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Summary 
 

This thesis summarizes the main findings of the research project conducted from August 2016 

until August 2020 at the Laboratory for Biomedical Neurosciences (LBN) of the Ente 

Ospedaliero Cantonale (EOC) Switzerland, performed under the supervision of PD Dr. Paolo 

Paganetti (Neurodegeneration Group) and the academic mentorship of Prof. Dr. Anne Spang 

(Growth & Development Group, Biozentrum, University of Basel, Switzerland).  

The project was developed in the context of a broader study aiming to investigate cellular and 

molecular mechanisms governing cell-to-cell communication in neurodegeneration. 

Specifically the aim of this project, which is described in detail in Chapter 2, was to further 

elucidate the cellular mechanisms consenting a paracrine protein target engagement in an in 

vitro model of extracellular vesicles-mediated cell-to-cell communication.  

This thesis is organized as follows. Chapter 1 presents extracellular vesicles in cell-to-cell 

communication and the controversial link between autophagy and the aggregation of aberrant 

protein species, which forms the context of the research thesis work. Chapter 1, Section 1. 

contains a literature review of the evidence supporting the interplay of the endocytic and 

autophagic pathways in the target engagement between an extracellular vesicle cargo and its 

cytosolic cellular target. The relevance of this engagement is then discussed in light of the 

possible implications in the cellular processes driving the aggregation of aberrant protein 

species. This section is compiled into a manuscript, which has been submitted to a peer-

reviewed journal. Chapter 1, Section 2. includes a perspective on the use of chloroquine during 

the novel coronavirus (i.e. SARS-CoV-2) pandemic and the possible implications on clinical 

trials of neurodegenerative disorders. This possible correlation is discussed in the context of 

the cellular mechanisms linking the autophagy-lysosome pathway and cellular mechanisms 

involved in the pathogenesis of neurodegenerative diseases. The manuscript has been 

submitted to a peer-reviewed journal. Chapter 2 briefly introduces the problem of identifying 

a functional delivery of EV-transported luminal proteins within the cytosol of recipient cells. 

The chapter then presents the research model, the reasons behind why this model was chosen, 

and outlines the objectives of the study. Chapter 3 contains the main research findings. The 

manuscript uploaded to bioRxiv preprint server on May 28th 2020 describes a novel cellular 

mechanism consenting target engagement between an extracellular vesicle transported luminal 

protein and its cytosolic cellular target. Furthermore, data generated in this study highlights a 
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possible dichotomic role of autophagy in protein aggregation, which is yet to be confirmed. A 

study that complements the research thesis work is then presented in Chapter 4 in the form of 

a manuscript. The manuscript describes the split GFP technique that was implemented as part 

of a study aiming at investigating protein-protein interaction in in vitro models of 

neurodegeneration. This method was used in the main research study of the thesis to 

demonstrate target engagement between two proteins that have distinct cell origins. The 

manuscript was published in Scientific Reports on October 25th, 2017. In these first chapters 

(1-to-4) only material that was considered sensible for publication in peer-reviewed journals 

and relevant for the aim of the study is included. Chapter 5 gathers additional preliminary data 

generated during the doctoral study, which is intended to complement the main research study. 

Chapter 6 includes a discussion addressing the most significant findings of this research, their 

implications in EV-mediated cell-to-cell communication, and the possible dichotomic role of 

autophagy in cellular mechanisms driving the intracellular build-up of aberrant protein species. 

The Chapter includes a future outlook perspective and outlines additional questions that remain 

to be explored in these fields. The thesis concludes in Chapter 7 with a brief section dedicated 

to concluding remarks. 

Throughout this thesis the use of the pronoun “we” has been employed to represent the 

collaborative nature of this research.  
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1 Introduction 

1.1 Hijacking endocytosis and autophagy in extracellular vesicle 

communication: where the inside meets the outside 

 

This chapter contains a comprehensive literature review focusing on the evidence supporting 

the interplay of two well-known cellular pathways - the endocytosis and autophagy - in the 

target engagement between an extracellular vesicle cargo protein and its cytosolic cellular 

target. We then discuss possible implications of such target engagement in the pathophysiology 

of neurodegenerative disorders. The manuscript has been submitted to a peer-reviewed journal.
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1.1.1 Abstract 

Extracellular vesicles, phospholipid bilayer-membrane vesicles of cellular origin, are emerging 

as nanocarriers of biological information between cells. Extracellular vesicles transport 

virtually all biologically active macromolecules (e.g. nucleotides, lipids, and proteins), thus 

eliciting phenotypic changes in recipient cells. However, we only partially understand the 

cellular mechanisms driving the encounter of a soluble ligand transported in the lumen of 

extracellular vesicles with its cytosolic receptor. A step required to evoke a biologically 

relevant response. In this context, we review herein current evidence supporting the role of two 

well-described cellular transport pathways: the endocytic pathway as the main entry route for 

extracellular vesicles and the autophagic pathway driving lysosomal degradation of cytosolic 

proteins. The interplay between these pathways may result in the target engagement between 

an extracellular vesicle cargo protein and its cytosolic target within the acidic compartments of 

the cell. This mechanism of cell-to-cell communication may well own possible implications in 

the pathogenesis of neurodegenerative disorders.  

1.1.2 Introduction 

In multicellular organisms, cell-to-cell communication is a cardinal process that coordinates 

and synchronizes cellular activities, ensuring the correct function of tissues, organs and 

ultimately the whole system. A broad variety of mechanisms has evolved to accomplish the 

transmission of information between neighboring or distant cells. Among these, lipid bilayer-

membrane nanovesicles released from cells act as vectors for short and long-distance transport 

of biological messages. First described in the early 1980s as secreted exosomes derived from 

endosomes [1-3], their function was first proposed as an alternative degradative path through 

which cells expel dispensable intracellular molecules. The subsequent advances in isolation 

and characterization procedures depicted a more complex and heterogeneous population of 
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secreted nanovesicles, for which the generic term “extracellular vesicles” (EVs) was coined 

[4]. The first concept on their function was challenged by the observation that EVs secreted 

from B-cells induce T-cell proliferation by activating major histocompatibility complex II 

(MHC-II) receptors carried on their surface [5]. More recently, a strong support for a relevant 

role of macromolecules transported by EVs in cell-to-cell communication is reflected by the 

demonstration that nucleic acids synthetized and encapsulated in EVs by the donor cells are 

active in recipient cells [6]. It is now established that EVs are required for multiple cellular 

processes in health and disease. EVs contribute to immunomodulation, inflammation, cancer 

and neurodegeneration and they even find applications as nanocarriers for therapeutic agents 

[7, 8].  

At least three main criteria can be defined for EVs to be accounted as functional vectors in cell-

to-cell communication. Secretion by the donor cell after selective macromolecule 

encapsulation; transport of the cargo to the target cell; and release of the transported messenger 

in the recipient cell for interaction with its effector. To date, the efforts in the field were 

primarily directed to understand the biogenesis and the mechanisms for the packaging of 

macromolecules in EVs [9-12]. On the other hand, although the delivery of cargo 

macromolecules to recipient cells is a critical step required for absolving the biological 

activities associated to EVs, the mechanisms involved in this process remain largely elusive. 

Macromolecules transported on the exterior of EV may directly interact with surface membrane 

receptors, as it may be the case for MHC-II receptors. For a luminal EV-cargo, it is plausible 

to assume that the cytosol is the main site for intracellular target engagement. However, current 

evidence suggests that this is a possible but rather rare event [13-15]. Inadequate detection 

sensitivity is a plausible technical limitation. In fact, circumstantial evidence indicates that a 

measurable biological effect is counterbalanced by the difficulty to detect a cargo molecule in 

the cytosol of the recipient cell. Lack of sensitivity may result because recipient cells represent 
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only a minor subpopulation able to decipher an EV-message. In such a case, EVs specifically 

targeting a specialized cell pool present in an organ may reduce EV-cargo release to a rare 

event that still holds a significant biological relevance. At the same time, a sporadic but 

continuous transport over years of pathological protein forms between cells may well 

contribute to a slow progression and propagation of disease as in the case of neurodegenerative 

disorders. That being said, an infrequent cytosolic EV-cargo release does not exhaustively 

explain the large body of evidence suggesting a cardinal role of EVs in cell-to-cell exchange 

of macromolecules. There is thus the need to assess whether alternative intracellular locations 

may account for the release and the target engagement of biologically active EV-cargo 

macromolecules.  

1.1.3 Looking for the Target Cell 

The rising interest around EVs in recent years is linked to the increasing evidence of phenotypic 

changes in recipient cells apt to translate a message transported by these vesicles [6, 11-13, 16-

18]. The molecular process exploited by EVs to target recipient cells remains a matter of 

debate, possibly because different mechanisms may coexist. Human carcinoma cells were 

shown to non-selectively respond to EVs originating from different cell types [19]. The 

composition and modifications of external components may affect the overall charge of the 

EV-surface, thus reducing the natural electrostatic repulsion of membranes [20]. This process 

may become more relevant once EVs are internalized into the acid environment of endocytic 

organelles [21]. Beside a merely stochastic event, a combination of EV-cell origin, EV-

subtype, cell type and state may confer specificity to the recognition of EVs by the recipient 

cell. EVs derived from B-cells in mantle cell lymphoma (MCL) are readily and preferentially 

taken-up by other MCL cells [22]. In the nervous system, EVs secreted from oligodendrocytes 

have a specific tropism for microglia cells [23]. EV-docking at the plasma membrane may be 

facilitated by cell membrane adhesion receptors recognizing macromolecules exposed on the 
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surface of EVs. Tetraspanins, in particular CD9 and CD81, which are highly enriched in the 

lipid membranes of EVs, appear as possible candidates [24]. Additional proteins exposed on 

the EV-surface participates in ligand binding mechanisms. On dendritic cell-derived EVs, the 

beta-2 integrin family of proteins (CD18/CD11 a, b), the intercellular adhesion molecule-1 and 

-2 (ICAM-1/-2) and the serum milk fat globule-EGF factor 8 (MFG-E8) facilitate the 

interaction with recipient cells [25-28]. Glycans as well may contribute to the EV-cell 

recognition process [20, 29, 30]. Glioblastoma-derived EVs are decorated with glycans 

recognized by sialic acid-binding Ig-like lectin receptors; an essential and specific step for their 

capture by dendritic cells [30]. To add complexity to the system, the heterogeneous size and 

composition of EVs may influence their recognition and uptake by recipient cells.  

Most cell types secrete EVs, so that the extracellular milieu is rich in a large variety of EVs. A 

productive message possibly covering a distant radius of action requires that the target cell 

developed a precise instrument of docking and internalization of freely circulating EVs. The 

elucidation of the fate of EVs once docked on the cell surface is of critical importance in the 

context of disease. Understanding the molecular and cellular mechanisms involved in a 

pathogenic cell-to-cell communication mediated by EVs may offer new approaches for the 

development of specific treatments.  

1.1.4 EV-entry in Target Cells 

The variability in EVs uptake routes may depend on the combination of multiple factors, such 

as EV-characteristics and recipient cell type and state [31]. Most experimental evidence 

suggests that endocytosis is the major uptake path [31-37]. EVs are internalized by dendritic 

cells and fuse with membranes of the endocytic pathways releasing their content into the 

cytosol [38], reminiscent of cell entry by viral particles [39]. However, once taken-up by 

recipient cells, EVs can also be either recycled and released in the extracellular space or 
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targeted to lysosomes for degradation. For instance, upon internalization by interconnected 

neurons, fusion events between exogenous and endogenous EVs were found to potentially 

increase the radius of action of EVs and the consequent pathogenicity [40]. In contrast, 

microglia take up oligodendrocyte-derived EVs through a macropinocytotic mechanism on 

their route to lysosomes for degradation [23], consistent with their role in cleaning the 

extracellular space from cell debris.  

1.1.5 “Eating and Drinking” EVs  

The term “endocytosis” was coined by Christian de Duve in the 1960s to describe a cellular 

process in which the invagination of the limiting plasma membrane leads to the intracellular 

formation of vesicles encapsulating extracellular material [41]. Various functions are now 

assigned to endocytosis; a key homeostatic mechanism that regulates major cellular processes 

such as provision of educts for biochemical synthesis of macromolecules, receptor down-

regulation, intracellular signaling, antigen presentation [42-44], or as the main route for EV-

internalization [31-37]. Indeed, EV-uptake through this route is rapid, with EVs identified 

inside cells within few minutes after their application to the culture medium [45]. EV-uptake 

requires an active process as shown by its absence in cells kept at 4°C or fixed with 

paraformaldehyde [23, 46] and may occur by bulk-flow similarly to the fluid phase-uptake 

marker dextran [32, 47]. Once internalized, EVs locate with various markers of the endocytic 

pathway. For instance, EVs derived from Epstein-Barr virus infected B cells and tracked 

through a fluorescent lipophilic dye localize, at increasing time points, with RAB5, RAB7 and 

CD63 positive endocytic organelles of recipient epithelial cells [33]. EVs are observed to enter 

human primary fibroblasts via filopodia, travel along the endocytic pathway and end their 

route, after scanning the endoplasmic reticulum, in lysosomes [37]. Consistent with this, EVs 

appear to exploit the endocytic pathway to travel from the periphery, rich in early endosomes, 

towards the perinuclear area, rich in late-endosomes and lysosomes, or they are sorted and 



Chapter 1 Introduction 

 

15 
 

recycled by secretion at the plasma membrane [35, 48], as described for protein receptors [49]. 

Indeed, EVs (and viral particles) are found within lysosomes of recipient cells as soon as 1-

hour post-application [34, 36, 50]. This close proximity with the nucleus is hijacked for the 

delivery of viral genomic material to “the control center of the cell” and may hint to a possible 

shared delivery mechanism also used by EVs [48]. Endocytosis is a broad term that includes a 

range of internalization pathways that include cell eating (“phagocytosis”) and cell drinking 

(“pinocytosis”) processes, both involved in EV-internalization [42, 47, 51-56] (Fig. 1). 

1.1.5.1 Phagocytosis 

Phagocytosis is the main internalization path shared by professional phagocytic cells, which 

embrace neutrophils, macrophages and dendritic cells [57, 58]. Phagocytosis is tightly 

regulated and it requires ligand-receptor-mediated recognition followed by the active ingestion 

of large extracellular particles (>0.5 µm) into intracellular organelles called phagosomes. These 

latter are then directed to fuse with lysosomes to generate phagolysosome [59-62]. Given the 

nature of this process, it is understood that phagocytes preferentially internalize large EVs, 

such as apoptotic bodies and ectosomes. Of particular interest is the highly selective uptake of 

apoptotic bodies by dendritic cells, a route that is mediated through the receptors for 

phosphatidylserine (PS), which is enriched on the surface of these large cell debris [63-65]. 

Nevertheless, also particles less than 100 nm in size are observed to be taken up by phagocytes 

[59, 60]. This is supported by the observation that dendritic cells internalize exosomes through 

a process that is inhibited by latrunculin-A [66], a potent inhibitor of phagocytosis [67] acting 

by depolarizing actin filaments [68]. Likewise, exosomes derived from leukemia cell lines are 

taken up by a process sensitive to genetic inhibition of a key regulator of phagocytosis (DNM2) 

and once internalized they localize with phagolysosome markers [45]. Despite sufficient 

evidence for phagocytosis as an endocytic process involved in EV-uptake, the exact 

mechanisms of small-size EVs phagocytosis, e.g. the receptor involved, remains to be 
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elucidated. Moreover, given the nature of phagocytic cells, internalized EVs end up in 

organelles rich in digestive enzymes [45], thus representing a mean for their elimination, rather 

than a process involved in cell-to-cell communication. 

1.1.5.2 Pinocytosis 

Pinocytosis describes a process in which inward budding of the plasma membrane serves to 

internalize small amounts of extracellular fluid and dissolved particles eventually forming 

intracellular pinocytic vesicles. Pinocytosis is subdivided in micro- (<0.1 µm) and 

macropinocytosis (~0.2-5.0 µm) according to the size (and fate) of pinocytic vesicles and the 

molecular mechanism involved [69, 70].  

1.1.5.2.1 Micropinocytosis 

Most receptor-bound ligands are internalized via micropinocytosis providing an efficient 

means for uptake of specific macromolecules [71-75]. The internalization of transferrin upon 

binding to the transferrin receptor is the best studied example of receptor-mediated endocytosis 

[1, 76]. Coupling transferrin with a fluorescent tag, a routine in monitoring micropinocytosis, 

showed different localization of EVs with transferrin depending on incubation time and 

recipient cell type [34, 47]. Micropinocytosis forms clathrin-, caveolin- or non-clathrin-non-

caveolin-coated plasma membrane pits [69, 70, 77]. Then invaginated membranes pinch off to 

create organelles that mature and fuse with endosomes. This delivers their contents for 

recycling after fusion with the plasma membrane or for further transport to lysosomes [77-79]. 

EV-size, EV-origin and recipient cell type may all play a role in deciding whether 

micropinocytosis entails the use of clathrin or caveolin or neither. EVs localize with markers 

of clathrin-mediated endocytosis (CLME) by a process sensitive to inhibitors of key effectors 

of this pathway. The compound pitstop 2 is a potent, but not selective, inhibitor of clathrin-

dependent endocytosis that binds to the amino terminus of clathrin and blocks its association 
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with amphiphysin [80-82]. CLME inhibition by pitstop 2 decreases EV-uptake in human 

trophoblast cells [83] and colorectal carcinoma cells [19]. The cationic amphiphilic drug 

chlorpromazine inhibits the formation of clathrin-coated pits at the plasma membrane [84] and 

reduces the uptake of EVs in several in vitro cell culture models [34, 45, 47, 85]. EV-

internalization is also decreased in the presence of pyrimidyn-7 and dynasore [55, 86-88], two 

non-selective inhibitors of the GTPase activity of dynamin, a large GTPase involved in late 

stages of clathrin-coated pits formation [89, 90]. The genetic shRNA knockdown of clathrin 

adaptor protein 2 (AP2) and of dynamin inhibit the assembly of clathrin-coated pits and results 

in an appreciable reduction of EV-uptake [47]. While CLME is the best documented 

micropinocytic process for EV-uptake, the involvement of caveolin-mediated endocytosis 

(CAME) becomes increasingly evident. Because of the small size of the caveolae, it is plausible 

to assume that CAME tends to internalize EVs with a small 60-80 nm diameter [91, 92]. The 

endogenous expression of caveolin-1, the main structural protein of caveolae, fluctuates 

between cancer cell lines and correlates with the degree of EV-uptake [19]. In support to this, 

specific shRNA knockdown of caveolin-1 impairs EV-internalization [33]. Sterol-binding 

compounds that disrupts lipid rafts and caveolae structures, such as filipin, genistein and 

nystatin, inhibit CAME-mediated EV-uptake in various cell types [34, 47, 93-95]. As dynamin 

also participates to the formation of caveolae at the plasma membrane [96], studies assessing 

the role of this protein through the use of genetic and pharmacological inhibitors do not discern 

the possible involvement of CLMA and CAME.  

Taken together, the evidence that micropinocytosis is implicated in the internalization of small-

size EVs is well documented. However, some of the molecular mechanisms involved in this 

process need more investigation, in particular the selective tropisms towards sub-classes of 

small-size EVs.  



Chapter 1 Introduction 

 

18 
 

1.1.5.2.2 Macropinocytosis 

Macropinocytosis, on the other hand, overcomes the size-limitation in EV-internalization of 

micropinocytic processes. Macropinocytosis is characterized by the formation of actin-rich 

plasma membrane extensions, named ruffles [97, 98]. These pockets-like membrane structures 

fuse back with the plasma membrane and pinch-off to form non-coated organelles, referred as 

macropinosomes, which encapsulate a large volume of extracellular material [97]. The 

relatively large size of macropinosomes allow the uptake of a greater load of EVs and a broader 

range of EV-sizes when compared to micropinosomes. As for most endocytic organelles, 

macropinosomes mature, shrink and move towards the center of the cell where they eventually 

fuse with lysosomes. Although rarely, these organelles can recycle back to the plasma 

membrane and release their content in the extracellular space [98]. Macropinocytosis is an 

efficient, though non-selective, mechanism for internalizing EVs [98]. To demonstrate the 

participation of this pathway in the EV-uptake, various inhibitors targeting the machinery 

generating macropinosomes were employed [74, 97-99]. Macropinocytosis is dependent on the 

Na+/H+ exchanger (NHE) activity [98, 100]. 5-(N-ethyl-N-isopropyl)amirolide (EIPA) is an 

inhibitor of NHE that impairs micropinocytosis and EV-uptake [47, 101]. Other non-selective 

compounds are applied to study macropinocytosis. Wortmannin and LY294002 [45, 47, 101], 

potent inhibitors of phosphoinositide 3-kinases, impair intracellular membrane traffic and 

endocytosis [102]. Latrunculin-A and cytochalasin-D destabilize actin filaments [103-105] and 

inhibit ruffles formation [38, 93, 106]. As macropinocytosis shares with phagocytosis similar 

molecular mechanisms, the use of inhibitors is not sufficient to infer on the specific 

involvement of either processes. Co-localization of EVs with fluorescently tagged dextran, a 

fluid-phase marker of endocytosis, is consistent with this view [23, 47, 97, 101, 107]. 

Moreover, macropinocytosis does not specifically target molecules in the extracellular 

environment, indicating that EV-uptake may be dictated just by their proximity to the cell 
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membrane. Nevertheless, macropinocytosis is regulated by specific mechanisms [108-110]; 

stimulation e.g. of the epidermal growth factor receptor enhances EV-uptake [110, 111]. 

Notably, also EVs appear to induce macropinocytosis [101]. Similar to phagocytosis, 

macropinocytosis channels EVs to lysosomes [23, 34], possibly indicating a clearance 

mechanism, rather than a route for transcellular signaling.  

1.1.6 Delivering an EV-cargo: membrane fusion 

Cells exploit EVs to communicate biological information over short and long distances, 

implying that the message transported by EVs must engage with its natural target. This may 

occur at the cell surface excluding an internalization process [112], e.g. when B-lymphocyte 

EVs activate T-cell receptors on the surface of lymphocytes [5]. In contrast, for a cargo such 

as RNAs transported in the EV-lumen, the target enabling a biological response is likely to be 

located in the nuclear-cytosolic compartment where the machineries for e.g. mRNA translation 

or for microRNA regulation are expected [6, 13]. However, there is a lack of knowledge on the 

cell biology and biochemistry allowing the EV-cargo to bypass the robust barriers imposed by 

the phospholipid-bilayers limiting both EVs and recipient cells. Not surprisingly, the direct 

fusion of EVs with the membranes of recipient cells is proposed as a relatively simple process 

for cell entry [13, 113-115]. Given the large body of evidence for an EV-uptake by endocytosis 

before cargo delivery, it is conceivable that endocytic organelles may act as the location where 

EVs fuse with cell membrane, in a process known as “endosomal escape”. In this sense, recent 

studies offer a reasonable mechanism of membrane fusion facilitated by the acidic environment 

and by the degradative activity of lysosomal hydrolases [38, 113, 116]. This is reminiscent of 

the process used by several virus to deliver genomic material to the host cell [117]. Indeed, low 

pH and acidic hydrolases may induce conformational changes in viral fusion proteins that 

facilitate the merge with the cell membranes [117, 118]. This is the case for the rabies virus 
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glycoprotein (RVG), which binds to the nicotinic acetylcholine receptor expressed by cells of 

the nervous system [119-121]. As similar mechanism may apply also for the coronavirus [122]. 

Interestingly, liposomes and other types of synthetic EVs are developed as vectors for the 

delivery of membrane-impermeable drugs, whereby multiple solutions were designed to 

improve endosomal escape. The engineering of EVs bearing a short peptide derived from RVG 

efficiently deliver functional BACE1 siRNA to neuronal cells in the mouse brain [123]. 

Similarly, the integrin-recognition motif Arg-Gly-Asp (RGD), present on viral envelopes, 

mediates host cell infection [124] by driving viral particle internalization and endosomal escape 

[125]. Incorporation of LAMP2 fused to RGD in the membrane shield of EVs results in an 

efficient EV-delivery of the chemotherapeutic doxorubicin to integrin-positive breast cancer 

cells [126]. Lipids participate as well in membrane fusion events [127]. For instance, PS on the 

EV-surface may interact with the PS-ligand annexin-V enriched in membranes of early and 

late endocytic organelles of macrophages [128]. In an opposite manner, PS on the luminal side 

of endocytic membranes [129] binds to annexin-V present on the surface of apoptotic bodies 

[130]. Cholesterol is a key component of membrane organization and fusion events [131]. 

Indeed, the incorporation of cholesterol in EV-membranes is tightly regulated and the 

endocytic process largely depends on cholesterol [31, 127, 132, 133]. A recent report describes 

that treatment with U18666A, a ligand of Niemann-Pick C1 protein, causes endo-lysosomal 

accumulation of LDL-bound cholesterol and hampers EVs fusion with recipient cell 

membranes [116]. In a more provocative way, the description of an unconventional delivery of 

EVs content directly into the nucleus of recipient cells mediated by late-endosomes in contact 

with the nuclear envelope, unveils a beforehand unexplored EV-delivery mechanisms [134].  

Independently of the mechanisms involved, the fusion of EVs with cell membranes is expected 

to result in the liberation of EV-luminal cargos within the cytosol of the recipient cell. Several 

studies have exploited the extremely sensitive CRE-based recombination technique to infer on 
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EV-mediated trans-cytosol transport of biologically active macromolecules. Strikingly, these 

studies reveal that cytosolic entry of an EV-cargo occurs at a sporadic rate [13-15, 135-137], 

an observation in contradiction with the large body of evidence showing an efficient EV-uptake 

through endocytosis. 

1.1.7 The Endo-lysosomal System, a Crossroad for Exogenous and 

Endogenous Biomolecules? 

The molecular mechanisms governing EV-cargo loading, carefully described elsewhere [11], 

not only dictate the specific cargo signature of an EV, and thus the specific effect it will elicit 

in recipient cells, but also the preferential route of delivery. The target machinery able to 

translate a nucleic acid-encoded message is expected within the cytosol or the nucleus of 

recipient cells, with delivery requiring membrane fusion events. A different prospect applies 

for a protein cargo, since various surface and intracellular targets are apt for engagement, thus 

widening the possible location for the delivery of the message. Additional intracellular 

locations beside the cell surface and the cytosol, discussed above, are plausible. Recent studies 

imply an EV-mediated signaling in the endo-lysosomal compartment. Human mast cell-

derived EVs promote phenotypic changes in recipient mesenchymal stem cells through 

transforming growth factor-B1 (TGFB1) signaling [112]. The role of endosomes in this 

signaling is demonstrated by requirement of an acidic pH for the activation of TGFB1 [112, 

138]. EVs loaded with the enzyme beta-glucocerebrosidase (GBA) cause increased lysosomal 

GBA activity in recipient cells to a similar extent when GBA was engineered in the lumen or 

on the surface of EVs [139]. These data indicate that macromolecules transported through EVs 

could remain functionally active in organelles of the endo-lysosomal pathway. Endo-lysosome 

organelles represent a subcellular compartment where degradative pathways able to transfer 

exogenous and endogenous proteins converge [140]. In other words, the endo-lysosomal 

compartment represents a crossroad where extracellular molecules delivered through “cell-
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eating” and “cell-drinking” endocytic pathway may meet intracellular molecules transported 

by the “self-eating” autophagic machinery [141].  

1.1.8 Self-eating 

Protein homeostasis is maintained in mammalian cells by multiple systems [142]. The ubiquitin 

(Ub)-proteasome system (UPS) is a selective proteolytic machinery, in which (usually) short-

living poly-ubiquitinated proteins are unfolded and degraded by the proteasome [141]. The 

term autophagy originates from the Greek words αùτóς (auto = self) and φαγεîν (phagy = 

eating), hence describing a self-eating process [143]. The autophagic machinery is complex in 

terms of both distinct mechanisms as well as substrate heterogeneity; this latter spanning from 

(usually) long-living proteins, protein aggregates, nucleic acids and cellular organelles [141, 

144]. Moreover, beside its degradative function, autophagy is a truly dynamic process that 

serves also as a recycling system providing the cell with the material required to maintain its 

energetic homeostasis [141]. The broad term “autophagy” encompasses three main processes: 

macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA), as reviewed in 

details elsewhere [145-148]. Macroautophagy sequesters and encapsulates cytoplasmic 

components including whole organelles or organelle portions within an intermediate double 

phospholipid bilayer organelle named “autophagosome” [140, 148, 149]. This latter travels 

along microtubules towards the perinuclear region where it fuses either directly with lysosomes 

or with late-endosomes as an intermediate step [141, 148-150]. In contrast, microautophagy 

sequesters small components of the cytoplasm [151]. Non-selective microautophagy is specific 

towards small cytosolic substrates, e.g. soluble proteins, and is characterized by the formation 

of tubular invaginations of the lysosomal membranes [142, 151]. These membranes 

invaginations pinch-off forming intra-lysosomal vesicles, which then release their cargo in the 

hydrolase-rich environment of lysosomes [152]. Inward membrane budding is also at the basis 

of intraluminal vesicle biogenesis in multivesicular bodies, which occasionally may fuse with 
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the plasma membrane and release them as exosomes. A process that may by suitable for 

eliminating cytosolic components by secretion. On the other hand, selective microautophagy 

is specific towards large substrates or organelles (e.g. mitochondria, nucleus and peroxisomes). 

These are engulfed through the projected, arm-like protrusion of lysosomal membranes, 

internalized within the lumen of lysosomes and then gradually digested [141, 142, 151]. Unlike 

the other two types of autophagy, in CMA the combined action of the chaperone protein heat 

shock cognate 70 (HSC70) and the lysosomes-associated membrane protein type 2A 

(LAMP2A) results in the specific recognition of protein substrates bearing carrying a KFERQ-

like pentapeptide and in their active translocation across lysosomal membranes [141, 153-155] 

(Fig. 2).  

Autophagy is thus a diversified system that continuously delivers a large variety of intracellular 

substrates to the endo-lysosomal compartments. In this way, it is a process that, at any given 

time, expands the array of macromolecules available to meet extracellular material internalized 

through endocytosis, with possible implications in health and disease. This encounter, within 

an acidic compartment dedicated to degradation, may gain relevance in cellular states where 

lysosomal activity is compromised and substrates may accumulate. 

1.1.9 Autophagy-lysosome Dysfunction in Neurodegenerative Diseases 

Neurodegenerative disorders such as Alzheimer’s (AD), Parkinson’s (PD), Huntington’s 

disease (HD), amyotrophic lateral sclerosis (ALS) or transmissible spongiform 

encephalopathies (TSE) are etiologically and clinically distinct. Crucially, they all share as 

pathological hallmark the deposition of protein aggregates into ubiquitinated intraneuronal 

inclusions [156, 157]. Each disorder-specific protein aggregate is formed by distinct proteins, 

which acquire a beta-sheet-enriched conformation and eventually form soluble multimeric 

structures and insoluble protein inclusions. Beta-amyloid and tau are linked to AD [158-162], 
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alpha-synuclein to PD [163, 164], huntingtin to HD [165, 166], TDP43 to ALS and 

frontotemporal lobar degeneration (FTLD) [167, 168] and prion to TSE [169]. A recognized 

risk factor for this family of disorders is aging and as well as the gradual impairment of the 

cellular degradative systems [170-172]. Post-mitotic neurons of the central nervous system are 

particularly vulnerable to the impairment of the autophagy-lysosome pathway. This age-

dependent progressive deficiency observed in the aging brain correlates with the increasing 

accumulation of potentially toxic protein forms in the neurodegenerating brain [157, 173-175]. 

This is further supported by animal models of late-onset neurodegenerative disorders, which 

display a progressive accumulation of autophagic organelles and protein aggregates [176-178]. 

Furthermore, nanoscale analysis performed on post-mortem brain tissue slice of patients 

affected by AD and PD showed that beta-amyloid and alpha-synuclein inclusions were 

enriched in lipid membranes and organelles structurally resembling to lysosomes and in part 

immune reactive for lysosomal markers [179-181]. Similar observations were made with the 

identification of intra-lysosomal prion inclusions in neurons of sporadic Creutzfeldt-Jakob 

disease brains [172]. Actually, most studies demonstrated that cytosolic protein inclusions are 

substrates of selective macroautophagy and that molecular interventions aimed to stimulate 

macroautophagy reduce intraneuronal protein deposition with concomitant decrease in cell 

toxicity and an amelioration in behavioral phenotypes in animal models [177, 182-190]. 

Intuitively, a defect in a key clearance mechanism of the cell is expected to directly contribute 

to the build-up of aberrant proteins predestined to be eliminated. On the other hand, cellular 

inclusions and a lysosomal overload may contribute to a vicious circle of events curbing 

lysosomal dysfunction and protein deposition. Nevertheless, the discussion whether defective 

activity of the autophagy-lysosome pathway is a “cause” or an “effect” of intracellular protein 

inclusions merits more attention (Fig. 3).  
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1.1.9.1 The “cause” 

Compelling genetic and pharmacological experimental evidence supports that impairment of 

the autophagy-lysosome pathway exacerbates the accumulation of potentially toxic protein 

oligomers and causes neurodegeneration. An approach often used to support this argument is 

on abolishing or reducing the transcription of genes belonging to the core-machinery of 

autophagy in experimental models. Mice lacking autophagy-related 5 (Atg5) expression 

specifically in neurons are characterized by the progressive neuronal accumulation of 

cytoplasmic, ubiquitin-positive, inclusion bodies and by the concomitant progressive deficit in 

motor and behavioral functions [191]. The ATG5 gene encodes for a protein that conjugates 

with other core ATG proteins (ATG12 and ATG16) to form a complex involved in the 

extension of membranes in autophagic vesicles formation [192]. The study of Atg7 knockout 

mice provided additional evidence for the contribution of autophagy in the formation of protein 

inclusions with aberrant intraneuronal accumulation of beta-amyloid and cognitive dysfunction 

in a mouse model of AD [193]. ATG7 is an E1-like activating enzyme whose primarily 

function is to participate in the conjugation of ATG12 and in the lipidation of the microtubule-

associated protein light chain 3 (LC3), two essential steps in the formation of functional 

autophagosomes [194]. Beclin-1, another regulator of macroautophagy, appears altered in aged 

brains and in patients affected by AD and HD. Decreased beclin-1 in mice models of AD- and 

HD-related amyloidosis causes impaired macroautophagy, increased inclusion bodies and 

general neuronal deficits, aspects reversed through ectopic expression of BECN1 [195-197].  

To date, there is only a single report of a human pathogenic mutation among all the core ATG 

genes. The homozygous E122D mutation in ATG5 was found in two siblings affected by a 

childhood form of ataxia, characterized by progressive loss of Purkinje cells, cerebellar 

hypotrophy and clinical symptoms affecting muscle coordination [198]. At the cellular level, 
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the single point mutation leads to impaired autophagy flux caused by defective conjugation of 

ATG5 with ATG12 [198].  

Selective macroautophagy depends on ubiquitin-binding scaffold proteins that recognize 

cytoplasmic ubiquitinated protein substrates and deliver them to the autophagy pathway for 

degradation [199]. Among all, P62/sequestome 1 (enconded by the SQSTM1 gene), NBR1 

autophagy receptor (NBR1, neighbor of BRCA1 gene), autophagy-linked FYVE protein ALFY 

(WDFY3) and optineurin (OPTN) are found in almost all types of protein aggregates [200-202]. 

The presence of autophagy receptors within cytoplasmic inclusions supports the view that 

protein aggregates are cleared by a selective macroautophagic process (i.e. aggrephagy) [203]. 

Concomitantly, the presence of autophagy receptors within cytoplasmic inclusions is also 

linked to a role of these as facilitators of protein aggregation [202, 204]. Most autophagy 

receptors are scaffold proteins that carry a ubiquitin-associated (UBA) domain and a LC3-

interacting region (LIR). The UBA domain binds to mono- and poly-ubiquitinated proteins 

[200, 205, 206]. On the other hand, the LIR sequence binds to LC3 conjugated to the inner 

surface of the phagophore (LC3-II), thus mediating the encapsulation of the complex in 

autophagosomes [146, 200, 205], whereby autophagy receptors and LC3-II become themselves 

autophagy substrates [205]. Genetic variants of the autophagy receptors OPTN and SQSTM1 

are linked to ALS-FTLD [205, 207], and more severe disease forms are caused by mutations 

in the UBA domain of P62/sequestome 1 [207, 208]. Furthermore, P62/sequestome 1, 

optineurin and NBR1 localize within Lewy bodies and neurofibrillary tangles in post-mortem 

human brain tissue [209, 210]. At the cellular level, P62/sequestome 1 binds to poly-

ubiquitinated tau mediating its clearance, and mice with genetic inactivation Sqstm1 display 

intraneuronal tau aggregation [211]. 

Mutations of genes associated to lysosomal function are also linked to the onset and 

progression of neurodegenerative disorders [212-216]. For instance, the lysosomal storage 
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disorder Gaucher disease is caused by the homozygous mutation in the gene encoding for the 

lysosomal enzyme glucocerebrosidase (GBA) [212, 214, 217]. Loss of GBA function triggers 

the accumulation of its substrate glucocerebroside within the lumen of lysosomes leading to 

dysfunctional lysosome degradation and impairment in autophagic processes [212, 214, 217]. 

Experimental Gba knockout mouse model of neuronopathic Gaucher disease displays defective 

autophagy with accumulation of P62/sequestome 1, ubiquitin-positive proteins and oligomeric 

alpha-synuclein [216]. Notably, heterozygous mutation in GBA is the most common genetic 

risk factor for PD [212, 214, 215].  

Chemical compounds are often used to study autophagy. Bafilomycin A1, a macrolide derived 

from Streptomyces griseus, specifically inhibits the vacuolar ATPase that transport protons to 

the interior of acidic organelles [218]. Chloroquine (CQ), a drug known for its antimalarial and 

anti-inflammatory properties, is a lysosomotropic buffering agent rapidly penetrating across 

cell membranes and undergoing a protonation-based trapping in the acidic environment of 

autophagic, endocytic or lysosomal organelles [219]. The presence of either compounds 

efficiently neutralizes the luminal low pH, impairs the activity of acidic hydrolases, and the 

fusion among organelles of the autophagy-lysosome pathway [218, 220, 221]. Experimental 

evidence shows increased accumulation of cytosolic aggregates when these drugs are applied 

to in vitro and in vivo models of neurodegeneration. This occurred for instance in COS-7 cells 

expressing an aggregation-prone fragment of polyglutamine-expanded huntingtin, where 

treatment with bafilomycin A1 results in a more pronounced aggregation determined by the 

increase in aggregates size and in the number of affected cells [222]. The same treatment 

exacerbates the formation of detergent-insoluble alpha-synuclein species in rat embryonic 

cortical neurons [223]. An increment in seeding events is observed in primary neurons derived 

from tau transgenic mice when incubated with exogenous tau fibrils and CQ [224]. A higher 

ubiquitin-positive cytoplasmic TDP43 inclusion load is observed upon treatment with CQ in a 
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mouse model expressing a mutated form of vasolin-containing protein [225, 226]. 

Macroautophagy stimulation is a proven intervention apt to reduce cytosolic protein 

aggregates, ultimately reversing behavioral phenotypes in animal models of several 

neurodegenerative diseases [177, 182-190]. For instance, in a mouse model of beta-amyloid 

and tau pathology, induction of autophagy with an inhibitor of the mammalian target of 

rapamycin (mTOR) decreased intraneuronal beta-amyloid accumulation and rescued cognitive 

deficits [182]. Similarly, oral administration of the disaccharide trehalose in a transgenic mouse 

model overexpressing a truncated polyglutamine-expanded form of huntingtin effectively 

reduced cytosolic inclusions and ameliorated hallmark motor dysfunctions of HD [189]. 

Stimulation of autophagic flux independently from the mTOR signaling pathway may elicit the 

main neuroprotective effect of trehalose [227, 228]. 

1.1.9.2 The “effect” 

The increased impairment of the autophagy-lysosome pathway associated with the progression 

of neurodegenerative disorders may hint to intrinsic negative effects caused by accumulating 

aberrant protein forms. This outcome may result from a loss-of-function. As an example, 

huntingtin is suggested to be a scaffold protein targeting protein substrates to degradation by 

selective autophagy by interacting the cargo receptor P62/sequestome 1 and thus facilitating 

the association of LC3 with ubiquitinated substrates [229]. In a model of HD, mutant huntingtin 

fails in its role as scaffold protein, thus compromising cytosolic cargo recognition and delivery 

to selective autophagy [230].  

UPS and CMA are the first-line defense in disposing soluble proteins. However, when proteins 

aggregate into fibrillar insoluble forms, as it is the case for neurodegenerative disorders, they 

become increasingly resistant to both UPS and CMA degradation [157]. The capacity to 

“escape” UPS and CMA degradation may well rely on the resilience of structured, beta-sheet-
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enriched protein aggregates to chaperon-mediated “un-folding”, which is required for 

funneling the polypeptide into these degradative pathways. As a result, they may act as negative 

regulators. CMA-mediated degradation relies on the presence of the KFERQ-like motif on its 

substrates. Accordingly, the VKKDQ sequence on alpha-synuclein is a recognition and binding 

domain for the chaperon HSC70, followed by the presentation to LAMP2A and active 

translocation through the lysosomal membrane [231, 232]. Multimeric fibrillar forms of alpha-

synuclein may resist to the unfolding activity of HSC70 and by binding to LAMP2A they act 

as translocation inhibitors further busting their accumulation and impairing the degradation of 

other CMA substrates [232, 233]. At least in vitro, cytosolic protein inclusions act as clogging 

blockers of the proteasome barrel-shaped structure [232, 234, 235]. However, UPS and CMA 

impairment further stimulate the specialized activity of aggrephagy as an alternative 

degradative machinery [175, 236, 237].  

Interestingly, prion infection disrupts the maturation of endo-lysosomal organelles by 

interfering with the association of RAB7 to membranes, preventing its own lysosomal 

degradation and favoring its cytosolic aggregation [238]. The key molecular spark that triggers 

prion pathogenesis is the conformational conversion of cellular prion protein PrPC with a 

predominant alfa-helix content, into the highly infectious beta-sheet-rich PrPSc [239]. PrPSc 

forms detergent-insoluble intracellular inclusions also defined as PrPRes to highlight their 

intrinsic ability to resist to proteolytic degradation. Since the endo-lysosomal pathway may 

represent the subcellular site where the conversion to PrPSc occurs, this has the potential to 

impair overall lysosomal degradative function [240]. Indeed, increased number and size of 

lysosomes and autophagic vacuoles are well-established neuropathological features of prion-

infected neurons in animal models and in patients [241, 242].  

