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Chapter 1: Introduction 

1.1. Drug Delivery to the Brain 

Brain diseases can cause disability and death and pose an increasing burden on our society1. In 

2016, neurological diseases were the leading cause of disabilities and the second leading cause 

of death worldwide, with a special burden  for low-income and middle-income countries1. 

Whereas improvements in global health care such as vaccination programmes could reduce the 

frequency of infectious brain diseases such as tetanus, meningitis, and encephalitis, the total 

number of people who die or suffer from mostly age-related diseases such as Alzheimer’s disease 

and other dementias has more than doubled between 1990 and 20152. This is because of our 

growing population and because with age the prevalence of disabling disease generally increases 

significantly, posing a humanitarian as much as an economical challenge due to the usually high 

costs associated with treatments314. This is why novel and efficient treatments for CNS disorders 

are needed to mitigate this growing problem.  

Tissues and organs rely on oxygen and nutrients for their proper functioning, producing 

potentially toxic CO2 and metabolites which need to be removed. The majority of this transport 

is mediated by the blood via the general circulation5. The architecture of the endothelium, 

forming the inner lining of all blood vessels, can change between tissues and serves specific 

functions. E.g., in the liver, a major organ responsible for clearance, the endothelium has a 

discontinued structure with large gaps and incomplete basement membrane, allowing for free 

exchange of even larger molecules between the blood and hepatocytes, which are responsible 

for the neutralisation and/or excretion of certain potentially toxic metabolites and xenobiotics. 

In most other capillaries the endothelium is continued yet fenestrated, thus containing 

diaphragmed fenestrae facilitating the exchange of nutrients between the blood and the tissue6. 

However, the brain has a continuous non-fenestrated endothelial lining with special junction 

proteins, forming adherence junctions and tight junctions, to further seal the spaces between 

adjacent cells to prevent paracellular leakage across the barrier7–9. This is because the brain is 

protected by a highly selective barrier at three blood-brain interfaces, i.e. the blood and (a) the 

brain parenchyma (blood-brain barrier (BBB)), (b) the arachnoid epithelium (meningeal barrier), 
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and (c) the choroid plexus epithelium (blood-cerebrospinal fluid barrier)10,11. These barriers show 

a high complexity far beyond the tight endothelial lining, which becomes apparent when 

examining the BBB, the most studied of these barriers. On the basolateral side of the barrier, 

other cells in the brain parenchyma give biochemical and/or structural support to the barrier, 

including astrocytes (ACs), pericytes (PCs), microglial cells, and neurons, forming the 

neurovascular unit12 (figure 1.1). The transport across the barrier is tightly controlled by 

endothelial cells (ECs) through transporters and active transport to protect the brain from 

potentially harmful endogenous proteins, metabolites, and xenobiotics13–16. Transporters such 

as glucose receptor-1, insulin receptor, and transferrin receptor are located in the plasma 

membrane of ECs and facilitate direct uptake of mostly selective molecules into the cytoplasm 

and/or out into the tissue17,18. Additionally, efflux transporters expulse substances from the 

brain, reinforcing the barrier function19. The importance of the BBB function is highlighted by the 

broad variety of major neurological disorders that associate with its impaired function, including 

Parkinson’s disease, Alzheimer’s disease, and Epilepsy20. Importantly, the highly selective nature 

of the BBB also precludes the penetration of most pharmaceutics (~98+%) into the brain, posing 

a formidable challenge to treat diseases affecting the CNS18,21–23.   

Nevertheless, there are different strategies for therapeutic interventions in the CNS. Probably 

the most invasive one is the direct injection of drugs into the brain. Less severe practices use 

intrathecal injections, thus between spinal cord vertebrae, to inject drugs directly into the 

cerebrospinal fluid. Intracranial injections are a more invasive practice that requires surgical 

procedures in which a hole is drilled into the cranium to directly inject in e.g., the brain 

parenchyma or the ventricles23–26. Although the blood-brain barrier can be circumvented with 

these practices, important therapeutic limitations have been described. For instance, intrathecal 

injections have been shown to release the drug rather into the blood stream than into the brain25 

and that the drug clearance from the cerebrospinal fluid is significantly higher than the drug 

diffusion into the brain parenchyma27. Additionally, sub-optimal diffusion has also been reported 

for injections into the CNS, with an estimated 90% of the injected drug staying within a 500 μm 

radius of the injection site28. The compromised therapeutic efficacy due to the low diffusion can 

be improved by increasing the injected dose, yet often leading to toxicity29. Another strategy to 
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amend the limitations of intercranial injections is the convection-enhanced diffusion device. It 

allows for continuous or sequential administration of drug into the brain via a catheter implanted 

into the brain controlled by a pump30. Although this method improves drug penetration into the 

brain, a deep penetration cannot be achieved due to the resistance of fluid flow31. Another 

concern is the potential activation of astroglia and demyelination due to an increase in 

intraparenchymal fluid and subsequent flow into the white matter23. Hence, although improving 

drug concentrations in the brain, these techniques show important limitations with regards to 

efficacy, require trained personnel and expensive equipment and procedures, and are relatively 

patient unfriendly32.  

 

Other strategies use peripheral administration after which they need to cross the BBB to 

penetrate the CNS. One less characterised exception is the intranasal route. This non-invasive 

route exploits the connection of the nasal mucosa via the perivascular channels in the lamina 

propia or along olfactory or trigeminal nerves into CNS or olfactory bulbs. Drug delivery to the 

brain via this route has been shown for some peptide hormones and small lipophilic 

molecules18,33–36. Peripheral administration is an attractive alternative to local injections as it 

holds the promise of showing a better drug distribution across the brain and is generally more 

patient friendly. Nevertheless, despite the great promise this strategy holds, CNS treatment via 

this approach is still hampered by important limitations such as off-target effects and often a lack 

of natural penetration of the drug into the brain. Nevertheless, there are different strategies 

trying to overcome these limitations, as will be discussed in the following. 

 

1.2. Systemic Transport into the Brain and Transcytosis 

Crossing the BBB can occur via two routes, (a) paracellular and (b) transcellular. The paracellular 

route especially restricted in the BBB, due to the lack of fenestration and the presence of junction 

proteins. However, transient disruption of the BBB with e.g., vasoactive agents, hyperosmotic 

solutions, or ultrasound, can improve brain targeting26,27,37. Nevertheless, this approach is non-
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targeted and invasive with serious safety concerns such as albumin leakage into the brain and 

astrocyte toxicity, as well as chronic neuropathological changes14,38.  

Therefore, delivering drugs via the transcellular route is a more promising strategy. Drugs can 

reach the CNS on the transcellular route either by diffusion (non-saturable) or transporter-

mediated (saturable). Diffusion depends largely on the physicochemical properties of the 

drug18,27. Low molecular weight below 600 Da appears to be favourable for diffusion, although 

exceptions have been seen39. Furthermore, to be able to cross the lipid bilayer without getting 

stuck in it, drugs need to be in the right range of lipid solubility and hydrophilicity18. Importantly, 

efflux transporters, extruding a big variety of molecules out of the BBB, limit the efficiency of this 

pathway27. The transcellular route via transcytosis appears the most promising strategy in terms 

of efficacy and safety. It is present in many cell types and virtually all ECs40. Transcytosis is the 

naturally occurring vesicular transport of relatively large cargo from one side of the cell to the 

other27,32,41. It is typically induced by receptor activation through the binding of a ligand, resulting 

in the engulfment of receptor and ligand into a vesicle in a process called endocytosis27,32,41. Then, 

vesicles usually reach the early endosome, a sorting station to determine their further path. From 

here, vesicles can either recycle back to the membrane from which they entered, reach distinct 

intracellular destinations such as lysosomes, or traffic to the opposite site of the cell for 

transcytosis42–45. Interestingly, not much is known about how this cellular sorting mechanism is 

controlled. The two main mechanisms governing this process are (a) clathrin-mediated 

endocytosis and (b) caveolae-mediated endocytosis. Clathrin-mediated endocytosis forms 

vesicles of around 100-200 nm in diameter. Vesicles are formed through a highly controlled 

sequence of recruitment of different endocytic proteins to the plasma membrane. These proteins 

form functional modules with conserved organisation between organisms, interacting with each 

other to drive endocytosis46–50. The first step is the formation of the clathrin coat. This coat, apart 

from clathrin, consists of adaptor proteins such as adaptor protein AP2 complex and monomeric 

adaptors such as clathrin assembly lymphoid myeloid leukemia protein (CALM) family and epsin, 

which bind to plasma membrane lipids and cargo51–57. The clustering of coat components through 

the interaction of scaffolds with each other as well as with clathrin adaptors forms the 

“pioneering module”, which initiates the endocytic process51. The membrane bending that is 
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required to form the vesicle is thought be mediated by two processes, mediated by the coat 

formation, such as e.g., the assembly of clathrin into icosahedral cages, or mediated by actin 

filaments51. Then, the actin module is formed by actin filaments and regulatory components such 

as from the Wiskott-Aldrich syndrome protein (WASP) family, activating the nucleation of actin 

filaments, as well as dynamin and myosin motor proteins, involved in the next step4858. Proteins 

from the BAR domain (Bin, amphiphysin, Rvs) interact with other components such as dynamin 

to mediate vesicle neck constriction and scission59. The last step is the uncoating of the vesicle, 

which releases the proteins of the endocytic machinery which can then take part in another 

round of vesicle formation. This step is needed to free the vesicle and enable further trafficking 

such as fusion with early endosomes51. Two key mechanisms have been described in this process, 

breaking clathrin-clathrin interactions mediated by heat-shock protein HSC7060 and 

Dephosphorilation of phosphatidylinositol 4,5.-biphosphate (PI(4,5)P2), to which many endocytic 

adaptor proteins initially bind, thereby recruiting them to the plasma membrane and inducing 

the endocytic process51. However, despite having been studied for over five decades, the precise 

coordination of many different proteins involved, and their activity are still poorly understood. 

Clathrin-mediated transport is a crucial component for the homeostasis of the CNS, with most 

transport at the BBB being controlled by the clathrin-mediated pathway via approx. 20 receptors, 

including the insulin receptor, the transferrin receptor (TfR), and the lipoprotein receptor27,61–64. 

Caveolae-mediated transport is a clathrin-independent trafficking route. Caveolae are flask-

shaped invaginations of up to 100 nm located in special regions with high levels of amongst 

others cholesterol and sphingolipids, so called lipid rafts27,65. Their formation essentially relies on 

two types of proteins, integral membrane proteins called caveolins and cytosolic cavins66,67. 

Cavins associate with caveolin-enriched membrane domains through direct binding between 

cavin and caveolin, as well as the binding of cavin to two membrane lipids, phosphatidylserine 

and PI(4,5)P2, via specific binding sites68–72. There, it stabilises caveolae through formation 

hetero-oligomeric structures68–72. The function of caveolae as an endocytic carrier has long been 

discussed. Nevertheless, caveolae can bud of membranes mediated and internalise. To this end, 

EDH2 oligomerises around the neck of caveolae to confine the neck opening73,74, whereas pacsin 

2 senses or induces membrane curvature through an BAR domain which links the budding 
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vesicles to actin filaments75,76 as well as recruits dynamin for caveolar fission77. Caveolae-

mediated endocytosis was proposed to play an important role of transcytosis of cargo such as 

LDLs, albumin, and insulin78–81. However, the status of caveolae-mediated transport at the BBB is 

unsure, with some research suggesting that it is downregulated in healthy ECs27,65. Other clathrin-

independent pathways also play a role for transport at the BBB, such as micropinocytosis and the 

CAM-pathway, as will be discussed later (section 1.4). 

However, there is an increasing body of evidence that shows that factors such as age and disease 

can alter the transport across the BBB26,82–84. Those factors can have an influence on both, the 

paracellular and transcellular route across the BBB, e.g., by disturbing junction proteins and thus 

opening the usually tightly sealed endothelium, or by altering the expression of function of 

certain proteins involved in transcellular pathways26,82–84. Nevertheless, not much is known on 

the specific effects of disease on BBB transcytosis, especially since certain effects might be 

disease-specific (see Chapter 6 and Chapter 7).  

AP

BL

EC

 

Figure 1.1 Schematic representation of the neurovascular unit. RMT = receptor-mediated transport. AP = apical 

side, EC = endothelial cell, BL = basolateral side. Adapted from Xiao et al.85 
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1.3. Drug Delivery Systems 

Drug delivery has long been sought to be improved over the inert bioavailability of therapeutic 

substances to improve their efficacy. This is especially true for drug delivery to the brain, which 

is inaccessible for the vast majority of therapeutics (see section 1.2). This is why nanomedicine, 

using molecular conjugates or macromolecular assemblies in the nano-range for drug delivery, 

has gained increasing intention over the past decades. Nanomedicine allows to alter different 

properties of drugs relevant for bioavailability and thus efficacy, including drug stability, 

solubility, circulation, biodistribution, targeting, sub-cellular transport, and release rate86–88.  

One of the main goals of nanomedicine is to improve the local delivery to sites of interest to 

improve treatment efficacy while reducing off-target effects. For this, two main mechanisms can 

be distinguished, (a) active targeting and (b) passive targeting.  

Passive targeting is mainly based on the enhanced permeability and retention (EPR) effect which 

leads to the passive accumulation of nano-sized particles in e.g., tumours due to their often 

aberrant leaky vasculature and impaired lymphatic drainage89. However, this approach only 

improves the efficient localisation at the target site, whereas it does not improve on other 

aspects such as uptake89.  

Active targeting refers to mostly improved bioadhesion to target cells or tissues through different 

means. For instance, positively charged peptides increase the affinity for the negatively charged 

plasma membrane9023. Another approach uses different targeting moieties such as peptides, 

sugars, or Abs that can recognise specific surface proteins or other membrane constituents. 

Many times, the interaction of the targeting moiety and its target leads to the internalisation and 

specific trafficking of the drug nano-drug, such as in the case of cell surface receptors23,41,91. These 

targeting moieties can be introduced either by direct synthesis (e.g., chimeric enzymes)92 or 

chemical linkage (covalent linkage, biotin-avidin, electrostatic/hydrophobic interactions)23,93–97.  

Drug delivery has long been sought to be improved over the inert bioavailability of therapeutic 

substances to improve their efficacy. This is especially true for drug delivery to the brain, which 

is inaccessible for the vast majority of therapeutics. This is why nanomedicine, molecular 
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conjugates or macromolecular assemblies in the nano-range that can be used for drug delivery, 

has gained increasing intention over the past decades. Nanomedicine allows to alter different 

properties of drugs relevant for bioavailability and thus efficacy, including enhanced drug 

stability, solubility, circulation, biodistribution, targeting, sub-cellular transport, and release 

rate86–88 (figure 1.2).  

 

Figure 1.2 Nanomedicine structure and function. Representation of different types of drug delivery systems and 
their function with respect to enhanced drug delivery. Figure reproduced from Manthe et al.98. 

Nanotherapeutics can broadly be divided into lipid-based nanocarriers (NCs), polymer-based 

NCs, inorganic nanoparticles, viral nanoparticles, and drug conjugates (figure 1.3). Liposomes are 

one example for lipid-based NCs and likely the oldest and most recognised drug delivery systems. 

They are capsules made from natural or synthetic phospholipids with a size of around 50-300 nm, 

easy to prepare, and show good biocompatibility99,100. They allow for loading of hydrophilic drugs 

in aqueous core and hydrophobic drugs in lipid bilayer101–103. Liposomes are naturally sensitive 

to temperature and pH100, the latter of which can be used to target them to tumours, whose 

cytoplasmic pH is often lower104. However, oral delivery with liposomes is challenging due to poor 
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stability and absorption in GI, which might be overcome by certain surface modifications, such as 

adding certain sugar ligands to surface105 or Carbopol-lectin106. Several liposome formulations 

are approved for clinical use for applications such as cancer, infectious and vascular disease, and 

diagnostic techniques107. Gold nanoparticles are an example for inorganic nanoparticles. In 

medical applications they are 1 to 150 nm in diameter with unique chemical, physical, optical and 

electronical properties108. They are easily produced and have a low volume to surface ratio which 

allows for good cargo loading, are non-toxic and biocompatible109. Gold nanoparticles are 

excitable with light and emit heat, a property that can be used for phototherapy110. Furthermore, 

due to their high electron density they are easily revealed by electron microscopy, making them 

a valuable tool in imaging and diagnostic medicine111. Viral nanoparticles have versatile 

applications and are easily engineered to adapt their biological interactions112. Most viral 

nanoparticles can resist harsh conditions, thus allowing for manipulation and functionalisation in 

the lab112. Since viruses naturally evolved to carry and deliver cargo, viral nanoparticles show a 

good biocompatibility and biodegradability, are usually well-tolerated even at high doses, and 

therefore pose an interesting platform for drug delivery112. Drug conjugates are combination 

molecules made from a drug directly linked to one or multiple molecules such as Ab, polymer, or 

protein. For instance, this approach is used to produce chimeric therapeutic enzymes to allow for 

specific receptor targeting113,114. Another example in this class are antibody-drug conjugates 

(ADCs), combining the targeting efficiency of an Ab with the therapeutic effect of a drug115. 

Polymer-based NCs are a highly versatile group of NCs that can be made from natural or synthetic 

polymers that can be degradable or non-degradable99. Polymersomes are one example of such 

as NC, which is the analogue of a liposome formed by a polymer chain with hydrophobic and 

hydrophilic moieties, showing comparably higher stability and higher capacity for 

functionalisation116,117. One relevant example of a polymer to produce polymer NCs is poly(lactic-

co-glycolic acid) (PLGA)118. PLGA has already been approved by the FDA and EMA for several 

medical applications119,120 and is heavily investigated as a drug carrier. PLGA is a co-polymer that 

exists with different molar ratios of its constituents118. Is biocompatible and degrades in cells into 

lactic and glycolic acid, both of which a endogenously present in the body88,121,122. Both 

monomers possess different properties, with lactic acid being stiff, hydrophobic, and slowly 
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degrading, while glycolic acid is flexible, less hydrophobic, and faster degrading123. This is why 

the solubility and degradation of the NC and thus release rate can be tuned by adjusting the ratio 

of both acids in the co-polymer88,122,124, with degradation rates that can vary from months up to 

years125. However, PLGA 50:50 is the exception to the rule and is hydrolysed much faster than 

those co-polymer containing higher proportions of one or the other acid126. Furthermore, 

polymers can end-capped with functional groups such as esters and acids, further altering their 

properties127. PLGA NCs can load a broad range of drugs and are efficiently taken up by cells126.  

 

 

Figure 1.3 Schematic representation of established nanotherapeutic platforms. Figure reproduced from Wicki et 
al.128.  

 

Nanocarriers (NCs) are a highly versatile platform offering a myriad of advantages for the delivery 

of drugs. Encapsulating a drug e.g., into the matrix of a porous NC, can limit the interaction 

between the body and the drug until it has reached its target, thereby on the one hand protecting 

the drug from degradation by i.e., enzymes, or giving it additional stability and on the other hand 

reducing off-target effects99,129,130. Furthermore, the release profile of the drug from the NC can 



 

11 
 

also be tuned, helping to reduce administration frequencies and limiting dose-dependent side 

effects99,129. Other NC properties that serve to tune their behaviour include size, material, and 

form. For instance, NCs can be manufactured from a broad range of materials, including lipids, 

carbon, metals, silica, polymers and others131–135, enabling the loading of hydrophobic and 

hydrophilic drugs, and even bigger biological therapeutics such as enzymes and proteins101,136–

140. Furthermore, depending on the material properties and the chemistry used to prepare the 

NC, a variety of structures can be fabricated: linear, branched, or dendrimer structures, micelles, 

hollow capsules, porous or solid particles, etc.101,141,142 Additionally, surface modifications can 

further alter the NC properties. E.g., “stealth” moieties such as polyethylene glycol (PEG) 

decrease the NC’s interactions with complement, opsonins, phagocytic cells, and lymphocytes102, 

thereby prolonging circulation time and reducing immune responses143,144. Coating with targeting 

moieties can further functionalise the NC and improve drug delivery. Here, too, tuning is possible, 

e.g., by using more than one kind of targeting moiety for co-targeting145, coating with targeting 

Ab and CD47 to protect the targeted NC from phagocytosis146, or varying the total number of 

targeting moieties (targeting valency) to influence NC properties such as avidity147–149.  
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1.4. CAM-mediated endocytosis 

ICAM-1 is an immunoglobulin-like transmembrane glycoprotein which is expressed in a broad 

range of cells, such as endothelial cells, thus lining the vessels of all organs, epithelial cells, 

leukocytes, muscle cells, glial cells, and neurons150. The expression of ICAM-1 is enhanced 

through different disease stimuli such as inflammation and oxidative stress150–152, which then 

allows for the adhesion and extravasation of circulating leukocytes into subjacent tissue150,153,154. 

While different endothelial cell surface molecules are involved in paracellular (between cells) 

extravasation, ICAM is the only one mediating the transendothelial (through cells) route153,155–

157, a process similar to transcytosis. This is why the targeting to ICAM-1 is being explored for the 

therapeutic treatment of cancer, infection by certain pathogens, or inflammation, amongst 

others150–152. Although e.g., the binding of a class of human rhinoviruses, named the major group, 

to ICAM-1 was known to be required to infect cells158, the mechanism was unknown and ICAM-

1 not recognised as an endocytic receptor. However, its endocytic potential was shown later with 

the discovery of a novel endocytosis pathway, the CAM-mediated endocytosis, a clathrin- and 

caveolin-independent mechanism which is also different from micropinocytosis and 

Figure 1.4 Schematic representation of the CAM-
pathway for transport of therapeutic NCs. (A) The 
initial events of the CAM-pathway elicited by 
receptor engagement, sodium/proton exchanger 
protein NHE1 is recruited to the entry site, locally 
decreasing extracellular pH, followed by the 
recruitment of ASM resulting in ceramide 
generation. Ceramide facilitates the formation of 
invaginations and cytoskeletal rearrangements, as 
well as stress fibre formation, aiding endocytosis of 
the NC. (B) The signalling cascade of the CAM-
pathway is shown, including the activation of PKA, 
Scr kinase, Rho, and Rho-dependent kinase (ROCK). 
This cascade induces the formation of endocytic 
structures, that pinch off the plasma membrane 
aided by dynamin. Then, vesicles traffic to early 
endosomes. Unengaged ICAM-1 traffics back to the 
plasma membrane, whereas carriers are transported 
to both, the opposite plasma membrane 
(transcytosis) and lysosomes. Picture taken from 
Muro (2012)32. 
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phagocytosis159,160. ICAM-1 activation results in the recruitment of several endocytic partners 

needed for the endocytosis of cargos with sizes up to several micrometer149. The recruitment of 

sodium-hydrogen exchanger NHE-1 and perinuclear ASM to sites of endocytosis result in the local 

increase of plasma membrane ceramides, aiding the formation of engulfment structures and 

cytoskeleton rearrangemente159,161 (figure 1.4A). Other signalling proteins involved are PKC, Src 

kinase and Rho kinase (ROCK) that amongst others lead to actin filament rearrangements, with 

ICAM-bound cargo associating with actin stress fibres160,162. The endocytosis process is probably 

progressed through the ceramide-mediated membrane curvature, forming an invagination, in 

filament rearrangements, and dynamin activity159,161 (figure 1.4B). Although cell adhesion 

molecule (CAM) clustering was observed to be needed for internalisation160, also non-multivalent 

anti-ICAM-1 Abs were found to undergo endocytosis upon binding to the receptor, probably due 

to binding to already clustered ICAM-1163. Interestingly, compared to clathrin-mediated and 

caveolae-mediated endocytosis with average vesicles sizes of 100-150 nm and 50-80 nm32, 

respectively, endocytosis via the CAM-pathway appears considerably less limited by size 

restrictions as cargo of spherical, elongated, and irregular shapes with sizes from 100 nm – 5 μm 

has been seen to readily endocytose via this pathway, in line with its endogenous function of 

transcellular leukocyte extravasation160,161,164. Furthermore, ICAM-1 recycles back to the surface 

after endocytosis, providing a sustained target165 (figure 1.4B).  

Targeting to ICAM-1 is being explored for the therapeutic treatment of several diseases such as 

cancer, infection by certain pathogens, or inflammation, amongst others150–152. Given its wide 

expression pattern, ICAM-1 is accessible via the intravascular, intratracheal, intracerebral 

route166 and due to its association to disease provides specific targeting to sites of disease as well 

as a sort of self-regulated targeting system, in which the specific target gets automatically 

downregulated following treatment success due to ICAM-1 downregulation, theoretically 

reducing the delivered dose to healthy tissue and redirecting it to diseased tissue that still 

overexpresses ICAM-1. ICAM-1 mediated transcytosis of NCs was shown across brain 

endothelium as well as gut epithelium, theoretically providing a broad range of application for 

this pathway167,168. ICAM-1-targeted ADCs and nanoparticles bearing therapeutic enzyme have 

been shown to cross barrier models without compromising the barrier integrity as measured by 
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an unchanged TEER value and morphologically unchanged cell junction sites, as well as a lack of 

albumin leakage in vivo in mice163,167–170. Furthermore, CAM-mediated trafficking does not only 

mediate transcytosis, but also intracellular trafficking to lysosomes171–173. Due to this dual 

trafficking, anti-ICAM-1 NCs could cross the endothelium of the lung and the brain in vivo in mice, 

where they have been shown to subsequently enter subjacent cells to which they delivered 

therapeutic enzyme169–171. Brain delivery of therapeutic enzyme on NCs has been found to be 

increased 3- to 7-fold for ASM, 6-fold for α-glucosidase, and 4-fold for α-galactosidase compared 

to free enzyme168,172,174,175, showing the great potential for this approach for treating brain 

disease. Numerous works have focussed on ICAM-1 as a target for therapeutic and diagnostic 

strategies, including inflammatory conditions, infections, metabolic disease, cardiovascular and 

pulmonary pathologies, and cancer174,176–180. Targeting can be achieved e.g., using specific Abs or 

a fibrinogen-derived peptide, naturally binding to ICAM-1174,175,180–184. Successful targeting could 

be shown for a broad variety of applications, including biosensors, contrast probes, and NCs for 

therapeutic interventions in cell culture, animal models, and clinical trials9,13,17–19,21–24. Targeting 

ICAM-1 is an especially potent strategy for drug delivery to the lungs, with e.g., 30-fold increase 

of a therapeutic enzyme, ASM, compared to the free enzyme in a mouse disease model where 

enzyme activity could be measured in the tissue with subsequent therapeutic effect171. 

Importantly, ICAM-1 targeting provides targeting to all organs which has additional perks for 

multi-organ diseases such as lysosomal storage diseases, as discussed in section 1.5. Different 

parameters such as NC size and targeting valency, the number of targeting moieties presented 

on the NC surface, have been shown to affect avidity, binding, and uptake in vitro149, as well as 

biodistribution in vivo in mice168. Nevertheless, not much is known about the specific effects of 

e.g., valency on the CAM-mediated intracellular trafficking, such as lysosomal trafficking and 

transcytosis, forming the missing link to better understand the behaviour of anti-ICAM-1 NCs.  

 

1.5. Lysosomal Storage Diseases and Protein Therapeutics 

Protein therapeutics have gained increasing interest for the treatment of many diseases. Evers 

since the introduction of human insulin 40 years ago188, the number and areas of application of 

protein therapeutics have increased drastically189. Proteins are attractive therapeutics due to 
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their high specificity and complex function, not only improving their therapeutic efficacy but also 

reducing off-target effects. Whereas initially proteins were purified from natural sources, 

including animal pancreas and human placenta to purify insulin for diabetes treatment190 or 

glucocerebrosidase (GBA) for Gaucher Disease (GD) treatment191,192, respectively, recombinant 

technology increasingly made it possible to produce therapeutic proteins in a wide range of 

organisms including bacteria, yeast, insect cells, mammalian cells, and transgenic animals and 

plants193–196. Recombinant enzymes usually show comparable efficacy to natural 

proteins188,197,198 with the benefit of a controlled production, enabling theoretically unlimited 

production and reducing the risk of potential pathogenic contaminants from natural 

sources189,197. Furthermore, the clinical development and FDA approval of protein therapeutics 

was found to be faster than for small molecules199. Currently, there are more than 200 

therapeutic proteins approved by the FDA with hundreds of products currently under clinical 

development200. However, the successful development of novel protein therapeutics is 

challenged by often poor bioavailability, short half-lives, and poor permeability across biological 

membranes due to their physicochemical properties201–204.  

Lysosomal storage disease (LSD) are a group of around 70 inheritable genetic disorders 

characterised by the aberrant intracellular accumulation of undegraded macromolecules, leading 

to debilitating and often fatal outcome205–207. The general prevalence of LSDs is unknown due to 

a probably high level of underdiagnosis because of insufficient clinical awareness and the difficult 

biochemical testing necessary to diagnose the disease. Nevertheless, it is estimated to be around 

1:2000-5000 in the general population, but can be much higher in some populations such as the 

Ashkenazi Jewish population with a prevalence as high as 1:855208,209.  

LSDs are caused by monogenetic mutations in genes mostly encoding for lysosomal enzymes, 

thus resulting in dysfunction and macromolecule accumulation206,207,210. LSDs can be classified by 

the type of macromolecule that they accumulate. Those include carbohydrates (Pompe disease), 

neutral lipids such as triglycerides (Wolman disease), glycolipids (mucolipidoses), glycans that 

decorate glycoproteins (glycoproteinoses), and glycosphingolipids such as sphingomyelin 

(glycosphingolipidoses)211. Additionally, secondary accumulation of other macromolecules has 

been observed212. Prominent examples of glycosphingolipidoses, the biggest group of LSDs, are 
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Nieman-Pick disease (NPD) type A or B, caused by a mutation in the catalytic site of acid 

sphingomyelinase (ASM), rendering it inactive207 (see chapter 6), and Gaucher disease (GD), 

caused by a mutation leading to misfolding and degradation of glucocerebrosidase (GBA)213 (see 

chapter 7) (figure 1.5). However, there are also LSDs that are not caused by the mutation of 

lysosomal enzymes, but rather other elements of different degradation pathways resulting in 

aberrant function and accumulation. For instance, mucolipidosis II/III is caused by a defect in the 

enzyme that phosphorylates mannose residues targeting lysosomal enzymes to be delivered to 

lysosomes, in turn resulting in their extracellular secretion214,  Mucolipidosis IV is caused by a 

defect in the mucolipin-1 channel in the lysosomal membrane, resulting in the de-regulation of 

lysosomal Ca2+ and subsequent dysfunction215, and Niemann-Pick type C, cystinosis, and Salla 

disease, are caused by defective membrane transporters shuttling metabolites out of 

lysosomes216,217.  

 

Figure 1.5 Schematic representation of part of the cellular lipid metabolism. GBA = glucocerebrosidase, GSC = glucosylceramide 

synthase, ASM = acid sphingomyelinase, SMS = sphingomyelinase synthase.  

The aberrant storage of macromolecules can lead to cellular dysfunction and cell death through 

different mechanisms. A prominent mechanism is the disruption of cellular pathways. For 

instance, cell signalling can be affected through the disruption of lipid rafts, signalling platforms 

on the cell surface that are highly dependent on cholesterol and other lipids218,219. Furthermore, 

lysosomal function may be dysregulated by increased lysosomal pH, affecting many lysosomal 

functions including intracellular trafficking, vesicle maturation, hydrolase activity, M6PR 

recycling, and secretion32,220,221, or deregulation of lysosomal Ca2+, impacting vesicular transport 

and recycling222, as well as an alter autophagy due to the metabolic imbalance218. Furthermore, 

lysosomal membrane permeabilization can occur as a result of aberrant storage of some 

materials in lysosomes, resulting in release of cathepsins into cytosol and thus induce cell 
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death223. Also, the depletion of endoplasmatic reticulum Ca2+-stores, observed in some animal 

models of Sandoff disease, Gaucher disease, and GM1 gangliosidosis, can trigger the unfolded 

protein response, leading to apoptosis224–226. Most of these effects are specific to a certain 

mutation or macromolecule(s) accumulated. Less specific effects include the ”traffic jam” 

hypothesis, postulating that excess of undegraded material is hindering the entrance of material 

for degradation to lysosomes, further disturbing cellular homeostasis227,228. On the tissue level, 

LSDs can lead to impaired macrophage function (circulating and resident macrophages), resulting 

in ineffective or lacking clearance of apoptotic cell material, leading to inflammation, oxidative 

stress, and leukocyte activation226. Amongst damage to different cell types, alterations in cell 

signalling, endocytosis, and vesicular trafficking can severely damage neurons and thus cause 

neurodegeneration229.  

LSDs can affect a broad range of tissues since lysosomes are ubiquitously present in all cell types. 

The specific pathology depends on the pathway affected, but usually involves several tissues 

including peripheral organs as well as the CNS228,230,231. LSDs show very homogenous symptoms, 

not only between diseases but even between patients with the same disease228,230. Generally, 

LSDs can be classified depending on the age of onset; as infantile (early-onset), juvenile, or adult 

(late-onset) forms228.  More than half of all LSDs associate with neuronopathic symptoms, 

including ataxia, dysphagia, dementia, seizures, and developmental delay, with especially severe 

neurodegeneration and infantile death in the infantile forms of the disease226,231–234. The less 

severe forms of LSDs affect mainly peripheral organs such as liver, spleen, bones, lungs, striated 

muscle, and heart228,230.  

 

The historically stringent development of effective treatments for rare diseases such as LSDs was 

incentivised by a couple of laws starting in the USA, and was later adapted by the EU, Japan, 

Singapore, and Australia235–237. Although the financial incentive provided under those laws has 

significantly spurred orphan drug development, the patient recruitment for clinical trials remains 

a major drawback due to the rarity of the diseases236. Nevertheless, many new products have 

been approved and significantly improved LSD treatment. 
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The treatment of LSDs can broadly be classified into two groups, namely (a) palliative treatment 

to alleviate disease burden and (b) disease specific intervention trying to restore biochemical 

alterations due to mutations. With regards to disease specific interventions, a number of 

strategies exist or are being investigated. For instance, gene therapy is a promising strategy to 

correct the monogenic mutation causing the disease or to deliver a functional gene or 

mRNA238,239. Nevertheless, remaining safety concerns and lacking efficacies still pose a problem 

for the clinical translation of this method. Chaperon therapy, using pharmacological or molecular 

chaperones to prevent protein misfolding and salvage function, is an approved therapy for some 

LSDs, yet large-scale screening is needed for the identification of these molecules which are 

mostly specific to only one disease240–243. Another strategy is the substrate reduction therapy 

(SRT), a small molecule therapy aiming to reduce aberrant accumulation by reducing the rate of 

biosynthesis of the accumulating molecule244. A major drawback of this approach is the lack of 

its specificity, also influencing other anabolic routes, and thus causing adverse effects244. This is 

why enzyme replacement therapy (ERT), injecting (mostly) recombinant enzyme to restore the 

deficient endogenous enzyme levels, has become the gold standard treatment for some LSDs245, 

such as GD, the most prevalent LSD, discussed in Chapter 7. Another prominent example is NPD 

with recombinant ASM for ERT currently in clinical trials with promising preliminary results246, 

discussed in Chapter 6.  

The first marketable ERT came out in 1990 for GD and revolutionised its treatment, improving 

quality of life and life expectancy234,247. Initially, the enzyme was purified from human placenta, 

a process poor efficiency which required large amounts of raw material. For instance, the 

treatment of a single GD patient required 50,000 placentas annually, with 1/3 of the world’s 

placentas being used for enzyme purification at the time197. To overcome this limitation, Chinese 

hamster ovary cells (CHO) were investigated to produce recombinant enzyme for ERT and proved 

easy handling, high product yield, and similar post-translational modifications to native 

enzyme197,248, with the recombinant enzyme achieving good treatment efficacy compared to 

native enzyme in a comparative study248. This prompted the production of a whole series of 

different recombinant enzymes in CHO for LSD ERT249–261. Since then, the variety of expression 

systems used for the production of lysosomal enzymes has expanded and also includes bacteria, 
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yeast, and plant cells262. Thus far, 38 therapies have been approved for the treatment of different 

LSDs, most of which are ERTs263.  

Nevertheless, and despite their big success, current ERT treatment also face important 

challenges. Firstly, given the biological nature of the therapeutics used, ERT infusions can inflict 

immune responses, not only comprising the safety of the patients but also the treat efficacy264–

266. To address this problem, the FDA and National Organization of Rare Disorders (NORD) have 

called for an improve, standardised data collection towards the development of improved 

monitoring assays and optimised treatment to close the current knowledge gap between 

predictive markers and causative mechanisms267. ERT can trigger two types of immune reactions, 

humoral immunity and/or hypersensitivity. For the humoral response the body produces Ab, 

mostly IgG types by plasma cells or memory B cells266–268. Those antibodies can post a problem 

for ERT treatment due to their neutralising effects when binding to the catalytic side or targeting 

site of the enzyme, rendering it inactive or precluding its trafficking to the lysosome, respectively. 

Additionally, Ab binding adds an additional binding site, the Fc region, to the enzyme, marking 

them for phagocytosis and thus reducing the enzyme delivery via the M6PR to the lysosomes of 

target cells267,269–271. With regards to hypersensitivity, they are immune-mediated and include 

symptoms such as hypotension, tachycardia, respiratory symptoms, rash, fever, chills, swelling, 

headache, nausea, etc. 272273. Interestingly, symptoms are often more severe at the start of the 

treatment and decline over time, possibly due to immunotollerance264. Lastly, allergic reactions 

and anaphylactic shock are life-threatening yet uncommon264,272–274. Commonly, antihistamines, 

corticosteroids, and antipyretics are administered to alleviate symptoms, in some cases even 

preventively before the start of the ERT273,275.  
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Another big challenge is the poor enzyme accessibility to targets. Compared to the total number 

of LSDs, only a small group has an available ERT, with peripheral sites being the main target276,277. 

