesaroundthe NPscores in an energetically favorable procésgy. 190. This
technigue has been used for constructing CMNPs by several groups that
demonstrated that the function of membrane protein was not affected by
ultrasound waveg'2. However, @spite its technical simplicityhis method may
result in a higher degree of sampglelydispersity?'3. Microfluidic electroporation
successfully enhances the entrance of the inner core into membrane vesicles by
generating temporary hydrophilic holesrthugh the cell membrane using quick
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high-voltage electric field pulseéd*(Fig.19c). The feasibility of CMNfnanufacture
using microfluidics was proven in 2017. The benefits of this apprasetis high
throughput and quantitative format that allowthe use of nicrofluidic
electroporationat the industry scalé®. However, probleméncludingthe lack of
specfications and standards for coshell technolog need to be addressed®.
Overall, when selecting the coating method, membrane covereghi-side-out
membrane orientation uniformity, size dispersity, and protein loss are important

factors that need to be considered.

Cancer cell membrane coating

The coating with membrane derived frorancer cell isone of the most prominent
biomimetic approaches focancer therapy which can be readily expanded for
large-scale preparation owing to the immortal nature of cancer c&flsAs with
most biomimetic nanotechnologieblPs coating witikancer cell membrane exhibit
prolonged blood circulation times and immune evading chanadsties that make
them an excellent candidate for drug deliveag well as many other applications
218 Cancercell membrane coatingpossesses unique feature that is commonly
referred to as homotypic targetingt®whereby the constructs can recognize and
bind to the parent cancer cells from which they were derived with molecular
specificity??. Homotypic binding is the mechanism Wwhich cancer cells adhere to
one another, thus allowing tumor growtAand metastasis formatiorf?L. This
property displayed by cancer cells is mediateyg cell adhesion molecules (CAMS)
that include cadherins (Ecadherin) selectins (galectin 3) integrins, the
immunoglobulin superfamily (1§F), and lymphocyteoming receptors (such as

CD447%22(Fig. 20. Consequentlythe ability of cancer cell membrarmmouflaged
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NPs to initiate homologous targeting with inherent satfhesive properties
provides great tumorselective accumulation, molecular specificity toward cancer
cells and reduced accumulation in healthy tissé&&21°. Cancer cell membrane
coatings have é&en extensively used for formulating therapeutic drugs, such as
doxorubicin and paclitaxel, to treat breast cancer, ovarian cancer, lung cancer and
many others??4218 |nterestingly in the last years, the camouflage appro@h
showing significancéor the delivery of nucleic acider cancer therapyVarious
examplesreported in literaturerelies on the use abiocompatiblepolymers such

as PLGA polymer &d2 f -@nonioester) (PBAE) to condense small interfering RNA
(siRNA) into nanopatrticles as the core, which is further camouflagedcaitber
cell membranes?5226227 As alreadydiscussed in paragrap®.2.1, cancercells
dynamicallyinteract with stromal cellsin TME via different mechanisms among
whichdirectcellcell contact plaga critical role irthe regulation otumor behavior

228 Specificallyadherent junctionsand gap junctions, which participate in forming
direct connections between neighboring cellsssential for diverse cellular
functions are mediated bytransmembrane cell adhesion molecul&% A better
investigation of celtellinteraction mechanismsn TMEhas revealed that surface
antigers with overexpressedadhesion domaindike E-cadherin, galectin3 and
ThomsenrFriedenreich antigen Hantigen) are involved isancercell heterotypic
adhesionwith supportive cells ofTME 28230, An interesting example occurs
between CAFs and cancer celis TME: the heterotypic interactiobetween N
cadherin and fadherinon their surfacerespectivelyis responsible fogenerding
intercellularmechanicaforces to promote collective invasion of cancer c8lig-ig.

20).
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Fig. 20 Homotypic (cancer cetlincer cell) and heterotypic (cancer €@&0F) interactions mediated logll-

adhesion molecules.

Similarly to what was speculated for homotypic tumor targefngperty of cancer
cells, cancer cell membrane coatingowld be appliedto perform heterotypic
targeting ofstromal cells iNTME To the best of our knowledge, this phenomenon

has not been described yet and will be explored in this thesis work.
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Aim

mRNAbased gene therapy has been considered one of the most promising
strategies for the treatment of canceéf? However, tle general instability and
immunogenicity associated with tha vivoadministration of naked mRNA require
the use of suitable delivery systems able to protect it from nucleases and to improve
the transfection efficiency?. In this regard, lipicdianoparticles (LNPs) have recently
emerged as the most clinically advanced +iral gene therapy vectdt. Despite

the great success, they lack tumor targeting capability, which is a prerequisite for
effective cancer therapy®3. While tumor targetirg is challenging to achiewga
nanoparticle functionalization with synthetic targeting ligands, the cell membrane
coating technique offers a new promising approach to face this challéfige
Specifically, coating the nanoparticles with entire cancér membranes or with

their components provide them with various ckle biological properties,
including immune escape, prolonged systemic circulation time andcekll
recognition in the tumor microenvironmen€® However, despite the efforts in
dedgning an ideal nanocarrier, the dense desmoplastic stroma typical of some solid
tumors hampers the tissue penetration of nanotherapeutics, making them
ineffective .

With this background, my project lays its foundations on a new catneatment
paradigm whereby targeting the tumor stroma and stimulating the
microenvironment response acquires a primary role in the fight against cancer.
Rather than acting directly on hardly accessible cancer cells, my thesis work aims to
develop a nanocarrier suitabte deliver mRNAased anticancer agents specifically

to stromal cell populations, more accessible compared to cancer cells. Among the
many tumor microenvironment (TME) cell types, we chose cancer associated
fibroblasts (CAFs) as a favorable biologicajdgrleveraging their abundance and
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perivasculatocalization as well as their known role as drug scavengers in the tumor
neighborhood*4°,

The idea behind the goal of my thesis, which is the objective of a brqadgrct
funded by the Italian Association for Cancer Research (AIRC), was to reprogram
CAFs by means of gene therapy for the kigte production of the tumoispecific
proapoptotic agent TRAIL. We believe indeed that the cytotoxic agent produced by
transfected CAFs will be directed toward theighboringumor cells, reflecting the
physiological bidirectional paracrirsggnalingoetween CAFs and malignant cells in
TME.

In this project, | focused my interest on the design and development of an
innovative gne therapy vector able to efficiently target CAFs cells in a desmoplastic
tumor model. The strategy proposed consists in exploiting a-sbe#l system,
inspired by the cell membrane camouflage approach, whereby mMRNA
encapsulating lipid nanoparticles (e&rare wrapped by cancer cell membrane
(shell).

Although cancer cell membrarmated nanoparticles are generally investigated for
their homologous targeting capabilities, in this project the natural composition of
the tumor cell membranes will be explored for the first time also to achieve a
heterotypic targeting, given their intrinsic interaction with CAFs. Indeed, recent
investigations around the cellular cretgk mechanisms within the TME have
highlighted the important role of heterotypic recognition in tumor development
and resistance against extel stimuli (Ohlund et al., 2014).

The resulting biomimetic platform will combine the properties of natural cell
membrane to avoid immuneecognition and perform TME targeting with the
abilities of lipid nanoparticles to encapsulate and cayepetic material.

For this purpose, we selected highly stromatic murine triple negative breast cancer
(TNBC) as a model to test the feasibility of our strategy in a desmoplastic
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microenvironment. Thus, TNBC cells were used as the source material for the
production of cancer cell membrargerived nanovesiclesCCMNVs) and their
property of heterotypic interaction with CAFs was testeditro. In parallel, lipid
nanoparticles were manufactured by means of microfluidics and subsequently
coated with CCMN\s. Aiming to setip a general method for the production of the
above described biomimetic nanovector, we opted to use siRNA instead of mMRNA
as nucleic acid cargo, given its cheaper availability. Obviously, once optimized and
tested, the approach will be esly for translation into the development of

functional nanocarriers encapsulating the mRNA of interest.
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1. Production and characterization of cancer cell membwdaméved nanovesicles

1.1CCMNVs production protocol

The production of cancer cethembranederived naneesicles (CCMIVs)is a
multistep process that includes tlgrowth of ©urcecancercels, the digestion of
parent cellsthe purification ofthe cell membranes, anthe formation ofnanosized
vesicles.Ore of the main limitationsof cell membranelerived nanovesicles
productionis the lowprocessyield, which necessitates a large amount of source
cells?*4 Therefore, the first step consiststime sourcecellexpansioruntil reaching
enough cells. As priously mentionedwe chose thénighly stromatic murine triple
negative breast canceio model a severedesmoplastic tumor. Specifically, 4T1
murine TNBCells were selected as source cells and proved to be a good candidate
taking advantage of theihigh proliferation rate. Once expandede cellswere
harvested through trypsinization and washed several times in PBS to remove
protein contaminantscontained in the celmedium. Afterward, 4T1 cancer cells
were ruptured into cell fragments under mild pgtonic conditions coupled with
mechanical homogenization. Using a motor headed homogenizer, theveeiés
forced through a narrow space between the cldggng plunger and the tube

walls,that causedcell swell burst, and the release ofytosoliccontent (Fig 21).
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Fig 21 Cell homogenization process:cells suspended in PBS (20X); b) cells suspended in homogenizing buffer

(40X); c) cells suspended in homogenizing buffer after homogenization (40X).

The resulting homogenate containing large and small molecules from the cytosol
(enzymes, ribosomes) dn organelles (lysosomes, Golgimitochondria, and
endoplasmic reticulum)undemwent a process called fractionation lifferential
centrifugation through which theplasma membrane waisolated from the other
subcellular components based on the differemedensity(Fig 22). Unbroken cells
and nucleiwere pelleted under a first lowspeed centrifugation while other
organelles such as lysosomes and mitochomggee spunat increasinggeed and
spin duration. Finally, the plasma membrangvas harvested under
ultracentrifugation,appearing as solid pellet at the bottonof the tube (Fig 223,
whereasthe cytosolcontaining supernatantvasremoved The membrane pellet
was then resuspendedn a buffer containing 0.1% sucrosand ultracentrifuged

again tocompletelyremovethe cytosol contaminants.
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Centrifuge 1000xg,

5 min,4°C
HOMCSSERRIE Centrifuge 7000xg,
10 min,4°C
l Centrifuge 100.000xg,
= 45 min,4°C
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Fig. 22: Differential centrifugation: Schematiepresentation of serial centrifugation cycles with centrifugal
forces from 1000 xg up to 100,000 »gy. After each centrifugation step the pellet was discarded while the
supernatant was collected for further centrifugation. The final pellet containinglmane fragments (a) was

resuspended in sucrose buffer (b).

