
 

 

 University of Groningen

Endocytosis of nanomedicines
Francia, Valentina

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Francia, V. (2018). Endocytosis of nanomedicines: Dissecting the pathways of uptake of nanosized drug
carriers by cells. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/b1048981-90a6-4ba5-bfa8-9f11d91f74eb


 

 

Chapter 2.  Endocytosis mechanismsChapter 2. Endocytosis Mechanisms 



 

P a g e  | 42 
 

Endocytosis is an essential cellular process which allows the communication of cells with 

their environment and regulates the uptake and distribution of macromolecules, as well as 

cell motility, cell division and membrane homeostasis.1–3 If the plasma membrane (PM) 

represents the barrier that defines the cellular limits and that confers a cell its identity, 

endocytosis is the active process that selects what can cross that barrier, allowing the 

exchange of nutrients and the communication of cells with their surroundings.  

Indeed, cells developed several mechanisms of endocytosis in order to select and sort the 

cargo to the correct intracellular destination.1,4 These mechanisms differs among them for 

size, receptor binding and nature of the cargos that have to be internalized. However, they 

also share a series of common features, due to the fact that, in any case, the cargo needs 

first to be recognized at the PM, then the PM must bend and form a vesicle, and finally the 

vesicle needs to be physically separated from the PM and internalized. These common 

features are: 

o A precise lipid composition of the cell membrane at the site of endocytosis (like the 
presence of sphingolipids or cholesterol) 

o Cargo recognition at the PM (receptor-mediated or not) and capture (into coated 
vesicles or specific carriers)  

o Membrane bending, which occurs trough different mechanisms, among which trough 
the insertion of hydrophobic protein motifs in the membrane (arf1, Epsin), local 
recruitment of membrane-bending domains (BARs, SNXs) or scaffolding by proteins 
(clathrin). 

o Scission of the endocytic vesicle, which can be guided by actin, dynamin and/or BAR 
proteins trough scission-mediated friction.5,6 

One may suppose that nano-sized carriers follow this same steps for their internalization. 

However, just few of these features has been explored so far in relation to the uptake of 

nano-sized materials. Some of the questions the nanomedicine field needs to address 

within this context and that constitute the basis for the work presented here are: how 

nano-sized carriers are recognized by this complex cellular machinery and whether they 

use these pre-existing pathways; how the pathways involved vary depending on 

nanomaterial properties (size, charge etc) or cellular properties; and whether nano-sized 

object are able to trigger their internalization via novel mechanisms, due to their unique 

properties.  

Scientists have struggled to unravel the molecular dynamics that drive endocytosis, which 

in many cases are still far from being clearly elucidated. In some cases the molecular players 

involved in different endocytic mechanisms are not mutually exclusive, which means that a 

strict classification is not always possible with our present knowledge. So far, the most 

common ways of classifying endocytosis are based on: 
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o The volume engulfed: there are big-scale (phagocytosis, macropinocytosis) or small-
scale internalization processes. Sometimes these two categories share the same cellular 
machinery;7,8 

o The involvement of dynamin for membrane scission;9 

o The involvement of GTPases that modulate actin remodelling (RhoA, Cdc42, ARF6);9 

o The type of cargo (receptors, MHCs, etc).10  

An example of classification of endocytosis mechanisms is given in Figure 1. 

  

Figure 1: Schematic representation of the most commonly described mechanisms of endocytosis. Red circles represent 

dynamin, whereas red lines represent actin filaments. Reproduced from(2014).8 

The classification and description of the endocytic mechanisms reported in this thesis can 

seem simplistic and far from illustrating the real complexity of endocytosis, but it can be 

useful for our investigation of the endocytosis of nanomedicines. Here I will focus mainly on 

the uptake routes of endogenous cargoes and will exclude from this thesis a detailed 

description of their intracellular sorting. Beside describing the main pathways of 

endocytosis (clathrin dependent and independent), I will dedicate a separate section to the 

mechanisms involved in the initial membrane deformation. In the last paragraph, I will 

discuss instead the endocytosis of special cargoes such as toxins and viruses, which might 

give us some insights on how cells can handle exogenous materials. Finally, after this 

background information, I will briefly discuss the strategies  used in this project to 

characterize how nanomedicines enter cells (choice of targets for RNA interference, choice 

of inhibitors and other methods). 

 

1 Clathrin-mediated Endocytosis (CME) 

One of the first endocytic mechanisms discovered11 and the most studied in detail so far is 

Clathrin-Mediated Endocytosis (CME).12,13 Briefly, CME internalizes receptors and receptor-

bound cargoes through a series of well-defined and highly regulated steps that require 

receptor binding, formation of a clathrin-coated pit (CCP) mediated by the assembly of 

several clathrin subunits, and a scission event (a scheme summarizing these different steps 



 

P a g e  | 44 
 

is given in Figure 2). The assembly and pinch off from the PM of a CCP require 50–150 

seconds.14  

After an initial ligand-receptor recognition, Eps15 and FCHo proteins, which are associated 

to the PM in highly density phosphatidylinositol 4,5-bisphosphate (PIP2) sites, trigger the 

initial membrane bending.15,16  A series of adaptors, specific for the cargo that has to be 

internalized, recruits AP2, the main actor in clathrin assembly. At this stage, many 

membrane-binding macromolecules, such as epsins (EPN1, EPN2) and AP180, act both as 

cargo adaptors and membrane binding/bending effectors,13 thanks to the presence of 

ANTH, ENTH and BAR domains (for a more thorough description see Section 3 on curvature 

generation). At this stage, clathrin light and heavy chains (CLTA, CLTB, CLTC) are recruited 

to the cargo site and form the characteristic triskelia, which surround the forming vesicle.12 

Another series of membrane bending proteins characterized by the presence of a BAR 

domain, such as amphiphysin (BIN1, BIN2, AMPH2), endophilin17 (SH3GL1, SH3GL2, 

SH3GL3) and sorting nexin 9 (SNX9)18, recognizes and promotes the curvature of the 

forming vesicle, meanwhile recruiting the GTP-binding protein dynamin (DNM1, DNM2, 

DNM3)5,19,20 at the vesicle neck. The hydrolysis of GTP by dynamin allows the vesicle scission 

from the PM and its subsequent sorting to different cellular compartments or its recycling 

back to the PM. During the fission step, some of the previously mentioned components, 

such as BAR domain proteins and other adaptors, associate to actin, a cytoskeleton 

component which constitutes the pulling force that finalizes the vesicle budding and 

subsequent transport.21 While it is accepted that actin is not an essential player in canonical 

CME,22 its role in vesicle elongation starts to become essential when larger cargoes are 

involved.23 In fact, it is generally thought that CME needs specific size requirements for its 

cargo in order to occur, limited by the curvature of the triskelia. However, it has been shown 

that enlarged coated pits, called coated plaques, can also be formed in order to adapt to 

cargoes of bigger size, up to 500 nanometers.12,24,25 This is what happens in the uptake of 

some viruses, which enter cells through CME, and in these cases actin has a major role. 