This is because ERT can gain rapid access the main targets for peripheral LSDs such as the liver or 

spleen due to their highly fenestrated endothelium278. In contrary, the highly selective barrier 

formed at the blood-brain interface, the BBB, does not allow for penetration of ERT into the brain 

parenchyma (see section 1.2), making treatment of neuronopathic symptoms of LSDs a major 

challenge with currently no effective treatment option available24,32,226,244. Interestingly, the 

M6PR, the receptor the majority of ERT rely on for entry into the cell and trafficking to lysosomes, 

is expressed on the BBB in neonates but downregulated soon after birth279, precluding an 

efficient brain penetration of ERT via that pathway. Furthermore, post-translational modification 

Figure 1.6 Schematic representation 
of the humoral immune response to 
therapeutic enzymes for ERT. A 
therapeutic enzyme with two 
functional sites, enzymatic and 
targeting, can elicit an immune 
response producing (A) neutralising 
Ab or (B) non-neutralising Ab. 
Neutralising Abs can bind to the 
targeting moiety, usually mannose or 
M6P, and thereby prevent binding to 
the receptor and thus cell entry (A1), 
or to the catalytic site of the enzyme, 
preventing the degradation of 
substrate (A2), both of which lower 
the efficacy of ERT. Non-neutralising 
Ab do not affect these functions yet 
increase FcR-mediated phagocytosis 
by macrophages (B), also lowering 
treatment efficacy. Graphic 
reproduced from Solomon and Muro 
(2017)246. 
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may be altered or absent depending on the expression system used. For instance, insufficient or 

improper glycosylation impairs the enzyme’s ability to bind to the MR or M6PR on the surface of 

the target cell as has been reported for α-L-iduronidase for MPS I280, β-glucuronidase for MPS 

VII281282, N-acetyl-β-hexosaminidase for Sandhoff disease283, and α-N-acetylglucosaminidase 

deficient in Sanfilippo syndrome284. One the other hand, not only alterations of the targeting 

moieties on the enzyme but also reduced expression of the targeted MR on e.g., macrophages in 

GD285,286 or reduced MR endocytosis287–289 have been observed, consequently reducing drug 

delivery. Given these challenges and limitations, new therapeutics and/or delivery systems are 

needed to improve the treatment of LSD, especially the more severe neuronopathic forms of the 

disease.  

 

Pharmaceutical NCs provide an excellent platform to overcome aforementioned challenges to 

successful delivery therapeutics to target cells, additionally providing protection from 

degradation, immune recognition, and adverse effects by reducing off-target 

interactions131,132,290. Additionally, NCs can be functionalised with targeting moieties such as 

antibodies, peptides, and ligands to improve the specific delivery to organs, tissues, or cells291–

293. NC properties are highly versatile because they can be manufactured from a broad range of 

materials, including liposomes, carbon, metals, silica, polymers and others131–135. Many polymers 

have been FDA approved for the delivery of therapeutic proteins and offer a broad spectrum of 

properties for manufacturing protein-NC formulations99,294,295. With respect to LSDs, various NCs 

have been studied to deliver different therapeutic enzymes for ERT. Albumin-silk NCs296 and 

polyelectrolyte complexes of trimethyl chitosan297 were prepared to deliver α-galactosidase 

(Fabry disease), NC containing guanidinylated glycosides298 were manufactured to carry β-D-

glucuronidase (Sly’s syndrome) and α-L-iduronidase (Hurler, Hurler-Scheie, and Scheie 

syndromes), poly(butyl-cyanoacrylate) NCs299 were prepared as carriers for arylsulfatase B 

(mucopolysaccharidosis VI), and brain-targeted (targeting peptides Ang2, g7, or Tf2) PLGA NCs 

were used to deliver galactosylceremidase (Krabbe disease)300, whereas our group has used 

ICAM-1-tageted PLGA NCs and polystyrene NCs, a model carrier with comparable properties to 

PLGA, for the delivery of acid sphingomyelinase170,171,175,187,301,302 (Niemann-Pick disease), α-
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galactosidase174 (Fabry disease), and α-glucosidase172 (Pompe disease). These ICAM-1-targeted 

NCs have been shown to enhance enzyme delivery using a plethora of cellular models in vitro, as 

well as peripheral organs and brain in vivo. Therefore, targeted NCs as drug carriers offer an 

interesting platform for the delivery of therapeutic enzymes for ERT especially for the 

neuronopathic forms of LSDs, posing a special burden due to disease severity and lack of 

treatment, given their potential for endocytosis into and transcytosis across the BBB into the 

CNS32. Nevertheless, not much is known about the influence of the endocytosis pathway on the 

treatment efficacy, especially with respect to distinct LSDs, which might affect NC trafficking 

differently (also see Strategies for Crossing the Blood-Brain Barrier).  

  



 

23 
 

Chapter 2: Motivation and Goal 

Neurological diseases are the second leading cause of death worldwide, with an increasing 

incidence1. However, despite the undoubtable burden, many of those disease lack proper 

treatment due to the presence of the BBB, a highly selective barrier inhibiting the passage of 

most therapeutics into the CNS18,21–23. One example of such diseases are NPD and GD, two LSDs 

pertaining to the sphingolipidoses, which accumulate aberrant levels of sphingolipids inside cells 

due to a mutation in a lysosomal enzyme, resulting in detrimental pathologies and often 

premature death205–207. Although ERT, using recombinant enzymes to restore endogenous 

enzyme function, is a very effective approved treatment for GD204,21, and a comparable drug for 

NPD with promising results in pre-clinical studies is underway246, the enzymes used in that 

therapeutic approach cannot cross the BBB and are therefore not suitable to treat the severe 

neuronopathic forms for the diseases24,245. 

Nanotherapeutics are a versatile platform that can be used as drug carriers, able to load a broad 

range of drugs, including therapeutic enzyme such as used for ERT86–88. Furthermore, surface 

modifications such as the addition of Abs allow for specific targeting to endocytosis routes, such 

as clathrin-mediated, caveolae-mediated, and CAM-mediated pathways, potentially increasing 

drug penetration by inducing transcytosis across the BBB into the brain86–88. However, the 

influence of certain surface modifications, such as targeting valency, on intracellular trafficking 

are not yet fully understood and have been shown to influence brain penetration. Furthermore, 

the influence of disease such as NPD and GD, known to alter e.g., protein expression and 

membrane lipid composition, potentially important for binding and uptake NCs, on NC trafficking 

has not yet been studied. A better mechanistic understanding of NC transport across the BBB and 

the specific effects of the diseases aimed to treat will be crucial towards the successful 

development of novel therapeutics to treat currently untreatable and deadly ailments.  

In light of this information, the overall goal of this work was to enhance our understanding of NC 

trafficking by the BBB, to study disease-specific alterations on these trafficking events, and to 

identify the most promising trafficking pathway for the delivery of ERT into the brain using 

targeted NCs. These goals were addressed in the following specific aims: 
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Aim 1- Manufacture and Characterise NCs Suitable for Targeting Brain ECs. Fabricate and 

characterise clinically relevant PLGA and model polystyrene (PS) NCs with varying characteristics, 

such as number of targeting Abs exhibited on the NC surface (valency), the particular receptor 

being targeted to induce different RMT pathways, or the presence of enzyme cargo for delivery 

in vitro and in vivo in mice.  

Aim 2- Study the Mechanism of CAM-mediated Transcytosis of NCs. Use a cellular model to 

study the mechanism of transport of anti-ICAM NCs into/across brain ECs and the influence of 

targeting valency on binding, uptake, lysosomal trafficking, and transcytosis.  

Aim 3- Study the Effect of ASM deficiency on NC Transport for NPD ERT. Identify the best 

targeting route for brain ERT by assessing the interaction of NCs targeted to the three main RMT 

routes with brain ECs affected by ASM deficiency, characteristic of NPD. Study binding, uptake, 

lysosomal trafficking, and transcytosis.  

Aim 4- Assess the Effect of GBA deficiency on NC Transport for GD ERT. Identify the best 

targeting route for brain ERT by gaining mechanistic insight into the effect of GBA deficiency, 

characteristic of GD and a risk factor for Parkinson’s disease, on the cellular machinery involved 

in the interaction of brain ECs with NCs targeted to all three RMT pathways.  
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Chapter 3: Material and Methods 

3.1. Instruments 

The LSM 800 confocal microscope was from Zeiss (Jena, Germany). The SpectraMax M2e 

microplate spectrophotometer was purchased from Molecular Devices (San Jose, CA, USA). 

Zetasizer Ultra instrument was purchased from Malvern Panalytical (UK). The freeze dryer Alpha 

1-4 LD was from Christ (Osterode am Harz, Germany). Polytron® PT 3100 D homogeniser and the 

standard dispersing aggregate knife PT-DA 20 were from Kinematica (Malters, Switzerland). 

Gallios flow cytometer was from Beckman Coulter (Pasadena, CA, USA). Fisherbrand™ Model 120 

Sonic Dismembrator was purchased from Fisher Scientific (Hampton, NH, USA). 

3.2. Materials 

125Iodine (125I) was purchased from Perkin Elmer (Waltham, MA, USA), Pierce Iodination Tubes 

were from Pierce (Waltham, MA, USA), the Hidex automatic gamma counter was from Hidex 

(Turku, Finland), Bio-Spin P-30 Gel Tris Columns were from Bio-Rad (Hercules, CA, USA), the 

Allegra 6 and Avanti J-26 XP centrifuges were from Beckman Coulter (Pasadena, CA, USA), 

centrifuges 5810R and 5424R were from Eppendorf (Hamburg, Germany). AccuSpin Micro 17A 

centrifuge, gelatin, 4′,6-Diamidino-2-phenylindole (DAPI), phosphate buffered saline (PBS), L-

glutamine, and 10 kDa Texas Red-labelled dextran were purchased from Fisher Scientific 

(Hampton, NH, USA). Trehalose, hyaluronidase (HAse) from sheep testes, trichloroacetic acid 

(TCA), 4-methylumbelliferyl β-D-glycopyranoside, pluronic F68 surfactant, bovine serum albumin 

(BSA), ethyl acetate, imipramine hydrochloride, 4-methylumbelliferone, citric acid, potassium 

phosphate, sodium taurocholate, glycine, biotin and streptavidin, and Triton X-100 were 

purchased from Sigma Aldrich (St. Louis, MO, USA). M199 and RPMI 1640 basal medium, 

penicillin, streptomycin, TrypLE™ Express stable trypsin and secondary antibodies conjugated 

with Alexa Fluor were purchased from Life Technologies (Carlsbad, CA, USA). Bradford assay kit, 

anti-VE-cadherin, anti-clathrin, anti-caveolin-1, Amplex Red Sphingomyelinase kit, BODIPY-FlC12-

sphingomyelin (Thermo Fisher Scientific), and sodium azide were purchased from Thermo Fisher 

(Waltham, MA, USA). Endothelial cell growth supplement (EGCS), heparin, and anti-transferrin 

receptor (anti-TfR) (clone: T56/14) were purchased from Merck (Darmstadt, Germany). Lactel II 
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copolymer was purchased from Evonik (Essen, Germany). Coverslips were purchased from Paul 

Marienfeld (Lauda-Koenigshofen, Germany). Fluoresbrite™ YG Microspheres 0.1 µm were 

purchased from Polysciences Inc. (Warrington, PA, USA). Primary HBMECs were purchased from 

Innoprot (Derio, Spain) and HUVECs were purchased from Cultek (Madrid, Spain). Transwell 

inserts 1.0 μm-pore were purchased from Corning (New York, USA). Recombinant human TNFα 

was purchased from Novus Biologicals (Littleton, CO, USA). Conduritol-β-epoxide (CBE) was 

purchased from Labclinics (Barcelona, Spain). N-hexanoyl-NBD-glucosylceramide was purchased 

from Matreya LLC (State College, PA, USA). Paraformaldehyde (PFA) was purchased from Aname 

(Madrid, Spain). Anti-ICAM Ab (clone R6.5) was produced from commercial hybridoma HB-9580 

(ATCC, Manassas, VA, USA). PV1 Ab was purchased from Antibodies-online (Germany). 

ChromPure Mouse IgG was purchased from Vitro (Seville, Spain). Sodium chloride was purchased 

from Panreac (Barcelona, Spain). C57BL/6J mice were from Charles River Laboratories (Écully, 

France). Brain vascular pericytes and pericyte media were purchased from ScienCell Research 

Laboratories (Carlsbad, CA, USA). NHA astrocytes were purchased from Lonza Walkersville, Inc. 

(Walkersville, MD, USA).   

3.3. Methods 

3.3.1. Radio labelling of Antibodies and Enzymes 

Where indicated, Abs (anti-ICAM, anti-TfR, anti-PV1, and control IgG) or enzyme (HAse) were 

labelled with 125Iodine (125I) for radiotracing using a gamma counter. For labelling, 100 μg protein 

1mg/ml were incubated for 5 min at 4°C with 20 μCi 125I using Pierce Iodination Tubes. Then, Bio-

Spin P-30 Gel Tris Columns were used to remove free 125I by centrifugation in an Allegra 6 

Centrifuge for 4 min at 2,300 x g at room temperature (RT). 

After labelling, the specific activity was assessed as follows. First, remaining free 125I was 

separated from 125I-protein using trichloroacetic acid (TCA) at a final concentration of 1 M to 

denature and precipitate protein for 15 min at RT, followed by centrifugation at 2,300 x g for 5 

min at RT using a Centrifuge 5810R (rotor A-4-62) to separate 125I-labelled protein in the pellet 

and free 125I in the supernatant. The supernatant containing free iodine was collected and the 

pellet containing both fractions (Fraction A = [½ supernatant], Fraction B = [precipitate containing 
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125I-labelled protein + ½ supernatant]) were analysed separately. In parallel, Bradford assay was 

used to determine the protein concentration of the 125I-labelled protein solution. Then, the 

specific activity of 125I-labelled protein was determined as the activity in counts per minute (CPM) 

without free 125I quantified using a gamma counter, per mass protein analysed by Bradford assay 

(CPM/mass), as described303. 

 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
(𝐶𝑃𝑀𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐴 + 𝐶𝑃𝑀𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐵 ) − (𝐶𝑃𝑀𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐴 × 2)

𝑀𝑎𝑠𝑠
 

 

3.3.2. Preparation of PLGA NCs 

PLGA NCs were manufactured using Lactel II copolymer (50:50 glycolic-to-lactic ratio) and 

Pluronic F68 surfactant.  

For the encapsulation of hyaluronidase (HAse), a double emulsion/evaporation technique was 

used302. First, an aqueous solution containing 4 mg/mL protein (2:1 mass ratio HAse:bovine 

serum albumin (BSA) as a carrier protein) in water was added dropwise under stirring (700 rpm) 

to an organic solution containing 18 mg/ml Lactel II copolymer dissolved in ethyl acetate. This 

primary emulsion was homogenised using stirring (1,400 rpm, 30 seconds) and sonication on ice. 

Sonication was implemented using 10 cycles of 20 seconds on and 5 seconds off at 25% 

amplification, using a Fisherbrand™ Model 120 Sonic Dismembrator. Then, the formulation was 

added dropwise to an aqueous solution containing 2% F68 dissolved in water, under stirring (850 

rpm), to form a secondary emulsion. This was followed by homogenisation by stirring (1,250 rpm, 

1 min) and sonication on ice for 10 cycles of 20 seconds on, 5 seconds off. The solvent was 

removed by overnight evaporation under stirring (500 rpm) and NCs were collected by 

centrifugation at 23,800 x g for 10 min at RT using an Avanti J-26 XP (rotor: J-12)302. 

For pristine PLGA NCs without enzyme loading, Lactel II was dissolved in ethyl acetate at 10 

mg/ml and added dropwise to 2% Pluronic F68 in water under stirring (1,400 rpm). This emulsion 

was homogenised by stirring (1,400 rpm, 1 min) and sonication on ice for 10 cycles consisting of 

20 seconds on, plus 5 seconds off. Subsequently, this suspension was added dropwise under 

stirring (1,200 rpm) to 0.2% pluronic F68 in water and the solvent was removed by overnight 
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evaporation under stirring (500 rpm). NCs were collected by centrifugation at 14,100 x g for 15 

min at RT using an Avanti J-26 XP (rotor: J-12). Subsequently, a second round of centrifugation at 

3,000 x g for 4 min at RT was used to separate big aggregates in the pellet and NCs were collected 

in the supernatant.  

Both types of PLGA NCs were coated with protein (anti-ICAM or 1:1 mass ratio anti-ICAM:HAse) 

via surface adsorption. For this, NCs were incubated with Ab at 7 x 10-15 μg per nm2 of NC surface 

under rotation at 4 rpm using a tube rotator for 2 h at RT. Then, NCs were washed to remove non 

coated protein. To this end, PBS was added and NCs were collected by centrifugation at 13,500 x 

g for 3 min at RT using a Centrifuge 5424 R (rotor: FA-45-24-11). The NC pellet was finally 

resuspended in PBS302. 

 

3.3.3. Preparation of Coated Polystyrene (PS) NCs 

FITC-like model PS beads having 100 nm diameter (Fluoresbrite™ YG Microspheres 0.1 µm) were 

coated with protein (either Ab alone or 1:1 Ab:HAse mass ratio) via passive surface adsorption, 

as described170,171. In brief, NCs were incubated for 1 h at RT with 2.3 x 10-15 μg protein (Ab or 

HAse) per nm2 NC surface, washed with PBS to remove non-bound protein, and collected by 

centrifugation at 13,500 x g for 3 min at RT using a Centrifuge 5424 R (rotor: FA-45-24-11). NCs 

were resuspended in PBS containing 0.3% BSA or 1% BSA for in vivo experiments in mice or cell 

culture, respectively. Lastly, NCs were sonicated with 12 cycles of 1 second on, plus 1 second off 

at 25% amplification using a Fisherbrand™ Model 120 Sonic Dismembrator.  

NCs with different targeting valencies were manufactured by incubation of PS beads with Ab 

mixtures containing different ratios of targeting Ab and untargeted IgG (1:3, 1:1, 1:0 molar 

ratios), thereby maintaining the total number of Ab molecules per NC to not alter NC surface 

properties, while only varying the number of targeting Abs, as described149.   
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3.3.4. Sonication calibration 

PS NCs coated with IgG alone, as a model Ab, were characterised for polydispersity index (PDI) by 

dynamic light scattering (DLS) and subsequently subjected to sonication using a Fisherbrand™ 

Model 120 Sonic Dismembrator. Different protocols were tested, always using pulses of 1 second 

on, 1 second off, but varying sonication amplification (20%, 25%, and 75% amplification), and the 

number of pulses (6, 12, 25, 50), as indicated. Following sonication, NCs were analysed by DLS 

again to determine their PDI.  

 

3.3.5. NC Characterisation 

All NCs (PLGA and PS) were characterised using a Zetasizer Ultra instrument and analysed with 

the associated ZS XPLORER software. To determine the hydrodynamic size (mean diameter) and 

PDI, samples were diluted in PBS and analysed by backscattering. To determine NC 

concentration, samples were diluted in PBS and analysed by multi-angle DLS (MADLS). To 

determine NC ζ-potential, samples were diluted in deionised (DI) water.    

 

3.3.6. Scanning and transmission electron microscopy 

As an example of PLGA NCs, anti-ICAM-1 PLGA NCs were visualised after uranyl acetate staining 

using a JEOL JEM 2100 LaB6 transmission electron microscope (TEM) operating at 100 kV. As an 

example of PS NCs, anti-TfR NCs were visualised after uranyl acetate staining using a Tecnai Spirit 

transmission electron microscope operated at 120 kV. 

3.3.7. Quantification of NC Encapsulation and Coating  

NC encapsulation and coating efficiency were assessed using radioisotopic quantification and DLS 

measurements. NCs were loaded or coated with 125I-labelled protein (Ab or HAse) and their 

resulting size, PDI, and concentration were determined by DLS, as described in section 3.3.5. 

Then, free 125I was determined by TCA assay and corrected for, as described in 3.3.1. 

The amount of protein coated or encapsulated was determined and corrected for free iodine as 

follows: 
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𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐶𝑃𝑀𝑇𝑜𝑡𝑎𝑙 − 𝐶𝑃𝑀𝐹𝑟𝑒𝑒 125𝐼

𝑀𝑎𝑠𝑠
 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑜𝑟 𝑐𝑜𝑎𝑡𝑒𝑑 =
(𝐶𝑃𝑀𝑇𝑜𝑡𝑎𝑙 − 𝐶𝑃𝑀𝐹𝑟𝑒𝑒 125𝐼)

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
 

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 

=
𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 
× 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑚𝑎𝑠𝑠 

 

The following equations were used to determine encapsulation and coating efficiencies: 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) 

=  
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑚𝑎𝑠𝑠 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑛𝑎𝑙 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑚𝑎𝑠𝑠 𝑎𝑑𝑑𝑒𝑑 𝑓𝑜𝑟 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛
× 100 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑜𝑟 𝑐𝑜𝑎𝑡𝑒𝑑 
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑁𝐶
=

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝐶𝑠
 

 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑁𝐶 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
=

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

4 × 𝜋 × 𝑟2
 

3.3.8. NC Lyophilisation 

NCs formulations obtained as described in sections 3.3.2. and 3.3.3. where lyophilised at 0.1 mbar 

and -40 °C in a freeze dryer Alpha 1-4 LD, using 2.5% trehalose as a lyoprotectant to maintain the 

conformation of NCs during the removal of water. Lyophilised formulations were stored at -20 

°C. Resuspension was performed in equal volume DI water as pre-lyophilisation.   
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NC stability under storage conditions and in complete cell medium 

Coated PS NCs were stored at 4 °C in PBS containing 1% BSA (storage condition). At indicated 

time points, NCs were analysed by DLS to determine the hydrodynamic size and PDI. 

Alternatively, coated PS NCs were diluted in complete cell medium containing 10% fetal bovine 

serum (FBS) to achieve the same concentrations used in cellular experiments and incubated for 

5 h. Then, NCs were analysed by DLS to determine the hydrodynamic size, PDI, and ζ-potential.  

 

3.3.9. Cellular Brain Endothelium Model 

Primary human brain microvascular endothelial cells (HBMEC) were cultured at 37°C, 5% CO2, 

and 95% relative humidity in RPMI 1640 basal medium supplemented with 10% FBS, 2 mM L-

glutamine, 30 μg/mL endothelial cell growth supplement (ECGS), 100 μg/mL heparin, 100 U/mL 

penicillin, and 100 μg/mL streptomycin. 

Human umbilical vein endothelial cells (HUVEC) were cultured at 37°C, 5% CO2, and 95% relative 

humidity in M199 medium supplemented with 10% FBS, 2 mM L-glutamine, 15 μg/mL ECGS, 100 

μg/mL heparin, 100 U/mL penicillin, and 100 μg/mL streptomycin.  

For experiments, ECs were seeded at passage 7 on glass coverslips coated with 1% gelatin in 24-

well plates and grown to confluency for 3 days149,304.  

 

3.3.10. Cellular Blood-Brain Barrier Model  

BBB models used consisted of either an HBMEC monoculture or a co-culture with other sub-

endothelial cells. For the monoculture, primary HBMEC were seeded at passage 7 on the apical 

side of uncoated 1.0 μm-pore transwell inserts in 24-well plates. For co-culture models, 

astrocytes (ACs) or pericytes (PCs) were seeded on the basolateral side of the same transwell 

filter as HBMECs.  

In all cases, to allow for barrier formation, cells were grown for 7 days at 37°C, 5% CO2, and 95% 

relative humidity in RPMI 1640 basal medium supplemented with 10% FBS, 2 mM L-glutamine, 

30 μg/mL ECGS, 100 μg/mL heparin, 100 U/mL penicillin, and 100 μg/mL streptomycin.  

Transwells without cells were also used as controls to assess the permeability as described170.  
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3.3.11. Cellular Disease Models 

Inflammation model: Cells were incubated with 10 ng/mL of the inflammatory cytokine TNFα  for 

16-20 h prior to experiments, to mimic inflammation, a typical hallmark of LSDs32 and other 

neurological diseases305.  

Niemann-Pick Disease (NPD) Model: In addition to the treatment with TNFα, as described above, 

cells were incubated with 20 μM imipramine for 48 h prior to experiments. Imipramine is known 

to induce the degradation of endogenous ASM306 , thereby resulting in ASM deficiency and 

subsequent aberrant intracellular storage of sphingomyelin, such as seen in NPD289. 

Gaucher Disease (GD) model: In addition to the treatment with TNFα, described above, cells were 

incubated with 200 μM conduritol-β-epoxide (CBE) for 72 h prior to experiments. CBE covalently 

binds and inactivates glucocerebrosidase307, leading to aberrant glucosylceramide accumulation 

such as seen in GD308.  

Control cells: Cells without any additional treatment were used as control.  

3.3.12. Acid Sphingomyelinase (ASM) Activity 

Validation of ASM deficiency model. ECs grown to confluency were incubated in control cell 

medium or medium containing 20 uM imipramine for 48 h as a model for ASM deficiency. Cells 

were lysed for 15 min at 4C in 1% Triton X-100, then 1:10 dilutions of the cell lysates were used 

to measure enzyme activity. This was done by incubating the diluted cell lysate for 1 h at 37 C 

with Amplex Red Sphingomyelinase kit. The kit contains sphingomyelin, the ASM substrate, from 

which ASM activity produces ceramide and phophorylcholine at pH 4.5. The kit also contains 

alkaline phosphatase, which dephosphorylates phosphorylcholinase into choline, and coline 

oxidase to form betaine and hydrogen peroxide. Finally, the kit contains 10-acethyl-3,7-

dihydroxiphenoxacine (Amplex™ Red), which reacts with hydrogen peroxide to render a 

fluorescent compound called resorufin. Resorufin appearance was measured using a 

spectrofluorometer, using 571 nm excitation and 585 nm emission.  
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In parallel, control cells vs. cells treated as described with imipramine were incubated for 16-20 

h with BODIPY-FlC12-sphingomyelin to allow this fluorescent lipid analog to incorporate into cell 

membranes. Then, cells were washed with PBS, fixed for 15 min with cold 2% paraformaldehyde, 

mounted on microscopy slides with MOWIOL and imaged by fluorescence microscopy under the 

green channel.  

 

3.3.13. GBA Activity 

To determine GBA activity, cells were lysed for 30 min at RT using 50 mM citric acid/PBS at pH 6, 

with 1% (w/v) Triton X-100, and 1% (w/v) sodium taurocholate. This cell lysate was collected by 

centrifugation at 20,000 x g for 20 min at 4 °C using an AccuSpin Micro 17A centrifuge. Total 

protein concentration was determined using a BCA assay kit following the vendors instructions. 

Subsequently, cell lysates were incubated for 30 min at 37 °C with 0.75 mg/ml 4-

methylumbelliferyl-β-D-glycopyranoside (4-MU-β-D-Glc), a substrate of GBA, whose enzymatic 

cleavage releases the blue-fluorescent product 4-methylumbelliferone (4-MU). Sample 

fluorescence intensity was analysed using a SpectraMax M2e microplate spectrophotometer 

(excitation/emission 365/445 nm). A calibration curve was prepared from a range of known 4-

MU concentrations and enzymatic activity was expressed as pmol product/min/μg enzyme. 

 

3.3.14. GBA Substrate Accumulation 

Cells were treated with 5 µg/mL N-hexanoyl-NBD-glucosylceramide (GlcCer), a green-fluorescent 

substrate for GBA. Enzymatic cleavage of GlcCer by cells results in non-fluorescent product. 

Therefore, loss of green fluorescence observed by microscopy is indicative of enzymatic activity. 

Mean fluorescence intensity was imaged by fluorescence microscopy and analysed using ImageJ. 

 

3.3.15. VE-cadherin staining  

Cells were fixed with 2% PFA for 15 min at RT, then incubated with 3 μg/mL anti-VE-cadherin in 

1% BSA/PBS for 1 h at RT. Cell samples were than washed to remove non-bound Ab, incubated 
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with 4 μg/ml fluorescent secondary Ab for 30 min in 1% BSA/PBS, and washed again to remove 

non-bound Ab. Pictures were imaged by fluorescence microscopy.  

 

3.3.16. Permeability of a cellular BBB model  

Cells were incubated with Texas Red dextran (10 kDa)-free cell medium on the apical chamber 

and 0.5 mg/mL Texas Red dextran (10 kDa) containing cell medium on the basolateral chamber 

for 5, 15, 30, or 60 min. At the indicated time points, the apical cell medium was collected and 

analysed using a spectrophotometer (ex.: 580 nm, em.: 604 nm). Known concentrations of Texas 

Red dextran were used to create a calibration curve to extrapolate concentrations in samples.  

 

3.3.17. Receptor Expression by Flow cytometry 

Cells were detached using trypsin and collected by centrifugation at 4 °C and 800 x g for 5 min 

using a Centrifuge 5810R (rotor: A-4-62). Cells were then fixed with 2% PFA for 15 min at RT, 

collected again by centrifugation, and stained with 2 µg/mL Ab against ICAM-1, TfR or PV1, for 

1h at 4 °C under constant rotation using a tube rotator at 4 rpm. Then, samples were washed 

with PBS to remove non-bound Ab and incubated for 0.5 h at 4 °C with a secondary Ab conjugated 

with Alexa Fluor 488 (green fluorescent) at 1.5 µg/mL under rotation at 4 rpm using a tube rotator 

in the dark. Subsequently, cells were washed with PBS to remove non-bound Ab, stained with 2 

µg/mL DAPI for 10 min, and analysed by multilaser analysis using a flow cytometer and the 

associated software FlowJo.  

 

3.3.18. Receptor Expression by Microscopy 

Cells were fixed with 2% PFA for 15 min at RT and incubated with primary Ab against indicated 

receptors 4 µg/mL in 1% BSA/PBS for 30 min at RT. Then, cells were washed to remove non-

bound Ab and incubated with 4 µg/mL fluorescent secondary Ab for 30 min at RT in the dark, 

washed again to remove non-bound secondary Ab and analysed by fluorescence microscopy. 

Analysis of sum intensity per cell – background fluorescence using ImagePro.  
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3.3.19. High Resolution Imagining of Receptors and Endocytic Partners  

Cells were fixed and incubated with 2 µg/mL primary Ab against the indicated markers (ICAM-1, 

TfR, PV1, clathrin and caveolin) for 30 min in the dark. Cells were washed with PBS to remove 

non-bound primary Ab and incubated with secondary Abs for 1 h. ≥ 12 regions of 100 µm2 were 

analysed per condition.  

 

3.3.20. Single Molecule Tracking and TIRF Microscopy 

Cells were incubated with biotinylated Abs against ICAM, washed with PBS to remove non-bound 

Ab, followed by incubation with QD-633-conjugated (red fluorescence) streptavidin. 

Subsequently, cells were washed to remove QDs and incubated in control cell medium or 

medium containing 3x1010 FITC-anti-ICAM:HAse NCs/mL for 5 min to allow for binding. Cells were 

then washed with PBS to remove non-bound NCs and imaged with total internal reflection 

fluorescence (TIRF) microscopy at a frame rate of 100 ms. The individual trajectories of QD-

labelled receptors were recorded and represented in a histogram of immediate diffusion 

coefficients. The diffusion coefficients of QD fixed on glass were used to define immobility with 

97% of immobilised QD being below the set threshold. Diffusion was calculated from the 

frequency of the moment scale spectrum (MMS) slopes for several trajectories with and without 

NCs and defined as <0.2 = confined, 0.2 – 0.5 = subdiffusive, and >0.5 = free. The trajectories that 

were analysed per condition were n = 114 trajectories (immobile QD), n = 361 trajectories from 

5 cells (>32 trajectories/cell) (CBE-), and n = 442 trajectories from 4 cells (>93 trajectories/cell) 

(CBE+).  

 

3.3.21. Microscopy Characterisation of NC binding to Brain ECs  

Cells were incubated with 7x1010 FITC-labelled PS NCs/mL for a 30 or 60-min binding pulse, 

washed with PBS to remove non-bound NCs and fixed with 2% PFA for 15 min. Pictures were 

imaged by fluorescence microscopy. Quantification of the number of NCs/cell was assessed per 

cell using a custom algorithm in ImagePro, as described309. In brief, the algorithm recognises dot-
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like fluorescent spots surrounded by background fluorescence and divides the area of these dot-

like spots by the number of pixels corresponding to one NCs. 

 

3.3.22. Radiotracing of NC Binding to Brain ECs  

Cells were incubated with 7x1010 125I-labelled NCs/mL from the apical or basolateral side for a 30-

min binding pulse under two different conditions: (1) Live cells at 37 °C to allow for binding under 

physiological conditions, or (2) fixed cells at 37 °C to inhibit endocytosis, thereby isolating binding. 

Then, cells were washed to remove non-bound NCs and fixed with 2% PFA (if applicable) for 15 

min. Quantification of the 125I-content was done using a gamma counter, the amount of NCs was 

calculated from the CPM in each cell fraction and the known CPM/NC, as described above.  

 

3.3.23. Microscopy Characterisation of NC Uptake by Brain ECs  

Cells were incubated with 7x1010 FITC-labelled NCs/mL for 30 min at 4 °C to inhibit endocytosis 

and allow for binding only, washed to remove non-bound NCs to impede further binding of NCs, 

and further incubated at 37 °C for 5 min, 15 min, 30 min, 1 h, 3 h, 5 h, and 24 h with NC-free 

medium to allow synchronized uptake. Cells were then fixed with 2% PFA for 15 min in the dark 

and subsequently incubated with red Alexa Fluor 555-conjugated secondary Ab targeted to the 

primary Ab coated on the NC surface. Secondary Ab cannot cross the cell membrane and can, 

therefore, only bind to NCs located in the cell surface and not internalised by cells. Hence, this 

method allows for differential staining of cell surface-bound NCs as yellow (green + red) and 

internalised NCs as green, as described309. Imaging of cells was done by fluorescence microscopy, 

NC quantification per cell (cell surface-bound + internalised NCs = total cell-associated NCs) was 

analysed using a customized algorithm in ImagePro, as described309.  

 

3.3.24. Radiotracing of NC Uptake by Brain ECs  

Cells were incubated with different types of NCs bearing 2.25 µg/mL 125I-labelled HAse or the 

same concentration free enzyme for 1 h, 3 h, or 24 h at 37 °C. When the incubation time was 
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reached, cells were washed to remove non-bound NCs or free enzyme. Cells were then further 

incubated with an elution buffer containing 0.05 M glycine and 0.1 M sodium chloride in PBS at 

pH 2.5, for 15 min at RT to elute and collect the cell-bound fraction of NCs or free enzyme. Then, 

cells were lysed with 2% Triton X-100 for 15 min at RT to lyse the cells. Intracellular NCs or free 

enzyme was measured using a gamma counter and the specific activity, as  

 

3.3.25. Transcytosis of NCs Across Confluent Brain EC Monolayers  

Cells were incubated with 7x1010 NCs/ml labelled with 125I-Ab with indicated targeting and 

valency added to the apical chamber for a 30-min binding pulse at 37 °C. Early transport events 

into the basolateral chamber were analysed using a gamma counter. This fraction was not 

included in the transcytosis analysis because apart from transcytosis, NCs may also have crossed 

the barrier non-specifically via the paracellular route, thus leaked across the barrier. Therefore, 

all non-bound NCs were then removed by washing to ensure the subsequent analysis of only cell 

bound NCs, thereby ensuring their receptor-mediated transport. Cells were further incubated (if 

applicable) in NC-free medium at 37 °C until a total incubation time of 0.5 h, 1 h, 3 h, 5 h, and 24 

h to allow for transcytosis. At selected time points, the basolateral fraction and cell fraction were 

collected, and their 125I-content was quantified using a gamma counter. The number of NCs in 

each fraction was quantified as absolute NCs. Transcytosis was also expressed as %BL NCs / total 

NCs added:  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝐶𝑠 =  
𝐶𝑃𝑀 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝐶𝑃𝑀
𝑁𝐶

  

𝑇𝑟𝑎𝑛𝑠𝑐𝑦𝑡𝑜𝑠𝑖𝑠 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝐶𝑠 𝑖𝑛 𝐵𝐿

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝐶𝑠
 

 

3.3.26. Lysosomal Trafficking and Lysosomal Quantification  

Prior to the incubation with NCs, lysosomes were stained by incubating for 40 min at 37 °C with 

0.5 mg/mL 10 kDa Texas Red-labelled dextran, a polysaccharide taken up by cells via pinocytosis 

which traffics and accumulates in lysosomes as it cannot be degraded in mammalian cells172. 
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Subsequently, cells were washed to remove extracellular dextran and further incubated for 60 

min to allow for the complete trafficking of all dextran to lysosomes, verified by colocalisation of 

dextran with lysosomal marker LAMP-1172. Then, cells were incubated with 7x1010 FITC-labelled 

NCs/mL with indicated targeting and valency for either 5 min, 15 min, or 30 min continuous 

incubation at 37 °C followed by washing with PBS to remove non-bound NCs or a 0.5 h binding 

pulse followed by washing with PBS to remove non-bound NCs and further incubation in NC-free 

cell medium up to at 37 °C up to 45 min, 1 h, 3 h, 5 h, or 24 h total incubation. When the final 

incubation time was reached, cells were fixed with 2% PFA for 15 min at RT in the dark. Imaging 

was done by fluorescence microscopy. NC and lysosome quantification per cell using an algorithm 

in ImagePro, as described309 (also see section 3.3.21.): 

𝐿𝑦𝑠𝑜𝑠𝑜𝑚𝑎𝑙 𝑁𝐶𝑠 =  𝐺𝑟𝑒𝑒𝑛 𝑜𝑏𝑗𝑒𝑐𝑡𝑠 ∩ 𝑅𝑒𝑑 𝑜𝑏𝑗𝑒𝑐𝑡𝑠 

 

3.3.27. Protein Coat Loss upon Cellular Interaction 

Cells were incubated with 7x1010 FITC-labelled NCs/mL for a 30 min binding pulse at 37 °C, then 

washed with PBS to remove non-bound NCs, and further incubated (if applicable) at 37 °C in NC-

free medium up to 0.5 h, 1 h or 3 h total incubation. Then, cells were fixed with 2% PBS for 15 

min at RT, permeabilised with 0.1% Triton X-100 for 15 min at RT in the dark, incubated with 4 

µg/mL red-fluorescent secondary Ab against the coat proteins for 30 min at RT, and washed with 

PBS to remove non-bound Ab. Permeabilisation allows for the secondary antibody to enter the 

cells and can therefore detect the presence of coat proteins not only on cell-surface NCs but also 

for intracellular NCs. This method allows us to distinguish NCs with coat proteins (green + red = 

yellow) and without coat proteins (green only) independently from their cellular location. 