At the end of this process the membrane fragments eored in the pelletwere
suspended in sucroseontainingbuffer andtransferredinto nanosized vesicles
through mechanicallyinduced physidaextrusion The etrusion processis a
technique widely usedto produce nanoparticles or to suit particles size and
morphology. In this procedure, the fluid containing the membrane fragments
forced through ananoporemembrane This causethe lipids reassembly leading to
the formation of smalleand more homogeneousarticleshaving sizelose tothat

of membranepores. In details, the solution containing the membrane fragments
was first passed 10 times on a polycarbonate membrane avpbre size of 800 nm

and subsequently passed 10 timsougha membrane with pore size of 400 nm.
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1.2 CCMNVs characterization

TheobtainedCCMNVs were then characterized in terms of size, surface charge and
morphology. Theanalysis by dynamic light scatterifQLS)Fig 2339 showed a
significant reduction in both hydrodynamic diameter (frat83.3 £ 0659 nm to
197.1 £0.127nm) and polydipersity index (fron0.659+ 0.074to 0.127+ 0.05) of

the nanoparticles after the extrusion step. Thea@ential analysis indicated that
both pre-extrusion and posextrusion CCMNVs had a negative surface charge (
20.7 £ 1.62 mV and¢26.2 £ 2.59 mV, respectively), which is consistent with the
negative charge of the membrane phospholipid bilayErg. 23h). Moreover,
nanoparticles tracking analysi®NTA) highlighied the feature ofthe extrusion
technique to bestowthe nanovesicles a high degree eize uniformity, as

represented inFig.23c
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Fig.23: Characterization of CGMVs before and after extrusioa) Size and PDI measurementypamiclight

scattering; b) Zpotential analysis; ¢) Nanopatrticles tracking analysis.

TheCCMNVsmorphology was imaged byansmission electron microscopy (TEM)
upon negativestainng with uranyl acetateFig.24 shows the analysis of both pre
extrusion (upper quadrants) and pesktrusion (lower quadrants) samples. TEM
images of CCNilVs before extrusion suggested the formation of objects with
poorly defined morphology. In contrast, TEM imagexttuded CCMNVsshowed

a population with a weltlefined shape that resemble theup-shaped morphology

of another wellknown membranederived structure, namely the exosomes.

Fig.24: Transmission electron microscopy analysis ofguxteusion (upper panels) and pessttrusion (lower
panels) CCANVSs.
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One of the main features o€CMNVsis their capacity of retaining the high
complexity of the source cell membrane including the membrane structure and
most relevant, the membrane protein content. In particular, cell adhesion
molecules expressed on the surface of cancer cell membranes are responsible for
the multi-cancercellula aggregatiort®®. In order to analyze therotein content of
CCMNVs,we performed a western bot analysis examining the different fractions
recovered from the various steps of differential centrifugation, including the
unbroken cells, the cytosol, and the membrane fractidfe chose to evaluat¢he
enrichmentin proteins specit for different cellular compartmentdhe membrane
proteins of CCMNVs were extracted using RIPA buffer, then the samples were run
into a gradient polyacrylamide gel suitable for the separation of large size
membrane proteinsTre sodiungpotassium ATPag&l'/K* ATPase)vas choseras
plasma membrane marker given its constitutive and ubiquitous expression and its
significance irhomotypic targeting of homologous cancer ceft& On the other
side the glyceraldehyde $hosphate dehydrogenasg@APDH) waselected as a
cytosolic marker. T@ompare the weight percentage of the marker proteins in
whole 4T1 cells,cytosol fraction, membrane fraction before extrusion and
membrane fraction after extrusiowe loaded identicaprotein amounts into each
lane. Therdby, differences in band intensity are indicative of a protein
predominance in the sample. As visibleFig. 25, the CCMNVs fraction before
extrusion (lane 3) was enriched in the/K" ATPasecontent while it showed a
negligible amount of GAPD#totein. On the contrary, the cytosolic fraction (lane
2) revealed a predominance of GAPpBtein together with a weak signal off*
ATPase, probably due to contamination. In addition, the comparison between the
CCMNVs preextrusion (lane 3) and posixtrusion (lane 4) showed no significant
difference in the protein content and predominanceneseresults confirmed the
retention of the membrane protein MK* ATPase from source cells to CGMs
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produced and suggested that the membrane integrity and tfegin content were

not affected by the extrusion process, which is part of the fabrication protocol.

Na*/K* ATPase —_— -—— -

GAPDH o cma

Fig 25:Western blotting analysis df) whole 4T1 cells; 2) cytosol fraction; 3) @& preextrusion; 4) CCM
NVs posextrusion Thesamples were immunostained with antibodies against the plasma memizaeeific

marker N+/K+ ATPase and the cytosol marker GAPDH

Once the good outcome of the membrane isolation process proved,we
repeated the experiment to examine the preservatiorottier membrane proteins
involved in the celtell adhesion process after the isolation process. Specifieadly,
evaluated the presence of&adherin protein, belonging to the CAM family, that is
strongly involved in thdhomotypic interactions among theauimor cellsas well as
heterotypic interaction with Ncadherin in CAFs membrane. In addition, the
expression of the selharker CD47 was also evaluated considering its role in
protecting cancer cells from phagocytic clearariéé Indeed, previously published
data demonstrated that the retention of such protein in cancer cell membrane
camouflaged nanoparticles endow them with the immueading property,
enhancing their blood circulatiotime 238, As shown by western blot analysigiig

26, all the membrane proteins \K* ATPase, £adherin and CD47 were identified
in CCMNVs sample (sharp bands) while, on the contrary, only GAPDH marker was

detected in the cytosol fraction.
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Fig 26: Characterization by Western blotting analysisl)fcytosol fraction; 2) CGMVs.The samples were
immunostained with antibodies against the plasma membrapecific markes N+/K+ AT&se, Ecadherin,
CD47 and the cytosol marker GAPDH

1.3Plasma membrane isolation via density gradient centrifugation

The protocol described so far alled the isolation of a mixture of membrane
TN IYSyidaszs OFff SR a(e&ig2p), iR canthiding $he T NI C
plasma membranefraction together wih the endglasmic reticulum (ER)
membraneandthe Golgimembrane Consequently, a higher degree of purification

is needed to individually isolate the plasma membrane. This can be achieved
through density gradient centrifugation by which the sample is madsediment
through a sucrose gradient following a previously published prot&€olhe total
membrane fraction was suspended in 1.4 M sucralsen asucrose gradient (1 mL

of 2 M sucrose, 2 mL of 1.6 M sucrose, 4 mL of membrane fraction suspedsion,
mL of 1.2 M sucrose, and 2 mL of 0.8 M sucrose) was loadedindtracentrifuge

tube and centrifugedisinga swing out rotor. During the centrifugatiomembrane

fragments from different compartments, given the different lipid composition,
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move to thegradient location at which their own densities match the density of the
surrounding solution, and therefore are separated. At the end of the spirthieg

discrete fractions Ol £ f SR & Y S Y owkde \Cl&arly Vidile iniithe2 y & ¢ >
ultracentrifuge tube: the highest one atM density regior(fraction 1) the middle

one at the interface between 1.2 M and 1.4 M density redimaction 2)and the

lowest one at the interface between 1.4 M and 1.6 M density redfaaction 3)

(Fig. 27.

Fraction 1

Fraction 2

Fraction 3

Fig 27:Photographs of centrifuge tubes before (left panel) and at the end (right) of spidnmiages shova

discernable separation of thtiree membrane fractiorbands.

Thethree fractions were separately recovered, dildtavith imidazole containing
buffer and pelleted by centrifugation at 1@MO0x g. Once resuspended in sucrose
buffer, the three distinct membrane fractiawere characterized for their protein
content by western blot analysis as described above. Calnegiriprwas chosen
as biomarker for ER membrane while th&#fN ATPase and GAPDH were used as
plasma membrane and cytosol biomarkers respectivéRig. 2&). The

densitometric analysis of western blot assay highlighted a significant difference in
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GAPDH cadent between the cytosol fraction and the three membrane fractions.
Moreover, the fraction isolated at 1 M density region (fraction 1) resulted the most
enriched in the plasma membrane marker and the less enriched in Calnexin marker
compared to fraction 2nd fraction JFig. 2®). This led to identifying it as plasma
membrane fraction which is consistent with data found in literatéi® while the
second and the third bands were assumed to correspond to the ER membrane and
Golgi membraneespectively. However, the considerable amount of calnexin found

in the plasma membrane fraction could be explained by the finding that the
calnexin is partially delivered to the cell surface playing a critical role as a chaperone

on the plasma membrang®.
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O GAPDH O Na*/K*ATPase @ Calnexin

Fig 28 Characterization of three membrane fractions obtained by density gradient centrifugajidtiestern
blotting analysis (the samples were immunostained with antibodies against the plasma merspeific

marker N+/K+ATPase and the cytosol marker GAPDH; b) densitometric analysis of western blot image

The threefractions were also characterized in size and surface charge by DLS, NTA
and Z-potential analysis(Fig. 29. The DLS measurement showed a particles
distribution with an averagesize of about 240 nm for the first and second fraction
and an averagesize of 290 nm for the third fraction. TEepotentialon the contrary
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Concentration (particles/ml)

wassimilar for all the fractions, with values ranging fre@6.3 mV to- 31.5 mV. In
this case, givethme low sample amount, the membrane fractions were not extruded
as previously described for the total membrane fraction. By contrast, bath
sonication was used as alternatielwnsizingprocedure since the mechanical
force imposed by ultrastdc energyleads to the rupture ofthe membranelipidic
bilayerand its reassembly in smaller vesicles.

The NTA of the three membrane fractio(fsg 299 showed a higher degreeof
sample polydispersity compared to NTA analysis of pasttrusion CCMVs

reported above. Thigesult is consistent with what described in paragrdp8.2.1.
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Fig 29:Characterization of three membrane fractions obtained by density gradientrifugation: a)Size and

PDI measurement Hyynamidight scattering; b) Zotential analysis; c¢) Nanoparticles tracking analysis.
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These data point out that density gradiententrifugation was superior to
differential centrifugation in terms of pity of plasmamembrane fraction
However, considering the low yield and timensuming process, we decided to
use the total membrane fraction to produce CWs, in accordance with the

production protocols reported in literature.

1.4CCMNVs stabilitydst

After the production, the stability of CGMVs was evaluated over time; the
particles were conserved in sucrose buffer at 4 °C and their size distribution was
measured by DLS analysis at different time points. As showAgir80, the NPs
hydrodynamic diameter id not significantly change after 21 days, fluctuating
between 221 nm and 248 nm. These results ensutéhe use of CCMNVsup to 3

weeks after the production without concerning about aggregation phenomena.