In addition to the effect of cytosolic aberrant protein forms, also their extracellular counterparts 

need to be considered when studying the pathogenesis of diseases. As previously discussed, 
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non-cell autonomous proteins exploit the endocytic pathway to access the inside of cells. In 

this respect, recombinant and brain-extracted protein fibrils and seeds enter the cell and traffic 

towards lysosomes upon endocytosis [243-246], whereby lysosomal function appears required 

prior to reach the cytosol for further propagation [243, 244, 247, 248]. Intriguingly, exogenous 

alpha-synuclein fibrils taken up by endocytosis drive intracellular seeding within the endo-

lysosomal compartment [247]. This occurred with the assistance of the lysosomal protease 

cathepsin-beta that, when compared other proteases, specifically triggered its aggregation. 

Concurrently, the accumulation of protease resistant alpha-synuclein fibrils within lysosomes 

impairs lysosomal function and autophagic flux [248].  

1.1.9.3 Protein aggregation within lysosomes 

In the context of this review, it is intriguing to consider alternative intracellular locations beside 

the cytosol, which may serve as seeding hubs in the nucleation process leading to intraneuronal 

inclusions as observed in neurodegenerative disorders. The acidic organelles of the cell may 

represent the initial location for the seeding activity of exogenous protein oligomers and fibrils, 

which may then gain access to the cytosol and trigger further aggregation (Fig. 4). The endo-

lysosomal pathway of the cell gathers at least four features that ideally facilitate the mechanism 

of disease-causing protein aggregation: 1) the presence of proteases, 2) the co-assistance of 

other protein-modifying enzymes such as glycosidases, sulfatases and kinases, 3) a low pH, 

and 4) a relatively small volume and membrane surface area.  

Proteolytic processing of neurodegeneration-associated proteins has received particular 

attention since in vitro evidence suggests increased propensity to aggregate when these are 

cleaved at specific amino acid sites. We discussed already above the evidence that in a cellular 

model of prion infection, the amino terminus of PrPRes, or of its precursor, is removed by 

lysosomal proteases facilitating its aggregation within lysosomes [240]. It was recently 
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reported that tau is a substrate of asparagine endopeptidase (AEP), a lysosomal cysteine 

protease generating tau fragments with a high propensity to aggregate [249] observed also in 

the brain of human AD or tau transgenic mice [250]. What is more, the release of beta-amyloid 

from its precursor is initiated by the activity of the acidic endoprotease BACE located in endo-

lysosomes [251]. Intriguingly, the discovery within lysosomes of kinases phosphorylating 

neurodegenerative-associated proteins has raised awareness that pathological phosphorylation 

may be acquired within these organelles. As an example, the beta-isoform of glycogen synthase 

kinase 3 (GSK3beta), the main phosphorylating enzyme for a tau form enriched in disease-

associated NFTs [252], is found within acidic organelles of the endo-lysosome pathway [253, 

254]. Although experimental evidence that directly links tau toxicity to lysosomal GSK3beta 

is missing, this mechanism is intriguing and cannot be disregarded.  

A high load of energy is required for the activity of the proton pump to maintain the acidic 

conditions required for the activity of lysosomal enzymes [255]. A low pH could serve as a 

spark triggering protein aggregation as it was shown for prion conversion [256, 257]. Indeed a 

protonation-based model approach demonstrated the partial unfolding and dissociation of one 

alpha-helices of PrPC results in the loss of critical long-range salt bridges, which favor the 

conversion to a PrPSc-like structure [257]. Similar results were obtained analyzing kinetics of 

amyloid fibril formation, which is accelerated in the pH range observed in lysosomes of living 

cells, implying a possible contribution of lysosomes in amyloid diseases [258].  

The relatively small size of endo-lysosomal organelle when compared to the cytosol should 

also be considered a critical contributor of neurotoxic protein aggregation. Seeding aggregation 

of proteins is remarkably dependent on protein concentration and on the interaction with 

membranes [259, 260], whereby a threshold concentration has to be reached in order to initiate 

a nucleation-dependent polymerization [261]. Autosomal dominant disease forms bring 

clinical evidence of the correlation between protein concentration and pathogenicity. Examples 
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are a hereditary PD form characterized by the triplication of the alpha-synuclein locus and 

extensive Lewy body formation [262] or trisomy 21 characterized by an extra copy of the APP 

gene and early onset AD-like amyloidosis [263]. In vitro experiments support the view that 

lysosomes may foster the critical concentration and exposure to membranes required for 

protein nucleation and further multimerization. This is the case when extracellular beta-

amyloid monomers were found to be taken up by cells and to accumulate with seeding 

nucleation properties within lysosomes [246]. 

1.1.9.4 Disease spreading and extracellular vesicles 

Neurodegenerative diseases are characterized by the spreading of pathological protein forms 

following a predictable spatiotemporal pattern through the brain of affected patients. This 

correlates with the symptom progression in a disorder-specific and unique manner. For instance 

in AD, tau NFTs first occur in the entorhinal region, then spread to the surrounding 

hippocampal area and reach the entire neocortex in later disease stages [264, 265]. In contrast, 

beta-amyloid senile plaques are first observed in the orbitofrontal and basal temporal 

neocortex, then slowly progress from anterior to posterior areas to invade the entire neocortex, 

the hippocampus, the amygdala, and the basal ganglia [265]. At the cellular level, nucleation 

competent seeds are transferred from cell-to-cell, possibly exploiting existing cell 

communication mechanisms to drive the spreading of pathology. At the molecular level, the 

conversion of a native (often unfolded) state to a highly ordered fibrillar structure resembles 

the template-mediated mechanisms of prions, thus defined as prion-like paradigm [266]. In 

vitro studies support the notion that the dissemination of pathogenic protein forms through 

templated amplification occurs via interconnected neurons [267, 268], which fits well the 

progressive spreading through anatomically linked brain regions observed in vivo [269-271]. 

Noteworthy, some connected brain areas are spared by this process, hinting to a specific 

cellular mechanism of release/uptake of protein seeds. Among the non-exclusive routes of cell-
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to-cell seed transport, EVs have gained a significant recognition as likely transcellular vehicles 

[272-274], with the advantage to assure protection against degradative activities and 

propagation to distant targets. This pathogenic role of EVs is supported by observations made 

in animal models of most neurodegenerative disorders [275, 276]. Not surprisingly, there is the 

demand to better define whether a specific mechanism exists for the encapsulation of 

nucleation competent particles into EVs by the (infectious) donor cell. At the same time, and 

possibly more importantly, we need to understand how seeds are internalized by the (healthy) 

recipient cell to reach their target. As discussed above, EVs mainly take advantage of the 

endocytic pathway to enter the cell where they may accumulate within lysosomes and liberate 

their possibly noxious cargo. Accordingly, a recent in vitro study from our laboratory brought 

evidence that it is conceivable that an EV-transported, pro-aggregating tau form uses this route 

of cell entry to eventually induce cellular tau accumulation within acidic organelles of the 

recipient cell. The physical interaction between exogenous seeds and endogenous wild-type 

tau at the cross-road between the endocytic and the autophagic pathways, ultimately triggered 

the formation of tau epitopes typical of NFTs, progressive lysosomal impairment and overt 

cytotoxicity [277]. Thus, despite the dichotomy of degradative organelles embodying the 

cellular site where seeded propagation of pathogenic protein occurs, mounting experimental 

evidence points to a role of EVs as transcellular mediators exacerbating an (age-related) 

impairment of the lysosomal pathway in the neurodegenerative state. 

1.1.10 Conclusion and Future Directions 

A constantly growing knowledge on the biology of EVs has expanded the initial, but still valid, 

interpretation of them as a kind of garbage bag expelled by the cell, to include now for them a 

role as vehicle of precise cell-to-cell communication and as critical contributor to disease. 

Technologic advances allowed a detailed, yet in part incomplete, perception of the complexity 

of this variegate population of secreted vesicles. Much is known on the molecular machinery 
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driving EV-biogenesis in the donor cell. Work in progress is shedding light on the processes 

required to elicit a biological response in the acceptor cell. Among them, the list includes the 

specific tropism towards the recipient cell, the route evolved for their uptake, and the release 

mechanism for the target engagement of a biological active cargo molecule. Distinct 

subpopulations of EVs, their cargo signatures, the type and state of recipient cells, to name a 

few, are all puzzle fragments contributing to the complexity of the picture currently assembled. 

This review has focused on the experimental evidence pointing to the central role for EV-

mediated cellular communication provided by the endocytic pathway. In order to understand 

better what is happening upstream of this, much work is necessary. In an organism, cells are 

exposed, at any given time, to EVs continuously released from a wide range of cell populations, 

with distinct biophysical properties, cargo compositions and originating from close and distant 

locations. In this plethora of EVs floating on the surrounding of a cell, how is a message 

delivered with accurate precision to the desired target cell? Does the endocytic pathway merely 

represent a route exploited by EVs to gain access to the cell or does it provide the favorable 

environment for functional cargo delivery in health and disease? Will the knowledge on the 

biology driving viral infection of a cell facilitate the identification of the mechanisms governing 

EV-cargo release or do we need to implement innovative and highly sensitive research methods 

for this purpose? The current techniques suggest that release of an EV-cargo in the cytosol of 

recipient cells is an existing but rather rare event. An important question to be addressed will 

be to define “rare” in the context of a biologically relevant EV-mediated cell-to-cell 

communication.  

Finally, we also discussed the existence of a possible vicious cycle driving a neurodegenerative 

process (Fig. 3). Aggregation of aberrant proteins may impair autophagic and lysosomal 

degradative pathways, which in turn curb further protein aggregation, and importantly seeded 

transcellular propagation possibly mediated by EVs as vectors for direct delivery of replication-
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competent particles to acidic organelles of recipient cells. Even more, EVs could be the trigger 

for the initiation of a cascade of adverse events including prion-like propagation and lysosomal 

dysfunction. In this context, autophagy stimulation as a proposed intervention to reduce 

intraneuronal protein inclusions may backfire into a completely opposite direction. If not 

specifically targeted to the affected neuron, autophagy stimulation may well favor that an EV-

cargo with seeding capabilities could encounter and propagate on the native protein counterpart 

within lysosomes of healthy neurons. The potential dichotomic role of the autophagy-lysosome 

pathway in clearing cytosolic inclusions and contributing to transcellular propagation certainly 

requires further attention and experimental validation. 
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1.1.12 Figure Legends 

Figure 1: Cellular pathways exploited for the delivery of EV-cargo.  

EVs reaching recipient cells can interact with cell surface receptor or fuse with the limiting membrane 

and deliver the soluble cargo directly to the cytosol. Alternatively, EVs are internalized through 

macropinocytosis, micropinocytic processes such as clathrin-mediated endocytosis and caveolin-

mediated endocytosis or phagocytosis. Internalized EVs transit through endosomal compartments when 

directed to lysosomes. Within endo-lysosomal organelles ligands present on the EV-surface can induce 

an intracellular signaling cascade through a ligand-receptor mechanism. Moreover, cytosolic delivery 

of EV-cargo may occur by fusion with the membrane of these organelles. The action of acidic 

hydrolases may liberate the EV-cargo for degradation, interaction with other endo-lysosomal 

components or recycling to the extracellular milieu by back fusion with the cell membrane. Symbols 

used are specified in the legend on the bottom of the scheme. 

Figure 2: Autophagic processes contributing to cellular proteostasis. 

Protease resistant protein complexes and aggregates are delivered to lysosomal degradation by 

macroautophagy. This process is mediated by scaffold autophagy receptors able to bind to ubiquitinated 

proteins and the cleaved and phosphatidylethanolamine-conjugated LC3 present on the forming 

autophagosome. The complex is then encapsulated within the lumen of the double lipid by-layer 

autophagy organelle, which expands and fuse with lysosome membranes for acidic hydrolases 

degradation. In chaperon-mediated autophagy (CMA), cytosolic proteins bearing a KFERQ-like 

domain recognized by the unfolding chaperon HSC70 are escorted to LAMP2A on the surface of 

lysosomal membranes. Two consecutive recruitment of LAMP2A molecules form a module that 

translocates the CMA substrate to the hydrolase-rich lumen of lysosomes. Symbols used are specified 

in the legend on the bottom of the scheme. 
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Figure 3: Lysosomal contribution to neurodegeneration. 

Controlled degradation of proteins via lysosomal hydrolases is a key cellular homeostatic event. Aging, 

unknown factors, mutations in neurodegeneration-associated genes and in autophagy-lysosome genes, 

as well as the accumulation of cytosolic protein inclusions are negative regulators of lysosomal 

function. In a vicious circle, defective lysosomal function contributes to aging, accumulation of toxic 

gene products and disease. Impaired lysosomal function may occur at the level of acidic hydrolase 

activity or by altered fusion and maturation of autophagy-lysosome organelles. 

Figure 4: Lysosomal contribution to seeded propagation of disease.  

The endocytic organelles represent a cross-road where exogenous proteins (A) transported by EVs 

engage with their cytosolic cellular targets (B) transported by autophagy. The slightly acidic milieu of 

these organelles may spare proteins from degradation in favor of a biologically relevant target 

engagement, or of a pathogenic mechanism of seeded propagation of toxic protein forms. This latter 

may subsequently lead to lysosomal membrane rupture, overt cytotoxicity and the formation of 

cytosolic protein inclusions as pathological hallmarks of disease. Symbols used are specified in the 

legend on the right of the scheme. 
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1.1.13 Figures 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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1.2 Chloroquine, the Coronavirus Crisis and Clinical Trials in 

Neurodegeneration: Forget-me-not 

 

This chapter includes our perspective on the pharmacological activity of chloroquine and its 

analogues in the central nervous system in order to raise awareness of their use during the 

current coronavirus pandemic. In light of reported side effects of chloroquine on the nervous 

system, the widespread and uncontrolled us of this drug may inadvertently confound the 

interpretation of ongoing clinical trials in neurodegenerative diseases. Our perspective is not 

intended to guide treatment decisions but rather to raise awareness and encourage discussion 

amongst the translational-facing scientific community. The manuscript discusses the cellular 

mechanisms linking the autophagy-lysosome pathway and cellular mechanisms involved in the 

pathogenesis of neurodegenerative diseases. The manuscript has been submitted to a peer-

reviewed journal. 
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1.2.1 Abstract 

On the verge of the ongoing coronavirus pandemic, in vitro data proposed that chloroquine, 

and its analogue hydroxychloroquine, may be useful in controlling SARS-CoV-2 infection. 

Efforts are ongoing in order to verify this hypothesis in clinical trials. Some studies 

demonstrated no evidence of efficacy, whereas in some cases results were retracted after 

reporting. Despite lack of scientific validation, support for the use of these compounds 

continues from influencers in the medical and lay domain. At the cellular level, the 

lysosomotropic drug chloroquine accumulates in acidic organelles where it acts as an alkalizing 

agent with possible downstream effects on several cellular pathways. In this perspective, we 

discuss a possible modulatory role of the drugs on two shared features of neurodegenerative 

diseases, the cellular accumulation of abnormally-folded proteins and the contribution of 

neuroinflammation in this pathogenic process. Certainly, the decision on the use of chloroquine 

must be determined by its efficacy, clinical needs and depending on symptoms. However, at 

an unprecedented time of a potential widespread use of chloroquine, we seek to raise awareness 
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for a careful documentation in the use of this drug as it may potentially lead to misinterpretation 

in ongoing clinical trials evaluating disease-modifying therapies in neurodegeneration. 

1.2.2 Introduction 

On February 4th, 2020, at the verge of a new pandemic crisis, the anti-malarial drug chloroquine 

(CQ), was proposed to be highly effective in controlling 2019-nCoV infection in vitro [1]. Soon 

after, in March 2020, the lack of specific treatments for the rising coronavirus burden induced 

the U. S. Food and Drug Administration (FDA) to issue an emergency use authorization (EUA) 

for CQ, and its (more soluble and less toxic) analogue hydroxychloroquine (HCQ), as 

treatments for the control of SARS-CoV-2, the severe acute respiratory syndrome caused by 

the new coronavirus [2] (Table I). On June 2020, in light of recent scientific data and analysis, 

the FDA revoked the EUA for CQ and HCQ, as reported side effects “no longer outweigh the 

known and potential risks for the authorized use” [3]. The EUA permission and revocation of 

the use of CQ and HCQ has caused a stir in the scientific community and beyond during this 

unstable and delicate pandemic situation. While we acknowledge the tendency to forget 

uncomfortable facts and the keenness to move away from CQ, a reflection on possible short 

and long-term neurological side-effects caused by its use should not be neglected from a 

scientific stand-point. In particular considering the prospect that CQ was, and still is, used as a 

wannabe appropriate off-label drug to treat SARS-CoV-2, highlighting that the response to this 

pandemic has not always been ruled by a rational and scientific approach. Nonetheless, the 

possible consequences of using CQ should instigate discussion and warrant a more cautious 

approach if a similar situation should arise in the future. Here we provide a perspective on the 

potential interaction of CQ and the neuronal dyshomeostasis observed in common degenerative 

disorders such as Alzheimer’s and Parkinson’s diseases. We consider the pharmacodynamics 

and pharmacokinetic attributes of CQ, and its potential effects on the nervous and immune 

systems. 
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1.2.3 Impairment of the Autophagy-lysosome Pathway 

Historically recognized for its anti-malarial activity [4], CQ is also extensively used as a cell 

biology research compound based on its potent inhibitory activity on autophagy and lysosomal 

clearance function. The lipophilic nature of CQ enables a rapid penetration across lipid bilayer 

membranes. Within the cell, CQ behaves as a lysosomotropic agent, i.e. it undergoes a 

protonation-based trapping when it reaches the acidic environment present in the lumen of 

organelles such as lysosomes. Its weak base characteristics results in its accumulation as a 

function of the pH gradient, the neutralization of the low pH, the impairment of organelle 

maturation and inhibition of acidic hydrolases [5]. This has led to defining the mode of action 

of CQ  as an inhibitor of both enzymatic activity and organelle fusion resulting in halting 

autophagy flux and endo-lysosomal function [6]. 

1.2.4 Access to the Central Nervous System: a Pharmacokinetic 

Perspective 

CQ can be administered orally as a phosphate salt and it is efficiently absorbed by the upper 

intestinal tract, thus permitting a high drug bioavailability. Plasma CQ concentration peaks at 

8-12 hours post-administration. CQ is slowly metabolized mainly in the liver by cytochrome 

P450 enzymes and is converted into desethylchloroquine. Further desethylation leads to the 

second, less frequent, metabolite bisdesethylchloroquine. CQ and its active metabolites have a 

remarkably slow elimination rate, which in turns may facilitate a widespread tissue exposure, 

indeed reflected in a large distribution volume. Although about 70% of CQ is directly cleared 

by the kidney, CQ and its metabolites are detected in blood plasma as long as 70 days, and in 

the urine up to one-year post administration. Notably, the equally active CQ enantiomers differ 

in their overall elimination kinetics. In animals, the concentration of CQ reaches 10-to-700 

times higher levels in the liver, spleen, kidney and lung when taking that detected in the plasma 
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as reference [7, 8]. Despite some controversy around the efficacy of CQ to penetrate the blood-

brain barrier (BBB), animal studies demonstrate that this drug and its analogues can penetrate 

and reach a concentration that is sufficient to exert its effects within the central nervous system 

(CNS) [9-11]. Nonetheless, reported neurological side effects of CQ and its analogues 

implicate a non-yet fully confirmed CNS exposure in humans [12]. Therefore, at a time were 

CQ is used in clinical trials or a self-remedy, and as long it is not excluded that the CNS is a 

target tissue of the drug, predicting possible consequences of CQ exposure in the brain is 

important in order to prevent possible neurological effects, e.g. for patients affected by 

neurodegenerative disorders. 

1.2.5 Modulation of Autophagy 

Although little is known regarding the direct effects of CQ on the CNS, the latter is particularly 

vulnerable to disruptions of the degradative pathways. Indeed, terminally differentiated 

neurons rely on efficient quality control systems such as the autophagic-lysosomial pathway 

for maintaining their delicate proteostasis, which is gradually impaired as the brain ages [13]. 

Autophagy is responsible for delivering cytoplasmic material to the lysosome for degradation. 

Autophagy is subdivided in three distinct processes that differ in their mechanism of 

recognition and delivery of substrates to lysosomes: chaperon mediated autophagy (CMA), 

macroautophagy and microautophagy [14]. The selective clearance of aberrant proteins is 

primarily carried out by CMA and macroautophagy. In CMA, proteins that bear a pentapeptide 

degradation signal (KFERQ-like) are recognized by the chaperone heat-shock cognate 70 

(Hsc70) and delivered through the CMA adaptor lysosomal membrane associated protein 2A 

(Lamp2a) to the lysosomal lumen for degradation. In contrast, abnormally folded proteins that 

are prone to self-aggregate into β-sheet-rich oligomers and higher order aggregates are 

sequestered by macroautophagy together with small portion of the cytoplasm. These substrates 

are encapsulated within an intermediate double lipid bilayer membrane organelle termed 
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“autophagosome” and directed towards lysosomes, where upon membrane fusion, cargos are 

liberated in the hydrolases-enriched lysosomal lumen for enzymatic digestion [15] (Fig.1a).  

Most late onset neurodegenerative disorders share the progressive deposition of abnormally-

folded, β-sheet-rich protein aggregates into ubiquitinated intraneuronal inclusions. Each 

disorder is characterized by the aggregation of specific proteins: examples are β-amyloid and 

tau in Alzheimer's disease [16], α-synuclein in Parkinson's disease [17], huntingtin in 

Huntington's disease [18], TDP-43 in amyotrophic lateral sclerosis and frontotemporal lobar 

degeneration [19]. Nevertheless, another key pathological hallmark of these otherwise 

clinically and etiologically diverse disorders is the progressive impairment in the autophagy-

lysosome degradation pathway. This is exemplified by the fact that mutations of genes 

regulating autophagy and lysosome activity are associated to the most frequent late-onset forms 

of neurodegeneration [20]. Furthermore, experimental animal models demonstrate that 

autophagy deficiency accelerates protein aggregation and behavioural phenotypes of 

neurodegeneration. These facts are reinforced by some studies demonstrating that autophagy 

stimulation can clear intra-neuronal insoluble protein inclusions with amelioration of 

behavioural phenotypes in animal models of neurodegenerative diseases [15] (Table II). 

Nevertheless, macroautophagy may also favour seeded propagation of abnormally folded 

neurodegeneration-associated tau mediated by extracellular vesicles [21]. 

1.2.6 CQ Activity in Neurons 

Evidence that CQ exposure on neurons may lead to a similar outcome are known since long 

time [22]. More recently the activity of CQ on the amyloidogenic processing of APP by 

neurons [23, 24] as well as on huntingtin accumulation in brain [9] were reported. CQ also 

modulates autophagic flux [25] and mitochondrial homeostasis by an autophagic process [26]. 

CQ is also linked to neuronal death in in vitro primary cultures [27, 28]. 
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1.2.7 Modulation of Inflammatory Response 

Another increasingly documented feature of neurodegenerative disorders is the chronic 

inflammation of the CNS (neuroinflammation). Although a causal relationship has not yet been 

demonstrated, there are studies reporting a correlation between prolonged treatment with 

nonsteroidal anti-inflammatory drugs and decreased risk for Alzheimer’s and Parkinson's 

disease [29, 30]. Activation of CNS-resident macrophages (microglia cells) around senile 

plaques has been documented in transgenic mouse model of Alzheimer's disease [31]. These 

phagocytic cells actively uptake β-amyloid and acquire an activated phenotype characterized 

by morphological changes and by an increased production of pro-inflammatory modulators 

such as the major histocompatibility complex (MHC) class II, several interleukins and tumor 

necrosis factor alpha. Persistent microglial activation is associated with cellular senescence, 

neurotoxicity and subsequent disease progression [32]. Recent studies suggest that this may 

also involve deleterious reactive transformation in astrocytes [33]. Notably, elimination of 

senescent glial cells, which are known to release proinflammatory modulators, is beneficial 

[34-36]. 

Against this background, CQ’s clinical efficacy in treating autoimmune inflammatory diseases, 

such as rheumatoid arthritis and systemic lupus erythematosus, is well documented [37]. 

Current hypotheses in the field are linked to an indirect effect of CQ in modulating the 

inflammatory response (Fig. 1b, c). Specifically, interference of lysosomal activity might affect 

several immunomodulatory pathways. One intuitive mechanism is the inhibition of antigen 

presentation via the autophagy-lysosome pathway. As lysosomes are the main organelles for 

hydrolytic processing, they reside at the intersection between different pathways delivering 

cellular and extracellular cargos on route to degradation [38]. This context provides a unique 

cellular environment for the binding of antigens to MHC class II. For instance, a recent report 

suggests that extracellular proteins are hydrolysed in endocytic compartments and delivered to 
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MHC class II-containing lysosomes as antigenic peptides before being presented to CD4+ T 

cells [39]. Nevertheless, functional lysosomes are required for antigenic peptide-binding to 

MHC class II molecules and the alkalizing properties that CQ exerts in these organelles might 

impair this process. Another possibility is that CQ interferes in Toll-like receptor (TLR) 

signalling. In mammals, TLRs are a group of transmembrane pattern-recognition receptors that 

initiate innate immune response to infection by sensing pathogen macromolecules. However, 

TLRs can also be activated in the absence of pathogen infection [40]. Indeed, activated 

microglia surrounding β-amyloid plaques in Alzheimer's disease brains display up-regulated 

levels of TLRs [41, 42]. A recent report indicates that, in order to be functional, TLR7 requires  

proteolytic cleavage in lysosomes [37]. Thus, interfering with lysosomal pH via 

lysosomotropic agents may prevent activation of TLRs. Although the precise mechanism(s) by 

which CQ inhibits inflammatory response requires further investigation, its potential role in 

disrupting the integrity of the CNS immune system in neurodegenerative disorders is an 

intriguing and noteworthy hypothesis. Evidence for a possible role of CQ in modulating 

inflammation and autophagic death of neurons in the brain exists [43]. 

1.2.8 Conclusions 

Given the demographic, in particular associated to aging, of people affected by 

neurodegenerative disorders and patients more vulnerable to develop a serious SARS-CoV-2 

disease course, the probability that CQ, or one of its analogues, will be prescribed / self-

consumed by patients enrolled in clinical trials (or outside this context and off licence) is worth 

considering. However, the use of CQ and its analogues must be determined by clinical need, 

so that prescribing CQ may be opportune and take priority depending on disease severity. 

However, at a time of a potential widespread use of CQ, in order to mitigate the risk of potential 

misinterpretation in ongoing clinical trials evaluating disease-modifying therapies in 

neurodegeneration, we seek to raise awareness and caution that the use of CQ and its analogues 
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needs to be clearly documented and carefully considered in interpreting trial outcomes in this 

arena and beyond. 
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1.2.10 Figure Legend 

Figure 1. Potential cellular and molecular mechanisms of chloroquine in 

neurodegeneration. The lysosomotropic agent chloroquine (CQ) rapidly penetrates across 

lipid bilayer membranes and following a pH gradient accumulates within lysosomes. In these 

acidic organelles, CQ behaves as a weak base by increasing the pH, which in turns affects the 

activity of lysosomal hydrolases. Disruption of lysosomal activity prevents interaction and 

fusion among organelles of the autophagy-lysosome and of the endocytic pathways. This 

cellular condition may have dichotomic effects in the pathogenesis of neurodegenerative 

diseases by a) inhibiting cytoplasmic clearance of abnormally-folded protein fibrils, b) 

preventing MHC class II-mediated antigen presentation and c) preventing the expression of 

pro-inflammatory cytokines via TLR signaling pathway. 
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1.2.11 Figure  

Figure 1 
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1.2.12 Tables 

Table I: Chloroquine analogues 

Compound 
Abbreviatio

n 

Chemical  

formula 

FDA  

tradename 
Indications 

EUA*  

COVID

-19 

permit 

Chloroquine CQ C18H26ClN3 

Aralen 

Aralen 

hydrochloride 

Aralen phosphate 

Chloroquine 

phosphate  

Malaria Yes 

Hydroxychloroquin

e 
HCQ 

C18H26ClN3

O 

Plaquenil 

Hydroxychloroqui

ne sulfate 

Malaria 

Lupus 

Erythematos

us 

Rheumatoid 

Arthritis  

Yes 

Quinine Q C20H24N2O2 
Qualaquin 

Quinine sulfate 
Malaria No 

Amodiaquine AQ 
C20H22ClN3

O 

Camoquin 

hydrochloride 
Discontinued No 

Mefloquine MQ 
C17H16F6N2

O 

Lariam 

Mefloquine 

hydrochloride 

Malaria No 

Tebuquine TQ 
C26H25Cl2N3

O 
Not approved - No 

Piperaquine PQ C29H32Cl2N6 Not approved - No 

Pamaquine - C19H29N3O Not approved - No 
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Quinacrine/mepacri

ne 
- 

C23H30ClN3

O 
Not approved - No 

*EUA = Emergency Use Authorization  
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Table II: Examples of evidence for beneficial effect of autophagy stimulation in murine 

brain 

Compound 
Targeted  

pathway 

Ectopic  

expression 

Disease  

model 
Outcome 

Referen

ce 
DOI 

Rapamycin 

mammalian 

target of 

rapamycin 

 (mTor) 

human 

TDP-43 

Amyotroph

ic lateral 

sclerosis 

Reduced 

TDP-43 

inclusions and 

improved 

learning/mem

ory 

impairement 

Wang et 

al. 

(2012) 

10.1073/pn

as.1206362

109 

Rapamycin mTor 

human APP 

human tau 

human 

PSEN1 

Alzheimer’

s disease 

Reduced β-

amyloid and 

tau deposition 

and improved 

learning 

defects 

Caccam

o et al. 

(2010) 

10.1074/jbc

.M110.100

420 

Rapamycin mTor 
human α-

Syn 

Parkinson’s 

disease 

Reduced 

aggregation of 

α-syn and 

associated 

pathology 

Crews 

et al. 

(2010) 

10.1371/jo

urnal.pone.

0009313 

CCI-779 mTor human Htt 
Huntington

’s disease 

Reduced 

huntingtin 

aggregates 

formation and 

improved 

behavioral 

phenotype 

Raviku

mar et 

al. 

(2004) 

10.1038/ng

1362 

Trehalose 

mTor-

independen

t 

human 

SOD1 

Amyotroph

ic lateral 

sclerosis 

Reduced 

accumulation 

of SOD1 and 

enhanced 

motoneuronal 

survival 

Castillo 

et al. 

(2013) 

10.4161/aut

o.25188 

Trehalose 

mTor-

independen

t 

human APP 

human 

PSEN1 

Alzheimer’

s disease 

Reduced β-

amyloid 

plaque 

deposition and 

improved 

learning 

defects 

Du et al. 

(2013) 

10.1111/jp

hp.12108 

Trehalose 

mTor-

independen

t 

human tau 
Alzheimer’

s disease 

Reduced tau 

inclusions and 

increased 

brain neuronal 

survival 

Schaeff

er et al. 

(2012) 

10.1093/br

ain/aws143 

Trehalose 

mTor-

independen

t 

human Htt 
Huntington

’s disease 

Reduced 

formation of 

polyglutamine 

aggregates 

and 

Tanaka 

et al. 

(2004) 

10.1038/n

m985 

https://doi.org/10.1073/pnas.1206362109
https://doi.org/10.1073/pnas.1206362109
https://doi.org/10.1073/pnas.1206362109
https://doi.org/10.1074/jbc.M110.100420
https://doi.org/10.1074/jbc.M110.100420
https://doi.org/10.1074/jbc.M110.100420
https://doi.org/10.1371/journal.pone.0009313
https://doi.org/10.1371/journal.pone.0009313
https://doi.org/10.1371/journal.pone.0009313
https://doi.org/10.1038/ng1362
https://doi.org/10.1038/ng1362
https://doi.org/10.4161/auto.25188
https://doi.org/10.4161/auto.25188
https://doi.org/10.1111/jphp.12108
https://doi.org/10.1111/jphp.12108
https://doi.org/10.1093/brain/aws143
https://doi.org/10.1093/brain/aws143
https://doi.org/10.1038/nm985
https://doi.org/10.1038/nm985
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amelioration 

of motor 

dysfunction 

Lithium 
inositol 

synthesis 

human APP 

human 

PSEN1 

Alzheimer’

s disease 

Reduced β-

amyloid 

plaque 

formation and 

improved 

memory 

deficits 

Zhang 

et al. 

(2011) 

10.3233/JA

D-2011-

101875 

Lithium 
inositol 

synthesis 

human 

SOD1 

Amyotroph

ic lateral 

sclerosis 

Reduced 

SOD1 

aggregates 

and increased 

brain neuronal 

survival 

Fornai 

et al. 

(2008) 

10.1073/pn

as.0708022

105 

Carbamazepi

ne 

inositol 

synthesis 

human APP 

human 

PSEN1 

Alzheimer’

s disease 

Reduced β-

amyloid 

plaque 

formation and 

improved 

memory 

deficits 

Li et al. 

(2013) 

10.2174/15

672050113

10040008 

Carbamazepi

ne 

inositol 

synthesis 

human 

TDP-43 

Amyotroph

ic lateral 

sclerosis 

Reduced 

TDP-43 

inclusions and 

improved 

learning/mem

ory 

impairement 

Wang et 

al. 

(2012) 

10.1073/pn

as.1206362

109 

Spermidine 

acetyl 

transferases 

synthesis 

human 

TDP-43 

Amyotroph

ic lateral 

sclerosis 

Reduced 

TDP-43 

inclusions and 

improved 

learning/mem

ory 

impairement 

Wang et 

al. 

(2012) 

10.1073/pn

as.1206362

109 

Verapamil 
Ca2+ 

channel  

human 

SOD1 

Amyotroph

ic lateral 

sclerosis 

Reduced 

SOD1 

aggregates 

and prolonged 

animal 

survival 

Zhang 

et al. 

(2019) 

10.14336/a

d.2019.022

8 

Felodipine 
Ca2+ 

channel  

human α-

Syn 

Parkinson’s 

disease 

Reduced 

aggregation of 

α-syn and 

improved 

behavioral 

phenotype 

Siddiqi 

et al. 

(2019) 

10.1038/s4

1467-019-

09494-2 

Calpastatin calpain  human Htt 
Huntington

’s disease 

Reduced htt 

aggregates 

formation and 

improved 

Menzies 

et al. 

(2015) 

10.1038/cd

d.2014.151 

https://doi.org/10.3233/JAD-2011-101875
https://doi.org/10.3233/JAD-2011-101875
https://doi.org/10.3233/JAD-2011-101875
https://doi.org/10.1073/pnas.0708022105
https://doi.org/10.1073/pnas.0708022105
https://doi.org/10.1073/pnas.0708022105
https://doi.org/10.2174/1567205011310040008
https://doi.org/10.2174/1567205011310040008
https://doi.org/10.2174/1567205011310040008
https://doi.org/10.1073/pnas.1206362109
https://doi.org/10.1073/pnas.1206362109
https://doi.org/10.1073/pnas.1206362109
https://doi.org/10.1073/pnas.1206362109
https://doi.org/10.1073/pnas.1206362109
https://doi.org/10.1073/pnas.1206362109
https://doi.org/10.14336/ad.2019.0228
https://doi.org/10.14336/ad.2019.0228
https://doi.org/10.14336/ad.2019.0228
https://doi.org/10.1038/s41467-019-09494-2
https://doi.org/10.1038/s41467-019-09494-2
https://doi.org/10.1038/s41467-019-09494-2
https://doi.org/10.1038/cdd.2014.151
https://doi.org/10.1038/cdd.2014.151
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locomotor 

function 

Beclin-1 
Beclin-1 

dependent 

human α-

Syn 

Parkinson’s 

disease 

Reduced 

aggregation of 

α-syn 

Spencer 

et al. 

(2009) 

10.1523/jne

urosci.4390

-09.2009 

Lamp-2A 
Lamp-2A 

dependent 

human α-

Syn 

Parkinson’s 

disease 

Reduced 

generation of 

aberrant α-syn 

species 

Xilouri 

et al. 

(2013) 

10.1093/br

ain/awt131 

https://doi.org/10.1523/jneurosci.4390-09.2009
https://doi.org/10.1523/jneurosci.4390-09.2009
https://doi.org/10.1523/jneurosci.4390-09.2009
https://doi.org/10.1093/brain/awt131
https://doi.org/10.1093/brain/awt131
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2 Aim of the Study 

2.1 Introduction 

In the late 1980s, membrane nanovesicles with endocytic origins were first observed to be shed 

from reticulocytes [1, 2] and their proposed function was to expel dispensable intracellular 

material [3]. Advances in isolation and characterization procedures have now depicted a large, 

heterogeneous population of membrane vesicles secreted from cells, for which the generic term 

“extracellular vesicles” (EVs) was coined [4].  

Current evidence shows that EVs are involved in a variety of cellular processes with 

indispensable meaning for the whole organism. Not surprisingly, the interest around EVs is 

growing exponentially. A main physiological role assigned to EVs is their participation in cell-

to-cell communication with likely repercussions in diseases such as cancer and 

neurodegeneration [5]. This is the case for tauopathies such as Alzheimer's disease, where the 

modification of the tau protein causes the acquisition of neurotoxic properties and the 

accumulation of structurally ordered neuronal inclusions referred to as neurofibrillary tangles 

[6]. Importantly, EVs may represent conceivable vectors for this deleterious property of tau to 

be further propagated on native soluble tau from neuron-to-neuron [7-9]. Consistent with this 

hypothesis, EV-mediated transcellular transmission of pathogenic tau or other aberrant protein 

species is considered to promote the spreading of pathology that eventually encompasses the 

whole neurodegenerating brain [10].  

Critical for the participation of EVs to these processes is their ability to package, transport and 

deliver a cargo bearing a biologically relevant message. In this respect, the cell biological 

mechanisms mediating the delivery of a luminal EV-cargo to the cytosol of recipient cells, as 

the putative site for translating the incoming message, remain partially unsolved.  

2.2 Hypothesis 

To address this question, the hypothesis of the current project proposes that a biologically 

relevant target engagement between a luminal EV-cargo and its cytosolic cellular target may 

occur in an alternative subcellular site different from the cytosol.  
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2.3 Objectives 

The experimental approach is based on the observation that fibrillogenic tau (the effector 

biomolecule) represents an excellent model protein to study a biologically-relevant paracrine 

target engagement, i.e. the propagation of its pathogenic properties on normal cytosolic cellular 

tau (the target) expressed by recipient cells. Thus, in order to investigate the cellular 

mechanisms governing EV-mediated target engagement and, in more general terms, cell-to-

cell communication, the first step was to establish a cellular model of EV-mediated 

transcellular propagation of fibrillogenic tau. With this model at hand, the following points 

were then addressed:  

A. The presence of fibrillogenic tau in EVs purified from the culture media of donor cells 

B. The ability of EVs to transport fibrillogenic tau to recipient cells 

C. The 1) subcellular site where EV-transported fibrillogenic tau engages normal cytosolic 

cellular tau and 2) propagates its pathogenic characteristics  

D. The cellular pathways involved in this target engagement  
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2.4 Figure 
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2.5 Figure Legend 

Figure - Schematic representation of the in vitro model to study EV-mediated cell-to-cell 

communication.  

The cellular model here represented has been used in this thesis work to study cellular 

mechanisms governing target engagement between an EV-luminal effector protein and its 

cytosolic cellular target. 

A Donor cells encapsulate and secrete fibrillogenic tau (tauMBD) within EVs. These lipid-

nanovesicles transporting tauMBD are purified from the conditioned media of donor cells and 

incubated with recipient cells expressing cytosolic full-length tau (tau441 isoform).  

B EVs release tauMBD in recipient cells expressing tau441. Upon release from EV-

membranes, tauMBD is likely to interact with cytosolic cellular tau441. 

C 1) Target engagement between EV-tauMBD and cellular tau441 occurs in a subcellular 

site of recipient cells, which is yet unknown. 2) The encounter is likely to favor the 

propagation of pathological characteristics through a mechanisms proposed to follow a 

prion-like paradigm. 

D The cellular pathways that participate in the interaction between two tau species with 

different cellular origins are yet to be determined. 
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3 Main Research Study 

3.1 Extracellular Vesicles Hijack the Autophagic Pathway to 

Induce Tau Accumulation in Endolysosomes 

 

This chapter contains the main research manuscript of this thesis, which describes a novel 

cellular mechanisms for the paracrine signaling mediated by EVs. In particular, we demonstrate 

that the interplay between two well-known cellular pathways – i.e. endocytosis and autophagy 

– favors target engagement between an EV-transported fibrillogenic tau form and its cytosolic 

cellular tau counterpart. The manuscript has been uploaded to bioRxiv preprint server on May 

28th, 2020 (https://doi.org/10.1101/2020.05.27.118323), and has been submitted to a peer-

reviewed journal.     

https://doi.org/10.1101/2020.05.27.118323
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3.1.1 Abstract 

Clinical progression of tauopathies is reflected by the transcellular propagation of 

pathogenic tau seeds with the possible involvement of extracellular vesicles as transport 

vectors. However, the mechanism regulating extracellular vesicle cargo delivery to recipient 

cells is poorly understood. We established a cell model for investigating extracellular vesicle-

delivery of membranes and proteins. In this model, extracellular vesicles are readily 

internalized and accumulate in endolysosomes. For the first time, we show that in this acidic 

compartment of recipient cells, extracellular vesicle-delivered tau seeds cause the accumulation 

and abnormal folding of normal tau by a process that requires the participation of autophagy. 

Endolysomes represent thus a cross-road where tau seeds released from extracellular vesicles 

propagate on cellular tau on its route for autophagy-mediated degradation, ultimately driving 

its accumulation, endolysosomal stress and cytotoxicity. Whilst, autophagy stimulation is 

considered as a viable solution to protect neurons from harmful cytosolic protein inclusions, 

our data suggest that this approach may favour the aberrant accumulation of 

neurodegeneration-associated proteins induced by exogenous pathogenic protein forms, with 

possible implications in the spreading of the disease. 

 

 

Keywords: Autophagy / Endolysosome / Extracellular vesicles / Neurodegeneration / Tau 
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3.1.2 Introduction 

Tauopathies are a group of progressive neurodegenerative diseases characterized by 

intracellular fibrillar tau protein species ultimately deposited in neurofibrillary tangles as the 

pathological disorder hallmark[1, 2]. Tangles start to appear in vulnerable disease-specific 

brain regions and then gradually spread along the neuronal connectivities invading the whole 

brain. Indeed, the temporal and spatial tangle distribution correlates well with the extent of 

neuronal loss and, importantly, with the clinical disease stages[3]. Based on this, most aging-

associated neurodegenerative disorders are described as proteinopathies (or misfolded protein 

disorders) characterized by a gain-of-toxic function linked to impaired protein homeostasis, 

protein deposition and proteotoxicity[4].  

Disease progression and brain propagation of pathogenic protein species involve a prion-

like course where fibrillar tau species are able of self-propagate through a still largely 

unclarified protein-to-protein mechanism, which needs to involve a cell-to-cell transmission[5, 

6]. Different means of communication account for transcellular transport of macromolecules. 