Analysis done by fluorescence microscopy and an algorithm in ImagePro, as described309 (also 

see section 3.3.21.). The percent of NC without coat proteins at a given time was calculated using 

the results obtained from ImagePro: 

% NCs without coating = Green objects −  (Green objects ∩ Red objects) 

The percentage of NCs without protein coat was displayed over the 0.5 h base detection, 

assuming that at this time most NCs should not yet have reached lysosomes. 
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3.3.28. Cellular Degradation Pattern of Anti-ICAM-1 NCs 

Cells were incubated with 7x1010 125I-Ab NCs/ml for a 30-min binding pulse from the apical side 

at 37 °C, then washed to remove non-bound NCs, and further incubated (if applicable) at 37 °C 

in NC-free complete cell medium up to 24 h. At indicated time points, cells were collected and 

the free 125I content was determined using the TCA assay, as described above in section 3.3.1. 

Data were expressed relative to the overall highest value measured. 

 

3.3.29. NC Reuptake Following Transcytosis 

Cells were incubated with 7x1010 NCs FITC-labelled NCs/mL from the apical side for a 30 min 

binding pulse, then washed with PBS to remove non-bound NCs. Then, cells were further 

incubated with NC-free medium for additional 30 min. In parallel, following the wash, 0.5 mg/mL 

10 kDa Texas dextran Red (red fluorescent) was added to the basolateral chamber to be able to 

distinguish apical and basolateral medium using fluorescence microscopy. Thus, when NCs 

transcytose from the apical to the basolateral side of the transwell, if they were taken up by cells 

again, medium containing red fluorescent dextran would enter into the same endocytic vesicle, 

enabling the visualisation of reuptake following transcytosis by fluorescence colocalisation 

(green NCs + red dextran = yellow).   

 

3.3.30. HAse delivery to brain ECs 

HUVEC were incubated with 2.25 µg/mL 125I-labelled HAse either free or carried by either PLGA 

NCs encapsulated or coated or PS NCs (coated), as described above in sections 3.3.2. and 3.3.3. 

At indicated time points, cells were washed with PBS to remove non-bound HAse and incubated 

at RT with glycine elution buffer (0.05M glycine + 0.01M sodium chloride, pH 2.5) for 15 min to 

collect the cell-bound fraction, followed by lysing the cells for 15 min at RT using 2% Triton X-100 

to collect the internalised fraction. The quantification of the HAse content per fraction was done 

using a gamma counter.  
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3.3.31. Fluorescence Microscopy 

Images were taken using a Zeiss LSM 800 confocal microscope with an 63x / 1.4 Oil DIC M27 

objective and diode lasers 405 nm, 5 mW; 488 nm, 10 mW; and 561 nm, 10 mW, all laser class 

3B, two PTM Multi Alkali detectors and the associated Zen 2.3 (blue edition) imaging software. 

Pictures were taken as Z-stacks with varying numbers of planes, with 0.5 µm interplanar distance, 

to collect information across the whole hight of the cells. Images were then processed in ImageJ 

to compose a single 2-D image from each Z-stack using the maximum intensity Z-projections 

function. 

  

3.3.32. In vivo biodistribution in mice 

Commercial C57BL/6J mice of both sexes were weighed, anaesthetised with an intraperitoneal 

injection of 100 mg/kg ketamine and 1 mg/kg medetomidine and injected i.v. via the jugular vein 

with 2.3 x 1013 NCs/kg body weight. Injected NCs had been coated with 125I-labelled 1:1 molar 

ratio anti-ICAM:IgG NCs (called anti-ICAM NCs thereafter) or IgG alone (called IgG NCs 

thereafter). In both cases, a tracer amount of 125I-IgG (10% of total IgG used) was employed so 

that if Ab would detach from the NCs in vivo, then 125I-IgG would not interact with the 

endothelium. The laboratory compares all NC biodistribution data with the biodistribution of 125I-

IgG, as such, as an internal control. Then, 1 min, 2 min, 5 min, 10 min, 15 min, 30 min, 45 min, 60 

min, 120 min, 180 min after the injection, blood samples were extracted via the facial vein and 

mice were euthanised by cervical dislocation after 0.5 h, 1 h, or 3 h. Subsequently, organs were 

collected, weighed, and free 125I was determined by homogenising organs using a Polytron® PT 

3100 D homogeniser with the standard dispersing aggregate knife PT-DA 20, followed by protein 

precipitation using TCA, as described above, and centrifugation at 2300 x g for 5 min at RT using 

a centrifuge 5810R (rotor: A-4-62) to separate 125I-labelled protein in the pellet and free 125I in 

the supernatant. The 124I-content was determined using a gamma counter. Data were used to 

calculate174,170: 
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑑𝑜𝑠𝑒 (%𝐼𝐷) =
𝐶𝑃𝑀 𝑖𝑛 𝑏𝑙𝑜𝑜𝑑 𝑜𝑟 𝑜𝑟𝑔𝑎𝑛

𝐶𝑃𝑀 𝑡𝑜𝑡𝑎𝑙 𝑑𝑜𝑠𝑒 − 𝐶𝑃𝑀 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑟𝑟𝑖𝑛𝑔𝑒
 

 

%𝐼𝐷/𝑔 =
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑑𝑜𝑠𝑒

𝐺𝑟𝑎𝑚 𝑜𝑟𝑔𝑎𝑛
, to compare organ concentrations. 

 

𝐿𝑜𝑐𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 (𝐿𝑅) =
(𝐼𝐷%/𝑔)𝑂𝑟𝑔𝑎𝑛

(𝐼𝐷%/𝑔)𝐵𝑙𝑜𝑜𝑑
, to compare tissue-to-blood distribution. 

 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 (𝑆𝐼) =
𝐿𝑅𝐴𝑛𝑡𝑖−𝐼𝐶𝐴𝑀 𝑁𝐶

𝐿𝑅𝐼𝑔𝐺 𝑁𝐶
 , showing specific targeting. 

 

 

3.3.33. Visualisation of Anti-ICAM NCs in Mouse Brain 

Mice were injected i.v. under anaesthesia with FITC-labelled anti-ICAM NCs. At indicated time 

points, mice were perfused with PBS intracardially to eliminate blood and then 4% PFA to fix 

tissue. The brain was collected, kept in PFA overnight, and then imaged ex vivo by fluorescent 

microscopy on a PBS-wetted microscope slides.  

 

3.3.34. Assessment of Paracellular Permeability in Mouse Brain 

Mice were injected i.v. under anaesthesia with 125I-labelled albumin alone (control), 125I-albumin 

together with anti-ICAM PS NCs, or 125I-albumin with TNFα. After 1 h, mice were sacrificed, blood 

and brain were collected, and albumin content was quantified using a gamma counter. Blood to 

brain leakage was calculated as: 

𝐿𝑒𝑎𝑘𝑎𝑔𝑒 =  
𝐶𝑃𝑀𝑏𝑟𝑎𝑖𝑛 

𝐶𝑃𝑀𝑏𝑙𝑜𝑜𝑑
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3.3.35. Statistics 

Data were calculated as average ± standard error of the mean (SEM). For fluorescence 

microscopy n ≥ 3, for radiotracing n ≥ 4, for flow cytometry n = 4, for in vivo mice n = 5. Statistical 

significance was determined as p<0.05. Two-group comparisons by Student’s t-test, multiple 

comparison by analysis of variance (ANOVA) followed by Tukey’s test. 
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Chapter 4: Manufacture and Characterise NCs Suitable for 

Targeting Brain ECs 

4.1. Introduction 

LSD are a group of around 70 inheritable genetic disorders characterised by the aberrant 

intracellular accumulation of undegraded macromolecules (see section 1.5.)1. ERT, injecting 

recombinant enzyme to restore the deficient endogenous enzyme levels, has already become 

the gold standard treatment for some LSDs310, such as GD, the most prevalent LSD, discussed in 

Chapter 7. Another LSD which could benefit from a protein therapeutic is NPD, discussed in 

Chapter 6, with recombinant ASM showing promising results in current ERT clinical trials246311. 

Nevertheless, neuronopathic forms of LSDs, often resulting in more severe forms of the disease 

and premature death232–234, cannot be treated with ERT due to the lack of penetration of proteins 

across the BBB into the brain312. 

Nanomedicine, used to produce nano-sized drug carriers131–135, is a versatile platform that can 

offer a series of advantageous properties64,293,313. PLGA, a synthetic co-polymer of lactic and 

glycolic acid, has emerged as a widely used material in nanomedicine due to its lack of toxicity, 

biocompatibility, and biodegradability16. Several PLGA-based systems are already approved by 

the FDA as well as the EMA for the treatment and diagnosis of diseases in the clinic119,120. PLGA 

is also being widely investigated to be used to produce NCs, capable of loading a plethora of 

different molecules, including hydrophilic and hydrophobic drugs314,315, DNA316, and proteins 

such as therapeutic enzymes used for ERT in LSD148,171,300,317,318. Therapeutic cargo can be loaded 

using PLGA NCs via different techniques, e.g. in the context of lysosomal ERT, therapeutic enzyme 

has been successfully loaded via encapsulation into the NC matrix or coating onto the NC 

surface148,171,300,317,318, both showing promising results with regards to enhanced targeting, 

increased endocytosis, and recovery of lysosomal function148,171,300,317,318. Furthermore, NCs can 

be functionalised with targeting moieties such as antibodies, peptides, and ligands to improve 

the specific delivery to organs, tissues, or cells291–293. Targeting to cell-surface receptors to induce 

receptor-mediated endocytosis is a promising strategy for the delivery of NCs into and across the 

BBB64. Three distinct natural transport pathways, CAM-, clathrin-, and caveolae-mediated 
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endocytosis, can be targeted to induce transcytosis of NCs across the endothelium and lysosomal 

trafficking for the delivery of therapeutic enzyme to target cells64,165,319–321.  

The stability of a NC formulation is of importance for experimental reproducibility, safety, and 

efficacy322,323. With respect to NC-mediated ERT, NCs need to be stable under storage conditions 

yet release their cargo in lysosomes for good therapeutic efficacy. To this end, PLGA NCs have 

the favourable characteristic of being degraded to lactic and glycolic acid in lysosomes324,325, 

breaking up the NC structure and thus helping to release its therapeutic cargo at the target site, 

the lumen of the lysosome, while also helping to restore the abnormal pH, affected in several 

LSDs, by the release of these acidic monomers326. In fact, the release of therapeutic enzyme from 

PLGA NCs was found to be minimal under storage conditions and in model physiological fluids for 

up to 72 h, in line with only minimal changes in hydrodynamic size and PDI under storage 

conditions at 4 °C for up to 8 weeks302, whereas an enhanced release has been observed under 

lysosomal-like conditions172,174. Thus, targeted PLGA NCs offer an interesting platform for the 

delivery of therapeutic enzymes for LSD treatment, particularly neuronopathic symptoms.  

Although beneficial to drug release, lysosomal degradation of PLGA NCs is a confounding factor 

when studying intracellular trafficking. Therefore, other non-degradable polymers such as PS 

NCs, offering similar behaviour to PLGA NCs, have to be used as a model NCs to study 

trafficking148,171,175,301.  For example, our group had used ICAM-1-tageted PLGA NCs and 

polystyrene NCs for the delivery of acid sphingomyelinase170,171,175,187,301,302 (Niemann-Pick 

disease), α-galactosidase174 (Fabry disease), and α-glucosidase172 (Pompe disease). These ICAM-

1-targeted NCs have been shown to enhance enzyme delivery using a plethora of cellular models 

in vitro, as well as peripheral organs and brain in vivo in mouse models21,37-43.  

As such, the aim of this chapter was to fabricate targeted NCs able to carry and deliver 

therapeutic enzyme for LSD treatment, particularly neuronopathic symptoms that requires BBB 

transcytosis, but also targeting to peripheric tissues which are also affected in LSDs1,2. NCs 

characteristics such as the selection of the receptor being targeted and the NC targeting valency 

were varied without affecting other physicochemical properties of NCs, and NC stability and 

therapeutic enzyme delivery were studied in vitro and in vivo in mice to test and verify transport 
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results mentioned above. Ultimately, NCs produced for this chapter served as a tool to study the 

remaining research questions of this thesis.  

Note: Results obtained in this chapter have been partially published in an article where I have 

been a co-author (in bold): Muntimadugu E., Silva-Abreu M., Vives G., Loeck M., Pham V., Del 

Moral M., Solomon M., Muro S. Comparison between Nanoparticle Encapsulation and Surface 

Loading for Lysosomal Enzyme Replacement Therapy. Int. J. Mol. Sci. 23, 4034 (2022).   

 

4.2. Results and Discussion 

4.2.1. NC Preparation and Characterisation 

To produce polymeric NCs, PLGA was chosen as a material due to its FDA approval for medical 

applications126. PLGA NCs with or without therapeutic enzyme were prepared using an emulsion-

evaporation technique (see section 3.3.2.) and characterised by DLS (table 3.1). Pristine PLGA 

NCs showed a diameter of 147.6 nm, with a PDI of 0.09, and a ζ-potential of -34.7 mV. The 

diameter of NCs observed under SEM was in agreement with DLS data (figure 4.1). The size was 

in a suitable range for nanotherapeutic applications, the PDI below the desired threshold of 0.2 

to prevent quick agglomeration, and the negative surface charge favourable for colloidal stability, 

comparable to NCs described elsewhere148,171,175,301. Therefore, these pristine PLGA NCs were 

considered suitable for further functionalisation.  

 

For instance, these PLGA NCs were coated with protein via passive surface adsorption, a method 

also commonly applied in the preparation of ELISA plates, using established 

protocols149,160,174,187,301,327. Firstly, coating with a therapeutic enzyme, HAse, served to load the 

protein cargo onto the NC. HAse is deficient in mucopolysaccharidosis IX328 and also serves as a 

model for enzymes that are deficient in LSDs, due to comparable molecular weight (MW = 55 

kDa), isoelectric point (pI = 4.9), and activity peak at pH 4.5-6.0329. Secondly, coating with anti-

ICAM-1 Ab was used to functionalise NCs for active targeting. For the functionalisation, the 

orientation of the Ab is paramount as only an exposed functional variable region will be able to 

interact with the receptor and hence lead to specific targeting. Such exposure due to “vertical” 
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orientation (Fc on the NC surface) of the coating Abs has been demonstrated for concentrations 

used in the present study330. Importantly, surface functionalisation via surface adsorption of Abs 

is a simple and valuable method to produce stable and functional NCs for proof-of-concept 

investigation172,174,302, yet is not intended for translational development. NCs were coated with a 

50:50 HAse:anti-ICAM-1 mass ratio as this was found to be the optimal ratio for protein delivery 

to the brain170. Sonication was used to form a more homogeneous solution after protein coating 

of NCs and was optimised to yield NC with a PDI < 0.2, suggesting relatively low levels of 

aggregation. To calibrate this process, Ab coated NCs were prepared and treated with variations 

of percent sonication amplification (amp) and number of pulses, followed by DLS measurement 

to determine NC PDI. Before sonication, Ab coated NCs showed a PDI of 0.98, representing a high 

degree of aggregation and therefore clearly indicating the need for sonication. A sonication amp 

of 20% with 6, 12, 25, and 50 pulses gave rise to NC formulations with PDIs of 0.25, 0.20, 0.14, 

0.13, respectively. An amp of 25% with 12 pulses resulted in a NC formulation with a PDI of 0.18, 

and an amp of 75% with 12 pulses produced a NC formulation with a PDI of 0.12 (figure 4.2). 

Since PDI is a physicochemical parameter that does not provide any functional information about 

the Ab coat which might be affected by sonication, the least intense setting producing coated 

NCs with PDI ≤ 0.2 was chosen to minimise potential negative effects of sonication on NC coating.  

 

Table 3.1 Characterisation of poly (lactic-co-glycolic acid) (PLGA) and polystyrene (PS) NCs.  

Formulation Diameter (nm) PDI ζ-potential HAse molec./NC 

Pristine 
PLGA NCs 147.60 ± 4.48 0.09 ± 0.01 -34.70 ± 0.80 - 

PS NCs 114.00* ± 0.58 0.03* ± 0.00 -25.20* ± 0.84 - 

Coated  

(50:50 mass ratio 

anti-ICAM-1:HAse) 

PLGA NCs 172.13 ± 14.94 0.15 ± 0.01 -26.43 ± 3.14 291.60 ± 54.10 

PS NCs 
191.50 ± 2.33 0.17 ± 0.01 -16.80 ± 2.46 338.89 ± 7.20 

Encapsulating Hase 

+ Coating anti-

ICAM-1  PLGA NCs 

236.10* ± 30.20 0.21* ± 0.02 -36.57* ± 1.46 538.00* ± 68.00 

Pristine = no coating or cargo; PLGA = poly(lactic-co-glycolic acid); PS = polystyrene; PDI = polydispersity index; molec. 
= molecule; data are average ± SEM, statistics: *p<0.05 by Student’s t-test, comparing PLGA NCs vs PS NCs of same 
group or PLGA NCs coated vs encapsulated, n ≥ 3. 
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Figure 4.1 Electron microscopy of Ab coated NCs. (Left) Representative transmission electron microscopy images of 
Ab coated PLGA NCs counterstained with uranyl acetate. Scale bar = 100 µm. (Right) Representative transmission 
electron microscopy images of Ab coated PS NCs counterstained with uranyl acetate. Scale bar = 200 µm  
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After coating, PLGA NCs increased their diameter to 172.1 nm, the PDI to 0.15, and the ζ-potential 

to -26.4 mV (table 3.1). The increased size indicates the addition of a protein coat, the slight 

increase in PDI suggests an increase in population heterogeneity as a result of coating331, whereas 

the more neutral surface charge can be explained by the addition of coating protein. Thus, all 

these parameters suggest the successful coating of PLGA NCs with protein, whereas the increase 

of all parameters is within the acceptable range for nanotherapeutic application174,187,301,327. Also, 

the negative ζ-potential is favourable for drug delivery since cationic NCs have been shown to 

induce cytotoxicity in vitro and in vivo, amongst other reasons due to inflicting membrane 

damage by electrostatic interactions332–334.  

Figure 4.2 Effect of different sonication protocols on 
the PDI of Ab coated NCs. The protocol is defined by 
the amplification of the longitudinal vibration of the 
converter (%amp) multiplied by the number of pulses 
(p) (1 sec on, 1 sec off) applied. The red line marks the 
maximum of the desired PDI ≤ 0.2. Data are average 
± SEM. n = 3.   
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Additionally, the coating with HAse was quantified using 125I-HAse and radiotracing 

measurements and showed a loading capacity of 292 HAse molecules per NC (table 3.1), verifying 

successful coating. Additionally, PLGA NCs could be loaded by encapsulating HAse using a double 

emulsion-evaporation technique followed by coating with anti-ICAM-1 Ab alone, resulting in NCs 

with a diameter of 236.1 nm, a PDI of 0.21, a ζ-potential of -36.6 mV, and a loading capacity of 

538 HAse molecules per NC (table 3.1). Thus, encapsulation significantly increased the enzyme 

loading capacity, in line with the significant increase in hydrodynamic size. These NCs were also 

coated with targeting Ab (anti-ICAM-1), rendering 122 Ab molecules/NC (not shown). Thus, this 

set of data shows that PLGA NCs can be produced and loaded with a therapeutic enzyme via two 

distinct loading methods. 

 

Furthermore, given the well-known degradation of PLGA to lactic and glycolic acid in water and 

physiological fluids324,325, non-degradable polystyrene (PS) NCs were used as a model NC for 

subsequent trafficking studies to avoid confounding results. Although statistically different 

before coating, PS NCs were comparable to PLGA NCs after coating with 50:50 anti-ICAM-1:HAse 

mass ratio, with a diameter of 191.5 nm, PDI to 0.17, and ζ-potential of -16.8 mV, and a loading 

capacity of 338.9 HAse molecules per NC (table 3.1). The size of Ab coated PS NCs was confirmed 

by electron microscopy (figure 4.1). Given these results and the fact that previous studies had 

confirmed that anti-ICAM-1 PLGA NCs and anti-ICAM-1 PS NCs behave similarly with regards to 

specific binding, endocytosis, and therapeutic effect of cargo in vitro, as well as biodistribution in 

vivo in mice148,171,175,301, PS NCs were regarded a suitable model for PLGA NCs. 

 

Additionally, NC properties such as size, surface charge, and targeting valency (the number of 

targeting molecules on the surface of a NC) are known to influence NC transport149,335. To be able 

to study the effect of targeting valency on the relatively uncharacterized CAM transcytosis, anti-

ICAM-1 NCs with different valencies were prepared. Importantly, the total number of Ab 

molecules/NC was kept constant to not affect other surface properties which might impact NC 

transport. To achieve this, NCs were coated with different ratios of anti-ICAM-1 Ab and non-
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specific IgG, keeping the total number of coating Abs constant. Three distinct targeting valencies 

(v1, v2, and v3; table 3.2) were prepared using an earlier optimised protocol336,337. NCs of all 

valencies showed comparable physicochemical properties, with size of 198.9 – 211.3 nm, PDI of 

0.15 – 0.16, and a ζ-potential of -26.9 – -21.7 mV, with solely the number of targeting Abs on the 

surface varying: i.e., 45.5, 97.6, and 191.6 anti-ICAM-1 molecules/NC for v1, v2, and v3 

formulations, respectively, as intended (table 3.2). Non-targeted NCs with a full IgG coat (v3) 

were prepared as control and showed comparable physicochemical properties to v3 anti-ICAM-

1 NCs, as expected, since they had comparable Ab coating. This suggests comparable adsorption 

of both Abs (anti-ICAM-1 and IgG) to the NC surface (table 3.2). Thus, using this protocol the 

effect of targeting valency on the interaction (e.g.: binding, uptake, and intracellular trafficking) 

of anti-ICAM-1 PS NCs with brain ECs can be studied without the influence of other 

physicochemical properties.  

 

Table 3.2 Characterisation of anti-ICAM-1 PS NCs with different targeting valencies. 

Formulation 

Targeting 

valency Size PDI ζ-potential 

Targeting Ab 

molec./NC 

Anti-ICAM-1 

NC 

v1 198.89 ± 5.66 0.16 ± 0.02 -23.78 ± 3.02 45.48 ± 0.89 

v2 207.30 ± 4.37 0.16 ± 0.01 -21.68 ± 1.92 97.57 ± 6.83 

v3 211.25 ± 2.19 0.15 ± 0.00 -26.88 ± 2.69 191.61 ± 15.44 

IgG NC  
v3 

199.50 ± 

13.85 
0.18 ± 0.02 -19.35 ± 0.35 200.22 ± 5.52 

Ab = antibody; PDI = polydispersity index; molec. = molecule; v = valency; NC = nanocarrier; data are average ± 
SEM, n ≥ 4, statistics: *p<0.05 by Student’s t-test, missing symbol indicates not significant result.  

 

For the purpose of comparing the CAM-, clathrin-, and caveolae-mediated pathways (used in 

Chapter 6 and Chapter 7), v2 formulations coated with anti-TfR (clathrin) and anti-PV1 (caveolae) 

were produced using the same protocol (table 3.2). All v2 formulations showed comparable 

physicochemical properties independently from targeting, with size 180.2 – 207.3 nm, a PDI of 

0.14 – 0.16, and ζ-potential of -20.6 – -23.8 mV (table 3.3), although size was statistically smaller 

for anti-PV1 NCs (table 3.3). However, given the comparable total number of approx. 90 targeting 

Abs per NCs this slight difference in size is irrelevant (table 3.3). Thus, using this protocol the 
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effect of distinct endocytosis pathways as well as the interaction (e.g.: binding, uptake, and 

intracellular trafficking) of NCs with brain ECs can be studied.  

 

Table 3.3 Characterisation of PS NCs targeted to the three main endocytosis pathways. 

 Formulations Size PDI ζ-potential Targeting Ab mol./NC 

Anti-ICAM-1 NCs (v2) 207.30 ± 4.37 0.16 ± 0.01 -21.68 ± 1.92 97.57 ± 6.83 

Anti-TfR NCs (v2) 195.78 ± 4.44 0.15 ± 0.01 -20.57 ± 2.72 81.69 ± 3.15 

Anti-PV1 NCs (v2) 180.22 ± 3.06 0.14 ± 0.01 -23.83 ± 2.07 85.56 ± 6.78 

Ab = antibody; PDI = polydispersity index; mol. = molecule; v = valency; NC = nanocarrier; data are average ± SEM, 
n ≥ 9, statistics: *p<0.05 by Student’s t-test, missing symbol indicates not significant result.  

In conclusion, I was able to produce PLGA NCs as drug carriers for therapeutic enzymes. 

Furthermore, undegradable PS NCs were found to be similar to PLGA NCs with regards to 

physicochemical properties, Ab coating, and drug loading, and can therefore be used as a model 

for transport and biodistribution studies without confounding degradation. Lastly, surface 

modifications such as targeting valency and receptor-targeting were varied without affecting the 

overall physicochemical properties of the NCs, enabling the study of the specific effect of these 

modifications on the NC-cell interactions.   

 

4.2.2. NC Stability 

NCs stability is an important parameter not only for the translation into the clinic with regards to 

shelf-life, the time a formulation can be stored after preparation, but also to be able to properly 

work with the formulations experimentally. For instance, a good stability at storage conditions 

ensures the quality of NCs formulations throughout the waiting period between NC preparation 

and the beginning of the experiment, either in-house or when shipped to collaborators, as well 

as the possibility for long-term storage and multiple testing from the same batch. Stability at 

experimental conditions is important to gain insight into the state of the NCs when they interact 

with cells. This effect of experimental conditions on NC stability is an often-overlooked parameter 

and can have a great impact on NC performance such as impaired targeting through loss of 

targeting moieties or corona formation338,339.  
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Different surface functionalisation and drug loading of PLGA NCs and PS NCs have been shown 

to yield targeted NCs with comparable physicochemical properties able to load a therapeutic 

enzyme (see Section 1.2.1). PLGA NCs have been shown to degrade to lactic and glycolic acid in 

physiological millieu324,325, thus disappearing and impeding tracing, which makes PS NCs the 

preferred choice for subsequent transport studies due to their non-degradable nature. 

Therefore, to ensure the good quality for experimental work, the stability of targeted PS NCs was 

assessed under different, relevant conditions. 

First, the stability of the anti-ICAM PS NCs was tested under storage conditions, at 4 °C in PBS 

containing 1% BSA, used to improve colloidal stability. At indicated time points, the 

hydrodynamic size and PDI were analysed by DLS. The size remained stable with only minor 

changes with an increase from 209.0 nm at day 0 to 216.7 nm at day 21 of storage (figure 4.3A), 

while the PDI increased slightly but constantly from 0.17 at day 0 to 0.23 at day 21 of storage 

(figure 4.3B). The colloidal stability of anti-ICAM PS NCs is in accord with results in the literature 

that found a relative coat stability at 4 °C for up to 72 h172,174 and an acceptable stability with 

regards to hydrodynamic size and PDI at 4 °C up to 8 weeks302 for comparable formulations. 
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Thus, it could be confirmed that coated NCs used in the present work do not quickly aggregate. 

Furthermore, although still within an acceptable range at 21 days after NC preparation, PDI 

values continuously increased during 21 days at 4 °C, surpassing the set limit of PDI≤0.2 at day 7, 

suggesting slow aggregation. Thus, experimental performance of the formulation might be 

compromised at some point which was sought to be improved using lyophilisation.  

Figure 4.3 Anti-ICAM-1 PS NC 
(v3) stability in PBS containing 
1% BSA at 4 °C. Coated NCs (v3) 
were stored in PBS (pH 7.4) 
containing 1% BSA at 4 °C for up 
to 21 days. At indicated time 
points their physicochemical 
properties were determined by 
DLS, for instance (A) size and (B) 
PDI. Data are average ± SEM. 
Some error bars are hidden by 
symbols.  
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Lyophilisation, the extraction of water from a frozen sample under vacuum, is a common method 

to improve the stability of colloidal NCs340. Anti-ICAM-1:HAse NCs were lyophilised with trehalose 

as a stabiliser, whose high glass transition temperature has been shown to avoid irreversible 

aggregation of NCs during lyophilisation341 and to give structural protection to proteins via 

hydrogen bonds342,343. Lyophilised formulations were stored at -20 °C, resuspended with the 

sample’s original volume (pre-lyophilisation), and then (a) analysed by DLS to assess the effect of 

lyophilisation on physicochemical properties and (b) incubated with brain ECs to study binding 

and uptake to assess the effect of lyophilisation on the functional properties of the NCs with a 

relevant target cell. To this end, green-fluorescent anti-ICAM-1 NCs were incubated before and 

after lyophilisation with brain ECs for 1 h and then cell-surface NCs were counterstained in red 

to be able to distinguish between extracellular NCs (green + red = yellow) and intracellular NCs 

(green only) (see section 3.3.23.; figure 4.4). Lyophilisation of anti-ICAM-1 NCs did not 

significantly affect their hydrodynamic size, PDI, and ζ-potential, nor the number of targeting 

moieties displayed on the surface of each NC (figure 4.4A), in line with similar results for binding 

and uptake of anti-ICAM-1 NCs pre-lyophilisation vs. post-lyophilisation (figure 4.4B-C). Thus, 

Figure 4.4 Comparison of pre- and post-lyophilisation of anti-ICAM-1 NCs. Anti-ICAM-1 PS NCs in PBS containing 
1% BSA and 2.5% trehalose were lyophilised, stored at -20 °C, and resuspended in deionised water matching 
volumes prior to lyophilisation. (A) Comparison of indicated characteristics of anti-ICAM-1 PS NCs post-
lyophilisation as percent of pre-lyophilisation values, statistics: Student’s t-test, *p<0.05, non-significant results 
lack symbol. (B-C) Representative confocal microscopy pictures of a binding and uptake experiment with (B) NCs 
pre-lyophilisation (C) and NCs post-lyophilisation. (B-C) Brain ECs were grown to confluency on coverslips and 
treated with 10 ng/mL TNFα (20 h treatment). Cells were incubated with FITC-labelled (green fluorescent) anti-
ICAM-1 NCs (pre- or post-lyophilisation) for a 30-min binding pulse, washed to remove non-bound NCs, further 
incubated in NC-free medium up to 1 h, fixed, and counterstained with red secondary Ab to distinguish between 
intracellular NCs (green only, arrows) and cell-bound NCs (green + red = yellow, open arrows). Blue = nuclei, scale 
bar = 10 µm.  
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lyophilisation poses a suitable technique to enable NC shipment and long-term storage at -20 °C 

as no negative effect on relevant NC properties were observed.   

 

Another important parameter is the stability at more physiological conditions such as in complete 

cell medium supplemented with serum. The presence of serum in the medium where the 

interaction of NCs and cells take place, containing more than 1000 components including lipids 

and protein, might affect Ab coated NCs, for instance, through the formation of a protein corona 

blocking the targeting moieties, resulting in decreased targeting or NC aggregation. Thus, 

assessing physicochemical properties of a NC formulation in the storage buffer does not 

necessarily reflect the physicochemical properties of the same NC in complete cell medium and, 

thus, during the interaction with cells. Therefore, the colloidal stability of anti-ICAM-1 NCs was 

assessed in complete cell medium. To this end, anti-ICAM-1 NCs were first characterised by DLS 

in storage condition, then added to complete medium, incubated for 5 h to allow for interaction 

between NCs and medium constituents, and characterised again by DLS (figure 4.5).  
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Figure 4.5 NC stability in complete cell medium. (A) Hydrodynamic size, (B) PDI, and (C) ζ-potential of anti-ICAM-1 
PS NCs (v3) were assessed by DLS first in PBS containing 1% BSA, and then after 5 h incubation in complete cell 
medium containing 10% FBS. (B) Additionally, the PDI of complete cell medium containing 10% FBS was assessed by 
DLS. Data are average ± SEM, n ≥ 3, *compared to NCs in 1%BSA/PBS (TIME 0), #compared to NCs in complete 
medium (5 h), by Student´s t-test (p<0.05), n.s. = not significant.  
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The incubation in complete medium did not significantly affect particle size or ζ-potential, 

whereas the PDI of the formulation was significantly increased from 0.18 to 0.3 (figure 4.5). The 

unchanged size and ζ-potential of anti-ICAM-1 NCs after 5 h incubation in complete cell medium 

suggests that the serum constituents do not greatly interact with anti-ICAM-1 NCs. The loss of 

weakly attached coat proteins due to time or increased interaction with serum proteins is 

possible. For instance, the loss of approx. 7% of the coated protein of comparable NCs after 5 h 

in complete medium at 37 °C has been reported174. Nevertheless, the loss refers to loss of initially 

used coating protein and does not specify whether the total number of coating proteins 

decreases or whether the initially used coating proteins are removed and substituted by other 

molecules such as serum proteins, thus not reducing the overall size of the coat. Independently 

of the loss or exchange of coating protein, the reported minimal effect of complete medium on 

the coat, maintaining 93% of the original coating proteins after 5 h174, is in line with the 

unaffected size and ζ-potential (figure 4.5). Given these results, it is unlikely that the increased 

PDI originates from changes to the NCs. Alternatively, the PDI of complete cell medium alone was 

assessed by DLS and found to be 0.72 (figure 4.5B), likely the result of differently sized 

populations such as amino acids, lipids, and proteins in complete medium. Thus, the presence of 

such diverse populations of molecules in complete medium is likely the reason for the observed 

increased PDI of the NC formulation, without actually interacting with the NCs. These results 

should be corroborated with further radiotracing measurements to better assess the state of the 

Ab coating rather than rely on physicochemical properties alone.  

Given the favourable physicochemical properties of anti-ICAM-1 NCs in complete medium after 

5 h, taking into account that the longest in vitro incubation of NCs in complete medium in the 

present study is 1 h and given the quick disappearance of anti-ICAM-1 NCs from the general 

circulations after less than 5 min (figure 4.7A), the stability of Ab coated NCs was considered to 

be good under experimental conditions.    
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4.2.3. Intracellular delivery of a therapeutic enzyme using anti-ICAM-1 NCs  

Thus far, PLGA and PS NCs could be successfully prepared, loaded with a therapeutic enzyme, 

and targeted to markers of different endocytosis pathways. Furthermore, targeted NCs showed 

good stability at storage and experimental conditions, enabling their use for further 

experimentation. The suitability of the NCs prepared in this study, targeted PLGA NCs and 

targeted PS NCs, to deliver a therapeutic enzyme to a relevant target cell was assessed as a proof-

of-concept using ICAM-1 as a target. To this end, the delivery of 125I-HAse to brain ECs by anti-

ICAM-1 PLGA NCs loaded via two distinct techniques (encapsulation or coating) and anti-ICAM-1 

PS NCs (coating) (table 3.1) was assessed by radiotracing and compared to the delivery of free 

125I-HAse (figure 4.6).       