CCMNVs stability in sucrose buffer

500
400
300
200 ‘/.\i/.\'
100
0

Size (diameter in nm)

dayO0 day3 day7 day14 day?21
Time

Fig 30: CCMNVs stability test in sucrose bufféine hydrodynamic diameter of CA@NVs was measured by
dynamic light scattering analysis at day 0 as well as 3, 7, 14 and 21 days after the pro¢meton+ SD, n =
3).
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1.5Analysis of CCIMVs surfaceroteome

To deeperanalyze the protein compositioof CCMNVs we performed a mass
spectrometry based proteomic analysis in collaboration with the Proteomic and
Metabolomic Unit directed byrrof. Magni(Department of Medicine and Surgery,
University of Miino-Bicocca)This largescale protein studynvolved in succession:

1) the extraction of protein samples from CGANVs,2) the fractionation of the
protein mixtures,3) the acquisition of the data necessary to identify individual
proteins using mass speoscopy,4) the data analysis and organizatioising
bioinformatics In details, poteins wereextractedfrom C®A-NVs usingRapiGest
detergentandthe composition of the extracted protein samples was analyzed by
liquid chromatographytandem mass spectrometr (LEMS/MS) upon trypsin
digestion. The digested peptide mix was fractionated by HPLC and espcaged
onto aquadrupoletime-of-flight mass spectrometeThenmass spectrometry was
performed to analyze the peptide mass-charge ratio spectra and to determine
the protein mass. For additional analysis and identification, the peptides were
further fragmented by collision induced dissociation and analyzed agaire T
peptides were identified by Peaks softwagainst the murine part of th&niprot
database.Throughthis analysis, more thah,500 proteins were identified on the
CCMNVssurface The proteins identified werkirther characterized based on their
cellula localization (gene ontology term)using STRING databasérom this
classification/mnany membraneproteins involved in ceftell interaction and cell

matrix interactionwere identified and are listed ifiab.5.
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Integrin betal

Desmogleir2

Junction plakoglobin

Integrin beta2

Vascular cell adhesion protein 1

Podocalyxin

Rasrelated C3 botulinum toxin substrate 1
Protein scribble homolog

Phosphatidylinositol phosphate Skinase typel
alpha

Ezrin

Protein RCC2

Neuroplastin

Receptortype tyrosineprotein phosphatase kappa
CD2associated protein

Rasrelated protein RaHLA

Lactadherin

40S ribosomal protein SA

Integrinlinked protein kinase

CD166 antigen

Fibronectin type Ill domaioontaining protein 3B
Moesin

Epithelial cell adhesion molecule
Sodium/potassiumtransporting ATPase subunit
beta-1

Catenin deltal

Vinculin

5'-nucleotidase

CD44 antigen

Tight junction protein ZQ

Galectinl

Basigin

Phosphatidylinositol hosphate Skinase typel
gamma

Integrin alpha6

Serine/threonineprotein kinase 10

Leukocyte surface antigen CD47

Laminin subunit gamma

Transmembrane 9 superfamily member 4
Catenin betal

Alphaactinin-1

Talinl

TGFbeta receptor type2

Contactirassociated protein 1

Paxillin

Integrin alphaVv

Nectin-2

Osteopontin

Disintegrin andnetalloproteinase domaitontaining
protein 17

Collagen alphd (XVIIl) chain

Presenilinl

Integrinalpha3

Rasrelated protein Rap2b

Talin2

Disintegrin and metalloproteinase domatontaining
protein 15

PC00126
PC00057
Q02257
PC00126
P29533
PC00069
PC00208
PC00226
PC00137

PC00041
Q8BK67
PC00226
PC00195
Q9JLQO
P62821
PC00176

PC00202
PC00167
PC00125
PC00234
PC00041
Q99JWS5
PC00068

PC00130
Q64727

PC00185
PC00197
PC00214
PC00102
PC00226
PC00137

PC00126
055098
PC00069
PC00102
PC00227
Q02248
Q7TPR4
P26039
PC00205
054991
PC00041
PC00126
P32507
PC00083
PC00190

PC00103
PC00053
PC00126
PC00208
Q71LX4

PC00153

Ephrin typeB receptor 4
Lipomapreferred partner homolog
Ephrin typeA receptor 2
Vesicleassociated membrane protein 3
Kin of IRRitke protein 1

Fermitin family homolog 2

Myosin9

Desmogleir2

Laminin subunit bet:

Coxsackievirus and adenovirus receptor homolog
Cateninalphal

Junction plakoglobin

Src substrate cortactin

Syntaxinbinding protein 3

Cell division control protein 42 homolog
Phosphatidylinositol hosphate Skinase typel
beta

Laminin subunit betd

Laminin subunit alph&

Integrin beta5

Protein EFR3 homolog A

Neuronal proteoncogene tyrosingrotein kinase Src
Claudin3

Cyclindependentlike kinase 5

Flotillin-2

Myosin10

Rhorelated GThinding protein RhoB
T-lymphocyte surface antigen 19
MICALlike protein 2
Proteindisulfideisomerase A6
Laminin subunit gamma

Junctional adhesion molecule A

Zyxin

Inactive tyrosineprotein kinase 7
Disks large homolog 1

Integrin alphab

Galectin9

PlexinB2

Breakpoint cluster region protein
Integrin beta4

Transforming protein RhoA
Integrin beta2

Reticulon4

Plakophilin3

Fibronectin

Cadherinl

Integrin alpha2

Fibronectin typelll domaincontaining protein 3A
60S ribosomal protein L29

Afadin

Tyrosineprotein kinase receptor UFO

Platelet endothelial aggregation receptor 1
Disintegrin and metalloproteinase domagontaining
protein 9

PC00197
PC00140
PC00197
P63024
Q80W68
Q8CIB5
Q8VDD5
PC00057
PC00102

P97792
PC00165
Q02257

PC00165
PC00151
PC00208
PC00137

PC00102
PC00102
PC00126
Q8BG67
P05480
PC00214
PC00167

Q60634
Q61879

PC00208
PC00124
Q3TN34
PC00072
PC00102
088792

PC00041
PC00233
PC00226
PC00126
PC00102
B2RXS4
PC00022
PC00126
PC00208
PC00126
QU9PT72
PC00130
PC00207
PC00057
PC00126

PC00234
PC00202
PC00165
PC00197
PC00152
PC00153

Tah. 5: Massspectrometry based proteomic analydipteins identified in CGMVs and involved in caléll

interaction. All protein results are given as Uniport Accession Numbers.
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Thedata obtained from mass spectrometgnalysis onCCMNVs confirmed the
preservation ofseveralcelladhesion molecules, ainly cadherins and integrins,
known to be involved irtancerhomotypictargeting mechanisnfsee paragraph
2.3.3.1) Specifically, proteins that mediate heterotypic binding have also been
detected, such as integrbeta 1, integrinbeta 2, Desmogleir?2 and Junction

plakoglobin

1.6 Validation of CCNVs membrane protein functionality and orientation

The above mentioned characterizatiopsovided insights about the preservation

of protein markers in the nanoparticleslowever, b fulfill the biofunctions of the
membrane, one of the key requirements is to keep theteins d the plasma
membrane structurally intacand properly oriented in the CGMVs surfaceé*..
Indeed, considering the asymmetricity of the cell membrane, the correct
topologcal orientation of the membrane antigensdstrimentalfor their molecular
interaction, recognition, and biological functif?. Among theproteins detected

by mass spectrometry analysis, we focused on the CD44 antigen-surdatie
glycoprotein inwlved in celtcell interactions, cell adhesion amdigration 243, To
verify the CD44 proper orientation in the Ca&Ws membrane, the nanopatrticles
surface was examindar the presence of CD44 extracellular domassescribed

as follow. 4pm-aldehydesulfate latex beadsvere coated with an antiCD44
antibody (Ab) specific for the recognition of an extracellular and conformational
epitope. For this experiments, CaWVs were labeled with a green fluorescent dye
following the protocol describediithe paragrapl?® (results and discussionJhen,

the binding of CCMNVs to latex beads was evaluatedflyw cytometry analysis.

80



The rationale behind this experiment is the followikggE1): CCMNVs will bindo
the CD44 Adunctionalizedbeads only ithe CD44 protein is presented in its native
form and correct orientatioron the nanoparticlesurface. In this cas¢he green
fluorescencesignalwill be detected inthe bead populatiorn on the contrary, since
the bound is mediated by an€D44 Ab, CCINVs are not expected tdind onto
beads functionalized with the isotype contiaitibody and consequently, no green

fluorescence signal is supposed to be detected.

O
ISR TN
O — O Y cpasnb
T

. Isotype control Ab
Beads anti-CD44 Ab Beads isotype control Ab

Fig 31:Schematicepresentation of the experiment rationale for the validation of @0Qk4 membrane protein

functionality and orientation.

Thebeadswere first incubated with either the arttD44Aband the isotype control

Ab for 48h at 4°C under agitation. Theglycire was added to saturate the free
aldehyde groups on the beads and after 30 min incubation the beads were
centrifuged at low speed and washed with RB&taining bovie serum albumin
(BSA 0.5%for removing theglycine excessas well asthe unbound antibody.
Afterward, Ab-functionalized beads were incubated with the green labeleMcCC
NVs at precise ratios. Rally, the beads were washed again in 883 0.5% for
unbound CCM\Vs removal and analyzed by flow cytometry.

In the first experiment, 10y of CCMNVs (protein amount) were incubated with 5

m of latex beads (approximately x 10° beads. The graphin Fig.32 showsthe
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% green positive events

percentage of greepositive eventsn beads population for each sample. 54.6 % of
green positive events were detected in afb44 Adunctionalized beads while
only 2.73% ofgreen positive events were detected in isotype control- Ab
functionalized beads. At the same time, gieen positive events were observed in
GoSIRa 2yfeéeé¢ alYLISP ¢KSasS NBadzZ G4
fluorescence arises from the binding with C8Ms. Following the same procedure,
anti-CD44 Ab functionalized beads were incubated with urkdbeCCMNVsas
negative control. A shown in the graphn this casehe detected fluorescenceras
negligible, with no statistically significant difference compared to the isotype

control sample.
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Fig 32 Flow cytometry analysis of beads samplestdgimmsrepresenting the percentage of green positive

events (left) and FITE fluorescence distribution (right).

