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ABSTRACT 

ASM deficiency in Niemann-Pick disease type A results in aberrant cellular accumulation of 

sphingomyelin, neuroinflammation, neurodegeneration, and early death. There is no available 

treatment because enzyme replacement therapy cannot surmount the blood-brain barrier (BBB). 

Nanocarriers (NCs) targeted across the BBB via transcytosis might help; yet, whether ASM deficiency 

alters transcytosis remains poorly characterized. We investigated this using model NCs targeted to 

intracellular adhesion molecule-1 (ICAM-1), transferrin receptor (TfR), or plasmalemma vesicle-

associated protein-1 (PV1) in ASM-normal vs. ASM-deficient BBB models. Disease differentially 

changed the expression of all three targets, with ICAM-1 becoming the highest. Apical binding and 

uptake of anti-TfR NCs and anti-PV1 NCs were unaffected by disease, while anti-ICAM-1 NCs had 

increased apical binding and decreased uptake rate, resulting in unchanged intracellular NCs. 

Additionally, anti-ICAM-1 NCs underwent basolateral re-uptake after transcytosis, whose rate was 

decreased by disease, as for apical uptake. Consequently, disease increased the effective transcytosis 

rate for anti-ICAM-1 NCs. Increased transcytosis was also observed for anti-PV1 NCs, while anti-TfR 

NCs remained unaffected. A fraction of each formulation trafficked to endothelial lysosomes. This was 

decreased in disease for anti-ICAM-1 NCs and anti-PV1 NCs, agreeing with opposite transcytosis 

changes, while it increased for anti-TfR NCs. Overall, these variations in receptor expression and NC 

transport resulted in anti-ICAM-1 NCs displaying the highest absolute transcytosis in the disease 

condition. Furthermore, these results revealed that ASM deficiency can differently alter these processes 

depending on the particular target, for which this type of study is key to guide the design of therapeutic 

NCs.  

 

Keywords: drug nanocarriers, blood-brain barrier, receptor-mediated transcytosis, ICAM-1, 

transferrin receptor, PV-1, lysosomal storage disease, ASM deficiency, Niemann-Pick disease type A. 
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1 INTRODUCTION 

Acid sphingomyelinase (ASM) deficiency, historically called Niemann-Pick disease types A or B, 

(NPD, OMIM #257200, #607616)1,2, is a rare genetic disease belonging to the lysosomal storage 

disorders (LSDs) group, which results in aberrant accumulation of undegraded sphingomyelin in 

lysosomes within cells3,4. ASM is a lysosomal enzyme that cleaves sphingomyelin, a major component 

of cell membranes5 and, therefore, crucial for maintaining sphingolipid homeostasis and participating 

in membrane turnover6,7. NPD type B is a debilitating disease affecting visceral organs such as liver, 

lungs, and spleen8–10, whereas NPD type A (herein called NPD for simplicity) additionally affects the 

central nervous system (CNS), leading to rapid neurodegeneration and early mortality before the third 

year of life11–14. Both visceral and neurological manifestations associate with inflammation4. 

Olipudase Alpha, commercialized as Xenpozyme® by Sanofi, is a recombinant ASM product 

administered by intravenous (i.v.) infusion and used for enzyme replacement therapy (ERT), recently 

approved in Japan, Europe, and the US15. As most other lysosomal enzymes, Olipudase Alpha contains 

mannose-6-phophate (M6P) groups and, thus, can enter cells via clathrin-mediated endocytosis upon 

binding to the M6P receptor (M6PR) expressed on most cells of the body16. This drug is indicated for 

visceral forms of the disease where it has demonstrated therapeutic effects15,17. However, as most other 

protein therapeutics, this pharmaceutical cannot cross the blood-brain barrier (BBB) and, therefore, 

cannot be used to treat neuronopathic symptoms18,19.  

Nanomedicine, using nano-sized drug delivery systems called nanocarriers (NCs), offers an interesting 

platform to surmount this obstacle18. Different NCs have been investigated in the context of lysosomal 

ERTs, mostly lipid- and polymer-based nanoparticles, as well as extracellular vesicles20–23. Particularly 

regarding brain delivery of lysosomal ERTs, NC strategies have involved surface-functionalized lipid-

core nanocapsules, surfactant-coated biodegradable nanoparticles, polymersomes, and poly(lactic-co-

glycolide acid) (PLGA) nanoparticles24–31. Out of these studies, it was observed that formulations not 

targeted to endothelial markers associated with transcytosis did not improve brain delivery of 

lysosomal ERTs in animal models24,25, while those targeted to transcytosis pathways did26–31.  

Specifically, formulations resulting in brain delivery of recombinant lysosomal enzymes were those 

targeting intracellular adhesion molecule 1 (ICAM-1), low-density lipoprotein receptor-related protein 

1 (LRP-1), transferrin receptor (TfR), or opioid receptors26–31. ICAM-1 is a transmembrane 

glycoprotein overexpressed in pathologies associated with inflammation, including NPD, which 

associates with the cell adhesion molecule (CAM)-mediated pathway, a clathrin- and caveolae-

independent route32,33. ICAM-1 targeted NCs have been shown to improve delivery of ASM, as well 

as other lysosomal enzymes, in cell cultures and in vivo30,31,34–40. CAM-mediated transcytosis from the 

apical side (AP; circulation side) to the basolateral side (BL; tissue side) of the endothelium, including 

the BBB, has been described both in cellular30,41 and animal models after i.v. injection of ICAM-1-

targeting NCs30,31,36, with intra-arterial administration further increasing brain delivery42. Secondary 

brain targeting can occur when brain inflammation causes anti-ICAM-1 NCs from the lungs to be 

mobilized into the brain by leukocytes43. Regarding TfR, this marker associates with the clathrin-

mediated pathway and has long been studied in the context of trans-BBB drug delivery44–46. LRP-1 has 
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been shown to relate to clathrin-coated pits and also lipid rafts47,48, more classically relevant for 

caveolae-mediated pathways49, and the mechanism mediating transport of NCs targeted to opioid 

receptors via the g7 glycopeptide is not fully characterized50. Instead, a well-established caveolar 

marker is plasmalemma vesicle-associated protein-1 (PV1), also known as Plvap, a protein that resides 

at the neck of caveoli and has been used to target NCs to endothelial cells (ECs)51,52. 

Despite these advances, there is a substantial lack of studies to comparatively examine these trans-BBB 

routes and whether LSDs, particularly ASM-deficiency in NPD, may alter their activity. This is 

plausible because a primary consequence of this disease is sphingomyelin accumulation in lysosomes 

and other cellular membranes53,54. Additionally, secondary accumulation of other lipids, such as 

cholesterol, lyso-sphingomyelin, glycolipids, and gangliosides, has been observed in NPD53,55,56. This 

lipid disbalance causes various pathological manifestations at the cellular level due to their key role on 

normal cell function, including alterations in processes related to membrane trafficking57–61. For 

instance, some cellular models and primary cells derived from patients have shown alterations in 

endocytosis of lipid and protein markers via clathrin-coated pits, caveoli, and macropinocytosis62–65. 

Therefore, to evaluate this question, in this study we used model NCs addressed to each one of the 

three main routes associated with endothelial transcytosis (clathrin-, caveolae-, and CAM-mediated 

pathways) by respectively targeting TfR, PV1, and ICAM-1 in both ASM-normal vs. ASM-deficient 

BBB models. This shall help to determine the effects of NPD on endothelial transcytosis and 

comparatively determine the most promising candidate routes to deliver ERT to the CNS in this 

disease.  

 

2 MATERIALS AND METHODS 

2.1 Antibodies and Reagents 

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

MA, USA), Bio-Spin P-30 Gel Tris Columns were from Bio-Rad (Hercules, CA, USA), L-glutamine, 

4′,6-Diamidino-2-phenylindole (DAPI), and 10 kDa Texas Red dextran were from Fisher Scientific 

(Hampton, NH, USA). Trichloroacetic acid (TCA), bovine serum albumin (BSA), Triton X-100, and 

imipramine hydrochloride were from Sigma Aldrich (St. Louis, MO, USA). RPMI cell medium and 

fluorescent secondary antibodies (Abs) were from Life Technologies (Carlsbad, CA, USA). Anti-VE-

cadherin, Amplex Red Sphingomyelinase kit, and BODIPY-FlC12-sphingomyelin were from Thermo 

Fisher (Waltham, MA, USA). Anti-claudin-5 was from Abcam (Cambridge, UK). Endothelial cell 

growth supplement (EGCS), heparin, and anti-TfR were from Merck (Darmstadt, Germany). 