Brain ECs were activated with TNFα to simulate ICAM-1 expression in disease situations and then 

incubated with equal amounts of radiolabelled HAse carrier by anti-ICAM-1 PLGA NCs either by 

encapsulation or coating, on anti-ICAM-1 PS NCs coated with HAse, or free enzyme. Following 1, 

3, or 24 h of incubation, the cell-bound and internalised fraction of HAse were separated by acide 

glycine elution344 and quantified using a gamma counter. HAse was delivered in significantly 

higher amounts to brain ECs when carrier by any of the NC formulations compared to free 

enzyme, with only little if any differences in the cell-bound fractions (figure 4.6A-D). This is in line 

with reports in the literature using comparable NCs in vitro and in vivo171,172,174,187,302 and can be 

attributed to the specific effects of ICAM-1-targeting, such as receptor targeting and receptor-

mediated endocytosis. Furthermore, significantly more HAse was delivered to cells when 

encapsulating the enzyme compared to coating it onto PLGA NCs. For instance, PLGA 

encapsulating HAse delivered 5.6 x 1011, 7.0 x 1011, and 7.5 x 1011 HAse molecules per well at 1, 

3, and 24 h, respectively (figure 4.6A), whereas PLGA NCs coated with HAse delivered 1.3 x 1011, 

1.2 x 1011, and 1.8 x 1011 HAse molecules per well at respective times (figure 4.6B).  
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Figure 4.6 Delivery of a therapeutic enzyme to brain ECs using different NC formulations. Brain ECs were grown to 
confluency on coverslips and treated with 10 ng/mL TNFα (20 h treatment). Then, cells were incubated up to 24 h 
with 2.25 µg/mL 125I-labelled HAse carried by indicated preparations targeted to ICAM-1. At indicated time points, 
cells were washed to remove non-bound HAse, incubated with pH 2.5 glycine elution buffer to collect cell-bound 
HAse, and lysed with Triton X-100 to collect internalised HAse. The amount of 125I-labelled HAse in each fraction was 
quantified using a gamma counter. (A) PLGA NC with encapsulated HAse, coated with anti-ICAM-1, (B) PLGA NCs 
coated with 50:50 HAse:anti-ICAM-1 mass ratio, (C) PS NC coated with 50:50 HAse:anti-ICAM-1 mass ratio, (D) Free 
= HAse without NC. (E) Percent internalisation of all HAse that interacted with cells. Data are average ± SEM. Non-
visible error bars are hidden behind the data sign. Statistics: Student’s t-test, p<0.05, *data point was compared to 
free HAse, #compared PLGA NCs coated with HAse to PLGA NC with encapsulated HAse, $ PLGA NCs coated with 
HAse to PS NC coated with HAse. n = 4.  

 

The observed differences in HAse delivery when either encapsulated into or coated onto anti-

ICAM-1 PLGA NCs might be explained by several distinct properties of both formulations. Firstly, 

the enzyme loading capacities of both formulations are different, with 538 and 292 HAse 

molecules per NC, respectively (table 3.1). Thus, equal binding and uptake of both NCs would 

result in a higher cargo delivery with the encapsulating NCs. Secondly, encapsulating 

formulations have a full anti-ICAM-1 coat (valency v3) as compared to the 50:50 mass ratio 

coating with anti-ICAM-1 and HAse of the coated formulation (valency v2). Although the co-

presence of enzyme together with targeting Abs on the NC coat was not expected to greatly 

interfere with binding and uptake, as described174,301, it reduces the targeting valency which has 
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a direct impact on binding and uptake170. Hence, the higher valency of encapsulating anti-ICAM-

1 PLGA NCs might further favour the enzyme delivery.  

Furthermore, significantly more HAse was delivered to cells when coated onto PS NCs compared 

to PLGA NCs at 1 h and 3 h with 3.5 x 1011 and 6.3 x 1011 (figure 4.6C), and 1.3 x 1011 and 1.2 x 

1011 (figure 4.6B) HAse molecules per well, respectively, whereas the total delivery after 24 h is 

comparable between both formulations, around 1.8 x 1011 HAse molecules per well. 

Interestingly, HAse delivery with PS NCs showed an initial steep increase up to 3 h, followed by a 

decrease up to 24 h (figure 4.6C), whereas PLGA NCs show a steep but comparatively lower 

increase up to 1 h, followed by a moderate increase up to 24 h (figure 4.6B). The observed 

differences regarding enzyme delivery by anti-ICAM-1 PS NCs vs. anti-ICAM-1 PLGA NCs might 

result from the difference in degradability of both materials. PLGA NCs can be degraded324,325, 

thereby releasing its cargo before reaching intracellular compartments or into the lumen of 

endosomes and lysosome, and making it more accessible for intracellular cargo degradation. In 

contrast, polystyrene NCs cannot be degraded, and thus likely releases its cargo by gradual 

detachment from the NC surface comparatively slower than PLGA NCs. Speculatively, this means 

that when HAse is delivered to lysosomes on PLGA NCs, a balance between enzyme influx and 

enzyme degradation may establish quickly, whereas in the case of PS NCs the initial influx might 

be quicker than the degradation of the enzyme, resulting in a peak delivery at early time points. 

Furthermore, whereas PLGA NCs can be degraded, PS NCs slowly accumulate in lysosomes over 

24 h, likely saturating this compartment, with unknown consequences for NC binding, uptake, 

and lysosomal delivery, probably partly explaining the decreased enzyme delivery after 24 h. 

Lastly, although not significantly different, a tendency for higher enzyme loading of PS NCs 

compared to PLGA NCs might also play a role in the higher HAse delivery with anti-ICAM-1 PS NCs 

compared to anti-ICAM-1 PLGA NCs (table 3.1). Nevertheless, despite the observed differences, 

both formulations showed successful enzyme delivery to brain EC superior to free enzyme, 

supporting the viability of PS NCs as a model for PLGA NCs. 

This experiment was designed to verify the use of the prepared targeted NCs for the trafficking 

of a therapeutic enzyme, HAse. In conclusion, the delivery of HAse was significantly higher when 

delivered on NC formulations compared to free enzyme. Although showing distinct enzyme 
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delivery patterns likely due to their distinct material characteristics, undegradable PS NCs can be 

regarded a useful model for PLGA NCs.  

 

4.2.4. Anti-ICAM-1 NC biodistribution and brain targeting in mice in vivo 

After having verified the suitability of anti-ICAM-1 NCs to deliver therapeutic enzyme to brain ECs 

in vitro, NC biodistribution was assessed in a more relevant in vivo mouse model, to study their 

general behaviour and the possibility of using these NCs for the delivery of therapeutic enzyme 

across the BBB, for future treatment of neuronopathic symptoms in LSDs.  

ICAM-1 targeting was chosen as a relevant proof-of-concept in line with in vitro experiments 

shown above and because it is upregulated during the neuroinflammation that associates with 

LSDs345. All animal experiments were approved and done under regulatory compliance (see 

Appendix, Ethical & Regulatory Compliances). Thus, using PS NCs to avoid confounding results 

from degradation, we examined the biodistribution of 125I-labelled anti-ICAM-1 NCs after i.v. 

injection in mice. Anti-ICAM NCs and control NCs were both labelled with 125I-IgG for radiotracing 

experiments to preclude confounding results in the case of Ab detachment from the NCs. This is 

because if 125I-IgG detached from the NCs it would behave as free 125I-IgG alone and no 

differences could be observed between both NC formulations. Over the period of 1 h blood 

samples were taken at indicated time points to assess NC circulation and organs were harvested 

after sacrifice at 1 h to quantify NC content. Firstly, the BBB function in an inflammation mouse 

model was assessed by measuring albumin leakage into the brain and was found to be increased 

1.7-fold over control condition (figure 4.7). Therefore, untreated mice were used to not confound 

the results of the brain penetration of anti-ICAM-1 NCs.  
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In untreated mice, anti-ICAM-1 NCs and control IgG NCs disappeared from the general circulation 

very quickly, yet anti-ICAM-1 NCs disappeared quicker than IgG NC with half-times of 18 sec vs. 

48 sec, respectively, with both formulations equally plateauing at 7.5% ID after 10 min (figure 

4.8A). The quick disappearance of both NC formulations is in line with previous finding172,175 and 

likely the result of fast clearance of NCs based on sheer size mostly by liver-resident Kupffer cells 

and also spleen macrophages346,347, also explaining the comparable plateau levels for both 

formulations (figure 4.8A). However, the quicker disappearance of anti-ICAM-1 NCs was likely the 

result of their specific binding of anti- to ICAM-1-positive tissue. The organ accumulation at 1 h 

was normalised to the relative amount of NCs in circulation ((%ID/g tissue)/(%ID/g circulation)), 

a parameter called localisation ratio (LR), to assess the tissue-to-blood distribution. Brain, heart, 

and kidney showed relatively low LR of 0.12, 0.4, 0.77, respectively, while liver, spleen, and the 

lungs showed a higher LR of 5.00, 11.51, and 12.21, respectively (figure 4.8B). The relatively high 

LRs of liver and spleen can be explained by the predominant clearance of nano-sized materials 

by these organs. Furthermore, the relatively high LR of the lungs is in line with earlier findings 

and was expected because of (a) the big surface area of the lung, containing 20-30% of the body’s 

endothelium and highly expressed ICAM-1172,174,175, (b) lungs receiving the undivided cardiac 

output, and (c) the lungs having a first pass effect regarding i.v. injected NCs. The low LR of the 

brain highlights the difficulty of targeting this organ (figure 4.8B). Furthermore, to assess the 

specific targeting the LR of anti-ICAM-1 PS NCs was normalised to the LR of IgG PS NCs, a 

parameter called specificity index (SI) which reflects improvement modified by targeting. The SI 

showed enhanced delivery compared to IgG NCs. This increase was comparable for brain, heart, 

kidney, liver, and spleen with 1.53, 1.39, 1.69, 1.35, and 1.38 SI, respectively. Furthermore, ICAM-

Figure 4.7 In vivo albumin brain leakage. Commercial C57BL/6J 
mice were anaesthetised and injected with 125I-albumin alone 
(control), or 125I-albumin and TNFα. At 1 h, mice were sacrificed, 
blood and brain were collected, and 125I-albumin quantified 
using a gamma counter. The leakage of albumin into the brain 
was calculated as the ratio of albumin in brain to blood, 
normalised to control. Data are average ± SEM. Statistics: 
Student’s t-test, *p<0.05. Figure adapted from Manthe et al. 
(2020)170. 
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1-mediated targeting to the lungs proved to be especially specific with an SI of 12.81, highlighting 

the potential of anti-ICAM-1 NCs for therapeutic targeting of this organ (figure 4.8C). Thus, 

although moderate, the targeting of anti-ICAM-1 NCs to the brain was specific despite this being 

a non-disease model, thus only exhibiting baseline ICAM-1 expression. Since ICAM-1 expression 

associates with inflammation68-70, higher brain delivery can be expected in disease conditions 

associating with neuroinflammation such as Parkinson’s disease or LSDs345,348. Additionally, an 

upregulated expression of ICAM-1 also allows for extravasation of white blood cells (see section 

1.4) which have been reported to be able to scavenger lung endothelium-bound anti-ICAM-1 NCs 

and deliver them to the brain parenchyma via the general circulation, further increasing brain 

delivery72. Hence, this holds potential as an approach to deliver therapeutic enzyme for ERT to 

treat neuronopathic symptoms of LSD.  
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Figure 4.8 Biodistribution of anti-ICAM-1 PS NCs in mice. Commercial C57BL/6J mice were anaesthetised and i.v. 
injected with anti-ICAM-1/125I-IgG PS NCs (v2) or 125I-IgG PS NCs. At indicated time points, blood samples were taken. 
After 60 min, mice were sacrificed, and organs were collected. The level of 125I in each sample was quantified using 
a gamma counter. (A) Percent of injected dose (%ID) in blood. (B) Localisation ratio (LR) of anti-ICAM-1 NCs in 
different organs to compare the tissue-to-blood distribution. (C) Specificity index comparing the LR of anti-ICAM-1 
NCs to IgG NCs to show specific targeting. Data are average ± SEM. Non-visible error bars are hidden behind the data 
sign. 

Then, for a better understanding of the biodistribution of the anti-ICAM-1 NCs, this was assessed 

at 0.5, 1, and 3 h. The rather short time period was chosen because here I aimed to assess the 

behaviour of the NC, not the therapeutic enzyme, up to the point of drug delivery. Given the very 

low half-life of anti-ICAM-1 NCs of only seconds in the circulation (figure 4.8A) and the possible 
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degradation of the 125I-tracer protein used for analysis, longer time periods might be more 

irrelevant to assess biodistribution by this method.  

The lungs showed a significant reduction of the LR from 59.3 to 12.2 (79%) from 0.5 h to 1 h, 

whereas no significant change was seen for any other organ at that time (figure 4.9A). However, 

there was a significant reduction of the LR of liver and spleen from 5.0 to 1.5 (70%) and 11.1 to 

4.6 (59%) from 0.5 h to 3 h, respectively, whereas the LR of the lungs did not decrease further 

compared to 1 h (figure 4.9A). The relatively high LR of liver and spleen are in line with the 

clearance function of NC in these organs346,347. NC degradation by macrophages in liver and 

spleen further explain the reduction of the LR after 3 h. In contrast, the high LR of the lungs results 

from the extensive binding of anti-ICAM-1 NCs to the lung endothelium, as discussed before. The 

fast LR reduction in this organ may be due to fast endocytosis by lung endothelial cells171, which 

may result in intracellular degradation of the tracer. In addition, a recent work has shown that 

anti-ICAM NCs can be picked up by circulating leukocytes and be transported from the lung to 

the brain72. To gain a better understanding of the degradation of anti-ICAM-1 NCs, the levels of 

free iodine were assessed using an established method that uses TCA to precipitate proteins and 

separate free 125I73 that may result from degradation (see methods). The reduction of free iodine 

levels over time in most organs indicates the clearance of 125I from the general circulation by 

glomerular filtration and excretion in the urine349, in line with constant relatively high levels in 

the kidneys (figure 4.9C). Free iodine was initially highest in the liver with 115.4% of background 

free iodine at 0.5 h and significantly less with 44.0% at 3 h (figure 4.9B). The overall high levels of 

free iodine in the liver are in line with its clearance function347 and sheer size of the organ. In 

comparison, the spleen, the other major organ involved in NC clearance346, showed lower levels 

of free iodine, comparable at all time points with only a slight tendency for reduction with 13.0% 

at 0.5 h and 8% at 3 h (figure 4.9B), likely the result of the comparably small size of the organ. 

The lungs contained 32.7% of background free iodine at 30 min and significantly less with 13.6% 

of background free iodine at 1 h and 15.4% of background free iodine at 3 h (figure 4.9B), in line 

with the quick removal of NCs from that organ. Interestingly, there was no decrease observed in 

the brain at any time point (figure 4.9A), which might be the result of NC influx from the lungs as 
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well as tracer degradation in this organ. In line with this, the brain showed comparable free iodine 

levels at all time points with 1.4% at 0.5 h and 1.7% at 3 h (figure 4.9B). 

 

To further gain insight into the trafficking of NCs into the brain, the transcytosis of fluorescent 

anti-ICAM-1 NCs in vivo in mouse cortical brain capillaries was also visualised post-mortem using 

confocal microscopy. While non-targeted IgG NCs did not show any significant binding, as 

expected, anti-ICAM-1 NCs showed abundant attachment to the brain endothelium 30 min after 

injection, a time also used to allow for binding in cellular models in the present work (figure 

4.10A). Microscopy pictures give the idea of three distinct locations of cell-associated NCs; on the 

surface of ECs (arrows), in perinuclear ring-like structures which might be transcytosing or 

lysosomal NCs (closed arrowheads), and basolateral-like location (open arrowheads), yet no 

visible NCs were observed beyond blood vessels. Penetration into the brain parenchyma is a 

relevant property for a more successful delivery of therapeutic enzyme to brain cells such as 

neurons which can subsequently endocytose NCs. Nevertheless, brain penetration has been seen 

to be incomplete likely due to insufficient detachment of NCs following transcytosis350.However, 

visible penetration of anti-ICAM-1 NCs into the brain parenchyma was detected 3 h after injection 

(figure 4.10A). To verify that the observed crossing of the BBB was not the result of paracellular 

leakage, 66.5 kDa 125I-albumin was co-injected with anti-ICAM-1 NCs and remained in circulation 

similar to albumin injected alone, suggesting that anti-ICAM-1 NCs do not impair BBB function, 

unlike TNFα tested in figure 4.7, and that anti-ICAM-1 NCs cross the BBB by transcytosis (figure 

4.10B).    

These results show that anti-ICAM-1 NCs interact specifically with mouse endothelium and 

disappear quickly from the general circulation following i.v. injection. Furthermore, the delivery 

of NCs to all organs improves through ICAM-1 targeting, with a relevant and high increase for 

lung targeting, but also brain targeting, although to a limited extent in the control (not diseased) 

mouse model. Nevertheless, disease is expected to increase brain targeting72. Lastly, anti-ICAM-

1 NCs were shown to penetrate into the brain parenchyma at 3 h, relevant for successful drug 

delivery to brain cells such as neurons, without compromising BBB function. Furthermore, 

intracarotid injection of targeted NCs might further increase the targeting to the brain351. Thus, 
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using receptor-targeted NC to deliver therapeutic enzyme across the BBB is a promising strategy 

for the treatment of neuronopathic symptoms of LSDs. 
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Figure 4.9 Biodistribution of anti-ICAM-1 PS NCs at different time points. Commercial C57BL/6J mice were 
anaesthetised and injected i.v. with anti-ICAM-1/125I-IgG NCs. At indicated time points, mice were sacrificed, and 
organs were collected. The amount of 125I-NCs in each sample was quantified using a gamma counter. (A) Localisation 
ratio of anti-ICAM-1 NCs in different organs to compare the tissue-to-blood distribution. (B, C) Free iodine as percent 
of injected free iodine. Data are average ± SEM. Statistics: Student’s t-test, p<0.05, *compared data point to 30 min, 
#compared data point to 60 min.  
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Figure 4.10 Transcytosis of anti-ICAM-1 NCs by brain endothelium in mice. (A) Mice were anaesthetised and 
injected i.v. with FITC-labelled anti-ICAM-1 NCs or FITC-labelled IgG NCs (v3). At indicated time points, mice were 
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subjected to intracardial perfusion first with PBS to eliminate blood and then with paraformaldehyde to fix tissue. 
The brain was collected and imaged ex vivo by fluorescence microscopy. Scale bar = 10 µm. Boxes = regions magnified 
3x in right panels. Arrows = NCs on apical surface of ECs, closed arrowheads = intracellular NCs, open arrowheads = 
NCs on basolateral surface of ECs. (B) Mice were anaesthetised and injected with 125I-albumin alone (control or 125I-
labelled albumin and anti-ICAM-1 NCs. At 1 h, blood and brain were collected, and 125I-albumin quantified using a 
gamma counter. The leakage of albumin into the brain was calculated as the ratio of albumin in brain to blood, 
normalised to control. Data are average ± SEM. Statistics: Student’s t-test, *p<0.05, n.s. = not significant. Figure 
adapted from Manthe et al. (2020)170. 

4.3.  Conclusion 

Enzymes have gained increasing attention as therapeutic drugs in recent years, yet their 

applications are limited by protein characteristics such as size, charge, and stability, impeding 

e.g., their penetration across the BBB into the brain, such as in the case of ERT for LSD1,7. NCs 

offer a versatile and promising platform for the delivery of therapeutic enzymes that might help 

overcome such limitations13,15. In this chapter, I aimed to prepare targeted polymeric NCs capable 

of loading and delivering therapeutic enzyme into and across brain ECs. I was able to prepare 

targeted NCs capable of loading therapeutic enzyme made from clinically relevant PLGA or non-

degradable PS as a model for transport studies. I modified targeting valency and I also produced 

NCs targeted to markers of different endocytic routes, ICAM-1 (CAM-mediated endocytosis), TfR 

(clathrin-mediated endocytosis), or PV1 (caveolae-mediated endocytosis), without affecting the 

overall physicochemical properties. Moreover, NC physicochemical properties were not 

negatively affected either under storage conditions or physiological-like conditions during times 

experimentally relevant. Furthermore, ICAM-1 targeted NCs, used as a relevant model, were 

shown to be able to deliver therapeutic enzyme to brain ECs in vitro and also reach the brain in 

vivo in a mouse model. Thus, polymeric NCs targeted to receptor-mediated transport 

mechanisms pose a promising vehicle for the delivery of therapeutic enzyme across and into the 

BBB for ERT to treat neuronopathic symptoms of LSDs.  
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Chapter 5: Study the Mechanism of CAM-mediated Transcytosis 

of NCs 

5.1. Introduction 

The lack of fenestration of and highly selective transport across the BBB are a formidable 

challenge for the treatment of diseases affecting the CNS (see section 1.1.). NCs offer a promising 

platform to overcome this hurdle by exploiting natural transport mechanisms across the BBB into 

the CNS64,293,313. One of these transport routes is transcytosis, a naturally occurring mechanism 

where cargo is transported between the blood and the tissue side in membranous vesicles that 

cross barrier cells352. Transcytosis can be induced by targeting receptors associated with the 

clathrin-, caveolae-, or CAM-mediated pathways32,303,353–355. Nevertheless, cargo can also be 

delivered to other destinations than the opposite site of the cell via transcytosis, such as 

lysosomes, mitochondria, or recycling back to the site of entry164,356,357. The mechanism by which 

the brain ECs decides the trafficking route of cargo upon receptor activation is poorly understood. 

Other interactions of NCs with target cells such as binding, uptake, and intracellular trafficking, 

as well as circulation, biodistribution, and clearance are impacted by NC properties such as size, 

surface charge, shape, elasticity, etc.149,164,358–362 and might, thus, also influence NC trafficking by 

brain ECs. Therefore, a better understanding of the effect of NC properties on trafficking is 

paramount for the successful delivery of therapeutics into and across the BBB293,363.  

The transport behaviour of NCs can be influenced by targeting moieties displayed on their 

surface149,168,336,364–367. A well-studied example for receptor-mediated transcytosis across the BBB 

is targeting the TfR368,369. Nevertheless, insufficient brain penetration due to trapping of Ab, Ab-

drug conjugates, and TfR-targeted NCs in and around brain capillaries has been observed, for 

which insufficient abluminal release due to high Ab avidity likely played a role350,370–375. Different 

studies have shown that Ab affinity, influencing avidity, plays a crucial role for brain penetration. 

In this regard, lowering the affinity for TfR increases the brain penetration of anti-TfR Ab373–375, 

as well as Ab-drug conjugates374,375 . Interestingly, brain penetration and Ab affinity do not show 

a linear relationship, as an experiment with affinities from 5 nM (high affinity) to 76 nM and 108 

nM (intermediate affinity), down to 174 nM (low affinity) shows a bell-shaped relationship of 
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affinity and brain exposure of Abs with and without cross-linked drug, where high Ab affinity 

results in low brain exposure due to Ab trapping in and around blood vessels, intermediate Ab 

affinity increases brain exposure because it favours transcytosis across the BBB, yet low affinity 

results in decreased brain exposure likely due to poor engagement with the brain 

endothelium375. Importantly, these findings could be confirmed in a non-human primate, 

highlighting the relevance of this mechanism across species376.  

Furthermore, Ab affinity does not only affect transcytosis but also lysosomal trafficking. High 

affinity (20 nM) anti-TfR Abs cause a dose-dependent reduction of TfR levels in vivo, in line with 

higher lysosomal degradation in vitro and in vivo compared to low affinity (600 nM) anti-TfR 

Ab377. Comparable results have been found when, instead of decreasing the affinity, the avidity 

of anti-TfR Ab to TfR was decreased by decreasing the pH, resulting in higher transcytosis as 

compared to lysosomal trafficking at physiological pH378. Interestingly, lysosomal trafficking does 

not either show a linear but a bell-shaped relationship with affinity. A study assessing the 

trafficking of anti-TfR Ab with different affinities across the BBB shows that anti-TfR Abs with high 

(5 nM) and low (174 nM) affinity preferentially traffic to lysosomes, whereas anti-TfR Abs with 

intermediate (76 nM and 108 nM) affinity associate more with recycling endosomes, likely 

destined for exocytosis, while also showing efficient release of intermediate affinity Abs on the 

basolateral side of brain ECs in vitro379, in line with abovementioned findings of increased brain 

exposure for Abs with identical (intermediate) affinities375.  

Valency, the number of targeting moieties, is another factor that influences avidity and has been 

shown to affect Ab transport. Ab with monovalent, thus less strong, engagement to TfR show 

higher brain exposure compared to Ab with bivalent, thus stronger, engagement380. Comparable 

results have been described for Ab-drug conjugates, showing higher penetration and drug activity 

in the brain for monovalent vs bivalent anti-TfR Abs cross-linked to a therapeutic enzyme381. 

Comparable to the effects of affinity on lysosomal trafficking, a lower valency increases 

transcytosis whereas a higher valency increases lysosomal trafficking, as shown for mono- vs. bi-

valent interactions of anti-TfR Ab with its receptor355.  
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Given the importance of overall affinity of Abs, determined by affinity itself or by valency and 

thus avidity, the importance of this parameter for NCs and their transport needs to be 

considered. For instance, NC targeting valency, the number of targeting moieties displayed on 

the NC surface, influences NC binding, downstream signalling, and uptake147,149,365,382–384. Since 

most studies use adherent cell models that only permit trafficking to intracellular destinations 

such as lysosomes but not transcytosis147,149,365,382–384, the effect of valency on trafficking 

destination is poorly understood with only few studies addressing the matter. For example, it has 

been shown that lower valency is advantageous for transcytosis efficiency of polymersomes 

targeted to LRP1 with angiopep-2 compared to high valency or monovalent interactions in vitro, 

in vivo and in silico385. Furthermore, polymersomes with the valency resulting in the most 

efficient transcytosis associate less with lysosomal marker rab5 compared to those with higher 

valency rendering less efficient transcytosis, suggesting an inverted relationship of valency with 

lysosomal degradation385.  In another study, polymeric micelles with different valencies of 

glucose molecules to target GLUT1 have shown a bell-shaped relationship of valency and 

transcytosis efficiency in vivo, with intermediate valency showing the highest transcytosis 

efficiency compared to low and high valency. Furthermore, high valency micelles were trapped 

in and around the blood vessels386, as described for high affinity anti-TfR Abs350,370–375, likely due 

to insufficient release of NCs from the basolateral side of the cell.  

Similarly, in one of our recent studies, we have used polymeric NCs targeted to ICAM-1 with 

different valencies of anti-ICAM-1 Ab to assess NC transport170. Firstly, we could verify earlier 

findings149,170 of the direct relationship of binding and uptake of NCs with targeting valency170. 

With regards to transcytosis, we found a bell-shaped relationship between targeting valency with 

transcytosis, with an intermediate valency NCs rendering the most efficient transcytosis170. 

Interestingly, we showed that matrix metalloprotease 9 (MMP9) is involved in the release of NCs 

from the basolateral side of cells by cleaving ICAM-1, enabling the detachment of transcytosed 

NCs170, suggesting the importance of this step for transcytosis. Lastly, NCs could also be delivered 

to lysosomes, yet this was analysed in brain ECs grown on coverslips, thus not allowing for 

transcytosis which might have altered natural trafficking behaviour170.   
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However, the mechanistic relationship between valency, transcytosis, and lysosomal trafficking 

remains unknown. For instance, the existence of lysosomal trafficking concomitantly with 

transcytosis of NCs in brain ECs remains uncertain, such as the influence of targeting valency on 

that process. Furthermore, the fate of NCs bound to the basolateral side of cells is undefined. 

Therefore, in this chapter, we aimed to use a BBB model to study the mechanism of transport of 

anti-ICAM-1 NCs into/across brain ECs, focusing on lysosomal trafficking, the effect of targeting 

valency, and the fate of NCs attached to the basolateral side of brain ECs.   

Note: Results obtained in this chapter have been partially published in an article where I have 

been a co-author (in bold): Manthe, R. L., Loeck, M., Bhowmick, T., Solomon, M. & Muro, S. 

Intertwined mechanisms define transport of anti-ICAM-1 nanocarriers across the endothelium 

and brain delivery of a therapeutic enzyme. J. Control. Release 324, 181–193 (2020). 

 

5.2. Results and Discussion 

5.2.1. Validation of the brain EC barrier model to study NC trafficking 

To be able to study NC transport at the BBB in a more realistic setting, human brain 

microvasculature endothelial cells (HBMEC) were grown on transwell filters to form a cellular 

monolayer, separating an apical and a basolateral chamber, to allow for NC transcytosis to occur. 

As a first step, different aspects of the brain EC barrier model were verified to assess the 

suitability of this model to address the questions in this chapter. 

Firstly, cells were treated with the inflammatory cytokine TNFα to induce ICAM-1 expression, due 

to its known association with inflammation150–152, which was found to be increased by 4.4-fold 

(figure 5.1A). Then, the interaction of anti-ICAM-1 NCs with brain ECs was assessed. In line with 

the enhanced expression of ICAM-1, NCs targeted to that receptor showed significantly increased 

binding by 2.5-fold in TNFα-activated compared to untreated cells (figure 5.1B), which was 

furthermore found to be specific over non-targeted IgG NCs, with 4.6-fold increase (figure 5.1B), 

as expected.  
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Figure 5.1 ICAM-1 expression and targeting to brain ECs. (A) The relative expression of ICAM-1 was assessed. Human 
brain microvasculature ECs (HBMECs) were grown on transwells and treated with 10 ng/mL TNFα (20 h treatment) 
in simulated inflammation or left untreated as control, fixed, immunostained using anti-ICAM-1 and FITC-labelled 
secondary antibodies, and analysed by fluorescence microscopy. Sum fluorescence minus background is shown. (B) 
Cells were treated like in (A) and incubated with 125I-labelled anti-ICAM-1 NCs or control IgG NCs for a 30-min binding 
pulse, washed to remove non-bound NCs, and analysed using radiotracing. The graph shows the number of NCs 
associated with cells. Data are average ± SEM. Statistics: Student’s t-test, p<0.05, *compared TNFα (+) to TNFα (-) 
cells, #compared IgG NCs to anti-ICAM-1 NCs. 

Then, the formation of a cellular barrier was confirmed to further verify the model. To this end, 

anti-ICAM-1 NCs were added to the apical chamber of confluent cell monolayers and incubated 

for 30 min. Then, the distribution of the NCs across cells from the apical chamber to the 

basolateral chamber was quantified. After 30 min incubation, 97.6% of all NCs remained in the 

apical chamber and 1.5% of all NCs passed into the basolateral chamber (figure 5.2A). In 

comparison, 23.61% of all NCs crossed a control transwell filter without any cells (data not 

shown), indicating that the cell monolayer acts as barrier separating apical and basolateral 

compartments. Furthermore, fluorescence microscopy was used to obtain structural information 

of the cell monolayer (figure 5.2B), showing the formation of a confluent lining as well as the 

expression of VE-cadherin, a pivotal protein for BBB integrity387, at the cell-cell junctions between 

adjacent cells (figure 5.2B). Additionally, to eliminate any leakage which might confound 

transcytosis results, all experiments performed thereafter used a pulse-chase incubation. To this 

end, cells are incubated with NCs for a 30-min binding pulse, allowing for NC binding to cell-

surface receptors, followed by washing to remove all non-bound NCs in the apical as well as the 

basolateral chamber. Finally, cells were incubated in NC-free cell medium to only trace NCs pre-
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bound to receptors. Using this protocol, the NC transcytosis by brain ECs was assessed in the 

absence or presence of other relevant BBB cells such as astrocytes (ACs) and pericytes (PCs)352. 

It was observed that the co-culture of brain ECs with other relevant BBB cells did not have a 

significant influence on NC transcytosis, whereas transcytosis was possible and not that different 

in all cases (figure 5.2C). Therefore, the brain EC monoculture model was used to address the 

remaining questions in this work, since the goal was to focus on NC trafficking by brain ECs alone.  
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Figure 5.2 Barrier integrity of the EC monolayer used for transcytosis. (A) Brain ECs were grown on transwells and 
treated with 10 ng/mL TNFα (20 h treatment) to simulate inflammation. Then, I125-labelled anti-ICAM-1 NCs were 
added to the apical chamber and incubated for a 30-min binding pulse, washed to remove non-bound NCs, and fixed. 
The number of NCs in the apical and basolateral chambers were determined as percent of total NCs added (left axis) 
and as concentration (NCs/mL) (right axis). Data are average ± SEM. (B) Representative microscopy picture of a 
confluent brain ECs monolayer grown on a transwell. Cells were fixed, permeabilised, and immunostained for VE-
cadherin. Visualisation by fluorescence microscopy. Scale bar = 10 µm, arrow heads = VE-cadherin at cell-cell 
junctions. (C) Brain ECs were grown on transwells, either as a monoculture or co-culture with ACs or PCs on the 
basolateral side of the same transwells. Experimental procedure like in (A), but after washing cells were further 
incubated in NC-free medium up to 5 h. The graph shows the absolute number of NCs transcytosed per well into the 
basolateral chamber. EC = endothelial cell, AC = astrocyte, PC = pericyte. Data are mean ± SEM. Statistics: Student’s 
t-test, *p<0.05.  

Then, the radiotracing technique was verified. To measure the transcytosis across the BBB model, 

radiolabelled Abs are coated onto the targeted NCs used for radiotracing quantification. A 

limitation of this method might be the detachment of labelled coating proteins, thereby 

confounding trafficking results. Therefore, the integrity of the coated NCs and, thus, suitability of 

the method was assessed. To this end, cells were incubated with either 125I-anti-ICAM:IgG NCs or 

anti-ICAM:125I-IgG NCs added to the apical side to compare the trafficking of both formulations. 

There was no significant difference between the interaction of cells with NCs with either label. 

NCs bound to cells in comparable total numbers, with approximately 2.8 x 108 – 3.1 x 108 NCs/well 
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after 30 min. The number of cell-bound NCs decreased over 24 h to approximately 1.3 x 108 – 1.9 

x 108 NCs/well, while it significantly increased in the basolateral fraction from 0.8 x 108 – 1.0 x 

108 NCs/well after 3 h to 1.6 x 108 – 2.1 x 108 NCs/well after 24 h (figure 5.3A). The comparable 

trafficking of both NCs indicates the stability of the NC coating. This is because in the case of 

stable NC coating, both Abs could be transported together on the same NC, leading to equal NC 

numbers independent from which Ab carries the 125I-label. On the other hand, if Ab detached 

from the NC, “free” Ab would be expected to be transported (anti-ICAM163,388) or not (IgG), as in 

figure 5.1 (figure 5.3B).  
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Figure 5.3 Verifying NC Radiotracing. Set-up like in figure 5.2A. Cells were incubated with anti-ICAM:125I-IgG NCs or 
125I-anti-ICAM:IgG NCs using the pulse-chase method. Then, cellular, and basolateral fractions were collected for 
radiotracing using a gamma counter. (A) Quantification of NCs in the cell and basolateral fraction per well comparing 
125I-anti-ICAM-1/IgG NCs and anti-ICAM-1/125I-IgG NCs. (B) A model to explain the differential transport of 
intermediate valency anti-ICAM-1 NCs and free Abs. Data are shown as average ± SEM. Stats: Student’s t-test, 
p<0.05, *compared to previous time point of respective fraction and same NC, #compared to the same time point 
of respective fraction and the other NC (Student’s t-test, p<0.05).  

Lastly, cells were incubated with anti-ICAM-1 NCs of two distinct targeting valencies (v2 and v3; 

table 3.2) and their binding and uptake were compared (figure 5.4). After 30 min of incubation, 

significantly more NCs of the v3 formulation compared to the v2 formulation had bound to cells, 

with 828 vs. 591 NCs/cell, as well as been taken up into cells, with 493 vs. 267 NCs/cell, 

respectively (figure 5.4). This validated previous results on the valency dependency of binding 

and uptake and, thus, the model used149,170.  
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Figure 5.4 Binding and uptake of anti-ICAM-1 NCs by brain EC grown on transwell. Cells were TNFα-activated and 
incubated with FITC-labelled anti-ICAM-1 for 30 min, washed to remove non-bound NCs, fixed, and counterstained 
with red secondary Ab to distinguish between intracellular NCs (green only) and cell-bound NCs (green + red = 
yellow). The pictures were analysed by fluorescence microscopy. Data are average ± SEM. Statistics: Student’s t-test, 
p<0.05, *compared v3 to v2.  

In conclusion, brain EC monolayers grown to confluency on transwells behaved similarly to 

beforementioned brain EC monolayers described in literature with regards to ICAM-1 expression 

in control and inflammation, as well as regarding their interaction with anti-ICAM-1 NCs. 

Furthermore, the NC quantification by radiotracing was validated and the brain EC monolayer 

was shown to form a proper barrier for NCs used in the present work. Thus, this model was used 

in the following experiments to address the questions regarding NC trafficking at the BBB.  

 

5.2.2. The Valency Dependency of Lysosomal Trafficking of NCs 

Following uptake, NCs can embark on different intracellular routes. A common intracellular 

destination for cargo are lysosomes, whereas barrier cells such as brain ECs also transport cargo 

from the apical side (general circulation) to the basolateral side (CNS) and vice versa, 

circumventing lysosomal degradation352.  

With respect to anti-ICAM-1 NCs, lysosomal trafficking as well as transcytosis have been observed 

by ECs, nevertheless, lysosomal trafficking has typically been studied in cells grown on coverslips, 

thus not allowing for transcytosis to occur simultaneously as in the BBB167,170,172,303. Thus, it was 

unknown whether the lysosomal trafficking observed in ECs grown on coverslips was an artifact 

due to e.g., a cellular coping mechanism given the impossibility of NC transcytosis, or whether 

these two trafficking events do happen simultaneously in a barrier set-up. To this end, the 

intracellular trafficking of anti-ICAM-1 NCs was studied in a parallel experiment examining 
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lysosomal trafficking by using FITC-labelled NCs and fluorescent microscopy and transcytosis by 

using 125I-labelled NCs and a gamma counter. Both trafficking events were found to happen 

simultaneously in brain ECs, with 58.5% of all NCs initially bound to cells in the basolateral 

fraction (figure 5.5A) and 45.0% of all NCs associated with cells at that time point in lysosomes 

(figure 5.5B) at 24 h. Interestingly, the lysosomal colocalisation of anti-ICAM-1 NCs measured in 

the present work differed significantly from that of ECs grown on coverslips with 28% to >65% 

after 3 h159,172,174,187,388, respectively, probably due to the lack of transcytosis function of cells 

when grown on coverslips. This highlights the importance of culture conditions when studying 

trafficking pathways. 