The experiment was then repeated as described above decreasing He\UE
amount to 5ng (protein content). The resulisbtained (Fig. 33 were consistent

with the previousdata, with a marked increase of the green positive events (96%)
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for & | yCO44 AHunctionalizedbeads sample. Interestingly, the treatment of
labeled C®1-NVs with a mixof proteaseqtrypsin 100mg/ml and proteinase K 100
ng/ml) prior to the incubation with beads, reseltiin an almost complete decrease

of green positive events (6%)Ve assumed thathe treatment with proteases
digest the accessible proteins localized thie surface of the Q@-NVs, among
which CD44 antigen, resulting in the loss of the extracellular epitope recognized by
anti-CD44 Ab. Consequently, the disappearance of the green fluorescence signal in
beads population prowéthat the binding wasnediated by CB4 antigen, whichs
presented in its native form and correct orientatimn the particlessurface
Overall, these results stand out that cancer cell derived biomimetic nanovesicles
produced in this way retain thbkiologically relevant moiedisof source cellssuch

as membranebound antigengesponsible fortheir innate nature of homing and

heterotypictargeting abilities.
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Fig 33:Flow cytometry analysis of beads samples. Histognapresenting the percentage of green positive

events (left) and FITE fluorescence distribution (right).
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2. CCMNVs labeling

To performin vitro cell internalization studies as well as in vivo stud@@/-NVs
werefluorescently labeled. Among varioogethodsreported in literaturefor CCM

NVs labeling*, we chose the use of lipophilic tracers belonging to the family of
carbocyanine dyeCarboganines which areghe most prevalent fluorophores used
for in vivoimagirg 24 have low fluorescence in aqueous phase, but become highly
fluorescent upon binding to lipid bilayers, makitltem ideal for staining cell
membranes Structurally, they consist of a fluorophore attached to two long
aliphatic alkyl tails responsible for thensertion within membraneslhe use of this
class of dyes for CCGMVs labeling includes two different strategies: the
nanovesicles labeling poproduction and the nanovesicles labeling pre
production. A major problem that we encountered with the pg@sbduction
method was related to the formation of dye micelles during the labeling process.
Given their amphiphilic structure, carbocyanine dyes form micelles with a size close
to CCMNVs dimension, making the separation of these two entities challenging.
Fa this reason, we focused on the second strategy that consistabeling the
membrane of thedT1source cells first and then use themproduce CCMNVS, as

schematically representeith Fig. 34.

@0 -
®a® i
® *® l’ @ 11,
— ® Py * @ > ’,:’,’ -
°e ® — T
_p@l
4T1 cells Cell membrane Labeled cedl Cell detachment Cell lysis Membrane isolation

growth labeling

Fig.34: Schematic representation of CANWs preproduction labeling method.
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2.14T1 cells labeling with DiO lipophilic tracer

Among a vasspectrum of carbocyanine dyese selected the grae fluorescent
carbocyanine DIiO (3;Bioctadecyloxacarbocyanine Perchlorafi) its extremely

high extinction coefficient and short excitedate lifetime First, we performed
preliminary experiments aimed at optimizing the DiO corncation for cell
labeling. 4T1 cells were seeded and grown in complete serum, then the medium
was replaced by serwfiee medium containing DIO dye in different
concentrations, ranging from iM to 10 M. After incubation at 37 °C for 1 h and

2 h, the cellsvere harvested by trypsinization, and the cell labeling was evaluated
by flow cytometry analysis. As observed in the gragfign35for all conditions the
incubation with DiO resulted in the labeling of almost the totality of the cells. On
the other ham, the mean fluorescence intensity increases significantly with
increasing DiO concentration and incubation time, with the highest fluorescence

value obtained after 2 h incubation.
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Fig.35: Flow cytometry analysis of 4T1 labeled cells using DiCHilstegramsof the green mean fluorescence

intensity (left) and the percentage of green positive events (right) analyzed by flow cytgmetny + SD, n=3).
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The data obtained from flow cytometry are consistent with the qualitative analysis
of cell green flerescence signalperformed using theDigital Fluorescence Cell

ImagerPAULAFig 36).

A) Brightfield Fluorescence
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Fluorescence

Fig. 36: Images of 4T1 labeled celBrightfield and fluorescent images of 4T1 cells labeled with different

concentrations of DIO dye at 1 h (a) and 2 h (b) incubation. Images were acquired by Digital Fluorescence Cell

Imager PAULA

Given these results, ItM Dio for 2 hincubation was selected élse bestcondition
for DIO labeled CCMVs production.
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2.2CCMNVs DiO labeling protocol and characterization

As mentioned above, after the cell growth and cell labeling with DiO at selected
conditions, the CCNWNVs were produed following the protocol described in
paragraphl.l.For the production of each CGNVs batch, the labeling of the 4T1
source cells was checked by flow cytometry before starting the cell homogenization
process. Moreover, the appearance of orange coldhexsample and its retention

in all the steps of the membrane isolation process was indicative of the membrane
labeling Fig 37).

DiO labeled Supernatant after Supernatant.before Membrane pellet
4T1 cells pellet homogenization ultracentrifuge

Membrane pellet
resuspended

Fig.37: Photographs of different steps of CWs labeling procedur&he orange color is retained from the

first step (4T1 cells labeling with DiO dye) until the last step (resuspension of cell membrane pellet).

The membrane pellet resuspended in sucrose buffer was sonicated to promote the
vesicle formation and then DIOCMNVs were physiochemically characterized. The
NTA and DLS analysiBig 38 showed a homogeneous population with a
hydrodynamic diameter of 208+ 20.7 nm, a polydisperse ind@f 0.21+ 0.01and

a negativeZ-potential ¢ 15.9 £ 488 mV). These results demonstrated that the
incorporation of DIiO lipophilic tracer in the membrane lipidic bilayet wlot

drastically affect the physiochemical properties of C@Ws, whichshowed a
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dimension and surface charge comparable to the unlabeled-@¥s. Secondly,

the nanopatrticles fluorescence property was assessed by fluoronsetailysis ig

38b). Upon excitation at 488 nm, the emission spectrum of &\OM was acquired,
showing a peak at 508 nrkinally the retention of the membrane protein N&*
pump was assessed by western blot analysis similarly to what was done for
unlabeledCCMNVs.
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Fig 38:Characterization of DiO label&@CMNVs: a) Nanoparticlgsacking analysis; b) Fluorometric analysis;
c) DLS and-gotential analysis d) Western blot analysis (the samples were immunostained with antibodies

against the plasma membrarspecific marker N+/K+ ATPase and the cytosol m&R&DH).
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2.34T1 cells labeling with DiD lipophilic tracer

Once set up the method for producing labeled\GNVsusing DiQipophilic tracer,

we reproduced the protocol using Dicarbocyanine(m 2-dioctadecyo > 0 20 2 0
tetramethylindodicarbocyanine, -dhlorobenzenesulfonate salt DiD dye has

longer excitation and emission wavelengtlad thus provides a valuable
alternative for labeling cells and tissues that have signifigannsic fluorescence

as well ador in viw studies. Aglescribedfor DiOlabeling,first DD amount was
optimized after testing 4T1 cell labelinging different DiD concentrations (M,

5nmM and 10mM) for 2 h incubation at 37 °C. The results obtained showed the same
trend of DIO labeling expenent, whereby the mean fluorescence intensity
increases with increasing DiD concentratiing. 39). Given these results, 10M

DiD was chosen as optimal concentration for the production of labeled-R\Z$4
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Fig. 39: Flow cytometry analysis ¢fT1 labeled cells using DiD dyéistograms of red mean fluorescence

intensity (left) and percentage of red positive events (righgan + SD, n = 3).
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2.4CCMNVs DiO labeling protocol and characterization

DiD CCM\Vs were produced following the same protocol reportegamagraph
1.1. TheFig 40shows that the blue color of 4T1 cells pellet is retained during all

the membrane isolation process.

DiD labeled Supernatant before
4T1 cells pellet ultracentrifuge

Membrane pellet

Fig.40: Photographs of different steps of CWs laleling procedure. Thiglue color is retained from the first

step (4T1 cells labeling with DiD dye) until the last step (resuspension of cell membrane pellet).

The nanopatrticles were resuspended in sucrose buffer and characterized in terms
of dimension, surface charge, protein content and fluorescent propétiy. 4).

DiD CCM\Vs have a size of 126nm and a surface charge ©19.9 mV. The
western blot analysis confirmed the translocation of the membrane marké<N
ATPase, while the fluoseence property was evaluated by means of fluorometric
analysis upon sample dilutiorig 41bshowsthe emission spectra of DiD CENW's

(with a peak at 665 nm) compared to the spectra of unlabeled -GN
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Fig 41 Characterization of DiD labeled C8Ms: a) Nanoparticlesacking analysis; b) Fluorometric analysis
(DID CCMNVs in red compared to unlabeled GOMs in black); ¢) DLS and ZP analysis; d) western blot analysis
(the samples were immunostained with antibodies against the plasma memigpeific marker NK* ATRise

and the cytosol marker GAPDH).

3. CCMNVs uptake studies

Unlike normal cells, cancer cells have a natural homologous adhesion property for
tumor targeting?'®. Aspreviously mentionedthe homotypic binding occurs when

cancer cells adhere to one another, allowing for the growth of tumor mass and is
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dependent on surface antigens belonging to the family of cell adhesion molecules
(cadherins, selectins, integrins, and Thomdemedenreich (F)). Together with
homotypic aggregation, also cell heterotypic intercellular adhesion to the
microvascular endothelium and tumor microenvironment components are
mediated through similar molecular mechanis#$. Specifically, accumulating
evidencehighight the importance of direct physical interactions between CAFs and
cancer cells for enhancement of cancer cell invasion mediated lstexophilic
adhesion involving Madherin at the CAF membrane anddtlherin at the cancer

cell membrane?”.248

3.1DiO CCM\Vs uptake in CAFs

The ability of DIO Q@-NVs to perform cellspecific targeting through inherent
heterotypic adhesion was evaluatad vitro by cell internalization studiesThe
uptake experiments were performed in a model of cancer associated fibroblasts
obtained from NIH3T3 murine fibroblasts differentiationdescribedn paragraph

6.1. After seeding in24 well plate (20,000 cellsivell), NIH3T3cells were
differentiatedusing ransforming growth factor beta 1 (T&Fm5ng/ml in medium
containing 1% serumand grown for 2. Afterward the DIO Q@-NVs (20ug/ml)

were incubated with the cells for differetimes (L h, 2h, 4h and 6h were chosen

as timepoints of inteest) and the cell uptake was evaluated by means of flow

cytometry. The flow cytometry resultgeported inFig. 42showed an increase of
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the percentageof greenpositive cells as well abe mean fluorescence intensity

over time compared to untreated céd.
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Fig. 42. Flow cytometry analysis of DIO CGMs uptake in CARdistograms of mean fluorescence intensity

(left) andpercentageof green positive events (righithean + SD, n = 3).