Moreover, several studies indicate cholesterol as another important player in CME. Its 

depletion with compounds such as methyl-β-cyclodextrin impairs the formation of the CCP 

and leads to the accumulation of clathrin microdomains associated to the PM.26 

Several receptors enter cells using CME. Among these, the transferrin receptor (TFR) and 

the low density lipoprotein receptor (LDLR) represent classic examples. Both of these 

receptors are internalized upon ligand binding and their uptake is mainly driven by CME. 

Therefore their ligands are commonly used in the endocytosis field as probes for testing the 

efficient inhibition  or downregulation of molecules involved in CME. 
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Figure 2: Clathrin Mediated endocytosis and its main regulators. a) The proposed steps of clathrin-coated vesicle 

formation: Nucleation, cargo selection, coat assembly, uncoating (see text for details) b) The clathrin network and the 

interactions among clathrin regulators. Adapted from: Molecular mechanism and physiological functions of clathrin-

mediated endocytosis. Nature Reviews Molecular Cell Biology (2011).13 

1.1 TFR  

The transferrin receptor (TFR1) is a ubiquitously expressed transmembrane glycoprotein 

which mediates the internalization of iron-bound transferrin (TF) via CME. After the initial 

binding and internalization, the iron is released and the TF/TFR1 complex returns to the cell 

membrane, where TF is recycled back to the bloodstream, available to recapture iron. 

Depending on the cell type, this cycle can be completed in 5–20 min.27 TF can be internalized 

also by a low-affinity mechanisms dependent by TFR2, which is present just in some cell 

types and is predominant just when high concentrations of TF are present in the 

environment.28,29 It has been shown that CME inhibition through the expression of a 

dominant negative dynamin mutant can cause a failure of recycling of the TFR to the PM.30 

1.2 LDLR 

The low density lipoprotein (LDL) is one of the main lipoproteins which transport lipids in 

the blood. Its internalization is mediated through the CME pathway by the LDL receptor 

(LDLR). The LDLR family consists of 10 members in mammals, and each one of them can 

induce different signal transduction.31 After its internalization, the LDL is degraded in the 

lysosomes, while the LDLR is typically recycled back to the PM.  In some cell types the LDLR 

is ubiquitinated, internalized trough CIE (clathrin-independent endocytosis) and 

degraded.32 In other cases the LDLR has been reported to be internalized also through 

caveolae.33  
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2 Clathrin-independent endocytosis (CIE) 

There are many cargos that are internalized without the presence of clathrin. Even though 

they have several differences among them, all these pathways are classified as clathrin-

independent endocytosis (CIE).4,9,34,35 In fact, CIE can be dependent on membrane domains 

rich in cholesterol and sphingolipids, also called lipid rafts36 or can be independent on 

them.26 CIE can be receptor-mediated, like in the case of the IL-2 receptor, or receptor-

independent, like macropinocytosis. However, a common feature of all these pathways 

appears to be the involvement of actin in the internalization. Actin assembly plays a role in 

membrane remodelling events, such as protrusion during macropinocytosis,37 invagination 

during caveolin-dependent endocytosis38 and vesicle fission,39 but is not distinctive for CIE, 

since it seems to be involved also in CME, as described above.21,22 CIE can also be driven by 

toxins that binds to the outer PM leaflet and induce membrane invaginations (see Section 

4.2 on toxins). 

2.1 Caveolae-Mediated Endocytosis 

Caveolae are relatively stable 50-80 nm cup-shaped invaginations of the PM. As other types 

of lipid rafts, they are ordered microdomains enriched in sphingolipids and cholesterol.38,40–

43 Caveolae stability is due to the presence of actin filaments and caveolae shape is achieved 

by the presence of a coating characterized by integral membrane proteins called caveolins 

(Cav1-4), which associate with cytosolic proteins called cavins (cavin1-4) .44,45 Caveolar 

budding is regulated by local actin polymerization, EDH2 and Pacsin246–48 and seems to be 

both receptor dependent and independent.  EHD2 is an ATPase localized at the caveolae 

neck and is a negative regulator of budding.47 On the one hand, EHD2 binds to actin-binding 

proteins such as filamin A,49 which regulates the anchoring of the vesicles to the PM, and 

on the other hand, EHD2 interacts with Pacsin2.48,50 Pacsin2 is another key regulator of 

caveolar formation and consists of a BAR-domain that recognizes and induces membrane 

curvature. It can bind dynamin,50 Cav1 and actin.51 Also the GTPase dynamin, localized to 

the neck of caveolae, appears to be involved in caveolae regulation and scission.52 

Moreover, caveolins and cavins inhibit the CLIC pathway (see later Section 2.4) by regulating 

the local availability and activity of the main CLIC regulator, Cdc42.42 

The role of caveolae in endocytosis has been long debated. The majority of the evidences 

reporting a role of caveolae in endocytosis comes from studies performed perturbing 

cholesterol (upon filipin, nystatin or methyl beta cyclodextrin treatment), which can 

interfere with other CIE pathways.53 More in general, cholesterol perturbation can also 

affect the lipid organization of the PM and the diffusion and availability of transmembrane 

proteins and receptors, therefore their internalization.54 From these studies it has been 

reported that caveolae can regulate the uptake of the LDLR,33 albumin,55 tyrosine kinases, 

Rho GTPases56 and lipoproteins.57 Also SV40 and cholera toxins were claimed to enter 
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preferentially using caveolae-dependent endocytosis and for a long time they were used as 

markers for this pathway. In these studies, SV40 was shown to be internalized in Cav1 

positive structures, in a actin and dynamin dependent manner.38 Instead it seems that SV40 

virus is actually internalized much more efficiently by a caveolin-independent mechanism 

and that is able to induce caveolae budding.58 Also Cholera toxin was reported to be 

localized into caveolae-positive structures, however it has been later shown that it can use 

other mechanisms as well to enter cells.59–61 

More recent reports claims that caveolae, under normal non-stimulating conditions, are 

stable structures at the plasma membrane that are not involved in endocytosis to any 

significant degree.62,63  It appears, in fact, that in many cell types only about 2% of caveolae 

bud from the plasma membrane per minute41 and that these caveolae displays a “kiss-and-

run” behaviour which involves a transient budding and fusion of caveolae with life-times of 

2–5 seconds.52,64 These studies claim that a fraction of caveolae actually undergoes 

endocytosis, but only when stimulated by a ligand.41,64 Budding caveolae eventually end up 

in the early endosome.52,64 Previous reports identified a specialized endosomal 

compartment containing Cav1, the so-called “caveosome,” which later has been explained 

as an artefact of the overexpression of GFP-tagged caveolin.65  

It has also been suggested that caveolae might be involved in transcytosis in endothelial 

cells.66 In particular, since endothelial cells are very flat (around 100-200 nm), the caveolae 

can detach from the apical PM and rapidly fuse with the basal membrane or directly fuse 

without being completely detached, forming transendothelial pores.67 However how such 

channels can form without altering the cell viability is still debated in the field.68 Also the 

fact that albumin is claimed to be transported through this pathway doesn’t find support in 

the literature.43  

Caveolin has many non-endocytic functions such as NO signalling, and calcium signalling, 

cholesterol transport and homeostasis in adipocytes, but can also be a way to regulate PM 

composition. Caveolae are also considered regulators of membrane tension.69 In fact, in 

response to membrane stretch, caveolae can open up and determine the release of 

inhibited receptors localized in caveolae nanodomains, which can start a signalling cascade.  