 Furthermore, when assessing the cellular retention of NCs using radiotracing, a gradual 

reduction of NCs was observed (figure 5.5A), in line with concomitant transcytosis. Nevertheless, 

the percent of NCs in the cellular fraction diminished far beyond what might have been expected 

due to the results obtained for lysosomal trafficking, with only 2.7% of originally bound NCs in 

that fraction at 24 h (figure 5.5A). This is because 125I-Ab on the NC coat, used for radiotracing, is 

degraded in lysosomes, just as previous observed in other studies159, producing free 125I that can 

escape the cell perhaps through ion channels independently from the NC. This is then a further 

prove for the lysosomal trafficking of a fraction of NCs. However, the PS NCs used to assess 

intracellular trafficking cannot be degraded by cells, for which this material was chosen over 

PLGA, enabling lysosomal tracing by fluorescence microscopy (see Chapter 4).   
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Figure 5.5 Simultaneous transport of anti-ICAM-1 NCs to lysosomes and across the brain EC monolayer. Cells were 
TNFα-activated and incubated with anti-ICAM-1 NCs via the pulse-chase method. (A) Cells were incubated with 125I-
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labelled anti-ICAM-1 NCs. Then, the cellular fraction and basolateral fraction were collected and NCs quantified using 
a gamma counter. (B) Lysosomes were pre-stained with Texas Red dextran (10 kDa), washed to remove extracellular 
dextran, and further incubated to allow for complete lysosomal trafficking of dextran. Then, cells were incubated 
with FITC-labelled anti-ICAM-1 NCs. Lysosomal trafficking was determined by fluorescence microscopy as 
colocalisation of green NCs with red lysosomes (green + red = yellow). Data are shown as average ± SEM. Invisible 
error bars are hidden behind data symbols.   

 

Thus, following endocytosis by brain ECs, anti-ICAM-1 NCs embark on lysosomal trafficking and 

transcytosis concomitantly. However, the mechanism that decides which pathway the cargo 

embarks on is poorly understood. For instance, cargo avidity for receptors (defined by either 

receptor affinity or targeting valency) has been observed to impact transcytosis, whereby cargo 

with intermediate avidity to a receptor has shown higher transcytosis than cargo with low and 

high avidity (see section 2.1). This is why the valency dependency on lysosomal trafficking was 

also assessed. To this end, cells were incubated with anti-ICAM-1 NCs of three valencies (v1, v2, 

v3; table 3.2) and their lysosomal trafficking was assessed for up to 60 minutes to isolate this 

trafficking process without the potential influence of simultaneously transcytosis. Slopes of linear 

regressions were 0.135x, 0.153x, and 0.186x for v1, v2, and v3 formulations, respectively (figure 

5.6A), suggesting a direct relationship of lysosomal trafficking with valency.  

 

This result was further supported by quantifying the disappearance of Ab coating from anti-

ICAM-1 NCs using immunofluorescence. This method used the abovementioned lysosomal 

degradation of coating Ab159 as a measure to quantify lysosomal trafficking. For this purpose, 

following the incubation of cells with green-fluorescent anti-ICAM-1 of different valencies, cells 

were fixed and permeabilised to allow the red-fluorescent secondary Ab targeted against coating 

Ab to enter the cell, double-staining all cell-associated NCs, extracellular or intracellular, with 

intact Ab coating (green + red = yellow), whereas NCs without Ab coating appear as green only 

(figure 5.7B). Given the fact that complete coat degradation upon entry into lysosomes might not 

be immediate, the time of analysis was prolonged to 3 h to study early events. The disappearance 

of Ab coating from anti-ICAM-1 NCs also showed a valency dependency (figure 5.7B), in line with 

trafficking results.  
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Figure 5.6 Early lysosomal trafficking and Ab coat degradation of anti-ICAM-1 NCs by brain ECs. (A) Cells were 
TNFα-activated and lysosomes pre-stained with dextran, as described (figure 5.5). Then, cells were incubated with 
FITC-labelled anti-ICAM-1 NCs of different valencies using the pulse-chase method. Lysosomal trafficking was 
determined by fluorescence microscopy as colocalisation of green NCs with red lysosomes (green + red = yellow). 
Data are shown as average ± SEM. Invisible error bars are hidden behind data symbols. (B) Cells were TNFα-activated 
and incubated with FITC-labelled anti-ICAM-1 NCs of different valencies using the pulse-chase method. Then, cells 
were fixed, permeabilised to allow Ab to cross the cell membrane, and incubated with red secondary Ab against anti-
ICAM-1, which is located on the NC coat. This method allows to distinguish NCs with Ab coating (green + red = yellow) 
and without Ab coating (green). Data are percent of all NC without Ab coating over background from averaged data 
(see methods). 

 

5.2.3. Basolateral reuptake of transcytosed anti-ICAM-1 NCs 

Several studies have postulated that an insufficient detachment from the basolateral side of brain 

ECs might be the reason for the lower transcytosis efficiency of high-avidity cargo compared to 

intermediate-avidity cargo170,350,370–375. Furthermore, the Muro lab described a cellular 

mechanism consisting of the proteolytic cleavage of ICAM-1 to be involved in the detachment of 

anti-ICAM-1 NCs from brain ECs after transcytosis170. Given the existence of a cellular mechanism 

to help cargo detachment from the basolateral side, this poses the questions of what happens at 

the basolateral side of brain ECs to cargo that does not efficiently detach, such as observed for 

high-avidity NCs that accumulates in and around blood vessels In the brain following i.v. injection 

in mice375,386. Because in such a case cargo, such as targeted NCs, is entrapped at the basolateral 

side of cells through the engagement with respective receptor, such as ICAM-1 in this case, it was 

postulated that reuptake by endocytosis can occur170.  
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As a first step towards exploring this hypothesis, anti-ICAM-1 NCs were added to the basolateral 

chamber of a brain EC monolayer to assess the possibility of binding and uptake from that side 

of cells (figure 5.7). Binding was found to be possible, yet approx. 14-fold reduced compared to 

binding to the apical side with 1.2 x 107 and 1.7 x 108 NCs/well, respectively (figure 5.7A). This 

reduction was unsurprising given the presence of the transwell filter between the cells and the 

basolateral chamber, reducing the contact area of the NC-containing medium with the cell 

surface to only the openings of the filter pores. Furthermore, the uptake of anti-ICAM-1 NCs from 

the basolateral side was assessed and compared to the apical uptake (figure 5.7B). The uptake of 

anti-ICAM-1 NCs from the basolateral side of brain ECs was confirmed and shown to be slightly 

faster compared to apical uptake, with 61.6% vs. 49.6% of all NCs internalised at 0.5 h (figure 

5.7B). The possibility of uptake from the basolateral side of ECs via the CAM-pathway is in line 

with observations of reverse trans-endothelial migration of different white blood cells from 

tissue into the blood stream, including neutrophils, leukocytes, and monocytes following initial 

extravasation389. Although the mechanism of the reverse trans-endothelial migration remains to 

be defined, ICAM-1 has been shown to be involved in the basolateral to apical migration of 

monocytes across the endothelium389. The involvement of ICAM-1 in this process is unsurprising 

given its pivotal function for trans-endothelial migration of leukocytes during extravasation153,155–

157.  
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Figure 5.7 NC binding and uptake rate from the apical VS basolateral side of brain ECs. Cells were TNFα-activated 
and incubated with anti-ICAM-1 NCs using the pulse-chase method. (A) 125I-anti-ICAM-1 NCs were used for 
quantification of binding. Cells were incubated either from the apical or basolateral side of the barrier. After 30 min 
the cellular fraction was collected and NCs were quantified using a gamma counter. (B) FITC-labelled anti-ICAM NCs 
were used to assess uptake. Cells were incubated either from the apical or basolateral side of the barrier. Uptake 
was quantified as described (figure 5.4). AP = apical, BL = basolateral. Data are shown as average ± SEM. Statistics: 
Student’s t-test, p<0.05, *compared basolateral to apical of same time point. 

 

Although the previous result showed NC uptake from the basolateral side of brain ECs, NCs had 

been added to that chamber and, thus, this only suggests but does not prove NC reuptake post-

transcytosis. To precisely verify this, cells were incubated with green-fluorescent anti-ICAM-1 NCs 

added to the apical side for 30 min to allow for binding and washed to remove non-bound NCs. 

Then, NC-free medium was added to the apical chamber and NC-free medium containing red-

fluorescent dextran, a fluid phase marker, was added to the basolateral chamber. In that way, 

when NCs transcytose to the basolateral side of the cell monolayer and subsequently re-enter 

into the cell, the cell medium that enters into the vesicle upon reuptake contains red-fluorescent 

dextran, marking those vesicles visible in two colours (green + red = yellow), enabling the 

quantification of reuptake by fluorescence microscopy (figure 5.8A). NC reuptake was confirmed 

for anti-ICAM-1 NCs, with 39.8% of all cell-associated NCs being colocalised with dextran 30 min 

after simultaneous incubation (30 min pulse + 30 min chase = 1 h total transport time for NCs) 
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(figure 5.8B). This colocalisation was in fact the result of the simultaneous uptake of NCs and 

dextran in the same basolateral vesicle and not the due to intracellular fusion of separately 

internalised vesicles, given the following results. When cells were first incubated with dextran, 

then washed and finally NCs were added, only 8% of all cell-associated NCs colocalised with 

dextran containing vesicles (figure 5.8B). Furthermore, no leakage of dextran was detected from 

the basolateral to the apical chamber, i.e., <2% after similar time (30 min), validating the method 

(figure 5.8C). Lastly, anti-ICAM NC reuptake at the basolateral side after transcytosis showed a 

dependency on NC targeting valency, with higher targeting valency NCs (v3 formulation) showing 

higher reuptake rate than intermediate targeting valency NCs (v2 formulation), with 53.0% vs. 

45.1% of all NCs in reuptake after 1 h, respectively (figure 5.8D). This finding is in line with the 

valency dependency of binding and uptake from the apical side of ECs (figure 5.4) and supports 

the idea of insufficient detachment playing a role in the process.  
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Figure 5.8 Reuptake of anti-ICAM-1 NCs by brain ECs. Cells were TNFα-activated and incubated with FITC-labelled 
anti-ICAM-1 NCs from the apical side for a 30-min binding pulse, washed to remove non-bound NCs, and further 
incubated for 30 min with NC-free medium with Texas Red dextran as a fluid phase marker in the basolateral 
chamber. In this way, NCs that transcytosed to the basolateral chamber and re-enter the cell colocalise with the fluid 
phase marker in the basolateral medium (green + red = yellow). Pictures were analysed by fluorescence microscopy. 
(A) Representative confocal microscopy image. Green = NCs not in reuptake (arrow heads), yellow = NCs in reuptake 
(open arrows). Scale bar = 10 μm. (B) Percent colocalisation of all NCs after 1 h of total incubation with NCs in the 
presence of dextran (dextran + NCs) compared to the percent colocalisation of all NCs after 1 h of total incubation 
after the removal of dextran (dextran, then NCs) (see method figure 5.5B). (C) Quantification of the leakage of 
dextran from the basolateral chamber into the apical chamber after 30 min. (D) Comparison of the percent 
colocalisation of all NCs after 1 h of total incubation with NCs in the presence of dextran (dextran + NCs) between 
anti-ICAM-1 NCs v2 formulation and v3 formulation. AP = apical, BL = basolateral. Data are shown as average ± SEM. 
Statistics: Student’s t-test, *p<0.05.  
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5.2.4. The Effect of NC Reuptake on Lysosomal Trafficking 

Given the observed reuptake following transcytosis, the question arose about the subsequent 

intracellular transport of those NCs. To address this question, cells were incubated with green-

fluorescent anti-ICAM-1 NCs added to either the apical or the basolateral sides of the barrier, 

using the pulse-chase method described and the lysosomal trafficking was quantified (figure 5.9). 

Lysosomal trafficking was significantly faster from the basolateral side compared to the apical 

side of the barrier, with half-times of 2.4 h vs. 3.4 h, respectively (figure 5.9). Furthermore, 

compared to the apical side, trafficking to lysosomes from the basolateral side was not only 

faster, but also a higher percentage of all NCs interacting with cells ended up in lysosomes (figure 

5.9), suggesting that lysosomal degradation is the preferred route from that side and therefore 

likely the preferred route following basolateral reuptake of transcytosed NCs.  
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Figure 5.9 Comparison of the lysosomal trafficking of anti-ICAM-1 NCs from the apical or basolateral side of brain 
ECs. Cells were TNFα-activated and pre-treated with Texas Red dextran, as described (figure 5.6). Then, cells were 
incubated with FITC-labelled NCs from either the apical or basolateral side of cells using the pulse-chase method. 
Then, lysosomal trafficking was assessed by colocalisation using fluorescence microscopy (figure 5.6). AP = apical 
and BL = basolateral. Data are average ± SEM. Statistics: Student’s t-test, p<0.05, *compared BL to AP.  

 

Thus, NCs that embark on the transcytosis route have been shown to undergo reuptake and 

quickly traffic to lysosomes. This means that the kinetics of the transcytosis pathway have an 

influence on the kinetics of the lysosomal trafficking pathway. Since NCs on the transcytosis 

pathway first need to cross the cell and subsequently re-enter before they traffic to lysosomes, 
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the influence of that route is likely to impact the lysosomal route at later time points than earlier 

tested (up to 1 h) where a direct relationship between trafficking valency and lysosomal 

trafficking was observed (figure 5.6). To address this, the lysosomal trafficking of anti-ICAM-1 NCs 

of different valencies (v1, v2, or v3) was assessed up to 24 h (figure 5.10). Interestingly, an 

inverted bell-shaped relationship between targeting valency and lysosomal trafficking speed was 

found, with half times of 159, 193, and 138 min for v1, v2, and v3 formulations, respectively 

(figure 5.10A). This is in line with the finding of a bell-shaped relationship between targeting 

valency and transcytosis170. This is because since lysosomal trafficking and transcytosis are 

prominent final destinations in brain ECs (figure 5.5) and because they are mutually exclusive, 

their kinetics were expected to be inverted. Additionally, lysosomal degradation was determined 

following the incubation with cells with 125I-anti-ICAM-1 NCs of different valencies (v2 or v3) by 

measuring free 125I in the cellular fraction, since free 125I should be produced upon lysosomal 

degradation of 125I-coating Abs159 (figure 5.10B). In line with valency dependency of early events 

of lysosomal trafficking (figure 5.6), free iodine peaked earlier for v3 formulations than v2 

formulations. Interestingly, in contrast to v2 formulations, v3 formulations showed a secondary 

increase in lysosomal degradation at later time points, in line with the significantly higher 

reuptake of that targeting valency and subsequent “second round” of lysosomal trafficking.  
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Figure 5.10 Valency dependency of anti-ICAM-1 NC lysosomal colocalisation by brain ECs. Cells we TNFα-activated 
and incubated from the apical chamber with NCs using the pulse-chase method. (A) Lysosomes were pre-stained 
with Texas Red dextran and incubated with FITC-labelled NCs up to 24 h, as described (figure 5.5B). Lysosomal 
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trafficking was assessed as colocalisation (green + red = yellow) by fluorescence microscopy. Data are average ± SEM. 
(B) Cells were incubated with 125I-NCs. At indicated time points, the cellular fraction was collected and free 125I 
determined using the TCA assay ( see section 3.3.1). Data are normalised averages.  

 

5.3. Conclusion 

The brain endothelium is the primary lining of the BBB and therefore plays a vital role in 

controlling all transport into and out of the CNS, inhibiting the passage of most therapeutics into 

the brain352. Using active transport across that barrier is a promising strategy for therapeutic 

intervention for the CNS and has gained increasing attention over the past decades. However, 

the mechanisms of cargo trafficking at the BBB are poorly understood. Here we studied NC 

trafficking by brain EC monolayers via the ICAM-1-mediated pathway (figure 5.11). NCs were 

found to simultaneously traffic from the apical to the basolateral side of cells (transcytosis), as 

well as to lysosomes, with early lysosomal trafficking showing direct targeting valency 

dependency. Interestingly, we saw that a fraction of the NCs that embarked on the transcytosis 

route could re-enter the cell from the basolateral side, probably due to insufficient detachment 

of the NC from the cell, although entrapment between the cell monolayer and the filter at areas 

without pore may also contribute to this. Furthermore, targeting valency-dependent reuptake 

from the basolateral side of cells was found, with higher valencies inducing higher reuptake, just 

as the case for apical uptake. Lastly, NCs that entered the cell from the basolateral side of the 

monolayer were confirmed to traffic to lysosomes, suggesting that the same pathway might be 

taken by NCs after reuptake. In line with this, the lysosomal trafficking rate over 24 h was shown 

to have an inverted bell-shaped relationship with valency, likely resulting from the influence of 

early apical and later basolateral events in the whole kinetics. These results highlight the intricate 

interplay of concomitant trafficking events and their importance for drug delivery intro and 

across the BBB.  
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Figure 5.11 Cartoon of anti-ICAM-1 NC trafficking by brain EC cells. Following binding and uptake, NCs can embark 
on either the lysosomal trafficking route or the transcytosis route. Interestingly, a fraction of the NCs on the 
transcytosis route re-enters the cell (reuptake), probably due to insufficient detachment of the NCs from the 
basolateral side of cells, followed by secondary lysosomal trafficking.  
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Chapter 6: Study the Effect of ASM Deficiency on NC Transport 

for NPD ERT 

6.1. Introduction 

Acid sphingomyelinase (ASM) deficiency, also called Niemann-Pick disease type A or B, (NPD, 

OMIM #257200, #607616)390,391, is a rare genetic disorder belonging to the lipidosis type of 

lysosomal storage diseases (LSD), which results in the aberrant accumulation of undegraded 

sphingomyelin in lysosomes392. Historically, NPD also referred to current type C (NPC), which is 

characterised by an aberrant cholesterol transport due to mutations in transporter proteins 

Niemann Pick C1 (NPC1) or NPC2393,394, with clinically comparable symptoms to ASM deficiency. 

Nevertheless, here we will focus on ASM deficiency, thus NPD type A or B only.    

NPD type A or B are both caused by mutations in the SMPD1 gene encoding for ASM. ASM is a 

lysosomal enzyme that cleaves sphingomyelin with an optimal activity at a pH of 5, a major 

component of cell membranes395, into ceramide and phosphocholine and is, therefore, crucial 

for maintaining sphingolipid homeostasis and participating in membrane turnover396,397. NPD 

type A has an early onset and is usually diagnosed within the first 6 months of life232. Symptoms 

include hepatosplenomegaly and respiratory failure, and rapid neurodegeneration, often 

resulting in early mortality before 3 years of life232. NPD type B shows greater variability regarding 

age of diagnosis, with patients ranging from childhood to late adulthood398–400. Symptoms include 

hepatosplenomegaly and frequently involve complications in the lungs, such as impaired gas 

exchange and some degree of interstitial lung disease, yet no involvement of the CNS398–400. 

Although less severe than type A, NPD type B is a life-threatening disease with significant 

mortality and morbidity, especially in the paediatric population401. There is a broad phenotypic 

variability within NPD types A and B patients, with an intermediate NPD type A-B also 

described402,403.  

There is a lack of proper studies to quantify the economical and psychological burden of patients 

with NPD types A or B. However, some information can be derived from case reports404. For 

patients with NPD type A irritability and general discomfort has been described, resulting in the 

need for around-the-clock care, physical and occupational therapy, and frequent hospitalisation, 
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negatively impacting not only the patient’s but also caregiver’s quality of live404. For patients with 

NPD type B the quality of life is also negatively impacted, yet less severe404. Apart from reduced 

physical functioning and general health, patients suffer from social isolation and peer rejection 

due to growth and developmental delay and chronic fatigue404.  

As a primary consequence of ASM deficiency, sphingomyelin accumulates in lysosomes. 

Additionally, secondary accumulation of cholesterol, lyso-sphingomyelin, glycolipids such as 

glucosylceramide, and gangliosides GM2 and GM3 has been observed212,405. ASM deficiency-

induced cellular lipid disbalance is likely to have a myriad of downstream effects due to the key 

role of these membrane lipids on normal cell function406–408. Some of these changes are of utmost 

interest and importance for the treatment of NPD, such as changes in target receptor expression 

or intracellular trafficking, which have been shown to have major effect on drug delivery and thus 

treatment efficacy288, some of which have been described in the literature23-28. For instance, in 

ASM deficiency, endocytosis has been reported to be reduced via the clathrin-, caveolae-, and 

macropinocytosis pathways, which might affect ERT as this typically relies on clathrin mediated 

endocytosis via the M6PR288,289,409,410. Furthermore, the intracellular trafficking of 

lactosylceramide, a membrane lipid taken up via caveolae-mediated endocytosis, has been 

shown to change from Golgi to predominantly lysosomal trafficking in ASM deficient cells, a 

property which is interestingly shared among many LSDs and has been linked to a cellular 

cholesterol imbalance such as seen in NPD411–413.  

Currently, there is no effective treatment for restoring ASM deficiency. Enzyme replacement 

therapy (ERT), the delivery of exogenous enzyme to deficient cells, is already the gold standard 

for several LSDs (e.g., see GD, chapter 7) but is not yet approved for NPD types A or B. 

Nevertheless, Genzyme/Sanofi are developing the first ERT for NPD type B, Olipudase Alpha414, 

which has scored favourable results in an ongoing clinical trial246.  

Due to the lack of an effective and approved treatment for NPD types A or B and the undoubtable 

disease burden, there is a need for novel therapeutics addressing this issue. Interestingly, a series 

of animal studies have shown therapeutic efficacy in the brain following high-dose ERT for some 

enzymes, which might cross the BBB although at a low degree through pinocytosis245,415–425. 
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Nevertheless, this strategy remains rather ineffective given its non-specific transport mechanism 

and, additionally, such high doses pose a high risk for immunogenicity245,415,424,425,416–423. 

Therefore, although the development of a potentially life-saving ERT for NPD type B is 

underway246, since enzymes cannot adequately cross the BBB and penetrate into the CNS, severe 

neurodegeneration in NPD type A will most likely remain untreated even after approval of 

Olipudase Alpha273.  

Nanomedicine, using nanosized drug delivery systems to deliver drugs, offers an interesting 

platform to create new therapeutics or improve on already existing ones. Different nano-sized 

therapeutics have been investigated for the use in ASM deficiency. The Muro laboratory was first 

to test and demonstrate the potential that targeted NCs hold for NPD ERT44. In an initial study, 

anti-ICAM-1 NCs were shown to successfully deliver ASM to NPD fibroblasts in vitro, resulting in 

lysosomal trafficking, stable enzyme activity, and lipid storage reduction187. As a next step, the 

laboratory reported the improved delivery in vivo in mice of ASM to all major peripheral organs 

when the enzyme was delivered by NCs targeted to ICAM-1, either by using anti-ICAM-1 Ab or a 

peptide derived from the fibrinogen region that naturally binds to ICAM-1, compared to common 

practice consisting of injecting naked enzyme without a carrier 175,301. Then, transcytosis of anti-

ICAM-1 NCs was described in vitro as well as in vivo in mice, showing efficient brain 

targeting171,303, highlighting the potential for this approach to be used in ERT for neuronopathic 

NPD type A. Furthermore, other nanoparticles have been investigated as macromolecule 

scavengers to reduce substrate in substrate reduction therapy (SRT). For instance, synthetic high-

density lipoprotein (sHDL) particles, originally designed for cardiovascular disease with currently 

ongoing phase III clinical trial426, have been shown to rescue the sphingolipid storage in NPD type 

A patients’ fibroblasts in cell culture50. Nevertheless, when this strategy was used in an animal 

model for NPC with similar neuropathology, no improvement of motor symptoms was observed, 

suggesting poor CNS penetration427. Lastly, in an early clinical trial, the novel not yet approved 

ERT Olipudase Alpha246 had been shown to induce dose-dependent adverse effects when 

injected as free enzyme without a carrier, due to the rapid systemic increase of ceramide414, a 

catabolite of accumulated sphingomyelin (figure 1.5)428. Using liposomes for the delivery of 

Olipudase Alpha has not only been shown to enhance sphingomyelin reduction in lysosomes of 
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NPD type B patient’s fibroblasts compared to naked enzyme, but also to reduce extracellular 

sphingomyelin degradation by preventing the interaction of encapsulated enzyme with 

sphingomyelin on the cell surface, in turn reducing rapid ceramide production and thus side 

effects429, further demonstrating the potential of nanomedicine for ERT.  

 

Nevertheless, not much is known about the interactions of multivalent NCs with diseased brain 

ECs at the BBB. Therefore, in this study, NCs targeted to the three main routes associated with 

endothelial transcytosis clathrin-, caveolae-, and CAM-mediated pathways were assessed and 

compared in ASM-deficient brain ECs to determine the most promising candidate to deliver ERT 

to the CNS in NPD.  

6.2. Results and Discussion 

6.2.1. Validation of ASM Deficiency Model and Receptor Expression  

Firstly, imipramine was used to induce ASM deficiency in human brain ECs, since no other BBB 

model for this disease is readily available. This drug inhibits ASM irreversibly by degradation and 

has been used previously by the Muro laboratory to mimic ASM deficiency in cell culture44. In this 

study, treatment of brain ECs for 48 h with this agent lowered by 4-fold ASM activity measured 

in vitro using respective cell lysates (figure 6.1A) and this clearly increased the accumulation of a 

fluorescent sphingomyelin analog in cells (figure 6.1B), as expected given that this is an ASM 

substrate. 

 

 

Figure 6.1. Model for ASM deficient ECs. ECs were incubated at 37 °C in control (Ctr) medium or medium containing 

20 µM imipramine for 48 h as a model for ASM deficiency. (A) cells were lysed, and samples were incubated with for 
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1 h at 37 °C with Amplex Red Sphingomyelinase kit, which measures enzyme activity by rendering fluorescent 

resorufin, measured by spectrofluorometry. Scale bar = 10 um. * p < 0.5 by Student's t test (n=3). (B) Cells were 

incubated overnight with BODIPY-FlC12-sphingomyelin, then washed, fixed, and imaged by fluorescence microscopy 

under the green channel.  

 

Then, the expression of ICAM-1, TfR, and PV1 was analysed under different conditions by flow 

cytometry (figure 6.2A). Under control conditions (referred to as no treatment in the figure), 

ICAM-1 and TfR showed comparable and relatively low expression levels, whereas PV1 showed 

no expression over IgG control. These findings are in line with the literature on ICAM-1 baseline 

expression in ECs under control conditions430, the vital function of TfR for the iron homeostasis 

of the brain431, and the known downregulation of caveolae-mediated transport at healthy 

BBB27,65. Furthermore, under inflammation-like conditions simulated by treating cells with TNFα 

(referred to as imipramine (imip) – in the figure), the receptor expression increased the most for 

ICAM-1, then TfR, and no change was observed for PV1 (figure 6.2A). This was expected because 

ICAM-1 has a well-known association with inflammation150–152, whereas the effects of TNFα on 

TfR expression appear to be more dependent on the cell type. For instance, TNFα has been 

reported to reduce the expression of TfR in lung epithelium432, to not affect the TfR expression 

in kidney cells433, and to increase TfR expression in human fibroblasts434, K562 lymphoblast 

leukaemia cells435, enterocytes436, and human umbilical vein endothelial cells (HUVEC)437. Given 

the close relatedness of HUVEC used in the literature65 and HBMEC used in the present 

experiment, both being ECs, the present results were not surprising. Furthermore, TNFα has been 

shown to slightly reduce the transcription of PV1438, whereas not  much is known about its 

expression levels. Thus, the very low baseline expression might mask the minimal effect that 

TNFα has on the expression of PV1, or the increased transcription of the gene does not translate 

to receptor expression. On the other hand, caveolae-mediated transport has been reported to 

be upregulated in different diseases24,25,83, yet not much is known about the underlying 

mechanisms which might be too complex to be recapitulated in this monocellular model. Lastly, 

in ASM deficiency, the expression of ICAM-1 was further increased compared to inflammation 

condition, whereas TfR remained unaffected (figure 6.2). Interestingly, PV1 expression was 

increased in ASM deficiency (figure 6.2A).  
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Figure 6.2 Receptor expression. Flow cytometry quantification of receptor expression on brain ECs. Brain ECs were 
incubated in control medium (called no treatment), cell medium containing 10 ng/mL TNFα (20 h) and 20 μM 
imipramine (48 h treatment) to simulate ASM deficiency (called Imip.+) or 10 ng/mL TNFα for 20 h (Imip.-) as an 
ASM-normal control. Cells were then detached using trypsin and stained with either anti-ICAM-1, anti-TfR, or anti-
PV1 followed by fluorescent secondary Ab, and analysed by flow cytometry. IgG was used as a control.  

 

These results were intriguing since not much is known about the effect of ASM deficiency on 

receptor expression. Nevertheless, this condition has been reported to affect gene expression439 

as well as receptor expression440.       

 

6.2.2. The Effect of ASM Deficiency on NC Binding and Uptake 

After model validation and receptor expression, the specific binding of the targeted NCs was 

assessed (figure 6.3). NCs could be fabricated with similar physicochemical properties, only 

varying the targeting Ab (table 3.3). Furthermore, all formulations were prepared using PS NCs 

due to their non-degradability, important for subsequent trafficking studies, (see Chapter 4) and 

had the same targeting valency (v2; table 3.3).  

 

The targeting of all NCs to brain ECs was specific over IgG control NCs. The highest specificity was 

achieved with anti-ICAM-1 NCs, followed by anti-TfR NCs and then anti-PV1 NCs, with 61.1-, 16.3-

, and 2.7-fold increase over IgG NCs, respectively (figure 6.3), likely related to the level of 

respective receptor expression previously observed. Hence, all formulations were specific and, 

therefore, adequate for the following studies.  
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Figure 6.3 NC targeting specificity. (A) Brain ECs were treated with 10 ng/mL TNFα (20 h treatment). Then, cells were 
incubated for 1 h with FITC-labelled PS NCs targeted to either ICAM-1, TfR, or PV1 or non-targeted IgG NCs, as 
indicated, washed with PBS to remove non-bound NCs, fixed, and analysed by fluorescence microscopy. (B) 
Quantification of NC targeting as fold increase over IgG NCs. Data are averages. Stats: Student’s t-test, p<0.05, 
*compared to IgG NCs.  

 

In addition, the role of disease on the binding of NCs was tested (figure 6.4A). Under control 

condition, anti-ICAM-1 NCs and anti-TfR NCs bound to cells comparably, with 99.0 and 89.3 NCs 

per cell, respectively, whereas anti-PV1 NCs bound significantly less, with 39.9 NCs per cell (figure 

6.4B), in line with receptor expression (figure 6.2). Then, inflammation significantly increased the 

total binding of anti-ICAM-1 NCs and anti-TfR NCs over control condition by 5-fold and 1.5-fold, 

respectively, whereas it did not significantly affect the binding of anti-PV1 NCs (figure 6.4C). 

Therefore, under inflammation the binding was significantly different between all three NCs with 

total binding of 494.3, 131.4, and 42,4 NCs per cell for anti-ICAM-1 NCs, anti-TfR NCs, and anti-

PV1 NCs, respectively (figure 6.4D), which was also in line with the receptor expression levels 

(figure 6.2A). This was in line with earlier studies using HUVECs grown on coverslips, which had 

also shown an increased binding of similar anti-ICAM-1 NCs under inflammation conditions304, 

confirmed here for HBMEC on transwells. Contrary to the present results, the same study found 

overall less NCs per cell and a small but significant difference between the binding of anti-ICAM-
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1 NCs and anti-TfR NCs under control conditions, and lacked an increased binding of anti-TfR NCs 

under inflammation304. This discrepancy might result from differences in the cell type 

(macrovasculature vs. microvasculature ECs) and growth condition (coverslip vs. transwell) used. 

For instance, protein expression has been found to be affected by growth conditions441 and might 

therefore also affect receptor expression.    
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Figure 6.4 NC binding to brain ECs under control and inflammation conditions. Brain ECs were grown to confluency 
on transwells and not treated (control) or incubated with 10 ng/mL TNFα (20 h treatment) to mimic inflammation. 
Then, cells were incubated for 1 h with FITC-labelled NCs targeted to either ICAM-1, TfR, or PV1, as indicated, washed 
with PBS to remove non-bound NCs fixed, and analysed by fluorescence microscopy. (A) Representative microscopy 
images. Green = NCs, blue = nuclei. Dashed lines = cell borders. Scale bar = 10 μm. (B) Quantification of NCs bound 
per cell under control condition. (C) Fold change (Δ) between NCs bound per cell under inflammation condition and 
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NCs bound per cell under control condition. (D) Quantification of NCs bound per cell under inflammation condition. 
Data are average ± SEM. Stats: Student’s t-test, p<0.05, *compared to anti-ICAM-1 NCs, #compared to anti-TfR NCs, 
$analysed significance of fold change.      

 

Then, additionally to TNFα, cells were treated with imipramine442 (figure 6.5A) to mimic NPD . In 

this model, the binding of anti-ICAM-1 NCs and anti-TfR NCs was significantly increased by 7.3-

fold and 1.8-fold, respectively, compared to control condition (figure 6.5B), in line with receptor 

expression, whereas the binding of anti-PV1 NCs was not affected, with a 1.1-fold change 

compared to control, despite the observed increase in PV1 receptor expression (figure 6.2). 

Nevertheless, given the significant changes in lipid composition induced by ASM deficiency, 

which have a special structural importance for lipid-rafts in which caveolae are situated, it is likely 

that, despite the increased expression of PV1, its presentation and accessibility for NC binding 

are sub-optimal443–445. Hence, to assess the specific effect of ASM deficiency on this increase, the 

binding of all three NCs under NPD condition (inflammation + ASM deficiency) was compared to 

inflammation alone (figure 6.5C). Solely the binding of anti-ICAM-1 NCs increased significantly by 

1.5-fold, in line with receptor expression (figure 6.2), whereas anti-TfR NCs and anti-PV1 NCs 

were unaffected by ASM deficiency, with 1.2-fold and 1.1-fold change, respectively (figure 6.5C). 

Hence, in NPD, there was a significant difference regarding the binding among all three NCs 

tested, with 726.7, 162.2, and 45.2 NCs per cell for anti-ICAM-1 NCs, anti-TfR NCs, and anti-PV1 

NCs, respectively (figure 6.5D).  
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Figure 6.5 Effect of ASM deficiency on NC binding to brain ECs. Cells were grown to confluency on transwells and 
incubated with 10 ng/mL TNFα (20 h treatment) and 20 μM imipramine (48 h treatment) to simulate ASM deficiency. 
Then, cells were incubated for 1 h with FITC-labelled NCs targeted to either ICAM-1, TfR, or PV1, as indicated, washed 
with PBS to remove non-bound NCs, fixed, and analysed by fluorescence microscopy. (A) Representative microscopy 
images. Green = NCs, blue = nuclei. Dashed lines = cell borders. Scale bar = 10 μm. (B) Fold change (Δ) between NCs 
bound per cell under ASM deficiency and control condition. (C) Fold change (Δ) between NCs bound per cell under 
ASM deficiency and inflammation condition. (D) Quantification of NCs bound per cell under NPD condition. Data are 
average ± SEM (D) or average (B, C). Stats: Student’s t-test, p<0.05, *compared to anti-ICAM-1 NCs, #compared to 
anti-TfR NCs, $compared significance of change. 

 

Furthermore, apart from NC binding to cells, NC uptake by cells upon receptor targeting has been 

reported for all three receptors tested in the current work160,446,447 and is an important parameter 

for drug delivery into and across the BBB. Therefore, the uptake of anti-ICAM-1 NCs, anti-TfR NCs, 

and anti-PV1 NCs was assessed and compared in brain ECs under control and inflammation 

condition (figure 6.6A).  

Firstly, under control conditions, there was no significant difference between the uptake of anti-

ICAM-1 NCs and anti-TfR NCS, with 30.7% and 36.3% of all NCs being internalised, respectively, 
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whereas anti-PV1 NCs were taken up significantly more, with 50.5% of all NCs being internalised 

(figure 6.6B). Inflammation did not significantly affect the uptake rate of any of the three NCs 

tested (figure 6.6C), resulting in comparable uptake rates in inflammation and control conditions 

(figure 6.6D). Thus, inflammation does not have a direct influence on the efficiency of the uptake 

mechanism.  

On the other hand, when looking at the absolute number of internalised NCs per cell, 

inflammation significantly increased this parameter for anti-ICAM-1 NCs by 6.2-fold, from 28.0 to 

174.6 NCs per cell, whereas it did not significantly increase the absolute number of internalised 

anti-TfR NCs or anti-PV1 NCs, with 45.6 and 22.2 NCs per cell, respectively (figure 6.6E-G). Taken 

together, the increased absolute number of anti-ICAM-1 NCs is not the result of an inflammation-

enhanced uptake rate, but rather the result of an inflammation-induced upregulation of ICAM-1 

expression (figure 6.2) and subsequently increased binding of NCs (figure 6.4C). Despite the 

increased overall engagement of NCs per cell, the uptake was not expected to be altered through 

saturation of the internalisation pathway, as the uptake has been reported to be dependent on 

the number of engagements per NC, governed by NC valency, and not to be affected by the 

overall engagement of receptors per cell, thus being independent from the total number of NCs 

bound149, in line with present results.  