Onewell-known issue fornanoparticles uptake analysiy/ flow cytometryis the
incapacity todiscriminate if the DIO CCGMVs have beemternalizedor arebound

to the cell surface?*®. To overcome this limitation, we performed fluorescence
microscopy analysis which alledto verify thatnanoparticlesvereinside the ce.
Confocal images were acquired after staining of the cell mugth Hoechst (ble)
and staining of the membrane with Alexa 647 anti CD44 Ab (Fegl)43. TheDiO
QCMNVs signalvas visible in the fan of spots mainly localized in the perinuclear
area, likely coincident with early endosomes. The increase of total green
fluorescence signal with increasing incubation timas consistent with the data
obtained by flow cytometry analysis. Moreover, no gresignal was detected in the
untreated cells as well as in cells treated with unlabeled @8Ad, which served as

negative control.
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Fig. 43: Confocal microscopynagesof CCMNVs uptake in CARd lower magnification (left) and higher

magnification (ridpt). Nucleiwerestained in blue, the cell membrane in red and @G in green.

3.2 Comparison of DiD CGINVs uptake between 4T1 and CAFs

With the aim toevaluat differences in the interaction properties oOBNVS with
heterotypic and homotypic cells, we repeated th experiment described above
comparing the uptake of ®GNVs in CAFand4T1cancercells.Specifically for this
experiment DiElabeled CCMNVs were used. 4T1 and NIH3T3 cells were first
cultured in complete medium in a 24 well plate. The numbeceifs seeded was
chosen based on each cell line replication rate to have the same cell number at the
moment of incubation with the nanovesicles. According to the calculations, for CAF
cell line, 20000 cells / well were seeded and differentiated followthg protocol
describedn paragraph 6.1results and discussiorfjor 4T1 cells, 3600 cells / well

were seeded and cultured for 24 h. Both 4T1 and CAFs were incubated with DiD
CCMNVs(20 ng/ml) for differenttimes @ h, 2h, 4h and 6h). The cells weréhen
harvested bytrypsinization and the DiD CGNVs uptake was evaluated by means

of flow cytometry(Fig. 4.
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Fig.44: Flow cytometry analysis of DiD COMs uptake in CAHeft) and 4T1 cell§ight): Histogramof mean
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From the results obtained we observed that at each incubation time, the mean
fluorescence intensity in CAFs exhibited a progressively-diependent increase
comparable to that of 4T1 tumor cells, suggesting a heterotypic affinity even higher
than the hanotypic one in this case. However, thercentageof positive events is

about 100% in all the tested conditions for both CAFs and 4T1 cells.

3.3DiO CCMN\Vs cytotoxicity assay

The cytotoxicity of M CCMNVswas assessed on both 4T1 tumor cells and CAFs by
means of XTT cell proliferation assakis relies on theneasuement ofthe cellular
metabolic activitythat is used asn indicator of cell viability, proliferation, and
cytotoxicity. The XTT ass@ybagd on the ability of metabolic active cells to reduce
the tetrazolium salt XTT to orang®lored compounds of formazan. &hdye
formedis water soluble ands intensityis proportional to the number of metabolic
active cellsTherefore, the quantificatioof the colorimetric signal gives insight of
the cell viability, proliferation, and cytotoxicity.

4T1 cells were seeded at a density QD cells/well in ®6 well plateand cultured

for 24 h. Then the cells were incubated for 24 h with different cotregions of
DiO CCMNVs ranging from 2 to 10@g/ml (referred to protein content). At the
end of the incubation, 5@r of the XTT reagent were added in each well and the
plate was placed in an incubator forh6 Duringthe incubation an orange color is
formed, andthe absorbance of the sample was measured at 450 with a
spectrophotometer. For the evaluation of CGMVs cytotoxicity in CAF cells,
NIH3T3 were seeded at a density gd@D cells/well and cultured for 24 h. Then
they were differentiated withTGH Mo promote the CAF phenotype. 24 h after

differentiation, CCMNVs were incubated with the cells as described above and the
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procedure was the same as the experiment with 4TiscEhe greater the number

of active cells in the well, the greater the activity of mitochondria enzymes, and the
higher the concentration of the dye formed, which can then be measured and
guantitated. Since sght spontaneous absorbance arourG80-690 nanometer
occurs in the culture medium incubated with the XTT reagemo blank control
wellswithout cellswere preparedby mixingthe same volume of culture medium
with the highest DiIiO CGIMVs amount. In order taneasurethe reference
absorbancdavoidingthe non-specific readingghe average absorbancg 660 nm

of the blank controwas subtractedrom the absorbance measured in the other
wells.The graphs ifrig45represent the % of cell viability measured for CAFs cells
(left graph) and 4T1 cells (rigbraph) calculated after data normalization against
the untreated sample. The obtained data showed that both 4T1 and CAFs cell
viability were not affected by DIO C@WVs, with no statistically significant
differences between all the conditions compared tbe untreated sample.
Therefore, we concluded that the DIO CQMs were not toxic and could be used

for next experiments in the concentration range tested.
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Fig 45 XTT assay: PercentagECAFs cell viability (left) and 4T1 cells viability (right) after incubation with DIO
CCMNVsat different concentrationgmean + SD, n = 3).
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4. Lipid Nanoparticles synthesis and characterization
4.1siRNA LNPs synthesis

Lipid nanoparticles arthe mostclinically advanced noewiral gene delivery system

for safe and effective delivery of nucleic aciefs LNPs are made of ionizable lipids,
which arepositively charged at low pH (enabling RNA complexation) and neutral at
physiological pHreducing potential toxic effects, as compared with positively
charged lipids). Owing to their size and properties, lipid nanopatrticles are taken up
by cells via endocytosis, and the ionizability of the lipids at lowepHbles
endosomal escape, which allgthe cargorelease into the cytoplasnin addition,

LNPs contain a helper lipid thatomotethe cell binding, cholesterol to fill the gaps
between the lipids, and a polyethylene glycol to reduce opsonization by serum
proteins and reticuloendothelial cdeance

As already mentionedhe purposeof this work ighe developmentof a coreshell
biomimetic platforms that combines the properties of cell membranes to avoid
immune recognition and perform CAFs targeting (through heterotypic cell
interaction) with the abilities of LNPs to encapsulate and carry genetic material.
Hence, the coreshell system proposed is composed of RNA encapsulating LNPs
(core) wrapped by CGMVs membrane (shell). With the aim to synthesize LNPs
suitable to be coated with CCMVs, we decided to perform the setting
experiments using siRNA as nucleic acid payload instead of the more expensive
MRNA. Specifically, siRNA agahresne oxygenasé (HOl)was selected, because

it was already available and proved to be functional in a papeemtly published

251 siRNA encapsulatindNPs were produced using a microfluidic mixer system, the
NanoAssembit Benchtop instrument by Precision Nanosyste@ne of the
challenges that has faced the robust scalable development of LNPs as an RNA

delively strategy has been the production of uniform sized parti¢tésrThis usually
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involves timeconsuming protocols including the extrusion of lipid particles through
appropriately sized filters. In addition, the encapsulation of the siRBid\sred the
lyophilization of the lipid complexes that were than reconstituted with SiRNA
containing solutions. This led to inefficient encapsulation of the siRNAs, with much
of the siRNAs failing to be incorporated. Several microfluidic strategies lesre b
shown to overcome these limitations reducing the size dispersity of LNPs
population, improving the reproducibility, increasing the production rates for large
scale manufacturing, and enhancing thecapsulation efficiency. Specifically, the
NanoAssemiok platform exploits a mixing microfluidic device that incorporates a
series of asymmetric protrusions called staggered herringbone micromixers (SHMs)
for millisecond mixing®3. This peculiar architecture can controllably mix solvents
in microseconds tanilliseconds, which is faster than the characteristic timescale
for lipids to aggregate (100 ms), and thereforenables the obtaining cdmaller

NPs witha uniform size. As represented fig.46 an aqueous phase and a miscible
solvent containing dis$eed nanoparticle precursors are injected intwo
separatedmlets of the cartridge. In its inside the two fluids come in contact under
non-turbulent laminar flow and the microscopic features engineered into the
channel control the mixing of the two strees. The Rapid, controlled, homogenous
mixing produces reproducibly and homogeneous nanopatrticles encapsulating the

nucleic acid of interest.
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Fig. 46: Schematic illustration of LNPs synthesis. Nu@eid and lipid components are injected into two
separated inlets of a microfluidic chamber. The two fluids come in contact under laminar flow in acidic

conditions, leading to the rapid formation of homogeneous lipid nanopartiohesgye adopted with perragion

254

After severalpreliminary tests aimed at optimizing the lipid composition as well as
the lipid molar ratio, we selected the formulation reportedTiab.6. EA2ionizable

lipid was selected based on the data published by Ramishetti &°dlhe author
indeed demonstrated that EA2 lipfdrmulated into LNPsvas highlyefficiert to
deliver siRNAs into leukocytes, which are amongiduelest to transfect cell types
Moreover, DSPC was selected as helper lipid while-BEI&G and cholesterol were
added in the LNPs formulation to improve LNPs structure and stability
(50.5:10:385:05 mole ratio). The chemical structure of the lipids used in the

formulation is shown irrig.47.
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LIPID COMPOSITIC molar %
DSPC 10
PEGDMG 0.5
Cholesterol 385
EAR 50.5
Tab. 6: lipid molar ratio of SIRNANPs
A)
0
1
/\/\,/\/\/\/’\\/’\//\)LQ/\;{\O,JE«O\/\NK
O H o >
O
C) D)
0
0 N
| o N
\/\/\/\/\/\/\ﬂ/o\/J\,igo\/}o/ /N\/\)J\O/\/ _ _
@] 45

Fig 47: Chemical structure of lipids used in LNPs formulatioh;2apistearoyisn-glycere3-phosphocholine;
b) Cholesterol; c) 1;Rimyristoydrac-glycere3-methoxypolyethylenglycot2000; d) 2(di((9Z,12Zpctadeca
9,12dien-1-yl)amino)ethyl 4(dimethylamino)butanoate.