2.2 Flotillins 

Flotillins are lipid rafts microdomains which contain 2 integral membrane proteins 

topologically similar to caveolae, called flotillin 1 and flotillin 2. The oligomerization of 

flotillins determines the formation of membrane invaginations with a morphology similar 

to that of caveolae. Oligomerization is fundamental, since the absence of one flotillin leads 

to the reduction of the protein level of the other.70 The role of flotillins in cellular uptake is 

still debated.71,72 While some suggest that flotillins define their own endocytic pathway,73 

others suggest that they might be indirectly involved in endocytosis.74 Flotillins seem to be 
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involved in the uptake of the GPI-AP CD59, which is also a CLIC cargo (see Section 2.4), and 

of Cholera toxin B subunit (CtxB).70,73 Several other cargo molecules, such as cationic 

molecules, polyplexes and proteoglycans75 as well as the Niemann-Pick C1-like 1 protein 

(NPC1L1)76 have been suggested to use a pathway which is flotillin dependent. However 

further studies are still necessary to define flotillin uptake as an independent endocytic 

mechanism. The role of dynamin in flotillin-mediated uptake is also controversial: some 

studies suggest that dynamin may be involved in this mechanism of endocytosis,73 whereas 

others demonstrated the opposite.71 Moreover, flotillins might act as molecular scaffolds 

for signalling purposes or for sensing membrane alterations in cholesterol lipid composition 

or in membrane tension. Flotillins have also been implicated in actin cytoskeleton regulation 

and have been suggested to bind to actin.77 

2.3 ARF6 related pathways 

The ADP-ribosylation factor 6 (ARF6) is a GTP-binding protein involved in many cellular 

functions, among which the trafficking of nutrients, immune receptors (MHC Class I, CD1a), 

and GPI-APs.8,10,78 ARF6 mediates the cholesterol-dependent internalization of these 

molecules into PIP2-enriched tubular structures, which are distinct from endosomes 

containing clathrin cargoes.79 After internalization, ARF6 is shut down to decrease PIP2 

levels, allowing fusion with Rab5-positive endosomes.80  The role of ARF6 in endocytosis is 

still not clear: it seems that ARF6 is not directly involved in the internalization process, but 

just in the cargo recycling step, since ARF6 inhibition does not perturb endocytosis, but 

blocks the process of cargo recycling to the PM.79 However, in certain cell types, ARF6 

regulates clathrin-dependent endocytosis.81 For example, it has been shown to determine 

the recruitment of clathrin in HeLa cells and to interact with AP2.82,83 Moreover ARF6, 

together with actin, is involved in ruffle formation and appears to regulate 

macropinocytosis, cell adhesion and migration.78,84  

2.4 CLIC/GEEC 

The CLIC/GEEC pathway is a constitutive pathway mediated by CLICs (Clathrin Independent 

Carriers), tubular structures which form at the PM and mature in early endocytic 

compartments enriched in Glycosylphosphotidylinositol-Anchored Proteins (GPI-APs) 

called GEECs (GPI-AP Enriched Endocytic Compartments).85 GPI-APs are membrane proteins 

bound to the outer leaflet of the PM and were one of the first cargo proteins to be identified 

as markers of this pathway,85,86 even if specific GPI-APs might enter also through different 

routes such as caveolae, ARF6 and flotillin -dependent pathways. GPI-APs are taken up 

slowly, with a half-time in the order of minutes to hours.86  Moreover, the CLIC/GEEC 

pathway can internalize materials that do not have specific cellular receptors such as VacA 

toxin and bacterial exotoxins, but also membrane glycosphingolipids,60 cell-surface 

glycoprotein CD44, some integrins and extracellular fluids. Unlike macropinocytosis, which 

also constitutes a major route for fluid-phase markers uptake, the CLIC/GEEC pathway is a 
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constitutive process, and is not inhibited by amiloride. In many cell types the CLIC/GEEC 

pathway is also responsible for the rapid recycling of the membrane and is reported to be 

involved in cell migration.87 

The CLIC/GEEC pathway is the main CIE route that builds carriers according to the glycolipid-

lectin or GL-Lect hypothesis (Figure 3).4,88,89 In this model, the binding of secreted lectins 

(such as galectin-3) or pathogenic factors, like toxins (botulinus, tetanus, cholera or Shiga) 

or viruses (SV40), can induce the extracellular clustering of glycosphingolipids (such as Gb3 

or GM1) and glycosylated proteins (CD44 and b1 integrin) into nanodomains that can bend 

the membrane.89 Afterwards, glycolipid crowding can induce membrane bending (see also 

later Section 3 on curvature generation). In fact, the extracellular clustering of glycolipids 

into nanodomains by cholera or Shiga toxins as well as galectin-3 is sufficient to induce 

inward membrane bending in giant unilamellar vesicles (GUVs) resembling plasma 

membrane composition. After lipid clustering and membrane bending, the cargo can be 

internalized trough different pathways, among which the CLIC/GEEC for galectin-3 and 

other lectins, and the so called Fast Endophilin-Mediated Endocytosis (FEME) for toxins 

bounded to glycosphingolipids (See next Section on FEME). Once internalized, about half of 

the CLICs are recycled back to the PM and the remaining material matures into GEECs, a 

morphologically distinct endosome which is highly acidic and which is suggested to begin 

the sorting of the cargo to different destinations.85,87 Afterwards, GEECs fuse with early 

endosomes (positive in Rab5 and EEA1).  

The uptake of GPI-APs and fluid phase markers mediated by CLIC/GEEC depends on the Rho 

family GTPase Cdc42 and the actin polymerization machinery, but not clathrin, dynamin2, 

Rac1 and RhoA.53,85 Moreover endocytosis via this pathway is also affected by alterations in 

cholesterol53 and sphingolipids90 levels, as well as perturbation of the GPI-AP clustering.91 

Membrane tension and bilayer fluidity have an important role in CLIC formation, consistent 

with its drastic reduction upon cell stretching, cell confluency, or cholesterol lowering.53 The 

CLIC/GEEC pathway seems to be more or less prevalent in different cell types. For example, 

while the internalization of GPI-APs in CHO cells depends on Cdc42,85 in HeLa cells it appears 

to be Cdc42 independent.79 Also the BAR domain protein with GTPase-activating activity 

GRAF1  plays a role in CLIC/GEEC endocytosis, marking and controlling CLICs formation. In 

fact, GRAF1, which associates to the PM through binding to phosphatidylinositol 4,5-

bisphosphate (PIP2), colocalizes with Cdc42 into CLICs and regulates Cdc42 activity.92 The 

role of GRAF1 in the CLIC/GEEC pathway however is still controversial: in fact, while 

dynamin seems not to be involved in CLIC formation,85 it can bind to GRAF1 and it is involved 

in the processing of tubes containing GRAF1.60,92 Another BAR-domain protein, SNX9, which 

is also linked to CME, seems to have a role in the CLIC/GEEC pathway, through its interaction 

with the actin machinery and PIP2.18,93 
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Figure 3: The Glycolipid-Lectin (GL-Lect) Hypothesis. Left: The CLIC/GEEC pathway. Galectin-3 binds and clusters the 

extracellular domains of glycosylated receptors (e.g., CD44). This clustered glycosylated receptors or GPI-anchored 

proteins induce membrane bending into the cytosol. CLIC formation is then supported by Cdc42/N-WASP-induced actin 

polymerization and GRAF1 binding. Local Cdc42 inactivation is mediated by GRAF1. Right: The uptake of Shiga and cholera 

toxins. Toxins biund and cluster glycosphingolipids (e.g., Gb3 or GM1)at the PM. Clustered glycosphingolipids induce 

membrane bending into the cytosol. Endophilin scaffolding induces membrane friction, and together with actin 

polymerization and/or dynamin activity, endophilin mediates the scission of CLICs and toxin-containing carriers. 