Polystyrene Fluoresbrite™ beads (0.1 µm, green-fluorescent) were from Polysciences (Warrington, 

PA, USA). Human brain microvascular endothelial cells (HBMECs) were from Innoprot (Derio, 

Spain). Transwell inserts (1.0 μm-pore) were from Corning (NY, USA). Recombinant human tumor 

necrosis alpha (TNFα) was from Novus Biologicals (Littleton, CO, USA). Anti-ICAM-1 Ab was 

produced from hybridoma HB-9580 (ATCC, Manassas, VA, USA). Plasmalemma vesicle associated 
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protein-1 (PV1) Ab was from Antibodies-online (Aachen, Germany). Control mouse IgG was from 

Vitro (Seville, Spain). Paraformaldehyde (PFA) was purchased from Aname (Madrid, Spain).  

2.2 Radiolabeling of antibodies 

Where indicated, Abs were labelled with 125I, as described66. For this purpose, 1 mg/mL Ab was 

incubated for 5 min at 4 °C with 20 μCi 125I using Pierce Iodination Tubes. Then, Bio-Spin Columns 

were used to remove free 125I by centrifugation for 4 min at 1000 x g at room temperature (RT). 125I-

Ab specific activity was then assessed by quantifying the protein content using Bradford assay and 125I 

counts per minute (CPM) using a gamma counter, before and after separating free 125I from the 125I-Ab 

preparation by TCA precipitation and centrifugation, as described66. The specific activity was 

calculated as follows: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝐶𝑃𝑀

𝜇𝑔
) =

𝑅𝑎𝑑𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑢𝑛𝑡𝑠 𝑖𝑛 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (
𝐶𝑃𝑀

𝑚𝑙
) 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝜇𝑔
𝑚𝐿

)
 

 

2.3 Preparation, characterization, and stability of model nanocarriers 

Fluorescent polystyrene beads (0.1 µm) were coated by surface adsorption with Abs, as described30,36. 

Briefly, 7000 µg/mL NCs were mixed for 1 h at RT with 1.5 µM total Ab (1/2 specific Ab + 1/2 non-

specific IgG in the case of targeted NCs, or full amount corresponding to non-specific IgG for control 

NCs), a concentration that favors outward display of Abs67. Preparations where then centrifuged at 

12000 rpm for 3 min to remove non-coated Abs and NC pellets were resuspended in 1% BSA in PBS, 

sonicated, and tested for their hydrodynamic diameter, polydispersity index (PDI), and ζ-potential by 

dynamic light scattering (DLS; Zetasizer Ultra, Malvern Instruments; Westborough, MA). The number 

of Ab molecules per NC was assessed from the 125I-Ab label in NC pellets, as follows:  

𝑨𝒏𝒕𝒊𝒃𝒐𝒅𝒚 (
𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔

𝑵𝑪
) =

𝑪𝑷𝑴 𝒑𝒆𝒍𝒍𝒆𝒕 × 𝑵

𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄 𝒂𝒄𝒊𝒕𝒗𝒊𝒕𝒚 (
𝑪𝑷𝑴

𝝁𝒈 ) × 𝑴𝑾 

𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝑵𝑪𝒔 
 

 

Where, N = Avogadro’s number, Ab MW = 150,000 Da, number of NCs was provided by vendor and 
verified by DLS, and the specific activity was calculated as described in section 2.2.  

Additionally, the stability of the coat was assessed by incubating anti-ICAM-1 NCs for 5 h in complete 
cell medium containing 10% fetal bovine serum (FBS), after which NCs were separated from 
potentially released Ab molecules by centrifugation, followed by quantification in a gamma counter, 
as described above. An additional test to verify the integrity of the NC 125I-Ab coat during 24 h in 
cellular experiments is described in section 2.12. 
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2.4 Cellular blood-brain barrier models  

The sources for HBMECs (hereafter called brain ECs) and all reagents involved in cell culture are 

listed in section 2.1. Cells were grown on 1.0 μm-pore transwell inserts for 7 days at 37°C, 5% CO2, 

and 95% relative humidity in RPMI 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, as described30,36. To 

mimic inflammation, an NPD hallmark4, cells were incubated with 10 ng/mL TNFα overnight prior to 

experiments30,34. To mimic NPD, cells were treated with TNFα (as above) and, additionally, 20 μM 

imipramine for 48 h to induce ASM deficiency and cause aberrant storage of sphingomyelin as in 

NPD68. 

 

2.5 ASM activity 

The Amplex Red Sphingomyelinase kit was used to measure ASM activity, as described62. This test is 

based on incubation of cell lysates with sphingomyelin substrate and a multi-enzyme chain-reaction to 

produce fluorescent resorufin, which is measured using a spectrofluorometer at 571 nm excitation and 

585 nm emission.  

In addition, cells were incubated overnight with BODIPY-FlC12-sphingomyelin to allow it to 

incorporate into cell membranes. This is a fluorescent substrate analogue for ASM and can, thus, be 

used to determine substrate accumulation in cells that are treated with imipramine to become ASM 

deficient. Then, cells were washed in PBS, fixed with 2% PFA, mounted on glass slides, and imaged 

by fluorescence microscopy under the green channel, as indicated34. 

 

2.6 Cell junction staining 

As described30,69, brain ECs were fixed with 2% PFA and incubated at RT with either 3 μg/mL anti-

VE-cadherin for 1 h or 1:50 dilution anti-claudin-5 for 16 h, and then washed in PBS. Samples were 

then incubated for 30 min with 4 μg/mL fluorescent secondary Ab and 2 µg/mL DAPI for nuclear 

staining. Cells were finally washed with PBS, mounted on slides, and imaged using the LSM 800 

confocal microscope and either 63X or 10X objectives, respectively, from Zeiss (Jena, Germany). 

 

2.7 Cell barrier permeability 

As described69, to verify the barrier function, brain EC monolayers were incubated for 30 min (the 

incubation pulse used in transcytosis experiments) with either 125I-Ab NCs or 10 kDa Texas Red 

dextran added on the AP side, so that their leakage to the BL chamber could be determined. 

Alternatively, to further validate the barrier function in experiments aimed to examine NC re-uptake 

after transcytosis, 10 kDa Texas Red dextran was added for 30 min at the BL side. In both cases, the 
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concentration of each of these components was analyzed in both AP and BL sides using a gamma 

counter to detect 125I or a spectrofluorometer to detect Texas Red dextran (excitation/emission 580/604 

nm), respectively. Data were used to calculate the permeability coefficient (Papp) as follows: 

𝑃𝑎𝑝𝑝 =  
𝑑𝑄

𝑑𝑡
𝑥

1

𝐴 𝑥 𝐶0
 

Where, dQ/dt = the amount of apically-added 10 kD Texas Red dextran or NCs (for the number of 

NCs, see section 2.3) present in the BL side as a function of time (mg/s or NCs/s, respectively), A = 

area of the transwell, and C0 = initial concentration of dextran or NCs added to the AP side.   

 

2.8 Receptor expression  

Brain ECs were detached using trypsin, collected by centrifugation, and incubated for 1 h at RT with 

2 µg/mL primary Abs that specifically bind to ICAM-1, TfR, or PV1. Then, cells were washed and 

incubated with Alexa Fluor 488 or Alexa Fluor 405 labeled secondary Abs at 1.5 µg/mL for 30 min. 

Cells were trypsinized before the incubation with Abs because trypsin might also cleave bound Abs 

and, thus, generate artefacts. Cell were then washed and analyzed using the Gallios flow cytometer and 

FlowJo software (Beckman Coulter; Pasadena, CA, USA). As published69, relative expression of cell-

surface markers was calculated as follows:  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
𝑅𝑒𝑐𝑒𝑝𝑡𝑜𝑟 𝑠𝑖𝑔𝑛𝑎𝑙 (𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑛𝑡𝑖𝑏𝑜𝑑𝑦)

𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑖𝑔𝑛𝑎𝑙 (𝑛𝑜𝑛 − 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐼𝑔𝐺)
 

where, Signal = the fraction of the cell population expressing a cell-surface marker multiplied by the 

expression level found (mean fluorescence intensity), to better reflect the relative expression of each 

marker in the full cell population. 