Among these, extracellular vesicles (EVs), which function as paracrine vectors, are emerging 

as deeply involved in pathological disease propagation[7]. EVs contribute to cancer[8], 

inflammation disorders[9] and also to neurodegeneration where EVs carrying replication-

competent particles contribute to disease progression[10, 11]. 

EVs-mediated communication relies on transferring or displaying their cargo from a donor 

cell to a recipient cell[12]. RNAs are among the most studied EVs-cargo macromolecules. In 

recipient cells, EVs-mRNA are translated into protein effectors or EVs-miRNA regulates gene 

expression[9, 13-15]. However, the evidence for a biological function of proteins transported 

by EVs remains sparse[16], especially concerning the molecular mechanisms regulating EVs-

cargo delivery in recipient cells. Direct fusion with the plasma membrane represents the 

simplest theoretical route of delivery[17]. However, EVs exploit the endocytic pathway as the 

main route for cell internalization[18-20]. This resembles the fate of (macroscopic) nutrients 

that after internalization reach endolysosomes (ELs) for degradation and recycling. ELs are 

acidic cellular organelles whose main function is the degradation of both intracellular and 

extracellular material, thus representing a major crossroad for two major degradative pathways, 

respectively endocytosis and autophagy[21]. Macroautophagy is a regulated degradation 

pathway for organelles and long-living cytosolic proteins and aggregates that bypass the 

ubiquitin-proteasome system[22, 23]. Macroautophagy is characterized by the formation of 
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double-bilayer autophagosomes that act as cargo delivery vectors for intracellular material to 

ELs[24, 25]. Not surprisingly, ELs are key players in regulating cellular proteostasis and age-

associated ELs impairment is a pronounced feature of neurodegenerative diseases, linked to 

cellular stress and cell death[26, 27]. 

Here, we report that ELs represent the subcellular site where EVs-delivered profibrillar tau 

meets and initiate the accumulation of an intracellular tau pool on route for autophagy-mediated 

degradation. Thus, our data propose that ELs represent a critical subcellular location for EVs 

cargo delivery with disease relevance. Indeed, we show that in cells internalizing profibrillar 

tau transported by EVs, tau accumulated within ELs causes a cell stress response and 

cytotoxicity. ELs-tau also acquires a conformation and phosphorylation also observed when 

deposited in brain tangles. 

3.1.3 Materials and Methods 

Cell culturing. All cells were routinely grown at 37°C with saturated humidity and 5% CO2 in 

Dulbecco's Modified Eagle Medium (DMEM, Gibco, 61965-059) supplemented with 1% non-

essential amino acids (Gibco, 11140035), 1% penicillin-streptomycin (Gibco, 15140122), 10% 

fetal bovine serum (FBS, Gibco, 10270106) and passaged at 90% confluency. Inducible mouse 

multipotent neural progenitor C17.2 cells (ECACC 07062902) were generated with the Flp-In 

T-Rex tetracycline-inducible cell system according to the manufacturer instructions 

(Invitrogen, K650001) and maintained in the presence of 150 µg/mL hygromycin B 

(Invitrogen, 10687010) and 15 µg/ml blasticidin S (Gibco, A1113903). Gene expression was 

routinely induced in the presence of 60 ng/mL tetracycline. To induce autophagy, cells were 

washed three times with PBS and then incubated at 37°C for 4 h in Hanks' Balanced Salt 

Solution (Gibco, 14025-050). 

Plasmids. Addgene plasmids used were: pCMV-lyso-pHluorin (RRID:Addgene_70113, gift 

from C. Rosenmund[28]), pLAMP1-mCherry (RRID:Addgene_45147, gift from A. 

Palmer[29]), mCherry-CD9-10 (RRID:Addgene_55013, gift from M. Davidson), mCh-Rab7A 

and mCh-Rab5 (RRID:Addgene_61804, RRID:Addgene_49201, gift from G. Voeltz[30, 31]), 

pLV-CMV-LoxP-DsRed-LoxP-eGFP and pcDNA3.1-CMV-CFP;UBC-Cre25nt 

(RRID:Addgene_65726, RRID:Addgene_65727, gift from J. van Rheenen[15]). GFP-CD63 

was obtained with sequential subcloning of the CD63 cDNA in the vector pCDNA5/FRT/TO 

followed by in-frame 5’-insertion of the GFP cDNA with HindIII/BlpI. GFP-tauMBD was 
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generated by replacing the CD63 cDNA with that encoding for tauMBD with BamHI/XhoI. 

tau441-mCherry was obtained with sequential subcloning of the tau441-mCherry cDNA in the 

vector pCDNA5/FRT/TO with BamHI/XhoI. For the split GFP, tau441-mCherry and tauMBD 

cDNAs were subcloned in parental plasmids as described previously[32]. Plasmid transfections 

were performed the day after cell plating with Lipofectamine 3000 (Invitrogen, L-3000-008), 

following the manufacturer’s instructions. 

Co-culture paradigms. For the analysis of transcellular transport of lipid membranes, cells 

stably integrated with the LoxP-DsRed-LoxP-eGFP cassettes were cultured with DiO or DiD 

labelled cells for 72 h in a well of a 8-well chamber (ibidi, 80826). For all other co-culture 

experiments DiO or DiD cells were replaced with cells with inducible expression of the protein 

product of interest. Treatment with 25 nM bafilomycin A1 (Sigma, B1793-2UG) lasted for 4 h 

and that with 33 μM dynasore (Sigma, D7693) for 2 hr. Analysis of the co-cultures were 

performed in-live by laser confocal microscopy, or with a benchtop flow cytometer (Beckman, 

CytoFLEX) after collecting cells with TrypLE™ (Gibco, 12604021) and resuspension of the 

cells in DMEM without phenol red (Gibco, 21063045) supplemented with 10% FBS. 

EVs enrichment. Conditioned serum-free medium for EVs isolation was routinely obtained 

after an incubation on cells for 72 hr. DiO-labelled, DiD-labelled of inducible C17.2 cells were 

first grown in 10 cm petri dishes (Corning, 353003) to 80% confluency in complete medium. 

Transiently transfected cells were washed twice with PBS at 4 h post-transfection before 

switching to the serum-free conditions. EVs were isolated from conditioned media by 

established procedures[33]. In short, dead floating cells and cell debris were removed by 

centrifugation at 1’000 g for 20 min at 4°C. EVs were concentrated with 100 kDa-cutoff filters 

(Sigma, UFC910096) at 3'000 g for 15 min at 4°C. The concentrated suspension was first 

cleared from large membrane vesicles by centrifugation at 10’000 g for 20 min at 4°C for 20 

min, followed by serial centrifugation at 100’000 g for 120 min at 10 °C (Beckman fixed-angle 

TL110 rotor; Beckman Optima Max-TL ultracentrifuge). The so obtained P100 pellets, 

corresponded to the enriched EVs fraction, were re-suspended in 10 µL/10 cm dish in ice-cold 

PBS. Size and concentration of EVs was determined through nanoparticle tracking analysis 

(NanoSight, LM10) after each EVs preparation with at least three repeated quantifications for 

each preparation. For routine cell uptake experiments, cells were incubated with 109 freshly-

enriched EVs for 16 h, or differently explained in figure legends, on 15’000 cells/cm2 in an 8-

well chamber.  



Chapter 3 Main Research Study 

 

94 
 

Size exclusion chromatography. For EVs-purification by size exclusion chromatography 

(SEC), P100 (pellet) or S100 (supernatant) obtained from the final 100’000 g centrifugation 

were separated on a qEVoriginal/70nm column (Izon Science, SP1) topped with 14 mL PBS.  

500 µL fractions were collected and fraction 7 to 24 were characterized by nanoparticle 

tracking analysis and for protein concentration. Fractions were then concentrated on 30 kDa-

cutoff filters (Sigma, UFC803024) and stored frozen at -20°C. 

Staining of cells. For immune-fluorescence microscopy, cells routinely grown on poly-D-

lysine coated 8-well chambers, were fixed in freshly diluted 4% formaldehyde (Sigma-Aldrich, 

F1635) for 15 min at RT, washed twice with PBS supplemented with 100 mM glycine for 5 

min and once with PBS. Cells were permeabilized in 0.05% saponin (Sigma-Aldrich, 84510) 

or 0.1% triton (Sigma-Aldrich, X100) in PBS for 10 min and blocked with 5% normal goat 

serum (Biowest, S2000-500) in PBS for 30 min before incubation with primary antibodies for 

1 h at RT in the permeabilization buffer supplemented with 0.5% normal goat serum: TFE3 

(0.6 μg/ml; Sigma-Aldrich, HPA023881), LAMP1 (1/50 conditioned medium of hybridoma 

cells; DSHB Hybridoma Product 1D4B was deposited by J.T. August), MC1 (1/100 

conditioned medium of hybridoma cells; kindly provided by Peter Davies), AT8 (0.2 μg/ml, 

Thermo Fischer Scientific, MN1020). Detection was performed with secondary antibodies (2 

μg/mL at RT in the dark for 1 h) α-mouse IgG AlexaFluorTM 350 (Thermo Fischer Scientific, 

A21049), α-rabbit IgG AlexaFluorTM 647 (Thermo Fischer Scientific, A21245), α-rabbit IgG 

AlexaFluorTM 488 (Thermo Fischer Scientific, A11034) and α-rat IgG AlexaFluorTM 647 

(Thermo Fischer Scientific, A21247). Nuclei were counterstained with 0.5 μg/mL DAPI 

(Sigma-Aldrich, D9542).  

For all the experiments requiring fluorescent membrane labelling, cells were incubated in 1 mL 

solution containing 5 µL Vybrant DiO (Molecular Probes, V22886) or Vybrant DiD 

(Molecular Probes, V22887) at 37°C for 10 min, followed by extensive washing in excess PBS. 

For bulk endocytosis studies, cells previously seeded overnight were incubated for 4 h with 10 

µM Alexa Fluor™ 594-dextran (Invitrogen, D22913) and analysed in live by laser confocal 

microscopy. 

For the identification of ELs acidic compartments, cells were incubated with 75 nM 

LysoTracker Red DND-99 or Deep Red (Thermo Fischer Scientific, L7528 and L12492) in 

complete medium at 37 °C for 30 min, washed with an excess of PBS and either imaged live 

by laser confocal microscopy or detached with trypsin and resuspended in DMEM without 

phenol red added with 10% FBS for cytometric analysis. 
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Western blots. For biochemical analysis by western blot, cells grown in 10 cm plates were 

washed once in PBS, directly lysed in SDS-PAGE sample buffer (1.5% SDS, 8.3% glycerol, 

0.005% bromophenol blue, 1.6% β-mercaptoethanol and 62.5 mM Tris pH 6.8) and boiled at 

96°C for 10 min. EVs preparations were also lysed in SDS-PAGE sample buffer. Equal volume 

of cell (representing 1/20 of the total lysate) and EVs lysates (representing total lysate) were 

resolved by SDS-PAGE and transferred to PVDF membranes (BioRad, 162-0177), blocked in 

Odyssey Blocking Buffer (LI-COR, 927-50000) and visualized with the infrared western blot 

technology on Odissey CLx device (LI-COR). Primary antibodies were incubated for 1 h at 

37°C and were specific for ALIX (1 μg/mL; abcam, ab117600), TSG101 (1 μg/mL; abcam, 

ab30871), TOMM20 (0.8 μg/mL; abcam, ab78547), GFP and pHluorin (5 μg/mL; abcam, 

ab290), EEA1 (1/500; Thermo Fischer Scientific, MA5-14794), LC3B (1 μg/mL; Novus 

Biologicals, NB600-1384), TAU13 (0.2 μg/mL; Santa Cruz, sc-21796), GAPDH (0.18 ug/mL; 

abcam, ab181602), β-actin (0.10 μg/mL; Sigma-Aldrich, A1978) and 2.3 μg/mL β1[34]. 

Secondary antibodies were incubated for 1 h at 37°C and were α-rabbit IgG coupled to IRDye 

800CW (LI-COR) and α-mouse IgG coupled to IRDye 680RD (LI-COR). 

Microscopic image analysis. Fluorescence images were acquired with either a confocal 

microscope (Nikon C2) or Lionheart FX automated microscope (Biotek). Image analysis and 

processing of the raw data were performed with the Gen5 (BioTek) or Fiji/ImageJ (1.51 g or 

later) software. For flow cytometry analysis, cells fluorescence was acquired on CytoFLEX 

analytical device (Beckman Coulter). The ImageJ “JACoP” plugin was used to quantify 

Pearson’s correlation coefficient (PCC) and Manders’ overlapping coefficient (MOC, M1 & 

M2) for dual-colors co-localization. Alternatively, when a cellular mask was required (i.e. in 

transient transfected cells), the imageJ “Coloc2” plugin was used to quantify both PCC and 

MOC. 

For tau-puncta quantification, C17.2 cells expressing tau441 and incubated in culture medium 

supplemented with vehicle (PBS), P-EVs or tauMBD-EVs were imaged by laser confocal 

microscopy. Quantification of the percentage of cells with a tau-puncta phenotype was 

normalized with the total number of DAPI-positive nuclei. Single tau-puncta were manually 

identified and analyzed with the ImageJ software. 

For nuclear TFE3 quantification, cells were fixed, stained for TFE3 and imaged by laser 

confocal microscopy. A DAPI-nuclear mask was applied to determine TFE3 fluorescence 

intensity within the nucleus and outside this mask. Quantification of the percentage of cells 
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with a nuclear TFE3 phenotype was then determined applying an arbitrary threshold to the ratio 

between the two resulted masks. 

Automated ELs analysis. For the identification of ELs, cells were stained live with 

LysoTracker. Images acquired at confocal microscopy were analysed with Fiji/ImageJ. 

Automatic segmentation of LysoTracker positive organelles was performed with a Weka 

machine learning approach. Training set comprised three images in which LysoTracker 

positive ELs and background regions were manually annotated. After balancing classes, Weka 

was trained with Gaussian Blur (sigma 1-16), Sobel filter, Hessian, Difference of gaussians, 

Membrane projections and Lipschitz features. We then applied watershed filter to the output 

mask and filtered objects smaller than 0.2 µm2 to generate a set of ROIs for LysoTracker 

positive ELs. Manual annotation of the cells of interest on each image, based on tau441, were 

then used to create ROIs for the cytoplasm, by subtracting the combined ROIs of LysoTracker 

positive ELs from the ROI of the cell. ELs size and mean intensity were then quantified on 

biFC and tau441 channels using this set of ROIs. 

Cell toxicity assays. LDH assay (Pierce LDH Cytotoxicity Assay Kit; 88954, ThermoFisher 

Scientific) was performed following the manufacturer’s instructions. In short, conditioned 

medium from cells subjected to EVs treatments was collected, processed and analyzed by 

measuring the absorbance at 490 nm and 680 nm in an Infinite M Plex (Tecan). 

The nuclear area and the cell area were analyzed as a proxy for early cell toxicity events. Cells 

treated with EVs were stained with Hoechst at 37°C for 5 min, washed with PBS, fixed, imaged 

at Lionheart microscope and analyzed with the Gen5 software. The mean nuclear area was 

analyzed based on a Hoechst positive nuclear mask. The mean cell area was quantified 

measuring a cell mask based on tau441. 

Statistics and reproducibility. All the experiment reported were repeated at least in three 

independent experiments if not otherwise explained in the legend of the figure. Differences 

between two means were assessed by unpaired non-parametric Mann-Whitney test, whereas 

differences between more than two means were tested by non-parametric Kruskal-Wallis one-

way ANOVA, alpha = 0.05, if not otherwise indicated in figure legends. A P value < 0.05 was 

used to assess significances. Statistical analysis and graphs were generated with Prism 

(GraphPad software version 8). 

Data availability. All raw data supporting the findings of the study are available from the 

authors upon request. 
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3.1.4 Results 

A cell paradigm to investigate EVs transport and internalization 

We first validated our cell system as a cellular paradigm granting transcellular exchange 

of EVs whilst allowing to dissect the process of aberrant cell-to-cell propagation of tau. We 

opted for myc-immortalized mouse cerebellar C17.2 cells, a cell line generated for studying 

neural progenitor cells[35] and seed-induced aggregation of tau [6, 36].  

In order to evaluate whether C17.2 cells were able to exchange EVs, we first co-cultured 

two cell populations, one labelled with DiO, a lipophilic fluorescent tracer (emission maximum 

Emmax = 501 nm) that intercalates in cellular membranes and one expressing the fluorescent 

protein DsRed (Emmax = 583 nm). Cells were co-cultured at a 5:1 ratio (DiO:DsRed) for 72 h 

(Fig 1A). Analysis by liquid flow-cytometry revealed a substantial fraction of co-cultured cells 

positive for both markers when compared to parental cells or to single cultures of DiO and 

DsRed cells (Fig 1B & C). Similar results were obtained when DiO was replaced with DiD 

(Emmax = 665 nm) under the same assay conditions (Supplementary Fig 1A). Notably, the 

predominant population behaving as recipient cells was the DsRed population since it acquired 

the double fluorescent properties. In fact, the proportion of DsRed cells in the co-culture for 

which a single tracer was still detectable was only ~17% of the total DsRed population 

(Supplementary Fig 1B). Preferential EVs transport of the fluorescent tracers DiO or DiD 

possibly relied on their reduced size when compared to the ~100-time larger tetrameric DsRed 

or on their association to membranes. Analysis by confocal laser scanning microscopy of the 

co-culture showed that DsRed-expressing recipient cells internalized DiO-stained donor cell-

membranes in a dot-like pattern that was evocative of the endocytic system (Fig 1D). Also, the 

orthogonal reconstruction of serial confocal planes confirmed that DiO-membranes were 

internalized and located within the recipient cell (Fig 1D). The DiO/DsRed or DiD/DsRed co-

culture assay enabled to monitor unidirectional membrane transport with DsRed-fluorescence 

identifying the recipient cells that internalized membranes originating from DiO or DiD-

labelled donor cells. In order to directly assess the involvement of EVs, these were enriched 

starting from serum-free conditioned medium of donor cells by a standard protocol based on 

serial centrifugations[37]. The EVs fraction was first characterized for size and concentration 

by nanoparticle tracking analysis[38]. The more frequent EVs population presented a diameter 

of 177 ± 13 nm (Fig 1E). Western blot analysis of EVs demonstrated the relative enrichment 

of the EVs markers Alix and TSG101 when compared to donor cell lysates (Fig 1F). In contrast, 
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markers of potentially contaminating membranes, early endosomes (EEA1) and mitochondria 

(TOMM20), displayed an opposite behaviour (Fig 1F). EVs isolated from the conditioned 

medium of DiD-labelled donor cells were then incubated on DsRed-expressing recipient C17.2 

cells (Fig 1G). This established a dose-dependent accumulation of DiD-fluorescence, which 

gradually increased over the 0 to 16 h incubation time (Fig 1H).  

Ectopic expression of the ELs markers Rab5, Rab7, CD9 and LAMP1 fused to mCherry 

(emission maximum at 610 nm) in acceptor cells established that donor membranes 

accumulated in ELs of recipient cells at 16 h incubation (Supplementary Fig 2A). This process 

may have occurred at least in part by a bulk-flow course similar to that used for internalization 

of 10 µM TRITC-labelled dextran supplied to the culture medium in combination to EVs 

(Supplementary Fig 2B). In the presence of 33 μM dynasore, a GTPase inhibitor that also 

interferes with lipid raft dynamics and clathrin-mediated endocytic pit formation[39], mean 

DiD-fluorescence intensity was reduced by ~55% in recipient cells when compared to 

untreated cells (Supplementary Fig 2C). Confocal laser scanning microscopy analysis of 

recipient cells treated with DiD-EVs visualized a distribution pattern of internalized EVs 

similar to that observed in the co-culture experiment (Fig 1I; compare to Fig 1D). 

Accumulation of internalized EVs in an acidic compartment of recipient cells was further 

supported by the co-localization of DiD-EVs with the tracer LysoTracker (Fig 1J). 

Determination of the Manders’ overlapping coefficient (MOC) showed that ~74% of the DiD-

positive organelles were LysoTracker-positive ELs (M1), whereas ~20% of LysoTracker-

positive ELs contained EVs-DiD (M2) (Fig 1J). Moreover, EVs loaded with the pH-sensitive 

biofluorescent protein pHluorin[40] (Emmax = 509 nm) in recipient cells that were treated with 

a proton-pump inhibitor, displayed increased fluorescence intensity when compared to 

untreated conditions (Fig 1K). In conclusion we found that C17.2 cells represented an adequate 

model to analyse transcellular exchange of EVs and that EVs are internalized by an endocytic 

process in recipient cells as reported previously[41]. 

EVs-mediated transport of proteins to ELs of recipient cells 

In order to focus our attention to EVs-mediated transcellular transport of proteins, we next 

generated a cell line expressing a hybrid protein composed of GFP (Emmax = 510 nm) and 

CD63, a membrane-bound tetraspanin protein family member targeted to ELs and to EVs[42]. 

Co-culture of GFP-CD63 and DsRed cells at a 5:1 ratio led to the appearance of double-

fluorescent cells when analysed by cytofluorimetry (Supplementary Fig 3A). Again suggesting 

preferential transport of GFP-CD63 when compared to DsRed, we noticed that most DsRed-
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cells acquired the GFP fluorescence. The relative fluorescent generated by GFP in double 

stained cells was lower to that observed when using the more concentrated and more brightly 

fluorescent DiO or DiD molecules. Orthogonal reconstruction by confocal microscopy showed 

internalized GFP-fluorescence with a dot-like distribution resembling that obtained with the 

DiO or DiD-fluorescent tracers (Supplementary Fig 3B, compare to Fig 1D and I). This GFP 

distribution pattern was clearly distinct from that observed in the GFP-CD63 expressing donor 

cells, which presented a more homogenous cell membrane GFP distribution in the absence of 

DsRed-fluorescence (Supplementary Fig 3B). The EVs-fraction isolated from the conditioned 

medium of donor cells displayed an enrichment of GFP-CD63 protein that was superior to that 

of endogenous Alix when compared to the respective amount detected by western blot in total 

cell lysates (Supplementary Fig 3C). GFP-CD63-EVs were internalized by DsRed recipient 

cells as shown by cytofluorimetry in cells incubated with either GFP-CD63- or parental-EVs 

(Supplementary Fig 3D). Internalized GFP-CD63-EVs co-localized with ectopic expressed 

LAMP1 (Supplementary Fig 3E). This cell assay enabled monitoring transcellular transport 

and internalization of EVs-cargo membrane-bound proteins. 

EVs transported profibrillar tau induces tau441 accumulation in ELs 

Next, we investigated EVs-mediated transport of a protein lacking a transmembrane 

domain. For this, we utilized cells expressing a fibrillogenic fragment of tau (tauMBD – 

microtubule-binding domain) fused to GFP in order to isolate EVs with the mostly represented 

diameter of 152 ± 4 nm (Fig 2A). GFP-tauMBD was targeted to the EVs fraction less efficiently 

than GFP-CD63 and was detected at a relatively lower level than the endogenous EVs-marker 

Alix, but at a significantly higher level than the potential contaminant TOMM-20 (Fig 2B). In 

order to demonstrate that GFP-tauMBD was incorporated within EVs, we fist analysed by size-

exclusion chromatography (SEC) the EVs-fraction, i.e. the pellet isolated by the last 100’000 

g centrifugation (Supplementary Fig 4A). As expected pelleted EVs were recovered in the first 

SEC fractions representing the flow-through, whereas the main pool of soluble proteins present 

in the centrifugation supernatant were recovered in the following fractions representing the 

material with slower SEC migration (Supplementary Fig 4B). When comparing the EVs-pool 

to the soluble protein pool, GFP-tauMBD as well as endogenous Alix appeared enriched in EVs 

(Supplementary Fig 4C). Pretreatment of the EVs pool with the detergent Tx-100 inverted this 

behaviour (Supplementary Fig 4C). Furthermore, GFP-tauMBD co-isolated in the EVs-pool was 

largely protected from trypsin digestion in contrast to GFP-tauMBD recovered in the soluble 

protein pool (Supplementary Fig 4C). These data showed that the EVs-isolation procedure 
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enriched for GFP-tauMBD targeted to the lumen of EVs. Consistent with this, we observed EVs-

mediated transport of tauMBD with the determination of acquisition of GFP fluorescence in 

recipient cells by flow-cytofluorimetry (Fig 2C).  

Extracellular tauMBD seeds were shown to induce the aggregation of tau in cultured C17.2 

cells[6, 36] (Supplementary Fig 5A). To assess whether a similar phenotype may be induced 

by GFP-tauMBD transported by EVs, we incubated these latter on recipient cells engineered to 

express tau441 fused to mCherry (here referred as tau441, the largest splice variant of full-length 

tau). Under these conditions, confocal microscopy revealed the induction of larger proportion 

of recipient cells carrying tau-puncta when compared to cells treated in the absence (vehicle) 

or in the presence of EVs isolated from parental C17.2 cells (Fig 2D). Incubation with tauMBD-

EVs, when compared to parental-EVs, increased also the number, the size and the fluorescence 

intensity of tau-puncta analysed at the single cell level (Fig 2E). Notably, analysis of tau441-

accumulation at the confocal microscope also revealed increased co-localisation with the 

ectopically expressed ELs marker GFP-CD63 as assessed by PCC determination (Fig 2F). This 

result was further substantiated by orthogonal reconstruction of stacked confocal planes 

demonstrating tau441 accumulation within the lumen of GFP-CD63-positive organelles (Fig 

2G). 

EVs mediated tau441 accumulation in recipient cells requires autophagy  

TauMBD-EVs-induced accumulation of tau441 in ELs hinted a likely participation of 

autophagy-mediated transport of cytosolic tau441 to this acidic subcellular localisation, as 

previously reported[23]. In fact, nutrient-deprived tau441-cells, which displayed an enhanced 

autophagy flux, acquired a tau-puncta phenotype similar to that induced by tauMBD-EVs in 

CD63-positive organelles (Supplementary Fig 5B and C). These data demonstrate that 

cytosolic tau represents a substrate for autophagic degradation, which may become impaired 

by the presence of tauMBD-EVs within ELs. Consistent with this hypothesis, tauMBD-EVs 

induced the formation of tau-puncta also in mouse embryonic fibroblasts (MEF) but not in 

MEF lacking ATG7 (ATG7-KO MEF), an E1-like activating enzyme indispensable for 

autophagosome assembly[43] (Fig 2H). Lack of tau-puncta in ATG7-KO MEF was not due to 

a defect in EVs-internalization since they displayed a tauMBD-EVs internalization that was 

indistinguishable to that of normal MEF (Fig 2I). 
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EVs transported tauMBD binds to recipient’s cells tau441 in ELs 

Co-localization of tauMBD-EVs and tau441 within ELs (Fig 3A) may favour their direct 

encounter. We studied previously protein-protein interaction and its subcellular localization 

utilizing a split GFP technology (biFC)[32, 44] based on a predominantly monomeric GFP[45]. 

Therefore, we isolated EVs from cells expressing GFP1-10 fused to tauMBD (GFP1-10-tauMBD) 

and incubated them on cells expressing tau441 fused to the remaining β-strand of GFP (T11-

mCherry-tau441) (Fig 3B) and analysed them by cytofluorimetry. This demonstrated the 

presence of a biFC signal in recipient cells (Fig 3C). The known sensitivity of GFP 

fluorescence to acidic conditions such as that expected in ELs may lead to an underestimation 

of the detected events. To assess the intracellular localization of biFC signal, we took advantage 

of the acidotropic fluorescent compound LysoTracker. To exclude a possible interference of 

LysoTracker with organelle acidification[46], the compound was added just before the analysis 

and after controlling that the biFC signal was already present in the cells. Utilizing a slightly 

modified automated trained protocol[47] to identify single LysoTracker-positive ELs, we 

established first that the mean biFC intensity in the ELs population was higher than that 

measured in the LysoTracker-negative cytoplasm (Fig 3D). Based on the observation that only 

a small portion of the ELs population was detected by biFC, we then analysed the biFC-positive 

ELs (arbitrarily defined as the 1% outliers) that most diverged from the mean biFC 

fluorescence derived from the whole ELs population. This allowed to establish that the biFC-

positive ELs display tau accumulation and increased size (Fig 3D). Overall, the data 

demonstrated the physical interaction between tauMBD-EVs and tau441 within ELs, which 

correlated with tau441 accumulation in ELs presenting an enlarged size. This encounter of tau 

species with distinct cellular origins in LAMP1-positive ELs led to the appearance of a 

conformational MC1-positive epitope, which reacts to abnormal conformations of tau 

preceding tau fibril formation and neurofibrillar toxicity[48] as well as the double 

phosphorylation at Ser202/Thr305 recognized by the AT8 tau antibody (Supplementary Fig 6).  

The data described above indicate that the interaction between tauMBD-EVs and tau441 

occurred preferentially within ELs and not in the cytosol. Next, we wanted to establish whether 

in our cell model an EVs-transported protein may reach the cytosol. For this, we selected the 

Cre recombinase, since the presence of this protein within the cell cytosol is detected with 

exquisite sensitivity with an adequate fluorescence reporter assay[15]. We first analysed a co-

culture paradigm made of a stable cell line with inducible Cre expression and a cell line with 

an integrated loxP-dependent red-to-green reporter (Supplementary Fig 7A). Cytofluorimetric 
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analysis established that recipient cells acquired green fluorescence indicative of successful 

transcellular transport of Cre produced by donor cells. However their relative number was not 

dependent on the level of Cre induction (Supplementary Fig 7B). Overall, the relative number 

of Cre-positive recipient cells was inferior to that of e.g. biFC positive cells even when the ratio 

of recipient to donor cells was increased 25:1 (Supplementary Fig 7C). When donor cells were 

transiently transfected with a Cre plasmid, this led to a cellular Cre expression higher than that 

obtained with the inducible system and the presence of detectable amounts of Cre in the EVs 

fraction (Supplementary Fig 7D). Incubation of these Cre-EVs on donor cells was equally 

inefficient in activating the red-to-green reporter and this did not change when the Cre-EVs 

treatment was performed in the presence of tauMBD-EVs (Supplementary Fig 7E and F) 

although an eventual release into the cytosol as a consequence of excessive tau accumulation 

cannot be excluded.  

EVs-mediated tau441 accumulation causes lysosomal stress and cytotoxicity  

Next, we investigated whether tauMBD-EVs-mediated accumulation of tau441 within ELs 

induced a potentially harmful cell response. With focus on lysosomal stress, we first analysed 

the nuclear translocation of a master transcription factor of lysosomal biogenesis (TFE3)[49, 

50] in recipient cells and observed increased nuclear TFE3 localization in cells treated in the 

presence of tauMBD-EVs when compared to vehicle or parental-EVs (Fig 4A). Under the same 

conditions, tauMBD-EVs also increased number, dimension and fluorescence intensity of 

LysoTracker-positive ELs (Fig 4B). A significantly smaller but discernible effect was obtained 

also when cells were treated with parental EVs, i.e. without the tauMBD-cargo (Fig 4B). 

Nevertheless, only the incubation with tauMBD-EVs affected the overall cell morphology as 

observed in terms of reduced nuclear and cellular size (Fig 4C), a phenotype suggesting an 

ongoing cytotoxic process[51]. Consistent with this, an LDH-release assay demonstrated the 

induction of cytotoxicity in a manner that was dependent on the presence of tauMBD-EVs as 

well as the induction of tau441-expression (Fig 4D and Supplementary Fig 8). 

3.1.5 Discussion 

EVs-mediated transport of macromolecules is a route of cell-to-cell communication with 

implications in health and disease. Whilst EVs biogenesis in donor cells is extensively 

investigated, the cellular mechanisms involved in EVs-cargo delivery in recipient cells needs 

further attention. For this reason, we focussed our investigations on the mechanisms of protein 
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delivery mediated by EVs in the context of cell-to-cell propagation of tau. In terms of a 

functionally relevant EVs-mediated protein transport, EVs-polypeptides present on the EVs-

surface may directly interact with their respective receptors on the cell membrane. In contrast, 

for a luminal EVs-protein it is reasonable to assume that the cytosol may represent the main 

intracellular target site for the interaction with its effector. However, this latter would require 

a specific mechanism - for which experimental evidence is missing - that transfers the EVs-

cargo to the cytosol. In our cell system, we confirmed that direct fusion of EVs at the plasma 

membrane is a possible but rather unlikely event of cargo delivery[15]. In contrast, and 

consistent with previous reports[18-20], we observed a high rate of EVs internalization, 

possibly mimicking the internalization of e.g. high-density lipoproteins on their route to 

lysosomal degradation[52]. Cytosolic proteins are also delivered to lysosomes for degradation 

by a ubiquitous process accomplished by different forms of autophagy. Consistent with this 

model (Fig 5), we demonstrated herein that the initial encounter of EV-transported tauMBD with 

cellular tau441 occurred in acidic organelles. For our experiments, we choose an EVs dose that 

was previously shown to be required for a functional activity in cultured cells[14]; and 

confirmed our results by co-culturing donor and recipient cells. Our data show that the 

encounter of a protein substrate of autophagy with an EVs-transported protein cargo resulted 

in a functionally relevant interaction between proteins originating from distinct cells. In 

particular, this observation attains a specific significance for a whole class of progressive 

proteinopathies, exemplified herein by tauopathies. Transcellular self-propagation of protein 

seeds with pathogenic conformations is proposed to explain the progressive nature of 

proteinopathies. For neurodegenerative disorders this prion-like mechanism appears to occur 

for most-neurodegeneration-linked proteins, including Aβ-peptides[53], tau[54], 

huntingtin[55], α-synuclein and TDP-43[56]. Extracellular seeds of these proteins cause the 

accumulation of normally functioning cognate protein in pathogenic conformations as shown 

e.g. by the cellular transfer of free-floating seeds of tau[57]. EVs may act as vectors of prion 

infectivity[10, 11] and targeting of tau in EVs is reported[58, 59]. We now demonstrate that 

EVs-transported pathogenic tau species induce a number of disease hallmarks in host cells, 

such as tau accumulation, acquisition of a pro-pathologic epitope, ELs stress and cytotoxicity. 

Notably, our data are evidence that this adverse cascade of events may initiate within the acidic 

compartment of the host cell. Whether pathogenic tau accumulated at this site ultimately is 

released in the cytosol or the specific location where tau accumulated along the acidic 

degradative pathways are matter of future studies. 
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Turnover of cytosolic wild-type tau, a long-lived protein, is mediated through the ubiquitin 

proteasome system and different forms of autophagy[60]. The age-dependent decline in the 

activity of these pathways is considered as the main cause for the build-up of aberrant protein 

forms; which in turns is possibly accelerated by the presence of protein aggregates[61-63]. 

Increased ELs number and aberrant ELs storage in neurons are hallmarks of 

neurodegeneration[64]. Our data showed that tauMBD-EVs-induced tau accumulation correlated 

with an ELs response characterized by morphological changes and the induction of TFE3 

nuclear translocation. This molecular signature is also observed in the post-mortem human 

brain affected by neurodegeneration[65]. Autophagy appears upregulated in early AD, possibly 

as a response to protein accumulation, but then the autophagy flux - LC3, p62 and ELs 

enlargement – becomes progressively impaired[66-68]. Moreover, ELs markers are found 

enriched in brain protein deposits[69, 70]. Considering the similarity with the observation made 

in our cell system, the effects reported herein may represent an underestimation of what may 

occur in non-dividing post-mitotic neurons. 

Autophagy stimulation is generally considered as a viable solution to protect neurons from 

harmful protein aggregates[71]. However, delivering tau to ELs for degradation may contribute 

to the formation of fibrillogenic tau fragments[72] and our data suggest that autophagy 

inhibition, rather than stimulation, may result in an approach to slow-down transcellular 

propagation of toxic tau species. Since tau is normally delivered to ELs[73, 74] (Fig 5, step 2), 

a possible mechanistic explanation for this hypothesis is supported by the finding that EVs-

tauMBD binds and causes an aberrant tau conformation ultimately impairing its degradation in 

ELs[75] (Fig 5). Interestingly, it has been shown that within ELs Aβ-peptides[76] or α-

synuclein[77] form aggregates and the acidic environment of ELs may favour fibril 

formation[78-81]. Based on our single ELs analysis, the existence of discrete subpopulations 

of ELs may be inferred each possibly specialized in the degradation of proteins with origin 

from one or more of the three main routes: the secretory, the autophagic or the endocytic 

pathways. The encounter of exogenous tauMBD seeds with cellular tau demonstrated by the split 

GFP approach may thus occur in an acidic organelle that may take care of disposing 

extracellular and cytosolic proteins. Overall our data support the interplay of the endocytic and 

autophagic pathways in progressive proteinopathies. 

Acknowledgements. We thank A. Spang, E. Pecho-Vrieseling, members of L. Barile’s and 

M. Moretti’s laboratory and in particular all the members of our laboratory for discussions, 



Chapter 3 Main Research Study 

 

105 
 

critical advice and support during this study. PP is supported by grants from the Gelu 

Foundation and the Mecri Foundation.  

Author contributions. Conceptualization: PP and GP; Methodology: GP, MB, DM, SP, MM 

and PP; Investigation: GP, MB, DM and PP; Writing—original draft: PP; Writing—review & 

editing: GP, MB, DM, SP, MM and PP; Supervision: PP. 

Conflict of interest. The authors declare no competing financial and non-financial interests. 

PP worked for AC Immune SA and owns stock in the company. There are no patents, 

products in development, or marketed products to declare. 

  



Chapter 3 Main Research Study 

 

106 
 

3.1.6 References 

1. Hardy, J. and D.J. Selkoe, The amyloid hypothesis of Alzheimer's disease: progress and 

problems on the road to therapeutics. Science, 2002. 297(5580): p. 353-6. 

2. Serrano-Pozo, A., et al., Neuropathological alterations in Alzheimer disease. Cold 

Spring Harb Perspect Med, 2011. 1(1): p. a006189. 

3. Braak, H. and E. Braak, Neuropathological stageing of Alzheimer-related changes. 

Acta Neuropathol, 1991. 82(4): p. 239-59. 

4. Freer, R., et al., A protein homeostasis signature in healthy brains recapitulates tissue 

vulnerability to Alzheimer's disease. Sci Adv, 2016. 2(8): p. e1600947. 

5. Clavaguera, F., et al., Transmission and spreading of tauopathy in transgenic mouse 

brain. Nat Cell Biol, 2009. 11(7): p. 909-13. 

6. Frost, B., R.L. Jacks, and M.I. Diamond, Propagation of tau misfolding from the outside 

to the inside of a cell. The Journal of biological chemistry, 2009. 284(19): p. 12845-

12852. 

7. Simons, M. and G. Raposo, Exosomes--vesicular carriers for intercellular 

communication. Curr Opin Cell Biol, 2009. 21(4): p. 575-81. 

8. Kosaka, N., et al., Secretory mechanisms and intercellular transfer of microRNAs in 

living cells. J Biol Chem, 2010. 285(23): p. 17442-52. 

9. Zhang, Y., et al., Secreted monocytic miR-150 enhances targeted endothelial cell 

migration. Mol Cell, 2010. 39(1): p. 133-44. 

10. Alais, S., et al., Mouse neuroblastoma cells release prion infectivity associated with 

exosomal vesicles. Biol Cell, 2008. 100(10): p. 603-15. 

11. Fevrier, B., et al., Cells release prions in association with exosomes. Proc Natl Acad 

Sci U S A, 2004. 101(26): p. 9683-8. 

12. Raposo, G., et al., B lymphocytes secrete antigen-presenting vesicles. J Exp Med, 1996. 

183(3): p. 1161-72. 

13. Pegtel, D.M., et al., Functional delivery of viral miRNAs via exosomes. Proc Natl Acad 

Sci U S A, 2010. 107(14): p. 6328-33. 

14. Valadi, H., et al., Exosome-mediated transfer of mRNAs and microRNAs is a novel 

mechanism of genetic exchange between cells. Nat Cell Biol, 2007. 9(6): p. 654-9. 

15. Zomer, A., et al., In Vivo imaging reveals extracellular vesicle-mediated phenocopying 

of metastatic behavior. Cell, 2015. 161(5): p. 1046-1057. 



Chapter 3 Main Research Study 

 

107 
 

16. Skog, J., et al., Glioblastoma microvesicles transport RNA and proteins that promote 

tumour growth and provide diagnostic biomarkers. Nat Cell Biol, 2008. 10(12): p. 

1470-6. 

17. Parolini, I., et al., Microenvironmental pH is a key factor for exosome traffic in tumor 

cells. J Biol Chem, 2009. 284(49): p. 34211-22. 

18. Costa Verdera, H., et al., Cellular uptake of extracellular vesicles is mediated by 

clathrin-independent endocytosis and macropinocytosis. J Control Release, 2017. 266: 

p. 100-108. 

19. Mulcahy, L.A., R.C. Pink, and D.R. Carter, Routes and mechanisms of extracellular 

vesicle uptake. J Extracell Vesicles, 2014. 3. 

20. Heusermann, W., et al., Exosomes surf on filopodia to enter cells at endocytic hot spots, 

traffic within endosomes, and are targeted to the ER. J Cell Biol, 2016. 213(2): p. 173-

84. 

21. Settembre, C., et al., Signals from the lysosome: a control centre for cellular clearance 

and energy metabolism. Nat Rev Mol Cell Biol, 2013. 14(5): p. 283-96. 

22. Lee, M.J., J.H. Lee, and D.C. Rubinsztein, Tau degradation: the ubiquitin-proteasome 

system versus the autophagy-lysosome system. Prog Neurobiol, 2013. 105: p. 49-59. 

23. Wang, Y. and E. Mandelkow, Degradation of tau protein by autophagy and proteasomal 

pathways. Biochem Soc Trans, 2012. 40(4): p. 644-52. 

24. Nikoletopoulou, V., M.E. Papandreou, and N. Tavernarakis, Autophagy in the 

physiology and pathology of the central nervous system. Cell Death Differ, 2015. 22(3): 

p. 398-407. 

25. Yang, Z. and D.J. Klionsky, Mammalian autophagy: core molecular machinery and 

signaling regulation. Curr Opin Cell Biol, 2010. 22(2): p. 124-31. 

26. Malik, B.R., et al., Autophagic and endo-lysosomal dysfunction in neurodegenerative 

disease. Mol Brain, 2019. 12(1): p. 100. 

27. Wang, C., et al., Endo-lysosomal dysfunction: a converging mechanism in 

neurodegenerative diseases. Curr Opin Neurobiol, 2018. 48: p. 52-58. 

28. Rost, B.R., et al., Optogenetic acidification of synaptic vesicles and lysosomes. Nat 

Neurosci, 2015. 18(12): p. 1845-1852. 

29. Van Engelenburg, S.B. and A.E. Palmer, Imaging type-III secretion reveals dynamics 

and spatial segregation of Salmonella effectors. Nat Methods, 2010. 7(4): p. 325-30. 

