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Abstract

The interaction of drug delivery systems with tissues is key for their application. An example is
drug carriers targeted to endothelial barriers, which can be transported to intra-endothelial
compartments (lysosomes) or transcellularly released at the tissue side (transcytosis). Although
carrier targeting valency influences this process, the mechanism is unknown. We studied this using
polymer nanocarriers (NCs) targeted to intercellular adhesion molecule-1 (ICAM-1), an
endothelial-surface glycoprotein whose expression is increased in pathologies characterized by
inflammation. A bell-shaped relationship was found between NC targeting valency and the rate of
transcytosis, where high and low NC valencies rendered less efficient transcytosis rates than an
intermediate valency formulation. In contrast, an inverted bell-shape relationship was found for
NC valency and lysosomal trafficking rates. Data suggested a model where NC valency plays an
opposing role in the two sub-processes involved in transcytosis: NC binding-uptake depended
directly on valency and exocytosis-detachment was inversely related to this parameter. This is
because the greater the avidity of the NC-receptor interaction the more efficient uptake becomes,
but NC-receptor detachment post-transport is more compromised. Cleavage of the receptor at the
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basolateral side of endothelial cells facilitated NC transcytosis, likely by helping NC detachment
post-transport. Since transcytosis encompasses both sets of events, the full process finds an
optimum at the intersection of these inverted relationships, explaining the bell-shaped behavior.
NCs also trafficked to lysosomes from the apical side and, additionally, from the basolateral side
in the case of high valency NCs which are slower at detaching from the receptor. This explains the
opposite behavior of NC valency for transcytosis vs. lysosomal transport. Anti-ICAM NCs were
verified to traffic into the brain after intravenous injection in mice, and both cellular and /n vivo
data showed that intermediate valency NCs resulted in higher delivery of a therapeutic enzyme,
acid sphingomyelinase, required for types A and B Niemann-Pick disease.

Graphical Abstract

The targeting valency of nanocarriers has an opposing effect on the uptake vs. exocytosis steps of
endothelial trascytosis, for which intermediate valency carriers have faster transcytosis and slower
lysosomal retention.
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Blood-brain barrier; ICAM-1-targeted nanocarriers; targeting valency; receptor-mediated
transport; lysosomal vs. transcytosis destinations

INTRODUCTION

The endothelial lining of the blood-brain barrier (BBB), which lacks fenestrations, possesses
specialized tight junctions, and has limited paracellular transport, hinders treatment of
neurological disorders.[1-5] To overcome this, many strategies focus on the design of drug
nanocarriers (NCs) targeted to receptors expressed on the apical surface of endothelial cells
(circulation side),[6-9] which mediate uptake and trafficking across the endothelium and
exocytosis at the basolateral surface facing the tissue.[5, 10] This process, known as
transcytosis, can be induced by targeting receptors of the clathrin, caveolar, or cell adhesion
molecule (CAM) pathways.[7, 8, 11-13] Thus, understanding how drug NCs interact with
the endothelium is key to control biomedical applications.[6, 14] For example, NC size,
shape, surface charge, stiffness, etc. impact cellular binding, uptake and intracellular
trafficking, as well as circulation, biodistribution, and clearance.[15-21]

The targeting moieties displayed on the NC surface also influence transport behavior.[20,
22-27] Targeting valency, the number of targeting molecules on the NC surface, influences
receptor binding, the signaling then relayed, and the uptake process.[20, 24, 28-31]
However, how NC valency impacts the subsequent subcellular sorting to transcytosis vs.
intracellular compartments, is poorly understood. Most studies have used cell models that
permit endocytosis with final intracellular destination (e.g., lysosomes),[6, 20, 24, 28-31]
but not transcytosis. Although these processes are related, they are fundamentally different
since final intracellular destination precludes transcytosis.

Natural carriers, such as iron-transporting transferrin, dissociate from receptors due to pH-
driven conformational changes in transit through intracellular compartments.[32] Yet, this
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mechanism reported for transferrin recycling in the liver is debated for iron transport across
the BBB,[33] and dissociation of this complex at the basolateral side of the endothelium has
been proposed.[33, 34] For other ligands, their affinity to respective receptors influences
their transport and destination. For instance, among antibodies targeting the transferrin
receptor, those with higher affinities cross the endothelium less efficiently in cellular models
and /n vivo.[35, 36] Additionally, monovalent antibody fragments cross the BBB better than
their unfragmented counterparts, which are divalent and bind more strongly to receptors.[13]
The pH-dependent affinity of antibodies is also key in determining transcytosis efficiency;
antibodies which can detach from their receptors while in transport through acidic cell
compartments perform better than those which remain firmly attached at this pH.[37]

Similarly, the binding strength of drug NCs toward their receptors may play a key role in
transcytosis. NCs generally display multiple copies of the targeting molecule and have much
higher avidities than single antibodies.[38] Due to this, it is questionable that small pH
changes along the transcytosis route can fully detach multivalent NCs from receptors.
Rather, additional mechanisms may be needed to achieve this end. The bulkier nature of
NCs and their physicochemical parameters may exert additional influences on transport, and
whether the strength of receptor binding dominates or is overruled by these other factors is
unknown.

We examined these aspects using model NCs targeted to intercellular adhesion molecule-1
(ICAM-1),[39] a protein expressed on the endothelium and other cells under normal
conditions and overexpressed upon insult such as cytokines, chemokines, oxidative stress,
metabolic disfunction, ischemia or altered blood shear stress, etc.[39, 40] Due to this,
ICAM-1 is an interesting target for pathologies characterized by inflammation, including
cancers, infections, genetic conditions, immune disorders, vascular disease, etc.[39, 40]
ICAM-1 is a cell adhesion molecule (CAM) for activated leukocytes in the circulation,
which bind to this and other endothelial-surface markers and extravasate into the underlining
tissue.[39, 41, 42] Although several endothelial molecules mediate extravasation via opening
of the endothelial cell-cell junctions,[41] ICAM-1 is the only one which additionally
mediates it via a transcellular route, similar to transcytosis.[42] It has been postulated that
downregulation of ICAM-1 overexpression post-extravasation may occur via lysosomal
transport of ICAM-1 receptors for degradation and/or enzymatic cleavage from the plasma
membrane.[40, 43, 44] Binding of ICAM-1-targeted NCs (anti-ICAM NCs) to endothelial
ICAM-1 induces the CAM pathway, which results in both transcytosis and lysosomal
transport,[12, 45-48] representing an interesting model to examine the topic at hand.