One parameter taken into consideration fibre calculation of nucleic acid amount

in LNPs formulation is the N/P ratio that refers to the ratio of positively chargeable
amine (N = nitrogen) groups of ionizable lipids to negatively charged nucleic acid
phosphate (P) groups. Four formulation, siRM amount was calculated usiag

N/P ratio of 9and diluted in 25mM citrate buffer (pH 4)For LNPs labelingCy5
labeledscramblel control sSiRNAvas mixed withHHO1siRNA(1:4% w: W to reach

a total volume of 90Qul. The fow rate ratio(FRR) between thaqueoussolution
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and theethand solution was set t@. Moreover, the total flow rate{FR)which is
the total speed in mL/min at which both fluid streams arenped through the two
separate inlets of the microfluidic cartridg@as setto 12 mL/min After synthesis
the ethanolis removed by dialysis against PBS and the obtained formulatioss

storedat -20°C.

4.2 LNPs characterization

After production LNPs were characterized in terms of physiochemical properties.
The result inFig. 48 shows the production of highly uniforasized nanoparticles
that have a mean diameter @GR.8 £ 201 nm measured by dynamic light scattering.
Since the pKa of thEAZlipid is 6.44, it is expected to provide a minimal charge at
physiological pH (7.4),nd indeed, theZ-potential of the LNPs was shown te b
-4.33mV+ 294 mV. The particlesize and monodispersityas also confirmedby

means otransmission electron microscoplyi@.48).

Size (nm) PDI Z-potential (mV)
728+2.01 | 0.17+0.01 -4.33 + 294

Fig. 48:Characterization of SiRNANPs: Siz&DI and Hotential values measured by DLS (left) and TEM
image (right).
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4.3siRNA encapsulation quantification

The RNA encapsulation efficiency was assessed performing the Ribogreen assay.
This assay enables the quantification of RNA in solution using a fluorescent stain,
the QuantiTu RiboGreen® RNA reagent. This fluorescent dye was chosen given its
high sensitivty with linear fluorescence detection in the range 6200 ng of RNA.

The working principle of this assay relies on the properties of the dye to exhibits
fluorescence when bound to nucleic acids (DNA/RNA) and on its inability to
permeate the LNPs membranEor the quantification of RNA encapsulation, two
different LNPs samples were prepared as follow: the synthetized LNPs were diluted
200-fold in 330 of TE buffer(LNPsT). A second sample was prepared diluting
LNPs in TE buffer containing Tritorl00 (LNPs+T)a detergent which destroys the
LNPs structure causing the release of the encapsulated RNA. The fluorescent signal
of LNR-T sample upon reagent incubation arises from the RNA in solution that is
not encapsulated in LNPs while the fluorescenceNi#¢Tsample comes from the

sum of norencapsulated RNA in solution and encapsulated RN¥anoparticles

The RNA concentration in both samples was calculated according to a standard
curve. Specificallgwo standard curves were prepared performing serial dilution of

the stock of ribosomal control into TE buffer and TE buffer + Triton (0.5% v/v). Then
the LNPs+ Tsample was shortly vortex and incubated at°&7 for 15min to help

the LNPs diategration The standard curveamplesand both the LNPs samples
were dispensed in triplicate in a black -@@ll plate. Then the Quanin
RiboGreen® RNA Reagent was diluted in TE buffer and added to each well (100
m/well). Finally, he fluorescence signal was read530 nm and the encapsulation

efficiency was calculated according to the following formula:

RNA encapsulated
Total RNA

x 100%

32>
35>
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The amount of RNA encapsulated in LNPs is calculated subtracting the RNA amount
guantified in the sample NPsT from the total RNA amount quantified in the
samples LNPs+T. According to these calculations the encapsulation efficiency of
LNPs formulation was equal to 95%.

Beside Ribogreen assay, the RNA encapsulation in LNPs-wex#iesl by the gel
retardation assay. This technique relies on the differences in electrophoretic
mobility of free RNA and RNA complexed with LNPs in the agarose gel matrix upon
current applicéion. LNPs+T and LNPg1ng siRNA)vere loaded andun ina 1.5%
nucleasefree agarose gebgether with free RNA. Upon RNA staining, the samples
migration was detected via exposure to Wk light. Asvisiblein Fig.49, LNPs+T
sample (lane 3) show RNWigration that is comparable with free RNA migration
(lane 1) while the signal arising from LNIPsample (lane 2) is mainly localized in
the upper part of the gel (corresponding to the gel wells), indicating that RNA is

mainly encapsulated in LNPs andrdfere its migration is hampered.

Agarose gel 1.5 %.

Fig 49 Gel retardation assayree siRNA (lane 1), LNPg¢lane 2) and LNPs+T (lane 3) were run in 1.5 % agarose
gel.

The Gel retardation assay outcomes were analogous to the results obtained by

Ribogreen assay.
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4.4 Evaluation of siRNIANPs functionality after sonication

As describedn paragraph 4.1, the deliveryector proposedin this projectis a
hybrid system witha coreshell structure in which LNPs encapsulating RNA act as a
core and the CCNllVsareused as wrapping shellell membrane coating has been
largely reported in the literatur@s an advancegrocess that adopts a simple top
down approach forfunctionalizing synthetic nanopicles with the complex
functionalities associated with natural cell membran@és. alreadymentionedin
paragraph2.3.3.1, one of the most broadly exploited methods for the fabrication
of cell membranecoated NPs is the sonication technictt&é Therefoe, we chose

to use sonication to promote LNPs coating with G8W& Having some concerns
about RNA stability during sonication process, we performed a preliminary
experiment aimed at evaluating the retention of RNA functionality efterication.
SpecificallysiRNALNPs were sonicated at 40 KHz for different times using a bath
sonicator (2 min, 5 min, 7.5 min, 10 min). Then the functionality of the encapsulated
siRNA was evaluated by validating ttegget-gene silencing througheattime
guantitative PChh 4T1 cell line. After seeding (800 cells/well in a 12 well plate)
the cells were transfected with sonicated LNPs and-somcated LNPs that served
as positive control. Moreover, cells treated witlNPs encapsulatingcrambled
SiRM\ were used as negative control. 24 h after transfection, the cells were
harvested, the RNA was isolated, and the cDNA was synthetized according to the
protocol described imaterials andnethods(paragraphl?7.1) Then, the reduction

of Heme OxygenaserhRNAexpression waguantifiedby RFgPCRusing the beta

actin for gene expression normalizatifig 50.
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Fig.50: Characterization of sSIRNANPs after sonication: #01 mRNA expression (fold change) calculated by
RTgPCR; b) siRNA encapsulation efficiency quantified by means of RiboGreen assay; c) Size and PDI

measurements of LNPs sonicated samples compared tsormoated LNP@gnean + SD, n = 3).

The graph reportd in Fig.50arepresents the fold change of Heme Oxygenase 1
MRNA expression compared to thatreated sample. As indicated by statistical

analysis, a strongilencing effectvas detectedn allthe sonication conditions, with

109



no statistically significantdifference between the shortest and the longest
sonication times in comparison with nesonicated LNPdoreover, as expected,
cells treated with scrambtesiRNA (negative controthid not show any silencing
effect. TheDLS measurement shed that LNPsaveragesize as well as PRjere
similar for all the sample@ig. 5@). These data, together with the results from
Ribogreen assd¥ig. 500, confirmed that the batksonication performed at 40 KHz
did not affect the LNPs structural stabili@NA encapsulation efficiency as well as
RNA functionality. Therefore, we concluded that sonication technique was suitable

to be used as external force to promote the coating process in our protocol.

4.5Evaluation of mMRNBNPs functionality aftepricaion

The same experiment described in the previous paragraph was repeetad
mRNAencapsulating LNPs to assess the retention of mRNA functionality after
sonication. Differently from shorter sSiRNA, mRNA length and structure are critical
featuresfor the preservation of the nucleic acid stabilffy. For mRNA functionality

test we used LNPs encapsulating mRNA that encodes for Firefly Luciferase enzyme
(FLuemRNA). The lipid composition and lipid molar ratdd MRNALNPs
formulation is similar to siRIALNPs formulation previously described, with
exception for the ionizable lipid typeln this case, the mRNA functionality was
evaluated performing the luciferase assay in 4T1 cell line as described as follow.
After cell seeding in a 98ell plate (3000cells/ml), the cells were transfected with

the LNPs sonicated samples (0@/ml mRNA) as well as naonicated LNPs as
positive control. Moreovernon-transfectedcellsserved as negative control. 24 h
after transfection the cells were lysed, and theifatase assay was performed
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following the protocol described in materials and methogisragraphl7.2). The
luciferase assay is a bioluminescefased assay that uses the luciferase enzyme
and the substrate luciferin. This latter is oxidized when the luciferase enzyme is
produced, generating a light signal that is measured using a luminometer and is
exploted as reaction readout.

The graph inFig 51a reports the luminescence intensity (fold change) measured
for each sample in comparisamith the control (untreated) As expectednon-
transfected cells do not show luminescence intensity while all the sonicated
samples display a strong signal with no statistically significant differences compared
to non-sonicated LNPs. These results confirmed that falRblAwastranslated in

an active protein and therefe the sonication processidinot affect the integrity

and the functionality of the mRNA payload everaaonicationtime of 10 min In
addition, the measurement of LNPs size and PDI by means ahBlySiqFig. 5b)

confirmed the retention of LNPs stture as observed in the previous experiment.
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Fig.51: Characterization of mRNIANPs after sonication) &uminescence intensity (fold change) of sonicated
LNPgat different times)and non-sonicated LNPs; b) Size and PDI measurements of LNPs sonicated samples

compared to norsonicated LNPgnean + SD, n = 3).
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5.LNPs coating with CGNVs

Once demonstrated that sonication could be used for our purpose without affecting
RNA payload integy, we performed several tests in order to achieve LNPs coating
with CCMNVs. A major issue encountered during our investigation was the
identification of a suitable method for the characterization of the final product.
Given the chance to get a differelatbel for the LNPs core (red) and the GAMs

shell (green) as described above, we decided to evaluate tHecadization of red

and green fluorescence signal using flow cytometry analysis. Specifically, for this
analysis we utilized th€ytoFLEX flowcytometer fromBeckman CoulterWith
severalinnovations to enhance light capture, reduce noise, and prevent signal
losses,this instrument indeed was proved to bmpable of detecting biological
nanoparticles (NPs) as small asn®@ by light scattang.