30. Friedman, J.R., et al., ER sliding dynamics and ER-mitochondrial contacts occur on 

acetylated microtubules. J Cell Biol, 2010. 190(3): p. 363-75. 



Chapter 3 Main Research Study 

 

108 
 

31. Rowland, A.A., et al., ER contact sites define the position and timing of endosome 

fission. Cell, 2014. 159(5): p. 1027-1041. 

32. Foglieni, C., et al., Split GFP technologies to structurally characterize and quantify 

functional biomolecular interactions of FTD-related proteins. Sci Rep, 2017. 7(1): p. 

14013. 

33. Thery, C., et al., Isolation and characterization of exosomes from cell culture 

supernatants and biological fluids. Curr Protoc Cell Biol, 2006. Chapter 3: p. Unit 

3.22. 

34. Schrader-Fischer, G. and P.A. Paganetti, Effect of alkalizing agents on the processing 

of the beta-amyloid precursor protein. Brain Res, 1996. 716(1-2): p. 91-100. 

35. Ryder, E.F., E.Y. Snyder, and C.L. Cepko, Establishment and characterization of 

multipotent neural cell lines using retrovirus vector-mediated oncogene transfer. 

Journal of Neurobiology, 1990. 21(2): p. 356-375. 

36. Holmes, B.B., et al., Heparan sulfate proteoglycans mediate internalization and 

propagation of specific proteopathic seeds. Proceedings of the National Academy of 

Sciences of the United States of America, 2013. 110(33): p. E3138-E3147. 

37. Gardiner, C., et al., Techniques used for the isolation and characterization of 

extracellular vesicles: results of a worldwide survey. J Extracell Vesicles, 2016. 5: p. 

32945. 

38. Thery, C., et al., Minimal information for studies of extracellular vesicles 2018 

(MISEV2018): a position statement of the International Society for Extracellular 

Vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles, 2018. 7(1): p. 

1535750. 

39. Macia, E., et al., Dynasore, a cell-permeable inhibitor of dynamin. Dev Cell, 2006. 

10(6): p. 839-50. 

40. Miesenbock, G., D.A. De Angelis, and J.E. Rothman, Visualizing secretion and 

synaptic transmission with pH-sensitive green fluorescent proteins. Nature, 1998. 

394(6689): p. 192-5. 

41. Vogt, S., et al., Engineering of Surface Proteins in Extracellular Vesicles for Tissue-

Specific Targeting in Current Topics in Biochemical Engineering, IntechOpen, Editor. 

2019. 

42. Andreu, Z. and M. Yanez-Mo, Tetraspanins in extracellular vesicle formation and 

function. Front Immunol, 2014. 5: p. 442. 



Chapter 3 Main Research Study 

 

109 
 

43. Komatsu , M., et al., Impairment of starvation-induced and constitutive autophagy in 

Atg7-deficient mice. The Journal of Cell Biology, 2005. 169(3): p. 425-434. 

44. Ulrich, G., et al., Phosphorylation of nuclear Tau is modulated by distinct cellular 

pathways. Sci Rep, 2018. 8(1): p. 17702. 

45. Cabantous, S., T.C. Terwilliger, and G.S. Waldo, Protein tagging and detection with 

engineered self-assembling fragments of green fluorescent protein. Nat Biotechnol, 

2005. 23(1): p. 102-7. 

46. Probes, M., Molecular Probes Handbook 2010. A Guide to Fluorescent Probes and 

Labeling Technologies(11 Edition). 

47. Morone, D., et al., Deep learning approach for quantification of organelles and 

misfolded polypeptides delivery within degradative compartments. Molecular Biology 

of the Cell. 0(0): p. mbc.E20-04-0269. 

48. Jicha, G.A., B. Berenfeld, and P. Davies, Sequence requirements for formation of 

conformational variants of tau similar to those found in Alzheimer's disease. J Neurosci 

Res, 1999. 55(6): p. 713-23. 

49. Martina, J.A., et al., The Nutrient-Responsive Transcription Factor TFE3 Promotes 

Autophagy, Lysosomal Biogenesis, and Clearance of Cellular Debris. Science 

Signaling, 2014. 7(309): p. ra9. 

50. Settembre, C., et al., TFEB links autophagy to lysosomal biogenesis. Science (New 

York, N.Y.), 2011. 332(6036): p. 1429-1433. 

51. Cummings, B.S. and R.G. Schnellmann, Measurement of cell death in mammalian 

cells. Curr Protoc Pharmacol, 2004. Chapter 12: p. Unit 12.8. 

52. Miller, N.E., D.B. Weinstein, and D. Steinberg, Binding, internalization, and 

degradation of high density lipoprotein by cultured normal human fibroblasts. J Lipid 

Res, 1977. 18(4): p. 438-50. 

53. Eisele, Y.S., et al., Peripherally applied Abeta-containing inoculates induce cerebral 

beta-amyloidosis. Science, 2010. 330(6006): p. 980-2. 

54. Clavaguera, F., C. Duyckaerts, and S. Haik, Prion-like properties of Tau assemblies. 

Curr Opin Neurobiol, 2020. 61: p. 49-57. 

55. Pecho-Vrieseling, E., et al., Transneuronal propagation of mutant huntingtin 

contributes to non-cell autonomous pathology in neurons. Nat Neurosci, 2014. 17(8): 

p. 1064-72. 

56. Peled, S., et al., Single cell imaging and quantification of TDP-43 and alpha-synuclein 

intercellular propagation. Sci Rep, 2017. 7(1): p. 544. 



Chapter 3 Main Research Study 

 

110 
 

57. Katsinelos, T., et al., Unconventional Secretion Mediates the Trans-cellular Spreading 

of Tau. Cell Rep, 2018. 23(7): p. 2039-2055. 

58. Pérez, M., J. Avila, and F. Hernández, Propagation of Tau via Extracellular Vesicles. 

Frontiers in neuroscience, 2019. 13: p. 698-698. 

59. Wang, Y., et al., The release and trans-synaptic transmission of Tau via exosomes. 

Molecular neurodegeneration, 2017. 12(1): p. 5-5. 

60. Caballero, B., et al., Interplay of pathogenic forms of human tau with different 

autophagic pathways. Aging cell, 2018. 17(1): p. e12692. 

61. Menzies, F.M., A. Fleming, and D.C. Rubinsztein, Compromised autophagy and 

neurodegenerative diseases. Nat Rev Neurosci, 2015. 16(6): p. 345-57. 

62. Nixon, R.A., The role of autophagy in neurodegenerative disease. Nat Med, 2013. 

19(8): p. 983-97. 

63. Chen, X., et al., Promoting tau secretion and propagation by hyperactive p300/CBP via 

autophagy-lysosomal pathway in tauopathy. Mol Neurodegener, 2020. 15(1): p. 2. 

64. Nixon, R.A., et al., Extensive involvement of autophagy in Alzheimer disease: an 

immuno-electron microscopy study. J Neuropathol Exp Neurol, 2005. 64(2): p. 113-22. 

65. Martini-Stoica, H., et al., The Autophagy-Lysosomal Pathway in Neurodegeneration: 

A TFEB Perspective. Trends Neurosci, 2016. 39(4): p. 221-234. 

66. Bordi, M., et al., Autophagy flux in CA1 neurons of Alzheimer hippocampus: Increased 

induction overburdens failing lysosomes to propel neuritic dystrophy. Autophagy, 

2016. 12(12): p. 2467-2483. 

67. Piras, A., et al., Autophagic and lysosomal defects in human tauopathies: analysis of 

post-mortem brain from patients with familial Alzheimer disease, corticobasal 

degeneration and progressive supranuclear palsy. Acta Neuropathologica 

Communications, 2016. 4(1): p. 22. 

68. Wong, E. and A.M. Cuervo, Autophagy gone awry in neurodegenerative diseases. Nat 

Neurosci, 2010. 13(7): p. 805-11. 

69. Gowrishankar, S., et al., Massive accumulation of luminal protease-deficient axonal 

lysosomes at Alzheimer’s disease amyloid plaques. Proceedings of the National 

Academy of Sciences, 2015: p. 201510329. 

70. Hassiotis, S., et al., Lysosomal LAMP1 immunoreactivity exists in both diffuse and 

neuritic amyloid plaques in the human hippocampus. Eur J Neurosci, 2018. 47(9): p. 

1043-1053. 



Chapter 3 Main Research Study 

 

111 
 

71. Yuan, Z., et al., Molecular mechanism of Autophagy: Its role in the therapy of 

Alzheimer's disease. Curr Neuropharmacol, 2020. 

72. Wang, Y., et al., Tau fragmentation, aggregation and clearance: the dual role of 

lysosomal processing. Hum Mol Genet, 2009. 18(21): p. 4153-70. 

73. Ji, C., et al., BAG3 and SYNPO (synaptopodin) facilitate phospho-MAPT/Tau 

degradation via autophagy in neuronal processes. Autophagy, 2019. 15(7): p. 1199-

1213. 

74. Vaz-Silva, J., et al., Endolysosomal degradation of Tau and its role in glucocorticoid-

driven hippocampal malfunction. Embo j, 2018. 37(20). 

75. Guix, F.X., The interplay between aging-associated loss of protein homeostasis and 

extracellular vesicles in neurodegeneration. J Neurosci Res, 2020. 98(2): p. 262-283. 

76. Brewer, G.J., et al., Age-Related Intraneuronal Aggregation of Amyloid-beta in 

Endosomes, Mitochondria, Autophagosomes, and Lysosomes. J Alzheimers Dis, 2020. 

73(1): p. 229-246. 

77. Tsujimura, A., et al., Lysosomal enzyme cathepsin B enhances the aggregate forming 

activity of exogenous α-synuclein fibrils. Neurobiol Dis, 2015. 73: p. 244-53. 

78. McGlinchey, R.P., Z. Jiang, and J.C. Lee, Molecular origin of pH-dependent fibril 

formation of a functional amyloid. Chembiochem, 2014. 15(11): p. 1569-72. 

79. Moriarty, G.M., et al., A pH-dependent switch promotes beta-synuclein fibril formation 

via glutamate residues. J Biol Chem, 2017. 292(39): p. 16368-16379. 

80. Pfefferkorn, C.M., R.P. McGlinchey, and J.C. Lee, Effects of pH on aggregation 

kinetics of the repeat domain of a functional amyloid, Pmel17. Proceedings of the 

National Academy of Sciences, 2010. 107(50): p. 21447. 

81. Uversky, V.N., J. Li, and A.L. Fink, Evidence for a partially folded intermediate in 

alpha-synuclein fibril formation. J Biol Chem, 2001. 276(14): p. 10737-44. 



Chapter 3 Main Research Study 

 

112 
 

3.1.7 Figure Legends 

Figure 1 – A cell paradigm to investigate EVs transport and internalization  

A Scheme of co-culture assay for monitor transcellular transport of macromolecules (DiO 

in green, DsRed in magenta). 

B 2D scatter plots of single cell DsRed and DiO fluorescence by flow-cytofluorimetry for 

the indicated cell populations (n ~5 x103 cells/condition).  

C 1D plots of DiO-fluorescence intensity for single DsRed cells co-cultured with parental 

cells (P cells) or DiO-labelled cells (DiO cells), the data are pooled from five flow-

cytofluorimetry analyses (n ~5 x103 cells/replicate). The histogram shows the DiO 

fluorescence intensity determined for DsRed cells co-cultured as indicated (mean ± s.e.m. of 

six biological replicates with 48.6 x103, 57.1 x103 cells respectively). ****P<10-15, unpaired 

non-parametric Mann-Whitney test. 

D Fluorescent confocal image of a DiO & DsRed co-culture (DiO in green, DsRed in 

magenta), the image includes an orthogonal reconstruction of 14 focal z-planes demonstrating 

internalized DiO-stained membranes in a DsRed cell. Scale bar: 10 μm. 

E Size distribution of a representative EVs preparation determined by nanoparticle 

tracking analysis. The size of the most represented EVs population is given (mode ± s.d. of 

three technical replicates, n = 1.1 x103 , 0.9 x103 , 0.9 x103 particles respectively). 

F Western blots of donor cell lysates (CL) and EVs lysates (EVs) for the EVs markers 

Alix and TSG101, or for potentially contaminating endosomes (EEA1) or mitochondria 

(TOMM20). Molecular weight markers are given on the left.  

G Scheme of the DiD-EVs assay on acceptor DsRed cells (DiD in green, DsRed in 

magenta). 

H DiD-fluorescence intensity in single DsRed cells incubated with the indicated amount 

of DiD-EVs for 2 h (mean ± s.e.m. of three biological replicates with 8.6 x103, 7.2 x103, 8.0 

x103, 7.9 x103 cells respectively) or with 1 x109 DiD-EVs for the indicated times (mean ± s.e.m. 

of three biological replicates with 8.3 x103, 11.0 x103, 10.0 x103, 9.1 x103, 9.2 x103 cells 

respectively). ****P<10-15 non-parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05. 

I Fluorescent confocal image of DsRed cells incubated for 4 h with 1 x109 DiD-EVs 

(DiD in green, DsRed in magenta, N = nucleus). Scale bar: 10 μm (1 μm for the enlarged inset). 
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J Fluorescent confocal image of C17.2 cells incubated for 16 h with 1 x109 DiD-EVs (in 

green) and counterstained with 75 nM LysoTracker (in magenta); co-emission of the two 

fluorophores results in a white colour and indicate localisation of EVs within acidic organelles. 

Scale bar: 10 μm (1 μm for the enlarged inset). Shown are also Pearson’s correlation coefficient 

(PCC) and Manders’ overlapping coefficient (M1 & M2) for 33 images from a representative 

experiment: 1-99 percentiles (whiskers), 25-75 percentiles (box), median (horizontal bar within 

the box). The majority of DiD puncta localizes with the relative minority of LysoTracker-

organelles. 

K Scheme of pHluorin fluorescence quenching by the acidic ELs environment upon 

pHluorin-CD63-EVs internalization. Maximal pHluorin fluorescence at neutral pH is shown in 

dark green and the pH<7 quenched emission in light green. Acidification of ELs occurs though 

active proton (H+) transport by the proton pump (V-ATPase) inhibited by bafilomycin (baf). 

L Western blots of donor cell lysates (CL) and EVs lysates (EVs) for the EVs-markers 

Alix and TOMM20, or with a GFP-antibody detecting pHluorin-CD63 that is highly EVs 

enriched. Molecular weight markers are given on the left. 

M 1D plots of single cell pHluorin-fluorescence intensity by flow-cytofluorimetry for cells 

incubated with 1 x109 pHluorin-CD63-EVs (pHluorin-EVs) for 16 h in the absence (in green) 

or presence (in magenta) of 25 nM bafilomycin-A1 co-supplemented for the last 4 h (pHluorin-

EVs & baf;) or without EVs (vehicle, in black). The histogram shows GFP-fluorescence 

intensity for the given treatments (mean ± s.e.m. of three biological replicates with 12.6 x103, 

9.5 x103, 12.1 x103 cells respectively), ****P<10-15, non-parametric Kruskal-Wallis one-way 

ANOVA, alpha = 0.05. 

Figure 2 –EVs transported tauMBD induces cellular tau441 accumulation in ELs via 

autophagy 

A Size distribution of a representative tauMBD-EVs preparation determined by 

nanoparticle tracking analysis. The size of the most represented EVs population is given (mode 

± s.d. of three technical replicates with 1.6 x103, 1.5 x103, 1.6 x103 particles respectively). 

B Western blots of donor cell lysates (CL) and EVs lysates (EVs) for the EVs markers 

Alix and TOMM20, or with a GFP-antibody detecting GFP-tauMBD. Molecular weight markers 

are given on the left. 

C 1D plots of single cell GFP-fluorescence intensity by flow-cytofluorimetry for tau441 

cells incubated with 1 x109 parental EVs (P-EVs, in black) or GFP- tauMBD-EVs (tauMBD, in 
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green) for 24 h, data are pooled from three biological replicates (~4.6 x103 cells/replicate). The 

histogram shows GFP-fluorescence intensity for the given treatments (mean ± s.e.m. of three 

biological replicates with 14.9 x103, 15.9 x103 cells respectively), ****P<10-15, unpaired non-

parametric Mann-Whitney test. 

D Fluorescent image of tau441 cells incubated for 24 h with 1 x109 tauMBD-EVs (tau441 in 

grey, N = nucleus). Scale bar: 10 μm. The histogram shows % of cells with a tau-puncta 

phenotype for the given treatments: vehicle (V), parental-EVs (P) or tauMBD-EVs (tauMBD) 

(mean ± s.d. of three biological replicates with 2.2 x103, 4.0 x103, 4.7 x103 cells respectively). 

*P<0.0288, ordinary one-way ANOVA with Tukey post-hoc test, alpha = 0.05. 

E Fluorescent confocal image of tau441 cells incubated for 24 h with either 1 x109 P-EVs 

(P) or 1 x109 tauMBD-EVs (tauMBD) (tau441 in grey, N = nucleus). Scale bar: 10 μm. The 

histograms show the number of tau-puncta per cell (mean ± s.d., n = 16, 21 cells respectively), 

area of puncta and tau441 puncta fluorescence (mean ± s.e.m., n = 480, 1070 puncta 

respectively) for the given treatments. *P=0.0325, ****P<10-15, unpaired non-parametric 

Mann-Whitney test. 

F Fluorescent confocal image of cells expressing tau441 and GFP-CD63 (CD63) incubated 

for 24 h with either vehicle (V), 1 x109 P-EVs (P) or 1 x109 tauMBD-EVs (tauMBD) (tau441 in 

magenta, CD63 in green, N = nucleus), co-emission of the two fluorophores results in a white 

colour and indicate localisation of tau441 within CD63 positive organelles. Scale bar: 10 μm. 

Shown is Pearson’s correlation coefficient (PCC) for 29, 31, 34 cells respectively from three 

biological replicates: 1-99 percentiles (whiskers), 25-75 percentiles (box), median (horizontal 

bar within the box). *P=0.0457, ***P=0.0005, non-parametric Kruskal-Wallis one-way 

ANOVA, alpha = 0.05. 

G Fluorescent confocal image of a cell expressing tau441 and GFP-CD63 (CD63) 

incubated for 24 h with 1 x109 tauMBD-EVs (tauMBD) (tau441 in magenta, CD63 in green, N = 

nucleus), the image includes an orthogonal reconstruction of 6 focal z-planes and z-planes 

series demonstrating a single enlarged tau-puncta enclosed in CD63 positive membranes. Scale 

bar: 10 μm (1 μm for the enlarged inset). The scatter plot shows tau441- and CD63-fluorescence 

from the dotted-line represented in z=6. Scale bar: 10 μm (1 μm for the enlarged inset). 

H Fluorescent images of MEF cells expressing tau441 incubated for 24 h with 1 x109 

tauMBD-EVs (au441 in grey, N = nucleus). Scale bar: 10 μm. The histogram shows the % of cells 

with a tau-puncta phenotype for the given recipient cells: parental MEF (MEF) or ATG7-KO 

MEF (KO) cells (mean ± s.d. of four biological replicates with 1.0 x103, 1.5 x103 cells 

respectively). *P=0.0026, two-tailed unpaired Student t-test. 
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I 1D plots of single cell GFP-fluorescence intensity by flow-cytofluorimetry for tau441 

MEF cells (MEF and KO) incubated with 1 x109 parental EVs (P-EVs, black) or 1 x109 GFP- 

tauMBD-EVs (tauMBD, green) for 24 h, data are pooled from three biological replicates (58.9 

x103, 59.8 x103, 59.0 x103, 59.4 x103 cells respectively). The histogram shows GFP-

fluorescence intensity for the given treatments expressed as fold increase of the respective P-

EVs treatment (mean ± s.e.m. of three biological replicates), nsP<0.05, ****P<10-15, two-way 

Anova with Tukey post-hoc test, alpha = 0.05. 

 

Figure 3 – EVs transported tauMBD binds to recipient’s cells tau441 in ELs  

A Fluorescent confocal image of a tau441 cell (in magenta) incubated for 72 h with 6 x109 

GFP-tauMBD-EVs (in green), co-emission of the two fluorophores results in a white colour and 

indicate localisation of GFP-tauMBD-EVs within tau-puncta. Scale bar: 10 μm (1 μm for the 

enlarged inset). 

B Scheme of the bimolecular fluorescence reconstitution (biFC) based on GFP. The first 

to tenth beta-strands of GFP are fused to tauMBD and expressed in donor cells; the remaining 

eleventh beta-strand of the GFP is fused to tau441 and expressed in recipient cells. 

C 2D scatter plots of single cell tau441 and biFC fluorescence by flow-cytofluorimetry for 

cells incubated for 72 h with either 6 x109 P-EVs or 6 x109 GFP1-10-tauMBD-EVs (n = 1.2 x103, 

0.8 x103 cells respectively). The histograms show the % of T11-tau441 cells with biFC-

fluorescence (mean ± s.d. of three biological replicates, ****P=4 x10-5, two-tailed unpaired 

Student t-test) and biFC fluorescence intensity in tau441 cells incubated with 6 x109 P-EVs (P) 

or 6 x109 GFP1-10-tauMBD-EVs (tauMBD) (mean ± s.e.m. of three biological replicates with 1.2 

x103, 0.8 x103 cells respectively, ****P<10-15, unpaired non-parametric Mann-Whitney test). 

D Fluorescent confocal image of T11-tau441 cells (in magenta) incubated for 72 h with 6 

x109 GFP1-10-tauMBD-EVs (biFC in green) and stained for LysoTracker (in yellow), co-emission 

of the three fluorophores results in a white colour and indicate localisation of biFC within 

LysoTracker positive tau-puncta. Scale bar: 10 μm. The first histogram shows biFC-

fluorescence intensity inside and outside the LysoTracker mask (mean ± s.e.m., n= 193 cells 

from three biological replicates, **** P<10-15, paired non-parametric Wilcoxon test). The 

violin plot shows the distribution of biFC-fluorescence in LysoTracker positive ELs (n= 2.7 

x103 ELs), the green dotted-line represent the 1% outliers. The last three histograms show 

biFC-fluorescence, tau441-fluorescence and area of LysoTracker positive ELs (mean ± s.m, n= 

2.7 x103 ELs, ****P<10-15, unpaired non-parametric Mann-Whitney test ). 
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Figure 4 – EVs-mediated tau441 accumulation causes lysosomal stress and cytotoxicity 

A Fluorescent confocal image of a tau441 cell incubated for 24 h with either vehicle (V), 1 

x109 parental-EVs (P) 1 x109 tauMBD-EVs (tauMBD) and stained for TFE3 (in grey, N = nucleus). 

The histogram shows the % of cells with a nuclear TFE3 localization for the given treatments 

(mean ± s.d. of three biological replicates with >1.2 x103 cells/condition). *P=0.0275, Ordinary 

one-way ANOVA with Tukey post-hoc test, alpha = 0.05.  

B Fluorescent confocal image of tau441 cells incubated for 24 h with either vehicle (V), 1 

x109 P-EVs (P) or 1 x109 tauMBD-EVs (tauMBD) and stained for LysoTracker (in grey, N = 

nucleus). The histograms show, for the given treatments, LysoTracker-fluorescence analysed 

by flow-cytofluorimetry (mean ± s.e.m. of three biological replicates with ~2.7 x103 

cells/condition, ****P<10-15, non-parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05), 

the number and size of LysoTracker positive ELs analysed by confocal (mean ± s.e.m. of three 

biological replicates with 55, 54, 38 cells respectively, *P=0.0135, ***P=2 x10-4, ****P<2.1 

x10-5, non-parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05)  

C tau441 cells incubated for 24 h with either vehicle (V), 1 x109 P-EVs (P) or 1 x109 

tauMBD-EVs (tauMBD), stained for Hoechst and visulaized by fluorescence microscopy. The 

histograms show cell size, based on a tau441 mask, and nuclear size, based on a hoechst mask, 

for the given treatments (mean ± s.d. of three biological replicates with 11.9 x103, 13.6 x103, 

15.9 x103 cells/condition from three biological replicates). **P=0.0082, ****P<10-15, non-

parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05. 

D Cells with or without tau441 expression (± induction) incubated for 24 h with either 

vehicle (V), 1 x109 P-EVs (P) or 1 x109 tauMBD-EVs (tauMBD). The histogram shows lactate 

dehydrogenase activity for the given treatments (mean ± s.d. of three biological replicates). 

****P<1.5x10-5, ordinary two-way ANOVA with Tukey post-hoc test, alpha = 0.05. 

 

Figure 5 – ELs as intracellular organelles allowing disease initiation 

Scheme of intracellular and extracellular delivery of cargo to ELs. 1) Extracellular vesicles 

(EVs) transporting tauMBD are internalized by endocytosis in recipient cells, localize all along 

the endocytic pathway and accumulate in ELs. 2) tau441 is a substrate of autophagy and it is 

delivered to ELs for degradation. 3) Extracellular tauMBD and intracellular tau441 encounter, 

interact and propagate pathological conformations in ELs. 4) Eventual release into the cytosol 

as a consequence of excessive tau accumulation. 
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Supplementary Figure 1 – DiD membranes are exchanged in co-cultures  

A 1D plots of DiD-fluorescence intensity for single DsRed cells co-cultured with parental 

cells (P) or DiD-labelled cells (DiD), the data are pooled from three flow-cytofluorimetry 

analyses (n ~5 x103 cells/replicate). The histogram shows the DiD fluorescence intensity 

determined for DsRed cells co-cultured as indicated (mean ± s.e.m. of three biological 

replicates with 35.2 x103, 54.1 x103 cells respectively). ****P<10-15, unpaired non-parametric 

Mann-Whitney test. 

B Quantification of Fig 1B. The histogram shows the % of DsRed cells with DiO-

fluorescence determined for DsRed cells co-cultured for 72 h with parental cells (P) or DiO-

cells (DiO) (mean ± s.e.m. of six biological replicates with 48.4 x103, 56.5 x103 cells 

respectively). ****P=2.2 x10-3, unpaired non-parametric Mann-Whitney test. 

 

Supplementary Figure 2 – Internalized DiD-EVs are localized in the endocytic pathway 

A Fluorescent confocal image of C17.2 cells transiently transfect with endocytic markers 

fused to mCherry (in magenta) incubated for 24 h with 1 x109 DiD-EVs (in green), co-emission 

of the two fluorophores results in a white colour and indicate localisation of DiD-EVs within 

endocytic positive organelles. Scale bar: 10 μm (1 μm for the enlarged inset). 

B Fluorescent confocal image of a C17.2 cell incubated for 4 h with 11 x09 DiD-EVs and 

10 µM of TRITC-dextran (DiD in green, dextran in magenta), co-emission of the two 

fluorophores results in a white colour and indicate localisation of DiD-EVs in dextran positive 

endocytic organelles. Scale bars: 10 μm (1 μm for the enlarged inset). 

C 2D scatter plots of single cell DsRed and DiD fluorescence for three biological 

replicates (n ~1.4 x103 cells/replicate) by flow-cytofluorimetry for DsRed cells incubated with 

1 x109 EVs (DiD-EVs) for 2 h in the absence (magenta) or presence of 33 µM dynasore (green) 

when compared to PBS control (vehicle, in grey). 

 

Supplementary Figure 3 – CD63-EVs are internalized in lamp1-positive ELs 

A 2D scatter plots of single cell DsRed and GFP fluorescence by flow-cytofluorimetry for 

the indicated cell populations for three biological replicates (n > 800 cells/condition). The 

histogram shows the GFP fluorescence intensity determined for DsRed cells co-cultured with 

parental cells (P) or GFP-CD63 expressing cells (CD63) (mean ± s.e.m. of four biological 

replicates with 1.5 x103, 1.0 x103 cells respectively). ****P<10-15, unpaired non-parametric 

Mann-Whitney test. 
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B Fluorescent confocal image for GFP-CD63 & DsRed co-culture (GFP in green, DsRed 

in magenta). The magnified image on the right includes an orthogonal reconstruction of 5 z-

planes demonstrating internalized GFP-CD63 in a DsRed cell. Scale bar: 10 μm. 

C Western blots of donor cell lysates (CL) and EVs lysates (EVs) for the EVs markers 

Alix and TSG101, or with a GFP-antibody detecting GFP-CD63 that is highly EVs enriched. 

Molecular weight markers are given on the left. 

D 1D plots of single cell GFP-fluorescence intensity by flow-cytofluorimetry for parental 

cells (P cells) incubated with 1 x109 parental EVs (P-EVs, in black) or GFP-CD63-EVs (CD63, 

in green) for 24 h. The histogram shows GFP-fluorescence intensity for the given treatments 

(mean ± s.e.m. of three biological replicates with 24.6 x103, 24.4 x103 cells respectively), 

****P<10-15, unpaired non-parametric Mann-Whitney test. 

E Fluorescent confocal image of a C17.2 cell transiently transfect with mCherry-LAMP1 

(in magenta) incubated for 24 h with 1 x109 CD63-EVs (in green), co-emission of the two 

fluorophores results in a white colour and indicate localisation of CD63-EVs within LAMP1 

positive organelles. Scale bar: 10 μm (1 μm for the enlarged inset). 

Supplementary Figure 4 – EVs transported tauMBD protein is localized within the lumen 

of EVs  

A Scheme of the serial centrifugation procedure for enrichments of EVs from conditioned 

media of donor cells. P100 represents the pellet fraction recovered after a 100’000 x g 

centrifugation and S100 the respective supernatant. 

B Representative experiment showing EVs concentration analysed by nanoparticle 

tracking analysis and protein concentration measured as absorbance at 280 nm in SEC 

fractions. The P100 and S100 recovered from the conditioned media of ~50 x106 C17.2 cells 

expressing GFP- tauMBD were applied to SEC columns separately. SEC fractions were pooled 

each three starting from F7 to F24.  

C Assay to study luminal localization of tauMBD transported through EVs. 10 x109 GFP- 

tauMBD-EVs were treated with either vehicle, 0.1% triton or 0.1 µg/mL trypsin and 

subsequently applied separately to a SEC column. After separation, fractions 7-to-15 (EVs-

enriched) and fractions 16-to-24 were pooled. Western blots of EVs lysates for GFP-antibody 

detecting GFP-tauMBD and for the luminal EVs marker protein ALIX. Molecular weight 

markers are given on the left. 
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Supplementary Figure 5 – Tau441 puncta induced by EVs transported tauMBD resemble 

those induced by tauMBD fibrils and starvation 

A Fluorescent confocal image of tau441 cells (in grey, N = nucleus) incubated for 16 h 

with 0.5 µM of tauMBD fibrils. The image includes an orthogonal reconstruction of 14 focal z-

planes demonstrating intracellular formation of tau441 puncta. Scale bar: 10 μm. 

B Tau441 cells treated with either vehicle (V), starved in HBSS (H) or starved in HBSS 

and simultaneously treated with 25 nM bafilomycin A1 (H & B) for 4 h. Western blots of tau441 

cell lysates for the autophagy marker LC3 and for housekeeping protein ACTIN. Molecular 

weight markers are given on the left. Fluorescent image of tau441 cells incubated for 4 h with 

HBSS (in grey, N = nucleus). Scale bar: 10 μm. The histogram shows % of cells with a Tau-

puncta phenotype for the given treatment (mean ± s.d. of three biological replicates with 1.6 

x103, 1.3 x103 cells respectively). *P= 0.05, unpaired non-parametric Mann-Whitney test. 

C Fluorescent confocal image of cells expressing tau441 and GFP-CD63 (CD63) (tau441 in 

magenta, CD63 in green, N = nucleus) incubated for 4 h with either vehicle or starved in HBSS, 

co-emission of the two fluorophores results in a white colour and indicate localisation of tau441 

within CD63 positive organelles. Scale bar: 10 μm (1 μm for the enlarged inset). 

 

Supplementary Figure 6 – EVs transported tauMBD induce the appearance of pathological 

tau epitopes 

A Fluorescent confocal image of a T11-tau441 cell (in magenta) incubated for 72 h with 6 

x109 GFP-tauMBD-EVs and stained either for MC1 or AT8 (in green), co-emission of the four 

fluorophores results in a white colour and indicate localisation of MC1/AT8 within and tau441. 

Scale bar: 10 μm. 

 

Supplementary Figure 7 – EVs protein cargo transported through EVs rarely reach the 

cytosol of recipient cells 

A Scheme of co-culture assay to monitor trans-cytosolic transport of proteins using Cre-

based recombination assay. Cre cells (in grey) co-cultured with DsRed cells (magenta) for 72 

h results in recombined GFP cells (in green). 

B Cre cells induced to express different amounts of Cre protein by tetracycline. Western 

blots of cell lysates for the Cre and for the housekeeping protein GAPDH. Molecular weight 

markers are given on the left. The histogram shows the % of DsRed cells with recombination 

in 72 h co-culture with Cre cells for the given concentration of tetracycline (mean ± s.d. of 
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three biological replicates with 21.3 x103, 21.4 x103, 22.3 x103 cells respectively). Non-

parametric Kruskal-Wallis one-way ANOVA, alpha = 0.05. 

C Cre cells co-cultured with DsRed cells for 72 h at different Cre:DsRed ratios analysed 

by flow-cytofluorimetry. The histogram shows the % of DsRed cells with recombination for 

the given Cre (D):DsRed (R) ratio (mean ± s.d. of three biological replicates with 23.1 x103, 

9.5 x103, 22.8 x103, 21.8 x103 cells respectively). **P= 6.7 x103, non-parametric Kruskal-

Wallis one-way ANOVA, alpha = 0.05. 

D WB analysis of donor cell lysates (CL) and isolated EVs fraction (EVs) for the indicated 

protein markers (Cre and TSG101). Cre protein expression were induced with the indicated 

concentrations of tetracycline or by transient transfection. Molecular weight markers are shown 

on the left of each panel.  

E Confocal image showing a recipient DsRed cell (in magenta) that underwent to 

recombination (in green) when incubated for 72 h with 1 x109 Cre-EVs. Scale bar: 10 μm. 

F DsRed cell incubated with 1-to-1 mixture of 1 x109 Cre-EVs with 1 x109 parental-

EVs (P) or 1 x109 Cre-EVs with 1 x109 tauMBD-EVs for 72 h analysed by flow-

cytofluorimetry. The histogram shows the % of DsRed cells with recombination for the given 

treatment (mean ± s.d. of four biological replicates with 26.3 x103, 28.7 x103, 28.3 x103 cells 

respectively). **P= 4.7 x103, non-parametric Kruskal-Wallis one-way ANOVA, alpha = 

0.05.  

Supplementary Figure 8 – Inducible tau441 expression  

Fluorescent image of tau441 inducible cells (in grey) incubated for 24 h with vehicle or 60 

ng/mL of tetracycline and nuclei stained with Hoechst (in blue). Scale bar: 10 μm.  
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3.1.8 Figures 

Figure 1  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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3.1.9 Supplementary Material 

3.1 Extracellular Vesicles Hijack the Autophagic Pathway to Induce Tau 

Accumulation in Endolysosomes 

This chapter contains the supplementary material of the research study submitted to bioRxiv 

preprint server on May 28th, 2020. The original documentation can be found at 

https://doi.org/10.1101/2020.05.27.118323 .   

https://doi.org/10.1101/2020.05.27.118323
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Supplementary Figure 1 
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Supplementary Figure 2 
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Supplementary Figure 3 
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Supplementary Figure 4 
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Supplementary Figure 5 
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Supplementary Figure 6 
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Supplementary Figure 7 
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Supplementary Figure 8 
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4 Supporting Manuscript 

4.1 Split GFP Technologies to Structurally Characterize and 

Quantify Functional Biomolecular Interactions of FTD-

related Protein 

 

This chapter contains the second research manuscript of this thesis describing a study, in which 

we implemented two techniques to quantitatively study protein-protein interaction and its 

subcellular localization, a work that defined the structural determinants of TDP-43 

oligomerization. The bimolecular fluorescence complementation technique described in this 

manuscript is used in  the main research study to investigate target engagement between an 

exogenous effector protein and its cellular target. The manuscript has been published in 

Scientific Reports on October 25th, 2017 (https://doi.org/10.1038/s41598-017-14459-w). 

https://doi.org/10.1038/s41598-017-14459-w
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Split GFP technologies to 
structurally characterize and 
quantify functional biomolecular 
interactions of FTD-related proteins
Chiara Foglieni1, Stéphanie Papin1, Agnese Salvadè1, Tariq Afroz2, Sandra Pinton1,  
Giona Pedrioli1, Giorgio Ulrich1, Magdalini Polymenidou2 & Paolo Paganetti  1

Protein multimerization in physiological and pathological conditions constitutes an intrinsic trait of 
proteins related to neurodegeneration. Recent evidence shows that TDP-43, a RNA-binding protein 
associated with frontotemporal dementia and amyotrophic lateral sclerosis, exists in a physiological 
and functional nuclear oligomeric form, whose destabilization may represent a prerequisite for 
misfolding, toxicity and subsequent pathological deposition. Here we show the parallel implementation 
of two split GFP technologies, the GFP bimolecular and trimolecular fluorescence complementation 
(biFC and triFC) in the context of TDP-43 self-assembly. These techniques coupled to a variety of 
assays based on orthogonal readouts allowed us to define the structural determinants of TDP-43 
oligomerization in a qualitative and quantitative manner. We highlight the versatility of the GFP biFC 
and triFC technologies for studying the localization and mechanisms of protein multimerization in the 
context of neurodegeneration.

Protein mutations in Mendelian forms of neurodegenerative disorders, aberrant post-translational modifica-
tions and pathogenic conformations, all contribute to the progressive accumulation of protein inclusions. These 
protein assemblies initiate a chain of adverse events ultimately leading to neuronal dysfunction, synaptic loss, 
cell death, and brain function deterioration. A prion-like process, i.e. accumulative protein deposition, proteo-
toxicity and transcellular spreading of pathogenic protein forms is typical of most neurodegenerative disorders 
including Alzheimer’s (AD), Parkinson’s (PD), Huntington’s disease (HD), frontotemporal dementia (FTD) and 
amyotrophic lateral sclerosis (ALS)1,2. The molecular events protecting against proteotoxicity into adulthood or, 
subsequently, steering proteotoxicity during disease are only in part understood. For example, soluble oligomeric 
intermediates, rather than deposited amyloid fibrils, may represent the toxic protein forms3–5. However, the iden-
tification and classification of toxic oligomers is challenging. Some proteins associated with neurodegeneration 
present a physiological multimeric conformation (e.g. SOD16, α-synuclein7,8, TDP-439), and their dissociation 
may cause a loss of function or may represent a prerequisite for assembly into toxic species. To understand the 
molecular mechanisms driving neurodegeneration, it is crucial to investigate proteins with regards to how, when 
and where they (self-)interact to accomplish specific functions or to build the first assemblies into toxic species.

We explored the use of fluorescence reconstitution for live tracking of protein-protein interactions as a tool 
for elucidating the molecular mechanisms involved in the formation of protein assemblies. Fluorescent sensors 
are applied to determine protein interactions in cells. One prominent example is FRET from donor to acceptor 
fluorophores coupled to binding partners10,11. Another example is complementation of polypeptide fragments 
that restore enzymatic activity or fluorescence when in close proximity12,13, e.g. the reconstitution of green fluo-
rescent protein (GFP). The bimolecular GFP fluorescence complementation (biFC) requires association of two 
non-fluorescent fragments followed by reconstitution of the fluorophore14. Because assembly of the two frag-
ments in the typical β-barrel conformation of GFP is virtually irreversible15,16, biFC leads to the formation, accu-
mulation and detection even of weak or transient protein interactions17. Furthermore, the use of a large “sensor” 
fragment (GFP1–10) together with a small GFP fragment composed of a single β-strand (the S11 protein tag)18 
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reduces the risk of interfering with the biology of the S11-tagged protein of interest. This is an advantage of biFC 
compared to direct fusion with a relatively large fluorescent protein. Moreover, this approach displays high flex-
ibility because the use of the small tag offers a simple technical strategy allowing direct comparison of different 
proteins or multiple variants of the same protein19, specific detection of subcellular protein pools20, and recon-
stitution into fluorescent proteins with different emission properties21. A further advancement of this technique 
was achieved with the newly developed trimolecular fluorescence complementation (triFC) technology22. Here, 
two consecutive single β-strands (T10 and T11) are used to each tag one of two binding partners. Protein-protein 
binding orients the two β-strands so that the concomitant presence of the third fragment (the GFP1–9 sensor) will 
reconstitute fluorescence both in vitro and in the living cell. Optimization of the amino acid sequence of the vari-
ous GFP fragments was required both for biFC and triFC so that the sequence of T11 has two amino acid substitu-
tions and is slightly longer than that of S11

22. A further advantage is represented by low background fluorescence 
due to minimal spontaneous reconstitution22.

We present the adaptation of these two technologies for the molecular characterization of protein assemblies 
that play a critical role in neurodegenerative disorders. As model proteins we selected microtubule-associated 
Tau and TAR-DNA-binding protein 43 (TDP-43), two proteins independently involved in protein misfolding 
disorders such AD, PD, ALS and FTD23,24. At least 50 mutations in the MAPT gene encoding for Tau are associ-
ated with hereditary FTDP-17 but not to AD; whereas neurofibrillary tangles made of hyperphosphorylated Tau 
are characteristic of AD25. Most Tau-negative FTD cases show neuronal changes caused by ubiquitinated and 
phosphorylated TDP-43, a nuclear protein with a role in transcription, RNA stability and splicing26. More than 40 
mutations of TDP-43 are associated with the FTD/ALS spectrum of disorders27. For these two proteins, we first 
show their subcellular localization and their self-interaction profiles in living cells. Then, we demonstrate that 
the parallel implementation of biFC and triFC permits extensive characterization of protein complexes due to a 
choice of orthogonal, independent read-outs. The combination of triFC with immune assays and flow cytometry 
results in robust quantitative measures for such interactions in cells. Moreover, the flexible exploitation of the 
T11-tag both for triFC and biFC allows for ratiometric normalization of the triFC data with the level of protein 
expression determined by biFC. Most importantly, we demonstrate the use of triFC for determining not only 
protein self-assembly, but more specifically to define the binding between protein domains and their interaction 
determinants at the molecular level.

Results
GFP biFC efficiently localizes proteins in cells. The GFP biFC technology used herein requires splitting 
an optimized GFP into two fragments of substantial different size, the 216 amino acid-long fragment encompass-
ing the first ten β-strands of GFP (GFP1–10) and the 16 amino acid-long eleventh β-strand of GFP (S11), which in 
turn is used as a relatively small protein tag18. The 441 amino acid-long isoform of human Tau was thus tagged 
with S11 at the N- (S11-Tau) or C- (Tau-S11) terminus (Fig. 1). For both tagged variants, the S11 β-strand of GFP was 
spaced from Tau by a relatively short, nine amino acid-long linker (see Supplementary Fig. S1). S11-Tau and Tau-
S11 were first expressed separately by plasmid transfection in C17.2 cells, a mouse multipotent neural progenitor 
cell line. One day later, human Tau expression was analysed by immune staining with the human-specific TAU13 
antibody28,29, thereby detecting the transfected human protein, but not endogenous mouse Tau. In the absence of 
the GFP1–10 sensor, Tau immune staining showed a characteristic cytoskeleton-like distribution in the transfected 
cells, as expected for this microtubule binding protein (see Supplementary Fig. S1). Human Tau staining was 
absent in the surrounding, not transfected, cells positive for the nuclear DAPI staining. These data confirmed that 
the presence of the small S11 tag at one or the other Tau end, the heterologous use of human Tau in mouse cells 
and the CMV promotor-driven expression, did not cause an overt redistribution of Tau in C17.2 cells.