Herein, exemplified by anti-ICAM NCs, we explored how valency impacts intra- vs. trans-
endothelial sorting of targeted NCs, and illustrated how this mechanistic information can
guide NC design in order to improve /n vivotransport and therapeutic delivery.

MATERIALS AND METHODS

Antibodies and Reagents

Mouse monoclonal anti-human ICAM-1 (clone R6.5) and rat monoclonal anti-mouse
ICAM-1 (clone YN1) were obtained from hybridomas from American Type Culture
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Collection (Manassas, VA). Non-specific mouse 1gG was from Jackson ImmunoResearch
(West Grove, PA) and monoclonal anti-VE-cadherin was from Thermo Fisher Scientific
(Waltham, MA). Texas Red-labeled secondary antibodies, Texas Red-labeled dextran
(10,000 MW; lysine fixable), and Alexa Fluor 350-labeled secondary antibodies were from
Invitrogen (Carlsbad, CA). Recombinant human acid sphingomyelinase (ASM) was
provided by Dr. Edward Schuchman (Department of Genetics and Genomics Sciences,
Mount Sinai School of Medicine, New York, NY). Fluoresbrite™ 100 nm diameter
polystyrene beads were from Polysciences (Warrington, PA). Cell culture reagents were
from Gibco-BRL (Grand Island, NY) or Cellgro (Manassas, VA). Porous transwell inserts
(1.0 um-diameter pore) were from Thermo Fisher Scientific (Waltham, MA). 125] and
lodogen pre-coated tubes were from Perkin Elmer (Waltham, MA) and Thermo Fisher
Scientific (Waltham, MA), respectively. MMP-9 and MMP-2 inhibitors were from EMD
Millipore (Billerica, MA). Recombinant human MMP-9 (67 kDa) and MMP-2 (62 kDa)
were from EMD Millipore (Billerica, MA) and Sigma-Aldrich (St. Louis, MO), respectively.

Cell Cultures

Human brain microvascular endothelial cells (Applied Cell Biology Research Institute;
Kirkland, WA), NHA astrocytes (Lonza Walkersville, Inc.; Walkersville, MD), and brain
vascular pericytes (ScienCell Research Laboratories; Carlsbad, CA) were cultured at 37°C,
5% CO», and 95% relative humidity in RPMI 1640, DMEM, or Pericyte media (ScienCell
Research Laboratories; Carlshad, CA). Cell media were supplemented with serum,
antibiotics, and other factors.[12] For monoculture experiments, endothelial cells were
seeded on coverslips or 1.0 um-diameter pore transwell inserts (BD Falcon; Franklin Lakes,
NJ).[12] For co-culture experiments, endothelial cells were grown on the apical side of
transwell inserts, while either astrocytes or pericytes were grown on the basolateral side of
the same insert, using supplemented RPMI 1640.[12] Where indicated, cells were stimulated
overnight with 10 ng/mL tumor necrosis factor alpha (TNFa.) to induce ICAM-1
overexpression, as found in diseases characterized by inflammation.[39, 40] TNFa was
removed prior to experiments to minimize its impact on the transport mechanisms under
investigation. Cell confluence was monitored by microscopy examination of the
monolayer(s), VE-cadherin staining (described below) and apical-to-basolateral leakage of
radiolabeled nanocarriers (NC) during the pulse phase of incubation (described below);
experiments showing <25% NC diffusion during this time were eliminated from the study
(see the transcytosis method below, which explains how the pulse-chase protocol removes
this contribution of leakage to results).

Preparation and Characterization of Anti-ICAM Carriers

Model polymer NCs were prepared by coating 100 nm diameter green fluorescent
polystyrene beads with antibodies via surface adsorption. Said adsorption favors outward
display of antibody variable regions at the concentrations used.[49] A random orientation is
possible, which provides a similar coat batch-to-batch and is no different from random
chemical conjugation of antibodies where linkage may occur at any of the available antibody
residues. Adsorption on polystyrene NCs results in a stable coating, similar to antibody
coating on polystyrene plates for ELISA. We have demonstrated very low (< 10%)
detachment of the coat upon incubation in cell medium with serum and other conditions, and
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is further validated by /in vivo targeting.[50] The coating solution consisted of anti-ICAM
alone, non-specific 1gG alone, mixtures containing different anti-ICAM to 1gG molar ratios
(100:0 vs. 50:50 vs. 25:75), or mixtures containing different anti-ICAM to ASM ratios (95:5
vs. 50:50 anti-ICAM/ASM NCs) to match the ICAM-1 targeting valency of the above NCs,
as described.[20, 51] To quantify the number of antibodies or enzyme on the NC surface,
and for transcytosis and /n7 vivo studies, antibodies or enzyme were labeled with 125].
Uncoated antibodies or enzyme were removed by centrifugation and the pellet of coated
NCs was resuspended at 7x1011 NCs/mL in phosphate-buffered saline (PBS) containing
0.3-1% bovine serum albumin, then sonicated. NC size was measured by particle tracking
(Nanosight LM10, Malvern Instruments; Westborough, MA), and the polydispersity index
(PDI) and C-potential were obtained by dynamic light scattering and electrophoretic
mobility (Zetasizer Nano-S90, Malvern Instruments; Westborough, MA), respectively. NCs
were also visualized using a JEOL JEM 2100 LaBg transmission electron microscope
(TEM) operating at 100 kV. Coating was assessed by measuring 12°I in a gamma counter
(2470 Wizard2, Perkin Elmer; Waltham, MA) and calculating the number of corresponding
molecules per NC, based on the NC concentration and the 1251 specific activity (cpm/mass)
of each molecule, as described.[20, 51]

Expression of ICAM-1 and VE-cadherin on Brain Endothelial Cells

To visualize ICAM-1 on the surface of endothelial cells, cells grown on transwell inserts
pre-treated with TNFa or left untreated, were washed, fixed with 2% paraformaldehyde and
then incubated with 3 pg/mL anti-ICAM antibody for 1 h at room temperature. Primary
antibody was removed by washing and cells were incubated with FITC-labeled secondary
antibody for 30 min. Samples were analyzed by fluorescence microscopy using an Olympus
IX81 microscope with a UPlanApo 60x objective (Olympus, Inc.; Center Valley, OA) and
filters optimized for green, red, and blue fluorescence (Semrock, Inc.; Rochester, NY).
Micrographs were taken with an ORCA-ER camera (Hamamatsu; Bridegwater, NJ) and
SlideBook 4.2 software (Intelligent Imaging Innovations; Denver, CO). Images were
analyzed using Image-Pro 6.3 (Media Cybernetics, Inc.; Rockville, MD) to quantify the sum
fluorescence intensity of cells and background fluorescence was subtracted.