 

2.9 Nanocarrier specific binding to cells 

Brain ECs were incubated for 60 min with green-fluorescent NCs added over the cells. As a note, since 

these binding (section 2.9) and uptake tests (section 2.10) used microscopy analysis, which is less 

sensitive than the radiotracing method used for permeability (section 2.7) and transcytosis tests (section 

2.11), a longer NC incubation time was employed (60 min vs. 30 min). Thereafter, cells were washed 

twice with PBS to remove non-bound NCs, fixed, mounted on slides, and imaged by fluorescence 

microscopy. As described30,70, the number of NCs per cell was assessed using a custom algorithm in 

ImagePro (Media Cybernetics, Rockville, Maryland, USA), which recognizes NC-sized fluorescent 

spots surrounded by background fluorescence. 
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2.10 Cellular uptake of nanocarriers from the apical chamber 

Brain ECs were incubated for 60 min with green-fluorescent NCs at 37 °C added over the cells. Then, 

non-bound NCs were washed off by adding and removing twice 1 ml PBS. Next, cells were fixed and 

then incubated for 30 min with red Alexa Fluor 555-conjugated secondary Ab targeted to the primary 

Ab on the NC surface. This established method30,70 differentially marks cell surface-bound NCs as 

yellow (green + red) vs. internalized NCs as green, which can be quantified by fluorescence microscopy 

using a customized algorithm30,70. The uptake mechanism for anti-ICAM-1 NCs was similarly tested, 

except that the experiment was conducted in the presence of 3 mM amiloride, known to inhibit CAM-

mediated endocytosis33. 

 

2.11 Nanocarrier transcytosis across cells 

As published30,69, brain EC monolayers were incubated at 37 °C with 125I-Ab coated NCs added to the 

AP chamber using a 30 min pulse, followed by removing NCs by washing cells twice with PBS. At 

this time, the 125I-content of the cellular fraction was assessed using a gamma counter to calculate the 

total number of NCs that originally interacted with receptors during the pulse period. Cells were then 

incubated in NC-free cell media for the indicated chase times up to 24 h, to allow transport of pre-

bound NCs. Next, the BL fraction was collected and its 125I-content quantified to calculate the percent 

of transcytosis from the original number of NC interacting with cells at 30 min. This ensures the tracing 

of receptor-mediated transport, avoiding confounding results from any passive apical piggybacking of 

NCs. The absolute number of NCs in each fraction and the rate of transcytosis (% transcytosis), were 

calculated as follows:  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝐶𝑠 𝑖𝑛 𝑎 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝐶𝑃𝑀 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝐶𝑃𝑀
𝑁𝐶

  

% 𝑇𝑟𝑎𝑛𝑠𝑐𝑦𝑡𝑜𝑠𝑖𝑠 =
𝐵𝐿 𝑁𝐶𝑠 𝑎𝑡 𝑔𝑖𝑣𝑒𝑛 𝑡𝑖𝑚𝑒

𝐶𝑒𝑙𝑙𝑢𝑙𝑎𝑟 𝑁𝐶𝑠 𝑎𝑡 30 𝑚𝑖𝑛
 

Where the number of NCs was provided by the vendor and empirically verified by DLS, and 

CPM/NC had been obtained using the data shown in the equation in section 2.3. 

 

2.12 Integrity of Ab coated nanocarriers during cellular experiments 

To ensure 125I remained on NCs measured in section 2.11, a control was performed comparing the 

transcytosis of NCs coated with anti-ICAM-1:125I-IgG vs. 125I-anti-ICAM-1:IgG (1:1 molar ratio). 

Since the specificity of anti-ICAM-1 NCs vs. IgG NCs had been established through section 2.9 

experiments, similar transcytosis for both formulations would only be possible if 125I would remain on 

Ab coated on NCs, as shown30.  
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In addition, NCs transcytosed to the BL side were analyzed by DLS and compared to those originally 

added to the AP side, as well as controls non-coated NCs and also complete cell medium without NCs, 

as published69.  

 

2.13 Lysosomal transport of nanocarriers by brain endothelial cells 

Brain ECs grown to confluency on transwells were incubated for 40 min with Texas Red dextran (10 

kDa) to allow its fluid-phase uptake. Dextran was then washed off in PBS and cells were incubated for 

1 h in dextran-free cell medium, to allow internalized dextran to travel to lysosomes. Then, cells were 

incubated for 30 min with green-fluorescent NCs, washed, and incubated with NC-free cell medium 

for the indicated times. Next, samples were fixed and imaged by fluorescence microscopy to quantify 

the number of green NCs colocalizing with red dextran-positive lysosomes (yellow), as described 

previously30.   

 

2.14 Basolateral reuptake of nanocarriers following transcytosis  

First, brain ECs were incubated for 30 min with green-fluorescent anti-ICAM-1 NCs added to the AP 

chamber, then washed to remove non-bound NCs. Cells were further incubated with NC-free cell 

medium for 30 min simultaneously to adding 10 kDa Texas Red dextran to the BL chamber, to 

distinguish respective dextran-positive BL fluid phase from the dextran-negative AP fluid phase. Thus, 

when NCs transcytose from the AP side to the BL side of the cell monolayer, if they were taken up by 

cells again before moving to the BL chamber below the filter, dextran-positive fluid phase would enter 

the same NC-positive endocytic vesicle and be visualized as colocalization of green NCs + red dextran 

(yellow) by fluorescence microscopy. As a control, cells were first incubated with BL Texas Red 

dextran so that it could enter cells alone, then washed to remove extracellular dextran, and finally NCs 

were added on the AP side as described above. In this case, NCs and dextran would be expected in 

different endocytic vesicles (no colocalization), for which this assay can determine whether BL re-

uptake of NCs takes place. 

Second, once BL re-uptake was found, quantification of NC uptake from the BL chamber was assessed 

using a similar dextran-free method as described in section 2.10. For this, NCs were added to the BL 

chamber for a 30 min binding pulse, followed by wash-removal of NCs with PBS and uptake chases 

up to the indicated time points. Finally, NCs bound to the BL cell surface were distinguished by 

fluorescence microscopy from those internalized from the BL side by counterstaining them with a red-

labeled secondary antibody (red + green = yellow vs. green alone), as described in section 2.10. 

 

2.15 Statistics 
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Data were calculated as average ± standard error of the mean (SEM). Regarding independent 

experiments, for fluorescence microscopy n ≥ 3, for radiotracing n ≥ 4, and for flow cytometry n = 3. 

Statistical significance was determined as p<0.05 by either Student’s t-test for two-groups comparisons 

or one-way ANOVA followed by Tukey’s as a multiple comparison test. 

 

3 RESULTS AND DISCUSSION 

3.1 Disease model validation and nanocarrier characterization 

The goal was to comparatively evaluate NCs targeted to each of the three known routes of endothelial 

transcytosis (clathrin-, caveolae-, and CAM-mediated pathways) in an NPD cell model, for which TfR, 

PV1, and ICAM-1 were selected as cell-surface markers of respective pathways32,45,51,52. First, ECs 

were grown to confluency on transwells and incubated with both TNFα and imipramine, to respectively 

mimic inflammation and ASM-deficiency, both characteristic of NPD4. Instead, cells treated with 

TNFα alone to mimic inflammation only, served as an ASM-normal model. These models were 

confirmed by quantifying the ASM activity of respective cell lysates using a commercial kit (figure 

1a), showing decreased enzyme activity in the NPD model. Conversely, microscopy visualization 

showed increased cellular accumulation of BODIPY-FlC12-sphingomyelin, a fluorescent ASM 

substrate analogue, in the NPD model (figure 1b).  

 

Figure 1 ASM-deficient cell model. ECs were incubated at 37 °C with TNFα + imipramine to simulate inflammation + 

ASM deficiency as in NPD, or just with TNFα to simulate inflammation alone (hence, ASM-normal). (a) Cell lysates were 

incubated for 1 h at 37 °C with the Amplex Red Sphingomyelinase kit, which detects ASM activity by rendering fluorescent 

resorufin, ultimately measured by spectrofluorometry (cps = counts per second). Data are average ± SEM. *p < 0.05 by 

Student's t test. (b) Cells were incubated overnight with BODIPY-FlC12-sphingomyelin, a fluorescent ASM substrate 

analogue, then washed, fixed, and imaged by fluorescence microscopy under the green channel. Scale bar = 10 μm. 