S11-Tau was then co-expressed with the GFP1–10 sensor (Fig. 1A) and C17.2 cells were stained with the TAU13 
antibody (Fig. 1B; dye emission in red) in combination with the α-GFP antibody (Fig. 1B; dye emission in cyan), 
demonstrating co-expression of the two proteins in transfected cells. As expected, co-localization of S11-Tau 
and GFP1–10 reconstituted biFC (Fig. 1B; green biofluorescence). The distribution of biFC perfectly matched 
that of immune stained Tau, as shown by the computed sum of the two confocal images (Fig. 1B; in yellow). 
A rabbit polyclonal antibody for α-tubulin specifically revealed microtubules and the distribution of biFC and 
immune stained Tau along these structures (Fig. 1B; photomicrograph on the right). Consistent with these data, 
a microtubule-like localization of biFC was also observed in living cells imaged by confocal microscopy (see 
Supplementary Fig. S1). Undistinguishable data were gained when the C-terminally tagged Tau-S11 was used 
instead of the N-terminally tagged S11-Tau (Fig. 1C and D). We conclude that biFC offers an elegant and simple 
solution for demonstrating the presence and visualizing the subcellular location of Tau in living cells using a 
modular short tag with limited risk of affecting the normal Tau function.

GFP triFC reveals specific multimeric protein assemblies in cells. As a next step and based on the 
observations and conclusions made for biFC, we explored the possibility to visualize protein multimerization by 
triFC. We first prepared parental plasmids each encoding for one of the two C-terminal consecutive β-strands 
T10 and T11 of GFP22. Each β-strand is followed by a peptide linker engineered to carry a short antibody epitope 
(see Supplementary Fig. S2), in order to facilitate the independent analysis of the fusion constructs. The cDNAs 
encoding for T10HA or T11β1 were inserted upstream of the multiple cloning region of an expression plasmid 
in order to facilitate one-step in-frame subcloning of cDNAs encoding a protein of interest. The amino acid 
sequence of the eleventh β-strand of GFP used for the triFC application, namely T11, was slightly different from 
S11 for the biFC22. Thus, for comparative purposes, we generated also a parental plasmid encoding for S11 followed 
by the same β1-linker as for T11 (see Supplementary Fig. S2).

Because of the propensity of Tau to form oligomeric and fibrillar multimers13,25, we then generated expression 
plasmids for the two Tau variants T10HA-Tau and T11β1-Tau and tested their potential to generate triFC when 
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co-transfected with the optimized GFP1–9 sensor22 in C17.2 cells (Fig. 2A). One day after transfection, Tau stain-
ing confirmed its association to the cytoskeleton, independently visualized by an α-tubulin antibody (Fig. 2B). 
Co-expression of T10HA-Tau, T11β1-Tau and GFP1–9 in cells resulted in weak, mostly negative, triFC at the con-
focal microscope (Fig. 2B; top row). These data indicated that under our experimental conditions, detection of 
self-assembly of N-terminal tagged Tau was not a frequent event in C17.2 cells. In contrast, co-expression of 
T10HA-Tau and T11β1-Tau with the GFP1–10 sensor resulted in strong biFC for the T11β1-Tau/GFP1–10 (Fig. 2B; 
bottom row), just like the S11-Tau/GFP1–10 complex (Fig. 1B). This showed that the T11 β-strand reconstituted 
green fluorescence in complex with GFP1–10 as efficiently as the S11 β-strand and indicated accessibility of this Tau 
region for protein interactions. The failure to observe triFC was attributed to the inability of the two GFP strands 
fused at the N-terminus of Tau to come in proximity. This could indeed reflect lack of Tau self-assembly under 
our experimental conditions, a distant organization of the N-termini in the quaternary structure of Tau, or steric 
hindrance preventing reconstitution. Therefore, we decided to test another FTD-linked protein forming ordered, 
functional oligomers inside cells9.

Despite distinct biological functions, TDP-43 and Tau are implicated in two clinically related inherited vari-
ants of FTD, FTLD-TDP-43 and FTDP-17T, respectively23,24. T10HA-TDP-43 and T11β1-TDP-43 plasmids were 
tested for triFC when co-transfected with GFP1–9 in C17.2 cells (Fig. 2C). Transfected cells displayed the typical 
nuclear distribution of human TDP-43 by immune staining with a human-specific antibody for TDP-43 (Fig. 2D; 
top row, dye emission in red). Remarkably, in contrast to Tau, a considerable number of transfected cells dis-
played strong triFC for N-terminal tagged TDP-43 (Fig. 2D; top row, biofluorescence in green). Immune stained 
human TDP-43 and triFC for TDP-43 localized within the nucleus (Fig. 2D; top row, merged image), consistent 
with primarily nuclear localization of TDP-4330. Expression of the two TDP-43 tagged variants with GFP1–10 also 
resulted in a nuclear signal produced by the T11β1-TDP-43/GFP1–10 biFC complex (Fig. 2D; bottom row, biofluo-
rescence in green). As expected, the absence of either T10HA-TDP-43 or T11β1-TDP-43 prevented the formation 
of the triFC-positive ternary complex (see Supplementary Fig. S2). The amino acid sequence of the S11 β-strand 
of GFP did not substitute that of the T11 β-strand for triFC when expressed in C17.2 cells in the presence of T10 
and GFP1–9 (see Supplementary Fig. S2). On the contrary, both T11β1-TDP-43 as well as S11β1-TDP-43 produced 
a strong nuclear biFC signal in the presence of GFP1–10 (see Supplementary Fig. S2). The data demonstrated that 
the triFC signal derived from the trimolecular T10HA-TDP-43/T11β1-TDP-43/GFP1–9 complex was highly selec-
tive and reflected the subcellular localization and N-terminal domain (NTD)-mediated formation of multimeric 

Figure 1. Cellular localization of Tau revealed by GFP biFC. (A) Schematic rendition of GFP bimolecular 
fluorescence complementation (biFC) resulting from co-localization of an N-terminal S11-tagged protein (in 
this case human Tau) with GFP1–10. (B) Confocal microscope images of methanol-fixed mouse C17.2 cells 
transiently transfected with S11-Tau and GFP1–10. The two proteins were immune stained with a monoclonal 
antibody against human Tau (α-hTau; red dye) and a rabbit antiserum against GFP (α-GFP; cyan dye). Co-
localization of S11-Tau with GFP1–10 reconstitutes GFP and results in biFC (green biofluorescence). BiFC 
overlaps the distribution of Tau (α-hTau/biFC merge; nuclei counter-stained with DAPI in blue). Also, biFC and 
α-hTau-staining are found along microtubules, visualized with an antiserum against α-tubulin (α-tub; cyan dye; 
image on the far right). (C and D) Same as above but for C-terminally tagged Tau-S11. Scale bars: 10 µm.
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nuclear TDP-43 assemblies9. In contrast, the biFC signal faithfully reflected the subcellular distribution of either 
Tau or TDP-43 when tagged with the eleventh β-strand of GFP, independently of the S11 or T11 sequence.

To rule out artifactual GFP1–9 driven interactions, we produced recombinant GFP1–9 (see Supplementary 
Fig. S3). Indeed, triFC occurred when adding recombinant GFP1–9 post-fixation to permeabilized HEK-293 and 

Figure 2. Cellular localization of TDP-43 multimers revealed by GFP triFC. (A) Schematic rendition of two 
variants of human Tau each independently tagged at the N-terminus with T10 and T11, co-expressed with the 
GFP1–9 sensor but not leading to GFP reconstitution. (B) Confocal images of C17.2 cells transfected with T10-
Tau, T11-Tau and GFP1–9 (upper row) or GFP1–10 (lower row). (C and D) Same as in (A and B) but for TDP-43 
instead of Tau. Dimerization of the tagged TDP-43 proteins steers T10 and T11 in an orientation and distance 
allowing triFC. The presence of Tau or TDP-43 was confirmed by immune staining with the corresponding 
specific antibody (red dye). In contrast to Tau that does not generate a triFC signal, expression of T10-TDP-43, 
T11-TDP-43 and GFP1–9 in the same cell results in triFC (green biofluorescence) co-localizing with the α-TDP-
43 staining in the nucleus of transfected cells. Microtubule-associated Tau and nuclear TDP-43 reconstitute 
biFC when tagged with T11 and co-transfected with GFP1–10. For the merged images on the right, an antiserum 
to α-tubulin was used (α-tub; cyan dye). Scale bar: 10 µm.
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Figure 3. Biochemical and quantitative analysis of the GFP triFC complex. (A) Confocal images of HEK-
293 cells transfected with T10HA-TDP-43, T11β1-TDP-43 and GFP1–9 plasmids and immune stained with the 
β1 mouse antibody (red dye) and the α-HA antiserum (cyan dye). Their co-localization (β1/α-HA merge) 
reconstitutes the triFC ternary complex (green biofluorescence). Scale bar: 10 µm. (B) T10HA-TDP-43 and 
T11β1-TDP-43 (just above the 55 kDa marker) were also detected in RIPA lysates of cells transfected with the 
indicated plasmids by duplex-western blot with the β1 (upper panels, red) and α-HA (lower panels, cyan) 
antibodies. (C) Scheme of the immune isolation procedure for the triFC complex using the GFP trap system. 
(D) Western blot analysis of the immune isolates obtained from the cell lysates prepared for (B), showed the 
isolation of the triFC complex containing T11β1-TDP-43 (β1 blot) and T10HA-TDP-43 (α-HA blot) but not for 
the negative controls, or when replacing T11 with S11 (blot on the left). T11β1-TDP-43 and S11β1-TDP-43 were 
isolated in the presence of GFP1–10 (blot on the right). (E) Scheme of the biFC/triFC solid-phase immune assay 
with an α-GFP antiserum as capture and β1 as detection antibody. (F) The data obtained with the α-GFP/
β1 immune assay for the cell lysates analysed in (B) were consistent with the immune isolation data shown in 
(D). Background value (0%) was determined for mock transfected cells, whereas the value obtained for the 
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C17.2 cells expressing T10HA-TDP-43 and T11β1-TDP-43 (see Supplementary Fig. S3 and data not shown). The 
presence of both TDP-43 forms in the same cells was confirmed by immune staining with the α-HA rabbit anti-
serum and the mouse β1 monoclonal antibody specific for the epitopes inserted in the respective linkers. No 
post-fixation triFC was obtained for cells expressing only T11β1-TDP-43. These data indicated that self-assembly 
of TDP-43 in the cell nucleus occurs physiologically in the absence of co-transfected GFP1–9.

Biochemical validation of cellular protein-protein interactions. We demonstrated the selective 
spatial reconstitution of a triFC-positive T10HA-TDP-43/T11β1-TDP-43/GFP1–9 complex in both mouse C17.2 
and human HEK-293 cells. Because of the generally higher expression obtained by plasmid transfection in 
HEK-293 cells, we chose this cell system for the optimization and implementation of quantitative assays for 
biFC and triFC. Cells were transfected with T10HA-TDP-43, T11β1-TDP-43 and GFP1–9 or specificity controls 
including empty plasmid mock transfection, absence of the sensor GFP1–9, only one of the two tagged (T10 or 
T11) TDP-43 binding partners, or S11β1-TDP-43 instead of T11β1-TDP-43 (Fig. 3). The co-expression of GFP1–9, 
T10HA-TDP-43 and T11β1-TDP-43 resulting in positive triFC signal was first monitored by confocal microscopy 
(Fig. 3A). For all conditions, the presence or absence of both tagged TDP-43 proteins was confirmed in RIPA 
lysates by duplex-western blotting using the β1 and α-HA antibodies in pooled cell lysates from biological trip-
licates (Fig. 3B). Cell lysates were then processed with a GFP-specific cameloid single-chain antibody bound to 
magnetic beads (Fig. 3C). The immune-isolated complex was washed and the α-GFP bound material was eluted 
by boiling in the presence of SDS. The immune-isolated samples were then analysed by denaturing SDS-PAGE 
by β1 and α-HA duplex-western blot. The immune precipitation and western blot (IP/WB) procedure led to the 
detection of the GFP trimolecular complex containing T10HA-TDP-43 and T11β1-TDP-43 (Fig. 3D). None of 
the tagged TDP-43 forms was present in the immune isolates obtained from the specificity controls (Fig. 3D). In 
contrast, when GFP1–10 was present instead of GFP1–9, T11β1-TDP-43 and S11β1-TDP-43, but not T10HA-TDP-43, 
were recovered in the immune isolates (Fig. 3D). These data showed that the presence or absence of a triFC signal 
observed by fluorescence microscopy faithfully reflected the extent of trimolecular GFP complex reconstitution 
evaluated biochemically.

Quantification of cellular protein-protein interactions using bi/triFC. Prompted by the biochem-
ical results, we undertook the development of analytical procedures for a quantitative assessment of TDP-43 
self-assembly based on triFC. For this, we developed sandwich immune assays for determining reconstituted GFP 
complexes or their components utilizing antibody pairs against different members of the triFC complex. For the 
first assay, a rabbit antiserum specific for GFP was adsorbed to the microtiter plates in order to capture GFP1–9 or 
GFP1–10. The β1 monoclonal antibody was then used to determine the amount of T11β1- or S11β1-TDP-43 bound 
to one or the other GFP sensors (Fig. 3E). With this assay, we processed each individual cell lysate from the bio-
logical triplicates analysed as pooled samples by IP/WB. Consistent with the IP/WB data (Fig. 3D), in the pres-
ence of the GFP1–9 sensor the only significant signal for the GFP/β1 complex was obtained for cells co-transfected 
with T10HA-TDP-43 and T11β1-TDP-43, but not for the negative controls (Fig. 3F; P = 0.0001). In contrast, 
reconstitution of the biFC complex was observed for all cells expressing GFP1–10 in combination with T11β1- or 
S11β1-TDP-43 (Fig. 3F). Replacing the β1 detection antibody with a monoclonal antibody specific for human 
TDP-43 produced virtually the same outcome (see Supplementary Fig. S4). The exception was a marginally signif-
icant value (P = 0.014) for the T10HA-TDP-43/S11β1-TDP-43/GFP1–9 complex, confirming the strongly reduced 
- but detectable - penchant of S11 to generate triFC when compared to T11. These data also showed that T10, T11, or 
S11 did not bind to GFP1–9 in the absence of the matching β-strand of GFP. The presence of the β1 tagged TDP-43 
in all samples was confirmed with a TDP-43/β1 assay for all cells transfected with T11β1- or S11β1-TDP-43, inde-
pendently of the presence of GFP1–9 or GFP1–10 (see Supplementary Fig. S4).

To corroborate the quantitative immune assay data with another independent quantitative analysis, we used 
cytofluorimetry. This technique allowed determining the relative number of triFC-positive cells and their mean 
fluorescence intensity within a large sample of living cells. The gate for triFC (or biFC) positive cells was defined 
based on the mock-transfected conditions as maximal five false positive counts among the 10,000 counts analysed 
(Fig. 3G). All values were then calculated as percent ± standard deviation of the value obtained for biFC cells 
transfected with T11β1-TDP-43 and GFP1–10 (100 ± 8% positive cells; 100 ± 10% mean fluorescence intensity cor-
responding to a mean fluorescence of 4.71 ± 0.48 a.u., i.e. 46-fold higher than the mean fluorescence measured for 
the negative cells below the gate with a mean fluorescence of 0.10 ± 0.01 a.u.) without subtracting the background 
values obtained for mock-transfected cells (0.2 ± 0.1% false positive cells; 15 ± 1% mean fluorescence intensity 
corresponding to a mean fluorescence of 0.71 ± 0.03 a.u.). Expression of T10HA-TDP-43, T11β1-TDP-43 and 
GFP1–9 resulted in 54 ± 7% of triFC positive cells, which displayed 95 ± 5% fluorescence intensity (both readouts 
P = 0.0001). None of the other conditions, in the presence or absence of GFP1–9, resulted in substantial differences 

GFP1–10/T11β1-TDP-43 dimer was defined as 100% (% of T11 biFC). (G) Before lysis, 10,000 transfected cells 
were analysed by cytofluorimetry. The plots show mean fluorescence versus cell number for mock-transfected 
cells (inset) or cells expressing the T10HA-TDP-43, T11β1-TDP-43 and GFP1–9 triFC complex. The threshold 
value for fluorescent cells (dotted vertical line) was arbitrarily defined at the fluorescence value corresponding 
to 0.05% false positive hits for mock transfected cells. (H) Percent fluorescent cells (light grey) and mean GFP-
fluorescence (dark grey) obtained by cytofluorimetry of cells expressing the indicated proteins. The value of 
T11β1-TDP-43/GFP1–10 cells was defined as 100% for both read-outs. (F and H) Percent values are means with 
standard deviations of biological triplicates and one-way ANOVA followed by Dunnett’s multiple comparisons 
to mock cells. Adjusted P values ****; #; § < 0.0001.
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from mock-transfected cells (Fig. 3H). This was also the case for cells transfected with the T10HA/S11β1-TDP-43 
pair, confirming that S11 cannot effectively replace T11 in complementing T10 and GFP1–9 in the triFC complex. 
Consistent with the previous results, close to maximal values were obtained for biFC in cells transfected with 
GFP1–10 in combination with T11β1-TDP-43 or S11β1-TDP-43 (Fig. 3H). Thus, we inferred that the biFC signal 
could represent an adequate read-out for determining the expression level of proteins tagged with T11 and thus for 
normalizing triFC when performing comparative studies. We conclude that quantification using triFC and biFC 
is an accurate method for measuring in parallel protein expression and protein-protein interactions in living cells.

Quaternary structural information of protein assemblies from triFC. Collectively, our data indicate 
the efficacy of triFC in conjunction with independent (orthogonal) read-outs not only for visualizing specific 
TDP-43 assemblies inside cells, but also for the quantitative determination of intermolecular interactions. We 
anticipated that triFC might additionally provide quantitative information on how different domains of a modu-
lar protein, such as TDP-43, contribute to self-assembly. To assess this, we analysed the effect on triFC and mul-
timerization when switching the T11 tag from the N-terminus to the C-terminus of TDP-43 with an α-HA/α-GFP 
immune assay or by IP/WB (Fig. 4). We recently reported that triFC of TDP-43 is strongly affected by the location 
of T10/T11 tags, which is in line with our high resolution structure of TDP-43 oligomers that form via asymmetric 
head-to-tail inter-molecular interactions9.

HEK-293 cells were thus transiently transfected with T11-TDP-43 or TDP-43-T11 in the presence of 
T10HA-TDP-43 and GFP1–9 whereas the absence of T11-tagged TDP-43 served as negative control. One day later, 
cells were lysed and analysed with the α-HA/α-GFP immune assay. The experiment was run as biological tripli-
cates and the average value for the triplicates were given as percent of the N-terminal pair ± standard deviation 

Figure 4. C-terminal T11 blocks triFC but not TDP-43 multimerization. (A) Scheme of the solid-phase immune 
assay detecting the ternary triFC complex in the presence of GFP1–9 captured with an α-HA antibody and 
detected with an α-GFP antiserum. (B) Cell lysates analysed with the α-HA/α-GFP immune assay show that 
T10HA-TDP-43 forms the triFC complex in the presence of T11-TDP-43 but not of TDP-43-T11, or in its absence. 
(C) Scheme of the solid-phase immune assay for protein multimers in the presence of GFP1–10. T10HA-TDP-43 
is captured with an α-HA antibody and associated T11-β1-TDP-43 bound to GFP1–10 is detected with an α-GFP 
antibody. (D) T10HA-TDP-43 binds equally well to T11-TDP-43 and TDP-43-T11. For (B and D) cells were lysed 
under mild detergent conditions in order to preserve self-assembled TDP-43. (B and D) show mean values 
with standard deviations of biological triplicates with the N-terminally tagged TDP-43 pair defined as 100%. 
One-way ANOVA and Dunnett’s multiple comparisons to the negative control. Adjusted P values *** < 0.001. 
Same conditions were also analysed by western blot with an α-HA rabbit antiserum before (WB) or after (IP/
WB) immune isolation with the GFP trap system in the presence of GFP1–9 for the triFC complex (E and F) or 
GFP1–10 for protein multimers (G and H). The protein labelled with an asterisk in (F and H). results from an 
unspecific reaction of the α-HA antibody in cell lysates (WB) that it is not immune isolated by the GFP trap 
system (IP/WB).
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(100.0 ± 26.9%), which was significantly different (P = 0.0009) from the negative control obtained in the absence 
of T11-tagged TDP-43 (11.5 ± 3.0%) (Fig. 4B), consistent with the above-described immune assays (Fig. 3F and see 
Supplementary Fig. S4). More interestingly, we found that co-expression of the N-terminally tagged T10-TDP-43 
with the C-terminally tagged TDP-43-T11 reconstituted poorly (37.1 ± 4.7%), the triFC complex - without reach-
ing statistical significance (P = 0.16) - in the presence of GFP1–9 (Fig. 4B). In contrast, in the presence of GFP1–10 
that together with T11 reconstitutes biFC, co-transfection of the N-terminal pair (100.0 ± 24.2%; P = 0.0009) or 
the N-terminal T10/C-terminal T11 pair (113.5 ± 18.9%; P = 0.0005) resulted in similarly positive significant val-
ues (Fig. 4D), illustrating the accessibility of the T11 tags in both cases. In line with this, IP/WB as immune iso-
lation of the triFC complex was much more efficient for the N-terminal pair when compared to the N-terminal 
T10/C-terminal T11 pair (Fig. 4E and F). In contrast, the α-GFP coated beads isolated efficiently T10-TDP-43 
associated with both the N-terminally and C-terminally T11-tagged TDP-43 bound to GFP1–10 (Fig. 4G and H). 
Altogether, these data verified our hypothesis that triFC was specific for determining TDP-43 self-assembly only 
when the two complementary β-strands are in proximity and with the correct orientation to permit GFP recon-
stitution. This occurred when T10 and T11 were fused at the N-terminus of TDP-43, a result consistent with the 
involvement of the NTD of TDP-43 in mediating oligomerization9. Instead, the α-HA/α-GFP immune assay 
performed on lysates obtained from cells expressing GFP1–10, detected TDP-43 self-assembly independently of the 

Figure 5. TDP-43 multimerization is driven by its N-terminal domain. (A) Schematic representation for the 
selective detection of TDP-43 interacting domains by GFP triFC. (B) Cytofluorimetric analysis of relative 
fluorescent (triFC-positive) cells (light grey) and their mean GFP-fluorescence (dark grey) for 10,000 human 
SH-SY5Y neuroblastoma cells transfected with the indicated plasmids. Only the N-terminal tagged TDP-43 
pair and the C-terminal tagged NTD pair reconstitute triFC. Values are means with standard deviations of 
biological triplicates shown as percent of the N-terminal TDP-43 pair. All triFC values were normalized with 
the respective biFC values obtained in the presence of GFP1–10 as measure of T11-tagged TDP-43 expression. 
One-way ANOVA followed by Dunnett’s multiple comparisons to mock transfected cells. Adjusted P values 
* < 0.05; # < 0.0001; $ < 0.001. (C) Scheme representing the perturbation of TDP-43 multimerization 
(compared to the wt pair; top) caused by the insertion of point mutations within the NTD and expected to 
partly (2 MH/2 MT pair; middle) or completely (2 MT/2 MT pair; bottom) impair TDP-43 self-assembly. (D) 
SH-SY5Y cells were transfected with the indicated combinations of mutant T10HA-TDP-43 or T11β1-TDP-43 
in the presence of GFP1–9. Cell lysates were then analysed with the α-GFP/β1 solid-phase immune assay for the 
triFC complex and normalized for T11β1-TDP-43 determined with the α-TDP-43/β1 immune assay. Values are 
means with standard deviations of biological triplicates and are expressed as percent of the value obtained for 
the wt pair. One-way ANOVA and Dunnett’s multiple comparisons to the negative control. Adjusted P values 
**** < 0.0001.
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orientation of the two β-strands of GFP. This occurred because T10HA-TDP-43 was captured by the α-HA-specific 
antibody, whereas the presence of the co-isolated T11-tagged TDP-43 was revealed by the GFP1–10/α-GFP detec-
tion system. Altogether, our triFC data combined with orthogonal readouts show the versatility of the method to 
characterize quaternary structural organization of modular-domains containing protein such as TDP-43.

Validation of inter-molecular interface within protein assemblies with triFC. To further assess the 
biological relevance of these results, we tested all possible combinations of N- and C-terminal T10- or T11-tagging 
of TDP-43 for reconstitution of triFC in SH-SY5Y cells, a human cell line of neuronal origin. Cells were thus 
transiently transfected with the four combinations of tagged TDP-43 and 24 h later they were analysed by cyto-
fluorimetry for reconstituted GFP fluorescence (Fig. 5A and B). The values of each TDP-43 pair in the presence of 
the GFP1–9 sensor (triFC) was normalized for the values obtained in the presence of the GFP1–10 sensor (biFC) as a 
surrogate measure of T11-tagged TDP-43 expression. The average values for three independent experiments were 
reported as percent of the N-terminally tagged pair. This was also the only TDP-43 pair for which statistically 
significant values in terms of number of fluorescent cells (p = 0.0001) and mean fluorescence (P = 0.0002) were 
obtained when compared to the N-/C-terminal mixed pairs (Fig. 5B). These data obtained in SH-SY5Y cells were 
consistent with the qualitative data reported for mouse C17.2 cells9, and were coherent with therein described 
physiological self-assembly of TDP-43.

Nuclear TDP-43 oligomers represent the functional form of the protein and are assembled by the stacking of 
contiguous NTDs9. Notably, this active form of TDP-43 appeared to position the respective C-terminal regions 
sufficiently distant from each other9 so that no substantial interaction was detected by triFC for the C-terminal 
pair (Fig. 5B). Much in contrast, a significant amount of fluorescent cells (50 ± 20%, P = 0.012) displaying a signif-
icant mean fluorescence (89 ± 30%, P = 0.0004) were recovered for the C-terminal pair when TDP-43 was trun-
cated at the end of the NTD (Fig. 5B). Overall, these data showed that the combination of triFC/biFC read-outs 
could illustrate which protein domains interact in living cells in a quantitative manner.

The data also support a model where the NTD is sufficient to initiate and drive the self-assembly of TDP-43 
in the absence of the RNA binding domains. In order to better analyse this process, we assessed the use of the 
methodologies we developed for the identification of the molecular determinants of NTD self-assembly based on 
our recently published structural data9 of TDP-43 in oligomeric state. These data showed the molecular interac-
tions of two contiguous NTDs of TDP-43 resulting in a head-to-tail mode of oligomer assembly, and in particular 
specified the critical role of two amino acids in the head and four amino acids in the tail. We thus tested specific 
mutations in the head (2 MH; R52A and R55A), in the tail (2 MT; E17A and E21A), both combined (4 M) or with 
six mutations (6 M; E14A, E17A, E21A, Q34A, R52A and R55A) of N-terminally tagged T10/T11-TDP-43 (Fig. 5C 
and D) for their effect in reconstituting the triFC complex in human SH-SY5Y cells using the α-GFP/β1 immune 
assay. The GFP/β1 signals were normalized for T11β1-TDP-43 expression determined with the α-TDP-43/β1 
immune assay. Finally, the values obtained for the mutant pairs were calculated as percent of wild-type TDP-43 
(wt; 100 ± 15%, P = 0.0001). Consistent with the structural data, mutation on both T10- and T11-tagged TDP-
43 molecules of two (2 MT/2 MT; −1 ± 45%), four (4 M/4 M; 10 ± 4%), or six (6 M/6 M; 1 ± 3%) of the amino 
acids involved in NTD interaction interface was sufficient to completely impair TDP-43 self-assembly and thus 
triFC reconstitution. Mutation of six amino acids on only one of the two TDP-43 members of the triFC complex 
(wt/6 M; 4 ± 9%) also blocked triFC reconstitution (Fig. 5D). Based on the proposed model, two NTDs assemble 
through two interfaces placed one on the head and one at the tail of the domain. Consistent with the head-to-tail 
model of NTD self-assembly, combining a TDP-43 pair where one partner carried two mutations on the head and 
one partner carried two mutations in the tail should limit TDP-43 to dimers (Fig. 5C). Indeed the triFC signal for 
the 2 MH/2 MT pair was significantly rescued (47 ± 2%; P = 0.0001) albeit reduced by about half when compared 
to the wt pair (Fig. 5D). The difference in triFC complex reconstitution between the blocked dimer (2 MH/2 MT 
pair) and wt TDP-43 indicates that triFC distinguishes these two forms that present different propensity for oli-
gomeric growth.

Altogether these results demonstrate the versatility of bi/triFC in conjunction with orthogonal immune assays 
and cytofluorimetry as a method to characterize and quantify protein-protein interactions in cells as well as to 
obtain structural information of protein assemblies inside cells.

Discussion
Cellular functions entail the matched action of proteins in multimeric assemblies and cellular pathways defined 
as molecular machines. Depending on the biological process, proteins interact with their binding partners with 
a wide range of affinities leading to either transient or long-lived complexes. The modification of the quater-
nary state of a protein complex can be regulated e.g. by ligand binding or more general variations, such as those 
occurring under stress conditions31. In this study, we investigated TDP-43, a FTD- and ALS-associated protein 
that incorporates in at least three distinct assemblies. Functional nuclear homo-oligomers entail the interaction 
of adjacent NTDs of TDP-43, bind nucleic acids and catalyse mRNA splicing9. Cytosolic membrane-less gran-
ules form in response to cellular stress from mRNA and mRNA-binding proteins, including TDP-43, interact-
ing through their intrinsically disordered domains32. Finally, during disease progression TDP-43 accumulates in 
pathological inclusions in dysfunctional neuronal and glial cells27. Therefore, the study of protein-protein inter-
actions is crucial for understanding cell function in health and disease.

Many methodologies have been developed to characterize multimeric protein assemblies. These include 
cell-free approaches such as affinity-based procedures, surface plasmon resonance or calorimetry33,34. Genetic 
screens (two-hybrid systems, phage-display assays) are also used to define interactomes35,36. Paradigms to inves-
tigate protein interactions in living cells were designed more recently, including BRET37, FRET10,11, and pro-
tein complementation restoring enzymatic activity12,13 or biofluorescence38. We selected and further developed 
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fluorescence complementation in order to better understand which qualitative and quantitative information, 
and which limitations this technique may offer when studying native biomolecular interactions within cells. In 
particular, we focused on the methodologies developed by Waldo and colleagues18,22 since splitting GFP into 
fragments of substantially different size results in the use of relatively small protein tags for modifying the protein 
of interest, whilst preserving versatile applications. In fact, triFC represents an advantage over biomolecular based 
FRET or enzyme complementation because of the reduced size of the tags. triFC is also more advantageous than 
FRET based on proteins labelled with synthetic fluorophores injected in the living cells, because the GFP-derived 
tags are only slightly larger than the chemical FRET probes but can be easily expressed in cells39. triFC offers the 
opportunity to localize precisely the subcellular site of protein-protein interaction when compared to enzymatic 
complementation technologies that generate more broadly dispersed products.

We showed that the information delivered by biFC is mostly limited to detecting and assessing protein 
expression, as well as investigating its intracellular distribution in living cells. biFC has found application also in 
protein-protein interaction studies when the GFP1–10 sensor (or other FP fragments) was used to tag a protein of 
interest40,41. Nevertheless, spontaneous self-assembly of two FP fragments leads directly to the formation of a high 
affinity biFC complex, hence increasing the likelihood of false positive signals when compared to triFC.

Upon reconstitution, the two GFP fragments are virtually irreversibly bound to each other so that biFC 
becomes very similar to a simple fusion of the protein of interest to the intact GFP. Post-fixation fluorescence 
reconstitution may even solve the limitation of irreversible reconstitution, and thus it may be employed as an 
end-point read-out. Moreover, biFC presents attractive features in terms of flexible choice of where to place the 
tagging β-strand (at both ends but also within the protein of interest), and the use of the same β-strand for recon-
stituting fluorescent proteins with different emission wavelengths21. Alternatively, biFC represents a powerful 
technology to detect the appearance of a protein in atypical subcellular locations, such as the appearance of a 
cytosolic protein in the lumen of an organelle20,21. We also provide evidence that biFC is suited for quantitative 
read-outs that are advantageous when e.g. normalizing for protein expression. Indeed, we demonstrated that S11 
can be replaced with T11 making this latter the sequence of choice both for biFC and triFC. Ultimately, the use of 
biFC is not limited to transfected cells but it can be adapted to study endogenous proteins19.

For triFC, we obtained evidence that fluorescence reconstitution from GFP1–9 is not driven only by the interaction 
of a T10-protein with a T11-tagged binding partner22,42,43. Rather, triFC attests that the two interacting proteins dictate 
the correct spatial orientation and distance of the two β-strands T10 and T11. Thus, the choice of spacer length defines 
the likelihood of ternary fluorescence reconstitution to the point that a sufficiently long spacer would make the posi-
tion of the β-strands irrelevant when studying protein assembly22,43, although this would need to be evaluated against 
the risk of losing the active contribution of the interacting partners to the reconstitution process. Conversely, the 
influence of spacer length abbreviation or elongation on the efficiency of triFC delivers information on the position 
and distance between domains of interacting partners or belonging to the same protein43.

The cytofluorimetric data establish that in transiently transfected cells the mean fluorescence intensity gener-
ated by triFC is very similar to that generated by biFC, signifying that reconstituted GFP from two or three frag-
ments delivers complemented molecules with similar fluorescent emission efficiency. In contrast, the number of 
cells positive for triFC was about half as high as that obtained for biFC. Suboptimal positioning of two β-strands, 
weak or transient protein interaction or the fact that an intramolecular reaction between three components 
instead of two is less likely to occur may explain this difference. It should be noted that although triFC complex 
formation is primarily driven by the interaction of the two proteins tagged with the T10 or T11 β-strands of GFP, 
the further addition of the GFP1–9 sensor leads to an irreversibly assembled complex22. In order to standardize 
protein modification with T10 or T11, we generated parental plasmids for N- or C-terminal tagging of a protein of 
interest. Each β-strand and spacer nucleotide coding sequence contained single-restriction sites simplifying the 
engineering of sequences encoding different epitopes or when modifying the spacer length or composition. The 
four tagged versions of the same protein can each be singularly detected by antibodies against each of the four 
epitopes contained in the different tags.

We adapted biFC and triFC for different, orthogonal read-outs, some of which provide quantitative assess-
ments of protein expression and interaction. Multiple read-outs, in particular when the analysis by fluorescence 
is complemented for the same samples with fluorescence-independent read-outs, reduce substantially the like-
lihood of false negative and positive outcomes, such as intra- or inter-molecular fluorescence quenching. An 
additional important aspect was the possibility to quantify triFC in intact cells, followed by complementary bio-
chemical investigations of the triFC complex after cell lysis. In principle this could also serve to analyse protein 
assembly-specific post-translational modifications or protein conformation assuming the availability of specific 
antibodies. Quantitative read-outs for triFC complemented with biFC-based normalization for protein expres-
sion were particularly informative when studying TDP-43 in cells. In this respect, we expect that the flexibility 
and robustness offered by triFC is a specific attribute of this technology when compared to alternative technolo-
gies to study protein-protein interaction in cells.

Our data confirm that Tau is found mostly associated with the microtubular cytoskeleton. Addition of small 
sequences at the N- or C-terminus did not overtly interfere with microtubule binding. Using triFC, we were not 
able to detect the formation of Tau multimeric assemblies, indicating the absence of Tau multimers under our 
experimental conditions or wrong orientation of the β-strands. It should be noted that in cells expressing high 
levels of Tau upon transient transfection, we observed few cells positive for triFC (not shown), possibly indicating 
a stochastic process of (irreversible) GFP reconstitution that may reduce the specificity of triFC assay under these 
conditions. We showed that post-fixation addition of recombinant GFP1–9 reconstitutes GFP fluorescence, thus 
representing a strategy to verify protein multimerization in cells in the absence of GFP1–9 sensor.

With regards to TDP-43, confirming the recently published structural and functional evidence9, our data 
demonstrate the critical role of the NTD of TDP-43 for its functional oligomerization, as exemplified by the 
nuclear triFC signal observed by confocal microscopy. The importance of the NTD of TDP-43 in assembling an 
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active RNA splicing multimer was shown using a GFP-fusion protein9, suggesting a likely functional integrity 
of the TDP-43 triFC complex. More importantly, we provide experimental evidence in cells for the identifica-
tion of specific amino-acids in the NTD of TDP-43, which mediate the interface interactions necessary for its 
self-assembly. This also highlights the ability of biFC/triFC for identifying the interacting domains of proteins and 
the molecular determinants of this interaction. The fact that triFC requires an accurate tailoring for positioning 
the complementing GFP chain on the protein of interest is more challenging but represent an unique and inform-
ative feature offered by this technology when compared to alternative strategies such as BRET or biomolecular 
FRET. We expect that the use of the reconstituted GFP as an immune isolation bait may become instrumental for 
the specific identification of post-translational modifications of interacting partners within a molecular complex.

The triFC technology combined with the orthogonal assays described in this report offer a unique way to 
study the physiological and pathological states of other proteins implicated in neurodegeneration. Mutations in 
various RNA binding proteins such as hnRNP A1, hnRNP A2/B1, FET protein family (FUS, TAF-15, EWSR1) 
Matrin-3, TIA-1 and Ataxin-244 are implicated in various neurodegenerative diseases. Similarly to TDP-43, the 
modular-domain architecture of these RNA binding proteins not only allows the incorporation of T10 and T11 
tags at the extreme N- or C-termini but also in the flexible regions such as inter-domain linkers, thereby spe-
cifically positioning the tags in proximity to the desired domain. Therefore, in addition to investigating direct 
protein-protein interactions, the technology can further be expanded to analyse indirect interactions such as 
those depending on a cofactor, such as RNA, for the above-described proteins in neurodegeneration.

Overall the data obtained demonstrate the utility of technologies based on fluorescence reconstitution in the 
context of studies aimed at investigating the biochemistry and cell biology of proteins involved in neurodegen-
erative disorders.

Materials and Methods
Expression plasmids. The plasmid pcDNA3 was used as backbone mammalian expression vector for all 
cDNA constructs in this study. The plasmid encoding GFP1–10 was kindly provided by Dr. Tito Calì, University 
of Padova20. It covered the amino acid sequence of the first ten β-strands of an optimized form of the superfolder 
green fluorescent protein as described18. The plasmid for GFP1–9 was custom synthesized (GenScript) with opti-
mized mammalian codons and amino acid sequence corresponding to the GFP1–9 OPT protein22 with exception 
of two additional amino acids (Asp-Ile) inserted after the initial Met creating a restriction site for EcoRV.

The plasmid encoding for S11-Tau was obtained by the polymerase chain reaction (PCR) using as template 
a synthetic Tau cDNA (Promogène/Texcell). The 105 base-long forward primer 5 ′T TC G GA TC C AT GC GG GA 
CC AC AT GG TG CT GC AC GA GT AC GT GA AC GC CG CC GG CA TC AC AG GC GA CG GC GGCAGCGGCGGCG
GCAGCGCTGAGCCCCGCCAGGAG encoding the S11 β-strand of GFP followed by a nine amino acid linker 
and the 32 base-long reverse primer 5′TTCACTCGAGTCACAAACCCTGCTTCGCGAGG were used. The PCR 
fragment was then inserted in the single-cutting restriction sites BamHI/XhoI present in the poly-linker of the 
expression plasmid and in the primers (underlined sequences). The plasmid for Tau-S11 was kindly generated 
by Dr Tito Calì (University of Padova) with the forward primer 5′GATCAGGATCCATGGCTGAGCCCCGCC 
and t he reverse primer 5′T CT CA C TC GA G TC AT GT GA TG CC GG CG GC GT TC AC GT AC TC GT GC AG CA CC-
AT GT GG TC CC GG CT GC CG CC GCCGCTGCCGCCGTCGCCCAAACCCTGCTTCGCGAGG. All Tau con-
structs described in this work encoded for the 441 amino acid-long splice variant 2N4R of human Tau. Fusion 
Tau constructs were designed in a way that they lacked either the initial methionine when adding an N-terminal 
sequence or the stop codon for the C-terminal modification.