VE-cadherin was similarly stained, yet prior to incubation with anti-VE-cadherin cells were
permeabilized with 0.1% Triton X-100 for 15 min. In this case, only qualitative microscopy
visualization of VE-cadherin staining the cell-cell junctions was performed.

Avidity and Binding of Anti-ICAM NCs

This was assessed using 2% paraformaldehyde-fixed, TNFa-activated brain endothelial
cells, which were incubated with anti-ICAM NCs at different concentrations (from 22.5 to
3,780 pM) for 1 h (avidity tests) or with 113 pM anti-ICAM NCs for 15 min to 24 h
(binding Kinetics). Samples were washed to remove non-bound NCs, stained with DAPI to
label cell nuclei, and analyzed by fluorescence microscopy. Using an algorithm that detects
fluorescent pixels over a background threshold, the number of NCs was computed based on
the number of pixels that theoretically correspond to the size of a single particle.[20]
Regression analysis was performed for each valency with SigmaPlot 11.0 (Systat Software
Inc.; San Jose, CA).
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Uptake of Anti-ICAM NCs

Green fluorescent anti-ICAM NCs with different valencies were incubated at 37°C with
TNFa-activated cells for 5, 15, or 30 min to permit NC binding. After 30 min (binding
pulse), non-bound NCs were removed by washing, and cells were incubated in NC-free
medium up to 24 h (chase) to synchronize uptake.[12] At select time points, cells were
washed and fixed. For determination of NC internalization, surface-bound NCs were
immunostained using a Texas Red-secondary antibody, which recognizes anti-ICAM and
IgG coated on the NCs. Since NCs contain a green-fluorescent label, this renders yellow
surface-bound NCs (red + green = yellow) vs. green internalized NCs, as described.[52]
Similar experiments were performed in the presence of 25 UM MMP-9 or MMP-2 inhibitors.
Cells were visualized using the microscopy settings described above or an LSM 710
confocal laser scanning microscope with a 100x Plan-APOCHROMAT objective and 405,
488, and 555 lasers (Zeiss; Oberkochen, Germany). Z-stacks were obtained from the
basolateral cell-surface and moving up to the apical cell-surface at 0.37 um per z-section.
Then, z-stacks of the entire cell body or that corresponding to only the basolateral cell-
surface (1.11 pm width) were converted into three-dimensional color composites using
Image J software. The algorithm described was used to quantify the number of internalized
NCs per cell (green alone) vs. the number of NCs on the cell-surface (green + red = yellow),
and the percentage of NC internalization was quantified from the total number of NCs.[20]
The pixel area occupied by NC-positive objects was also determined. Where loss of total
fluorescence over time occurred as a result of three-dimensional stacking of internalized
NCs that cannot be resolved with microscopy, the total number of cell-associated NCs after
the 30 min binding period was used to calculate the respective number of internalized NCs at
each subsequent time point. Regression analysis was performed using SigmaPlot 11.0. As a
note, the fluorophore the NCs contain is not pH dependent and intracellular compartments in
fixed cells are neutral, thereby avoiding artifacts.

Transcytosis of Anti-ICAM NCs or Anti-ICAM/ASM NCs

125)_anti-ICAM NCs or anti-ICAM/125|-ASM NCs were added to the apical chamber above
TNFa-activated cells or control cells and incubated at 37°C for 30 min to allow binding
(pulse), followed by washing to remove non-bound NCs from both the apical and basolateral
chambers, and incubation in NC-free medium for additional time, as described.[12] At select
time points, the 1251 content in the cell fraction (surface-bound + internalized NCs) and in
the basolateral chamber below cells (transcytosed NCs) was measured using a gamma
counter, and the number of NCs in each fraction was calculated based on the 1251 cpm per
NC. The number of anti-ICAM NCs was corrected by subtraction of free 1251 in each
fraction, determined by trichloroacetic acid (TCA) precipitation. Briefly, total 123 cpms
were quantified for the apical, cellular and basolateral samples, followed by incubation with
TCA to precipitate anti-ICAM NCs and centrifugation to separate the NC pellet from the
free 125]-label in the supernatant. This 1251-label was then quantified and these values
subtracted from the total cpms found in samples, as described. [12] Regression analysis was
performed using SigmaPlot 11.0. Also, the presence of free 1291 in the cellular and
basolateral fractions was evaluated to estimate degradation of 125]-anti-ICAM NCs.
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Other experiments which followed a similar protocol were conducted in the presence of 25
UM MMP-9 or MMP-2 inhibitor, 800 pg/mL recombinant MMP-9, or 114 ng/mL
recombinant MMP-2; or by adding 10 uM H-7 to cells (to inhibit lysosomal trafficking) after
NC uptake. Alternatively, cells were incubated with two sequential doses of anti-ICAM

NCs, where the first dose was non-radiolabeled and the second dose (added 2 h after the first
dose) was labeled with 1251, Transcytosis of the second dose was traced up to 5 h, and
analyzed as described above. In other tests, 1251-anti-ICAM NCs were added to the
basolateral chamber and their transport to the apical chamber was traced using the same
protocol.

Lysosomal Trafficking of Anti-ICAM NCs

TNFa-activated cells were first incubated with Texas Red-labeled dextran (10,000 MW) for
45 min at 37°C, followed by washing and additional incubation for 45 min to allow dextran
to traffic to lysosomes.[44, 50] Green fluorescent anti-ICAM NCs were then added to cells
for 30 min (binding pulse), followed by washing to remove non-bound NCs and incubation
in NC-free medium for additional time up to 24 h (chase). At select time points, cells were
washed, fixed, and imaged by microscopy. The number of NCs colocalized with lysosomes
(green + red = yellow color) vs. those that did not (green alone) were quantified based on the
fluorescent pixels, from which the percentage of NCs colocalized with lysosomes was
calculated.[44, 50] A similar correction to that described for internalization was performed
in the case of 3D overlap due to stacking of NCs over time. Regression analysis was
performed using SigmaPlot 11.0. In addition, because dextran also labels the walls of
transwell pores under cells, images were used to count the number of NCs within said pores.