 

Next, using untreated cells as controls, flow cytometry showed modest expression levels for TfR, lower 

expression for ICAM-1, and negligible PV1 expression in control untreated brain ECs (figure 2). This 
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is in line with the literature on ICAM-1 baseline expression in control ECs32,71 and downregulation of 

caveoli in healthy BBB45,49, while comparatively higher TfR expression was anticipated based on its 

iron homeostasis function44,69. As expected, due to its well-known association with inflammation32,71, 

TNFα markedly increased ICAM-1 expression, slightly decreased that of TfR and did not change that 

of PV1 (figure 2a, b). Treatment with both TNFα + imipramine to mimic NPD further increased ICAM-

1 expression to very high levels, modestly increased PV1, and slightly increased TfR compared to the 

TNFα-alone condition (figure 2a, b). Given this, ICAM-1 was the most highly expressed marker 

compared to TfR and PV1 both in the inflammation and NPD models, followed by TfR and last PV1 

(figure 2). To our knowledge, there are no previous data on how ASM deficiency per se alters these 

markers, since most available results are from cellular and animal models where ASM deficiency 

occurs simultaneously to inflammation4,53. 

 

Figure 2 Expression of cell-surface markers. (a) Flow cytometry quantification of the expression of ICAM-1, TfR, and 

PV1 using specific antibodies (Abs) vs. control IgG, on brain ECs that had been incubated in control cell medium, cell 

medium containing TNFα + imipramine to simulate inflammation + ASM deficiency as in NPD, or TNFα to simulate 

inflammation alone (ASM-normal). Dashed line = control IgG, solid black line = control cells, red line = inflammation 

condition, green line = NPD condition. (b) Relative expression of cell-surface markers calculated using data from FlowJo® 

software, taking into consideration both the fraction of cells expressing each marker as well as their expression level, as 

described in section 2.8. Data are average ± SEM. *Compares the same marker in all three different conditions; #compares 

PV1 or TfR to ICAM-1, within each particular condition; $ or $$ compare PV1 to TfR within each particular condition 

(p<0.05) by one-way ANOVA ($) or Student’s t test ($$).  

 

Since this NPD model expressed all three markers, model NCs targeting each of them were prepared. 

Polystyrene NCs were used as they are not biodegradable and this avoids problems during long cellular 

experiments. Validating this NC model, we have demonstrated that targeted polystyrene nanoparticles 

behave similarly to targeted PLGA NCs in terms of size, PDI, ζ-potential, cellular transport, and in 

vivo biodistribution31,36,69,72. Pristine polystyrene NCs had 114 nm mean diameter, 0.03 PDI, and -25 

mV ζ-potential (table 1). Targeted NCs were coated with 125I-Abs specific for ICAM-1, TfR, or PV1 

mixed at 1:1 molar ratio with non-specific IgG, while control NCs were coated with double dose  non-

specific 125I-IgG to keep total Ab/NC similar among all formulations (see section 2.3). Ab coating 

increased NC size up to 180–207 nm, PDI up to 0.14–0.16, and ζ-potential up to -23 –-19 mV (table 

1). All formulations had comparable coating, i.e. 200 125I-IgG molecules/NC for the control 
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formulation and 81-97 specific 125I-Ab molecules/NC for targeted formulations (notice that this 

number is about half because the half corresponding to non-specific IgG was not traced; table 1). 

Taking into account the measured size of the core polystyrene NC and a 14.5 nm circle-diameter 

occupancy (either for standup or flat projections) for this type of Ab, this amount of coated Ab 

molecules should distribute as a single layer on the NC surface. Importantly, 90±2% of the protein coat 

remained on the NC surface after 5 h incubation in serum-supplemented cells medium, as determined 

using anti-ICAM-1 NCs as an example (not shown), and incubation with cells for up to 24 h under 

physiological conditions, described thereafter in section 3.3, further validated the Ab coat stability.  

 

Table 1 NC characterization 

 
Ab = antibody; molec. = molecule; NC = nanocarrier; PDI = polydispersity index. 
a Targeted NCs had a coat consisting of 1/2+1/2 mixture of specific 125I-Ab+non-specific IgG, while control 125I-IgG NCs 

were coated fully with 125I- IgG; hence double amount of traceable Ab molecules per NC is expected.  

Data are average ± SEM. *Compares each coated NC vs. non-coated NCs (polystyrene beads); #compares each targeted 

NC to IgG NCs; $compares each targeted NC to anti-ICAM-1 NCs (p<0.05 by one-way ANOVA). 

 

Then, the specificity of targeted NCs was verified in brain ECs by fluorescence microscopy, showing 

good specificity compared to control IgG NCs (figure 3). For instance, in TNFα-treated cells 

(inflammation model), the highest specificity was achieved using anti-ICAM-1 NCs, followed by anti-

TfR NCs and finally anti-PV1 NCs, with 61.1-, 16.3-, and 2.7-fold increase over IgG NCs, respectively. 

This result aligns with respective expression levels discussed above.  

 

Figure 3 NC targeting specificity. (a) TNFα-treated brain ECs (inflammation model) were incubated for 1 h with green-

fluorescent NCs targeted to either ICAM-1, TfR, or PV1, or with non-targeted IgG NCs. Cells were then washed, fixed, 

and analyzed by fluorescence microscopy. Blue = cell nuclei stained with DAPI. Scale bar = 10 µm. (b) Quantification of 

NCs per cell, expressed as fold increase (Δ) over IgG NCs. The ratio was calculated by dividing the number of NCs counted 
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on each individual cell for each targeted formulation by the average number of NCs/cell found for the non-specific IgG NC 

formulation. *Compares NCs/cell for each targeted formulation to NCs/cell for IgG NCs (p<0.05 by Student’s t-test). 

 

3.2 Disease effect on nanocarrier binding and uptake in brain endothelial cells 

After the previous validations, the role of disease on NC binding was analyzed by fluorescence 

microscopy (figure 4a). Under control condition (figure 4b), anti-ICAM-1 NCs and anti-TfR NCs 

bound to cells comparably (99.0 and 89.3 NCs/cell), whereas anti-PV1 NCs bound much less (39.9 

NCs/cell). Lower binding was expected for anti-ICAM-1 NCs vs. anti-TfR NCs based on their relative 

expression levels in this condition, suggesting that the longer extracellular domain of ICAM-1 may be 

more accessible to NCs, as previously reported37. Inflammation increased the total binding of anti-

ICAM-1 NCs and anti-TfR NCs by 5-fold and 1.5-fold, but not that of anti-PV1 NCs (figure 4c), so 

that their absolute binding levels were 494.3, 131.4, and 42,4 NCs per cell, respectively (figure 4d). 

These relative binding levels are aligned with respective marker expression data discussed above. Yet, 

an increase was not expected for anti-TfR NCs based on TfR expression, suggesting that inflammation 

may change the distribution of this receptor, speculatively. Comparative results were found in control 

condition in a recent publication, although that study had used ganglioside GM1 instead of PV1 as a 

caveolar marker and PLGA NCs instead of polystyrene models69. Yet, that study did not investigate 

respective effects of inflammation, for which data presented here completes and extends previous 

information.  

Then, cells were treated with both TNFα + imipramine68 to mimic NPD (figure 4a). Compared to 

control condition, the binding of anti-ICAM-1 NCs and anti-TfR NCs were increased by 7.3-fold and 

1.8-fold, respectively (figure 4e). For anti-ICAM-1 NCs, this result is in line with increased receptor 

expression, while this is not the case for TfR. Yet, as speculated in the previous case, this increase 

could be due to a change in TfR accessibility caused by TNFα included in this condition. Anti-PV1 

NCs binding was not affected while its expression had been. Since PV1 resides in caveoli51 and ASM 

deficiency alters the lipid composition of membranes, especially affecting lipid-rafts73, this result might 

be explained if the NPD condition alters PV1 display on the plasma membrane or its accessibility for 

NCs binding74–76. When comparing NPD to inflammation to assess the specific effect of ASM 

deficiency (figure 4f), only anti-ICAM-1 NCs binding increased (1.5-fold), which is in line with 

receptor expression data and the possible effect of this deficiency on PV1 accessibility discussed74–76. 