For this purpose, LNPs encapsulating-faeled siRNA and CGNVs labeled with
green DiO dye werproduced (as described in paragrapb.1. and 13espectively
materials and methodsand characterized by flow cytometry analydtg. 52a
showed the fluorescence intensity distribution of Cy&beledLNPs (red line) in the

red channel (APC) compared to unlabeled LNPs (black line). Similarly, the
fluorescence intensity distribution of CENVs (green line) in the green channel

(FITCyvasreported inFig.52b, in comparison to unlabeled CAWSs (black line).
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Fig.52:Flow cytometry analysis of both LNPs and @8M: aHuorescence intensity distributiari Cy5labeled
(redline) and unlabeled (black line) LNfg Huorescence intensity distribution of Di&beled (green line) and
unlabeled (black line) CEGNVs

Both DIO CCNNVs and CySiRNA LNPs were physiochemically characterized. The
analysis by dynamic light scatterinigid 53 showed the size distribution oLNPs

(@) and CCMNVs b). As indicated by the values reportedliab.7, Cy5siRNA LNPs
were smaller than DIO CGNNVs (83.6& 1.87nm and1751 £ 179nm respectively)

and more monodisperse in size (PDI valu®.66 + 0008 for LNPs compared to

0.212 + 00190f CCMNVs).
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Fig. 53:Dynamic light scattering analysis of GIRNA LNPs and DiO GRMs.Size distribution measured by

intensity. The measaments were performed in triplicate.
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Size (nm) PDI ZP (mV)
Cy5LNPs 83.66+1.87 0.06+0.008 | -1.77+0.82

DIOCNGs | 1751+1.79 | 0.212+0.019 | -20.1+1.96

Tab.7: Characterization of Cy5 siRMAPs and DiO Ca@Ws. The measurementssife, PDI and-Zotential

are listed asnean + SD of 3 independent measurements.

Moreover, as outlined by the-gotential values listed ifTah 6, the LNPs core la
a surface charge slightly negativel (/7 £ 082 mV) while DiO CCMVs ha a high
negativesurface charge 0.1+ 1.96mV). In literature, this condition is considered
advantageous for the development afell membrane cloaked nanoparticle
platform. Specifically, thegface charge of NPs corbas been demonstrated to
affect the cell membrane coatirmutcome?°8, Indeed, Ighly positive charged cores
coalesce into large polydisperse aggregates when coated with red blood cell
membrane. Owing to the dense, negatively charged diatyoieties on the
extracellular membrae side, the strong affinity to positively charged nanoparticles
could collapse the fluidic lipid bilayer and impede the local arrangement necessary
for lipid coverageOn the contrary, slightlyegative surface chargd core NP#as
emerged asa major fator in enabling propercoverageformation. An example
reported in literature showed thathe electrostatic repulsion between negatively
charged particle surfaces and asymmetrically charged RBC membranespeovid
driving force that favors the righgide-out membrane orientation on the REIPs.
The illustration inFig. 54 represents the procedure carried out for the coating
experiment:briefly DIO CCMNVs were pelleted by ultracentrifugation and then the

pellet was resuspended in PBS containing Cy5 sIBRNPS. The mix was incubated

for 15 min at RT and successively sonicated in a bath sonicator. The resulting

product was characterized by flowtoynetry as previously mentioned.
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Fig.54: Schematic illustration of the procedure carried out for the LNPs coating witAiNMSM

Preliminary experiments were necessary for the optimization of some critical
parameters Indeed, theratio between the corenanoparticle and the membrane
vesicles, their density in solution and the volume reaction play an important role in
the outcome of the coating proce$?’. Indeed, coating of the membrane vesicles
onto the surface of core nanoparticles requires collision of the two components as
a result of the disruptive forces afforded by ultrasonic energy. We hypothesized
that a lower density of the particles in solutiamould decrease the chances of
collision and therefore reducing the coating efficiency. Moreover, siocgcation
utilizes acoustic energgther variablescaninfluencethe interactions betweenhe

core nanoparticleand the membrane vesicles in esuspengn. These variables
includethe powe, the duration of sonication, and the temperature of the ba&ff.
Considering this, different experiments were performed varying the GOM to
LNPs ratio, their density and the total reaction volume. Moreover,eqbfit
sonication times were tested while the sonication power (40 KHz) and the bath
temperature (20°C) were kept constant. By the results of these preliminary
experiments, a total reaction volume of 1fDand a sonication time of 10 min were
selected adest conditions and were used for the further experiments. The ratio
between DiO CCMIVs and LNPs was calculated referring to protein amoumtg)in

of CCMNVs and the siRNA amountg) encapsulated in LNPs. From the results

obtainedwith the optimizationtests, we selected the ratios reported Trab.8. For
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convenience, the samples with CENWs: LNPs ratio of 3, 6 and 12 will be named

dal YL S !¢ aalyYLES . €& YR daal YLX S [ ¢€

ID | CA®A-NVs : LNPs CQA-NVs LNPs siRNA | Total reaction | Sonication
ratio proteins (ug) (ug) volume (ul) time (min)
A 3 24 8 150 10
6 24 4 150 10
C 12 24 2 150 10

Tab. 8: Table listing the conditiorselectedfor coating experiment: Sampkg B, and C correspond to CGBMs
to LNPs ratios of 3, 6, and 12 respectively. The-NZ8/protein amount (ug) is the same for all conditions while

LNPs encapsulated siRNA amount (ug) varies according to the selected ratios.

TheFig.55 shows the flow cytometry analysis of CY3NPs and DIGCMNVs in a
bivariate dot plot This data representation all@s the simultaneous visualization

of both the red (Y axis)and green(X axis)fluorescence signalin one graph
whereby events with similar fluorescence intensity values accumulatelusters
Quadrant gates were inserted to distinguish different populations and to quantify
the relative proportiors of these populations. As visible g 55 unlabeledLNPs

and unlabeled CCMVs are localized in the lower left quadrant since they are
negative for both red and green fluorescence. Instead, Cy5 labeled $iRRé\are
localized in the upper left quadrant (positivity for red fluorescence), without
displaying any green fluorescence signal. Conversely, DiO labeledNEZEsre
mainly located n the lower right quadrant (positivity for green fluorescence),
without displaying any red fluorescence signal. All these four samples were
sonicated for 10 min before the analysis. The upper right quadrants represent

events that are positive for both thiduorescence signals.
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Fig. 55: Flow cytometric analysis of labeled and unlabeled LNPs aneNM@Miata are shown asbivariate

dot plot.

As noticeable from the graphs reported kig. 56, all the samples subjected to
sonication process (A, B, C) showed the emergence of a new population (in pink)
localized in the upper right quadrant, whereas the DiO €O populationin the

lower right quadrant almost completely disappeatdoreover, in both samples B

and C, théo offree LNPpopulation was reducedompared tathe sample A. Taken
together, these results latis hypothesize that the new double positive population
O2dzt R FNA&S FTNRBY | &az2T7 dlabeledKNPa witbHet A y i
greenlabeled CCMNVs lipid components. As mentioned paragraph2.3.3.1.,
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given severalexamples reported in literature whereby negatively charged
liposomes mixed with cancer cell membrane derived vesicles under sonication lead
to the formation of a ore-shell structure?®®, the same event is likely to happen in
our case.

Despite the inability to derive compelling evidence from our analysis,
arguments reported above made us confident that, in the double positive
population, red labeled LNPs were indeed wrapped or at least partially fused with

green labeled CCMVs and not just randomly aggregated.

Sample A Sample B Sample C
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Fig.56: Flow cytometric analysis of sonicated samplsta of sample A (CGMVs to LNPs ratio of 3) sample
B (CCM\Vs to LNPs ratio of 6) and sample C (B to LNPs ratio of 12) are shown as a bivariate dot plot.

The experiment was repeated to assess the role of the sonication process in the

formation of the double positive populatio@nly sample B and C were tested, since

they gave the best results in terms of double positive population percentage, with

60.83% and 6426 9% respectivelp Ly LI NI f € St > G662 20G§KSNJ
YAEé¢ YR aal YLXS / YAE¢ ¢ SMBsahdWBRsI NBF

in the same ratios of sample B and C, without performing the sonication step. After

incubation for 15 mid- & w¢ = al YL S& &a. YAEE | yR a4/
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cytometry and compared to sample B mix and C mix. A clear difference in the dots
distribution is displayed ifkig 57: sample B mix and C mix show only 6% and 2% of
double positivepopulation respectively while the sonicated counterparts samples
show 62% and 6%6. Notably, in both nosonicated samples, the DiO CQM's
population is shifted toward slightly higher red intensities compared to DiO-CCM
NVs alone sample. Moreover, thdfdrences in the relative % of CaWV/s and LNPs

of sample B mix and C mix, reflect the different ratios selec@ckrall, these
results indicated that, while merely mixing the lipids wZMNVscould lead to a
partial interaction between the core andefshell populations, the sonication is the

external force responsible for generating the double positive population.
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Fig.57: Flow cytometri@nalysis: Comparison in dot distribution between samples undergone to sonication
process and samples merely mixed. Bsztimple B (CCMVs to LNPs ratio of 6) and sample C (BiMsgto-
LNPs ratio of 12) were tested.
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In accordance with the result of the dirtest, the highest percentage of double
positive events was achieved using a GEWsto-LNPs ratio of 12 (sample C).
However, not even this condition enabled to get rid of the free LNPs, which
accounted for 2@%6 of the total population. We initially attributed the excess of free
LNPs to the low concentration of CENWs, thus we next performed the same
experiment testing a higher CCNWVsto-LNPs ratio (ratio of 4. However as
shown inFig.58, these conditionglid not provide a better result, showing a % of

double positive population even lower than the conditions previously tested.
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Fig.58: Flow cytometric analysis: Comparisardot distribution between sonicated sample and merely mixed

sample. In this experiment a Ca@Wsto-LNPs ratio of 2was tested.

With the aim to get rid of free LNPs, we repeated the experiment performing a
slight modification to the previously reporeprotocol as shown inFig.59: PBS
containing LNPs was slowly added to the G@CW4 pellet drop by drop during
sonication (drop method)For this experiment, a CCMVsto-LNPs ratio of 12 was
used.
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Fig.59: Schematic illustration of the drop methéa LNPs coating with CGNVs.

The sample after sonication was analyzed by flow cytometry together with Cy5
siRNA LNPs and DIO G@Msalone Eig 60. As visible in thgraph, the amount of

free LNPs population was drastically reduced up %, 2vhile the amount of double

positive population was increased to 90. Given these resultave hypothesized

that the dropby-drop addition of LNPs during the resuspension of eN8/d pellet
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Fig.60: Flow cytometric analysis: Dot distribution of €&y8Ps, DIO CCNVs and sample C obtained by drop

method.

The double positive population obtained from the drop method was finally
characterized by DL&ig. 63, Zpotential (Tab.9), and TEM Kig 62. Thke DLS
analysis showed a double positive population with an average sizé1@ + Q35

nm and a PDI of.209 + 0.002 Moreover, he high negative value oZ-potential
analysis {18.8 + 362 mV) refects the overall negative surface charge of the cell

membrane likely coating the LNPs core.