Biodistribution of Anti-ICAM/ASM NCs in Mice

C57BI/6 mice were anesthetized by intraperitoneal injection of 100 mg/kg ketamine and 10
mg/kg xylazine. Then, they were injected intravenously (i.v.) via the jugular vein with 125]-
labeled anti-ICAM/ASM NCs at ~1.5x1013 NCs/kg of body weight and either ~52 ug
ASM/kg or ~378 ug ASM/kg for high and intermediate NC valency, respectively.[51] Blood
samples were collected from the retro-orbital plexus 1, 15, and 30 min post-injection and
organs of interest (brain, liver, and spleen) were collected after euthanasia by cervical
dislocation at 30 min post-injection. The weight and 1251 content of samples were measured
to calculate: the percentage of the injected dose (% ID; 100 x (1251 cpm in an organ) / (cpm
in the dose — cpm remaining in the syringe after injection)), the percentage of injected dose
per gram of tissue (% ID / organ weight), the number of ASM molecules (using cpm/mass of
ASM), localization ratio (% ID/g in an organ / % ID/g in blood), and specificity index (LR
of targeted formulation / LR of non-targeted formulation). Tests were conducted following
IACUC protocols with humane care guidelines approved by the University of Maryland
College Park.

Visualization of Anti-ICAM NCs in Mouse Brains

C57BI/6 mice were injected i.v. under anesthesia with anti-lICAM NCs. Either 30 min or 3 h
after injection, mice were subjected to intracardial perfusion with PBS and then 4%
paraformaldehyde to eliminate blood and fix tissues. The brain was collected, kept in
fixative overnight, then deposited in a PBS-wetted microscope slide and imaged ex vivo by
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fluorescence microscopy. Since these commercial nanoparticles contain a green fluorescent
label, no extra labeling was performed.

Alternatively, mice were similarly injected with anti-ICAM NCs and 16 mg/kg of the fluid-
phase marker Texas Red dextran (10,000 MW) and sacrificed after 3 h. Without blood
perfusion, brains were harvested, fixed overnight as above and imaged by confocal
microscopy under the red channel. Images were collected where dextran presence made
vessels readily visible. Focusing on 5-10 um diameter vessels, dextran fluorescence
intensity was quantified inside the vessel vs. outside the vessel (brain tissue at 5 um or 15
um distance from the vessel wall). The brain / vessel fluorescence ratio was then calculated.

Examination of Paracellular Permeability in Mouse Brains

C57BI/6 mice were injected / v. under anesthesia with 12%]-labeled albumin alone (control),
125)_albumin and anti-ICAM NCs, or 125]-albumin and TNF-a. After 1 h, mice were
sacrificed, blood and brain were collected, and their radioactive content was quantified.
Leakage of albumin from the blood to the brain was calculated as the brain cpm / blood cpm
ratio.

Statistical Analysis

Fluorescence microscopy experiments encompassed a total sample size of n > 12 cells. For
transcytosis studies, data were n > 8 wells. Animal data were n = 5. Data were calculated as
the mean + the standard error of the mean (SEM), where statistical significance was
determined as p < 0.05 (one symbol) or p< 0.1 (two symbols) by Student’s ~test.

RESULTS AND DISCUSSION

Role of Targeting Valency on Transcytosis of Anti-ICAM NCs Across Cellular Models

To investigate the role of NC valency on endothelial transcytosis, we used polystyrene
nanoparticles coated with anti-ICAM.[20, 51] Although not intended for clinical use, this
model avoids degradation that would confound transport results while displaying anti-ICAM
coating, size, C-potential, cellular transport, and /n7 vivo biodistribution similar to anti-ICAM
NCs made of poly(lactic-co-glycolic acid) (PLGA).[38, 51, 53, 54] To vary the NC valency
without affecting other parameters, NCs were coated with mixtures of anti-ICAM:non-
specific 1gG at varying molar ratios, or control 1gG alone (see Methods).[20] Coating
increased the NC mean diameter from 113 nm to ~180 nm (TEM shown in Figure S1), the
polydispersity index (PDI) from 0.06 to ~0.19, and the C-potential from =38 mV to around
—-28 mV (Table 1). These properties were similar for all anti-ICAM formulations regardless
of targeting valency, as the total number of coated antibodies was constant (~7,000
molecules per um? of NC surface). Yet, the number of anti-ICAM molecules varied as
intended: 7,703, 4,145, and 2,058 molecules/um? of NC surface, herein called high,
intermediate, and low valency (Table 1). The cell binding Ky for anti-ICAM NCs was 177,
219, and 401 pM, proportional to their targeting valencies (Table 1 and Figure S2).

As previously described,[12] transcytosis was examined using a transwell model seeded
with brain microvascular endothelial cells. As expected, cells showed increased expression

J Control Release. Author manuscript; available in PMC 2021 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manthe et al.

Page 9

(4.4-fold) of cell-surface ICAM-1 by TNFa,, which mimics a pathological condition (Figure
1A). Cell binding of anti-ICAM NCs was also increased by TNFa (3.7-fold by 30 min) and
was specific over IgG NCs (18.9-fold; Figure 1B). To investigate NC transcytosis, we used a
pulse-chase technique to eliminate leakage and synchronize transport:[12] NCs were
incubated with cells for 30 min to allow binding, unbound NCs were removed from the
apical chamber, as well as the basolateral chamber to eliminate any leakage, then cells were
further incubated in NC-free media to allow transport of only those NCs that were pre-bound
to cells. Transcytosis was detected for both control and TNFa conditions, although by 5 h
this was increased for TNFa by 10-fold, as expected based on ICAM-1 expression and NC
binding data. Although transcytosis occurred in both settings, delivery is intended for
disease, so we thereafter used the TNFa condition.

As a control, when NCs where added to the apical chamber for 30 min in the absence of
cells, only 28% of NCs leaked to the basolateral side and the NC concentration achieved in
this chamber reached only 17% of the NC concentration in the apical chamber (Figure S3A,
left panel). Thus, unlike small drugs, NCs had relatively slow diffusion through the filter
pores. Addition of an endothelial monolayer further reduced this by 2-3-fold (Figure S3A,
right panel), which correlates with the presence of VVE-cadherin at the cell-cell junctions
(Figure S3B). Using this pulse-chase method, transcytosis across an endothelial monolayer
was similar than a co-culture model comprising endothelial cells on the apical side of the
transwell filter and astrocytes on the basolateral side of the same filter, and higher than in a
co-culture model involving apical endothelial cells and basolateral pericytes (Figure S3C).
Given this, we used endothelial monolayers for our subsequent study, as our goal was to
examine endothelial transport alone.