Reproduced from: Mechanisms of Carrier Formation during Clathrin-Independent Endocytosis. Trends in Cell Biology 

(2017).4 

2.5 FEME (Fast Endophilin-Mediated Endocytosis) 

In 2015 MacMahon and colleagues proposed a novel “fast-acting” pathway mediated by 

the BAR-domain protein endophilin and dependent on actin polymerization and dynamin 

activity, but independent of AP2 and clathrin (a scheme illustrating this mechanism is given 

in Figure 4).94 This pathway mediates the uptake of several receptors, among which the 

GPCRs α2a- and β1-adrenergic receptors, dopaminergic D3 and D4 receptors, RTKs, EGFR 

and HGFR, which are directly or indirectly bound to endophilin. Also native IL-2 receptors, 

comprising α, β and γ chains, dimerize upon IL-2 binding and seem to enter T cells through 

this pathway.  

Internalization mediated by FEME occurs in pre-existing membrane patches, characterized 

by the presence of PI(3,4)P2, bound to lamellipodin, that recruits endophilin at the PM. 

These patches continuously assemble and disassemble every 5–10 seconds in the absence 

of receptor activation. Upon ligand binding, endophilin bridges the membrane (through its 

BAR domain), cytosolic effectors and cargoes (through its SH3 domain) and eventually 

induces membrane bending and tubulation (See Section 3 for details on BAR domains). It is 
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likely that membrane scission occurs via the recruitment of dynamin and the actin 

cytoskeleton, combined with a friction-driven scission mediated by the BAR domain of 

endophilin.6,95 Interestingly, this pathway is activated also upon Cdc42 inhibition. 

Endophilin acts in concert with actin and dynamin for the scission event of Shiga and cholera 

toxins, two CIE cargoes, by a mechanisms reminiscent of that of FEME (Figure 3, right and 

Figure 4) .95 How endophilin and the cytoskeleton machinery can distinguish between 

membrane protrusions induced by toxins and other protrusions of similar diameter is still 

debated.  

 

Figure 4: Fast endophilin-mediated endocytosis (FEME) occurs upon the local pre-enrichment of endophilin by the 

PI(3,4)P2- binding protein lamellipodin (Lpd).  Upon activation, receptors are captured by FEME in a process mediated by 

endophilin oligomerization and adaptor recruitment. The synergistic action of actin polymerization, dynamin activity, and 

BAR domain scaffolding-induced membrane friction mediates the scission of FEME carriers. Adapted from: Mechanisms 

of Carrier Formation during Clathrin-Independent Endocytosis. Trends in Cell Biology (2017). 4 

2.6 RhoA mediated IL-2 receptor uptake  

Interleukin 2 receptor (IL-2R) internalization is linked to cell proliferation and immune 

response. IL-2R is known to be internalized through FEME upon IL-2 binding (see Section 

above). However, in non-immune cells, isolated IL-2Rβ or γc chains cannot bind IL-2, but are 

constitutively internalized through a pathway that is RhoA, cholesterol, actin and dynamin 

dependent (illustrated in Figure 5).96 IL-2R associates with lipid rafts membrane domains.36 
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Upon binding of an antibody against IL-2R, IL-2R dimerizes and activates a signal cascade in 

which RhoA and Rac1 (and its downstream targets WAVE and Pak1/2) are activated.97 This 

promotes the interaction of cortactin, a partner of actin and dynamin, with WASP and the 

formation of actin protrusions, thus forming endocytic pits.98 

RhoA-mediated uptake shares many regulatory components with macropinocytosis (Rac1, 

WAVE, WASP), but unlike the latter, it mediates the formation of small vesicles.  Moreover, 

actin recruitment and dynamin involvement resemble FEME uptake, but the mechanisms 

of vesicle formation and sorting remain different.  

 

Figure 5: Initiation of interleukin 2 receptor b (IL-2Rb) uptake is triggered by binding to anti-IL-2R antibodies. Antibody-

induced IL-2Rb clustering stimulates actin polymerization and membrane protrusions. Also Rac1 stimulates actin 

polymerization. N-WASP, cortactin, and dynamin then mediates IL-2Rb endocytic pit closure and detachment from the cell 

surface. Also in this case, the coordination among actin polymerization, dynamin activity, and membrane bending 

mediates the scission of IL-2 carriers. Adapted from: Mechanisms of Carrier Formation during Clathrin-Independent 

Endocytosis. Trends in Cell Biology (2017).4 
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2.7 Macropinocytosis 

Macropinocytosis mediates the non-selective uptake of extracellular fluids and solutes 

through the formation of morphologically distinct membrane ruffles and protrusions (Figure 

6). The engulfment of large amounts of extracellular fluids generates large endocytic 

vacuoles called macropinosomes. Uptake of surface proteins and receptors located on the 

PM in close proximity to membrane ruffles might occur concomitantly to fluid uptake. 

However there is no selection mechanism for the uptake of those membrane proteins, since 

macropinocytosis is not cargo specific. Macropinocytosis is activated by specific signals 

mediated by growth factor, chemokine, or Toll-like receptors and is the major pathway for 

antigen capture in macrophages. Some viruses, bacteria, integrin substrates and apoptotic 

cell remnants containing phosphatidylserine can also trigger macropinocytosis. Moreover, 

this pathway is often exploited by pathogens.  