Overall, the comparative binding of anti-ICAM-1 NCs, anti-TfR NCs, and anti-PV1 NCs in NPD was 

726.7, 162.2, and 45.2 NCs per cell, respectively (figure 4g), suggesting that ICAM-1 might be a 

privileged marker for NC targeting in this disease. 
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Figure 4 NC binding to brain ECs under control, inflammation, and NPD conditions. Brain ECs grown to confluency on 

transwells were left untreated (control), treated with TNFα to mimic inflammation (Inflam.), or treated with both TNFα + 

imipramine to mimic NPD. Then, cells were incubated for 1 h with green-fluorescent NCs, washed to remove non-bound 

NCs, fixed, and analyzed by fluorescence microscopy. (a) Representative micrographs. Green = NCs, blue = nuclei stained 

with DAPI; dashed lines = cell borders. Scale bar = 10 µm. (b,d,g) NCs per cell (NCs/cell) under (a) control condition, (d) 

inflammation, and (g) NPD. (c,e,f) fold change (Δ) in the number of NCs/cell in (c) inflammation over control condition, 

(e) NPD over control, or (f) NPD over inflammation. Data are average ± SEM. (b,d,g) *Compares anti-TfR NCs or anti-

PV1 NCs to anti-ICAM-1 NCs (p<0.05 by one-way ANOVA); # or ## compare anti-PV1 NCs to anti-TfR NCs (p<0.05 by 

one-way ANOVA (#) or Student’s t test (##)). (c,e,f) $Compares NC/cell in the numerator condition vs. the denominator 

condition (p<0.05 by Student’s t-test). 

 

Subsequently to binding, NC uptake by cells was investigated by fluorescence microscopy (figure 5a). 

Under control condition (figure 5b), no difference between anti-ICAM-1 NCs and anti-TfR NCs uptake 
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rate was found at 1 h, whereas anti-PV1 NCs uptake rate was higher, i.e. 30.7%, 36.3%, and 50.5% of 

all NCs interacting with cells, respectively. Inflammation did not affect this parameter for any NCs 

tested (figure 5c), resulting in similar uptake rates as for control condition (figure 5d). A similar result 

was previously reported for anti-ICAM-1 NCs in brain ECs and other cell types and for anti-TfR NCs 

in non-brain endothelial cells37,41,77, while this information is missing for anti-TfR NCs in brain ECs 

and anti-PV1 NCs on any cell type. However, inflammation increased the absolute number of anti-

ICAM-1 NCs internalized per cell by 6.2-fold, as reported41,77, but did not change that of anti-TfR NCs 

or anti-PV1 NCs (figure 5e,f). Hence, that overall respective absolute number of NCs internalized per 

cell was 174.6, 45.6, and 22.2 in inflammation (figure 5g), in accordance with receptor expression and 

NC binding. Thus, it seemed these two parameters better defined absolute intracellular transport, rather 

than the uptake rate.  
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Figure 5 NC uptake by brain ECs under control, inflammation, and NPD conditions. Brain ECs grown to confluency on 

transwells were left untreated (control), treated with TNFα to mimic inflammation, or treated with both TNFα + imipramine 

to mimic NPD. Then, cells were incubated for 1 h with green-fluorescent NCs, washed to remove non-bound NCs, fixed, 

and cell-surface bound NCs were counterstained with red-fluorescent secondary antibody to distinguish internalized NCs 

(green alone) from bound NCs (green + red = yellow) by fluorescence microscopy. (a) Representative micrographs. Blue 

= nuclei stained with DAPI; dashed lines = cell borders. Scale bar = 10 µm. (b,d,j) Uptake rate quantified as % internalized 

NCs of the total NCs interacting per cell in (b) control, (d) inflammation, and (j) NPD conditions. (c,h,i) Fold change (Δ) 

in the rate of NC uptake in (c) inflammation compared to control, (h) NPD compared to control, or (i) NPD compared to 

inflammation. (e,g,m) Absolute number of NCs internalized per cell in (e) control, (g) inflammation, and (m) NPD 

conditions. (f,k,l) Δ in the rate of NC uptake in (f) inflammation compared to control, (k) NPD compared to control, or (l) 

NPD compared to inflammation. Data are average ± SEM. (b,d,e,g,j,m) *Compares anti-TfR NCs or anti-PV1 NCs to anti-

ICAM-1 NCs; # or # compare anti-PV1 NCs to anti-TfR NCs (p<0.05 by one-way ANOVA (#) or Student’s t test (##)). 

(c,f,h,i,k,l) $Compares NC/cell in the numerator condition vs. the denominator condition (p<0.05 by Student’s t-test). 
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Finally, NC uptake was assessed for ASM deficiency in NPD (figure 5a). This model decreased by 

20% the uptake rate for anti-ICAM-1 NCs compared to the inflammation condition (figure 5i). This 

was expected because ASM-mediated generation of ceramide at sites of ICAM-1 engagement on the 

plasma membrane support engulfment and cytoskeletal reorganizations through the CAM-pathway78. 

Instead, the uptake rate did not change for the other two formulations. Regarding the absolute number 

of NCs internalized per cell, NPD neither varied this parameter for anti-TfR NCs or anti-PV1 NCs 

compared to inflammation or control condition (figure 5k,l), but it increased for anti-ICAM-1 NCs 

compared to control (7.4-fold; figure 5k). However, this effect was due to the inflammation component 

of NPD, since no difference was observed between these two conditions (figure 5l), and this relates to 

the observed TNFα-induced ICAM-1 overexpression. Hence, although ASM deficiency decreased the 

rate of anti-ICAM-1 NC uptake, their increased binding compensated this fact and the absolute number 

of anti-ICAM-1 NCs per cell did not vary in NPD (figure 5m). Overall, anti-ICAM-1 NCs significantly 

surpassed anti-TfR NCs and anti-PV1 NCs regarding absolute uptake levels, i.e. 207.2, 57.8, and 29.5 

NCs internalized per cell, respectively, in the NPD model (figure 5m), in accordance with receptor 

expression and NC binding.  

Interestingly, some of these data were unexpected based on literature. For instance, a reduction of 

clathrin- and caveolae-mediated endocytosis has been reported in NPD macrophages and fibroblasts62–

65, for which a reduction in the uptake of anti-TfR NCs or anti-PV1 NCs had been expected in this 

study. However, the former studies focused on natural ligands, such as transferrin or cholera toxin B, 

but not multivalent NCs. Since these NCs display a high number of targeting Abs and this has been 

shown to increase NC avidity72, their stronger receptor engagement may compensate small changes in 

the ability to induce endocytosis caused by NPD. Furthermore, the cited studies used macrophages64 

or fibroblasts62,63 vs. brain ECs in this study, all of which have different functions in the body and only 

ECs serve as barriers to separate compartments and transport cargo via transcytosis45,49. 

3.3 Disease effect on nanocarrier transcytosis across brain endothelial cells 

The described results suggest that ICAM-1 NCs might provide an advantage for brain delivery in 

inflammation and NPD compared to those targeting TfR or PV1. However, transcytosis additionally 

depends on transport across cells and BL secretion; thus, increased binding or uptake may not ensure 

transcytosis if NCs get trapped within cells. Therefore, AP-to-BL transcytosis was studied. First, the 

presence between adjacent cells of VE-cadherin and claudin-5, markers of confluent endothelium and 

brain endothelium, respectively, was verified by microscopy (figure 6a). This indicated the presence 

of cell-cell junctions between adjacent brain ECs in these monolayers, as in previous studies30,69. In 

fact, no AP-to-BL leakage of fluorescent dextran was observed, validating barrier function: i.e. 5x10-6 

cm/s Papp (figure 6b), equivalent to ≥ 99% dextran concentration added to the AP side remaining at 

this location (supplemental figure S1). As such, this cellular model prevented targeted NCs from 

leaking into the BL chamber upon their AP incubation for 30 min, which is the maximum time used 

thereafter to incubate NCs in the AP chamber: i.e. 7.6x10-6, 6.3x10-6, and 8.36x10-6 cm/s Papp for anti-

ICAM-1 NCs, anti-TfR NCs, and anti-PV1 NCs, respectively (figure 6b), which is equivalent to ≥ 

97.5% of all NCs remaining in the AP chamber (supplemental figure S2), while in the absence of cells 
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only 76.3% remained at this location (supplementary figure S3). These data paired well with previous 

publications using this model30,69, validating it. 