For generating fusion proteins modified with the tenth (T10) or eleventh (T11) β-strand of GFP fused at the  
N- or C-terminus of Tau or TDP-43 for trimolecular GFP complementation22, we prepared parental plasmids with  
custom synthesized D NA fragments (GenScript). The plasmid for N-terminal T10HA- carried the sequence  
5 ′ A  AG  C T  T  A C  CA  T G  GA  T C  TC  C C  AG  A C  GA  T C  AT  T A  CC  T G  TC  C A  CC  C A  GA  C A  AT  C C  TG  A G  CA  A A  GA  T C  T 
T  A A  TG  G G  GT  A C   CA  G G  T T  A C   CC  A T  AC   G A  TG  T  T  CC AG AT  TA CG CT GGACCTAGCGGCGGT
GAGGGCTCAGCCGGCGGAGGACCGGTCGGAGGCGGATCC i n the HindIII/BamHI sites of 
pcDNA3. Plasmid T11β1- carried 5 ′A AG CT T AC CA TG GA GA AG AG GG AC CA CA TG GT GC TG CT 
GG AG TA CG TG AC CG CC GC CG GC AT CA CC GA CG CC TC GG GG GT AC CA GG TT CA GA GT TC-
AG GC AC GA CA GC GG CG GA CCCGGGAGCGGCGGTGAGGGCTCAGCCGGCGGAGGACC
GGTCGGAGGCGGATCC. Control plasmid for S11β1- carried 5 ′A  A G  CT  T   AC  C A  TG  C G  GG  A C  C
A  T A  TG  G T  GC  T G  CA  C G  AG  T A  CG  T G  AA  C G CC GC CGGCATCACAGGGGTACCAGGT TCAGA 
G  T T  C A  G G  C A  C G  A C  A G  C G  G C  G G  A C  C C  G G  G A  G C  G G  C G  G T  G A  G G  G C  T C  A G  C C  G G  C G -
GAGGACCGGTCGGAGGCGGATCC. The sequences encoding for the single β-strands of GFP were followed 
by peptide linkers (see Supplementary Fig. S2) carrying either the commercial α-HA antibody-epitope or the β1 
antibody-epitope developed in the laboratory45 but also recognized by the commercial monoclonal antibody 6E10 
against a human-specific epitope of the β-amyloid peptide. The plasmid for C-terminal T10 followed by the C-terminal 
Aβ40 epitope was obtained by inserting in the XhoI/XbaI sites of pcDNA3 5 ′C  T C  GA  G   GG  C G  GA  C C  CG  G G  AG  
C G  GC  G G  TG  A G  GG  C T  CA  G C  CG  G C  GG  A G  GA  C C GG TC GGAGGCGGAAGCGGGATATCAGGTTCAAT 
G GA TC TC  C C AG AC  GA TC AT  TA C C TG TC  CA C C  CA GA CA AT C C TG AG CA AA GA TC T T AA-
TCTCATGGTAGGCGGAGTAGTCTAGA. C-terminal T11 followed by the Aβ42 epitope had the sequence 5 ′
C  T C  GA  G   GG  C G  GA  C C  CG  G G  AG  C G  GC  G G  TG  A G  GG  C T  CA  G C  CG  G C  GG  A G  GA  C C  GG TC GG AGGCGGA
AGCGGGATATCAGGTTCAGAGAA GA GGGACCACATGGTGCTGCTGGAGTACGTGACCGCCGCCG
GCATCACCGACGCCTCGGGAGGAGTAGTGATCGCGTAGTCTAGA. All plasmids encoded the complete 
amino acid sequences of the respective human proteins, including the initial methionine. C-terminal tagging for 
TDP-43-T10 and TDP-43-T11 was obtained by eliminating the stop codon of TDP-43 and in frame BamHI/Xhol 
subcloning into the corresponding parental plasmids, respectively. NTD-T10 and NTD-T11 covered the 105 amino 
acid N-terminal fragment of TDP-43.

http://S2
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Cell culturing and plasmid transfections. Mouse multipotent neural progenitor C17.2 cells (07062902, 
ECACC), human neuroblastoma SH-SY5Y cells (94030304, Sigma-Aldrich) and human embryonic kidney 
HEK-293 cells (provided by Prof. Maurizio Molinari, IRB, Bellinzona, Switzerland) were cultured in DMEM 
(61965-059, Gibco) supplemented with 1% non-essential amino acids (NEAA; 11140035, Gibco) and 10% FBS 
(10270106, Gibco). Cells were grown in an incubator at 37 °C with saturated humidity and 5% CO2. Cells were 
passaged at confluency with a 1:5–1:20 split.

For plasmids transfection, cells were grown on culture plates coated with poly-D-lysine (P6407, 
Sigma-Aldrich) to 70–80% confluency, usually reached one day after cell plating. C17.2 and SH-SY5Y cells were 
transfected with Lipofectamine 3000 (L-3000-008, Invitrogen) or jetPRIME (114-15, Polyplus-transfection) 
according to the manufacturer instructions. As an example, 17 × 103 C17.2 cells/well were plated on a microscope 
8-well slide (80826, Ibidi). One day later, cells were supplemented with 200 μL/well fresh medium. The transfec-
tion mixture was prepared by mixing solution 1 made with 0.3 μL Lipofectamine 3000 added to 15 μL Optimem 
(11058021, Gibco) and pre-incubated at room temperature for 5 min and solution 2 made with 0.3 μg total plas-
mid DNA diluted to 15 μL with Optimem and 0.3 μL P3000 reagent, pre-incubated at room temperature for 5 min. 
After additional 10 min, the transfection mixture was given slowly to the cells. Transient transfection in HEK-293 
cells was usually performed by plasmid precipitation with calcium phosphate. For this, two equal volumes of 
solution A and solution B were combined by adding drop-wise solution B into solution A while gently mixing. 
Solution A (2xHBS) contained 280 mM NaCl, 1.5 mM Na2HPO4 and 50 mM HEPES. Solution B was prepared 
by diluting the DNA into 0.25 mM CaCl2. Multiple 2xHBS solutions with pH values between 6.96 and 7.04 were 
prepared in order to select the one that produced a light hazy solution after 10 min incubation at room tempera-
ture, i.e. the appearance of fine calcium phosphate crystals when viewed through the microscope. The transfection 
mixture was then slowly added to the cell medium. The culture medium was replaced 4 h after transfection with 
fresh medium and the cells incubated for at least one day before further analysis. Cells were usually analysed in 
live by confocal microscopy prior to fixation and immune staining.

Immune staining. For immune staining or in live analysis, transfected cells were grown on poly-D-lysine 
coated microscope 8-well slides. One day after plasmid transfection, cells were fixed in methanol. For this, the 
culture medium was removed before adding 200 μL/well −20 °C methanol. After 10 min in the −20 °C freezer, 
the methanol solution was removed by aspiration and the fixed cell layer was first gently washed three times with 
PBS (10010-056, GIBCO), then blocked with 300 μL/well 5% normal goat serum, 0.3% Triton X-100 in PBS for 
30 min and washed again with PBS. All further steps were performed at room temperature with a working solu-
tion composed of 0.5% normal goat serum, 0.3% Triton X-100 in PBS. Primary antibodies, usually incubated for 
1 h at 37 °C, were specific for human TDP-43 (1 μg/mL; 60019-2-Ig, Proteintech), human Tau (TAU13; 0.66 μg/
mL, sc-21796, Santa Cruz), GFP (2.5 μg/mL; ab290, Abcam), α-tubulin (0.5 μg/mL; ab1825, Abcam), α-HA 
(8 μg/mL; 51064-2-AP, Proteintech) and β1 (2.3 μg/mL). Secondary antibodies were α-mouse IgG (Alexa594; 
2 μg/mL; A-11032, ThermoFisher), or α-rabbit IgG (Alexa647; 2 μg/mL; A-21245, ThermoFisher). Nuclei were 
counter-stained with 0.5 μg/mL DAPI (D9542, Sigma-Aldrich). Incubations were performed for 1 h at room 
temperature in the dark. Slides were finally washed three times with PBS and stained cells kept in PBS with 
0.05% sodium azide in the fridge. Immune stained cells were analysed with a confocal microscope (Confocal 
Microscope, C2 Nikon). Confocal images were taken with a line by line scan using a sequence of excitation with 
the 405 nm laser line and emission filter 464/40–700/100 nm (represented in blue), followed by 488 nm laser and 
525/50 nm filter (represented in green) and by 561 nm laser and 561/LP nm filter (represented in red). A second 
scan was performed with excitation with the 640 nm laser and emission filter 464/40–700/100 nm (represented in 
cyan), which was then digitally combined with the first scan.

Post-fixation triFC with purified recombinant GFP1–9. Cells co-expressing T10HA-TDP-43 and 
T11β1-TDP-43 were fixed for 10 min at 37 °C directly in cell culture medium by adding one volume of 4% par-
aformaldehyde dissolved in PBS adjusted at pH 7.4 with NaOH (PFA/PBS). This was followed by an additional 
fixation for 5 min at room temperature with 200 μL/well 4% PFA/PBS. After three washes with 100 mM glycin in 
PBS and one wash with PBS, blocking was performed with 300 μL/well 5% normal goat serum, 0.3% Triton X-100 
in PBS for 30 min followed by three PBS washes. Recombinant GFP1–9 was diluted at 1 mg/mL in PBS and incu-
bated 4 h at room temperature on the fixed cells. After three PBS washes, cells were immune stained and analysed 
by fluorescent microscopy (Inverted Research Microscope ECLIPSE Ti-E, Nikon).

For recombinant protein expression in bacteria, the DNA sequence coding for GFP1–9 was PCR amplified 
and cloned into the expression vector - pET-28a(+) with an in-frame N-terminal 6xHis coding sequence. For 
protein expression, the plasmid was transformed into Escherichia coli BL21 codon plus RIL strain (230240, 
Agilent). A kanamycin-resistant single colony was inoculated into 50 mL of Luria-Bertani medium (LB) and 
grown overnight and then diluted into 1 L of LB. The cells were grown at 37 °C to a 0.6–0.8 optical density at 
600 nm. The temperature was reduced to 25 °C and the bacterial cultures were induced for 24 h with 1 mM isopro-
pyl β-D-thiogalactoside. Bacterial cultures were collected by centrifugation at 4200 g for 10 min. The cell pellets 
were resuspended in 20 mL lysis buffer (150 mM NaCl, 100 mM Tris-HCl pH 7.4, 10% (v/v) glycerol, 1 mM DTT, 
10 mM imidazole, protease inhibitors) and lysed by sonication on ice with a 0.5 inch diameter probe (Q500, 
Qsonica sonicator) with 15 sec ON, 45 sec OFF pulses (total sonication ON time 10 min). The lysate was centri-
fuged at 45,000 g for 50 min. The resulting supernatant containing soluble protein was used for GFP1–9 purifica-
tion under native conditions on ÄKTA Prime purification system (Amersham Biosciences) using Ni2+-affinity 
chromatography (5 mL His-Trap column; GE Healthcare). The column was equilibrated with binding buffer 
(150 mM NaCl, 100 mM Tris-HCl pH 7.4, 10% glycerol, 1 mM DTT). Following loading of the sample and exten-
sive washing with binding buffer, recombinant GFP1–9 was eluted with a linear imidazole gradient in the elution 
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buffer (500 mM imidazole in binding buffer). The recombinant GFP1–9 fractions controlled for purity by SDS 
PAGE were pooled, dialyzed in binding buffer, concentrated at 3200 g with a Vivaspin 10,000 MWCO (Sartorius 
Stedium Biotech), repurified on a second Ni2+-affinity chromatography and stored at −20 °C.

Cytofluorimetric analysis. For cytofluorimetric analysis, plasmid transfections were performed in 6-well 
culture plates. Cells were collected by a trypsin treatment and, cautiously resuspended in culture medium in order 
to obtain a single-cell suspension. Cells were then washed with ice-cold PBS, resuspended in 0.5 mL ice-cold PBS 
and kept on ice until analysis. Cytofluorimetry for GFP was performed for 10,000 cells on an analytical device 
(Beckman Coulter, NaviosTM Flow Cytometer) using the 488 nm excitation laser and the FL1 emission channel 
(525/40 nm). Values collected included total cell number, gated cell number and geometric mean fluorescence.

Immune assays. For quantitation or western blot analysis of the triFC complex, the rest of the cell suspen-
sion analysed by cytofluorimetry was centrifuged at 4 °C, 2 min, 1200 rpm with a table-top centrifuge (5417 R, 
Eppendorf). The cell pellet was lysed in ice-cold 80 µL RIPA buffer (R0278, Sigma-Aldrich) with protease (S8820, 
Sigma-Aldrich) and phosphatase (04906845001, Sigma-Aldrich) inhibitors for 30 min on a cooling shaker (5355, 
Eppendorf) at 4 °C and 1400 rpm. The lysates were then incubated on the shaker for additional 15 min at 37 °C 
after adding 10 units of DNAse (4536282001, Sigma-Aldrich) and MgCl2 to 5 mM final concentration. The reac-
tion was stopped with 9 µL 0.25 M EDTA followed by a centrifugation at 4 °C, 10 min, 20,000 g generating a clear 
cell extract. Protein concentration was determined (23227, Pierce BCA Protein Assay Kit) and adjusted to 1 µg/µL.

For the immune assays, microtiter 96-well plates (M9410, Sigma-Aldrich) were coated overnight in the fridge 
with 50 µL/well capture antibodies diluted in PBS; α-GFP (5 μg/mL) or α-TDP-43 (0.6 μg/mL). Plates were then 
washed three times with 200 µL/well 0.05% Tween 20 in PBS (PBS-T), blocked for 1 h at 37 °C with 1% bovine 
serum albumin (A4503, Sigma-Aldrich) in PBS-T, and washed again four times. Cell extracts were diluted 1:10 
with PBS and 50 µL/well added for 1 h at 37 °C, followed by four washes. Detection antibodies β1 (10 μg/mL) or 
α-TDP-43 (2.1 μg/mL) in PBS-T were incubated for 1 h at 37 °C followed by four PBS-T washes. The immune 
assay was developed after 30 min incubation with 1:5000 goat α-mouse IgG-HRP conjugate (170–6516, BioRad), 
four washes, and addition of 3,3′,5,5′-tetramethylbenzidine (T0440, Sigma-Aldrich). The reaction was stopped 
with 2 M phosphoric acid and the optical density red at 450 nm (iMark, BioRad).

Immune isolation on beads, immune blotting. Immune isolation was performed using magnetic 
beads. For this 120 μg total cell extract obtained by pooling biological triplicate samples were brought to a volume 
of 250 μL with ice-cold RIPA buffer. For each samples 3 μL of 30% slurry GFP-trap beads (gtma-20, ChromoTek) 
equilibrated in PBS were added and rotated for 2 h at 4 °C. Using a magnet, the beads were then washed once with 
a 1:1 mixture of RIPA and TBS buffer (150 mM NaCl, 50 mM Tris/HCl) and once with TBS buffer alone. Immune 
isolates were then collected in 30 μL SDS PAGE sample buffer and incubated at 95 °C for 10 min before protein 
separation on SDS PAGE.

Cell extracts (15 μg protein) and immune isolates were resolved by 10% SDS PAGE and transferred to PVDF 
membranes (162-0177, BioRad). Blots were blocked in Odyssey Blocking Buffer (927–50000, LI-COR), and 
developed for the infrared western blot technology using an Odissey CLx device (LI-COR). Primary antibodies, 
incubated for 1 h at 37 °C, were α-HA (0.4 μg/mL) and β1 (4.6 μg/mL). Secondary antibodies were α-rabbit IgG 
coupled to IRDye 800CW (LI-COR) and α-mouse IgG coupled to IRDye 680RD (LI-COR), incubated on mem-
branes for 30 min at 37 °C.

For dimers analysis, cells were collected directly in gentle lysis buffer composed of 0.2% Nonidet-P40, 5 mM 
EDTA, 10% glycerol with protease and phosphatase inhibitors in PBS46 and incubated on ice for 10 min. The 
lysates were processed with DNAse and after centrifugation the cell extract was collected.

For the immune assays, the same procedure as above was followed, using for capturing an antibody α-HA 
(0.4 μg/mL) and an α-GFP (5 μg/mL) as detection antibody.

In order to enrich for the protein multimer, 600 μg lysates were incubated with 7 μL of 30% slurry GFP-trap 
beads. After a 2 h incubation at 4 °C and magnetic separation of beads, immune isolates were collected in 15 μL 
SDS PAGE sample buffer and incubated at 95 °C for 10 min before SDS PAGE.

Cell extracts (10 μg protein) and the total immune isolates were analyzed by western blot as described, except 
for the incubation of the α-HA (0.08 μg/mL) overnight at 4 °C and that of the secondary α-rabbit IgG-IRDye 
800CW for 1 h at room temperature in the dark.
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4.1.1 Supplementary Material 

Split GFP Technologies to Structurally Characterize and Quantify 

Functional Biomolecular Interactions of FTD-related Protein 

This chapter contains the supplementary material of the research study published in Scientific 

Reports on October 25th, 2017. The original documentation can be found at 

https://doi.org/10.1038/s41598-017-14459-w.   

https://doi.org/10.1038/s41598-017-14459-w
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Supplementary Figure 1 

 

Specificity controls for GFP biFC.  

A. Scheme of protein tagging, amino acid sequence of the S11 β-strand of GFP (in bold) and 

the spacer used for N-terminal tagging of a protein of interest for biFC. B. Confocal microscope 

images of mouse neuronal progenitor C17.2 cells transfected with S11-tau, methanol-fixed and 

immune stained with an α-htau antibody (red dye, nuclei stained with DAPI in blue); no biFC 

fluorescence is detected in the absence of GFP1-10. C. and D. Same as in A. and B. but for C-

terminal-tagged tau-S11. E. Scheme of the S11-tau/GFP1-10 biFC complex. F. In live confocal 

microscopy of biFC in C17.2 cells forming the S11-tau/GFP1-10 complex. Scale bars: 10 µm. 
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Supplementary Figure 2 

 

Specificity controls for GFP triFC.  

A. Amino acid sequences of the T10, T11 and S11 β-strands of GFP (in bold) engineered for the 

N-terminal tagging of a protein of interest for triFC. The spacers contain sequences recognized 

by the antibodies α-HA or β1 as indicated (underlined). B. Confocal microscope images of 

C17.2 cells expressing different TDP-43 forms in the presence of GFP1-9 or GFP1-10 as 

indicated. The location of human TDP-43 in the nucleus was visualized by immune staining 

with a human-specific α-TDP-43 antibody (red dye, upper low). No reconstitution of GFP triFC 

(green channel) was observed in the absence of one of the two biding partners in the ternary 

complex with GFP1-9 or when S11β1 was replacing T11β1. In contrast, T11β1- and S11β1- 

reconstituted GFP in the binary biFC complex in the presence of GFP1-10. Merged images 

display also nuclear staining with DAPI in blue. Scale bar: 10 µm. 



Chapter 4 Supporting Manuscript 

 

154 
 

Supplementary Figure 3 

 

TDP-43 multimers are detected by triFC when recombinant GFP1-9 is added to fixed cells.  

A. SDS-PAGE analysis of GFP1-9 recombinant protein in the elution fractions obtained from 

the first and second Ni2+-affinity chromatography purification. Column elution was performed 

with a linear imidazole gradient. Recombinant GFP1-9 displays the expected ~24KDa apparent 

molecular weight. B. Epifluorescence microscope images of HEK-293 cells transfected with 

the indicated constructs. One day after transfection cells were fixed and incubated with 

recombinant GFP1-9. Post-fixation reconstitution of GFP triFC occurred in cells transfected 

with the T10HA-TDP-43 and T11β1-TDP-43 pair (top row) but not in the absence of T10HA -

TDP-43 (bottom row) as confirmed by immune staining with α-HA (cyan dye) or β1 (red dye) 

antibodies. Scale bar: 50 µm. 
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Supplementary Figure 4 

 

Quantitative immune assays for multimers and total TDP-43. 

A. Scheme of the α-GFP/α-TDP-43 immune assay using an α-GFP rabbit antiserum to capture 

the triFC or biFC complexes and the α-TDP-43 mouse antibody followed by an α-mouse HRP-

antibody for detection. B. The cell lysates investigated in Fig.3 were analysed with the α-

GFP/α-TDP-43 immune assay in order to determine the TDP-43/GFP complex. Background 

value (0%) was that of empty plasmid mock transfected cells, whereas the value for the T11β1-

TDP-43/GFP1-10 complex was defined as 100%. C. Scheme of the α-TDP-43/β1 immune assay 

for determination of total β1-tagged TDP-43 (in complex with GFP and free). D. Assessment 

of the total amount of T11β1-TDP-43 or S11β1-TDP-43 in the cell lysates analysed in Fig. 3 and 

quantified as described for B.. In B. and D. show mean values with standard deviations of 

biological triplicates. Adjusted P values *<0.05; ****<0.0001; one-way ANOVA followed by 

Dunnett’s multiple comparisons to mock transfected cells. 
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5 Additional Data 

In this chapter we report additional data generated during the doctoral study, which are intended 

to complement the main research study. Importantly, these data are preliminary and therefore 

have to be treated accordingly. A detailed description for each data can be found on figure 

legends and these are further discussed in Chapter 6. 
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5.1 Additional Figure 1 

 

Additional Figure 1 – Tetraspanin CD63 is enriched in EVs  

A Candidate EV-enriched proteins selected from ExoCarta database 

(http://www.exocarta.org/) tagged with the same epitope - β1 - (in dark blue), which is 

specifically recognized by an antibody (β1) produced in our laboratory.  

B Western blots of donor cell lysates (CL) and EVs lysates (EVs) for β1 tagged proteins 

and the housekeeping protein GAPDH. Molecular weight marker is given on the left. 

C DNA sequence of CD63 and a schematic representation of its association with cell 

membranes. Cytoplasmic domains in yellow, transmembrane domains in grey, extracellular 

domains in green and lysosomal/internalization motif in magenta.  

D Fluorescent confocal image of C17.2 cells transiently expressing GFP-CD63. 

Perinuclear localization of GFP-CD63. Scale bar: 10 µm.  

http://www.exocarta.org/
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5.2 Additional Figure 2 

 

Additional Figure 2 – Cytosolic distribution of tau441 

Fluorescent confocal image of C17.2 cells transiently expressing T11-tau-mCherry in 

combination with GFP1-10-tauMBD or in combination with empty vector. Cells fixed and stained 

for alfa-tubulin. Scale bar: 10 µm.
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6 Discussion and Perspectives 

In this research project we developed an in vitro model of cell-to-cell transport of proteins to 

investigate cellular mechanisms governing the target engagement between an EV-transported 

luminal protein and its cytosolic cellular target. This cellular model led to a major discovery in 

the field of EVs in which a biologically relevant target engagement is observed to occur in 

acidic organelles of recipient cells. The engagement takes place through the participation of 

two homeostatic cellular pathways: endocytosis and autophagy. Furthermore, data generated 

indicates a possible dichotomic role of autophagy in cellular mechanisms driving the 

intracellular build-up of aberrant protein species. 

This chapter elaborates the most significant findings of our study in the context of existing 

research in cell-to-cell communication and intracellular build-up of aberrant protein species, 

and provides a future outlook for research in these fields. 

6.1 EV-mediated Paracrine Target Engagement  

In EV-biology, a better understanding of cellular mechanisms governing the target engagement 

between an EV-transported biomolecule and its cellular target is of crucial importance for 

identifying the processes that lead to phenotypic changes in recipient cells. In this study we 

have developed an in vitro model of EV-mediated cell-to-cell transport of proteins. In 

particular, we implemented a technique based on the split GFP technology to identify the 

subcellular site of recipient cells where an EV-transported luminal protein engages with its 

cytosolic cellular target. Furthermore, we applied cellular and molecular approaches to study 

the mechanisms that participate to this engagement. 

6.1.1 Summary of Major Findings  

Overall, data generated in this study reveals novel cellular insights on the role of EVs in cell-

to-cell communication in which acidic organelles of recipient cells serve as the intracellular 

site for a biologically relevant target engagement and two key homeostatic pathways are 

hijacked in this intercellular signaling
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6.1.1.1 Cellular Model to Study EV-communication 

The controlled environment of in vitro models are important to gain insights into cellular 

processes that are otherwise difficult to investigate in more complex systems, such as in-vivo 

models. However, without proper validation in models that closely replicate 

pathophysiological human conditions, data obtained in in vitro remain probabilistic evidence. 

Cellular models that have been proven to imitate phenotypes of human conditions provide a 

good middle ground. In our study we opted for C17.2 mouse multipotent neuronal progenitor 

cells that derive from the external germinal layer of mouse cerebellum and represent an 

alternative to primary brain tissue cultures [1]. These v-myc immortalized cell lines are capable 

to differentiate into neurons and glia cells when engrafted into mouse brain and in in vitro cell 

cultures when properly stimulated [1-3]. C17.2 cells, also known as neural stem cells (NSCs), 

display therapeutic potentials when engrafted in the brain of mice [2]. In vitro studies 

performed using this cell line have generated novel mechanistic insights into tau pathology, 

which have advanced our understanding of its aberrant spreading behavior within the brain [4, 

5]. For instance, tau recombinant oligomers are internalized by cultured cells via endocytic 

processes, seed the aggregation of cytosolic cellular tau, and spread to neighbor cells [4]. Based 

on these observations we intended to exploit C17.2 cells to generate a solid in vitro model to 

study EV-mediated cell-to-cell communication in order to facilitate future transition into in 

vivo settings. As with all in vitro models, C17.2 cells have limitations that are discussed in this 

chapter.  

As C17.2 cells have not been used for studies related to the EVs before the first step was to 

characterize the secretion and uptake of these lipid nanovesicles. We then optimized conditions 

to detect a biologically relevant transport of macromolecules. Finally, we implemented a 

technique to investigate the target engagement between two protein binding partners and 

characterized cellular mechanism participating in this interaction. 

6.1.1.1.1 Donor Side of the System  

In this study we followed the guidelines of the International Society of Extracellular Vesicles 

(ISEV) for the enrichment and characterization of EVs [6]. 
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6.1.1.1.1.1 EV-enrichment 

For enrichment procedures we relied on differential ultracentrifugation (dUC) as this method 

was the standard in the field [6, 7]. In the course of our study new isolation procedures emerged 

to enrich specific subpopulation of EVs and to further remove contaminants such as protein 

aggregates and lipoproteins. The current trend in the field is to combine two isolation methods 

that enrich EVs based on two distinct biophysical properties: size and density [8, 9]. As the 

field further progresses we expect that this type of approach will be needed to evaluate specific 

effects of EV-subpopulation on recipient cells. 

6.1.1.1.1.2 EV-characterization 

EVs enriched by dUC were characterized through single vesicles and semi-quantitative 

analysis. We performed nanoparticle tracking analysis to estimate the size and distribution of 

isolated EVs and used western blot analysis to detect proteins known to be enriched in EVs 

and contaminants. Based on this analysis we observe that the dUC pellet of C17.2 is enriched 

in vesicles with a plausible endocytic origin. In order to gain further insights into the EV-

population, morphological analysis by electron microscopy are needed.  

Exosomes, a specific EV-population, originate from intracellular endosomal compartments. 

When membranes of multivesicular bodies (MVBs) fuse with the plasma membrane, the 

intraluminal vesicles (ILVs) are released in the extracellular space as exosomes. In contrast to 

other EV-populations, exosomes have a more homogenous size distribution (30-to-150 nm in 

diameter), and the cargo sorting mechanisms are better known in the field [10, 11]. The 

endosomal-sorting complex required for transport (ESCRT) machinery is needed for the 

inward budding of the MVBs membrane and the subsequent formation of ILVs. The ESCRT 

machinery consists of four core complexes (ESCRT-0, -I, -II and -III),  which sequentially 

interact with ubiquitinated cargo. Ubiquitinated proteins are recruited at the MVB-delimiting 

membrane and consequently encapsulated into ILVs. Researchers in the filed have proposed 

this mechanism for the specific loading of protein cargo in EVs [12, 13].  

In this study we show that tauMBD is sorted into EVs. While we did not investigate the 

mechanism for the sorting of tauMBD into EVs, we speculate that the encapsulation of tauMBD 

in EVs is mediated by an ubiquitin recognition process. TauMBD , i.e. the microtubule binding 

domain of tau, is enriched with lysine residues making it a fragment likely to be targeted by 

ubiquitin or ubiquitin-like modifications [14]. Fibrillogenic tauMBD is ubiquitinated when 
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transitioning into an aggregated form, and this is recognized by protein receptors bearing an 

ubiquitin-associated domain [15]. Nevertheless, the specific mechanism for the active sorting 

of tauMBD within EVs requires further attention. 

6.1.1.1.1.3 EV-cargo Topology 

An additional analysis performed on our EV-population aimed at understanding the topology 

of EV-associated components. This is an important characterization that is often disregarded 

in the EV-field. The topology of a cargo helps us to identify the mechanism that will be used 

by the transported biomolecule to induce a signaling in recipient cells. EV-cargo can either be 

transported within the lumen or on the surface of the lipid-membrane shield. Luminal EV-cargo 

is protected from extracellular proteases and its encapsulation is likely a consequence of a 

mechanism activated by the cell. On the other hand, it is more difficult to understand the reason 

why macromolecules are found on the surface of EVs. It is possible that a specific mechanism 

associates macromolecules to EV-membranes; for instance, it is known that transmembrane 

proteins that participate to the biogenesis of EVs remain as part of their membranes [16]. It is 

also possible that the co-purification of free floating contaminants during the EV-enrichment 

procedure forces the association between EVs and protein contaminants [17, 18].  

Therefore, the implementation of assays aimed at identifying the specific topology of EV-

transported biomolecules will enable us to evaluate the presence of possible EV-contaminants 

and better understand the signaling mechanisms mediated by EVs in recipient cells.  

As part of this study, we implemented an approach based on detergent permeabilization, 

protease digestion and size exclusion chromatography. In particular, this assay allowed us to 

determine the luminal localization of the EV-transported fibrillogenic tau. The implemented 

assay presented in this study is a valid, and less expensive, alternative to immunoprecipitation 

based approaches. 

6.1.1.1.2 Recipient Side of the System  

The objective of our study is to investigate cellular mechanisms taking place at the recipient 

side of the EV-communication system. In order to do so we needed to ensured that three key 

events were taking place in our cellular model: 1) EV-uptake by recipient cells, 2) subcellular 

distribution of internalized EVs and 3) the delivery of EV-luminal cargo in recipient cells so 

that a target engagement with a cytosolic protein could occur.  
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6.1.1.1.2.1 Live Tracking of EVs  

Visualizing the uptake of EVs by recipient cells in real-time and tracking their post-

internalization movements, can help us better understand their involvement in cellular 

functions. The most common approach to study vesicle uptake through imaging is to label the 

most represented cargo of these vesicles, i.e. lipids. Long chain dialkylcarbocyanines (Vybrant 

DiO and DiD) are small lipophilic tracers that incorporate in all lipid membranes of the cell. 

Their bright and stable fluorescence makes them suitable candidates for tracking EVs [19]. 

However, in the context of our study lipophilic dyes present some limitations.  

First of all, these dyes tend to diffuse freely once integrated into cell membranes [20, 21] and 

the excess of lipophilic dyes added directly to isolated EVs are complicated to remove. To 

counter these limitations, EVs are indirectly stained through the application of tracers to donor 

cells prior to EV-isolation. However, as this solution cannot be easily applied in co-culture 

settings we needed to acknowledge that passive transfer of lipophilic tracers could occur. 

Secondly, the extensive use of lipophilic dyes in lipoprotein labelling makes it challenging to 

distinguish between EVs and lipoprotein as they have similar biophysical characteristics and 

co-exist in biological fluids and in cell culture [22]. Current isolation procedures are unsuitable 

to separate these distinct populations of lipid-containing particles. Third, lipophilic dyes may 

remain in the cell even after EVs are degraded and therefore can associate with other cellular 

lipids [16].  

For these reasons, the experimental data generated with lipophilic tracers are further validated 

using a second EV-tracking method. An alternative approach to label EVs is to use optical 

reporters tagged to specific proteins enriched into EVs. For instance, green fluorescent protein 

(GFP) tagged to tetraspanins (especially CD63 or CD9) is used to label the EV-lipid shield 

[16]. To confirm that tetraspanins are highly enriched in EVs secreted from C17.2 cells we 

comparatively analyzed the EV-loading of several proteins that scored high in the ExoCarta 

database (Additional Figure 1). This database contains a list of identified proteins that are 

commonly found in various EVs preparations. Overall, our data confirms that the tetraspanin 

CD63 is a suitable EV-anchor to enrich GFP within EVs.  

6.1.1.1.2.2 EV-uptake 

A major step in EV-communication is the engagement of lipid nanovesicles with their target 

cells. The mechanisms governing this targeting process are currently unknown. EVs that reach 
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recipient cells are expected to either remain attached to their plasma membranes or gain access 

to the inside of the cell through internalization [11]. Most experimental evidence suggests that 

endocytic processes drive the internalization of EVs. These are then encapsulated into 

endosomal compartments [23-25]. In this study we suggest that endocytic processes participate 

to the internalization EVs in C17.2 cells. There are three sets of data that supports this 

statement. First, EVs taken up by cells colocalize with the generic fluid-phase endocytosis 

marker dextran. Second, EV-uptake is reduced when cells are treated with the non-competitive 

inhibitor of dynamin GTPase activity (i.e. dynasore). Third, internalized EVs localize within 

acidic organelles of the endocytic pathway, as demonstrated by their colocalization with 

lysotracker and fluorescent markers of late-endocytic organelles. This data is corroborated with 

visual observation of internalized EVs accumulating around the perinuclear region, an area 

known to be particularly enriched with late-endocytic organelles [26]. However, some 

considerations have to be taken into account in the interpretation of these results. As small 

molecular weight dextran (10 kDa) is internalized through both macropinocytic and 

micropinocytic pathways [27], we are unable to determine the specific endocytic process being 

used. Additionally, since dynasore can also affect membrane cholesterol composition, lipid 

rafts formation, and actin polymerization, we are unable to know for certain that only 

endocytosis is inhibited [28].  

Nevertheless, the intracellular trafficking of EVs towards acidic organelles of the recipient cell 

raises questions on their cellular fate. Do they reach these organelles in order to find an optimal 

environment to induce a paracrine signaling? Or is it simply the result of a mechanism activated 

by the cell in order to degrade and recycle their components? A few considerations have been 

included below. 

Lysosomes are important cellular homeostatic organelles at the end point of exogenous and 

intracellular substrates on route to degradation [26]. The acidic environment and the rich 

presence of hydrolytic enzymes break down complex macromolecules into their constituent 

building blocks. This leads us to think that degradation is the reason why EVs are present in 

these organelles. There are two cell types that could be particularly prone to this event: 

phagocytic cells, known to have an active role in internalizing and degrading exogenous 

components, and metabolically active cells, that are constantly looking for nutrients in their 

environment.  
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Lysosomes are more than just degradative and recycling cellular hubs. These acidic organelles 

serve as centers for intracellular signaling and metabolism by sensing the extracellular milieu 

and interacting with exogenous effectors [26]. For instance, EVs decorated with bioactive 

surface ligands induce a signaling cascade within acidic organelles and directly influence 

recipient cell phenotype [29]. Lysosomes could also act as cellular “triage” centers for EV-

cargo delivery. EVs could take advantage of hydrolases and the acidic environment to deliver 

their cargo within recipient cells using a mechanisms that evokes viral particle delivery [30, 

31]. EVs may also exploit the machinery used that generates new EVs that usually involves 

acidic organelles of endocytic pathway. This would lead us to extend the range of action that 

can be attained by EVs [32].  

6.1.1.1.2.3 EV-cargo Release 

The mechanisms that regulate EV-mediated phenotypic changes in recipient cells are largely 

unknown in the field of EV-biology. EVs gather a complex population of lipid nanovesicles 

secreted from cells. They have highly heterogeneous biophysical properties and they transport 

a variety of biologically active macromolecules that have specific cellular targets [11, 33]. 

Macromolecules transported on the membrane shield of EVs may directly interact with the 

surface membrane receptors of recipient cells. For luminal EV-cargo it is plausible to assume 

that the cytosol or the nucleus are the main sites for target engagement. Most of the efforts in 

the field have concentrated on identifying cellular mechanisms regulating the delivery of an 

EV-luminal cargo within these subcellular sites. The extremely sensitive technique based on 

CRE-recombinase has been successfully used to investigate cytosolic delivery of EV-luminal 

cargo [34-37]. According to current knowledge in the field the release of a luminal EV-

transported CRE within the cytosol of recipient cell takes place before target engagement 

within the nucleus. In this study we confirm that an EV-mediated trans-cytosolic transport of 

CRE is a possible but rather rare event. In fact, in our in vitro model, high load of EVs are 

required in order to observe an extremely low number of recipient cells displaying 

recombination events. The limited CRE-mediated events are consistent with data reported for 

in vivo studies [35-38]. Similar data is also reported when using another sensitive genetic assay, 

the CRISPR-Cas9-based reporter system [39]. As with any technique, the CRE recombinase 

system comes with some limitations. Even though the data generated is based on purified EVs, 

we cannot exclude that EV-independent mechanisms (i.e. internalization of free floating 

soluble CRE) co-exist in our system. We demonstrate that contamination of free floating 
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soluble proteins that co-precipitate with EVs (isolated through dUC) is limited. Nevertheless, 

we cannot exclude that the small amount of co-purified soluble protein is the biological active 

entity. Furthermore we do not identify the exact biological active macromolecule delivered via 

EVs. While we detect CRE protein in EVs, we do not observe a correlation between the amount 

of protein and the number of recombination events. Indeed, we achieve the maximum number 

of recombination events when the level of CRE protein is below immunoblot detection. Thus, 

the CRE recombinase assay does not enables us to determine the nature of the cargo 

macromolecule that is active in recipient cells (in particular mRNA and protein). Moreover, 

this assay does not quantify the amount of the EV-cargo delivered to recipient cell.  

Despite these technological limitations, the recurrent observation of a rare EV-luminal cargo 

delivery within the cytosol of recipient cells raises some important biological questions: what 

is the real contribution of EVs in cell-to-cell transfer of biologically active macromolecules? 

Is the delivery of a luminal EV-cargo following a specific cellular mechanism or is it a 

stochastic event? Answering these questions will enable us to understand the role and function 

of EVs in cell-to-cell communication.  

It is possible that the only functional macromolecules in EV-mediated transcellular 

communication are those that are brought on the surface of EVs. The rarity of the event does 

not necessary constitute a lack of biological impact. If we consider that some diseases can 

progress over several years, a rare but consistent event could still create a biologically relevant 

effect. It is also possible that in the context of a multicellular organism the rarity of the event 

could be linked to a targeted cell type.  

6.1.1.1.2.4 Technique to Study Protein-protein Interaction 

In this study we employed a terminology often used in drug discovery – “target engagement” 

- to describe the interaction of an effector biomolecule transported via EVs and its cellular 

target. Techniques that have been used in the EV-field have demonstrated a target engagement 

between an EV-transported protein and recipient cell nucleic acids (e.g. in the CRE 

recombinase system and the CRISPR-Cas9-based reporter system). However, techniques able 

to demonstrate the interaction of EV-transported proteins with their protein target in recipient 

cells have not proven to be successful. This is probably caused by the lack of sensitivity of 

existing techniques or because we are not looking in the right subcellular location. 
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In our study we opted for the split GFP technique that has the right sensitivity to detect protein-

protein interaction and that is able to locate where the interaction occurs.  This technique is 

used to actively track target engagement between an effector protein and its target. In previous 

studies we have demonstrated the advantages of split GFP in studying the subcellular site of 

protein-protein interactions and the structural determinants that regulate this interaction [40-

42]. In particular, we implemented two split GFP technologies, the bimolecular and 

trimolecular fluorescence complementation (biFC and triFC). The biFC requires the 

association of two non-fluorescent fragments of GFP. When the large fragment, comprised of 

the one-to-tenth beta-strand of GFP (GFP1-10), comes in contact with the small fragment, 

composed of the remaining eleventh single beta-strand (S11), they successfully reconstitute the 

fluorophore. As the reconstitution is theoretically irreversible, the accumulation of weak and 

transient protein interactions can be monitored. At the same time, the irreversible nature of the 

reconstitution does not allow us to study dynamic interactions and, more precisely, the 

dissociation kinetics. The tagging of two binding partners with GFP1-10 and S11 respectively 

can be used to monitor their interaction. However, we need to take into consideration that false 

positive can occur with this technique. The close proximity of two non-fluorescence fragments 

may drive spontaneous self-assembly and formation of biFC [41, 43]. Nevertheless, the 

reconstitution of the fluorophore in the split technology is driven by the interaction affinity and 

local concentration of two binding partners. Using two binding partners that have high affinity 

to interact increases the signal-to-noise ratio, minimizing background reconstitution events.  

Experiments performed in the laboratory show that the reconstitution of GFP could be 

facilitated by the presence of cellular cofactors that catalyze the reaction. Indeed, we observe 

that split technology works better in detecting protein interactions occurring within the 

cytoplasm rather than on the external surface of the cells. Furthermore, attempts to reconstitute 

GFP from cell lysates is not efficient. 

The recently developed triFC technology has further advanced our understanding of protein-

protein interactions. In triFC the two binding partners are tagged with one of two single beta-

strands: T10 or T11. In this case, the biological binding drives the orientation of the two beta-

strands of GFP. The same spatiotemporal orientation of the two single beta-strands and the 

concomitant presence of the third remaining fragment (GFP1-9) enables the reconstitution of 

the fluorophore. The resulting binding of three partners (i.e. T10, T11 and GFP1-9) minimizes 

background self-assembly events. The triFC not only enables us to understand whether two 
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binding partners are interacting and where the meeting takes place but also how they are 

interacting at the molecular level.  

A few considerations need to be taken into account when using triFC. In order to reconstitute 

the fluorophore the three moieties need to be within the same subcellular site. This could be 

problematic if the site of the interaction is confined within the lumen of intracellular organelles. 

Post-fixation application of the large GFP1-9 fragment may partially solve the problem. 

However, fluorescence sensitivity is affected and hinders proper detection of weak and 

transient protein interactions. 

The T11-tag optimized for the triFC technology has two amino acid substitutions and it is 

slightly longer than the S11-tag required for biFC. Nevertheless, the T11-tag allows for some 

flexibility as it can be used in the biFC conformation; when expressed in the presence of the 

GFP1-10 counterpart it correctly reconstitutes the GFP (Additional Figure 2). 

Based on these considerations, we decided to first study EV-mediated target engagement via 

the biFC technology. To increase the likelihood of detecting a biologically relevant target 

engagement we opted for fusing the two non-fluorescent moieties to binding partners that have 

high interaction affinity. Our cellular model uses tauMBD tagged with the larger GFP1-10 (GFP1-

10-tauMBD) fragment and a cytosolic tau441 tagged with the T11 counterpart (T11-tau441). Tau was 

tagged to T11 rather than S11 to allow for flexible switch to triFC in future studies. We 

performed controls to ensure that the larger GFP1-10 fragment is not impeding the sorting of 

tauMBD into EVs and that the T11-tag is not influencing cytoslic tau441 activity and distribution 

[41, 42]. When the two constructs are co-expressed within C17.2 cells, they correctly 

reconstitute the fluorophore (Additional Figure 2).  

The in vitro model of cell-to-cell communication that we developed uses the reconstitution  of 

GFP generated by the interaction between GFP1-10-tauMBD transported by EVs and T11-tau441 

expressed by recipient cells as the readout of paracrine target engagement. 

6.1.1.1.2.5 Biologically Relevant Target Engagement Within the Endocytic Pathway 

The main discovery of the study is that an EV-luminal cargo encounters its cytosolic cellular 

target within acidic organelles of the recipient cell. In particular, we demonstrate that a 

fibrillogenic form of tau transported via EVs (EV-tauMBD) comes in close proximity, and likely 

interacts, with cytosolic cellular tau441 to drive the formation of biFC. This observation 

confirms an important concept in the field of EVs: luminal EV-cargo doesn’t need to reach the 
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cytosol to affect recipient cell phenotype but can have an active function in acidic organelles 

of the recipient cell. The first evidence for the functional delivery of luminal cargo in the 

endocytic pathway was observed for EV-cargo enzyme beta-glucocerebrosidase [44]. Beyond 

this we report that an EV-luminal cargo interacts with its cytosolic  target within recipient cell’s 

acidic organelles to generate a biologically relevant effect. EV-luminal cargo delivery occurs 

when the lipid membranes of the EVs dissolve and liberate their contents, thanks to the 

presence of lipid hydrolases in acidic organelles [45]. At the same time autophagy delivers 

substrates for degradations to these organelles.  