Macropinocytosis starts with the GTPase Ras, which activates PI3K which generates 

PtdIns(3,4,5)P3 at the PM. This allows the recruitment at the PM and the activation of the 

Rho-GTPases Rac1 and Cdc42 together with the actin nucleation cascade (WAVE, WASP and 

Arp2/3), which is responsible for ruffle formation.99 All these steps are essential in 

macropinocytosis, since they promote actin polymerization, together with the electrostatic 

interaction between the phosphoinositides, Rho family GTPases (Rac1 and Cdc42) and actin 

promoting factors. In fact, the accumulation of cytosolic hydrogen ions (H+) neutralizes the 

negative charges of the inner PM leaflet and is an efficient way to block macropinocytosis 

with compounds such as EIPA (5-(N-Ethyl-N-isopropyl)amiloride). Also ARF6 has been 

reported to be a regulator of macropinocytosis at the PM.78,84 Macropinocytosis is also 

regulated by a Rab5 effector, Rabankyrin-5 (ANKFY1), which localizes into macropinosomes 

of epithelial cells and fibroblasts.100 In particular its function is restricted to the apical side 

of polarised epithelial cells. Recently also the BAR protein sorting nexin 9 (SNX9) has been 

implicated in macropinocytosis,93,101 since it localizes to actin-rich structures associated 

with the uptake of fluid-phase markers and can activate both Cdc42 and WASP. Moreover, 

it has been shown that macropinocytosis requires cholesterol in some cell lines, like A431.102 

Macropinosome scission is mediated by CtBP1 (C-terminal-binding protein 1) and/or 

dynamin.4  

As mentioned, macropinocytosis shares the same regulatory components of IL-2R uptake 

(see corresponding section) and is also reminiscent of phagocytosis, since it involves the 

formation of big endocytic structures that require a complex actin rearrangement. Many 

inhibitors that block macropinocytosis also inhibit FEME and IL-2R uptake,4,94 even though 

the latter two produce smaller endocytic vesicles and function upon specific cargo capture. 
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Figure 6: Macropinocytosis and its regulators. Sustained and/or elevated receptor signalling determines the recruitment 

and activation of Cdc42-N-WASP and Rac1-WAVE complexes, thereby promoting actin polymerization and membrane 

ruffling. Receptors and transmembrane proteins in close proximity to the ruffles are indiscriminately internalized. Soluble 

material (amino acids and soluble proteins) and fluid are captured inside the forming macropinosomes. Adapted from: 

Mechanisms of Carrier Formation during Clathrin-Independent Endocytosis. Trends in Cell Biology (2017).4 

2.8 Phagocytosis 

Phagocytosis is the receptor-mediated engulfment of large particles (> 0.5 μm) by cells, 

which requires big membrane rearrangements and therefore the involvement of the 

cytoskeleton. While professional phagocytes such as macrophages use phagocytosis for the 

immune responses to pathogens, other cells such as fibroblasts, epithelial and endothelial 

cells use phagocytosis for ingesting apoptotic bodies of other cells. It is also required for 

cellular remodelling and homeostasis. Phagocytosis is activated by the engagement of 

foreign bodies, opsonized particles, complement components or lectins on the surface of 

opsonized pathogens or apoptotic cells.  

Receptor activation generates a cascade of events that involves lipid synthesis (PI(4,5)P2, 

PI(3,4,5)P3 and PI(3)P)103 and the activation of Rho GTPases such as Cdc42 and Rac1,104–106 

which promotes actin polymerization (through Arp2/3, WAVE and WASP signalling) and 

membrane remodeling.103,107 Also the GTP-binding protein ARF6 is activated during 

phagocytosis and promotes membrane delivery to the nascent phagosome.108 Actin 

disassembly is also essential for the final steps of the engulfment and this is mediated by a 

decrease of PI(4,5)P2 levels at the plasma membrane.109 Another Rho GTPase, RhoA, seems 

to regulate complement receptor-induced phagocytosis106 and appears to be involved in 
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the modulation of the rate of engulfment by this mechanism.110 While phagocytosis shares 

many regulators with other endocytic mechanisms, its particular morphology and activation 

make this pathway easily distinguishable from the others. 

3 Membrane Curvature and BAR proteins 

So far, we proposed a classification of the endocytic mechanisms based on their main 

regulators. These pathways are regulated by different molecular players and interactions, 

but overall, as mentioned earlier, they share some common features for the endocytic event 

to occur, like the need for a precise lipid composition, a cargo selection mechanism, 

membrane rearrangements and a scission mechanism. In this section I will focus on the 

regulation of membrane dynamics during endocytosis, which requires specific signalling to 

induce PM reshaping during the endocytic event. In particular, the bending of the PM can 

be regulated by (Figure 7):34,111,112 

a. changes in the membrane lipid composition; 

b. clustering of membrane proteins; 

c. mechanical forces generated by the actin cytoskeleton; 

d. coat proteins or adaptor proteins that act as scaffolds; 

e. helix insertions into the lipid leaflet; 

f. proteins containing BAR domains that sense and induce curvature.  

All these mechanisms can induce membrane curvature and rearrangement and, in vivo, they 

often act in synergy. 

 

Figure 7: Mechanisms of membrane deformation. The phospholipid bilayer can be deformed into positive or negative 

membrane curvature via different mechanisms (as illustrated in panels a-e). See text for details. Reproduced from: 

Membrane curvature and mechanisms of dynamic cell membrane remodelling. Nature (2005). 113 
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Biological membranes are constituted of several types of lipids, like phospholipids, 

glycolipids and cholesterol, which all have intrinsic shapes depending on the length and 

saturation of their acyl chains and the size of their head groups. Clustering of lipids with 

similar shape, by itself, can determine the spontaneous curvature of the membrane.112 

While certain lipids have a cylindrical shape and can form a flat monolayer, like in the case 

of phosphatidylcholine and phosphatidylserine, lipids with large headgroups such as in 

phosphatidylinositol phosphates (PtdIns) instead can form membranes with positive 

curvature (outwards). For example, in many endocytic processes the presence of 

phosphatidylinositol 4,5-bisphosphate (PIP2) at the vesicle initiation site is essential.114 

Moreover their lipid headgroups are easily modifiable and therefore can constitute a useful 

modulator for the recruitment of peripheral membrane proteins to the PM.  It has been 

shown that lipid clustering of lipids with a similar shape might also occur after the 

association of bacterial toxins (cholera toxin B or Shiga toxin B) to the PM, according to the 

GL-Lect hypothesis (see CLIC/GEEC pathway and Figure 3 and 8).115,116 

 

Figure 8 Pathogens can exploit the induction of negative curvature at the plasma membrane. In the case of toxins that 

specifically bind to glycosphingolipids, it has been suggested that negative curvature might be produced by the cone shape 

geometry of protein–lipid complexes, possibly accompanied by compaction of the lipid head groups. Adapted from: 

Bending "on the rocks"-A cocktail of biophysical modules to build endocytic pathways. Cold Spring Harbor Perspectives in 

Biology (2014).111 

Coat proteins such as clathrin, caveolin and flotillin, directly or indirectly associate to 

membranes, influencing the curvature of the PM by polymerizing around the forming 

vesicle, forming a rigid scaffold. While clathrin does not bind directly to curved membranes, 

but to adaptor proteins, caveolin and flotillins can insert into membranes and facilitate 

membrane curvature.  

Another common element that participates to membrane bending events is the actin 

cytoskeleton. Actin polymerization is often associated with the formation of PM 

invaginations, but can also guide the localization of membrane proteins and receptors.117 

As discussed previously, actin is implicated in many endocytic pathways, and is particularly 

relevant when extensive membrane rearrangement are necessary (like for the engulfment 

of big particles in phagocytosis or for the formation of membrane ruffles during 
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macropinocytosis). Also other cytoskeleton components, such as microtubules and 

molecular motors (myosin, dynein) are responsible for these membrane rearrangements.  

Proteins associated with the lipid bilayer can also generate membrane curvature. For 

example, transmembrane proteins with a conical shape, such as channels and membrane 

receptors, might cluster together, or even oligomerize upon stimulus, therefore imposing a 

bending to the PM. This is what happens for the low-density lipoprotein receptor or the 

transferrin receptor when clathrin coated pits are formed.118 Peripheral proteins inserted 

in between lipid headgroups can induce a small membrane bending, which becomes more 

pronounced when there are several insertions in close proximity with each other.  