 

Figure 6 Barrier function of brain EC monolayers. TNFα-treated brain EC monolayers (inflammation) grown for 7 days to 

confluency on transwell filters. (a) Cells were fixed, permeabilized, immunostained for either VE-cadherin or claudin-5 

(green) and cell nuclei were labeled with blue DAPI, then visualized by fluorescence microscopy. Arrowheads = VE-

cadherin or claudin-5 at cell-cell junctions. Scale bar = 10 µm. (b) Cells were incubated for 30 min with Texas Red dextran 

(10 kDa) or with 125I-antibody coated NCs targeted to either ICAM-1, TfR, or PV1, all added to the apical (AP) chamber. 

Then dextran or NCs were measured at both the AP and basolateral (BL) chambers by either spectrofluorometry (dextran) 

or gamma counting (NCs), from which the permeability coefficient (Papp) was calculated. Data are average ± SEM. 

 

Next, transcytosis was tested, for which cells were incubated with NCs for 30 min to allow binding, 

then NCs were removed from the AP and BL chambers and cells were incubated with NC-free medium 

to particularly trace NCs pre-bound to cells and ensure receptor-mediated transport. For precise 

quantification, we traced 125I-label on the Ab coating the NCs, for which the integrity of formulations 

was verified. For instance, DLS demonstrated the same size for 125I-Ab NCs added to the AP chamber 

and harvested from the BL side after transcytosis, both similarly larger than non-coated NCs 

(supplementary figure S4a). Furthermore, quantifications of NCs interacting with cells or transported 

to the BL chamber were the same when using formulations coated with Ab+125I-IgG or 125I-Ab+IgG 

(supplementary figure S4b). Since IgG does not interact with cells (figure 3), this demonstrates that 
125I-Ab fully remains on the NC coat during experiments. 

A previous publication showed that NCs targeted to all three routes could transcytose in control 

untreated cells69. Among them, caveolae-targeted NCs performed best compared to clathrin-targeted 

or CAM-targeted NCs, which showed similar transcytosis rate under this condition69. Treatment with 

both TNFα + imipramine to mimic NPD led to a transcytosis decrease for clathrin- and caveolae-

targeted NCs but increased that of CAM-targeted NCs69. However, whether this change was due to 

inflammation or ASM deficiency alone was unknown. To clarify this, in this study inflammation 

(TNFα alone) was compared to NPD (TNFα+imipramine) to discern the role of enzyme deficiency on 

this transport (figure 7). Despite small visual differences (anti-TfR NCs being the fastest in 

inflammation and slowest in NPD; figure 7a), all three targeted formulations transcytosed to the BL 

chamber at rates statistically comparable: e.g. by 24 h, 59%, 60%, and 55% of all pre-bound NCs were 

transcytosed in inflammation and 53%, 45%, and 60% in NPD (figure 7a). However, the absolute levels 
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of transcytosed NCs amply varied among them (figure 7b). For instance, at 24 h in inflammation we 

found 9.7x107, 3.5x107, and 4.8x107 NCs transcytosed per well for anti-ICAM-1 NCs, anti-TfR NCs, 

and anti-PV1 NCs, respectively, and their levels were 5.8x107, 2.9x107, and 1.3x107 NCs/well in NPD. 

Therefore, at such comparable transcytosis rates, absolute transcytosis seemed governed by the level 

of marker expression and NC binding, making anti-ICAM-1 NCs the most favorable formulation in 

both inflammation and NPD. This outcome pairs well with previous publications showing increased 

brain targeting after i.v. administration of polymer NCs addressed to ICAM-1 vs. TfR or ganglioside 

GM1 in mouse models37,69. Although those experiments did not involve differential separation of the 

brain ECs from bona fide brain tissue and NC residing within brain ECs could contribute to 

measurements, both transmission electron microscopy and fluorescence microscopy visualized the 

presence of anti-ICAM-1 NCs crossing the BBB in vivo and further interacting with neurons30,31. At 

sites where anti-ICAM-1 NCs were observed to be in transit through brain ECs, cells junctions 

appeared to be intact and no blood-to-brain leakage of fluid-phase markers or radiolabeled albumin 

was measured30. Therefore, the cellular BBB model used here to measure transcytosis holds a good 

parallelism with in vivo data and can be used to study mechanistic aspects, otherwise difficult to 

examine in animal models.  

Importantly, NPD altered NC transcytosis compared to inflammation, but not for all routes tested 

(figure 7 and supplementary figure S5). NPD increased the transcytosis rate for anti-ICAM-1 NC and 

anti-PV1 NCs, while it did not statistically alter that of anti-TfR NCs (supplementary figure S5a). 

Additionally, the absolute number of anti-ICAM-1 NC and anti-PV1 NCs transcytosed over 24 h 

decreased in NPD, while it did not change for anti-TfR NCs (supplementary figure S5b). Some of these 

data were unanticipated. For instance, the increased transcytosis rate for anti-ICAM-1 NCs was 

unexpected based on their decreased uptake rate described above, suggesting that possibly some 

fraction of NCs may be entrapped within brain ECs, perhaps in lysosomal compartments. This is 

possible since lysosomal trafficking of anti-ICAM-1 NCs in brain ECs has been reported30 and NPD 

involves lysosomal changes4,12,53. Regarding anti-PV1 NCs, no change in their uptake rate or absolute 

endocytosis had been seen above, yet the same lysosomal entrapment paradigm would also apply to 

them, explaining a similar result. In contrast, the lack of change observed for anti-TfR NC transcytosis 

rate may indicate a different degree of lysosomal entrapment or perhaps, since PV1 and ICAM-1 

associate with lipid rafts51,78 that are altered in NPD55–59, this may explain the result. Nevertheless, the 

absolute level of transcytosis for anti-ICAM-1 NCs surpassed that of the other two formulations in 

both the inflammation and NPD models. 
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Figure 7 Transcytosis of NCs targeted to three different transcytosis markers in inflammation or NPD. Brain ECs 

monolayers were treated with TNFα + imipramine (ASM deficiency) to simulate NPD, or with TNFα alone (inflammation) 

for an ASM-normal control. To assess transcytosis, 125I-antibody coated 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, measured to obtain the NC 

cell-bound fraction, and cells were further incubated with NC-free medium for the indicated chase times. Then, the number 

of NCs in the basolateral (BL) fraction was assessed using a gamma counter. (a) NCs transcytosed to the BL chamber, 

expressed as the percentage of NCs originally bound to cells, to assess their transcytosis rate. (b) Total NCs in the BL 

fraction. Data are average ± SEM. *Compares anti-ICAM-1 NCs to anti-TfR NCs; #compares anti-ICAM-1 NCs to anti-

PV1 NCs; no statistical significance was found between anti-TfR NCs and anti-PV1 NCs (p < 0.05 by one-way ANOVA). 

 

3.4 Intracellular distribution of nanocarriers and disease effects in brain endothelial cells.  

Transport involved in transcytosis employs membranous vesicles pinching off the endothelial plasma 

membrane by endocytic pathways18. In some instances, the resulting vesicles can also traffic to 

lysosomal compartments, as hypothesized above and empirically observed for some formulations30,79, 

and found for some NCs targeted to receptors that lead to endocytic uptake but do not naturally 

associate with lysosomal transport80. Hence, the vesicular nature of these routes results in the 

membranous confinement of the cargo being transported across the BBB, which differs from p-

glycoprotein-mediated mobilization of much smaller and membrane diffusible molecular cargo81. 

Confirming vesicular transport, under inflammation condition (TNFα), treatment of EC monolayers 

with amiloride to inhibit CAM-mediated endocytosis33 significantly reduced uptake of anti-ICAM-1 

NCs by brain ECs (supplementary Figure S6). Additionally, as speculated in section 3.3, under this 

condition, a fraction of internalized anti-ICAM-1 NCs trafficked to lysosomal compartments that had 

been labeled with Texas Red dextran: e.g. lysosomal colocalization at 24 h was 262.0 NCs/cell (Figure 

8a,b). This observation is possible because when ECs are first incubated with dextran, this fluid phase 

marker can enter cells by any endocytic mechanism taking place and accumulate in Lamp-1-positive 

lysosomes, as previously shown82. Since mammalian lysosomes do not possess dextranases, dextran 

remains in this location for considerable time and, thus, it serves as a pH-independent lysosomal 

marker, contrarily to most common lysosomotropic agents which depend on the luminal pH of 

membranous vesicles83. Therefore, both sensitivity to an endocytic inhibitor and lysosomal 

colocalization support the vesicular nature of the transport of these NCs by brain ECs. Similarly, a 

fraction of anti-TfR NCs and anti-PV1 NCs also trafficked to lysosomes, i.e. in inflammation their 24 

h lysosomal colocalization were 45.4 and 80.0 NCs/cell, respectively  (figure 8a,b). Hence, just as 

transcytosis under this condition (Figure 7b), anti-ICAM-1 NCs surpassed both anti-TfR NCs and anti-

PV1 NCs regarding lysosomal transport in brain ECs (Figure 8b), showing a parallelism with the 

original NC binding levels (Figure 4d) and supporting a receptor-mediated vesicular pathway.  