Regarding the role of targeting valency, all anti-ICAM NCs underwent significant
transcytosis, reaching ~6,000-8,000 NCs transported per cell at saturation (Table 1 and
Figure S4), which represents ~70-90% of NCs initially associated to cells. Surprisingly, the
transcytosis rate had a bell-shaped distribution with regard to NC valency: the half-time
(t1/2) for maximal transcytosis was 2.9, 1.3, and 2.7 h for the high, intermediate, and low
valency formulations (Table 1); hence, the intermediate targeting valency appeared to
undergo faster transcytosis. This was surprising since increasing valency would be expected
to improve cell binding and receptor signaling leading to uptake, as we reported.[20]
However, previous data had been obtained using endothelial cells from the
macrovasculature,[20] while transcytosis relates to microvascular endothelial cells, as used
here.

Validation of Binding and Uptake of Anti-ICAM NCs in Microvascular Endothelial Cells

We verified the role of targeting valency in binding and uptake of anti-ICAM NCs in brain
microvascular endothelial cells. Fixed cells were used to study NC binding without uptake
and this was found to be specific for all formulations vs. IgG NCs (837-fold, 546-fold, and
311-fold at 1 h; not shown). As expected, the rate of binding directly correlated with
valency: the t1,, to maximal binding was 1.4, 2.4, and 6.6 h for high, intermediate, and low
valency formulations (Table 1 and Figure S5). Then, we used live cells and the pulse-chase
protocol to help synchronize uptake, which was also directly related to valency: t/, was 28,
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39, and 48 min for high, intermediate, and low valency NCs (Table 1 and Figure S6). This is
in agreement with our prior results on macrovascular endothelial cells.[20] For all valencies,
uptake of pre-bound NCs was much faster than binding alone or transcytosis of pre-bound
NCs (Table 1). Expressed as a percentage of all NCs associated to cells, uptake reached
slightly higher levels than transcytosis: ~100% of all cell-bound NCs, while ~70-90% were
transported across cells (not shown). This was expected since uptake precedes transcytosis.
In conclusion, both the binding and uptake kinetics of anti-ICAM NCs correlated directly
with targeting valency, while this was not the case for transcytosis.

Role of Targeting Valency on Lysosomal Trafficking of Anti-ICAM NCs in Brain Endothelial

Cells

The discrepancy observed may be due to anti-ICAM NCs trafficking to other intracellular
compartments prior to or in parallel with transcytosis, a phenomenon shown for gold NCs
targeting the transferrin receptor.[55] While underappreciated, such a dual transport seems
reasonable for natural cargo, where endothelial cells transcytose molecules to make them
available to the underlying tissue while keeping a fraction for their own use.[34] Regarding
antibodies for therapeutic delivery, valency appears to be involved in this process,[13] but
how endothelial cells decide which fraction is kept or transcytosed is unclear.

To examine whether trafficking to intracellular compartments also occurred with anti-ICAM
NCs, we focused on lysosomes, a common destination for NCs. For each targeting valency,
trafficking of anti-ICAM NCs to lysosomes was slower than uptake, which was expected
since uptake precedes this process. Interestingly, the t1,» for lysosomal colocalization of NCs
was 1.7, 2.1, and 1.8 h for the high, intermediate, and low valency formulations (Table 1 and
Figure S7). This also represents a bell-shaped relationship, although this relationship is
inverted to that found for NC valency and transcytosis (Table 1). Thus, intermediate valency
NCs were the fastest at transcytosis and slowest at lysosomal trafficking. This raised new
questions about the relationship between lysosomal trafficking and transcytosis, particularly
whether they are parallel or sequential processes.

Relationship Between Lysosomal Trafficking and Transcytosis of Anti-ICAM NCs in Brain
Endothelial Cells

We used multi-fluorescence confocal analysis to visualize anti-ICAM NCs located
intracellularly vs. bound at cell-surfaces (Figure 2A), and anti-ICAM NCs in lysosomes vs.
the filter pores (Figure 2B and Figure S8). At 30 min, most NCs were located at the apical
cell-surface (60%; 448 NCs/cell), while 5.6% of NCs were at the basolateral cell-surface (42
NCslcell), 5.8% were in the transwell pores (34 NCs/cell), and 4.1% were in lysosomes (24
NCs/cell). Apical-bound NCs decreased over time (146 NCs/cell by 2 h) as expected due to
uptake. Basolateral-surface NCs and NCs in pores only slightly decreased (18 and 28 NCs/
cell by 2 h), because as transcytosis proceeds more NCs arrive here from the apical surface.
Instead, lysosomal NCs increased (108 NCs/cell by 2 h), since this is a terminal
compartment. The fact that at 30 min more NCs were detected on the basolateral cell-surface
and filter pores than in lysosomes (~1.5-fold) suggests that NCs may traffic independently to
both destinations (lysosomes and transcytosis; scenario A in Figure S9), rather than from
lysosomes to transcytosis (scenario B in Figure S9). Supporting this, the presence of H7, an
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inhibitor of PKC that hinders lysosomal trafficking,[56] did not affect the number of NCs
associated with cells or those transcytosed (both 109% of control), or the percentage of NCs
in either fraction (99%-113% of control; Figure S10A). Also, “pre-loading” of lysosomes
with a dose of unlabeled anti-ICAM NCs did not alter the cellular or transcytosis behavior of
a second dose of 125]-labeled anti-ICAM NCs (89-125% of control; Figure S10B).
Therefore, passage through lysosomes does not seem to be required for transcytosis. In fact,
we follow transcytosis by tracing 1221 conjugated to the antibody coat of NCs, which allows
us to detect degradation by measuring release of the free 125] label and said free label is
subtracted from transcytosis quantifications (see Methods). As such, our transcytosis data
(Table 1 and elsewhere) refers to NCs with an antibody coat (the core is not biodegradable).
Hence, since we have previously demonstrated that the antibody coat of NCs degrades in the
lysosome[56], our measurement of transcytosis rather reflects NCs that have avoided
lysosomes. Figure S11 further validates that the antibody coat remains on trancytosed NC
particles, because when we compared the transcytosis of formulations coated with a mixture
of 125]-anti-ICAM+IgG to those coated with a mixture of anti-ICAM+1251-1gG, their
transport was similar. This implies that both anti-ICAM+IgG remained on the coat of NCs.
If antibodies detached from the NC, the specific vs. non-specific transport of anti-ICAM vs.
IgG would result in a different transport behavior for these formulations, just as observed for
NCs bearing anti-ICAM or 1gG alone (Figure 1). Since our previous data showed antibody
degradation in lysosomes, this result suggests that the transcytosed NCs we measure are
those that avoided lysosomes (scenario B in Figure S9). We cannot rule out the possibility
the some NCs may traffic to lysosomes, their antibodies degraded, and the non-degradable
polystyrene core may then be secreted, but since the radiotracer is on the antibody, those
NCs would be “invisible” and not quantified in transcytosis.