When analysing the total number of NCs internalised, there was a significant difference among 

anti-ICAM-1 NCs, anti-TfR NCs, and anti-PV1 NCs, with 174.6, 45.6, and 22.2 NCs per cell in 

inflammation condition, respectively (figure 6.6E), in accordance with receptor expression (figure 

6.2) and NC binding (figure 6.4D). Importantly, despite the significantly higher uptake rate of anti-

PV1 NCs compared to anti-ICAM-1 NCs and anti-TfR NCs under inflammation condition (figure 

6.6D), the stark differences in receptor expression and NC binding (figure 6.2 and figure 6.4D) 

remained the defining factor for the total internalised NCs.   
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Figure 6.6 Effect of inflammation on NC uptake by brain ECs. Cells were grown to confluency on transwells and not 
treated (control) or incubated with 10 ng/mL TNFα (20 h treatment) to simulate inflammation. Then, cells were 
incubated for 1 h with FITC-labelled NCs targeted to either ICAM-1, TfR, or PV1, as indicated, washed with PBS to 
remove non-bound NCs, fixed, and counterstained with red secondary Ab against the coat protein located on the 
NC. Secondary Ab does not cross the cell membrane and therefore allows to distinguish internalised (green) from 
cell-bound (green + red = yellow) NCs. Pictures were analysed by fluorescence microscopy. (A) Representative 
microscopy images. Green = internalised NCs (small white arrows), yellow = cell-bound NCs (green + red; large open 
arrows), blue = nuclei. Dashed lines = cell borders. Scale bar = 10 μm. (B) Quantification of the percent NC 
internalisation of all NCs bound to cells in control condition, (C) Fold change (Δ) between percent NC internalisation 
of all NCs bound to cells in inflammation and control condition. (D) Quantification of the percent NC internalisation 
of all NCs bound to cells in inflammation condition. (E) Quantification of total numbers of NCs internalised per cell 
in control condition. (F) Fold change (Δ) between total NC internalisation per cell in inflammation and control 
condition. (G) Quantification of the total NC internalisation per cell in inflammation condition. Data are average ± 
SEM. Statistics: Student’s t-test, p<0.05, *compared to anti-ICAM-1 NCs, #compared to anti-TfR NCs, $compared 
significance of change. Lack of symbol indicates non-significant result.  

 

Interestingly, uptake rates in the current study were considerably lower compared to an earlier 

study comparing anti-ICAM-1 NCs and anti-TfR NCs performed with HUVECs cultured on 

coverslips304. As discussed earlier, apart from the obvious reason of micro- vs. macrovasculature 

origin of the cell lines used, the growth condition might heavily influence the findings. While in 

the present work cells were grown as a barrier allowing for transcytosis, the other study304 used 

a non-barrier model to study uptake, thus not allowing for transcytosis (see chapter 5). This might 

favour the permanent intracellular location of endocytosed NCs, whereas the barrier model 

allows for exocytosis on the basolateral side of the cell as part of the transcytosis process, 

probably lowering the perceived uptake rate because transcytosed NCs which may be located 

between the cell and the filter likely have an Ab coat which can be detected by counterstaining, 

thereby marking them appear as surface located NCs despite the fact that they have been 

internalised previously at the apical side. Importantly, one method is not better than the other 

depending on what conclusions are sought to be drawn from the results. It is likely that 

transcytosis cannot occur in the non-barrier model, which makes that model more suited to 

estimate the absolute uptake of NCs due to the inclusion of NCs that might otherwise have 

embarked on the transcytosis route. Instead, the barrier model provides a more realistic estimate 

of the total number of internalised NCs at any given time, permanent or in transit, since it allows 

for transcytosis to happen, not accumulating all internalised NCs inside cells. Thus, in summary, 

inflammation did not directly affect internalisation rate of NCs, yet significantly increased the 
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total numbers of internalised anti-ICAM-1 NCs as a result of increased ICAM-1 expression and 

anti-ICAM-1 NC binding.  

 

Then, after having determined the effect of inflammation, the additional effect of NPD on NC 

uptake was assessed (figure 6.7A). The NPD model did not significantly change the uptake rate 

of any of the three NCs tested compared to control condition (figure 6.7B). However, when 

comparing the uptake rate in NPD to inflammation condition, a significant decrease of anti-ICAM-

1 NCs by 20% could be observed. This was expected due to the involvement of ASM activity in 

the CAM-pathway161, where ASM-mediated generation of ceramide at sites of the cell membrane 

where anti-ICAM-1 NCs bind has been shown to promote NC engulfment and cytoskeletal re-

organizations necessary for CAM-mediated endocytosis80. Instead, the uptake rate for other two 

formulations did not change significantly by ASM deficiency (figure 6.7C).   

With regards to the absolute number of NCs internalised per cell, this increased for the NPD 

model for anti-ICAM-1 NCs by 7.4-fold compared to control condition, likely as a result of TNFα-

induced ICAM-1 expression (6.2-fold in TNFα compared to control; figure 6.6F). When comparing 

NPD to inflammation condition to determine the specific effect of ASM deficiency, no significant 

difference was found (figure 6.7F). This was likely the result of two counteracting events, an 

increased NC binding (figure 6.5C) due to an increased receptor expression (figure 6.2), and a 

decreased uptake rate due to ASM deficiency (figure 6.7C). Furthermore, the absolute numbers 

of anti-TfR NCs and anti-PV1 NCs were not affected by any disease condition (figure 6.7E-F). 

Ultimately, the internalisation level was different among anti-ICAM-1 NCs, anti-TfR NCs, and anti-

PV1 NCs, with 207.2, 57.8, and 29.5 NCs per cell internalised in the NPD model, respectively 

(figure 6.7G), in accordance with receptor expression (figure 6.2) and NC binding (figure 6.4D). 

Importantly, as mentioned for inflammation condition, also in ASM deficiency the significantly 

higher uptake rate of anti-PV1 NCs compared to anti-ICAM-1 NCs and anti-TfR NCs under 

inflammation condition (figure 6.7D) could not compensate for the stark differences in receptor 

expression and NC binding (figure 6.2 and figure 6.4D, which ultimately defined the absolute 

levels of NC internalisation.  
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Figure 6.7 Effect of ASM deficiency on NC uptake by brain ECs. Cells were grown to confluency on transwells and 
incubated with 10 ng/mL TNFα (20 h treatment) and 20 μM imipramine (48 h treatment) to simulate NPD. Then, 
cells were incubated for 1 h with FITC-labelled NCs targeted to either ICAM-1, TfR, or PV1, as indicated, washed to 
remove non-bound NCs, fixed, and counterstained with red secondary Ab against the coat protein located on the 
NC. Secondary Ab does not cross the cell membrane and therefore allows to distinguish internalised (green) from 
cell-bound (green + red = yellow) NCs. Pictures were analysed by fluorescence microscopy. (A) Representative 
microscopy images. Green = internalised NCs (small white arrows), yellow = cell-bound NCs (green + red; large open 
arrows), blue = nuclei. Dashed lines = cell borders. Scale bar = 10 μm. (B) Fold change (Δ) between percent NC 
internalisation of all NCs bound to cells in ASM deficiency and control condition. (C) Fold change (Δ) between percent 
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NC internalisation of all NCs bound to cells in ASM deficiency and inflammation condition. (D) Quantification of the 
percent NC internalisation of all NCs bound to cells in ASM deficiency. (E) Fold change (Δ) between total numbers 
internalised NCs per cell in ASM deficiency and control condition. (F) Fold change (Δ) between total numbers 
internalised NCs per cell in ASM deficiency and inflammation condition. (G) Quantification of total numbers of NCs 
internalised per cell in ASM deficiency. Data are average ± SEM. Statistics: Student’s t-test, p<0.05, *compared to 
anti-ICAM-1 NCs, #compared to anti-TfR NCs, $compared significance of change. Lack of symbol indicates non-
significant result.  

 

Thus, under both disease conditions, inflammation and NPD, the total binding of NCs was highest 

when targeting ICAM-1, followed by TfR, and lastly PV1. In line with these results, the total 

number of internalised NCs was also highest for ICAM-1, then TfR, and lastly PV1 targeting, 

governed by the sheer difference of total binding under the disease conditions and in spite of 

minor specific effects that the disease conditions might have on the uptake rate. Interestingly, 

present results do not fully confirm earlier findings in the literature. The reduction of clathrin-, 

caveolae-, and macropinocitosis-mediated pathways, the latter being another example for a 

clathrin-independent endocytosis route, such as CAM-mediated endocytosis, have been 

reported in NPD macrophages and fibroblasts288,289,409. However, cited studies are different to 

the present one in several important aspects. Firstly, studies in the literature have investigated 

endocytosis using natural ligands, such as transferrin for the TfR and cholera toxin B for caveolae, 

whereas the present study assessed endocytosis of NCs, which might be inherently different due 

to differences in valency and size. Secondly, the cell types used for the experiments are different, 

focusing on macrophages288 or fibroblasts289,409 vs. brain ECs in the present study, which all serve 

different biological functions. For instance, macrophages and fibroblasts are not barrier cells and 

thus unlikely to transport cargo via transcytosis, whereas brain ECs transport cargo via this 

mechanism as a supply to the underlining tissue cells. Furthermore, different cell types might be 

affected differently in disease, such as earlier discussed for the expression of TfR, further 

explaining the difference in results.  

In conclusion, judging from targeting and internalisation results of NCs in brain ECs forming a 

barrier model, anti-ICAM-1 NCs appear to provide an advantage for drug delivery to brain ECs 

under both disease conditions due to the potential for an overall higher drug delivery.  

 
 



 

100 
 

6.2.3. The Effect of ASM Deficiency on NC Lysosomal Trafficking 

Intracellular trafficking subsequent to binding and uptake defines NC distribution and, therefore, 

is important to be assessed. In brain ECs, there are two relevant trafficking routes: lysosomal 

trafficking in charge of cargo degradation and transcytosis, a route that circumvents lysosomal 

degradation170 and delivers cargo across the cellular barrier55,56. Although both dependent on 

vesicular transport, these two processes fulfil very different functions and, thus, have distinct 

effects on drug delivery and distribution.  

 

First, we assessed lysosomal trafficking of NCs. This is important for NPD ERT because is 

represents the final destination of for ERT delivery into cells of target tissues and because brain 

ECs are also affected by ASM deficiency in NPD, thus necessitate enzyme being delivered to 

lysosomes in parallel to transporting enzyme to transcytosis for brain delivery.  To this end, 

lysosomes were stained with Texas Red dextran, followed by incubation with NCs and 

colocalisation analysis by fluorescence microscopy in different conditions (figure 6.8A). 

Importantly, dextran has been previously demonstrated to traffic rapidly to lysosomes and reside 

there for significant periods of time, since mammalian cells lack dextranase24,25,44. 
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Figure 6.8 Comparative lysosomal transport of NCs in ASM-normal vs. ASM-deficient brain ECs. Cells were treated 
with 10 ng/mL TNFα (20 h treatment) and 20 μM imipramine (48 h treatment) to simulate ASM deficiency or 10 
ng/mL TNFα (20 h treatment) as an ASM-normal control. Prior to the incubation with NCs, cells were incubated with 
0.5 mg/mL Texas Red dextran (10 kDa) for 30 min, washed to remove excess dextran, and further incubated in 
dextran-free medium for 1 h to ensure the localisation of dextran in lysosomes. Then, cells were incubated with FITC-
labelled NCs targeted to either ICAM-1, TfR, or PV1, for a 30-min binding pulse, washed to remove non-bound NCs, 
and further incubated (if applicable) in NC-free medium up to 24 h. Cells were then fixed and analysed by 
fluorescence microscopy. (A) Representative microscopy pictures of lysosomal colocalisation of anti-ICAM-1 NCs. 
NCs are green (arrowheads), lysosomes are red (small-closed arrows), and NCs colocalised with lysosomes are green 
+ red = yellow (large open arrows). Blue = nuclei, dashed lines = cell borders. Scale bar = 10 µm. (B) Absolute number 
of NCs colocalised with lysosomes in ASM-normal cells or ASM-deficient cells. (C) Percent NCs colocalised with 
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lysosomes in ASM-normal cells or ASM-deficient cells. Data are average ± SEM. Stats: Student’s t-test, p<0.05, 
*compared anti-ICAM-1 NCs to anti-TfR NCs, #compared anti-ICAM-1 NCs to anti-PV1 NCs, $compared anti-TfR NCs 
to anti-PV1 NCs.  

In ASM-normal cells, the absolute level of NC trafficking to lysosomes was highest for targeting 

to ICAM-1, followed by TfR, and lastly PV1, with maximum number of NCs in lysosomes at 

saturation (Lmax) of 243.5, 48.0, and 29.5 NCs, respectively (figure 6.8B). This difference between 

anti-ICAM-1 NCs vs. anti-TfR NCs and anti-PV1 NCs is in line with receptor expression (figure 6.2) 

and binding (figure 6.4D). Furthermore, the trafficking rate was faster for anti-PV1 NCs compared 

to anti-ICAM-1 NCs and anti-TfR NCs, with half-times of 1.2 h vs. 3.4 h and 5.0 h, respectively 

(figure 6.8C). This is in line with the significantly faster uptake of anti-PV1 NCs (figure 6.6D). This 

might have been driven by the abundant presence of albumin, the main component of serum 

present in the cell medium. For instance, albumin influx into the brain has been shown to be 

caveolin-1 dependent448,449. Furthermore, vesicles containing albumin have been reported to end 

up in the endosomal system, for instance in late endosomes or lysosomes450. Thus, caveolae-

targeted anti-PV1 NCs might have predominantly been co-transported with albumin, offering a 

possible explanation for their rapid transport to lysosomes. 

In ASM-deficient cells, the absolute level of NC trafficking to lysosomes was also highest for 

targeting to ICAM-1, followed by TfR, and lastly PV1, with Lmax of 160.3, 86.5, and 59.8 NCs in 

lysosomes, respectively (figure 6.8D). Thus, ASM deficiency did not change the relationship 

among all formulations with regards to lysosomal trafficking. Nevertheless, ASM deficiency 

mostly diminished the differences among all formulations with regards to trafficking rate, with 

half-times of 0.4 h, 1.2 h, 0.7 h for anti-PV1 NCs, anti-ICAM-1 NCs, and anti-TfR NCs, respectively 

(figure 6.8E), which might be the result of a stark increase in lysosomal trafficking of all NCs alike 

(as discussed in the following figure 6.9) to comparable levels.  

In conclusion, the total delivery of NCs into lysosomes was highest for anti-ICAM-1 NCs, followed 

by anti-TfR NCs and anti-PV1 NCs in ASM-normal as well as ASM-deficient brain ECs, in line with 

receptor expression and binding, whereas the trafficking speed was surprisingly quickest for PV1 

in ASM-normal cells, a property mostly lost in ASM deficiency. 
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To better understand the effect of ASM deficiency on each formulation, lysosomal trafficking was 

compared between ASM-normal and ASM-deficient cells (figure 6.9). The effect of ASM 

deficiency on the absolute number of NCs being trafficked to lysosomes varied among 

formulations. For instance, the Lmax for anti-ICAM-1 NCs was reduced by 1.5-fold, from 243.5 to 

160.3 NCs in lysosomes (figure 6.9A), in line with the decreased uptake of this formulation in ASM 

deficiency (figure 6.7C). The Lmax for anti-TfR NCs increased by 1.8-fold, from 27.5 to 49.1 NCs in 

lysosomes (figure 6.9C), in line with the increased lysosomal trafficking rate observed (figure 

6.9D), in combination with no significant effect of ASM deficiency on neither binding nor uptake 

(figure 6.5C, 3.7C). The Lmax for anti-PV1 NCs deceased by 1.4-fold from 82.4 to 59.8 NCs in 

lysosomes (figure 6.9E).  

Furthermore, lysosomal trafficking of NCs was significantly faster in ASM deficiency compared to 

ASM-normal cells for all pathways tested, with half-times decreasing by 2.8-fold from 3.3 h to 1.2 

h for anti-ICAM-1 NCs (figure 6.9B), 3.3-fold from 3 h to 0.6 h for anti-TfR NCs (figure 6.9D), and 

2.3-fold from 0.9 h to 0.4 h for anti-PV1 NCs (figure 6.9F).  
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Figure 6.9 Effect of ASM deficiency on lysosomal transport of NCs by brain ECs. Cells were treated and analysed as 
above (figure 6.8). (A, C, E) Absolute numbers of respective NCs colocalising with lysosomes. (B, D, F) Percent of 
respective NCs in lysosomes of total NCs interacting with cells. Data are average ± SEM. Statistics: Student’s t-test, 
p<0.05, *compared inflammation to NPD condition.  

 

In general, aberrant intracellular trafficking in NPD has been described for different endocytosis 

pathways. For instance, the caveolae-mediated transport marker caveolin-1 accumulates in 

lysosomes upon progesterone- or U18666A-induced accumulation of cholesterol in lysosomes, 

the source of lipoprotein-derived cholesterol for the cell451. In turn, this results in a depletion of 
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cholesterol in the cell surface membrane, which also occurs when treating cells with low levels 

of cyclodextrin452. As well, cholera toxin B, a marker for caveolae-mediated transport, has been 

shown to change intracellular distribution upon endocytosis by NPD type A patient´s fibroblasts, 

from the Golgi apparatus to more endosomal localisation410. Similarly, lactosylceramide 

trafficking via caveolae-mediated transport has been found to be altered from a predominant 

uptake and recycling pathway to lysosomal trafficking in fibroblasts from NPD type A and C 

patients, as well as in NPC1-null CHO cells and chemically induced NPD type C macrophages 

(treated with U18666A or progesterone)453,454. Furthermore, the same study found that the 

trafficking of transferrin, usually also predominantly embarking on an uptake and recycling 

pathway via clathrin-mediated transport, had also been perturbed in fibroblasts from NPD type 

A and C patients, yet with unknown consequences for lysosomal trafficking453. These changes go 

hand in hand with a significant 1.7-fold increase in the total number of lysosomes per cell 

(measured in this study; data not shown) and are likely the result of the ample accumulation of 

a plethora of lipids (see introduction), which has been associate especially to aberrant cholesterol 

levels in several studies409,412,452–455.  

Thus, the underlying mechanism orchestrating the increase in lysosomal trafficking does not 

appear to be pathway specific, nor to be dependent on mono- vs. multi-valent interaction of 

cargo and receptor. In conclusion, ASM deficiency significantly increased the rate of NC lysosomal 

trafficking independently from the endocytosis pathway, similarly to aberrant trafficking of non-

multivalent cargos such as lactosylceramide to lysosomes.    

 

6.2.4. The Effect of ASM Deficiency on NC Transcytosis 

Whereas lysosomal trafficking is important for the intracellular delivery of ERT, transcytosis plays 

an essential role at the BBB to deliver therapeutic NCs from the general circulation into the CNS. 

This is the reason why the effect of ASM deficiency on transcytosis by brain ECs was assessed. 

Firstly, the barrier integrity in ASM deficiency was assessed to scrutinise the model used (figure 

6.10). To this end, the transport of NCs across the BBB into the basolateral chamber after 30 min 

was quantified using a gamma counter. The barrier function was maintained in ASM deficiency 

with 8.6%, 2.2%, and 5.9% of all NCs added to the apical side having crossed the barrier after 30 
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min for anti-ICAM-1 NCs, anti-TfR NCs, and anti-PV1 NCs, respectively (figure 6.10). Although the 

values for anti-ICAM-1 NCs and anti-PV1-NCs were minimally enhanced by ASM deficiency 

compared to inflammation (figure 5.2A), further studies of transcytosis described below showed 

this may be due to enhanced transcytosis under this condition for these two formulations. In any 

case, all values stayed far below transport levels of NCs across a cell-free transwell, where 23.6% 

of all NCs were found in the basolateral chamber after 30 min (result not shown). Nevertheless, 

to avoid any confounding results, experiments were executed using the pulse-chase method 

described in Chapter 5. To this end, cells were incubated with NCs for 30 min to allow for binding, 

then washed to remove non-bound NCs from the apical chamber and also NCs in the basolateral 

chamber, and finally only cell-bound NCs were traced in the transcytosis experiments (see section 

3.3.25.). 
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All NCs tested were transcytosed across the BBB model in inflammation and NPD condition 

(figure 6.11). In inflammation, anti-ICAM-1 NCs were transcytosed in significantly higher numbers 

compared to anti-TfR NCs and anti-PV1 NCs, with 4.3 x 107 vs. 2 x 107 and 2.0 x 107 NCs per well, 

respectively at 5 h, and 9.7 x 107 vs. 3.5 x 107 and 4.8 x 107 NCs per well, respectively at 24 h 

(figure 6.11A), in line with receptor expression and binding observed above. Nevertheless, the 

transcytosis rates were comparable between all NCs tested (figure 6.11B). In NPD condition, anti-

Figure 6.10 Barrier integrity of endothelial 
model used for transcytosis in ASM-deficient 
brain ECs. Cells were treated with 10 ng/mL 
TNFα (20 h treatment) and 20 μM imipramine 
(48 h treatment) to simulate ASM deficiency. To 
assess barrier integrity, 125I-labelled NCs 
targeted to either ICAM-1, TfR, or PV1, were 
added to the apical side over the cells for 30 
min. Then, the number of NCs in the apical and 
basolateral fraction were quantified using a 
gamma counter. Data are average ± SEM. 
Statistics: Student’s t-test, p<0.05, *compared 
apical to basolateral.  
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ICAM-1 NCs remained the highest transcytosed NC compared to anti-TfR NCs and anti-PV1 NCs 

with 5.8 x 107 vs. 2.9 x 107 and 1.3 x 107 NCs per well, respectively at 2h, and 6.8 x 107 vs. 3.6 x 

107 and 1.7 x 107 NCs per well, respectively at 24 h (figure 6.11C). Interestingly, the transcytosis 

rate in NPD condition was significantly higher for anti-PV1 NCs compared to anti-ICAM-1 NCs and 

anti-TfR NCs, with 51.1% vs. 23.0% and 30.2%, respectively (figure 6.11D). Nevertheless, given 

the comparably overall very low binding previously observed for anti-PV1 NCs, this significant 

difference did not have a great impact on total numbers of NCs transcytosed (figure 6.11C).  

Given the relatively comparable transcytosis rates of all pathways tested in inflammation as well 

as NPD condition, the total number of NCs transcytosed was governed by binding and uptake 

observed above. For instance, in inflammation condition, anti-ICAM-1 NCs showed a great 

advantage in binding (figure 6.4D) which was reflected in transcytosis (figure 6.11A). 

Nevertheless, in ASM deficiency, the negative effects on anti-ICAM-1 NC uptake (figure 6.5C) 

diminished the difference of total NC transcytosis compared to other formulations after 24 h, 

although anti-ICAM-1 NCs still offered the most favourable transcytosis overall in both 

conditions.  
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Figure 6.11 Comparative transcytosis of NCs targeted to different markers under inflammation or ASM deficiency. 
Brain ECs were treated with 10 ng/mL TNFα (20 h treatment) and 20 μM imipramine (48 h treatment) to simulate 
ASM deficiency or 10 ng/mL TNFα (20 h treatment) as an ASM-normal control. To assess transcytosis, 125I-labelled 
NCs targeted to either ICAM-1, TfR, or PV1, were added to the apical chamber for a 30-min binding pulse, washed 
to remove non-bound NCs, and further incubated (if applicable) with NC-free medium for the indicated chase time. 
Then, the number of NCs in the basolateral fraction was assessed using a gamma counter. (A, C) Total NCs in the 
basolateral fraction per well in (A) inflammation or (B) ASM deficiency, (B, C) percent basolateral NCs of originally 
bound NCs in (A) inflammation or (B) ASM deficiency. Data are average ± SEM. Statistics: Student’s t-test, p<0.05, 
*compared anti-ICAM-1 NCs to anti-TfR NCs, #compared anti-ICAM-1 NCs to anti-PV1 NCs, $compared anti-TfR NCs 
to anti-PV1 NCs. 

 

To then gain a better understanding of the specific effect of NPD over inflammation alone, thus 

due to ASM deficiency, the transport of anti-ICAM-1 NCs, anti-TfR NCs, and anti-PV1 NCs was 

compared in these two models (figure 6.12). The absolute number of anti-ICAM-1 NC 

transcytosed over the 24 h testing period was significantly lower in NPD condition compared to 

inflammation condition, with 9.7 x 107 vs. 6.1 x 107 NCs transcytosed per well (figure 6.12A). 

However, transcytosis rate was faster for this formulation under ASM deficiency compared to 

inflammation alone, e.g., 44.6% vs. 18.7% of originally cell bound NCs were transcytosed, 
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respectively by 2 h (figure 6.12B). Although an opposite tendency was seen for anti-TfR NCs, no 

statistically significant differences were found for under these disease conditions (figure 6.12 C-

D). Anti-PV1 NCs showed a similar trend to anti-ICAM NCs, where total transcytosis was 

significantly decreased in NPD condition compared to inflammation condition, e.g., from 4.8 x 

107 to 1.7 x 107 NCs per well at 24 h, with a faster transcytosis rate for NPD, e.g., 51.1% vs. 22.1%, 

respectively (figure 6.12E-F).  
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Figure 6.12 Effect of ASM deficiency on NC transcytosis by brain ECs. Cells were treated with 10 ng/mL TNFα (20 h 
treatment) and 20 μM imipramine (48 h treatment) to simulate ASM deficiency or 10 ng/mL TNFα (20 h treatment) 
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as an ASM-normal control. To assess transcytosis, 125I-labelled NCs targeted to either ICAM-1, TfR, or PV1, were 
added to the apical chamber for a 30-min binding pulse, washed to remove non-bound NCs, and further incubated 
(if applicable) with NC-free medium for the indicated chase time. Then, the number of NCs in the basolateral fraction 
was assessed using a gamma counter. (A, C, E) Comparing absolute numbers of anti-ICAM-1 NCs (A), anti-TfR NCs 
(C), or anti-PV1 NCs (E) in the basolateral chamber in ASM-normal vs. ASM-deficient cells. (B, D, F) Comparing percent 
NCs of originally bound of anti-ICAM-1 NCs (B), anti-TfR NCs (D), or anti-PV1 NCs (F) in the basolateral chamber in 
ASM-normal vs. ASM-deficient cells. Data are average ± SEM. Statistics: Student’s t-test, p<0.05, *compared ASM-
normal to ASM-deficient.  

 

Finally, to better understand the increased rate of transcytosis for anti-ICAM-1 NCs in NPD 

condition despite their reduced endocytosis rate (figure 6.7C), uptake from the basolateral side 

of brain ECs was assessed (figure 6.13). Similarly, to reduced uptake rate from the apical side, the 

rate of basolateral uptake of this formulation was decreased, which would explain that NCs that 

were transported to the basolateral side of brain ECs would more efficiency cross into the 

basolateral chamber due to lesser re-uptake by cells at this side (see Chapter 5).  
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Figure 6.13 Internalisation of anti-ICAM-1 NCs from the basolateral side of ASM-normal vs. ASM-deficient brain 
ECs. Cells were incubated at 37 °C with 10 ng/mL TNFα (overnight treatment) and 20 μM imipramine (48 h treatment) 
to stimulate ASM deficiency or 10 ng/mL TNFα (overnight treatment) alone to simulate inflammation as control.  
Then, cells were incubated with FITC-labelled anti-ICAM-1 NCs (v2) for a 30-min binding pulse, washed to remove 
non-bound NCs, fixed, and counterstained with red secondary Ab to distinguish intracellular (green only) from cell-
bound (green + red = yellow) NCs. Analysis was done by fluorescence microscopy as for figure 6.6. Data are average 
± SEM. Statistics: Student’s t-test, *p<0.05.  

 

In summary (figure 6.14), with regards to absolute NC levels, ASM deficiency increased binding 

of anti-ICAM-1, whereas the other two formulations were not affected, according with receptor 

expression changes. Furthermore, NC uptake rate was unchanged for anti-TfR NCs and anti-PV1 

NCs, for which the absolute level of NCs internalized by brain ECs by these routes did not vary. 
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However, the rate of uptake of anti-ICAM-1 NCs was decreased, as previously shown for other 

cell types, was compensated by the increased NC binding, resulting in no variation in the number 

of total NCs internalized by brain ECs.  Interestingly, ASM deficiency increased the rate of 

lysosomal trafficking for all formulations, which may be related to the fact that lysosomes are 

typically engorged and widespread in cells affected by LSDs33. However, this condition affected 

absolute lysosomal trafficking differently for all formulations, with anti-ICAM-1 NCs showing a 

decrease, anti-TfR NCs showing an increase, and anti-PV1 NCs showing no change. In the case of 

anti-ICAM-1 NCs, this could be due to the fact that the rate of uptake of NCs from the basolateral 

side of brain ECs was also reduced. Since this was shown in Chapter 5 to also feed NCs to 

lysosomes, reduced basolateral uptake may result in reduced lysosomal trafficking in absolute 

values. In the case and anti-TfR NCs, since binding and uptake did not change by ASM deficiency, 

but the rate of lysosomal trafficking increased, this explains the increased absolute trafficking to 

this compartment. In the case of anti-PV1 NCs, binding and uptake were not affected, and the 

rate of lysosomal trafficking did, as for anti-TfR NCs; yet this does not result in enhanced absolute 

levels of lysosomal colocalization. Since transcytosis takes places in the same cells concomitantly 

to lysosomal transport, this difference could be due to different intertwined interactions 

between these two destinations. For instance, the rate and absolute transcytosis of anti-TfR NCs 

did not change in ASM deficiency, for which the enhanced lysosomal transport rate would result 

in more NCs ending up in this destination. However, for anti-PV1 NCs for the transcytosis rate 

and lysosomal transport rates increased, so this competing enhancement resulted in no variation 

in the absolute lysosomal colocalization. Nevertheless, this would be expected to increase the 

absolute number of NCs being transcytosed, but this value rather decreased. While there is no 

current explanation for this phenomenon, perhaps increased trafficking to other intracellular 

compartment or recycling back to the apical side could take place. This was similar for the case 

of anti-ICAM-1 NCs, where increased transcytosis rate led to decreased absolute transcytosis. 

Since this occurred concomitantly to decreased absolute lysosomal transport, these NCs may also 

reside in other intracellular compartment of recycle apically.  
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Figure 6.14 Cartoon summarising the effects of ASM deficiency on NC trafficking by brain ECs compared to 
inflammation. Data represented compares TNFα+Imipramine condition vs. TNFα alone. AP = apical; BL = basolateral. 

 

In conclusion, ASM deficiency had different effects on the brain EC interaction of anti-ICAM-1 

NCs, anti-TfR NCs and anti-PV1 NCs. Anti-ICAM-1 NCs offered the overall most favourable results 

due to the highest number of NCs being transcytosed across this barrier and also delivered to EC 

lysosomes, both necessary NPD targets, therefore representing the most promising formulation 

out of the three tested in this study for the delivery of ERT in neuronopathic NPD.  

 

 

6.3.  Conclusion 

NPD is a severe disease with up to date very few treatment options246,392. Although a novel ERT, 

the gold standard for the treatment of LSDs such as NPD, is currently in clinical trials, free enzyme 

cannot cross the BBB and is therefore ineffective in treating neuronopathic forms of NPD245,246,273. 

Nanomedicine, using NCs to deliver ERT, pose an interesting option to cross the BBB and deliver 

ERT into the CNS245. Nevertheless, ASM deficiency, hallmark of NPD, is known to alter several 

cellular functions which might affect the NC’s interaction with target cells and intracellular 

trafficking288,289,409–411. Therefore, establishing the effects of ASM deficiency on those parameters 

is paramount for the development of ERT for NPD. In this study, NCs were targeted to markers 

of different endocytosis pathways for comparative purposes. Anti-ICAM-1 NCs were selected as 

the most promising candidate due to the highest receptor expression resulting in significantly 
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higher NC binding to cells, as well as absolute level of NC delivery both to EC lysosomes and across 

brain ECs. This dual targeting to lysosomes and across the BBB is favourable in NPD because not 

only the CNS but also the brain endothelium both need to be treated.  

In addition, ASM deficiency increased the binding of anti-ICAM-1 NCs to brain ECs (figure 6.15), 

in agreement with receptor expression changes. The rate of NC uptake was decreased, as 

previously found for other cell types80, while the absolute number of NCs internalized per cell did 

not vary, likely because of the increased binding found. Furthermore, NC uptake rate from the 

basolateral side was also decreased, just as apical rate was decreased, since it depends on the 

same CAM-mediated mechanism. As a consequence of the lower reuptake, NC transcytosis rate 

was significantly increased under NPD condition, as NCs would be able to traffic more efficiency 

to the basolateral chamber. Yet, absolute number of transcytosed NCs was lower in NPD. This 

was surprising because the absolute lysosomal trafficking of NCs was also lower in NPD. Hence, 

NCs may be trafficking to other intracellular compartments or recycled back to the apical 

chamber. The lysosomal trafficking rate was increased in NPD, perhaps because less NCs inside 

cells favour this kinetics.  

 

  

Figure 6.15 Cartoon summarising the effects of ASM deficiency on anti-ICAM-1 NCs as the most promising 
candidate for ERT. Arrows indicate trafficking rates. Thin arrow = unchanged rate, dashed arrow = decreased rate, 
thick arrow = increased rate. Brown arrows with question marks indicate uncertainty of existence of trafficking route. 
NA = not applicable, ND = not determined.  
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Chapter 7: Assess the Effect of GBA Deficiency on NC Transport 

for Gaucher Disease Enzyme Replacement Therapy.  

7.1. INTRODUCTION  

Deficiency of glucocerebrosidase (GBA), a lysosomal enzyme that degrades glucosylceramide 

(GlcCer), is the hallmark of Gaucher disease (GD, OMIM#230800,#230900,#231000)456–458 and a 

major risk factor for Parkinson’s disease459. GD is a rare genetic disorder belonging to the LSD 

group that results in the aberrant accumulation of the membrane glycosphingolipid GlcCer460.  

The prevalence of GD lies around 0.7 to 1.75 per 100,000 births in the general population and is 

as high as 118 per 100,000 in the Ashkenazi Jewish population461. Clinically, GD can be divided 

into 3 sub-types; non-neuronopathic type 1, infantile acute neuronopathic type 2, and 

subacute/chronic neuronopathic type 3 GD460. Disease onset varies between sub-types, with type 

1 showing childhood or adult onset, type 2 showing infant onset, and type 3 childhood or 

adolescence onset460. To measure severity, tools have been developed for GD type 1462,463 and 

type 3464, usually leading to fatality in childhood or adulthood and childhood or adolescence, 

respectively, whereas no tools have been developed for infantile type 2 given patient’s median 

life expectancy of only 9 months233,234.Symptoms are highly variable not only among sub-types 

but also patients within the same group. Symptoms include hepato-splenomegaly, anaemia, and 

bone disease, and in the case of type 2 and 3, additional neurological deterioration460,233. Left 

untreated GD has life threatening consequences; however, treatments include EMA approved 

enzyme replacement therapy (ERT) drugs Cerezyme®465, VPRIV®466, and (not yet in the European 

Union) Elelyso®467, as well as substrate reduction therapies (SRT) Zavesca®468 and Cerdelga®469, 

which generally work well and decrease disease severity234,247,470,471. Nevertheless, SRT is not the 

first choice therapy and rather used for those patients that cannot receive ERT468,469.  

ERT aims to restore intracellular enzyme levels via i.v. infusions of exogenous GBA, targeting the 

mannose-6-phosphate receptor to deliver the enzyme to lysosomes191(also see section 1.5.). ERT 

has been used successfully since the 1990191 and revolutionised GD treatment, improving quality 

of life and life expectancy234,247. Since exogenous enzyme is degraded over time, ERT is a chronic 

biweekly treatment to continuously restore enzyme levels with yearly costs around €124,000 and 
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€258,000 per patient472,473.Despite successful treatment of visceral symptoms, ERT for GD is not 

an option for the treatment of neuronopathic symptoms of Gaucher type 2 and 3 because i.v. 

injected enzyme cannot penetrate the CNS due to the highly selective BBB474–476 (see section 

1.2.). Currently, there is no effective treatment available to treat GD type 2, whereas GD type 3 

receive ERT to treat visceral symptoms, with currently no standardised treatment to address 

neurological symptoms of GD type 3477. Nevertheless, miglustat (Zaveska®) can cross the BBB and 

has been shown to be a promising alternative used for SRT in combination with ERT to improve 

the neurological manifestations of the disease of some GD type 3 patients (case studies478–480), 

whereas a randomised, controlled trial including 30 patients did not find significant 

improvements481.  

Given the lack of an effective treatment option for neuronopathic GD patients, there is a need 

for novel approaches to address this issue. Nanomedicine, using nanosized drug delivery systems 

to deliver drugs, can offer advantages such as protection of therapeutic cargo, improvement of 

cargo half-life in plasma, and specific targeting, such as into and across the BBB to improve 

pharmaco-distribution31,32. Hence, nanomedicine has great potential to improve ERT for 

neuronopathic LSDs245,32 (see section 1.5.). Some nano-formulations have been designed and 

tested for GD specifically. PLGA nanoparticles of 50-100 nm diameter were shown to interact 

with and internalise into PD patient’s fibroblasts with GBA mutations in vitro, where they could 

slightly restore the abnormal pH of lysosomes and consequently some pathological changes due 

to abnormal lysosomal functions326. Another study used calcium alginate microspheres to 

encapsulate GBA for localised delivery to bone482. Microspheres were shown to successfully 

encapsulate the enzyme without negatively affecting its biological activity and to release it in a 

sustained manner under physiological conditions482. Furthermore, GBA released from 

microspheres could be taken up by GD patient’s fibroblasts in vitro482. In another approach, 

engineered exosomes loaded with GBA were produced in the human cell line HEK29334. 