NPD, mimicked by treating cells with TNFα + imipramine, decreased lysosomal colocalization of anti-

ICAM-1 NCs, e.g. 155.8 NCs/cell at 24 h (supplemental figure S7a), which was similar to the lower 

lysosomal transport seen for anti-PV1 NC at most times, although not at 24 h (supplemental figure 

S7c) and different than anti-TfR NCs, which showed increased lysosomal transport by this time (84.2 

lysosomal NCs/cell; supplemental figure S7b). This could explain the NPD-mediated increase in the 

transcytosis rate observed for anti-ICAM-1 NCs and anti-PV1 NCs, but not the unchanged transcytosis 

rate of anti-TfR NCs under this condition (supplementary figure S5), for which some other factor may 
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be influencing the overall transport of targeted NCs. For instance, cellular re-uptake of BL NCs to BL-

to-AP transport could play a role. Regardless of these changes, the absolute number of anti-ICAM-1 

NCs in EC lysosomes remained the highest under NPD condition (Figure 8c), just as they had remained 

the highest at transcytosis (figure 7b). This superiority regarding both intra-endothelial-lysosome and 

trans-endothelial transport of anti-ICAM-1 NCs is relevant because not only cells residing in the brain 

parenchyma, such as neurons and glial cells, but also brain ECs suffer from ASM deficiency in NPD 

patients3,4. Therefore, anti-ICAM-1 NCs may improve disease treatment by delivering adequate 

therapeutics (e.g. recombinant ASM) to both environments. 

 

Figure 8 NC transport to lysosomes in brain ECs. Brain ECs grown to confluency on transwells were treated with TNFα 

to mimic inflammation (ASM normal) or treated with both TNFα + imipramine to mimic NPD (ASM deficient). Then, 

cells were incubated for 40 min with Texas Red dextran (10 kDa) to allow its fluid-phase uptake, washed, and incubated in 

dextran-free cell medium for 1 h to allow internalized dextran to travel to lysosomes. Thereafter, cells were incubated for 

30 min with green-fluorescent NCs, washed to remove non-bound NCs, and incubated with NC-free cell medium up to the 

indicated chases times. Cells were then fixed and nuclei were stained with DAPI. (a) This protocol reveals lysosomal 

colocalizing NCs in yellow (green + red; open arrows) from NCs at other locations (green; white arrows) and NC-empty 

lysosomes (red; white arrowheads) by fluorescence microscopy. Scale bar = 10 µm. (b,c) NCs colocalizing with dextran-

labeled lysosomes in (b) inflammation and (c) NPD conditions. Data are average ± SEM. *Compares anti-ICAM-1 NCs to 

anti-TfR NCs; #compares anti-ICAM-1 NCs to anti-PV1 NCs; $compares anti-TfR NCs to anti-PV1 NCs (p < 0.05 by one-

way ANOVA). 
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3.5 Basolateral re-uptake of anti-ICAM-1 NCs and disease effects.  

The avidity with which a targeted formulation binds to their receptors on brain ECs had been shown to 

impact transcytosis30,79,84. Particularly for anti-ICAM-1 NCs, our previous study compared three 

different Ab coatings on the NC surface, where the formulations with highest and lowest Ab molecules 

per NC transcytosed worse than those with intermediate Ab levels30. This was due to the fact that low 

Ab coating lowered apical binding and uptake, while highly coated NCs did not detach well from 

ICAM-1 at the BL side of cells after transcytosis30. Therefore, it is possible that transcytosed anti-

ICAM-1 NCs still attached to cells or accumulating between their BL membrane and the transwell 

filter are re-internalized by cells. Then, this additional event would impact the final level of transcytosis 

measured at the BL chamber below the transwell filter. 

To discern this, brain EC monolayers were incubated with green-fluorescent anti-ICAM-1 NCs added 

to the apical side for 30 min to allow for binding, then washed to remove non-bound NCs. Next, while 

pre-bound NCs were allowed to transcytose, red-fluorescent dextran was added to the BL chamber 

(supplementary figure S8a), which did not cross the cellular monolayer to reach the AP side 

(supplementary figure S8b). Hence, if NCs transcytosed to the BL side of cells were re-internalized by 

them, fluid-phase dextran would enter these vesicles and co-localize with NCs (green + red = yellow, 

figure 9a). In fact, 39.8% of NCs at the cell fraction colocalized with dextran, as visualized by 

fluorescence microscopy, demonstrating anti-ICAM-1 NC reuptake after transcytosis. As a control, 

only 8% colocalization was seen when dextran was added to the BL chamber and then removed before 

NCs were added to the AP side (figure 9a).  

After verifying BL re-uptake, the rate of BL endocytosis was independently evaluated by adding NCs 

at the BL side (figure 9b) and using the dextran-free fluorescence microscopy method described for 

AP uptake in figure 5. The rate of BL endocytosis of anti-ICAM-1 NCs was lower in NPD compared 

to inflammation, e.g. 64% vs. 83% internalization at 3 h, respectively (figure 9b). Decreased rate for 

BL uptake of anti-ICAM-1 NCs in NPD pairs well with their increased transcytosis rate because these 

are competing events. Also, this decreased rate for BL uptake in NPD agrees with the decreased rate 

of AP uptake seen above (figure 5). As described78, ASM-mediated ceramide formation supports 

CAM-mediated endocytosis and, thus, it was expected that ASM deficiency in NPD would alter BL 

uptake similarly.  
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Figure 9 Basolateral reuptake of anti-ICAM-1 NCs by ECs and NPD effect. (a) TNFα-activated brain EC monolayers 

(inflammation) were incubated with green-fluorescent anti-ICAM-1 NCs added to the apical chamber for a 30-min binding 

pulse, washed to remove non-bound NCs, and further incubated for 30 min with NC-free medium. At this time, Texas Red 

dextran was added as a fluid phase marker to the basolateral chamber, so that if cells re-internalize NCs transcytosed to the 

basolateral side, the fluid phase entering these vesicles could be traced and colocalized with green NCs, appearing as yellow 

(green+red; arrows) vs. NCs inside cells from the apical side (green alone; arrowheads). Samples were visualized and  

quantified by fluorescence microscopy, of which a representative confocal image is shown (NCs, then dextran). Blue = cell 

nuclei. Scale bar = 10 μm. A control experiment with dextran added prior to NC incubation was also quantified (dextran, 

then NCs). (b) Basolateral uptake of anti-ICAM-1 NCs was tested in cells treated with TNFα + imipramine to mimic ASM-

deficient NPD vs. cell treated with TNFα alone as an inflammation, ASM-normal comparison. Cells were incubated for a 

30-min binding pulse with green-fluorescent NCs, washed, fixed, incubated in NC-free medium to allow uptake, fixed, and 

counterstained with red-secondary Ab to distinguish intracellular (green only) NCs from cell-bound (green + red = yellow) 

NCs by fluorescence microscopy. Data are average ± SEM. *p<0.05 by Student’s t-test. 