Given this, parallel transport of anti-ICAM NCs to lysosomes and transcytosis seemed more
plausible (scenario A, Figure S9). We examined the levels of free 1251 in the cellular and
basolateral fractions (Figure 2C-D). Data must be taken with caution, since free 125] levels in
cells were low (hence, the high errors in Figure 2C values), supporting that transcytosis may
be more abundant than lysosomal transport. Free 123 in cells peaked first for high valency
NCs, intermediate valency NCs peaked next, and free 125] levels were lowest at all times for
low valency NCs, in accord with a valency dependency and lysosomal transport (Figure 2C).
For all valencies, free 1291 in the basolateral chamber started low and increased with time
(Figure 2D), suggesting slow degradation may occur after transcytosis or free 1251 produced
by lysosomal degradation may be released by cells. For intermediate valency NCs, free 125]
in cells decreased after the initial peak, while for high valency NCs free 125] decreased in
cells after the peak, then it seemed to increase again over time (Figure S12). This may
suggest that high valency NCs may first endure a fast and then a slow cellular degradation
phase.

Role of Valency on the Mechanism of Anti-ICAM NC Detachment from the Basolateral Cell-
Surface after Transcytosis

The data shown above bring up the question of how such multivalent anti-ICAM NCs detach
from the receptor at the basolateral cell-surface after transcytosis. Possible pH changes in
intracellular vesicles may provide a mechanism for anti-ICAM NC-receptor detachment, as
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seen for some antibodies.[37] However, said pH changes are relatively small and all our
formulations have relatively high avidity (Table 1), for which this may be a limiting step. In
fact, our previous publication studying soluble anti-ICAM (not on NCs) showed that the
anti-ICAM-ICAM complex entered endothelial cells jointly and was later jointly recycled
back to the cell-surface, then internalized again.[57] Hence, while pH-based detachment
may contribute to transcytosis of anti-ICAM NCs, other mechanisms may play a role. For
instance, when ICAM-1 is overexpressed and engaged in multivalent interaction with
leukocytes during inflammation, matrix metalloprotease 9 (MMP-9) is secreted by both
leukocytes and endothelial cells, which helps the detachment of leukocyte-endothelial
interactions after extravasation.[58,59] Among other events, this is contributed by MMP-9
cleaving the extracellular domain of ICAM-1, which releases soluble ICAM-1 (sSICAM-1)
from the membrane.[58,59] Our previous publication showed that multivalent binding of
anti-lICAM NCs resulted in MMP-9-dependent release of sSICAM-1 from endothelial cells,
predominantly at the basolateral side.[60] This process of proteolytic cleavage may
contribute to detachment of NCs bound to ICAM-1 at the basolateral cell-surface after
transcytosis. This would concur with a second, later phase degradation for anti-ICAM NCs
with high targeting valency (Figure S12), as their stronger binding to the receptor may lower
their detachment after transcytosis.

We tested this by tracing NC transcytosis in the presence of an MMP-9 inhibitor (MMP-9i)
or recombinant MMP-9. As controls, an MMP-2 inhibitor (MMP-2i) and recombinant
MMP-2,[61] an MMP which has not been shown to cleave ICAM-1, were used. Neither
inhibitor affected the interaction of anti-ICAM NCs with cells (Figure S13). However,
inhibition of MMP-9 decreased both the absolute number of NCs transported to the
basolateral chamber and the percentage they represented out of the total (cell-associated +
transcytosed) NCs counted (70% and 36% of control; Figure 3A). Recombinant MMP-9
seemed to enhance absolute and relative NC transcytosis (146% and 113% of control; Figure
3B). MMP-2 inhibition or addition of recombinant MMP-2 did not impact transcytosis
(Figure 3). This suggests that MMP-9 may contribute to cleaving ICAM-1 from the
basolateral endothelial cell-surface, enabling detachment of transcytosed NCs from cells.

To the best of our knowledge, this is the first time that a pathway different from the slight pH
changes of transporting vesicles[37] is involved in NC detachment from their receptors after
transcytosis. Shedding of CAMs and other membrane receptors occurs in nature, and MMP
secretion is common to diverse pathological states.[42, 62, 63] It is possible that proteolytic
cleavage may not only impact transcytosis via the CAM pathway, but also other NC-receptor
complexes, broadly impacting drug delivery across endothelial linings. ldentifying how NCs
detach from their target receptors after endothelial transcytosis will help manipulate the
responsible signaling and/or effector molecules to enhance this outcome.

Model for the Role of Valency on Transport of Anti-ICAM NCs by Endothelial Cells

Altogether, our data suggest that targeting valency increases both apical-to-lysosomal
transport and apical-to-basolateral transcytosis of anti-ICAM NCs. However, this does not
entirely explain the inverted bell-shape behavior observed for these processes relative to NC
valency (Table 1). However, slow basolateral detachment and second phase degradation
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might offer an explanation. High valency NCs may not only traffic faster from the apical
surface to lysosomes but may also be slower to detach from the basolateral surface after
transcytosis, given their more abundant bonds to the receptor. Delayed detachment may then
result in basolateral re-uptake of NCs, which may be transported to lysosomes and/or back
to the apical side. As said, we have previously reported anti-ICAM-ICAM-1 complexes
recycling from endosomes back to the endothelial surface and being re-internalized[57],
although this was not tested in a transcytosis setting.