Exosomes could be purified and retained their activity and were shown to be able to target 

endocytic compartments when incubated with their parent cell, HEK293483. Although intriguing, 

this study is still limited by the lack of characterization of GBA activity and targeting and drug 

delivery properties when used with more relevant cells such as GD patient material or chemically 
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induced GD models483. In addition, based on the limitation that most ERTs are dependent on the 

lysosomal delivery by the mannose-6-phosphate receptor (M6PR), one research group 

developed various fusion protein linking GBA and HIV-1 trans-activator protein transduction 

domain (TAT) 484. This fusion protein was shown to retain its specific activity and to be able to 

enter GD patient’s fibroblasts in vitro in a receptor-independent manner484. Yet, whilst being 

independent from M6PR, this approach also showed cytosolic delivery without lysosomal 

specificity, likely reducing the therapeutic efficacy of the treatment484. In yet another study, 

lysosome-targeted liposomes were used to deliver the ERT drug VPRIV® to monocyte-derived 

macrophages with chemically induced GD and GD patient’s fibroblasts in vitro485,486. Liposomes 

modified with octadecyl-rhodamine B, previously shown to induce lysosome targeting485, 

increased lysosomal trafficking of VPRIV® and significantly increased lysosomal substrate 

degradation in cells compared to free enzyme or plain liposomes486. Hence, nanomedicine shows 

potential for ERT to treat GD but to date it remains relatively unexplored.  

Furthermore, given the natural lysosomal targeting of many receptor-mediated endocytosis 

pathways and the decreased lysosomal targeting when circumventing receptor-mediated 

endocytosis, such as in the TAT case484, vesicular endocytosis upon receptor targeting remains a 

promising strategy to deliver GBA to lysosomes. Additionally, cargo cannot only be targeted to 

lysosomes upon receptor-mediated endocytosis, but also across biological barriers such as the 

BBB via the transcytosis pathway (see section 1.2.)21,38. The three major receptor-mediated 

transcytosis routes are CAM-, clathrin-, and caveolae-mediated pathways, all of which have been 

subject to investigation to be exploited for drug delivery41,487,488. Therefore, by exploiting these 

transport routes, NCs targeted to specific receptors on brain ECs could offer an alternative 

approach to deliver GBA for ERT across and into the BBB for the treatment of neuronopathic GD.  

   

Parkinson’s disease (PD) is a relatively common, age-related neurodegenerative disease (find a 

comprehensive review here489). The burden of PD is continuously rising, with 6.1 million cases in 

2016 compared to 2.5 million cases in 1990, partly due to our aging population2,490. PD can be 

caused by single mutations, environmental factors, or a combination of several genetic and 

environmental factors491,492. Generally, PD is linked to dysfunction of vesicular transport, 
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lysosomes, mitochondria, synaptic transport, and neuroinflammation, resulting in the death of 

primarily dopaminergic neurons and causing motor symptoms489. Not only the cause but also the 

clinical symptoms, disease progression, and prognosis in PD show high heterogeneity, even in 

patients with identical underlying causes489. Symptoms include motor alterations, such as 

manifestations of dreamed movements in the REM phase and involuntary movements, as well as 

non-motor symptoms like depression and constipation492,493. PD patients have a decreased life 

expectancy, yet the disease progression is slow and patients generally live a long time with the 

disease489,494. Treatments are available and include continuous dopaminergic 

pharmacotherapy495–498 and various treatments of non-motor symptoms such as depression489. 

Treatment costs vary depending on disease severity and treatment and are estimated to be 

between 10,000€ and 34,000€ per year per patient499. Interestingly, mutations in the GBA gene 

are a common risk factor for PD, found in 8.5% of all PD patients with multi-ethnic 

backgrounds500. Moreover, PD patients with GBA mutations show earlier onset of disease and 

more severe motor-symptoms, faster disease progression, and reduced survival501. This is why 

GBA is considered a novel target for potential PD treatment. For instance, Miglustat, a GlcCer 

synthase inhibitor used for SRT in GD, has shown protective properties against PD 

neurotoxicity502 and increasing the levels of GBA expression by gene therapy in a GBA-associated 

PD mouse models could ameliorate PD symptoms and delay disease progression503,504. This is 

why novel therapies to treat neuronopathic GD may not only ameliorate neuronopathic GD but 

also delay the development of GBA-associated or idiopathic PD505,506.  

However, the effect of GBA deficiency, impacting both GD and PD, on transcytosis pathways 

between the circulation and the CNS remains poorly understood and could alter brain access of 

nanomedicine-based ERTs. This is because the accumulation of macromolecules in GBA 

deficiency is not restricted to lysosomes. For instance, in GD the initial accumulation of GlcCer 

happens primarily in lysosomes, but then it evenly distributes over all cellular membranes as 

accumulation increases507,508, with mostly unknown consequences. On the plasma membrane, 

GlcCer primarily accumulates in lipid raft-like domains where it leads to decreased membrane 

fluidity and the formation of gel-like phase regions509–513. The expansion of raft-like domains was 

hypothesised to decrease the mobility of non-raft associated membrane constituents such as 
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TfR509. Furthermore, morphological changes and tubular-like structures on the plasma 

membrane have been observed, likely due to the accumulation of lipids with membrane bending 

properties, affecting cellular interactions509,511,514. Additionally, GBA deficiency has been shown 

to also affect intracellular trafficking. Clathrin-mediated endocytosis decreases in GBA-deficient 

macrophages509 and, although not statistically significant, shows a similar tendency in fibroblasts 

from GD patients409. On the other hand, caveolae-mediated endocytosis seems unaffected in 

GBA-deficient macrophages509 and was not substantially altered in fibroblasts from GD 

patients409. Lastly, GBA deficiency also alters vesicular transport. For instance, lactosylceramide, 

a substrate that is usually targeted to the Golgi apparatus upon endocytosis, was shown to be 

mistargeted to lysosomes in GBA-deficient fibroblasts and macrophages515. 

The current lack of effective treatment for neuronopathic symptoms of GD, with potential 

application for PD, requires novel solution to deliver ERT across the BBB into the CNS. Yet, given 

the described alterations in cell physiology and vesicular transport, GBA deficiency is likely to also 

alter NC-cell interaction and subsequent NC vesicular transport. However, the effect of GBA 

deficiency on NC transport has yet to be studied in brain ECs.  

 

Therefore, in this chapter I aimed to study the effects of GBA deficiency on expression and display 

of endocytic machinery, ICAM-1 lateral mobility and interaction with NC, NC binding and uptake, 

lysosomal trafficking of NCs, and transcytosis of NCs. This is relevant as a better understanding 

of NC-cell interaction and transport into and across the BBB is paramount to develop novel 

therapeutic NCs and to identify the most amenable routes for an efficient delivery of therapeutic 

enzyme to GBA-deficient cells for ERT in GD, especially important for the more severe 

neuronopathic types A and C. 

 

7.2. RESULTS AND DISCUSSION 

 

7.2.1 Verification of Chemical Induced GBA Deficiency in Brain ECs as a GD Model 
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A chemical GD model was used in the present work due to the lack of commercially available 

brain ECs from GD patients. The model consisted of treating human brain microvascular 

endothelial cells with conduritol-β-epoxide (CBE), which covalently binds and inactivates GBA307, 

thereby resulting in the aberrant accumulation of GlcCer such as seen in GD308. In fact, CBE has 

already been used to induce GBA deficiency in vitro516–518 and in vivo519,520 to study GD. Firstly, 

the suitability of using CBE to induce GBA deficiency to produce a GD model was assessed. In the 

present work, GBA deficiency was studied in brain ECs incubated with 200 µM CBE for 72 h (see 

section 3.3.11.).   

 

To validate the model, the Muro lab at the University of Maryland (USA) used cell lysates from 

control and CBE-treated brain ECs and incubated it with 4-methylumbellliferyl-β-

glycopyranoside, a GBA substrate, to assess the activity of the enzyme. Samples from cells that 

were treated with CBE showed significantly less enzyme activity when incubated with this 

substrate compared to control cells (figure 7.1A). Furthermore, in line with these findings, a 

significant 2.8-fold increase of intracellular GBA substrate (analogue N-hexanoyl-NBD-

glucosylceramide) accumulation was measured in cells treated with CBE compared to control 

cells (figure 7.1B). Therefore, these findings validate the pharmacological model of GBA deficient 

human brain ECs.  
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Figure 7.1 Model for GBA deficient human brain ECs. Human brain ECs were incubated at 37 °C with 10 ng/mL TNFα 
(overnight treatment) and 200 µM CBE (72 h treatment) to simulate GBA deficiency, or 10 ng/mL TNFα (overnight 
treatment) alone to simulate inflammation as GBA-normal control. (A) Cells were lysed, and samples were incubated 
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for 30 min at 37 °C with a GBA substrate, 4-methylumbellliferyl-β-glycopyranoside, whose enzymatic cleavage results 
in a blue-fluorescent product, measured by spectrophotometry. (B) Cells were incubated with 5 μg/mL of green-
fluorescent N-hexanoyl-NBD-glucosylceramide (GlcCer), a GBA substrate, for 48 h after the first 24 h of the CBE 
treatment. (Left) Micrographs, (right) quantification of mean fluorescent intensity per cell. Scale bar = 10 μm; green 
= GlcCer; blue = cell nucleus stained with DAPI. (A, B) Data are mean ± SEM. (*p<0.05, Student’s t-test). Performed 
by the Muro lab at the University of Maryland (USA).  

7.2.1. The Effect of GBA Deficiency on Expression and Display of Endocytosis Machinery in 

Brain ECs 

The number of receptors displayed on the surface of cells is an important parameter to determine 

the interaction of a receptor-targeted NCs with the target cell. Higher receptor expression usually 

increases NC binding due to the higher number of connections able to form between the NC 

surface and the cell, which increases the binding avidity521,522. Yet, up to date, not much is known 

about how GBA deficiency affects cell surface receptors and endocytic partners in brain ECs. 

Hence, this was therefore assessed next using the validated model for GBA deficiency.  

As a first step towards understanding the effect of GBA deficiency on NC transport, expression of 

the target receptors was analysed by flow cytometry (figure 7.2). Since the effect of inflammation 

(TNFα treatment) had been evaluated in Chapter 6, here we focussed on the additional role of 

GBA deficiency using CBE. ICAM-1 was the most highly expressed of the three markers as 

observed from flow cytometry data, followed by TfR and then PV1 (figure 7.2). Inducing GBA 

deficiency showed a minimal increase in ICAM-1 expression and no observable effects on TfR or 

PV1 (figure 7.2). GBA deficiency-induced alteration of receptor expression is possible based on 

literature, since altered protein expression in GD cells has been previously reported285,523. For 

instance, a decrease in soluble TfR, indicative of cellular TfR expression, has been observed along 

with other therapeutic effects in GD patients following the ERT524, suggesting that this receptor 

was upregulated in GBA deficiency. Nevertheless, the mechanistic relation between GlcCer 

accumulation and altered receptor expression remains elusive.  
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Figure 7.2 Receptor expression in GBA deficient brain ECs. Human brain ECs were incubated at 37 °C with 10 ng/mL 
TNFα (overnight treatment) and 200 µM CBE (72 h treatment) to simulate GD, or 10 ng/mL TNFα (overnight 
treatment) alone to simulate inflammation as GBA control. Then, cells were detached using trypsin, collected by 
centrifugation, and fixed using PFA. Subsequently, cells were stained at 4 °C with primary Ab to label surface 
receptors, as indicated, washed to remove non-bound Ab, and then stained at 4 °C with green-fluorescent secondary 
Ab against the primary Ab, and DAPI to stain the nuclei. The expression levels of the indicated surface receptors 
were quantified by multilaser analysis using a flow cytometer and associated FlowJo software.  

 

Nevertheless, receptor expression is not the only factor determining NC binding and uptake. 

Receptor distribution and colocalization with endocytic elements are also important parameters 

that might influence the interaction of multivalent NCs with cells. Whereas receptor expression 

levels have been shown to influence NC binding and uptake as a function of receptor 

density521,522, receptor distribution on different regions of the plasma membrane can influence 

ligand affinity and binding, e.g., through differences in spatial segregation and localised areas of 

receptor crowding525,526. Furthermore, other endocytic elements are paramount for endocytosis 

upon receptor activation. For instance, clathrin and caveolin-1 are structural proteins involved in 

the formation of vesicles527,528. Many uptake routes rely on the presence of such endocytic 

elements for the internalisation of receptor-bound cargo and a lack of colocalisation of a receptor 

with its intracellular partner may allow for binding but diminishes uptake. Therefore, the effect 

of GBA deficiency both on receptor distribution and their partners was assessed. This was 

performed by Dr. Enric Gutierrez Martinez in Prof. Maria Garcia-Parajo’s laboratory at the 

Institute of Catalonia for Photonic Sciences (ICFO), Barcelona.  

 

Using super resolution microscopy, GBA deficiency was observed to significantly decrease the 

amount of caveolin-1 nanodomains, whereas it did not affect ICAM-1, TfR, PV1 (figure 7.3A), 
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expected because of the minimal changes seen by flow cytometry (figure 7.2) or clathrin density 

(figure 7.3A). Consequently, when analysing the nearest neighbour distance (NND), which 

indicates the distance of a given receptor domain to the nearest given endocytic partner, GBA 

deficiency was shown to increase the average distance of each receptor with caveolin-1, in line 

with its decreased number of nanodomains (figure 7.3A), whereas the NND with clathrin was 

unaffected (figure 7.3C), in line with unaffected clathrin nanodomains (figure 7.3A).  

 

Due to the pivotal role of caveolin-1 in the formation of caveolae527, the reduced number of 

caveolin-1 nanodomains and thus availability of caveolin-1 in GBA deficiency are likely to affect 

NC transport when targeting this pathway. Furthermore, the receptor domain density was 

highest for ICAM-1, then TfR, and lastly PV1 (figure 7.3A), in line with receptor expression seen 

by flow cytometry (see figure 7.2). Also, the colocalisation of each receptor with the endocytic 

partners clathrin and caveolin-1 was not significantly affected by GBA deficiency (figure 7.3B). 

For instance, as expected, ICAM-1 showed no colocalisation with either clathrin or caveolin-1, 

due the CAM-pathway’s independence from classical endocytosis routes160, whereas TfR 

colocalised more with clathrin than caveolin-1, and PV1 colocalised more with caveolin-1 than 

clathrin (figure 7.3B), expected since they are their respective endocytic partners529,530. In 

conclusion, GBA deficiency did not significantly affect elements of the cell machinery needed for 

the endocytosis of anti-ICAM-1 NCs86 and anti-TfR NCs87, whereas the reduction of caveolin-1 

nanodomains near the cell surface might affect the trafficking of anti-PV1 NCs88.  

 



 

123 
 

A

N
o

. 
n

a
n

o
d

o
m

a
in

s
 /


m
2

-1

n.s. n.s. n.s.

n.s.

*

N
o

. 
n

a
n

o
d

o
m

a
in

s
 /


m
2

N
o

. 
n

a
n

o
d

o
m

a
in

s
 /


m
2

N
o

. 
n

a
n

o
d

o
m

a
in

s
 /


m
2

N
o

. 
n

a
n

o
d

o
m

a
in

s
 /


m
2

B

 

Figure 7.3 Display of receptors and other endocytic elements in GBA deficiency. Brain ECs were incubated at 37 °C 

with 10 ng/mL TNFα (overnight treatment) and 200 µM CBE (72 h treatment) to simulate GBA deficiency, or 10 

ng/mL TNFα (overnight treatment) alone as GBA-normal control. (A) Representative stimulated emission depletion 
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(STED) microscopy images of cells immunostained for ICAM-1, TfR, or PV1 together with clathrin and caveolin-1 

(top). (B) Quantification of nanodomain density for the different markers stated above. Each dot represents the 

average nanodomain density per cell. (*p<0.05, Student’s t-test; n.s. = not significant) (bottom). This experiment 

was performed by Dr Enric Gutierrez Martinez in Prof Maria Garcia-Parajo’s laboratory at the Institute of Catalonia 

for Photonic Sciences (ICFO), Barcelona.  

 

7.2.2. The Effect of GBA Deficiency on NC Transcytosis in Brain ECs 

Due to the pathological similarities between GD and NPD, both showing aberrant accumulation 

of undegraded lipids in lysosomes, and given the results obtained for NPD in Chapter 6 showing 

that binding and uptake were mostly governed by the stark differences in receptor expression 

levels in spite of little pathology-specific changes, the focus for GD was directly set on transcytosis 

of NCs targeted to these three routes to identify the most suitable pathway for ERT in GD. A GBA-

deficient BBB model was used to study the specific effect of GBA deficiency on NC transcytosis 

via three distinct endocytosis routes, whereas a BBB inflammation model (GBA normal) served 

as a control due to the common association of GD with inflammation531,532 (figure 7.5 and figure 

7.6).  
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Figure 7.5 Transcytosis rates for targeted NCs in GBA-normal vs. GBA-deficient brain ECs. Brain ECs were incubated at 37 °C 
with 10 ng/mL TNFα (overnight treatment) and 200 µM CBE (72 h treatment) to simulate GBA deficiency, or 10 ng/mL TNFα 
(overnight treatment) alone as GBA-normal control. To assess transcytosis, 125I-labelled NCs (v2) were added to the apical 
chamber above cells for a 30-min binding pulse, washed to remove unbound NCs, and cells were further incubated with NC-free 
medium for the indicated chase time. Then, the amount of NCs in the cell and basolateral fractions were measured using a gamma 
counter and expressed as percent of NCs originally bound to cells, illustrating transport rates. (A) Cell association (left) and 
transcytosis (right) of NCs targeted to each route in GBA-normal cells. (B) Transcytosis rates comparing GBA-normal vs. GBA-
deficient cells. (C) Comparative transcytosis of different NCs targeted to each endocytosis route in GBA-deficient cells. Data are 
average ± SEM. Statistics: Student’s t-test, p<0.05, *compared anti-ICAM-1 NCs to anti-TfR NCs (A, C); #compared anti-ICAM-1 
NCs to anti-PV1 (A, C); $compared anti-TfR NCs to anti-PV1 NCs (A, C); *compared GBA-normal to GBA deficiency (B).  
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In the GBA-normal model, all NCs disappeared from cells at comparable rates, with anti-PV1 NCs 

showing a slightly higher cell retention after 24 h with 9.5%, vs. 2.7% and 2.4% cell levels for anti-

ICAM-1 NCs and anti-TfR NCs, respectively (figure 7.5A left). Concomitantly, NCs targeted to 

either pathway appeared progressively in the basolateral chamber at comparable rates around 

50-60% at 24 h, indicating the potential of all NCs tested for transcytosis (figure 7.5A right). In 

terms of absolute number of NCs (figure 7.6), anti-ICAM-1 NCs showed significantly higher levels 

associated with cells compared to anti-TfR NCs and anti-PV1 NCs, with 1.7 x 108 vs. 6.8 x 107 and 

8.7 x 107 NCs/well, respectively, at 0.5 h, and 3.8 x 107 vs. 1.7 x 107 and 1.1 x 107 NCs/well, 

respectively, at 2 h. Whereafter cell retention was relatively similar for all formulations except 

for anti-PV1 NCs which showed slightly higher levels at 24 h compared to anti-TfR NCs (figure 

7.6A). The significantly higher cell retention of anti-ICAM-1 NCs up to 2 h is likely the result of 

significantly more binding compared to anti-TfR NCs and anti-PV1 NCs, as suggested by receptor 

expression levels (figure 7.2) and receptor density (figure 7.3A). Furthermore, the significantly 

higher cell retention of anti-PV1 NCs in GBA-normal cells at 24 h is in line with the lower 

disappearance rate at that time point (figure 7.5A). Whereas this difference manifested itself 

between anti-TfR NCs and anti-PV1 NCs (figure 7.6A), the lower cell retention rates of anti-ICAM-

1 NCs (figure 7.5A) is likely compensated by significantly higher interaction of those NCs with cells 

compared to anti-PV1 NCs (figure 7.6A), leading to comparable total amount of both 

formulations in cells at 24 h (figure 7.6A).  
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Figure 7.6 Absolute numbers of NCs associated with cells and transcytosed in GBA-normal vs. GBA-deficient brain 
ECs. Brain ECs were incubated at 37 °C with 10 ng/mL TNFα (overnight treatment) and 200 µM CBE (72 h treatment) 
to simulate GBA deficiency, or 10 ng/mL TNFα (overnight treatment) alone as GBA-normal control. To assess 
transcytosis, 125I-labelled NCs (v2) were added to the apical chamber for a 30-min binding pulse, washed to remove 
unbound NCs, and further incubated (if applicable) with NC-free medium for indicated chase time. Then, the amount 
of NCs in the cell and basolateral fraction was assessed by radiotracing as total NCs in the indicated fraction. (A) 
Comparison of cell association and transcytosis of NCs targeted to all uptake routes per well in GBA-normal cells. (B) 
Comparison of transcytosis in GBA-normal vs. GBA-deficient cells. (C) Comparison of transcytosis of NCs targeted to 
all routes in GBA-deficient cells. Data are average ± SEM, (p<0.05, Student’s t-test, *comparing anti-ICAM-1 NCs to 
anti-TfR NCs (A, C) *compared GBA-normal to GBA deficiency (B), #compared anti-ICAM-1 NCs to anti-PV1, 
$compared anti-TfR NCs to anti-PV1 NCs.). 

 

The absolute transcytosis of NCs in GBA-normal cells was highest for anti-ICAM-1 NCs compared 

to anti-TfR NCs and anti-PV1 NCs, with 4.3 x 107 vs. 2.0 x 107 and 1.9 x 107 NCs/well, respectively, 

at 2 h and 9.7 x 107 vs. 3.5 x 107 and 4.8 x 107 NCs/well, respectively, at 24 h (figure 7.6A right). 

This result is in line with comparable transcytosis rates for all NCs tested (figure 7.5A) in 

combination with significantly higher ICAM receptor expression (figure 7.2).  

 

Then, the effect of GBA deficiency on NC transcytosis was assessed (figure 7.5B and figure 7.6B). 

GBA deficient cells showed decreased transcytosis rates and total numbers for all NCs, yet to 
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different degrees. For instance, the transcytosis rates of anti-ICAM-1 NCs and anti-PV1 NCs 

significantly decreased at 24 h, whereas anti-TfR rather showed a tendency for decreasing at all 

time points yet was only significant at 5 h (figure 7.5B). In line with these results, the absolute 

amount of transcytosed NCs was also decreased for all NCs tested: e.g., for anti-ICAM-1 NCs and 

anti-PV1 NCs by 54% and 53%, respectively, at 24 h, whereas anti-TfR NCs showed the most 

significant decrease of 50% at 2 h (figure 7.6B).  

 

Ultimately, the transcytosis of all NCs was compared in GBA-deficient cells to identify the most 

suitable route. Transcytosis rates were comparable among all NCs with only little differences 

(figure 7.5C). For instance, the rate for anti-TfR NCs was initially lower and continuously 

approached the rate of anti-ICAM-1 NCs, whereas the rate of anti-PV1 NCs was initially 

comparable to anti-ICAM-1 NCs but saturated earlier. Hence, anti-ICAM-1 NCs showed a higher 

transcytosis rate compared to anti-TfR NCs at 2 h, whereas it showed a significantly higher 

transcytosis rate compared to anti-PV1 NCs at 24 h (figure 7.5C). In terms of absolute levels, anti-

ICAM-1 NCs were transcytosed the most compared to anti-TfR NCs and anti-PV1 NCs, with 2.2 x 

107 vs. 7.9 x 106 and 1.3 x 107 NCs/well, respectively, at 2 h and 2.9 x 107 vs. 1.2 x 107 and 1.5 x 

107 NCs/well, respectively, at 5 h. At 24 h, anti-ICAM-1 NCs were still transcytosed significantly 

more than anti-PV1 NCs, whereas there was only a trend for higher transcytosis compared to 

anti-TfR NCs due to highly variable results for anti-TfR NCs at this time point (figure 7.6C).  

 

Interestingly, GBA deficiency decreased the transcytosis rate and total numbers of all NCs, yet at 

different time points. This might indicate a generic effect of GBA deficiency on transcytosis, yet 

different pathways may react in a specific manner to the pathological alterations. Furthermore, 

there was no specific effect of the decreased caveolin-1 on PV1-mediated transport observed, 

which suggests that either there is still sufficient caveolin-1 available for caveolae-mediated 

endocytosis despite its downregulation, or that anti-PV1 NCs are partly internalised through 

compensating mechanisms, such as via clathrin-mediated endocytosis, as described 

elsewhere533.  
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In conclusion, GBA-deficiency decreased the transcytosis rates of NCs independently from the 

pathway targeted, resulting in comparable transcytosis rates for all NCs, whereas anti-ICAM-1 

NCs showed the highest overall absolute transcytosis, in line with receptor expression, thus 

making this the most promising pathway for ERT across the BBB in GBA deficiency. 

 

7.2.3. The Effect of GBA Deficiency on Binding and Uptake of anti-ICAM-1 NCs in Brain ECs 

Next, to better understand the trafficking results, i.e., the reduction in transcytosis rates and/or 

absolute NCs transcytosed across GBA-deficient brain ECs in spite of unchanged receptor 

expression and density (figures 7.2 and 7.3A), the effect of GBA deficiency on preceding events, 

such as uptake and binding, were assessed. This was investigated focusing on the most promising 

candidate defined above, anti-ICAM-1 NCs.  

 

To synchronise NC uptake and separate this process from binding, GBA-normal and GBA-deficient 

brain ECs were first incubated with anti-ICAM-1 NCs for 30 min at 4 °C to allow for binding without 

uptake. Then, cells were washed to remove non-bound NCs and further incubated at 37 °C, 

allowing for “synchronosed” uptake. The uptake rates of anti-ICAM-1 NCs by GBA-normal and 

GBA-deficient brain ECs were comparable at 15 min with 48% and 50% of all cell-associated NCs 

being internalised, respectively. Uptake increased in both cell models at 30 min, with GBA-

deficient cells showing a tendency for a slightly higher uptake rate. At 60 min, there was a 

significantly higher uptake rate of anti-ICAM-1 NCs by GBA-deficient brain ECs compared to GBA-

normal cell, with 86% compared to 69 % uptake, respectively (figure 7.7A). This result could be 

explained because GBA deficiency results in the accumulation of GlcCer and other phospho- and 

sphingolipids in the detergent-insoluble domains on the plasma membrane507,510,512,513. There are 

three properties of GlcCer that might help to understand the observed increase in CAM-mediated 

endocytosis. Firstly, the accumulation of GlcCer has been shown to increase the release of Ca2+, 

which is shown to be involved in CAM-mediated endocytosis159,534, from the endoplasmatic 

reticulum upon stimulation224. Secondly, GBA deficiency might increase ASM-mediated 

production of ceramide, crucial for CAM-mediated uptake161. This is because both enzymes, GBA 

and ASM, are involved in different pathways for ceramide production535. It can be hypothesised 
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that the downregulation of one of those pathways due to GBA deficiency might result in the 

upregulation of another route, such as the ASM pathway, e.g., by increasing expression of ASM 

or inducing of ASM enzyme activity. Thirdly, increased GlcCer levels in GBA deficiency have been 

shown to lead to the formation of flexible structures that protrude from model membranes511 

and to facilitate the formation of membrane nanotubes in macrophages509. Interestingly, similar 

tubular protrusions have been observed at engulfment sites for CAM-mediated 

endocytosis161,388. Thus, a GlcCer-facilitated formation of membrane protrusions in GBA deficient 

cells might aid cargo engulfment and endocytosis.  

Nevertheless, since the increased uptake was contradictory to the observed decreased 

transcytosis of anti-ICAM-1 NCs (figures 7.5B and 7.6B), NC binding was also compared for GBA-

normal vs. GBA-deficient cells to infer whether this parameter may be altered and, thus, render 

a different transport outcome. To this end, GBA-normal or GBA-deficient cells were fixed with 

PFA to preclude NC uptake, yet allow for binding, and then incubated for 30 min with anti-ICAM-

1 NCs. However, the amount of anti-ICAM-1 NCs bound to cells did not differ depending on GBA 

deficiency (figure 7.7B), in line with the lack of an effect of GBA deficiency on ICAM-1 expression 

(figure 7.2) or nanodomain display (figure 7.3A). 
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Figure 7.7 Effect of GBA deficiency on binding and uptake of anti-ICAM-1 NCs by brain ECs. Brain ECs were 

incubated at 37 °C with 10 ng/mL TNFα (overnight treatment) and 200 µM CBE (72 h treatment) to simulate GBA 

deficiency, or 10 ng/mL TNFα (overnight treatment) alone as GBA-normal control. (A-B) Cells were incubated with 

FITC-labelled anti-ICAM-1 NCs (v2) at 4°C for 30 min to allow for binding without uptake. Then, cells were washed to 

remove unbound NCs and further incubated at 37°C in NC-free medium to enable NC uptake up to the indicated 

times. Then, cells were fixed and immunostained with red-labelled secondary antibody to distinguish between cell-

bound (green + red = yellow, open arrows) and intracellular (only green, arrows) NCs by fluorescence microscopy 

and quantify the percentage of internalized NCs from all cell-associated ones. (A) Representative images at 60 min, 

scale bar = 10 μm, (B) quantification of percent internalisation. (C) Cells were fixed with PFA to preclude uptake and 

then incubated with 125I-labelled anti-ICAM-1 NCs (v2) for 30 min at 37 °C to allow for binding without uptake.  Then, 

cells were washed to remove unbound NCs and analysed using a gamma counter to quantify the number of NCs per 

well. Data are average ± SEM. (*p<0.05, Student’s t-test, n.s. = not significant). 

 

In conclusion, GBA deficiency did not affect the binding of anti-ICAM-1 NCs to brain ECs, expected 

because of similar ICAM expression (figure 7.2) and number of nanodomains (figure 7.3A), 

whereas it significantly increased NC uptake by brain ECs, which is in contradiction with the 

observed decay in transcytosis. 
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7.2.4. The Effect of GBA Deficiency on ICAM-1 Lateral Mobility and Interaction with NCs in 

Brain ECs 

We then sought to investigate the discrepancy encountered. As said, GBA deficiency is known to 

change the lipid composition of the plasma membrane due to the accumulation of GlcCer and 

other sphingolipids507,510,512,513. Given the importance of plasma membrane composition for its 

fluidity, vesicle formation and thus, endocytosis, changes in lipid composition might play a role 

in the increased NC uptake. To this end, using super resolution microscopy and total internal 

reflection (TIRF) microscopy, the mobility of ICAM-1 was assessed in GBA-normal and GBA-

deficient brain ECs in the presence and absence of anti-ICAM-1 NCs. This was performed by Dr. 

Enric Gutierrez Martinez in Prof. Maria Garcia-Parajo’s laboratory at the Institute of Catalonia for 

Photonic Sciences (ICFO), Barcelona.  

In the absence of anti-ICAM-1 NCs, ICAM-1 lateral mobility was significantly increased in GBA-

deficient cells compared to GBA-normal cells (figure 7.8A-B), in line with an observed decreased 

immobile fraction (figure 7.8C). On the other hand, GBA deficiency increased the fraction of 

confined ICAM-1 following the addition of anti-ICAM-1 NCs (figure 7.8D). 

A B

C D

CBE- CBE+

ICAM-1 ICAM-12 m 2 m

 

Figure 7.8 Lateral ICAM-1 diffusion on the plasmalemma of brain ECs and NC-driven effects. Brain ECs were 
incubated at 37 °C with 10 ng/mL TNFα (overnight treatment) and 200 µM CBE (72 h treatment) to simulate GBA 
deficiency, or 10 ng/mL TNFα (overnight treatment) alone as a GBA-normal control. Then, cells were incubated with 
biotynilated Ab against ICAM-1, washed to remove unbound Ab, followed by the addition of streptadivin conjugated 
quantum dot (QD)-633 and washed to remove unbound materials. Subsequently, cells were incubated or not with 
anti-ICAM-1 NCs (containing HAse as a model enzyme) for a 5-min binding pulse, washed to remove unbound NCs, 
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and analysed by TIRF microscopy. (A) Representative images of cells, where inserts show the projections of individual 
receptor trajectories. Scale bar microscopy picture = 5 µm, scale bar insert = 2 µm. (B) Histogram of immediate 
diffusion coefficients of individual receptor trajectories. Dashed line = threshold below which receptors are 
considered immobile, based on the calculated diffusion of QDs fixed on glass (97% immobilised QDs are below 
threshold). (C) Frequency of the immobile fraction in the absence and presence of NCs. (D) Frequency of the moment 
scale spectrum (MMS) slopes calculated from the immediate diffusion coefficients in the mobile fraction in the 
absence or presence of NCs (<0.2 = confined, 0.2-0.5 = subdiffusive, >0.5 = free). Dots represent individual cells. This 
experiment was performed by Dr Enric Gutierrez Martinez in Prof Maria Garcia-Parajo’s laboratory at the Institute 
of Catalonia for Photonic Sciences (ICFO), Barcelona.   

The increased mobility of ICAM-1 in GBA deficiency was unexpected due to the increased order 

of membrane caused by GlcCer accumulation510,511, lowering membrane fluidity and thus 

decreasing receptor mobility. Nevertheless, ICAM-1 mobility might be increased through the 

interaction with other membrane constituents, namely tetraspanins. Tetraspanins are a family 

of transmembrane proteins crucial for the organisation of membrane microdomains enriched in 

tetraspanins that govern a myriad of cellular processes such as adhesion, endocytosis, and cell-

cell fusion536. Although there is not yet any evidence for the direct interaction with membrane 

lipids, ICAM-1 colocalises with tetraspanins under inflammation conditions in tetraspanin-

enriched microdomains, so called endothelial adhesive platforms, an organisational change 

independent of receptor activation537,538. Different interactions between lipids and tetraspanins 

have been described. For instance, tetraspanin-enriched microdomains associate with and 

depend on cholesterol539–542, with tetraspanin CD9 showing increased lateral mobility under 

increased membrane cholesterol levels543. Furthermore, tetraspanins also interact with 

gangliosides with implications for their function, organisation, and mobility on the membrane544–

548. Tetraspanin CD82 increases its lateral mobility under ganglioside depletion, whereas 

tetraspanins CD9 and CD81 are unaffected548. Generally, plasma lipid homeostasis is disturbed in 

GBA deficiency far beyond the original aberrant accumulation of GlcCer, with yet mostly 

unknown consequences. For example, GlcCer accumulation results in the secondary 

accumulation of other lipids such as ceramides507,512, phosphatidylglycerol507, and 

cholesterol515,549. Furthermore, ganglioside GM3 is highly elevated in plasma of GD patients550. 

Taken together, given the ample changes in lipid composition in GBA-deficient cells, the known 

interaction of ICAM-1 with tetraspanins, and the interaction of tetraspanins with several plasma 

membrane lipids whose membrane concentrations are affected by GBA deficiency, an effect of 

GBA deficiency on ICAM-1 lateral diffusion is likely mediated through tetraspanins. Interestingly, 
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tetraspanin CD9, whose lateral mobility is increased by cholesterol accumulation543 such as in 

GBA deficiency515,549, is a key regulator of ICAM-1 clustering538. Yet whether the lateral mobility 

of ICAM-1 is in fact modulated through tetraspanins and the secondary accumulation of 

membrane lipids in a cellular model remain unknown and should be subject to further 

investigation.  

Furthermore, the increased confinement of ICAM-1 is likely the result of an increased total 

number of receptors engaged with NCs. A higher number of ICAM-1 molecules can be engaged 

in two ways; firstly, by an increase in the total number of NCs per cell and secondly, by an 

increased interaction of ICAM-1 molecules per NC. Given the equal total binding of NCs to GBA-

deficient and GBA-normal cells (figure 7.7B), which excludes the first explanation, the total 

number of ICAM-1 interacting with the same NC is likely increased by the increased lateral 

mobility observed for ICAM-1 in GBA deficiency. This might be because given the usually more 

confined nature of ICAM-1 (figure 7.8A-B), only a restricted number of ICAM-1 molecules can be 

accessible to a single NC interacting through its Ab coat. Due to the increased lateral mobility of 

ICAM-1 in GBA-deficient cells (figure 7.8A-B) each ICAM-1 molecule on average can travel greater 

distances and, thus, cover a bigger surface area on the cell which would lead to a generally 

greater engagement of ICAM-1 molecules with the same total number of NCs (figure 7.8D). 

Furthermore, anti-ICAM-1 NCs with higher valency, thus able to engage with more ICAM-1 

molecules per particle, show higher downstream signalling and subsequent uptake149. Similarly, 

a higher total engagement of ICAM-1 molecules per NC, as seen by the increased receptor 

confinement, are in line with the observed increased uptake in GBA-deficient cells (figure 7.7A).  