Neurodegenerative-associated proteins are kept in proteostasis also via autophagic processes, 

prevalently CMA and macroautophagy [46-49]. In our cellular model we report that an 

autophagic response induced by nutrient starvation is sufficient to re-localize a pool of 

cytosolic tau441 within organelles of the autophagy-lysosome pathway. Genetic and 

pharmacological modulators of autophagy are currently investigated to assess the contribution 

of autophagic processes in this event. A pool of cytosolic tau441 is also localized within acidic 

organelles in the presence of EV-tauMBD in an ATG7-dependent process. The ATG7 data is 

generated on mouse embryonic fibroblast (MEF) cells isolated from mice lacking the Atg7 gene 

(Atg7 knockout) and previously used in studies of autophagosome formation and autophagy-

mediated protein degradation [50-52]. However MEF cells remain capable of alternative 

macroautophagy through a mechanisms that is not completely understood but independent of 

ATG7 [53]. In addition MEF cells are highly heterogeneous and they exhibit genetic drift in 

different degrees [54]. To confirm the contribution of macroautophagy additional experimental 

studies will have to demonstrate that genetic and pharmacologic inhibition of key autophagy 

players replicate the data obtained in Atg7 knockout cells.  

An additional avenue for future studies is to investigate whether the accumulation of cytosolic 

cellular tau441 in acidic organelles, in the presence of EV-tauMBD, is caused by an impaired 

lysosomal degradation or/and by an increased autophagic response. In this respect, we 

hypothesize that the interaction of EV-tauMBD with cytosolic tau441 on route to autophagy-

lysosome controlled degradation creates a complex that is more resistant to proteases 

degradation. Indeed protein aggregates tend to become resistant to the action of acidic 

hydrolases [55].  

The encounter of EV-tauMBD with cytosolic tau441 drives the appearance of pathological tau 

epitopes including: tau phosphorylation at serine 202 and threonine 205, recognized by 
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monoclonal AT8 antibody, and the “paper-clip” tau conformation, recognized by monoclonal 

MC1 antibody. These epitopes are detected into NFTs of post-mortem brain tissue samples 

from Alzheimer’s disease patients [56] and precede the formation of protein aggregate 

inclusions [57, 58]. Additional studies are  required to demonstrate that EV-tauMBD favors the 

formation of aggregation-like structures enriched in cytosolic tau441.  

In this study we reveal that cellular disease features, which include lysosomal biogenesis and 

cytotoxicity, appear during the encounter between exogenous and cell expressed tau within 

acidic organelles of the recipient cell. Impairment of the autophagy-lysosome pathway is a 

cellular disease hallmark resulting from the accumulation of aberrant protein aggregates [55, 

59]. Transcription factor E3 (TFE3) as well as other members of the family of MiT/TFE 

transcription factors take part in the regulation of genes involved in the autophagy-lysosome 

pathway [60]. Nuclear localization of TFE3 is an early molecular signature observed in post-

mortem human brains affected by Alzheimer’s disease and it is accompanied by an increased 

lysosomal biogenesis [61]. In line with these findings, nuclear localization of TFE3 observed 

in our cell model correlates with an increase in acidic organelles. However current observations 

do not demonstrate a direct link between cytosolic tau441 accumulation and nuclear TFE3 

localization. In order to assess this direct link, future studies will have to employ a single cell 

approach. 

In summary, the release of an EV-luminal cargo within acidic organelles of the recipient cell 

precedes the encounter with its cytosolic cellular target in what we refer to as the “lysosomal 

target engagement”. The biological relevance of this encounter is modeled via the transcellular 

transport of tau and is corroborated by the appearance of cellular features of tau pathology.  

We are aware that these observations are based on a relatively artificial cellular system and we 

recognize three key limitations of our system. First, the use of an in vitro model that relies on 

mitotic cells (mouse C17.2) only partially reproduces the conditions of post-mitotic neuronal 

cells. While neurons are particularly vulnerable to the impairment of the autophagy-lysosome 

pathway, mitotic cells can dilute toxic protein species through cytoplasmic division. Second, 

the microtubule binding domain of tau (tauMBD) used in this study is an artificial fragment of 

tau and does not represent a disease-specific mutation. Third, the high load of EVs required to 

observe phenotypic changes in recipient cells is not likely to represent a “physiological” 

condition.  
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Rather than providing an explanation of cellular processes driving tau pathology our 

“probabilistic” cellular model is used to substantiate the observation that a luminal EV-cargo 

that engages with its cytosolic cellular target in acidic organelles of the recipient cell induces a 

biologically relevant response. We are confident that the results reported in this study 

contribute to advancing our understanding of the role of EVs in the transcellular transfer of 

biomolecules.  

6.1.2 Perspective in Cell Biology Studies of EVs 

In this section we briefly explore some of the questions, partially discussed in Chapter 1, 

Section 1., that remain unanswered in the biology of EVs. We also discuss the trend we foresee 

will drive the research in the field in the next years.  

In 1980s, when the first observation of lipid nanovesicles shed from cultured cells was made, 

a high degree of skepticism surrounded the existence of EVs [62-64]. Indeed, EVs were 

initially believed to serve as vectors for the disposal of intracellular garbage [64]. Nowadays, 

EVs are recognized as active players in the complex array of cell-to-cell communication [11]. 

However, the lack of mechanistic insights for an EV-cargo mediated phenotypic effect in 

recipient cells is driving a second wave of skepticism around field. At the same time, EVs are 

rapidly moving towards clinical applications. More than ever we see the need to better 

understand what is happening at the recipient side of the EV-communication system.  

The processes that require particular attention include the specific EV-tropism towards the 

recipient cell, the route exploited by EVs for their cellular uptake, and the release mechanism 

governing the target engagement of a biological active cargo molecule with its cellular target.  

Characterization studies have depicted an extremely heterogeneous population of EVs, 

especially with regards to their biophysical properties and their cargo signature [11, 33, 65]. At 

the level of the recipient cell EV-heterogeneity brings important biological questions: is there 

a specific mechanism exploited by EVs to target a selected recipient cell? Is it EV-type 

specific? How do EVs get their cargo at the disposal of recipient cells? Or, are these processes 

merely dominated by stochastic events? Most importantly, are EVs active mediators of cell-to-

cell communication or are they passive vectors at the disposal of cells encountered during their 

intercellular journey?  

Current studies suggest that the release of an EV cargo within the cytosol of the recipient cell 

is a possible but rare event. This means that in order to answer these questions a single cell 
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approach is needed to allow the investigation of key molecular events occurring at the level of 

recipient cells. Beyond this, it will be necessary to develop in vitro models that closely mimic 

physiological conditions of living organisms in order to understand the role of EVs.  

Our cellular model demonstrates that a paracrine target engagement mediated by EVs can occur 

in subcellular locations other than the cytosol. This model can be used to explore genetic and 

pharmacological modulators of EV-communication to better understand mechanisms involved. 

Finally, we believe that this in vitro model is sufficiently flexible to allow for the study of 

proteins other than tau. 

With regards to biological message transmitted by EVs from cell-to-cell, studies in the field 

have focused on nucleic acids and proteins but overlook a major building block of these 

vesicles: lipids. In this context it will be necessary to understand whether these macromolecules 

represent biologically active cargo or whether they act as structural components. 

 

6.2 The Dichotomic Role of Autophagy in the Intracellular Build-

up of Aberrant Protein Species 

In this section we briefly discuss implications of some data generated in this study that could 

substantiate the dichotomic role of autophagy in cellular process driving intracellular 

accumulation of aberrant tau species. Experimental data discussed here requires further 

validation and will be the focus of future studies in the laboratory. 

Autophagy is generally known to have a beneficial role in neurodegenerative disorders. Indeed 

neurons are post-mitotic cells that rely on a fine-tuned proteostasis system. These cells remain 

particularly vulnerable to the impairment of the autophagy-lysosome pathway especially when 

the brain ages. Neurodegenerative-associated protein forms that are prone to self-aggregate 

into beta-sheet-rich oligomers are sequestered by autophagy and directed towards the 

hydrolases-enriched lysosomal lumen for degradation, in a likely attempt to maintain the 

cellular proteostasis [48]. Experimental animal models of neurodegeneration demonstrate that 

autophagy impairment accelerates protein aggregation. Importantly autophagy dysregulation 

leads to a decline in behavioral conditions [66]. These observations are substantiated by in vitro 

studies demonstrating that autophagy stimulation is a proven method to clear intra-neuronal 

insoluble protein inclusions and in animal studies it results in a general amelioration of 
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behavioral phenotypes [49, 67, 68]. At the same time, genetic and pharmacologic impairment 

of autophagy has opposite effects.  

This brings important considerations in the current pandemic crisis where CQ, a potent 

inhibitory of autophagy and lysosomal activity, was initially used as a treatment to combat 

COVID-19. While CQ may be an efficient compound to prevent COVID-19 infection, at least 

in vitro [69, 70], it could also worsen the neurodegenerative conditions especially for the 

elderly patients. 

Autophagy stimulation targets also cytosolic native non-aggregated proteins [71, 72]. In our 

study we report that autophagic processes are likely to participate in the encounter between an 

exogenous fibrillogenic tau, brought to acidic organelles through endocytosis, and its native 

cytosolic cellular counterpart [34], what we refer to as lysosomal target engagement. 

Monomeric and aggregated tau are internalized by endocytic processes [4, 73]. We suggest that 

tau transported through EVs enters the cell via similar mechanisms and this constitutes an 

additional disease relevant transcellular transport of tau [34]. The observed lysosomal target 

engagement between exogenous and endogenous tau forms initiates the appearance of 

phenotypes that are also observed in tau pathology. The formation of a protein complex 

composed of the pathological protein and its native counterpart is believed to be the trigger 

event of a prion-like propagation [74]. In this respect, appearance of pathological tau epitopes 

are indicators of a deleterious encounter. Intracellular accumulation of aberrant protein species 

is an additional feature of tau pathologies [75]. In our cellular model we observe intracellular 

accumulation of cytosolic tau441 when fibrillogenic tau is exogenously applied via EVs but not 

when co-expressed in the cell (Additional Figure 2), suggesting a cardinal role of lysosomal 

target engagement in this event.  

Although future studies will have to understand the ultimate destination and outcome of 

pathological tau forms arising from a lysosomal target engagement (i.e. will they ever reach 

the cytosol? Or, are they progressively degraded?), cellular disease features appear during this 

event. This includes lysosomal biogenesis, likely generated in an attempt to restore 

proteostasis, and overt cytotoxicity, when the cell is unable to counteract aberrant protein 

accumulation.  

In light of these considerations and without a specific targeting of neurons displaying cytosolic 

protein aggregate inclusions, autophagy stimulation may risk to be a counterproductive 

approach in halting the intracellular build-up of aberrant protein species. Indeed, healthy non-
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affected neurons may increasingly become vulnerable to the spreading of the pathology. From 

a neurodegeneration perspective, this could be especially relevant in early stages of the disease 

when healthy neurons are still predominant in the brain.  

We understand that these interpretations are not exhaustively substantiated by experimental 

data. Nevertheless in light of this preliminary data we believe that the participation of 

autophagy in cellular processes driving the intracellular build-up of aberrant protein species 

deserves further investigation.  
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7 Concluding Remarks 

The research project conducted in the frame of this thesis has brought new insights into cellular 

mechanisms underlying transcellular protein transport mediated by EVs. In particular, we are 

the first to demonstrate a biologically relevant target engagement between an EV-transported 

protein and its cellular target occurring with the interplay of two homeostatic cellular pathways 

– the endocytosis and autophagy -. We are convinced that this discovery represents an 

additional piece of the puzzle that contributes to strengthening the knowledge in the biology of 

EVs. We also hope that this discovery will instigate additional interest and research in this area. 

Furthermore, although awaiting for confirmatory results, the research so far conducted hints to 

a potential and controversial dichotomic role of autophagy in the build-up of aberrant protein 

species. This may have an impact in diseases characterized by intracellular protein aggregates 

formation. Indeed, we believe that the data here exemplified for tau may as well be of relevance 

to other neurodegeneration-associated proteins. Therefore, we are confident that this research 

work provides additional evidence suggesting a more careful evaluation of the role of 

autophagy in cellular processes driving the build-up of aberrant protein species. 
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8 Additional Materials and Methods 

The materials and methods reported in this section refer to the experimental procedures 

reported in Chapter 5. 

Cell culturing. C17.2 were routinely grown at 37°C with saturated humidity and 5% CO2 in 

Dulbecco's Modified Eagle Medium (DMEM, Gibco, 61965-059) supplemented with 1% non-

essential amino acids (Gibco, 11140035), 1% penicillin-streptomycin (Gibco, 15140122), 10% 

fetal bovine serum (FBS, Gibco, 10270106) and passaged at 90% confluency. 

Plasmids. All the β1 tagged constructs were generated following the same procedure. cDNA 

for the different gene of interest were obtained from either Addgene (TSG101, CD9, CD63 and 

HSC70) or myBiosource (ANNEXINV and HSP90). A single round of PCR was required for 

the insertion of the recognition sequences at the 5’ and 3’ for BamHI or EcorI/XhoI 

respectively. cDNAs were then subcloned with BamHI/EcorI  or BamHI/XhoI into pCDNA3 

vector hvaing the in-frame 5’-insertion of β1 epitope sequence. GFP-CD63 was obtained with 

sequential subcloning of the CD63 cDNA in the vector pCDNA5/FRT/TO followed by in-

frame 5’-insertion of the GFP cDNA with HindIII/BlpI. Plasmid transfections were performed 

the day after cell plating with Lipofectamine 3000 (Invitrogen, L-3000-008), following the 

manufacturer’s instructions. 

EVs enrichment. Conditioned serum-free medium for EVs isolation was routinely obtained 

after an incubation on cells for 72 hr. C17.2 cells were first grown in 10 cm petri dishes 

(Corning, 353003) to 80% confluency in complete medium. Transiently transfected cells were 

washed twice with PBS at 4 h post-transfection before switching to the serum-free conditions. 

EVs were isolated from conditioned media by established procedures. In short, dead floating 

cells and cell debris were removed by centrifugation at 1’000 g for 20 min at 4°C. EVs were 

concentrated with 100 kDa-cutoff filters (Sigma, UFC910096) at 3'000 g for 15 min at 4°C. 

The concentrated suspension was first cleared from large membrane vesicles by centrifugation 

at 10’000 g for 20 min at 4°C for 20 min, followed by serial centrifugation at 100’000 g for 

120 min at 10 °C (Beckman fixed-angle TL110 rotor; Beckman Optima Max-TL 

ultracentrifuge). The so obtained P100 pellets, corresponded to the enriched EVs fraction, were 

re-suspended in 10 μL/10 cm dish in ice-cold PBS. Size and concentration of EVs was 

determined through nanoparticle tracking analysis (NanoSight, LM10) after each EVs 

preparation with at least three repeated quantifications for each preparation.
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Western blots. For biochemical analysis by western blot, cells grown in 10 cm plates were 

washed once in PBS, directly lysed in SDS-PAGE sample buffer (1.5% SDS, 8.3% glycerol, 

0.005% bromophenol blue, 1.6% β-mercaptoethanol and 62.5 mM Tris pH 6.8) and boiled at 

96°C for 10 min. EVs preparations were also lysed in SDS-PAGE sample buffer. Equal volume 

of cell (representing 1/20 of the total lysate) and EVs lysates (representing total lysate) were 

resolved by SDS-PAGE and transferred to PVDF membranes (BioRad, 162-0177), blocked in 

Odyssey Blocking Buffer (LI-COR, 927-50000) and visualized with the infrared western blot 

technology on Odissey CLx device (LI-COR). Primary antibodies were incubated for 1 h at 

37°C and were specific for β1 (2.3 μg/mL; antibody originated in the laboratory) and GAPDH 

(0.18 ug/mL; abcam, ab181602). Secondary antibodies were incubated for 1 h at 37°C and 

were α-rabbit IgG coupled to IRDye 800CW (LI-COR) and α-mouse IgG coupled to IRDye 

680RD (LI-COR).  

Staining of cells. For immune-fluorescence microscopy, cells routinely grown on poly-D-

lysine coated 8-well chambers, were fixed in freshly diluted 4% formaldehyde (Sigma-Aldrich, 

F1635) for 15 min at RT, washed twice with PBS supplemented with 100 mM glycine for 5 

min and once with PBS. Cells were permeabilized in 0.1% triton (Sigma-Aldrich, X100) in 

PBS for 10 min and blocked with 5% normal goat serum (Biowest, S2000-500) in PBS for 30 

min before incubation with primary antibodies for 1 h at RT in the permeabilization buffer 

supplemented with 0.5% normal goat serum: α-tubulin (Abcam, ab1825, 0.5 μg/mL). Detection 

was performed with secondary antibodies (2 μg/mL at RT in the dark for 1 h) α-rabbit IgG 

AlexaFluorTM 647 (Thermo Fischer Scientific, A21245). Nuclei were counterstained with 0.5 

μg/mL DAPI (Sigma-Aldrich, D9542). 

Microscopic image analysis. Fluorescence images were acquired with a confocal microscope 

(Nikon C2). Image analysis and processing of the raw data were performed with Fiji/ImageJ 

(1.51 g or later) software.  
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9 Abbreviations  

ALIX   ALG-2-interacting protein X 

APP   amyloid precursor protein 

ATG   autophagy-related 

biFC   bimolecular fluorescence complementation 

CAS9   CRISPR-associated 

cDNA   complementary DNA 

CL   cell lysate 

CMA   chaperon mediated autophagy  

CNS   central nervous system 

COVID-19   corona virus disease 2019  

CQ   chloroquine 

CRISPR  clustered regularly interspaced short palindromic repeats 

Da   dalton 

DiD 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-

chlorobenzenesulfonate salt 

DiO   3,3'-dioctadecyloxacarbocyanine perchlorate 

DNA   deoxyribonucleic acid 

dUC   differential ultracentrifugation 

EEA1   early endosome antigen 1 

EL   endolysosomes 

ESCRT  endosomal-sorting complex required for transport 

EUA   emergency use authorization 

EV   extracellular vesicle 

EVs   extracellular vesicles 

FDA   U. S. Food and Drug Administration 

FTD   frontotemporal dementia 

GAPDH  glyceraldehyde 3-phosphate dehydrogenase 

GDNF    glial cell-derived neurotrophic factor  

GFP   green fluorescence protein 

GFP1-9   one-to-ninth beta-strand of GFP 

GFP1-10  one-to-tenth beta-strand of GFP
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GFP1-10-tauMBD one-to-tenth beta-strand of GFP fused to tauMBD 

GTPase  guanosine triphosphatase 

HCQ   hydroxychloroquine 

HSC70   heat shock cognate 71, member of the hsp70 family  

HSP70   heat shock protein 70 

HSP90   heat shock protein 90 

ICAM-1/-2  intercellular adhesion molecule-1 and -2  

ILVs    intraluminal vesicles  

ISEV   International Society for Extracellular Vesicles 

KD   knockdown 

kDa   kilodaltons 

KO   knockout 

LAMP1  lysosomal-associated membrane protein 1  

LAMP2  lysosomal-associated membrane protein 2 

LBN   Laboratory for Biomedical Neurosciences 

MEF   mouse embryonic fibroblast 

MFG-E8  serum milk fat globule-EGF factor 8 

MHC   major histocompatibility complex  

mRNA   messenger RNA 

mTOR   mammalian target of rapamycin 

MVBs    multivesicular bodies  

NFTs   neurofibrillary tangles 

NSCs   neural stem cells 

P100   pellet of the 100’000 x g centrifugation 

PBS   phosphate-buffered saline 

PVDF   polyvinylidene fluoride 

RNA   ribonucleic acid 

SARS-CoV-2  severe acute respiratory syndrome coronavirus 2 

SDS-PAGE  sodium dodecyl sulphate - polyacrylamide gel electrophoresis 

SEC   size exclusion chromatography 

shRNA  short hairpin RNA 

T10    tenth single beta-strand of GFP 

T11   eleventh single beta-strand of GFP 

T11-tau441  eleventh single beta-strand of GFP fused to tau441 
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tau441 isoform of tau (441 amino acids long) also referred as variant 2N4R, 4 

microtubule binding repeats (R) and 2 amino terminal inserts (N) 

tauMBD   microtubule binding domain of tau  

TDP43   transactive response DNA binding protein 43 

TFE3   transcription factor E3 

TOMM20  translocase of outer mitochondrial membrane 20  

TLR   toll-like receptor 

triFC   tripartite fluorescence complementation 

TSG101  tumor susceptibility 101 
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10 Annexes 

10.1  Tau Affects P53 Function and Cell Fate During the DNA 

Damage Response 

 

This chapter contains the third research manuscript of this thesis, which describes a loss-of-

function contribution of tau in modulating P53 function and cell fate determination in the 

presence of DNA damage. The manuscript is not discussed in this thesis as it addresses research 

questions that fall outside the main objectives of this PhD study. The manuscript has been 

published in Communications Biology on May 19th, 2020 (https://doi.org/10.1038/s42003-

020-0975-4). 

https://doi.org/10.1038/s42003-020-0975-4
https://doi.org/10.1038/s42003-020-0975-4


ARTICLE

Tau affects P53 function and cell fate during
the DNA damage response
Martina Sola1,2,5, Claudia Magrin1,2,5, Giona Pedrioli 1,3, Sandra Pinton1, Agnese Salvadè1, Stéphanie Papin1,6 &

Paolo Paganetti 1,4,6✉

Cells are constantly exposed to DNA damaging insults. To protect the organism, cells

developed a complex molecular response coordinated by P53, the master regulator of DNA

repair, cell division and cell fate. DNA damage accumulation and abnormal cell fate decision

may represent a pathomechanism shared by aging-associated disorders such as cancer and

neurodegeneration. Here, we examined this hypothesis in the context of tauopathies, a

neurodegenerative disorder group characterized by Tau protein deposition. For this, the

response to an acute DNA damage was studied in neuroblastoma cells with depleted Tau, as

a model of loss-of-function. Under these conditions, altered P53 stability and activity result in

reduced cell death and increased cell senescence. This newly discovered function of Tau

involves abnormal modification of P53 and its E3 ubiquitin ligase MDM2. Considering the

medical need with vast social implications caused by neurodegeneration and cancer, our

study may reform our approach to disease-modifying therapies.
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Tauopathies are disorders of Tau protein deposition best
represented by Alzheimer’s disease (AD), where Tau
accumulation in neurofibrillary tangles of the brain cor-

relates with the clinical course in terms of number and
distribution1,2. Also, mutations in the MAPT gene encoding for
Tau lead to frontotemporal dementia with Parkinsonism 171,2.
Since Tau is a microtubule-associated protein, an accepted con-
cept explaining the pathogenesis of tauopathies is that abnormal
phosphorylation and folding cause Tau detachment from
microtubules, Tau accumulation, and neuronal dysfunction3,4. In
addition to microtubule association, Tau localizes in the cell
nucleus and binds DNA5–8 and also forms a complex together
with P53, Pin1, and PARN regulating mRNA stability through
polyadenylation9. Nuclear Tau was shown to have a role in DNA
protection, whereby heat or oxidative stress cause nuclear Tau
translocation10. Enhanced DNA damage was observed in Tau-KO
neurons when compared to normal neurons11. We reported that
drug-induced DNA damage also causes Tau nuclear translocation
and affects Tau phosphorylation12. Notably, checkpoint kinases
controlling DNA replication and cell cycle following a DNA
damage phosphorylate Tau13. Together with chromosomal
abnormalities found in AD-derived fibroblasts14 and increased
DNA damage in AD brains15,16, the emerging function of Tau in
DNA stability offers an alternative role of Tau in neurodegen-
eration and, importantly and insufficiently investigated, also in
the DNA damage response (DDR). DNA is continuously
damaged by genotoxic agents originating from the environment
or generated intracellularly. The integrity of the genome is
ensured by an efficient DDR signaling network regulating cell
cycle and the DNA repair machinery, but also the activation of
cell death or senescence when DNA damage persists. DDR
deregulation causes accumulation of DNA errors and genomic
instability, both implicated in age-related pathologies as cancer
and neurodegenerative disorders17.

In order to evaluate a role of Tau in this process, we depleted
Tau in human cells and then carefully analyzed the DDR. We
demonstrate that Tau deficiency renders cells less sensitive to
DNA damage-induced apoptosis, which is counterbalanced by
increased senescence. We show that this activity of Tau is
mediated through a P53 modulation. Overall, our findings pro-
pose a role of P53 in tauopathies and a role of Tau in P53 dys-
regulation, a key event in oncogenesis.

Results
Generation and characterization of Tau-KO and Tau-KD cells.
We opted the use of human SH-SY5Y neuroblastoma cells for
generating Tau knock-out (Tau-KO) cells by the CRISPR-Cas9
technology and Tau knock-down (Tau-KD) cells by shRNA
interference (Fig.1). For disruption of the MAPT gene, we
designed gRNAs targeting Cas9 endonuclease to two sequences in
the first coding MAPT exon. CRISPR-Cas9 cell lines were
screened for Tau expression by fluorescent confocal microscopy
and immune protein blotting with the human-specific N-terminal
Tau13 antibody. So, we identified cell lines devoid of Tau (Fig.1a
and Supplementary Fig. 7a). Since the Tau13 epitope is within the
Cas9-targeted exon, false negatives may perhaps result from in-
frame indels or abnormal mRNA processing. With the HT7
antibody against amino acid 159–164 of Tau441, we confirmed the
isolation of Tau-KO lines lacking full-length or truncated Tau
expression (Fig. 1a and Supplementary Fig. 7a). We finally
selected the cell lines 232P and 231K presenting alleles modified
at the expected gRNA-sites by indels causing frame-shifts into
stop codons within the same exon (Fig.1a). The 231A cell line
underwent an unsuccessful CRISPR-Cas9 procedure and had
normal Tau expression (Fig. 1a).

To obtain Tau-KD cells, we screened shRNAs targeting the
coding sequence or the 3′ untranslated region of the Tau mRNA.
Culturing shRNA transduced cells in the presence of puromycin
resulted in the isolation of cell populations with constitutive
down-regulation of Tau for three shRNAs as shown by immune
staining and western blot (Fig.1b and Supplementary Fig. 7b).

Tau deficiency protects against DNA damage-induced apop-
tosis. Persistent DNA damage induces cell death or senescence.
Thus, as a functional readout for the DDR, we assessed the
cytotoxicity following a mild exposure to etoposide18, a DNA
topoisomerase II inhibitor causing double-stranded DNA breaks
(DSBs). Cell viability was first tested with the well-established
LDH and the MTS assays. Tau-KO cells exposed to a short (30
min) 60 µM etoposide treatment did not release LDH in the
culture medium and more efficiently converted MTS when
compared to Tau-expressing cells, which exhibited substantial
etoposide-dependent cytotoxicity in both assays (Fig. 2). To test
the involvement of apoptosis, we immune-stained cells for
cleaved active caspase-3 (clCasp3), an initiator of apoptosis.
Whilst <1% of the untreated Tau-expressing cells were positive
for clCasp3, etoposide exposure increased the apoptotic popula-
tion to 13–15%, apoptosis was induced in only 4–5% of Tau-KO
cells (Fig.2). The presence of activated clCasp3 in Tau-expressing
cells exposed to etoposide and its almost complete absence in
Tau-KO cells was confirmed by western blot analysis with the
same antibody for the cleaved enzyme form (Fig. 2 and Supple-
mentary Fig. 8). As a whole, we found a positive association
between Tau expression and DSB-induced apoptosis in SH-SY5Y
cells.

Tau depletion induces cellular senescence. In alternative to cell
death, unresolved DNA damage may provoke cellular senes-
cence17. Inhibition of cyclin-dependent kinase by p21 causes cell
cycle arrest and induction of senescence19,20. When compared to
untreated conditions, at three recovery days after etoposide
exposure (Fig. 3a), higher amounts of p21 were detected by
western blot in both Tau-expressing and Tau-KO cells (Fig. 3b).
When comparing the extent of this effect in the absence or the
presence of Tau, we found that Tau depletion increased p21 both
at basal conditions as well as after etoposide treatment when
compared to wt cells (Fig. 3b). The increased amount of p21
present in Tau-KO cells suggests that Tau-depletion may prone
cells to enter a senescence state further accelerated in the presence
of DSBs. We determined the number of cells entering in a
senescent state based on their mean cell size and by the
senescence-associated β-galactosidase (SA-βGal) staining proce-
dure at mild acidic conditions. When compared to untreated
conditions, significantly increased cell size and SA-βGal-positive
cells were found at three recovery days after etoposide exposure
both for wt and Tau-KO cells (Fig. 3b). Again, Tau-depleted cells
at basal conditions displayed a larger proportion of senescent cells
in terms of cell size, SA-βGal staining and p21 expression (Fig.
3b). A consistent observation was made also for Tau-KD cells
when compared to control shRNA cells (Fig. 3c, d). We con-
cluded that reduced expression of endogenous Tau changed the
fate of SH-SY5Y cells as a consequence of DSBs, favoring cellular
senescence induction at the expense of activation of programmed
cell death.

DNA damage and DDR activation are not reduced. DSBs lead
to rapid recruitment and phosphorylation of the H2A histone
family member at the site of DNA damage, and so the presence of
γH2A-X is utilized as a surrogate marker of DNA damage. We
first performed an accurate etoposide dose-response by in-cell
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western for γH2A-X staining normalized by nuclear DAPI
staining and observed an increase detection of γH2A-X total
staining in Tau-KO cells when compared to control cells (Fig. 4a).
The Comet assays is a direct measure of the magnitude of DSBs in
single cultured cells. No difference between control and Tau-KO
cells was found at the end of the etoposide treatment or during
the recovery, which was rapid and complete before the 6 h
washout time point independently on the presence or absence of
Tau. However, Tau deletion led to more DSBs at basal conditions
(Fig. 4b). Our data were thus consistent with a role of Tau in
DNA-protection10,11. In contrast, the relatively small increase in
etoposide-mediated DNA damage in Tau-KO cells inadequately
explained reduced DNA damage-induced cell death in Tau-
depleted cells. To corroborate this observation, we performed an
etoposide dose-response and determined by confocal microscopy
the presence of immune-stained nuclear γH2A-X and of the DSB-
activated forms of ATM and Chk221,22. This demonstrated
a robust and dose-dependent induction of all three markers at

30 min after etoposide treatment (Fig. 4c). The difference between
wt and Tau-KO cells was relatively minor and suggested a slightly
stronger activation of the early DDR in Tau-KO cells, although
the results obtained at 0 and 6 h recovery were less conclusive
(Fig. 4d). Overall, the modest and somehow opposite effect of Tau
depletion on the early DDR when compared to cell death
induction, suggested a downstream contribution of Tau in
modulating cell death.

Tau modulates DDR-dependent stabilization of P53 protein. A
key DDR regulator is the tumor suppressor protein P53, which
first halts cell division and then dictates cell fate when DNA
damage persists23,24. To check the requirement of P53 for
apoptosis induction in our cell model, we transduced cells with
viral pseudoparticles and isolated stable P53 shRNA expressing
cells (Supplementary Fig. 1a). The effect of the shRNA was
negligible at basal conditions, i.e. when the cells maintain a
minimal amount of P53 due to its efficient degradation. In

Fig. 1 Generation of Tau-KO and Tau-KD SH-SY5Y cells. a Scheme of the procedure used to generate CRISPR-Cas9-targeted cells and their
characterization. Immune staining was performed with Tau13 antibody and nuclear staining with DAPI, western blot with Tau13 (loading control GAPDH)
and immune precipitation and western blot with HT7 antibody, parental cells (wt) served as control. Amino acid sequences of the first MAPT coding exon
in all lines demonstrate successful CRISPR-Cas9-editing causing frameshift (underlined in italics) into early stop codons (asterisks) for both alleles of 232P
and 231K cells. b Scheme of procedure used to generate Tau-KD cell lines and their characterization by immune staining and western blot for Tau
expression when compared to parental cells (wt) or cells transfected with the parental shRNA plasmid (ctrl). Scale bar 50 µm.
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Fig. 2 Tau deficiency confers resistance to etoposide-induced apoptosis. Scheme representing the design of the experiment with parental and 231A
(Tau) cells compared to 232P and 231K (Tau-KO) cells treated 30min with 60 μM etoposide and recovered as indicated before analysis. LDH and MTS
values are shown as percentage of parental cells (wt), mean ± SD of five biological replicates. To measure activation of apoptosis, percent positive cells for
cleaved-caspase-3 (clCasp3) is determined on confocal microscope images and normalized for total DAPI-positive cells, mean ± SD of five images for the
untreated cells (ctrl) and of 15 images for etoposide-treated cells (60 μM eto), n > 500 cells/condition, representative experiment of n > 3 biological
replicates. Activated clCasp3 was also analyzed by western blot with GAPDH as loading control and 15 and 17 kDa clCasp3 quantified by normalization
with GAPDH, mean ± SD (n= 3 biological triplicates). Statistical analysis by independent measures ordinary two-way ANOVA, source of variation for cell
lines (in bold), multiple Bonferroni pairwise comparisons for treatment between lines (in italics) or for each line (in vertical).
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contrast, P53-KD cells displayed reduced etoposide-dependent
P53 stabilization when compared to control cells as demonstrated
by western blot analysis with the monoclonal antibodies DO-1
and Pab 1801 and confirmed by immune staining with DO-1
(Supplementary Fig. 1b, c). Cell lysates obtained from the neu-
roblastoma cell line SK-N-AS carrying a homozygous deletion in
the TP53 gene and therefore not expressing P5325, were used as a
negative control for P53 immune detection. Etoposide treatment
induced apoptosis in ~2% P53-KD cells compared to ~14% of the
control cells (Supplementary Fig. 1d). These data confirmed the
involvement of P53 in DSB-induced apoptosis also in SH-
SY5Y cells.

Having exposed the contribution of P53 and Tau in
modulating DNA damage-dependent apoptosis in SH-SY5Y cells,
we next asked whether Tau may modulate P53 activation. Tau-
KO cells presented reduced DNA damage-induced nuclear P53
when compared to Tau-expressing cells as shown by immune
staining and western blot (Fig. 5a and Supplementary Fig. 2a, b).
Reduced P53 was observed when Tau-KO cells were exposed to

30, 60 or 90 µM etoposide and let recover for 30 min or 6 h
(Fig. 5a). Reduced etoposide-induced apoptosis in Tau-KO cells
displayed a similar dose-dependent effect (Fig. 5b).

Further documenting the role of Tau in etoposide-induced
cytotoxicity, re-expressing high levels of human Tau441 in Tau-
KO cells (Supplementary Figs. 3a and 11) increased P53 stabiliza-
tion in etoposide-treated cells (Supplementary Fig. 3b) and
restored sensitivity in the LDH and clCasp3 assays (Supplemen-
tary Fig. 3c). In order to obtain reconstituted Tau expression at a
level similar to that of endogenous Tau, in a second set of
experiments Tau-KO cells were transiently transfected with a 1:10
mixture of Tau410 and GFP plasmids or of empty and GFP
plasmids. Tau expression was then analyzed in GFP-positive cells
co-transfected either with the Tau410 or the empty plasmid by
immune staining. This led to determine a level of ectopic
expression corresponding to ~2-fold that of endogenous Tau
determined in parental SH-SY5Y cells (Supplementary Fig. 3d).
Under these conditions, 6 h after etoposide exposure Tau410-
transfected Tau-KO cells displayed increased P53 stabilization

Fig. 3 Tau depletion increases cellular senescence. a Scheme of the procedure followed to assess cellular senescence upon 30min treatment with 60 μM
etoposide followed by 3 days of recovery. b Quantification of p21 amount in cell lysates by western blot in parental (wt) or 232P (Tau-KO) cells under
control conditions (ctrl) or following etoposide treatment (60 µM eto) normalized for GAPDH, mean ± SD of three biological replicates. Quantification
of mean cell area and percent positive cells for senescence-associated β-galactosidase (SA- βGal) determined with a high-content microscope scanner,
mean ± sem of four (Tau-KO cells) or three (Tau-KD) independent experiments, n > 8000 cells. Data are shown as fold of wt cells at basal conditions.
c Same as in b for mock shRNA (ctrl) or Tau 3127 shRNA (Tau-KD) cells. d Representative images of SA-βGal staining (in blue), bright-field, scale bar=
100 μm. Statistical analysis by independent measures ordinary two-way ANOVA, source of variation for cell lines (in bold), multiple Bonferroni pairwise
comparisons for treatment between lines (in italics) or for each line (in vertical).
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when compared to that detected in empty plasmid-transfected
Tau-KO cells (Supplementary Fig. 3e).

Tau-KD-cells with reduced Tau-expression corresponding to
71 ± 1% for the 3127 shRNA and 64 ± 2% for the 2112 shRNA
(Fig. 5c) when exposed to etoposide also showed reduced P53
activation (Fig. 5d) and apoptosis (Fig. 5e) in a Tau-dose-
dependent manner. On the other hand, 60 ± 1% reduced Tau in
1881 shRNA cells did not affect P53 protein level and apoptosis
(Fig. 5c–e). Single-cell analysis of the whole Tau-KO or Tau-KD
cell population revealed that when we applied a threshold just
above background to count P53-positive cells, etoposide-
dependent P53 stabilization was better described by a change in
the relative number of P53-positive cells rather than by a gradual
correlation between Tau and P53 expression (Fig. 5f).

Reduced P53 and apoptosis occurs in other neuroblastomas. In
order to validate the observation made in SH-SY5Y cells, we
tested the effect of Tau down-regulation in IMR5 and IMR32
human neuroblastoma cell lines. Similar to SH-SY5Y cells, these
two cell lines express a wild-type functional P5326,27. Several
other neuroblastoma cell lines were disregarded because P53
mutations were causing either constitutive activation or expres-
sion loss of P5327. Tau expression in IMR5 cells was down-
regulated ~4-fold in the presence of the 2112 shRNA (Supple-
mentary Fig. 4a). Under these conditions, we observed lower
etoposide-induced P53 stabilization in Tau-KD when compared
to mock-transduced IMR5 cells as determined by western blot
and immune staining analysis (Supplementary Fig. 4b). Similar to
what observed in SH-SY5Y cells, etoposide-induced clCasp3 was

Fig. 4 Reduced P53 in Tau-KO cells is not caused by DDR activation. For all panels, parental (wt) or 232P (Tau-KO) cells were treated 30min with the
indicated etoposide concentrations and recovery times. aMean intensity ± SD of γH2A-X staining normalized for DAPI staining by in-cell western is shown
as fold of wt cells at basal conditions, n= 5 of biological replicates in a 96-well plate. Non-parametric independent Mann–Whitney U test between lines (in
bold), or for each dose between lines (in italics). b Olive moment in the Comet assay is shown as mean ± sem, n= 84–146 cells/condition. c, d Mean
intensity ± sem of single-cell nuclear γH2A-X, pATM or pChk2 staining (DAPI mask, ImageJ) is shown as fold of wt cells at basal conditions, n > 100 cells/
condition distributed over five images. Statistical analysis by independent measures ordinary two-way ANOVA, source of variation for cell lines (in bold),
multiple Bonferroni pairwise comparisons of each condition between lines (in italics) and of time points for each line (b, d, in vertical).
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also reduced in Tau-depleted IMR5 cells (Supplementary Fig. 4c).
The presence of the 3127 shRNA in IMR32 cells lowered Tau
expression by ~40%, which resulted in reduced P53 stabilization
and caspase-3 activation in cells exposed to the etoposide treat-
ment (Supplementary Fig. 4d–f).

Tau regulates P53 expression post-translationally. To assess
whether lower P53 protein level observed in Tau-KO cells was
occurring by transcriptional or post-translational mechanism, we
first determined by quantitative RT-PCR the amount of the P53

mRNA in wt and Tau-KO cells before or 6 h after the acute
etoposide treatment. At basal conditions Tau-KO and Tau-KD
cells showed a significant but modest increase in TP53 tran-
scription when compared to Tau-expressing cells. Etoposide
exposure slightly increased the P53 transcript in all cell lines, but
there was no difference when comparing treated Tau-expressing
and treated Tau-KO cells (Fig. 6a, b). Overall, these data essen-
tially dismissed the premise that the effect of Tau depletion on
P53 stabilization occurred at the transcriptional level, rather
suggesting a translational or post-translational control. On
the other hand, etoposide treatment resulted in the expected

Fig. 5 Tau depletion decreases P53 level and apoptosis. For all panels the indicated cell lines (Tau-KO are 232P cells) were treated 30min with the
indicated etoposide concentrations and recovery times. a Mean intensity ± sem of single-cell nuclear P53 staining (DAPI mask, ImageJ) is shown as fold of
wt cells at basal conditions, n > 100 cells/condition distributed over five images. b Percent clCasp3-positive cells are shown as mean ± SD of five images for
the untreated cells and of 15 images for etoposide-treated cells, n > 500 cells/condition. c Mean intensity ± sem of single-cell Tau staining (tubulin mask,
ImageJ) for the indicated cell lines is shown as percent of mock shRNA cells (ctrl), n > 160 cells/condition distributed over five images. dMean intensity of
single-cell nuclear P53 staining quantified as in a, n > 380 cell/condition distributed over 15 images from n= 3 biological replicates. e Percent clCasp3-
positive cells quantified as in b, n > 500 cell/condition. f An arbitrary threshold was applied in order to count P53-positive cells as percentage ± SD of total
DAPI-positive cell number, n > 100 cells/conditions. For the comparison between the four cell lines (a), non-parametric independent Mann–Whitney U test
for genotype (in bold) and Kruskal–Wallis pairwise comparison of treatment for cell lines with same genotype (in italics) or for each line (in vertical). For
the dose-dependency (a, b), non-parametric independent Mann–Whitney U test between cell lines (in bold), Kruskal–Wallis pairwise comparison for each
dose (in italics) and between doses (in vertical). Non-parametric independent Mann–Whitney U test (c–e) between control and the three Tau-KD lines (in
bold) and Kruskal–Wallis pairwise comparison for each Tau-KD line (in italic) and for each treatment (in vertical). Unpaired two-tailed t test with Welch’s
correction (f).
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P53-dependent upregulation of HDM2 transcription, but this was
markedly reduced in Tau-KO and in Tau-KD cells (Fig. 6a, b), a
result that was confirmed also at the MDM2 protein level (Sup-
plementary Fig. 5). Analysis of additional direct targets of
P5328,29 showed a differential transcriptional response to etopo-
side in Tau-depleted cells. Whilst, transcription of the EI24 gene
was reduced in etoposide-treated Tau-KO cells, that of RRM2B,
TNFRSF10B, DDB2, ZMAT3, ASCC3 and CDKN1A was not
affected in Tau-KO cells (Fig. 6a). Dysregulation of transcription
of the P53 targets was more evident in Tau-KD cells, which
showed reduced etoposide-induction for the MDM2, DDB2,
RRM2B, ZMAT3, ASCC3 transcripts, and no effect on the EI24
and TNFRSF10B transcripts (Fig. 6b). Interestingly, as observed
for the CDKN1A protein product p21 (Fig. 3c), also the CDKN1A
transcript was increased in Tau-KD cells after etoposide treat-
ment (Fig. 6b), whereas this did not reach significance in Tau-KO
cells (Fig. 6a). A different regulation of direct P53-dependent
genes after etoposide exposure, conveyed by a positive or negative
difference in the degree of transcription activation between cells
with normal or reduced Tau expression, substantiated a Tau-
dependent modulation of P53 function at a post-translational
level. Also, the heterogeneous response observed among the dif-
ferent P53 targets cannot be explained solely by a change in P53
protein stability but implied a more complex modulation of P53
activity.