The insertion of amphipathic helices in the lipid bilayer is a mechanism shared by several 

membrane remodelling proteins, such as AP180, epsins, endophilins and amphiphysins with 

their ANTH, ENTH and BAR domains. For example, the N-terminal homology domain (ENTH) 

of epsins can specifically bind PIP2 and bend the membrane trough the insertion of an 

amphipathic helix in the lipid layer. Studies in vitro show that epsins can spontaneously 

generate tubules in artificial membranes.119 Also a subset of proteins containing BAR 

domains (called N-BARs) possess similar amphipathic helices that induce membrane 

curvature.120 

 

Figure 9: Membrane curvature sensing and generation can be induced by proteins containing BAR domains. Adapted from: 

Bending "on the rocks"-A cocktail of biophysical modules to build endocytic pathways. Cold Spring Harbor Perspectives in 

Biology (2014).111 

Another mechanism to induce membrane curvature is via BAR domain oligomerization 

(Figure 9). BAR domain proteins are a family of proteins involved in several endocytic 

pathways, such as clathrin and caveolae-mediated endocytosis, CLIC/GEEC, FEME and 

macropinocytosis. BARs are dimeric α-helix motifs and possess a curved surface that 

preferentially binds to membranes with a similar curvature (as illustrated in Figure 10). 

These domains can associate trough electrostatic interactions with negatively charged lipids 

(such as PIP2) and can induce their clustering. BAR-domains interact with the PM, the actin 

cytoskeleton and/or coat proteins which act synergistically in the membrane bending 

process.121–123 Often BAR proteins can assemble together and create scaffolds on vesicles 

and tubules in formation, which can reshape the membrane and alter its mechanical 

properties.124 BARs can have a concave structure which recognizes positive curvature, like 
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the Fes/CIP4 homology BAR domain (F-BAR)125 or a convex structure which recognizes 

negative membrane curvature, like most inverse BAR domains (I-BAR).126 Other BAR 

domains are more flat and can stabilize planar membrane sheets, like the I-BAR domain of 

Pinkbar.127 As mentioned, a subset of BAR domains called N-BARs120 are characterized by 

the presence of additional N-terminal amphipathic α-helices which probe the membrane 

for defects and insert into lipid bilayers, increasing their curvature. Then, the dimerized BAR 

domains associate to and stabilize the curved membrane. The N-BAR proteins can therefore 

sense positive membrane curvature, but also induce it (See specific Section 3.4 and 3.5 on 

N-BAR proteins).5,128  

Recently it has been proposed a model by which BAR domains can also mediate the scission 

of tubular membranes, without the involvement of dynamin. According to this model, 

known as friction-driven scission, the tube elongation causes local membrane tension until 

the membrane undergoes scission (See also Section 2.4 and 2.5).6 

 

Figure 10: BAR domains can recognize membranes with a similar curvature. BARs and F-BARs recognize positive curvature 

of different degrees, I-BARs recognize negative curvature. On the right the 3 domains are overlapped. Reproduced from: 

www.endocytosis .org 

BAR proteins often contain additional modules to assist membrane binding to lipids or to 

regulators of endocytosis, such as PH (pleckstrin homology) or PX (Phox homology) domains 

that confer lipid specificity to phosphoinositides. Many of these proteins also contain a SH3 

(Src homology 3) domain that mediates the binding with other endocytic and cytoskeletal 

proteins, such as the GTPase dynamin (mediating vesicle fission), or N-WASP (an initiator 

for actin polymerization). Therefore BAR-domain proteins can be seen as major endocytic 

regulators, since they can sense, stabilize or induce curvature, regulate actin dynamics and 

recruit endocytic regulators and adaptors (such as dynamin). 
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Given the central roles of BAR proteins in endocytosis, in this work - for the first time - I 

have investigated more in detail their involvement in the uptake of nano-sized objects 

(Chapter 5). 

In the next paragraphs I will describe with additional details the main characteristics of a 

series of BAR domain proteins involved in CME (such as FCHo, FBP17, endophilin, 

amphiphysin, SNX9) and CIE, like Pacsin2 (caveolae-mediated), SNX9 and GRAF1 

(CLIC/GEEC), endophilin (FEME) and again SNX9 (macropinocytosis). These BAR proteins 

were included in my investigation (Chapter 5).  

3.1 F-BAR proteins  

FCHo 1/2 are ubiquitous proteins part of the F-BAR domain family and are involved in the 

recognition of the initial membrane curvature that generates the clathrin-coated pits.15 

FCHo binds to PIP2 of curved PM and afterwards recruits Eps15 and subsequently the AP2 

adaptor complex.15 

Another F-BAR domain is FBP17 which is instead recruited at later stages of CME and forms 

a ring-like structure that surrounds the forming vesicle.125 FBP17 also contains a SH3 

domain, which mediates the recruitment of dynamin, and can also contribute to the 

recruitment of the actin machinery.129 FBP17 is involved in the clathrin mediated uptake of 

transferrin, but is also involved in the CIE of cholera toxin subunit B (CTxB) and epidermal 

growth factor (EGF).130 

Pacsins (or syndapins) are F-BAR domain proteins which also contain a SH3 domain that 

mediates the binding to dynamin and to the actin-nucleating complex.51 Pacsin2 is 

expressed ubiquitously and it has been shown to mediate caveolae membrane tubulation 

and to recruit dynamin-2 for caveolae fission.48,50 Consistent with this, Pacsin2 induces 

membrane tubules of about 50 nm, smaller than those induced by other F-BAR domains, 

and in the same range of caveolae invaginations (50-100nm).125 Caveolin-1 interacts directly 

with and activates the F-BAR domain of Pacsin2, allowing membrane tubulation. 

3.2 The PX-BAR protein SNX9  

Sorting nexins are a family of proteins constituted by a PX domain that recognizes 

phosphatidylinositol lipids,131 a LC domain which can bind to clathrin adaptors, a SH3 

domain and a BAR domain at the C-terminal. The PX and BAR domains form a functional 

unit (the PX–BAR module) that mediates membrane curvature sensing and deformation.132  

The BAR domain of this proteins also mediates the homodimerization between SNX family 

members,93 which is promoted by the presence of PIP2 at the PM.  