To verify this hypothesis, we added anti-ICAM NCs to the basolateral chamber and
examined NC trafficking using a similar pulse-chase protocol as above. NCs did transcytose
to the apical chamber, although at a 10-fold lower extent in absolute values (Figure 4A).
This may be due to less NCs reaching the cells through the filter pores, which is verified by
the fact that less NCs were visualized interacting with cells (not shown). Yet, the rate of
uptake of pre-bound NCs was not very different comparing both directions, e.g. rates were
statistically similar at 3 h (Figure 4B). Cells which took up NCs from the basolateral side
also showed higher free 125] for high valency NCs compared to intermediate valency ones
(Figure 4C). Hence, it seems that cells can uptake anti-ICAM NCs interacting at their
basolateral surface, traffic them to lysosomes or transcytose them to the apical surface, just
as postulated above. Altogether, the bell-shape relationship of NC valency and trascytosis
may be explained considering that transcytosis encompasses two inverted processes:
binding-uptake at the apical cell-surface and exocytosis-detachment at the basolateral cell-
surface. These two events are opposing; hence, one would expect the same parameter (NC
valency) to exert opposing influence in respective events: a direct dependency for binding
and uptake as found (Table 1), and an inverse dependency for exocytosis and detachment.
We can measure binding alone using fixed cells, almost-alone uptake by pre-binding NCs,
but in transcytosis we cannot decouple exocytosis-detachment from the preceding uptake
step. Yet looking carefully, while the t;, for maximal binding of low valency NCs was 6.6 h,
the t1/, for maximal transcytosis of pre-bound NCs was 2.7 h; hence, post-binding
transcytosis events were more efficient than binding. Instead, for high valency NCs, the ty,
for maximal binding and transcytosis were 1.4 h and 2.9 h, respectively; hence, post-binding
transcytosis events were less efficient than binding. While high valency NCs bound and
internalized much faster than low valency NCs (Table 1), their post-binding transcytosis
rates were similar, indicating that low valency NCs were more efficient in the exocytosis part
of transcytosis vs. the uptake part. Dividing the tq/, for maximal transcytosis by the tqo for
maximal binding informs on the rate of the post-binding events and shows that lowering
valency results in the faster post-binding transcytosis events (2.1, 0.5, and 0.4 for high,
intermediate, and low valency NCs; Table 1), Therefore, since NC valency relates to binding
and uptake in a direct manner (Figure S14), while it relates subsequent event (exocytosis,
detachment) in an inverted manner (Figure S14), the full transcytosis process encompassing
binding-uptake and exocytosis-detachment, shows an efficiency peak at an intermediate
valency where these curves cross each other, resulting in the bell-shape curve observed
(Figure S14).
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Effect of NC Valency on Therapeutic Delivery Across the Brain Endothelial Cells

To illustrate how this information impacts transendothelial delivery of a therapeutic, we
compared the efficiency of high vs. intermediate valency anti-ICAM NCs to deliver
recombinant acid sphingomyelinase (ASM)[64] across an endothelial monolayer. This
experimental therapeutic is the recombinant replacement for endogenous ASM, which is a
lysosomal enzyme genetically deficient in types A and B Niemann-Pick disease (NPD).[64]
The central nervous system is the main target for type A NPD, while the lung, liver and
spleen are the main targets for type B NPD.[64] However, in both cases, most tissues in the
body also require the enzyme since ASM is ubiquitous in lysosomes.[64] Because NPD
associates with an inflammatory phenotype and inflammation results in ICAM-1
overexpression, ASM delivery via anti-ICAM NCs may be beneficial to facilitate whole
body distribution and the dual lysosomal-transcytosis transport associated with endothelial
ICAM-1 would achieve ASM delivery to lysosomes in endothelial cells affected in this
disease, as well as transcytosis across the endothelium to reach target cells beyond this
lining.

Our previous studies have shown enhanced lysosomal delivery and effects of recombinant
ASM, compared to free ASM, in primary cells from NPD patients,[46, 51] but ASM
transcytosis has never been tested. For this, ASM was coated on high vs. intermediate
valency anti-ICAM NCs as in our previous experiments (see Methods), rendering NCs with
204-212 nm average diameter, 0.10-0.16 PDI, —-38.3 to —38.7 mV (-potential, and either
7,052 or 3,532 anti-ICAM molecules per NC. This is consistent with previous publications
reporting that addition of ASM to anti-ICAM NCs does not affect the NC physical
properties or the ability of anti-ICAM to target cells.[51, 53] Prior work has also shown
minimal enzyme release from the NC surface under mechanical stress or physiological-like
conditions.[50, 65] As ASM is a pro-enzyme active only after intracellular delivery, NC-
surface loading has rendered significant /n vitroand in vivo activity.[46, 51]

As expected due to dual lysosomal-transcytosis transport, when anti-ICAM/ASM NCs were
incubated with endothelial monolayers, 82% of all NCs detected (cell-retained +
transcytosed) were in the cell fraction and 18% transcytosed in the case of high valency NCs
(Figure 5A). For intermediate valency NCs, the cell fraction represented 65% of the total
and 35% of all NCs were in the basolateral chamber (Figure 5A), a 2-fold higher
transcytosis compared to high valency counterparts. Since ASM shares the NC surface with
anti-ICAM, an intermediate valency also permits a greater number of ASM molecules to be
delivered (203 vs. 28 ASM molecules/NC for the intermediate vs. high valency,
respectively). Due to higher ASM loading and transcytosis, intermediate valency NCs
greatly enhanced (9-fold) the number of ASM molecules transported across endothelial cells
(Figure 5B).

Effect of NC Valency on Brain Biodistribution of Recombinant ASM in Mice

Next, we examined anti-ICAM/ASM NCs in the brains of mice in retrospect from our
previous studies, of which we have published biodistribution in peripheral organs but not the
brain.[51, 53] Our publications had focused on type B NPD and thus, focused on
biodistribution to the lung, spleen, and liver, which are the main targets for this phenotype.
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[51, 53] Reported data had shown good accumulation of anti-ICAM/ASM NCs in these
organs: 23% of the injected dose (% ID) was found in the lungs, 39% ID in the liver, and 4%
ID in the spleen.[53] Their relative concentrations were 141% ID per gram in the lung, 36%
ID/g in the liver, and 47% ID/g in the spleen; hence, much more specific for the lungs.[53]
This represented localization ratios (LR; a tissue-over-blood index; see Methods) of 61, 17,
and 22, respectively. The specificity indexes (SI = LR of the anti-CAM/ASM NCs over
control ASM; see Methods) for the lung, liver, and spleen were 21, 0.8, and 1.1, respectively,
again demonstrating specific lung targeting without affecting needed biodistribution to the
liver and spleen, which are all disease targets.[53] Although to a lower extent, anti-ICAM
NCs also increased ASM uptake in the heart and kidneys, 7e. the Sl over control ASM was
1.5 for both organs.[53] This is beneficial as ASM deficiency affects most tissues.[64] We
had not observed a difference in the lung targeting of anti-ICAM/ASM NCs in control vs.
ASM knockout mice, the animal model for types A and B NPD (61 and 57 lung LR,
respectively).[53] This may be due to the systemic inflammatory phenotype in this model,
which may broadly increase ICAM-1 expression throughout the body, so the overall %1D
and other parameters depending on it (¢.9. LR) do not change.