Size (hm) PDI Z-potential (mV)
141.8+0.35 | 0.209+0.002 -18.8+3.62

Tahb. 9: Characterization of double positive population: Size M@k and Zotential measuredby DLSData

reported asmean + SD of 3 independent measurements.
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Fig.61: Dynamic light scattering analysis of double positive population. Size distribution measured by intensity.

The measurements wepeerformed in triplicate.

Transmission electron microscopy is commonly usestandard technique for the
characterization of the corshell structure in cell membrane camouflaging
approach. TEM images usually highlight the presence tbiicker layer offilm
structure outsidethe core nanoparticle. However, in our case, dealing with two
entities with lipidic composition, the difference in electron density between the
core and the shell components was not visilfey(62).
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Fig.62: Transmission electron microscopy analysis of double positive population.

Eventuallybesides theabovespeculationsfurther analyss arerequired to achieve

a more reliablecharacterization of the new populatioifhe merely cdocalization

of red and gren fluorescence signals derived from LNPs and -G@M
respectively was not sufficient to incontrovertibly prove the actual incorporation
of LNPs iside the CCMNVs leading to a corghell structure. Of course, the
validation of RNA encapsulation in there-shell structureis expected to enhance
the chance to achieveuccessfufunctionality of the designed delivery vector.
Beside further characterization studies, additional experiments will include the

assessment of cell transfection ability as wellrespiayload biological functionality.
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6. CAF model establishment and characterization

As already explainedn this thesis we aimed at developinghanocarrier suitable

to deliver mRNAased anticancer agents specifically to stromal gefulations,

more accessible compared to cancer cells. Among the many TME cell types, we
chose cancer associated fibroblasts as a favorable biological téegetaging their
abundancein TME, theirperivascularlocalization as well as themole as drg
scavengers in the tumor neighborhood-rom literature tkere is strong
experimental evidence thaCAFs can originate from a variety of cells such as
resident fibroblasts precursor cells thatdifferentiate, mature cells that de

differentiate or transdiffeentiate, or even tumor cell$*(Fig. 63.
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Fig 63:0rigin ofcancerassociatedibroblasts The different cellular sources for CAFs are shown, colors indicate
the type of origin. Factors involved in the recruitment, differentiation, and activation of these cells into CAFs are

indicated for each cell typémage adopted with permissio#f2

Resident fibroblastdocated in the tissue of origin of the primary tumare the
main source of CAF#s shown in the schematic representation kg 63
transforming growth factor beta 1, secreted by stromal and tumor cells, is the main

factor promoing the CAFs differentiatiof®2

6.1 NIH3T3 differentiation protocol

Thus, with the aim to establishh CAF cellular model that resemipésident CAFs in
tumor microenvironmentnormal murine fibroblasts (NIH3T®re activatedwith
TGH . Inorder to establish the best differentiation conditiphtested two different
TGH concentrations% ng/ml or 10 ng/ml and two different incubation times (24
and 48 h). In detail$yIH3TXellswerefirst cultured in complete medium until 70
80% confluence. Then, the cells weserumstarned to simulate the nutrients
deprivation in TME and treated wifiGF . 24 h or 48h after treatment, the cells
were harvested and characterized evaluating the expressiatypical CAF marker

together with metabolic and morphological analy8tsy 64).
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Fibroblasts Fibroblasts reaching 70% - 80% of confluence: CAFs characterization
seeding treatment time (1% serum) SMA
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Fig 64:Protocol for CAFs model establishment. NIH3T3 were seeded and treated with different concentrations
of TGH . The expression of alpf&MA marker, thenetabolic phenotypeand the cell morphology were

evaluated a24 h and 48 h post treatment.

6.2 Quantification of alpha smooth muscle actin expression

Alpha smooth muscle actifalphaSMA, a cytoskeletal protein associated with a

highly contractile pheotype, was selected as CAFs cellular markérand its
expression level was evaluated by means of western blot analysis. NIH3T3
fibroblasts cultured at the same CAFs conditions were used as control. For western
blot analysis GAPDH was chosen as loading contrchlphdSMAexpression was
compared betveen different samplesAs shown by the graph Fig 65 regardless

TGE O2yOSYydN} dA2Y FyR (NBGH ficvwdmaipheY S5 C
SMA expression levetatistically significantihigher compared to the untreated

cells However, no stastically significant differences were detected betwesithe

treatment conditiong TGH p YVIkY] wmKY IKDKC p nyKZEK X[DCn
eTGE wmn Yy 3IxkY[ nyKO
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Fig 65 CAFs characterization by means of western afwlysis Representative image of Western Blotting
analysisof a-SMAexpressionevelin control and TGP activatedfibroblasts(top). GAPDivasusedasloading
control. Righ: Pixel intensity analysis of Western Blotting bghd&om). Graph shows mean = SD. The
difference between groups was analyzed by-way ANOVA followed kgost hocanalysis using Tukey test.

(n=36).
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6.3 Metabolic phenotype @alysis

As asecond stepwe studied CAFs metabolic phenotype throw the use ohSesz
technologythat measures the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) of live cells giving insight into mitochorrésgiration

and glycolysigFig 66). Indeed, thetwo major pathways to produce energy,
mitochondrial respiration, and glycolysis, involve cellular consumption of oxygen
and efflux of protons, respectively. Seahorse technology usesfi@@esensors to
detect extracellular changes in these analytesntieasurethe rates of cellular

respiration, glycolysis, and ATP production.
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Extracellular Acidification Rate (ECAR)

Fig 66 Seahorse technology: the measuremenft oxygen consumption rate (OCR) and extracellular

acidification rate (ECAR) of live cellegnsight into mitochondrial respiration and glycolysis

For the characterization of CAFs phenotype we performed the ATP rate assay,
whereby the OCR e ECAR are suead before and after the serial addition of
oligomycin(inhibitor of ATPase syhasg and a mix of rotenone anantimycinA,
inhibitors of mitochondrial complexes | and Ill respectivelfis allowed to
calculate the total ATP production rates distindping) between the fractions of ATP
that are produced from mitochondrial oxidative phosphorylation (OXPHOS) and
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glycolysis. Indeed, through a series of calculations, OCAR andnt&a8&edby
the ATP rateassayare convertedn the total ATRroductionrate and the pathway
specificrates mitoATP e glycoATgroduction rates (measured apmolATP/mi).
The glycoATProduction rate is the AP production speedassociatedwith the
conversion of glucose into lactate in the glycolytic pathway; the Alit®
production rate is ATP productiospeedassociatedwith the OXPHOS while the
total ATRoroductionrate is the sum of glycoATP e mitoAdrBductionrates.

The resultsreported in Fig 67, referred to basal metabolismshowed that,
regardless offGH concentration, theTGH treatment itself is responsible for a
more energetic phenotypeThe same &nd is shown at both 24 and 48h
incubation times, however, at 24 post treatment the cells aregenerallymore
energetic compared td8 h. This result could be due tavaatter of confluence &

higher confluence at 48 h could cause a reductiototd#l ATP production).

ATP Production (Basal Rates) ATP Production (Basal Rates)
° 300,0 - I - ° 300,0
T & 250,0 ® & 250,0
e = e = - I
e 82000 1 I e & 200,0 -
g £ 150,0 - £ T 1500 | P
g £ 100,0 - -§ £ 1000
£8 500 £ 2 500
e s 00 ez 00 -
= — =
< Control TGF-B  TGF-B Control TGF-B  TGF-B
24h  5ng/ml 10 ng/ml 48h 5ng/ml 10 ng/ml
24h 24h 48h 48h
mitoATP Production Rate (pmol/min) mitoATP Production Rate (pmol/min)
M glycoATP Production Rate(pmol/min) B glycoATP Production Rate(pmol/min)

Fig.67: Total ATP production (basal rates) of control 24h-TGFp Yy Ik Y4 wmMmnKYIGPEC HnK O6f &
control 48h, TGF p Yy 3Ak Y myKY AKDXYE n yDita répkskertihé meaNdf tdehnichl

replicates of two biological replicates + SD. Scale factgd000
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mito ATP Production Rate

(pmol/min/Cells)

Moreover, he energetic map ifrig 68 points out that the difference in total ATP
production rate is due to an increased glycolytic pathway, while the mitochondrial

respiration seems to be unchangbdtween the treated samples and the control.
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Fig 68: Energetic map (basal rates) of corittgth, TGF p y Ik YEf mMnKYI&®EC HnK of ST

48h, TGF p y3IkYE myKYIePE n Pia réphedemstie meaNbf tekhnichl replicates of

two biological replicates + SD. Scale factor0QO0.

The resultpreviously described stands out looking at the ATP Rate i(felgx69)
which is the ratio between the mitoATP production rate and the glycoATP
production rate Indeed, a ratio higher than 1 indicates naore respiratory
metabolism while a ratio lower thah indicatesa more glycolytic metabolisnThe
graphs showed that the treatment with TGF induced a more glycolytic
metabolism compared to untreated cells that conversely have an equal glycolytic

and respiratory metabolism.
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mitoATP Production Rate/

XF ATP Rate Index XF ATP Rate Index
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Fig. 69 XF ATP Rate Index of control 24h,-TGRg/ml 24h, TGF 10 ng/ml 24h (left graph), control 48h, TGF
I 5 ng/ml 48h,TGF 10 ng/ml 48h (right graph). Data represents the mean of technical replicates of two

biological replicates + SD. Scale factor0Q0.

Overall, the obtained data, indicatingshift toward a more glycolytic metabatis

are consistenwith whatreported in literature Indeed,CAFs ar&nown to bemore
energetic than their inactivated counterpart and the shift toward aerobic glycolysis
is necessary tgrovide cancer cellsvith high energetic metabolitesircrease
glucose uptake and preferentialrg@uction of lactate, even in the presence of
oxygen).Themetabolic symbiosis between CA&®d cancer cellsndeedpromote

the tumor survivaland proliferation in TMEAlong with these results, that reféo
basal conditions, wewill investigae if signiicant differences in mitochondrial

respiration of treated and untreated cells emerge under stressed conditions.
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6.4Morphological analysis

Finally, CAFs morphology was compared to normal fibroblésts 70). The
brightfield images acquired at 48 h after treatment highlighd a slight
morphological difference between the treated and the control grewpmere CAFs
have more elongated shap®loreover,the TGH treatment seenedto induce an
increase in cellular proliferation rate, whickias consistent with the Sd@rse

resultsshown above.

Fig 70 Brightfield images of TGF G NBF SR yR O2y GNBf FAONRObddmA(Ga HnK

post treatment.
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