SNX9 can promote by itself membrane tubulation in vitro,132 but in vivo it is likely to act as 

a curvature sensor, recruiting dynamin and the actin cytoskeleton which then induce 

bending. 93,133 SNX9 has been prevalently associated to CME at late stage of clathrin coated 
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pits formation,18 but it has a role also in CIE. In fact, SNX9 is critical for macropinocytosis, 

since it localizes to actin-rich structures implicated in fluid-phase uptake and can activate 

both Cdc42 and WASP.93 Moreover, SNX9 seems to have a role in the CLIC/GEEC pathway, 

since it interacts with the actin machinery and PIP2, colocalizes with tubular membranes 

containing GPI-APs or CD44 and is a positive regulator of Cdc42.18,93 It can also compensate 

for GRAF1 depletion to restore CLIC/GEEC uptake.134 

3.3 The PH-BAR protein GRAF1  

GRAF1 is a marker for CLIC/GEEC endocytosis, since it is localized in tubular and punctate 

structures associated to this pathway. It interacts with Cdc42, stimulating its GTPase 

activity, and mediates the uptake of fluid-phase markers, CTxB and GPI-APs92,135. GRAF1 

acts more as a sensor of curvature than a bending protein, recruiting other remodelling 

proteins at the PM.135 GRAF1 contains a BAR domain, which senses membrane curvature, a 

PH domain (pleckstrin homology), which recruits GRAF1 at the PM through PIP2 binding, a 

SH3 domain (Src homology 3) for interaction with dynamin, and a GAP domain, which has 

GAP (GTPase activating) activity towards Rho family GTPases.92,135 The BAR and PH domains 

(PH-BAR) work together for PIP2 binding and curvature sensing.92 Moreover the PH-BAR 

domain can interact and inhibit the GAP domain.136 When this autoinhibition is removed, 

the GAP domain activates preferentially Cdc42, but also RhoA and Rac1.137 GRAF1 can 

regulate actin remodelling through an indirect regulation of RhoA and Cdc42 activity.53 

Moreover, although CLIC/GEEC is dynamin-independent,85 GRAF1 can recruit and interact 

with dynamin.92  

3.4 The endophilins N-BAR proteins  

Endophilins are a family of N-BAR domain proteins comprising endophilin A1 and A3 

(SH3GL2 and SH3GL3, respectively), mainly brain-specific and localized at the presynaptic 

membrane, and endophilin A2 (SH3GL1), which is ubiquitously expressed. In this thesis I will 

mainly focus on the latter, since expressed in all tissues. Endophilin structure is 

characterized by a C-terminal SH3 domain, which binds to dynamin-1 and synaptojanin in 

the brain, a N-terminal BAR domain, which includes an amphipathic α-helix called H0, 

essential for membrane bending, and an additional α-helix that protrudes from the concave 

structure of the BAR domain, called Helix 1 (H1).128 

Endophilin is implicated in the formation of clathrin coated pits,17,21 however it seems not 

fundamental for this process since its inhibition doesn’t lead to CME impairment.19 

Recently, endophilin has been proposed to be a marker for FEME (Fast-acting mediated 

endocytosis).94 In particular, endophilin acts in concert with actin and dynamin for the 

scission event of Shiga and cholera toxins, two CIE endocytic cargoes.95  
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3.5 The amphiphysins N-BAR proteins  

Most of the knowledge about amphiphysins comes from tubulation experiments in vitro 

that showed that amphiphisin-1 can tubulate artificial membranes on its own.138 

Amphiphysins are nucleocytoplasmic proteins expressed in all tissues and with several 

cellular functions, among witch as regulators of endocytosis and membrane trafficking and 

recycling. In mammalians there are 2 isoforms, amphiphysin 1 (or AMPH1) and amphiphysin 

2 (also named bridging integrator-1 or BIN1), which can form homo and heterodimers 

(Figure 11). A distinct BAR domain protein, called BIN2, has been shown to hetero-dimerize 

with BIN1, but its function in endocytosis is still not clear.139 Amphiphysins contain an N-

terminal α-helix for membrane bending and recognition and an N-terminal SH3 domain 

which mediates the binding with dynamin with low affinity.140  

 

Figure 11: BAR family of adapter proteins. SH3, Src homology 3 domain; MBD, Myc binding domain; CLAP, clathrin-AP2 

binding region. Adapted from: - Reviews on Cancer (2009).148 

In the brain, amphiphysin 1 can interact with actin effectors and in testis cells it can regulate 

actin polymerization during phagocytosis.141 Amphiphysin 2 (BIN1) has many splicing 

variants in different tissues. For example, the variant enriched in the brain contains a CLAP 

domain for clathrin and AP2 binding and can interact with dynamin, synaptojanin and 

endophilin to form clathrin coated pits.138,142 Other variants, such as isoform 8 of 

amphiphysin 2, function in muscle T-tubule formation and are connected to several 

myopathies.143,144 They function by clustering of PIP2 and recruitment of dynamin at the 

PM.145 Ubiquitous variants, like isoform 9 and 10, lack the CLAP domain and are not involved 

in CME, but in the formation of tubules and in membrane recycling.146 In fact, 

downregulation of BIN1 in HeLa cells does not decrease the uptake of transferrin, a CME 

marker, but instead increases its uptake due to defects in receptor recycling. These 

ubiquitous isoforms are also involved in tubulation of organelles through the binding of 

microtubules. In fact, in HeLa cells their capacity to induce tubule formation is blocked by 

the perturbation of microtubules by nocodazole.147  
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Overall, the BAR family of adapter proteins contain many different molecules with distinct 

features and clearly a central role in multiple pathways of endocytosis, where they 

contribute to mechanisms to sense and induce membrane curvature. 

Their role in CIE is being explored in more details in the last years, while their involvement 

in the uptake of nanomedicines has not been investigated as yet.  This has been part of this 

thesis and is presented in Chapter 5. 

 

4 Viruses and Toxin uptake 

Some of the knowledge obtained so far on the endocytic mechanisms derives from the 

study of viruses and bacterial and plant toxins. As pathogens, virus and toxins on one hand 

can exploit physiological pre-existing routes and on the other they can induce and trigger 

signalling that affects their internalization, features that nano-sized cargoes may as well 

share.149,150 Their endocytosis might not be representative of a physiological pathway, 

therefore caution has to be taken when studying their uptake.  

In this paragraph I will focus on the entry routes of the most studied viruses and toxins and 

potential parallels with nanomedicine behaviour. 

4.1 Toxins 

Cholera toxin (CTx), produced by the bacterium Vibrio cholera consists of five binding 

subunits (CTxB) and a single A-chain. CTxB can bind specifically to the glycosphingolipid GM1 

in the outer leaflet of the plasma membrane and, as mentioned above, induces membrane 

bending as described in the GL-lect hypothesis (see also Section 2.4, Figure 3 and Figure 8). 

CTxB can be internalized by several mechanisms. For example, it was observed to be 

localized into caveolae-positive structures, therefore it has been widely used as a marker 

for caveolae mediated endocytosis since then.151 However, more recently it has been shown 

to be internalized by other mechanisms, among which also by CME.59–61 In Caco-2 and HeLa 

cells, CTxB is internalized in a clathrin and caveolae independent manner, and the 

mechanism has been found to be partially dependent on actin.59 In other cases CTxB uptake 

has been shown to be independent of cholesterol.152 Moreover also flotillins seem to be 

involved in the uptake of CTxB.70,73 It seems that endophilin acts in concert with actin and 

dynamin for the scission event of cholera toxins, in a mechanism which resembles FEME.95  

FBP17 is also involved in the CIE mediated uptake of cholera toxin subunit B (CTxB).130 

Shiga toxin from Shigella dysenteriae is composed of a catalytic A-subunit and a B-subunit 

(STxB), which binds to the glycosphingolipids receptor globotriaosylceramide (Gb3).153 It 

has been proposed that STxB can induce clustering of Gb3 receptors and generate 

membrane bending in a clathrin-independent manner, as described in the GL-lect 
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hypothesis.154 Also in this case, the toxin has been reported to be internalized through 

multiple mechanisms: STxB can enter through CME155,156 and it has been shown to 

upregulate its own CME uptake.157 In energy-depleted cells, STxB induces tubulation of the 

plasma membrane, which does not depend on CME but on dynamin.116  Endophilin acts in 

concert with actin and dynamin for the final scission event, in a mechanism which resembles 

FEME95. 