 

4 CONCLUSION 

In summary (figure 10), in inflammation, ICAM-1 was more highly expressed compared to TfR and 

much more than PV1. ASM deficiency markedly, modestly, and slightly increased the expression of 

ICAM-1, PV1, and TfR, respectively. Hence, in this cellular model involving both, enzyme deficiency 

and inflammation, ICAM-1 was much highly expressed than the other markers, explaining much higher 

NC binding. ASM deficiency decreased the uptake rate for anti-ICAM-1 NCs, expected since this 

enzyme is involved in the CAM pathway78, without affecting that of the other formulations. Yet, due 

to its much higher NC binding, the absolute level of internalized anti-ICAM-1 NCs still surpassed the 

other two formulations. Curiously, ASM deficiency increased the transcytosis rate for both anti-ICAM-

1 NCs and anti-PV1 NCs, leaving anti-TfR NCs transcytosis rate unaffected. This could be explained 

in part by the fact that ASM deficiency decreased competing lysosomal transport of anti-ICAM NCs 

and anti-PV1 NCs, although the increased lysosomal transport of anti-TfR NCs does not pair well with 

their unchanged transcytosis in NPD. Nevertheless, due to the originally lower level of binding and 

uptake of anti-PV1 NCs compared to anti-TfR NCs, the absolute transcytosis of these formulations 

was rather similar in NPD, while that of anti-ICAM-1 NCs remained highest. Interestingly, increased 

transcytosis rates in NPD for anti-ICAM-1 NCs and anti-PV1 NCs would be expected to increase the 

absolute number of NCs being transcytosed, but this value decreased for both formulations. While 

there is no current explanation for these phenomena, perhaps other competing mechanisms could take 

place, such as BL re-uptake of NCs. In fact, this was verified for anti-ICAM-1 NCs, which were 

observed to undergo re-uptake at the BL side of cells following transcytosis. Just as ASM deficiency 



   

 

 
24 

had lowered AP uptake rate for this formulation, it had also decreased their BL uptake rate, hence, 

leading to higher transcytosis rate. In conclusion, ASM deficiency had different effects on the brain 

EC interaction of anti-ICAM-1 NCs, anti-TfR NCs, and anti-PV1 NCs, where the former formulation 

offered the overall most favorable results due to the highest number of transcytosed NCs, thus 

representing a promising strategy to deliver therapeutics across the BBB for neuronopathic NPD.  

 

 

Figure 10 Schematic representation of NPD effects on brain EC interactions with targeted NCs. The cartoon summarizes 

the effects of NPD, encompassing both inflammation and ASM deficiency compared to inflammation alone as an ASM-

normal control, on the marker expression and NC transport via ICAM-1, TfR, and PV1 in BBB models. Changes in rates 

are indicated relative to NC binding, uptake, re-uptake and overall transcytosis as green arrows (increased), red arrows 

(decreased), or blue arrows (unchanged). Relative absolute levels of NCs bound to cells, within cell, within lysosomes, or 

crossing cells are indicated as > (higher than), < (lower than), and ≈ (similar than). AP = apical; BL = basolateral.  
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Figure S1 Lack of dextran leakage through brain EC monolayers. TNFα-treated brain EC 

monolayers grown for 7 days to confluency on transwell filters were incubated for 30 min with 

Texas Red dextran (10 kDa) added to the apical (AP) chamber. Then, dextran was measured at 

both the AP and basolateral (BL) chambers by spectrofluorometry, from which dextran 

concentration in either chamber was calculated. Results are expressed as a percent of the 

originally added concentration. Data are average ± SEM. *Compares BL vs. AP (p < 0.05 by 

Student’s t-test). 
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Figure S2 Lack of NC leakage through brain EC monolayers. TNFα-treated brain EC monolayers 

grown for 7 days to confluency on transwell filters were incubated for 30 min with 125I-antibody coated 

NCs targeted to either ICAM-1, TfR, or PV1, which were added to the AP chamber over the EC 

monolayer and then measured in both chambers using a gamma counter. Results were calculated as a 

percent of the originally added concentration. Data are average ± SEM. *Compares BL vs. AP (p < 

0.05 by Student’s t-test). 
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Figure S3 Permeability of transwell filters to Ab-coated NCs. 125I-antibody coated NCs targeted to 

ICAM-1 were added to the AP chamber over transwell filters voided of cells. After 30 min, NCs were 

measured in both chambers using a gamma counter. Results were calculated as a percent of the 

originally added concentration. Data are average ± SEM. *Compares BL vs. AP (p < 0.05 by Student’s 

t-test).  
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Figure S4 Integrity of targeted NCs during cellular experiments. (a) Dynamic light scattering 

measurement of the hydrodynamic diameter of pristine uncoated NCs and NCs coated with anti-

ICAM-1 prior to adding them (input) to the apical (AP) chamber over TNFα-treated EC 

monolayers and after (output) 30 min transcytosis into the basolateral (BL) chamber. (b) 

Comparison of the cellular fraction and BL fraction of targeted NCs incubated with cells for a 

30 min binding pulse, then measured after 24 h transport chase, where formulations had been 

coated with a 1:1 molar ratio 125I-anti-ICAM-1:IgG or anti-ICAM-1:125I-IgG. Data are average 

± SEM. No significance was found between formulations (p > 0.05 by Student’s t-test). 
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Figure S5 Effect of ASM deficiency on NC transcytosis across EC monolayers. Brain ECs 

monolayers were treated with TNFα and imipramine (ASM deficiency) to simulate NPD, or with 

TNFα alone (inflammation) for 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, measured to obtain the NC bound fraction, and cells 

were further incubated with NC-free medium for the indicated chase times. Then, the number 

of NCs in the basolateral (BL) fraction was assessed using a gamma counter. (a) NCs transcytosed 

to the BL chamber, expressed as the percentage of NCs originally bound to cells, to assess their 

transcytosis rate. (b) Total NCs in the BL fraction. Data are average ± SEM. p<0.05 by Student’s 

t test, *compares ASM-deficient NPD to ASM-normal inflammation condition.   
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Figure S6 Anti-ICAM-1 NCs uptake mechanism by brain ECs. Brain ECs monolayers treated 

with TNFα were incubated for 3 h with green-fluorescent anti-ICAM-1 NCs in either control cell 

medium or medium containing amiloride, which is known to inhibit CAM-mediated endocytosis. 

Cells were then washed, fixed, and NCs bound on the cell surface were counterstained with red-

fluorescent secondary antibody to distinguish internalized NCs (green, arrows) from surface-

bound NCs (green + red = yellow, arrowheads). Samples were (a) imaged and (b) quantified by 

fluorescence microscopy to calculate percent internalization as in figure 5. (a) Blue = nuclei 

stained with DAPI; dashed lines = cell borders. Scale bar = 10 µm. (b) Data are average ± SEM, 

normalized to control (- amiloride). *Compares amiloride vs. control (p<0.05 by Student’s t-test).  
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Figure S7 Effect of ASM deficiency on lysosomal transport of NCs in brain ECs. Brain ECs 

monolayers were treated with TNFα and imipramine (ASM deficiency) to simulate NPD, or with 

TNFα alone (inflammation) for an ASM-normal condition. Cells were first incubated for 40 min 

with Texas Red dextran (10 kDa) to allow its fluid-phase uptake, then washed to remove non-

internalized dextran, and further incubated for 1 h in dextran-free cell medium to enable 

internalized dextran to traffic to lysosomes, staining them red. Next, green-fluorescent NCs 

targeted to either (a) ICAM-1, (b) TfR, or (c) PV1 were added to the apical chamber for a 30-

min binding pulse, washed to remove non-bound NCs, and cells were further incubated with NC-

free cell medium for the indicated chase times, fixed, and analyzed by fluorescence microscopy 

to quantify the numbers of NCs colocalizing with dextran-labelled lysosomes. Data are average 

± SEM. *Compares NPD (ASM deficient = TNFα + imipramine) vs. inflammation (ASM normal 

= TNFα) by Student’s t-test (p<0.05).  

  

Comentado [SM1]: -It should be a,b,c instead of A,B,C 

-It should ne NCs instead of NC 

-Delete all % data and place a,b,c horizontal as in old S5 

-The key ASM normal deficient should be as in old S5 
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Figure S8 Schematic of the method used to visualize basolateral reuptake of anti-ICAM-1 

nanocarriers (NCs) by endothelial cell monolayers. (a) Cells were incubated for 30 min with 

green-fluorescent NCs added to the apical (AP) side to allow for binding, followed by washing to 

remove non-bound NCs. To distinguish NCs in basolateral (BL) reuptake vesicles from all NCs 

not in reuptake, cells were then incubated for 30 min with NC-free medium added to the AP side, 

and NC-free medium containing the fluid phase marker Texas Red dextran added to the BL side. 

Ultimately, cells were washed to remove extracellular dextran, only leaving dextran in 

intracellular vesicles originating from the BL membrane, thus staining NCs in reuptake yellow 

(red + green). (b) Dextran remained at the BL side during this time period. Data are average ± 

SEM. *Compares BL vs. AP by Student’s t-test (p<0.05).  

 

 

 

 