Tau affects P53 and MDM2 modification. A post-translational
clearance mechanism keeps P53 protein at low levels in the
absence of a cellular stress30. This occurs mainly, but not exclu-
sively, by the activity of the E3 ubiquitin ligase MDM2 (also
known as HDM2) that associates with P53 to favor its degrada-
tion and interfere with its function30,31. We determined the

amount of nuclear MDM2 and found that induction of MDM2
was lower in Tau-KO cells when compared to Tau-expressing
cells, possibly explained by reduced gene transcription (see above,
Fig. 6), whereas MDM2 expression in untreated cells was not
modulated by Tau (Supplementary Fig. 5). Post-translational
modification of P53 through the action of DDR transducing
kinases causes the dissociation of the P53-MDM2 complex and
induces stress-dependent P53 stabilization. In the presence of
DSBs, this occurs mainly by N-terminal phosphorylation of the
P53 transcription-activation domain by the ATM-Chk2 axis22.
We tested two small molecules interfering with this process. KU-
55933 is an ATM inhibitor blocking ATM-dependent P53
phosphorylation thus preserving the P53-MDM2 complex and its
degradation. Nutlin-3 binds to the P53-binding pocket of MDM2
thus inhibiting their association and degradation. KU-55933 had
no effect on P53 and MDM2 expression when tested alone (Fig.
7a). As expected, adding the drug after etoposide treatment
severely impaired DSB-induced P53 and MDM2 stabilization and
also blocked apoptosis activation (Fig. 7a, b). Consistent with its
mode of action, the presence of nutlin-3 led to a strong increase
in P53 and MDM2, which was higher to that caused by etoposide
but, notably, did not induce apoptosis (Fig. 7a, b). Nutlin-3
potentiated the effect of etoposide in terms of P53-MDM2 sta-
bilization in wt cells. In Tau-KO cells exposed to etoposide,
nutlin-3 eliminated the drop in MDM2 and partly also that in
P53 (Fig. 7a, b). Determination of P53 phosphorylation at S15
when normalized for total P53 protein showed a similar
etoposide-dependent relative occupancy in Tau-KO cells when
compared to Tau-expressing cells (Supplementary Fig. 6a). This
was an unexpected result because amino-terminal P53 phos-
phorylation should stabilize P53 by interfering with the binding
to MDM2, and thus increased P53 destabilization in Tau-KO cells
should be reflected by a reduction in P53 phosphorylation. A

Fig. 6 Differential regulation of P53 transcription targets. Extracted RNA from parental (wt) and 232P (Tau-KO) cells in a or from control shRNA plasmid
(ctrl) and 3127 (Tau-KD) cells in b at basal conditions or after 30min 60 μM etoposide and 6 h recovery, was subjected to reverse-transcription and qPCR
with primers specific for the indicated transcripts. Mean ± SD of relative mRNA levels (n= 3) shown as fold of the respective basal conditions for parental
or control cells. Statistical analysis by independent measures ordinary two-way ANOVA, source of variation for cell lines (horizontal), multiple Sidak
pairwise comparisons for treatment for each line (in vertical).
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possible explanation is that reduced DSB-dependent stabilization
of P53 caused by the absence of Tau might be compensated by a
change in P53 phosphorylation. Etoposide-induced P53 phos-
phorylation at S15 was severely impaired by the ATM inhibitor
KU-55933 (Supplementary Fig. 6b), but this only partially
blocked apoptosis induction in wt cells and had no effect in Tau-
KO cells when compared to etoposide-exposure alone (Fig. 7b).
In addition, P53 stabilization by nutlin-3 did not involve S15
phosphorylation (Supplementary Fig. 6b) and poorly induced
apoptosis (Fig. 7b). Our attempts to analyze pS46-P53 phos-
phorylation was unsuccessful as no signal was detected also under
conditions of prolonged etoposide treatment both in Tau-
expressing and Tau-KO cells. We concluded that in SH-SY5Y
cells, DSB-induced apoptosis was at least in part dependent on
P53 modification.

Tau-depletion increases P53 degradation rate. To address if
Tau-KO cells displayed faster P53 degradation possibly
accounting for the lower detection of P53 protein, we first

inhibited the ubiquitin-proteasome system by treating the cells
with MG132. The presence of MG132 during the recovery phase
from etoposide exposure restored P53 stabilization in Tau-KO
cells but had no effect in wt cells, suggesting that the absence of
Tau favored P53 degradation (Fig. 7c and Supplementary Fig. 9c).

Taking advantage of the fact that MG132 was able to restore
similar P53 protein levels in wt and Tau-KO cells exposed to
etoposide, we then analyzed the rate of degradation of P53 and
MDM2 by removing MG132 and adding the translation inhibitor
cycloheximide. Under these conditions we observed a faster P53
degradation rate at 2 and 4 h wash-out in Tau-KO cells when
compared to wt cells (Fig. 7d). In contrast, no difference was
observed in terms of MDM2 degradation (Fig. 7d).

Western blot analysis of MDM2 with the same rabbit antibody
used for immune staining of the cells confirmed reduced MDM2
expression in Tau-KO cells exposed to etoposide when compared
to wt cells (Fig.7e and Supplementary Fig. 9e). Interestingly, when
using a mouse antibody for MDM2, we also detected a 60 kDa
MDM2 form (Fig.7e and Supplementary Fig. 9e), likely
representing the amino-terminal caspase-2 cleavage product of

Fig. 7 Role of P53 and MDM2 modifications for P53 function and stability. a, b Parental (wt) or 232P (Tau-KO) cells treated 30min without (basal) or
with 60 μM etoposide and recovered for 6 h in the absence (eto) or presence of 10 µg/mL KU-55933 and/or 5 µg/mL nutlin-3. a Mean intensity ± sem of
single-cell nuclear P53 or MDM2 (DAPI mask, ImageJ) shown as fold of basal conditions, n > 100 cells/condition distributed over five images. b Percent
clCasp3-positive cells shown as mean ± SD of five images (basal) or 15 images (treatments), n > 500 cells/condition. Non-parametric independent samples
test and Kruskal–Wallis pairwise comparison between cell lines (in bold) or for treatment for each cell line (in vertical). c Western bot analysis of P53 in
parental (wt) or 232 P (Tau-KO) cells at basal conditions, after 30min 60 μM etoposide and 4 h recovery without or with 10 μMMG132. GAPDH served as
loading control. d Parental (wt) or 232P (Tau-KO) cells pre-treated for 30min with 60 μM etoposide followed by 4 h with 10 μM MG132, were incubated
with 25 μM of cycloheximide (CHX) for the indicated chase times. Single-cell nuclear P53 or nuclear MDM2 (DAPI mask, ImageJ) shown as fold of wt cells
at basal conditions. Mean intensity ± sem of n > 100 cells/condition distributed over five images. Independent measures ordinary two-way ANOVA, source
of variation for cell lines (bold), multiple Bonferroni pairwise comparisons of treatment for each line (in italic). e Parental (wt) or (Tau-KO) 232P cells
treated for 30min with 60 μM etoposide and 6 h recovery analyzed with a 90 kDa MDM2 rabbit antibody (green and middle panel with GAPDH as loading
control) or a 60 and 90 kDa MDM2 mouse antibody (red and bottom panel).
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full-length 90 kDa MDM232,33. An opposite effect of etoposide-
exposure was obtained for these two forms of MDM2 in Tau-KO
cells when compared to wt cells. Although reduced 90 kDa
MDM2 detection was confirmed in Tau-KO cells, in the same
cells we found that etoposide markedly increased 60 kDa MDM2
(Fig.7e and Supplementary Fig. 9e).

Tau does not interact with P53. In the presence of the protea-
some inhibitor, the interaction between P53 and MDM2 was
confirmed by a co-precipitation experiment both in the presence
and in the absence of etoposide treatment (Fig. 8 and Supple-
mentary Fig. 10). However, although etoposide increased the
amount of MDM2 detected in cell lysates when compared to the
control, for both conditions a similar amount of MDM2 was co-
precipitated by P53; a result consistent with decreased P53-
MDM2 interaction as a consequence of DNA damage. In con-
trast, we did not detect any interaction between P53 and Tau in
the presence or absence of DNA damage (Fig. 8 and Supple-
mentary Fig. 10), suggesting that the modulatory function of Tau
on P53 stabilization may not occur by a direct interaction
between the two proteins in SH-SY5Y cells.

The data obtained implied that in neuroblastoma cells Tau
modulated P53 in a manner that went beyond a simple regulation
of its stabilization, but accounted also for a deregulation of P53
and MDM2 post-translational modification ultimately affecting
the activity and function of P53 in cell fate decisions dependent
on DNA damage.

Discussion
We report a new function of Tau as a regulator of DSB-induced
cell fate and describe that this occurred by a deregulation of P53
activity. Our data support a role for Tau as a P53 modifier in

neurodegeneration. Uncontrolled P53 activity in the presence of
P53 or MDM2 mutations is one of the main pathomechanism of
cancer34. Not surprisingly, the P53-MDM2 axis includes a variety
of factors regulating their modification and localization35. Based
on our data, Tau should now be listed as a modifier of wild-type
P53 function, with possible implications in cancer biology.

The involvement of apoptosis in neurodegeneration is docu-
mented36, but whether this is modulated by Tau remains
questionable37,38. We show now that a brief DNA damaging
insult positively associates Tau to programmed cell death and
negatively to cellular senescence. Positive association to cell loss
was already shown in Bloom’s syndrome cells under continuous
DNA damage for three days, although a distinction between cell
death and senescence was not clear39. Age-dependent increase in
senescent cells promotes tissue deterioration and neuronal
dysfunction40,41. Moreover, increased senescent glia cells were
found in a tauopathy model characterized by reduced soluble Tau
and, remarkably, senescent cell removal prevented functional
neuronal decline42. Nevertheless, direct evidence that Tau loss-of-
function may promote senescence was not yet reported.

In the adult human brain, post-mitotic neurons express Tau in
multiple alternative spliced isoforms that differ depending on the
presence of up to two N-terminal inserts (0N, 1N, 2N) and on the
presence of three or four microtubule-binding repeats (3R, 4R).
In early development, 3R-Tau isoforms are predominant whereas
in the adult brain the 3R and 4R isoforms are detected at a similar
level, although they ratio is substantially altered in a peculiar
manner for distinct tauopathies43. The cell lines used in our study
(SH-SY5Y, IMR-32 and its subclone IMR-5) express pre-
dominantly the embryonic isoform 3R-Tau when actively divid-
ing44–46. Our results showing that the effect of endogenous Tau
deletion was reversed by ectopic expression of either 4R-Tau441 or
3R-Tau410 suggest that the modulatory role of Tau on P53 is
possibly shared by all Tau isoforms. Tau phosphorylation in
undifferentiated SH-SY5Y is increased46, so at this time we
cannot exclude that the modulatory effect of Tau on P53 may
require modification of Tau by phosphorylation.

The balance between apoptosis and senescence is regulated by an
intricate mechanism, which varies in response to distinct stres-
sors47. In terms of DNA damage, crucial determinants are the
nature and intensity of the stress. Since P53 drives both the
induction of apoptosis and senescence, cell fate is finely tuned by
changes in P53 kinetics and transcriptional activity under post-
translational modification control48. The inference that Tau
modifies P53 protein expression and the balance between cell death
and senescence, suggests Tau as a modifier of P53 post-translation
modification by acting on P53 modulators. P53 is modified by most
types of substituents, which dictate the complex response to a wide
range of cellular conditions49. Ubiquitination and phosphorylation
control P53 stability, subcellular localization and transcriptional
versus non-transcriptional activity, as well as cellular senescence50

and apoptosis51. P53 acetylation may govern transcriptional-
regulation of gene targets involved in growth arrest, and the
choice to enter senescence or apoptosis52. In our cellular model,
treatment with nutlin-3 restored P53 stabilization without involving
P53 phosphorylation in Tau-depleted cells exposed to etoposide,
but poorly reversed reduced activation of the apoptotic pathway.
Nutlin-3 restored also the expression of the P53 negative regulator
MDM2, which targets P53 for degradation, regulates its nuclear
localization, and the interaction of P53 with transcriptional co-
factors35. Therefore, considering only the protein amount of P53 or
MDM2 inadequately explains the role of Tau as an effector bal-
ancing apoptosis and senescence. Additional P53-interacting pro-
tein such as WW domain-containing oxidoreductase (WWOX),
which modulate Tau phosphorylation, may be involved in Tau-
dependent regulation of P5353,54.

Fig. 8 Tau does not directly interact with P53. Cell lysates of SH-SY5Y
treated with 10 μM of MG132 to stabilize P53 expression, without (ctrl) or
with (eto) a 30min pre-treatment with 60 μM etoposide, were subjected to
immune precipitation of endogenous P53 with a rabbit antibody (P53) or
with a rabbit GFP antibody as negative IP control (GFP). Western blot
analysis for co-precipitation of MDM2 or Tau with the respective mouse
antibodies as indicated. The blots on the top show the analysis of the
starting material (cell lysates), those on the bottom the
immunoprecipitation (IP). The P53 blots are entirely shown, whereas for
MDM2 and Tau, the blots were cut between the 55 kDa and the 95 kDa
protein size markers and analyzed separately.
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Tau has been described recently to be part of a complex con-
taining P53, PARN and Pin1 involved in the regulation of mRNA
stability through regulation of polyadenylation9. In this report, in
HCT-116 colon cells Tau expression modulated the level of the
P53 transcript and P53 that of Tau. In our cellular model, we also
observed that Tau was able to modulate P53 expression, but we
excluded that this occurred at the level of gene transcription and
instead showed a post-translational mechanism. Nevertheless, the
action of Tau on P53 degradation, on P53 activity as transcription
factor and on P53 function as cell fate mediator reported herein
for SH-SY5Y cells may well be regulated by a Tau complex similar
to that described for HCT-116 cells. However, HCT-116 and
other colon cancer cell lines modify Tau to an hyperpho-
sphorylated form resembling the one deposited in tauopathy
brains55, suggesting a difference in function between pathogenic
and physiological Tau.

Increased DNA damage has been reported as a consequence of
Tau deletion and heat stress, indicating a protective role of Tau
against DNA damage, which may require nuclear Tau
translocation10,11,35. We reported that also etoposide exposure
increased nuclear Tau and reduced its phosphorylation12. In the
present study, determination of DNA integrity assessed by the
Comet and γH2A-X assays confirmed the protective role of Tau,
but rebuffed the possibility that decreased DNA damage in the
absence of Tau may be the reason for decreased DSB-induced cell
death. Moreover, we did not observe an overt effect on the ATM-
Chk2 axis, implying that a downstream pathway was affected in
Tau-KO cells.

P53 stabilization and apoptosis induction depended on the
activity of the ATM-Chk2 axis, because they were stopped by the
ATM inhibitor KU-55933. An alternative reading is that Tau may
intervene on P53 modification or on its functional modulators.
Whether this occurs in the cytosol, possibly based on its activity
on microtubules, or following its nuclear translocation is yet to be
examined. P53 has been shown to associate to and be regulated
by microtubules56,57. Therefore, Tau may affect P53 interaction
with the cytoskeleton by modulating microtubule dynamics.
However, Tau is also present in the nucleus in normal and stress
conditions and some functions associated to nuclear Tau were
suggested10,11,58–60.

The implication of the neurodegeneration-associated Tau pro-
tein in the biology of P53, the “guardian of the genome”, is a
thrilling finding that may explain the role of P53 and DDR dys-
function in neurodegeneration and the link between Tau and
cancer. Abnormal P53 species are potential biomarkers of AD61–63,
the most common tauopathy with an high incidence of P53
mutations64 and P53 deregulation65. Genetic manipulation of P53
family members in mice affects aging, cognitive decline, and Tau
phosphorylation66,67. Cell cycle activators are upregulated in post-
mitotic neurons by stress conditions and tauopathies, possibly
representing a cause for neurodegeneration68,69. Increased DNA
damage is found in AD15,16 and persistent DDR causes neuronal
senescence and upregulation of pro-inflammatory factors70. Our
finding that cellular senescence is increased by DSBs in Tau-KO
cells is consistent with these observations.

Intriguingly, hyperphosphorylated and insoluble Tau is detec-
ted in some prostate cancer71, FTDP-17 MAPT mutations

increase the incidence of cancer72, and higher levels of phos-
phoSer199/202-Tau have value as predictors of non-metastatic
colon cancer73. More recently several reports described that high
Tau expression improves survival in several types of cancers74–77.
Intriguingly, Tau deficiency resulting in reduced P53 stabilization
reported herein provides a mechanism to explain why reduced
Tau represents a negative prognostic marker. Moreover, since our
data show that Tau expression also modulates etoposide cyto-
toxicity, we would like to propose that Tau protein level may
acquire value as a response marker of genotoxic therapy.

Cancer and neurodegenerative diseases may involve common
signaling pathways balancing cell survival and death78–80 and
may be defined as diseases of inappropriate cell-cycle control as a
consequence of accumulating DNA damage. Epidemiological
studies show an inverse correlation between cancer and neuro-
degeneration79, although not consistently81,82, and chemotherapy
is associated to a lower predisposition for AD83,84. The study of
Tau as a modifier of P53 and, importantly, P53 control of cell
death and senescence is crucial because of the implication that
Tau may modulate cell death and senescence in neurodegenera-
tive tauopathies and in cancer. Considering the unmet medical
need with vast social implications caused by these—unfortunately
frequent —disorders, our finding holds sizeable scientific
importance and may lead to innovative approaches for disease-
modifying therapeutic interventions.

Methods
Cell culture and DNA transfections. Human neuroblastoma IMR5, IMR32, and
SK-N-AS were kindly provided by Dr. Chiara Brignole and Dr. Mirco Ponzoni
from the IRCCS Istituto Giannina Gaslini in Genova. These cells and the human
neuroblastoma SH-SY5Y cells (94030304, Sigma-Aldrich) were cultured in com-
plete DMEM: Dulbecco’s Modified Eagle Medium (61965–059, Gibco) supple-
mented with 1% non-essential amino acids (11140035, Gibco), 1% penicillin-
streptomycin (15140122, Gibco) and 10% fetal bovine serum (10270106, Gibco).
Cells were grown at 37 °C with saturated humidity and 5% CO2, and maintained in
culture for <1 month. Cells grown on poly-D-lysine (P6407, Sigma-Aldrich) were
transfected with jetPRIME (114–15, Polyplus) or Lipofectamine 3000 (L3000008,
Invitrogen) according to the manufacturer’s instructions or with the calcium
phosphate method85.

Targeted disruption of Tau expression. For disruption of the MAPT gene
encoding for Tau by the CRISPR-Cas9 method, the two gRNAs 231 and 232
(Table 1) targeted exon 2 containing the initiating ATG (ENST00000344290.9).
Cells in six-well plates were transfected with the plasmid kindly provided by Dr.
Zhang86 (52961, Addgene) driving expression of one of the two gRNA, Cas9
nuclease and puromycin resistance. One day post-transfection, cells were trans-
ferred to 10 cm plates and incubated for 2 days with 20 µg/mL puromycin (P8833,
Sigma-Aldrich). Single colonies were isolated, amplified, and stored in liquid
nitrogen. The cDNA encoding for human Tau isoform of 441 amino acids
(Tau441) in the expression plasmid pcDNA3 and selection in 0.5 mg/mL Geneticin
(11811031, Gibco) served to generate reconstituted Tau expression in the Tau-KO
232P cell line.

Sequencing of the targeted MAPT gene. Cell pellets were resuspended in 400 μL
TNES buffer (0.6% SDS, 400 mM NaCl, 100 mM EDTA, 10 mM Tris pH 7.5) and
0.2 mg/mL proteinase-K (Abcam, ab64220) under continuous shaking 3–4 h at 50 °
C, and then supplemented with 105 μL of 6 M NaCl. Genomic DNA was pre-
cipitated with one volume of ice-cold 100% ethanol, washed with 100% ethanol and
with 70% ethanol, and air-dried. The genomic fragment containing the CRISPR-
Cas9-targeted regions was amplified by PCR with primers containing BamHI or
XhoI restriction sites (Table 2) with the AccuPrime™ Pfx SuperMix (12344–040,
Invitrogen). PCR reactions were purified with the GeneJET PCR purification kit
(K0701, ThermoFisher Scientific) and subcloned in pcDNA3. DNA from single
bacterial colonies were analyzed by restriction mapping with Ndel and XhoI or
Van91I, in order to verify the presence and the MAPT origin of the inserts. Inserts
with different size were selected in order to increase the chance of sequencing both
alleles (Microsynth).

Down-regulation of Tau or P53 expression. Short hairpin RNAs (shRNAs,
Table 3) were inserted in the pGreenPuro vector (SI505A-1, System Biosciences).
The design of shRNAs targeting Tau or P53 was done following the manufacturer’s
instructions or with the tool provided by Dr. Hannon at http://katahdin.cshl.org//
siRNA/RNAi.cgi?type=shRNA. Pseudo-lentiviral particles were produced in

Table 1 Argeted gRNA sequences for human MAPT gene.

Oligo Sequence

231 CACGCTGGGACGTACGGGTTGGG
232 CCGCCAGGAGTTCGAAGTGATGGG
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HEK-293 cells (HEK 293TN, System Biosciences) with the pPACKH1 kit
(LV500A-1, System Biosciences) by the calcium phosphate transfection method85.
Particles were harvested 48–72 h later, concentrated on a 30K MWCO Macrosep
Advance Spin Filter (MAP030C37, Pall Corporation), aliquoted and stored at
−80 °C until use. Particle titers were determined at 72 h post-transduction by
calculating the percent of GFP-positive cells and the mean GFP intensity. Tau-KD
and P53-KD cells were obtained upon transduction and selection in 5 μg/mL
puromycin for one to 2 weeks.

Drug treatments. Etoposide (100mM stock in DMSO; ab120227, Abcam) treat-
ment was followed by three washes with complete DMEM and cells were allowed
to recover for the indicated times. The concentration of etoposide was adapted
depending on the cell line, most treatments of SH-SY5Y cells were performed at 60
or 100 µM etoposide, whereas 15 µM etoposide was used for IMR5 cells and 30 µM
etoposide for IMR32 cells. When specified, recovery was done in the presence of
5 µg/mL nutlin-3 (5mg/mL stock in DMSO; SC-45061, Santa Cruz), 10 µg/mL of
KU-55933 (10mg/mL stock in DMSO; SML1109, Sigma-Aldrich), 10 µM MG132
(10mM stock in DMSO, M7449, Sigma-Aldrich) or 25 µM cycloheximide (10mg/ml
stock in H2O, 01810, Sigma-Aldrich). Vehicle DMSO was added in the controls.

Immune assays. For immune staining, cells were grown on poly-D-lysine coated
eight-well microscope slides (80826-IBI, Ibidi). Cells were fixed in paraformalde-
hyde and stained12 with primary antibodies 1 μg/mL Tau13 (sc-21796, Santa Cruz),
0.5 μg/mL pS129-H2A-X (sc-517348, Santa Cruz), 0.13 μg/mL pS1981-ATM (#13050,
Cell Signaling), 0.2 μg/mL pT68-Chk2 (#2197, Cell Signaling), 0.4 μg/mL P53 DO-1
(sc-126, Santa Cruz,), 1 μg/mL pS15-P53 (ab223868, Abcam), 0.2 μg/mL MDM2
(#86934, Cell Signaling), 0.05 μg/mL clAsp175-Caspase3 (#9661, Cell Signaling),
0.5 μg/mL alpha-tubulin (ab18251, Abcam). Detection of endogenous Tau entailed
the testing of a number of commercial antibodies so to find the human-specific
Tau13 monoclonal antibody against an amino-terminal epitope as reagent pro-
viding the most reliable detection of endogenous Tau. Although determination of
DSBs by γH2A-X is mostly performed by counting positive nuclear foci, we noticed
that at the concentration of etoposide used here, single foci were poorly discernible,
we nevertheless confirmed that mean intensity of nuclear γH2A-X staining cor-
related with foci counting and decided to apply the first method for our quanti-
fications of DNA damage. Detection by fluorescent laser confocal microscopy
(Nikon C2 microscope) was done with 2 μg/mL secondary antibodies anti-mouse
IgG-Alexa594 or -Alexa 488 (A-11032, A-11001, ThermoFisher Scientific) or anti-
rabbit IgG-Alexa594 or -Alexa488 (A-11037, A-11034, ThermoFisher Scientific).
Nuclei were counterstained with 0.5 μg/mL DAPI (D9542, Sigma-Aldrich). Images
were usually taken with a line by line scan with a sequence of excitations, i.e.
405 nm laser with 464/40–700/100 nm emission filter, 488 nm laser with 525/50 nm
emission filter, and 561 nm laser with 561/LP nm emission filter. ImageJ was used
for all image quantifications.

For biochemical analysis by western blot, cells plated in 6 well plates were
directly lysed in 40 µL SDS PAGE sample buffer (1.5% SDS, 8.3% glycerol, 0.005%
bromophenol blue, 1.6% β-mercaptoethanol and 62.5 mM Tris pH 6.8) and
incubated 10 min at 100 °C.For immune precipitation, cells from 10 cm plates were
rinsed with PBS and collected by scraping and low speed centrifugation. Cell lysates
were prepared in 400 μL ice-cold RIPA buffer (R0278, Sigma-Aldrich),
supplemented with protease and phosphatase inhibitor cocktails (S8820,
04906845001, Sigma-Aldrich) and treated with benzonase (707463, Novagen)
15 min at 37 °C.

Protein immune precipitation was performed by a batch procedure using
Protein G-Sepharose® beads (101241, Invitrogen) overnight at 4 °C with 40 µL 30%
slurry beads and 1 µg of HT7 antibody (MN1000, Invitrogen) or P53 antibody
(FL-393, bs-8687R, Bioss Antibodies) antibody. The cell lysates for P53 immune
precipitation were cleared by centrifugation at 20,000 g per 10 min. For immune
blots12, we used 0.2 μg/mL Tau13 (sc-21796, Santa Cruz), 0.18 μg/mL GAPDH
(ab181602, Abcam), 0.4 μg/mL P53 DO-1 (sc-126, Santa Cruz), 4 μg/mL P53 Pab
1801 (sc-98, Santa Cruz), 0.5 μg/mL pS15-P53 (ab223868, Abcam), 0.1 μg/mL rabbit
D1V2Z MDM2 (#86934, Cell Signaling), 0.2 μg/mL mouse SMP14 MDM2 (sc965,
Santa Cruz), 0.05 μg/mL clAsp175-Caspase3 (#9661, Cell Signaling), or 0.2 μg/mL
p21 (sc53870, Santa Cruz). Immune precipitated Tau protein was detected with
0.1 μg/mL biotinylated HT7 antibody (MN1000B, ThermoFisher Scientific) and
0.2 μg/mL streptavidin-IRDye (926–32230, Licor Biosciences). In the co-IP
experiments, the antibodies used were 0.4 μg/mL P53 DO-1, 1 μg/mL Tau13
and 0.1 μg/mL D1V2Z MDM2.

For in cell western, cells plated on poly-D-lysine-coated 96-well microtiter plates
were fixed with cold 4% paraformaldehyde in PBS 15 min at 4 °C, stained with
0.5 μg/mL pS129-H2A.X (sc-517348, Santa Cruz), anti-mouse IgG-IRDye680
(926–68070, Licor), and analyzed on a dual fluorescent scanner (Odyssey CLx,
LICOR). Determination of 0.5 μg/mL DAPI staining for normalization was
performed with an absorbance reader (Infinite M Plex, Tecan).

Cell death and senescence assays. The LDH (Pierce LDH Cytotoxicity Assay
Kit; 88954, ThermoFisher Scientific) and MTS assay (CellTiter 96® Aqueous Non-
Radioactive Cell Proliferation Assay; G5421 Promega) were done following the
manufacturer’s instructions. For LDH, conditioned medium from cells plated in a
96-well microtiter plate was analyzed by measuring absorbance at 490 and 680 nm
(Infinite M Plex, Tecan). Colorimetric measurement for MTS was performed at
490 nm (Infinite M Plex, Tecan).

Senescence-associated β-galactosidase staining was determined on cells plated
in six-well plates, fixed with 2% paraformaldehyde 10 min at RT and washed twice
with gentle shaking 5 min at RT. Then, cells were incubated with 1 mg/mL X-gal
(20 mg/mL stock in DMF; B4252, Sigma-Aldrich,) diluted in pre-warmed 5mM
potassium ferricyanide crystalline (P-8131, Sigma-Aldrich), 5 mM potassium
ferricyanide trihydrate (P-3289, Sigma-Aldrich), and 2 mM magnesium chloride
(M-8266, Sigma-Aldrich) in PBS at pH 6.0. Acquisition and quantification of the

Table 2 PCR Primers (all specific for homo sapiens mRNAs).

Gene Forward primer (5′–3′) Reverse primer (5′–3′)
MAPT GATCAGGATCCGTGAACTTTGAACCAGGATGGC GATCAGGATCCGTGAACTTTGAACCAGGATGGC
MDM2 TGTTTGGCGTGCCAAGCTTCTC CACAGATGTACCTGAGTCCGATG
TP53 CCTCAGCATCTTATCCGAGTGG TGGATGGTGGTACAGTCAGAGC
CDKN1A AGGTGGACCTGGAGACTCTCAG TCCTCTTGGAGAAGATCAGCCG
DDB2 CCAGTTTTACGCCTCCTCAATGG GGCTACTAGCAGACACATCCAG
ZMAT3 GCTCTGTGATGCCTCCTTCAGT TTGACCCAGCTCTGAGGATTCC
RRM2B ACTTCATCTCTCACATCTTAGCCT AAACAGCGAGCCTCTGGAACCT
ASCC3 GATGGAAGCATCCATTCAGCCTA CCACCAAGGTTCTCCTACTGTC
EI24 GCAAGTAGTGTCTTGGCACAGAG CAGAACACTCCACCATTCCAAGC
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT

Table 3 Oligonucleotide annealed for shRNA sequences.

P53 Sense 5′gatccgactccagtggtaatctaccttcctgtcagagtagattaccactggagtctttttg 3′
Antisense 3′cgactccagtggtaatctaccttcctgtcagagtagattaccactggagtctttttgaatt 5′

Tau 1881 Sense 5′gatcctggtgaacctccaaaatcacttcctgtcagatgattttggaggttcaccatttttg 3′
Antisense 3′ctggtgaacctccaaaatcacttcctgtcagatgattttggaggttcaccatttttgaatt 5′

Tau 2112 Sense 5′gatccaactgagaacctgaagcaccagcttcctgtcagactggtgcttcaggttctcagtgtttttg 3′
Antisense 3′caactgagaacctgaagcaccagcttcctgtcagactggtgcttcaggttctcagtgtttttgaatt 5′

Tau 3127 Sense 5′gatccagcagacgatgtcaaccttgtgcttcctgtcagacacaaggttgacatcgtctgcctttttg 3′
Antisense 3′cagcagacgatgtcaaccttgtgcttcctgtcagacacaaggttgacatcgtctgcctttttgaatt 5′
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images for SA-βGal and cell area was done with an automated live cell imager
(Lionheart FX, BioTek).

Comet assay. The assay was performed according to the manufacturer’s instruc-
tions (STA-351, Cell Biolabs INC.). In short, cells were plated in 6 well plates for
drug treatments, collected, counted, resuspended at 100,000 cells/mL and washed
with PBS at 4 °C. Cells were mixed at 1:10 with low melting agarose at 37 °C, and
poured on a glass microscope slide. After cell lysis, the slides were maintained at 4 °
C in alkaline buffer (pH > 13) for 20 min. After electrophoresis, the slides were
washed three times with a neutralizing buffer and stained with the Vista Green
DNA Dye (#235003, Cell Biolabs). All manipulations were performed protected
from direct light. Analysis was performed by capturing Z-stack images with a laser
confocal microscopy and measurement of Olive tail moment with the CaspLab
software.

RNA extraction and RT-qPCR. Total RNA extraction using the TRIzol™ Reagent
(15596026, Invitrogen) and cDNA synthesis using the GoScript™ Reverse Tran-
scription Mix, Random Primers (A2800, Promega) were done according to the
manufacturer’s instructions. Amplification was performed with SsoAdvanced™
Universal SYBR® Green Supermix (1725271, BioRad) with 43 cycles at 95 °C for
5 s, 60 °C for 30 s and 60 °C for 1 min (for the primers see Table 2). Relative RNA
expression was calculated using the comparative Ct method and normalized to the
geometric mean of the GAPDH and HPRT1 mRNAs.

Statistics and reproducibility. Statistical analysis was performed with the aid of
GraphPad Prism version 8.4 using the method specified in the legend of each
figure. Exact p-values are specified in the figures. All quantifications were per-
formed based on at least three independent biological replicates, sample size,
number of replicates and how they are defined is specified in the figure legends.
When indicated, western blots and microscopic images are shown for
representative data.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The raw data for all the figures (Supplementary Data 1) and Supplementary Figures
(Supplementary Material) are included as a Supplementary Data Files. All genomic
sequencing data generated by the external provider (Microsynth AG, Balgach,
Switzerland) for the CRISPR/Cas9 edited exon of MAPT, and all maps and sequences of
the gene-editing plasmids and shRNA plasmids are included as supplementary material
(Supplementary Data 2). All the data generated and/or analyzed, all plasmids and cell
lines included in the current study are available from the corresponding authors on
reasonable request.
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Supplementary Figure 1. DSBs-induced apoptosis is P53-dependent in SH-SY5Y 

cells. a. Scheme of procedure used to generate P53-KD cells and for their 

characterization by western blot and P53 immune staining when compared to cells 

transduced with the parental shRNA plasmid (ctrl). b. Cells at basal conditions (ctrl) or 

treated 30 min with 60 M etoposide and recovered for 6 h before western blot analysis 

with the indicated P53 antibodies. GAPDH served as loading control. c. Western blot 

quantification of P53 signal intensity normalized for GAPDH shown as fold of control cells 

at basal conditions, mean +/- SD of n = 3 biological replicates. On the left is show the 

quantification of P53 immune staining as fold of control cells at basal conditions, mean 
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intensity +/- sem of single cell nuclear P53 staining (DAPI mask, ImageJ), n >219 

cells/condition distributed over 5 images. d. Quantification of clCasp3 immune staining 

shown as percent of total DAPI-positive cells, mean ± SD of 5 images for the untreated 

cells (ctrl) and of 15 images for etoposide-treated cells (60 µM eto), n >500 cells/condition. 

Statistical analysis by independent measures ordinary 2way ANOVA, source of variation 

for cell lines (in bold), multiple Bonferroni pairwise comparisons among lines for each 

treatment (in italics), or among treatment for each line (in vertical). 

 

Supplementary Figure 2. Tau deficiency reduces cellular P53. a. Representative laser 

confocal microscopy images of P53 DO-1 antibody-immune stained parental cells (wt) and 

the indicated CRISPR-Cas9 cell lines at basal conditions (control) or treated for 30 min 

with 60 M etoposide and recovered for 6 h. Shown are also the nuclear staining with 

DAPI. Scale bar 50 µm. Quantification of mean intensity +/- sem of single cell nuclear P53 

staining (DAPI mask, ImageJ) shown as fold of wt cells at basal conditions using the 

indicated P53 antibodies, n >90 cells/condition distributed over 5 images. b. Parental (wt) 
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or 232P (Tau-KO) cells at basal conditions (ctrl) or treated for 30 min with 60 M etoposide 

followed by 6 h recovery were analyzed for P53 by western blot with the indicated P53 

antibodies, n = 3 biological replicates. GAPDH served as loading control. Quantification of 

P53 signal intensity normalized for GAPDH, mean +/- SD shown as fold of control (wt or 

ctrl cells at basal conditions). Statistical analysis by independent measures ordinary 2way 

ANOVA, source of variation for cell lines (in bold), multiple Bonferroni pairwise 

comparisons for each treatment among lines (in italics), or among treatment for each line 

(in vertical). 

Supplementary Figure 3. Restoring Tau expression in Tau-KO cells rescues P53 and 

the apoptotic phenotype. a. Parental (wt), 232P (KO cells) or 232P cells stably re-

expressing 4R-Tau (Tau441) analyzed by western blot with the Tau13 antibody. b. 

Quantification of single cell nuclear P53 immune staining (DAPI mask, Image J) of 232P 

Tau-KO cells or 232P-Tau441 cells at basal conditions (ctrl) or treated 30 min with 60 M 

etoposide and allowed to recover 6 h (60 M eto), mean ± sem of n >100 cells/condition 

distributed over 5 images shown as fold of 232P cells at basal conditions. c. LDH release 

from the same cells treated as in b. (2 d recovery). Values are shown as percentage of 

Tau-KO cells at basal conditions, mean ± SD of 12 wells from three independent 

experiments. Cells were also analyzed by immune staining for clCasp3 at 6 h recovery. 

Percent clCasp3-positive cells, mean ± SD of 10 images, n >500 cells/condition. d. 

Quantification of Tau13 immune stained Tau in parental cells (endogenous Tau, wt), or in 

GFP-positive 232P cells (KO cells) transiently transfected with a 1:10 ratio of empty:GFP 

plasmids (GFP) or of 3R-Tau:GFP plasmids (Tau410). Cells were stained 3 days after 

transfection (GFP mask, Image J). e. Immune staining quantification of nuclear P53 (DAPI 

mask, Image J) in GFP-positive 232 cells (KO cells) transiently transfected as in d. and 

treated for 30 min with 60 M etoposide and recovered for 6 h, mean intensity ± sem 
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shown as fold of control-transfected 232P cells, n >100 cells/condition distributed over 5 

images. Statistical analysis by independent measures ordinary 2way ANOVA, source of 

variation between non-transfected and Tau-transfected conditions (in bold), multiple 

Bonferroni pairwise comparisons among lines for each treatment (in italics), among 

treatment for each line (b and c, in vertical). 

Supplementary Figure 4. Reduced etoposide-induced P53 protein in Tau-KD IMR5 

and IMR32 cells. a. Cell lysates obtained from IMR5 cells transduced with the parental 

shRNA plasmid (ctrl) or with the Tau shRNA plasmid 2112 (Tau-KD) were analyzed by 

western blot for Tau expression. The Tau signal was normalized for GAPDH and reported 

as percent of the control, mean +/- SD, n = 3 biological replicates. Unpaired student t-test. 

b. The two IMR5 cell lines at basal conditions or treated 30 min with 15 M etoposide and 

recovered for 6 h were analyzed by western blot with the P53 DO-1 antibody. The Tau 

signal was normalized for GAPDH and reported as fold of the control, mean +/- SD, n = 3 

biological replicates. Same conditions were applied to quantify immune stained P53, mean 

intensity +/- sem of single cell nuclear P53 staining (DAPI mask, ImageJ) shown as fold of 

untreated control cells (ctrl), n >100 cells/condition distributed over 5 images. c. Apoptotic 

cells were determined by clCasp3 immune staining and reported as percent clCasp3-

positive cells of total DAPI-positive cells, mean ± SD of 5 images for the untreated cells 

(ctrl) and of 15 images for etoposide-treated cells (15 M eto), n >500 cells/condition. d.  

Same as in a. for IMR32 cells transduced with the parental shRNA plasmid (ctrl) or with 

Tau shRNA plasmid 3127 (Tau-KD). e. Same as in b. for the western blot analysis. f. 



Sola et al. Tau modulates P53 and senescence                                                                                                 page 5 

Same as in c. for 15 and 17 kDa clCasp3 fragments determined by western blot, mean +/- 

SD (n = 3 biological triplicates). Statistical analysis by independent measures ordinary 

2way ANOVA, source of variation for cell lines (in bold), multiple Bonferroni pairwise 

comparisons for treatment between lines (in italics) or for each line (in vertical). 

Supplementary Figure 5. Tau deficiency affects MDM2. a. Representative images by 

laser confocal microscopy of parental (wt) or CRISPR-Cas9 cell lines immune stained with 

the rabbit MDM2 antibody and counter-stained with DAPI. Cells at basal conditions 

(control) or after 30 min 60 M etoposide and 6 h recovery, scale bar 50 µm. Mean 

intensity +/- sem of single cell nuclear MDM2 staining (DAPI mask, ImageJ) shown as fold 

of wt cells at basal conditions, n >90 cells/condition distributed over 5 images. Statistical 

analysis by independent measures ordinary 2way ANOVA, source of variation for 

genotype (in bold), multiple Bonferroni pairwise comparisons for etoposide treatment 

between lines with same genotype (in italics) or for the etoposide treatment for each line 

(in vertical). 
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Supplementary Figure 6. Analysis of pS15-P53 phosphorylation. a. Parental (wt) or 

232P (Tau-KO) cells at basal conditions or after 30 min 60 M etoposide and 6 h recovery 

were analyzed for pS15-P53 or P53 by western blot, n = 3 biological triplicates. 

Quantification was performed by measuring the signal intensity of pS15-P53 normalized for 

the signal of total P53, mean +/- SD shown as percent of control (parental cells at basal 

conditions). Statistical analysis by independent measures ordinary 2way ANOVA, source 

of variation for cell lines (in bold), multiple Bonferroni pairwise comparisons among lines 

for each treatment (in italics), or of treatment for each line (in vertical). b. Parental (wt) or 

232P (Tau-KO) cells at basal conditions (ctrl) or analyzed after 6 h recovery from a 30 min 

treatment in the absence or presence of 60 M etoposide in the absence (eto), the 

recovery was performed in the absence or presence of 5 µg/mL nutlin-3 (eto nut) or 10 

µg/mL KU-55933 (eto KU) as indicated. Analysis by western blot for pS15-P53 or P53, a 

representative experiment out of three experiments is shown.  



Sola et al. Tau modulates P53 and senescence                                                                                                 page 7 

 

Supplementary Figure 7. Unprocessed western blot images (in grey tones) used for 

creating the corresponding panels in Fig.1a and 1b. Shown are also the original dual 

fluorescence images. 

 

Supplementary Figure 8. Unprocessed western blot images (in grey tones) used for 

creating the corresponding panels in Fig.2. Shown are also the original dual fluorescence 

image. 
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Supplementary Figure 9. Unprocessed western blot images used for creating the 

corresponding panels in Fig.7c and 7e.  
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Supplementary Figure 10. Unprocessed western blot images used for creating the 

corresponding panels in Fig.8. The MDM2 and Tau blots shown on the left were cut 

between the 55 kDa and the 95 kDa protein size markers and analyzed separately. 
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Supplementary Figure 11. Unprocessed gel image used for creating Supplementary 

Fig.3a. 
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