4.2 Viruses 

Virus entry is generally mediated by cellular receptors. Some receptors mediate just the 

adhesion of viruses to the plasma membrane, while others have additional roles in signalling 

and endocytosis. It appears, however, that the majority of viral receptors are not directly 

involved in the uptake of physiological ligands. Furthermore, the receptor used by viruses 

for their uptake defines the entry mechanism and which tissue can be infected.158  

Interestingly, viruses can use more than one type of receptor and therefore, can exploit 

multiple endocytic mechanisms at the same time. For example, herpes simplex virus uses 

different pathways in different cell types. Viruses can also induce receptor clustering for 

their entry. The clustering can generate signalling platforms at the PM membrane and this 

in itself can induce the endocytic event (as described in Section 3 and Figure 7).159 

Another interesting observation is that serum components can mediate the interaction of 

viruses and cells. In fact, once in biological fluids, viruses are covered by antibodies and 

opsonins and it has emerged that these molecules can promote their entry.160,161 This is very 

similar to what happens in vivo to man-made nanoparticles, which – as mentioned earlier - 

adsorb on their surface serum biomolecules which form a layer called corona (as discussed 

in details in Chapter 1).162,163 It will be very interesting to investigate whether viruses share 

a corona with similar properties to that of nanomedicines. 

Overall, viruses are particularly interesting for this dissertation because – as previously 

mentioned - they can be considered as “natural” nanoparticles. In fact, their size range, 

which is between 20 and 200 nm, till a maximum of 2 μm, allows us to classify them as such. 

Furthermore, as illustrated above and in previous Sections, they seem to share many 

features with man-made nano-sized objects in the way they interact and are processed by 

cells. More in general, the study of the mechanisms of virus recognition and internalization 

can help us to better understand the endocytic mechanisms involved in the uptake of man-

made nanoparticles or to suggest viral-inspired strategies for improving drug delivery. 

Moreover this knowledge can allow designing strategies to exploit viruses for drug 

delivery.159 In fact, since decades several studies use inactivated viral particles or particles 

resembling the design of viral capsids to exploit virus endocytic routes for targeting 

purposes.164,165  Indeed, viral nano-carriers are one of the major classes of drug carriers 

investigated, especially in the field of gene delivery.165  
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5. Final remarks: how endocytosis has been studied 

in this thesis 

Several of the mechanisms of endocytosis described so far have been implicated in the 

internalization of nanomedicines.2,166,167 Many studies have focused their investigation on 

the most classical pathway of endocytosis, such as clathrin-mediated, caveolae-mediated 

and macropinocytosis.168–172 However, here we showed that endocytosis includes many 

more pathways which are constantly being updated and revised. Many of the pathways 

described in this Chapter have not being investigated in detail in the nanomedicine field so 

far. Furthermore, as discussed in Chapter 1, endocytosis requires multiple molecular 

processes and regulators, which, in most cases, are strictly interconnected among them, 

making their characterization particular challenging. 

Within this context, in this thesis, in Chapter 4 I focus on the involvement of most classical 

pathways of endocytosis in nanoparticle uptake, investigating the role of CME, cholesterol, 

macropinocytosis, dynamin, microtubules and actin in the uptake of 50 nm silica 

nanoparticles, with a special focus on the effect of the biological environment and corona 

formation. This investigation is carried out using classic transport inhibitors such as 

chlorpromazine hydrochloride, methyl-β-cyclodextrin, 5-(N-Ethyl-N-isopropyl)amiloride 

(EIPA), dynasore, nocodazole and cytochalasin D, whose mechanisms of action are 

described in detail in Chapter 3. In Chapter 5 I attempt to define which mechanisms are 

involved in the uptake of nanomaterials by selecting a panel of targets for RNAi implicated 

in several endocytic processes and combining this investigation with transport inhibitors 

and other techniques. I start by examining the involvement of CME in the uptake of 

nanomaterials by using RNAi to shut down the expression of a series of molecules involved 

in this pathway, such as CLTC, DNM2, ARF6, Epn1, Fcho2, Endophilins, SNX9, Amphiphisin2 

(BIN1). This is combined to the use of chemical compounds to block CME, deplete 

cholesterol and block actin polymerization, as well as overexpress the C-terminal of AP180, 

which inhibits clathrin-coated pit maturation. Next, I investigate the potential involvement 

of all other pathways described as follows: caveolae-mediated endocytosis (using siRNA 

against CAV1 and Pacsin2, cholesterol depletion, DNM2 inhibition, and by blocking actin 

polymerization), Flotillin-mediated endocytosis (siRNA against Flot1), CLIC/GEEC (siRNA 

against Cdc42, Graf1, SNX9, cholesterol depletion and by blocking actin polymerization), 

ARF6-mediated pathway (siRNA for ARF6 and cholesterol depletion), FEME (siRNA against 

endophilins, by blocking actin polymerization, and DNM2 inhibition), RhoA-mediated 

endocytosis (siRNA again RhoA, Rac1, DNM2, cholesterol depletion, and by blocking actin 

polymerization), macropinocytosis (siRNA against Rac1, Cdc42, ARF6, Ankfy1, SNX9, 

blocking actin polymerization, and by cholesterol depletion), and phagocytosis (siRNA for 

Cdc42, Rac1, ARF6, RhoA, blocking actin polymerization, cholesterol depletion). 
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Finally, I study more in depth the role of curvature generation in the endocytosis of 

nanomedicines by investigating for the first time the role of a panel of BAR proteins in 

nanoparticle uptake using RNAi against GRAF1, endophilins (SH3GL1, 2 and 3), 

amphiphysin2 (BIN1), Pacsin2, Ist1 and Fcho2. 

Finally in Chapter 6 I show the limits of RNAi and chemical inhibitors in the characterization 

of nanoparticle uptake mechanisms in endothelial cell barriers made of primary HUVEC 

cells. Primary cells can in fact show very low transfection efficiency, thus limiting the use of 

strategies such as RNAi or the expression of mutants and fluorescent proteins. Furthermore, 

I show that barrier integrity is compromised by many of the common chemical inhibitors, 

thus limiting their potential application. This poses further challenges in the 

characterization of uptake mechanisms in this type of cell models and suggests that other 

methods need to be applied in these cases. 

For all of the work presented, it is important to keep in mind that, as discussed in detail in 

this Chapter, many of the molecular players investigated are involved in multiple pathways 

(For example Cdc42, which is the main regulator of the CLIC/GEEC pathway, has also being 

involved in macropinocytosis and phagocytosis). Therefore caution should be taken in 

interpreting the results obtained, taking into account the many similarities shared by 

multiple pathways. This is presented and discussed in more details in each of the Chapters 

presented. 
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