In conclusion, the increased lateral mobility of ICAM-1 in GBA-deficient brain ECs is possibly the 

result of a lipid-mediated increased lateral mobility of tetraspanins, e.g., tetraspanin CD9 with 

which ICAM-1 associates, and likely results in greater engagement of ICAM-1 with anti-ICAM-1 

NCs, explaining the observed increase in confined receptors, thereby increasing downstream 

signalling and ultimately uptake, in line with aforementioned findings.  
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7.2.5. The effect of GBA Deficiency on Lysosomal Trafficking and Reuptake 

As described in other chapters, the lysosome is a prominent intracellular destination for NC 

trafficking and a prominent alternative route to transcytosis. GBA deficiency was shown to 

decrease transcytosis via all pathways comparably, with anti-ICAM-1 NCs being the most 

promising given its higher number of NCs transcytosed. Surprisingly, GBA deficiency increased 

endocytosis of anti-ICAM-1 NCs, likely mediated by GlcCer accumulation and/or increased ICAM-

1 lateral mobility, whereas it did not affect the total binding. Given these seemingly incongruent 

results, the effect of GBA deficiency on lysosomal trafficking as a prominent alternative 

destination was assessed.  

 

To this end, using confocal microscopy, the colocalisation of red-fluorescent dextran-stained 

lysosomes with green-fluorescent anti-ICAM-1 NCs was assessed at different time points (figure 

7.9). Lysosomal trafficking was significantly higher in GBA-deficient cells compared to GBA-

normal cells at all time points tested, increasing trafficking by 1.5-, 3.6-, 1.8-, 2.0-, and 1.5-fold at 

0.5 h, 1 h, 3 h, 5 h, and 24 h, respectively. Using regression, GBA deficiency was found to decrease 

the trafficking half-time more than 2-fold, from 3.4 h to 1.5 h (figure 7.9). 
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Figure 7.9 Lysosomal trafficking of anti-ICAM-1 NCs in GBA-normal vs. GBA-deficient brain ECs. Brain ECs were 
incubated at 37 °C with 10 ng/mL TNFα (overnight treatment) and 200 µM CBE (72 h treatment) to simulate GBA 
deficiency, or 10 ng/mL TNFα (overnight treatment) alone as GBA-normal control. Prior to the incubation with NCs, 
lysosomes were stained with 0.5 mg/mL 10 kDa Texas Red dextran, washed to remove extracellular dextran, and 
further incubated to allow for complete lysosomal trafficking of dextran. Then, cells were incubated with FITC-
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labelled anti-ICAM-1 NCs (v2), washed to remove non-bound NCs, and further incubated (if applicable) in NC-free 
cell medium up to 24 h. At chase, cells were fixed and analysed by fluorescent microscopy. Lysosomal trafficking was 
determined by colocalisation of green NCs with red lysosomes (green + red = yellow). Data are shown as average ± 
SEM. Statistics: Student’s t-test, *p<0.05.  

This increase suggests a change in cargo trafficking from transcytosis towards predominant 

lysosomal trafficking. Similar changes in intracellular trafficking have been described in GBA-

deficient fibroblasts and macrophages, where lactosylceramide, a substrate that is usually 

targeted to the Golgi apparatus upon endocytosis, was shown to be mistargeted to 

lysosomes515,551. The mechanism by which GBA deficiency induces a changed intracellular 

trafficking remain unknown, but was shown to be dose dependent515. Furthermore, altered 

intracellular trafficking of cargo has also been shown as a result of sphingomyelin accumulation 

in ASM deficiency (see Chapter 6). Thus, it is possible that there is an underlying mechanism that 

affects trafficking due to the accumulation of several types of membrane lipids, or the observed 

effect is not induced by GlcCer itself but other membrane lipids that also accumulate in both, GD, 

and PD. For example, both GBA deficiency and ASM deficiency, lead to the secondary 

accumulation of different membrane lipids including cholesterol515,549, whose altered membrane 

concentrations, excess or depletion, have also been shown to result in predominant lysosomal 

trafficking of cargo552. 

 

Additionally, since there is a strong likelihood that NCs can undergo reuptake due to incomplete 

or slow detachment from the basolateral side of cells after transcytosis (see Chapter 5), the effect 

of GBA deficiency on the uptake of anti-ICAM-1 NCs from the basolateral side of brain ECs was 

assessed (figure 7.10). This was significantly quicker in GBA-deficient compared to GBA-normal 

cells (figure 7.10), with 61.3% vs. 26.2% at 0.5 h and 95.7% and 82.8% at 5 h, respectively.  
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Figure 7.10 Internalisation of anti-ICAM-1 NCs from the basolateral side of GBA-normal vs. GBA-deficient brain 
ECs. Brain ECs were incubated at 37 °C with 10 ng/mL TNFα (overnight treatment) and 200 µM CBE (72 h treatment) 
to simulate GBA deficiency, or 10 ng/mL TNFα (overnight treatment) alone as GBA-normal control.  Then, cells were 
incubated with FITC-labelled anti-ICAM-1 NCs (v2) for a 30-min binding pulse, washed to remove non-bound NCs, 
fixed, and counterstained with red secondary Ab to distinguish between intracellular (green only) and cell-bound 
(green + red = yellow) NCs. Analysis by fluorescence microscopy. Data are average ± SEM. (*p<0.05, Student’s t-test).  

These findings are comparable to the findings of the increased uptake of anti-ICAM-1 NCs from 

the apical side of the cell (figure 7.7A), indicating that the mechanism by which CAM-mediated 

endocytosis is increased in GBA deficiency operates similarly on both apical and basolateral sides 

of brain ECs (see section 7.2.4 and 7.2.5). It can be hypothesised that the same mechanisms 

governing the increase of CAM-mediated endocytosis from the apical and the basolateral side 

would also increase the reuptake of transcytosed NCs with subsequent lysosomal trafficking, 

further increasing cellular retainment of NCs (figure 7.11). This hypothesis would be in line with 

the overall increased lysosomal trafficking of anti-ICAM-1 NCs in GBA-deficient cells (figure 7.9). 

Although the exact lysosomal trafficking route that is affected in GBA-deficient brain ECs, apical-

to-lysosome, or basolateral-to-lysosome, cannot be distinguished from results shown in the 

present work, the overall increase in lysosomal trafficking of anti-ICAM-1 NCs in GBA-deficient 

cells offers a satisfactory explanation for the decreased transcytosis rate despite the increased 

uptake rate of anti-ICAM-1 NCs in GBA-deficient brain ECs.  

In conclusion, these results show that GBA deficiency significantly increases lysosomal trafficking, 

absolute and rate, and thus cellular retention of the NCs.  
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Figure 7.11 Model for the effects of GBA deficiency on anti-ICAM-1 NC transport by brain ECs. GBA-deficiency did 
not affect the binding of anti-ICAM-1 NCs to brain ECs, whereas the NC uptake was significantly increased. 
Furthermore, NC transcytosis was significantly decreased under disease conditions in favour of a significantly 
increased lysosomal trafficking. Interestingly, NC uptake was also significantly faster from the BL side of cells, 
probably facilitating reuptake following transcytosis, which would be in line with decreased transcytosis and 
increased lysosomal trafficking.  

 

7.3.  Conclusion 

Nanomedicine offers an interesting alternative for ERT in GD patients with neuronopathic 

symptoms, for which effective treatment is currently lacking, and some PD patients may also 

benefit from this strategy. Nevertheless, disease-specific alterations on the cellular level might 

affect the transport machinery and alter NC trafficking. Therefore, a more detailed understanding 

of GBA deficiency pathology and its effects on receptor-mediated transport are paramount 

towards the development of therapeutic NCs for these diseases. Using a chemically induced GBA 

deficiency BBB model, the transport of NCs targeted to different pathways was tested and found 

to be reduced, and anti-ICAM-1 NCs were identified as the best option given the highest number 

of NCs crossing the barrier via this means. Focussing on this promising candidate, GBA deficiency 

was shown to increase NC uptake, likely due to GBA deficiency-related changes to cell 

morphology and signalling and/or an increased receptor-NC engagement brought about by an 

increased lateral mobility of ICAM-1 under this disease condition. Furthermore, a shift from 

transcytosis to predominant lysosomal trafficking was observed in GBA deficiency, explaining the 
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decreased transcytosis despite the increased endocytosis (see figure 7.11). Interestingly, anti-

ICAM-1 NCs showed increased endocytosis not only from the apical but also from the basolateral 

side of brain ECs, which might further explain the decreased transcytosis and increased lysosomal 

trafficking due to a facilitated reuptake of transcytosed NCs with subsequent lysosomal 

trafficking. The present results highlight the importance of disease-specific alterations of cell 

machinery and transport for the development of novel therapeutic NCs. Furthermore, anti-ICAM-

1 NCs were identified as the most promising candidate for the development of ERT for 

neuronopathic GD. 
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Chapter 8: CONCLUDING REMARKS 

8.1. Overall summary 

In summary, this project examined (1) the fabrication and characterisation of NCs suitable to 

target brain ECs to improve therapeutic enzyme delivery and models to address all other 

questions in this dissertation (Chapter 4), (2) the mechanism of CAM-mediated transcytosis with 

a special focus on the effect of targeting valency on lysosomal trafficking and basolateral 

reuptake following transcytosis (Chapter 5), (3) the effect of ASM deficiency on NC transport by 

brain ECs aimed for NPD ERT (Chapter 6), and (4) the effect of GBA deficiency on NC transport by 

brain ECs aimed for GD and perhaps PD ERT (Chapter 7). 

With regards to the fabrication and characterisation of NCs to target brain ECs and deliver 

therapeutic enzymes (Chapter 4), I was able to prepare NCs of around 200 nm diameter with 

favourable physicochemical properties using a clinically relevant material, PLGA. These NCs were 

successfully loaded with a model therapeutic enzyme, HAse, and functionalised with targeting 

Abs, similar to previously described NCs148,171,175,301. Furthermore, PLGA NCs could be loaded with 

therapeutic enzyme in two different ways, via surface adsorption or via encapsulation. All NCs 

delivered significantly more enzyme to relevant target cells compared to free enzyme, thus 

proving the ability of the fabricated NC to not only load but also deliver enzyme, in line with 

results from the literature171,172,174,187,302 Whereas the enzyme loading was significantly higher by 

encapsulation, this loading mode also significantly increased the size of NCs, which might be a 

limiting factor for drug delivery due to size restrictions of certain endocytosis pathways553, such 

as clathrin-mediated endocytosis or caveolae-mediated endocytosis, with 100-200 nm528 and 100 

nm65, respectively. Nevertheless, size restrictions are less of a concern for the CAM-pathway 

which has been reported to endocytose cargo of different sizes up to 5 μm160,161,164. Indeed, 

despite their larger size, PLGA NCs loaded via encapsulation delivered significantly more HAse 

than PLGA NCs loaded via surface adsorption, concluding that that formulation might offer the 

highest therapeutic benefit. Additionally, given the degradation of PLGA NCs by cells324,325, non-

degradable PS NCs were prepared and showed comparable characteristics to PLGA NCs, as 

described elsewhere148,171,175,301. Thus, these formulations were used as models in subsequent 
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transport studies to prevent confounding results arising from NC degradation simultaneous to 

transport. Furthermore, certain NC surface properties could be altered specifically without 

affecting other NC features, such as for the fabrication of three distinct targeting valencies, the 

number of targeting moieties displayed on the surface of a NC, or the selection of non-specific 

coating vs. coatings to target cell-surface markers associated with CAM-, clathrin-, or caveolae-

mediated endocytosis. These model formulations showed specific targeting after iv injection in 

mice, for which their successful fabrication enabled me to study the rest of the questions in the 

present work. NC stability, an important parameter to ensure quality experimental results and 

reproducibility, was found to be good under storage conditions up to 21 days, with only minimal 

changes in size and PDI, verifying earlier findings172,174, as well as under experimental 

physiological-like conditions, also in line with previous results174. These data validated the NCs’ 

aptness for further experimental tests and, thus, provided me with the basis to study the 

remaining questions in the present work. 

With regards to Chapter 5, the data obtained enhanced our understanding of the complex 

interplay between simultaneously happening trafficking events and identified a novel trafficking 

route of targeted NCs in brain EC monolayers using anti-ICAM-1 NCs. Several studies had shown 

the non-linear relationship between cargo avidity and transcytosis across brain ECs, with 

intermediate avidity cargo showing more efficient transcytosis compared to low and high avidity 

cargoes170,375,376,386. Whereas a complex relationship between targeting valency, defining avidity, 

and binding and uptake, transcytosis, and lysosomal trafficking had been seen to play a role170, 

the mechanistic relationship between those trafficking routes remained unknown. In this chapter 

I demonstrated that NC transcytosis and lysosomal trafficking happen simultaneously in brain 

ECs, with the latter showing a direct relationship with targeting valency at early time points. 

Given the retention of high avidity cargo in and around ECs, possibly due to insufficient 

detachment following transcytosis350,370–375,386, the question arose of what might happen to that 

cargo. To address this question, I first confirmed the possibility of binding and uptake of anti-

ICAM-1 NCs from the basolateral side of brain ECs, which showed a slightly increased uptake rate 

compared to apical uptake. Then, I incubated brain EC monolayer with green-fluorescent NCs 

from the apical side and used a red-fluorescent fluid phase marker in the basolateral side to 
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determine reuptake of transcytosed NCs by fluorescence colocalisation. NCs were found to 

undergo reuptake following transcytosis, with high-valency (v3) NCs showing significantly higher 

reuptake rates compared to intermediate-valency (v2) NCs, in line with lower transcytosis 

efficiency for v3 formulations170. To get an idea of the subsequent intracellular trafficking, cells 

were incubated with NCs from the basolateral side of brain ECs. Lysosomal trafficking was shown 

to be quicker from the basolateral side compared to the apical side of cells, suggesting that 

lysosomal degradation is the preferred route following reuptake. Given this “secondary round” 

of lysosomal trafficking, the influence of targeting valency on lysosomal trafficking was assessed 

for a longer period of time. Interestingly, the direct relationship between targeting valency and 

lysosomal trafficking at early time points changed to a bell-shaped relationship at later time 

points. The mechanistic insight into the intricate interplay of concomitant intracellular transport 

events were paramount for understanding results obtained in Chapter 3 and Chapter 4, as 

discussed below.  

Chapter 6 and Chapter 7 data deepened our understanding on the effect of ASM deficiency and 

GBA deficiency on the transport of targeted NCs. ASM deficiency increased the receptor 

expression of ICAM-1 and PV1, whereas TfR was not affected. Furthermore, only the binding of 

anti-ICAM-1 NCs was increased, in line with the increased expression, with no change for the 

other two NCs. On the other hand, the uptake of anti-ICAM-1 NCs was decreased from the apical 

side of cells, probably due to the involvement of ASM in ICAM-1-mediated endocytosis161, which, 

compensated by the increased binding, resulted in comparable levels of intracellular NCs 

compared to control condition. Furthermore, the lysosomal trafficking rate was increased for all 

NCs, in line with similar findings in the literature410,453,454. With regards to transcytosis in ASM 

deficiency, trafficking rates were increased for anti-ICAM-1 NCs and anti-PV1 NCs, whereas anti-

TfR NCs were unaffected. Interestingly, the uptake of anti-ICAM-1 NCs was also decreased from 

the basolateral side of cells, probably decreasing reuptake, and thus offering a possible 

explanation for the observed increase in transcytosis rate. Furthermore, the transcytosis efficacy 

was either decreased or not affected in ASM deficiency, with anti-ICAM-1 NCs showing the most 

promising results of all NCs tested due to the highest total number of NCs transcytosed, offering 

the best drug delivery across the BBB in that condition.  
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Based on the knowledge that stark differences in receptor expression governed transcytosis 

efficiency in ASM deficiency, independently from other more subtle disease-specific alterations, 

the receptor expression in GBA deficiency was first assessed and found to slightly increase ICAM-

1 expression, whereas it did not change TfR or PV1 expression. Then, the transcytosis efficiency 

was directly assessed and found to be decreased in GBA deficiency for all NCs, with anti-ICAM-1 

NCs again showing the highest absolute transcytosis, making it the most promising candidate for 

drug delivery in that condition. This is why anti-ICAM-1 NCs were chosen to further investigate 

and better understand the specific effects of GBA deficiency on NC transport. Interesting, in 

contrary to ASM deficiency, the uptake of anti-ICAM-1 NCs was significantly increased in GBA 

deficiency, whereas the binding was not affected. Furthermore, the receptor mobility was found 

to be increased, which might increase the interaction between NCs and receptors, possibly 

explaining the observed increased uptake. Furthermore, the lysosomal trafficking rate was found 

to be significantly increased, such as already observed in ASM deficiency, offering a possible 

explanation for the decreased transcytosis efficiency. Interestingly, not only the uptake from the 

apical but also from the basolateral side of cells was found to be increased, suggesting an 

increased reuptake of NCs in GBA deficiency, thus offering an additional explanation for the 

observed decreased transcytosis efficiency.  

The common increased lysosomal trafficking rate for all NCs observed in ASM deficiency as well 

as GBA deficiency might be explained by common effectors in both diseases. One example is 

ceramide, the hydrophobic backbone of all complex sphingolipids554, which is produced by both 

enzymes (figure 1.5). The deficient ceramide levels might either have a direct effect on lysosomal 

trafficking or by disturbing the synthesis of other sphingolipids. Furthermore, decreased 

ceramide levels might also stimulate complementary ceramide synthesis pathways. For instance, 

the salvage pathway uses sphingolipids from the plasma membrane to produce ceramide in late 

endosomes and lysosomes535, which might explain the increased lysosomal trafficking observed 

in both LSDs. Another example is cholesterol, whose secondary accumulation has been observed 

in both diseases212,515,549, which may contribute to increased lysosomal trafficking552. Unlike 

common findings on lysosomal transport, NC endocytosis and transcytosis of anti-ICAM-1 NCs 

were affected differently by both enzyme deficiencies. Counterintuitively, ASM deficiency 
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increased the transcytosis rate despite the observed decrease in endocytosis rate, whereas GBA 

deficiency decreased the transcytosis rate despite the observed increase in endocytosis rate. 

Importantly, both enzyme deficiencies altered the uptake rates at both sides of the cell, thus 

altering internalisation and reuptake alike. Hence, the decreased reuptake in ASM deficiency 

might explain the increased transcytosis rate, and vice versa for GBA deficiency.  

 

Ultimately, this study highlights the importance of understanding the intricate interplay of 

different trafficking routes, the effect of NC properties as such as targeting valency on the 

interaction with cells, and specific disease effects on NC trafficking to guide the development of 

novel effective nanotherapeutics.  

8.2. Current limitations and future steps  

Results in the present work pose several open questions that could give rise to further 

experimental work in continuation to the present dissertation. 

For instance, the present results have important implications for the development of a NC for the 

successful delivery of ERT into the CNS of patients with neuronopathic GD or NPD, who currently 

lack adequate treatment. For this study, ASM- and GBA-deficiency were chemically induced using 

imipramine and CBE, respectively. Although these models might not represent all pathological 

mechanisms of NPD and GD accurately, it offers a tuneable and reproducible disease model in 

terms of the enzyme activity reduction and substrate accumulation, adequate for an initial proof-

of-concept study such as performed in the present investigation. For instance, one published 

study chose the chemically-induced GBA deficiency model over patient material to study the 

effect of glycosphingolipid accumulation on intracellular trafficking due to the lack of aberrant 

trafficking in GD patient macrophages, in which they were interested515. However, taking the 

example of GD, despite CBE being a standard drug for the induction of GBA deficiency, a broad 

spectrum of treatments has been used in research, e.g. in mice with concentrations ranging from 

50 µM to 100 mM and incubation times between 2 h and 60 days520. These parameters likely 

influence the kinetics of substrate accumulation and, therefore, the downstream effects. 

Illustrating this, in vivo findings from a Fabry mouse model showed that substrate accumulation 
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was not a static process but changed over time, highlighting the importance of the treatment 

protocol555. Due to this, this study would benefit from future validation using other GD and NPD 

models. For instance, genetic mutations either introduced into healthy cells or by using patient 

cells or tissue could represent interesting alternatives. Whereas introducing genetic mutations 

into healthy cells by cloning might also inflict other relevant unwanted changes, using patient 

derived cells might be more representative regarding disease. Nevertheless, easily obtainable 

samples such as commonly used patient’s fibroblasts187,288,508,515,556,289,301,326,409,427,482,484,485 might 

have little relevance regarding GD or NPD neuropathology. Additionally, disease severity and 

residual enzyme activity can drastically vary among different mutations and patients557, for which 

different patient-derived models might also result in high variability. In addition, pluripotent stem 

cells (iPS) have proven a valuable model that has increasingly gained attention in LDS research in 

recent years. This is because of their patient origin, them carrying relevant mutations, and their 

theoretical versatility to enable differentiation into any cell type, such as brain ECs or neurons, 

making this the most accurate model to study NC transport across the BBB558. Nevertheless, the 

high cost and lengthy protocols associated to working with iPS cells were outside the scope of 

the present work, but definitely deserve attention in the future.  

Another limitation concerns NC targeting to PV1. PV1 is a EC-specific structural protein essential 

for the formation of endothelial diaphragms, e.g. at the neck of caveolae559. Therefore, PV1 

targeting could theoretically provide specific targeting and transport via caveolae-mediated 

endocytosis560,561. Yet, caveolae-mediated transport is speculated not to play a role in healthy 

brain endothelium due to its specific downregulation via the expression of the Mfsd2a, 

specifically expressed in BBB-containing blood vessels562,563. Mfsd2a is a lipid transporter, likely a 

flippase563,564, situated at the apical side of brain ECs which transports the essential omega-3 fatty 

acid docosahexaenoic acid (DHA)565. It is hypothesised that Mfsd2a increases the levels of DHA, 

known to disrupt caveolae in brain ECs566, on the inner leaflet of brain EC’s membranes, thereby 

dispersing cholesterol and caveolin-1, essential structural molecules for caveolae, consequently 

inhibiting their formation563, with unknown consequences for PV1 and PV1 targeting. In caveolin-

1 knock-out mice, an increased clathrin- and dynamin-independent internalisation and lysosomal 

degradation of PV1 has been seen in the lungs567. Importantly, neither the transcription nor the 
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translation of PV1 was affected in this scenario567. These results suggest how the lack of 

structures to form diaphragms decreases the localisation of PV1 at the cell membrane and 

favours its internalisation and lysosomal degradation567. Thus, the dispersion of cholesterol and 

caveolin-1 by DHA in healthy brain ECs might have similar effects on PV1. Nevertheless, this new 

potential equilibrium of PV1 expression and increased turnover might provide another targeting 

strategy to lysosomes, yet it is unlikely to provide efficient transcytosis given the physiological 

underlying mechanism of PV1 removal from the cell surface due to lack of function. Importantly, 

although foetal bovine serum (FBS) contains relatively high levels of more than 1% DHA568 as 

compared to most other sera, it only provides less than 5% of different essential fatty acids such 

as DHA available to cells in the body at medium a concentration of 10%569, as used in the present 

work. Therefore, it is possible that DHA levels present in the complete cell medium are not 

sufficient for proper inhibition of caveolae-mediated transport by Mfsd2a, which is why DHA 

should be considered to be supplemented in further studies. On the other hand, in the diseased 

brain, e.g. as a result of ischemic stroke, caveolae transport shows increased activity through a 

yet unknown mechanism84,570, yet not much is known about the status of caveolae-mediated 

transport at the BBB in neuronopathic LSDs which might be altered, too, given the disease-

associated neurologic injury, probably activating caveolae-mediated transport and thus enabling 

drug targeting via this pathway. Thus, further investigation is needed to assess the status of 

caveolae-mediated transport in LSDs to evaluate the possibility of targeting this pathway for ERT 

of neuronopathic symptoms of LSDs.  

With respect to future steps, the results obtained in vitro comparing the three endocytosis 

pathways, identifying the CAM-mediated pathway as the most promising for ERT in 

neuronopathic LSD, should be verified in a more relevant model such as in vivo in mice. There are 

several important differences between studying NC transport in vitro such as in the present work 

or in vivo. Firstly, the general conditions for targeting differ in e.g., static incubation vs. flow/shear 

stress in the general circulation and lower serum levels complete cell medium than blood. 

Furthermore, the presence of different cell types will affect targeting on the one hand by quickly 

altering NC concentrations in blood through e.g., clearance by macrophages, or by changing the 

behaviour of the target cell through complex interactions with other cells such as astrocytes or 
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pericytes. This is why in vivo experiments give crucial information about biodistribution, 

important for therapeutic efficacy, which cannot be obtained using in vitro models.  

Secondly, the understanding of the current results should be deepened by performing additional 

experiments with the current in vitro models. The intracellular trafficking of NCs targeted to all 

three pathways and the state of their cellular machinery should be completed for both diseases 

to gain a better understanding of the disease specific effects of LSDs on NC transport. As for the 

increased lateral mobility of ICAM-1 in GBA deficiency, the literature supports the idea that 

tetraspanins are the mediator between the lipid accumulation and the increased mobility of the 

receptor. To verify this hypothesis, cells should be treated with CBE to induce GBA deficiency and 

thus lipid accumulation, yet without TNFα-activation to preclude the association of ICAM-1 with 

tetraspanins such as CD9. A lack of increased lateral mobility would support the involvement of 

tetraspanins, which could additionally be tested by further colocalisation studies. As for the 

results on anti-ICAM-1 NCs in GBA deficient cells, the mediator(s) responsible for the increased 

uptake should be identified. To this end, cellular ceramide levels in GBA-normal vs. GBA-deficient 

cells could be quantified by mass spectrometry to assess whether there might be a general 

increase or visualised using anti-ceramide Ab to verify local accumulation around endocytosis 

sites. Alternatively, it could be assessed whether GlcCer has a direct effect on NC endocytosis by 

inhibiting the enzyme, GSC, that produces GlcCer from ceramide (figure 1.5). To this end, the 

uptake of anti-ICAM-1 NCs cells could be studied with and without a specific GSC inhibitor. A 

decreased uptake would suggest the direct involvement of GlcCer in CAM-mediated uptake, 

which could then further be corroborated by assessing the colocalisation of GCS with anti-ICAM 

NCs, such as has been done for ASM161. 

Thirdly, based on the present results, NC formulations could be further optimised to achieve 

maximum drug delivery. To this end, the delivery of therapeutic enzyme into and across healthy 

and diseased BBB models could be assessed for targeted PLGA NCs loaded via encapsulation or 

surface coating to elucidate the best loading method for drug delivery. Furthermore, given the 

interesting results in this work and others on the influence of NC targeting valency (Chapter 2) in 

combination with the compelling results on the influence of LSDs (Chapter 3 and Chapter 4) on 

NC trafficking, further studies could assess whether negative effects of disease can be 
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counteracted with altered valency, e.g., increasing the targeting valency, thereby increasing 

uptake, when targeting ASM-deficient cells, showing decreased uptake via the CAM-pathway. In 

this way, the full potential of the present work could be harvested to fine tune NC characteristics 

to improve nanotherapeutic delivery.  

Lastly, some of the current models should be verified or could be improved. For instance, 

although in line with the mistargeting of lactosylceramide to lysosomes453,454,515,551, results from 

this study showing an increased lysosomal trafficking of anti-ICAM NCs should be taken with care 

due to the lysosomal marker used. Dextran, usually trafficked to lysosomes, as verified by Lamp-

1 colocalisation172, where it accumulates due to the cells inability to degrade it172,  get stuck in 

the early endosomal pathway given the accumulation of macromolecules in lysosomes and thus 

not reach the lysosomal compartments. Therefore, the colocalisation of dextran with more 

reliable lysosomal markers such as LAMP-1 should verify the lysosomal trafficking of dextran. 

Furthermore, instead of chemically induced disease models such as used in the present work, 

more relevant patient material could be used to further study  

Furthermore, instead of chemically induced disease models such as used in the present work, 

more relevant patient material could be used to further the effects of LSDs on NC trafficking and 

to verify current results. iPS cells pose a compelling model due to its patient origin carrying 

relevant gene mutations, theoretically enabling to differentiate the iPS cells to any cell type, such 

as brain ECs or neurons, making this the most accurate model to study NC transport across the 

BBB558. 

Alternatively, more realistic in vitro models such as microfluidic chips allowing for shear stress 

and co-cultures with different BBB cell types such as ACs, PVs, and/or neurons might allow for 

more realistic cellular architecture and therefore be a valuable tools to improve on the currently 

used systems.  

 

8.3. Final conclusions 

1. Targeted NCs were prepared from clinically relevant PLGA or non-degradable PS as a 

model for transport studies, capable of loading therapeutic enzyme via encapsulation or 
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surface coating. Targeting valencies and targeted receptor were varied without affecting 

other physicochemical properties (size, PDI, ζ-potential), allowing the study the effects of 

these targeting properties on NC trafficking.  

 

2. ICAM-1 targeted NCs delivered a model therapeutic enzyme, HAse, to brain ECs in vitro, 

increasing the amount of enzyme delivered intracellularly compared to non-targeted 

enzyme. These NCs penetrate the brain in vivo in a mouse model, while providing 

peripheral targeting to other organs such as the lungs, which is required for LSD 

treatment, thus representing a promising strategy.  

 
3. ICAM-1 targeted NCs were found to traffic from the apical side to both lysosomes and 

transcytosis in brain ECs in vitro. Then, a fraction of NCs was re-internalized from the 

basolateral side after transcytosis, which could also traffic to lysosomes.  

 
4. Both basolateral re-internalisation as well as lysosomal trafficking of ICAM-1 targeted NCs  

depended directly on NC targeting valency. The simultaneous influence of apical and 

basolateral events caused the overall bell-shape dependency of transcytosis and inverted 

bell-shape curve of lysosomal trafficking on NC valency, previously observed, and verified 

here, where NCs with intermediate targeting valency offered the most efficient 

transcytosis.  

 
5. ASM deficiency, which associates with NPD, affected the trafficking of NCs targeted to 

ICAM-1, TfR, and PV1 differently, with ICAM-1 targeted NCs being the most promising 

candidate to deliver ERT across the BBB due to the overall highest absolute number of 

NCs transcytosed, thus offering the highest potential for drug delivery. 

 
6. GBA deficiency, which associates with GD and PD, decreased the transcytosis of NCs 

targeted to ICAM-1, TfR, and PV1 across brain ECs, with anti-ICAM-1 NCs being delivered 

in highest absolute levels, offering the highest potential for ERT delivery into the GD brain. 
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7. ASM deficiency increased the transcytosis rate of NCs targeted to ICAM-1, whereas GBA 

deficiency increased the transcytosis rate of NCs targeted to ICAM-1, which is likely the 

result of a respectively decreased and increased re-internalisation rate.  

 
8. Both ASM deficiency and GBA deficiency increased the trafficking rate of NCs targeted to 

ICAM-1, TfR, and PV1 to lysosomes in brain ECs which can serve to not only deliver ERT 

across but also into the BBB to treat the diseased brain and diseased endothelium alike. 

 
9. A better understanding of the intricate interplay of simultaneous trafficking events at the 

BBB and their alterations in specific pathologies is paramount for the successful 

development of novel nanotherapeutics to treat brain disease.  
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Ethical & Regulatory Compliance  

All experiments described in this document were performed under compliance with all national 

and EU legislation, regulations, and ethical standards. All activities complied with all fundamental 

ethical codes and were regularly assessed and implemented, following the basic ethical principles 

described in the “Charter of Fundamental Rights” of the European Union (EU) (2000/C 364/01, 

www.europarl.europa.eu/charter/default_en.htm). All ethical items relative to research, 

training, and conduct were based on guidelines and procedures in place within Institute for 

Bioengineering of Catalonia (IBEC), Barcelona’s Science Park (PCB), and University of Barcelona 

(UB).   

Cells 

This proposal involved human cells aimed to in vitro tests, including human endothelial cells from 

the umbilical vein and brain microvasculature, as well as astrocytes and pericytes. These cells 

were obtained from commercial vendors, i.e., Innoprot, Cultek and Lonza as described in Section 

3.2. These vendors adhere to all ethical standards when acquiring specimens for their collections, 

which are procured, stored, and distributed according to applicable guidelines and regulations, 

which involve full consent, protection of human subjects and donor anonymity. These cells are 

numerically catalogued, from which the only information available is the type of cell, passage, 

and whether they were from a single donor or pooled from several donors. None of these cells 

were provided with personally-identifiable data, for which this project did not involve human 

subjects.  

Vertebrate animals 

Assays with mice were conducted to test circulation and biodistribution of targeted NCs, the 

status of the BBB permeability, and BBB transport of NCs injected i.v, all shown in Chapter 4. 

These studies were performed under Generalitat de Catalunya Project 11109, registry 

9030/135780/2020, approved on 24/11/2020, which was designed in compliance with the 3R 

principle (Replacement, Reduction, and Refinement), through improvement of methods to 

minimize pain and involving the minimal indispensable number of animals to reach specific goals 

unattainable otherwise. As it can be appreciated from this dissertation, abundant in vitro cellular 

models were implemented to minimize the use of animals. However, the adequacy of the studied 

http://www.europarl.europa.eu/charter/default_en.htm
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NCs to target the BBB in vivo needed to be validated in animal models because this reflects the 

true interplay of the biophysiological factors such as circulation, clearance, body biodistribution, 

brain accumulation, etc. Wildtype C57Bl/6 mice were chosen to be able to compare results from 

this project with previous publications from Muro laboratory, which were based on this species 

and strain. This was also relevant because future studies will aim to compare data obtained in 

this wildtype animal with mice that are well-known models of LSDs, such as the ASM knockout 

mouse. This model is also based on a C57Bl/6 background, which justifies our selection. Mice 

were commercially obtained from Charles Rivers in compliance with all regulatory protocols. A 

total of 5 mice were used per condition, as this was estimated to render statistically significant 

results based on previous experience and statistical analysis. Additionally, similar numbers of 

males and females were used to best represent both sexes, since targeted NCs are aimed to both. 

Animals were housed and monitored and injected in approved PCB facilities. I received formal 

training through the UB course “Curs de Formació del personal usuari d’animals 

d’experimentació per a les funcions de cura, eutanàsia, realizació de procediments, I disseny de 

projectes I procediments (funcions a, b, c i d) en rosegadors i peixos” in 2019 and obtained the 

approval by the Generalitat de Catalunya to manipulate mice under supervision by authorized 

PCB personnel. Animals were injected and kept under anaesthesia with 100 mg/kg ketamine and 

1 mg/kg medetomidine every 30 min for the full procedure and through euthanasia by cervical 

dislocation, under the approved protocol described above. Animals were also regularly 

monitored for appearance of symptoms of pain or distress, and sacrifice at humane times if 

required. According to Annex VIII of the Directive 2010/63/EU of the European Parliament and 

of the Council, the designed procedures in this project were classified as mild to moderate pain. 

All procedures performed were consistent with the recommendations and guidelines of the 

Federation of European Laboratory Animal Science Associations (FELASA).  

Environmental & health safety 

1. Synthesis and use of nanomaterials: Nanocarriers (NCs) composed of PLGA, or polystyrene 

were used. Poystyrene nanoparticles were purchased from PolySciences, while PLGA 

nanoparticles were synthesized and characterized in the laboratory. For this task, I followed the 

Code of Conduct for Responsible Nanosciences and Nanotechnologies Research, following the 
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European Commission Recommendation (07/02/2008). In particular, health, safety and 

environmental measures were adopted, as well as good practices in terms of classification and 

labelling. The Health and Safety Department at IBEC guaranteed the compliance with safety-

related rules in our laboratory.  

The doses used in experiments (approx. 107-1010 particles/ml in cell culture or 1011-1013 

particles/kg of mouse body weight) are to be used. This very small amount of NCs was expected 

not to cause any harm either to the environment or researchers. But still and making use of the 

prevention principle currently applied to nanomaterials, any waste or residue related with the 

nanoparticle experiments was processed with maximal care. NCs were handled mostly in liquid 

form with a few exceptions, and under a chemical hood as much as possible, thus minimizing the 

risk of inhalation. The use of gloves, lab coat and goggles are mandatory in the laboratory and 

further provided protection against the contact of nanomaterials with the skin and eyes. The 

chemical products and solvents used for the fabrication of the NCs were manipulated using the 

same means of protection as those provided for the use of other common chemicals and 

supervised by IBEC.   

2. Ionizing/non-ionizing radiation & chemical hazards: The use of radioactive materials (125I), 

microscopy lasers, and chemical reagents (fixatives, solvents, etc.) may imply health and safety 

concerns, for which adequate safety measures were put in place to avoid or minimize any 

potential risk, guided by institutional authorities ensuring safety compliance. For instance, 

amounts of radioactive materials used are well below the minimum acceptable as safe for human 

health. In fact, the amounts used are officially considered as no radioactive. Nevertheless, 

experiments involving these materials were carried out using designated chemical hoods, shields, 

monitoring equipment, discarding bins, storage units, and PPE. I was required to receive specific 

training to handle radioactive materials, as well as using the adequate means of protection. An 

authorized supervisor (Dr. Agustí Munté, supervisor of IR-PCB) was responsible for ensuring that 

work was performed under good practices guidelines and using adequate safety measures. All 

activities were performed within dedicated and monitored facilities in PCB, which has the 

relevant operating authorisations from the Generalitat de Catalunya and the Spanish Nuclear 
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Security Council (CNS), complying with national legislation regarding radiological working areas 

and radiological protection (Royal Decrees 1836/1999 and 783/2001, respectively).   

All other materials and equipment used in this project fully complied with the respective EU and 

ISO safety standards. Therefore, no further risks were involved during the course of the project.  
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