In particular, our most recent study on anti-lICAM/ASM NCs tested high valency
formulations (7,052 antibodies/um?), control ASM (same ASM dose), and non-specific 19G
NCs (same antibody valency) showing similar lung, liver, and spleen biodistribution as
described above.[51] Briefly, both NCs disappeared faster from the circulation than control
ASM, as expected for NCs without stealth modifications such as PEGylation: 30 min post-
injection, the %ID in circulation was 4.1% for anti-ICAM/ASM NCs, 5.5% for 1gG NCs,
and 33% for ASM (Figure S15A). Short circulation of anti-ICAM/ASM NCs is important to
avoid enzyme degradation and recognition by the immune system. This did not preclude
targeting to all organs expressing ICAM-1 (all NPD targets), as described above.[51, 53]
Data showed low but specific brain biodistribution for anti-ICAM/ASM NCs, including a
tissue-over-blood LR of 0.54, while that of IgG NCs and ASM were 0.06 and 0.03,
respectively (Figure S15B). This represented a Sl of 14.7 and 8.4 for anti-ICAM/ASM NCs
over ASM or 1gG NCs, respectively (Figure S15C), similar to that observed for other
enzyme formulations.[23, 65] This was greater than the brain specificity index for ASM
coupled to similar NCs targeting the transferrin receptor (anti-TfR/ASM NCSs), which was
specific over the control enzyme but showed only a 2.5-fold improvement in the brain.[66]
Of note, enhanced brain targeting of anti-ICAM/ASM NCs vs. control ASM was observed
without removal of the blood from the circulatory system, because by this time anti-
ICAM/ASM NCs had already targeted organs and did not circulate (described above and
Figure S14). A significant amount of control ASM was still in circulation at this point.
Hence, the advantage provided by ICAM-1 targeting may be an underestimation.

We then used fluorescent polystyrene NCs and confocal microscopy to visualize cortical
capillaries post-mortem after intracardiac perfusion to remove the blood. While no control
IgG NCs were seen at 30 min following injection, a time used for the pulse pre-binding in
our cellular models, abundant endothelial attachment was observed for anti-ICAM NCs
(Figure 6A). Images show examples of NCs on the surface of endothelial cells (arrow), in
perinuclear ring-like structures which could be lysosomes or transcytosing vesicles (open
arrowheads), and basolateral-like locations (closed arrowheads), without visible NCs beyond
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blood vessels. Specimens collected 3 h after injection showed NCs penetrated the brain
tissue (Figure 6A). To verify blood-to-tissue passage, we injected mice with non-fluorescent
anti-lICAM NCs mixed with Texas Red dextran to label the fluid-phase as in our previous
work [51]. We have demonstrated that ICAM-1-mediated endocytosis results in co-uptake of
dextran as a fluid phase in vesicles that internalize NCs, as seen in both cell cultures and /n
vivo.[44, 51] Dextran appeared to concentrate in dot-like endosomal structures associated
with the endothelium when injected with anti-ICAM NCs and also appeared as diffuse label
penetrating beyond the endothelium (Figures 6B and S16). On the contrary, dextran
remained in the blood vessel lumen, surrounded by blood cells, when injected alone. Of
note, when 66.5 kDa 12%I-albumin was co-injected with anti-ICAM NCs, this protein
remained in circulation similar to 1251-albumin injected alone (Figure 6C). Instead, 1251-
albumin co-injected with TNFa leaked into the brain. This verifies that anti-ICAM NCs
travel to the brain via transcytosis, not by paracellular leakage. Also, due to the
permeabilizing effect of TNFa on the brain vasculature, demonstrated transcytosis of anti-
ICAM NCs in control conditions (Figure 1), and data showing brain biodistribution in
control mice, we opted to continue using this control model to study the effect of valency on
transcytosis.

Importantly, intermediate valency NCs enhanced ASM brain accumulation over high
valency NCs by 1.5-fold (Figure 7A). Intermediate valency NCs also had diminished
accumulation in the spleen (35% reduction) and the liver did not show any changes (Figure
7B). Since the liver is significantly larger than the spleen, a slight reduction in liver uptake
may become undetectable vs. the case of the spleen. Nevertheless, intermediate NCs showed
increased accumulation in the brain, expected since this organ is associated with active
transport, while passive accumulation is associated with the liver and spleen. Because of
both enhanced transport and enzyme load, the intermediate valency NCs resulted in a much
higher increase in ASM brain delivery (11-fold) compared to high valency NCs (Figure 7C),
as seen for cellular data (Figure 5B). In retrospect, these findings correlate well with our
previous work on delivery of a-galactosidase (a-Gal; deficient in Fabry disease), where
brain biodistribution was observed to be valency dependent.[23] Although unnoticed at the
time of publication, present examination shows that brain Sl for anti-lICAM/a-Gal NCs over
a-Gal was 9-fold for NCs displaying valency similar to the intermediate valency in this
study (~5,500 Ab/um?),[23] while NCs with valency similar to the low one used here
(~2,500 Ab/pm2) enhanced a-Gal brain delivery only by 4-fold, in accord with the paradigm
discerned in the present study. This illustrates the relevance of understanding the regulation
of drug NC interactions with cells/tissues to guide their design.

CONCLUSION

This work has shed critical insight into the parameters ruling transcytosis of receptor-
targeted NCs and the application of this knowledge to optimize therapeutic delivery across
endothelial linings. While the influence of chemical and physical parameters of therapeutic
NCs are relatively understood,[15-19, 21] we have limited knowledge about the “biological
crosstalk™ between NCs and cells/tissues. In this study we demonstrated that modulation of
just one parameter (targeting valency) influenced endothelial transcytosis in ways far more
complex that one would expect a priori (Figure S17). While a given NC valency may be
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optimal for binding and uptake at the luminal side of the endothelium, it may also decrease
the ability of NCs to detach from the receptor at the basolateral cell-surface and increase
sorting to lysosomal compartments, making the overall transcytosis process slower. In
contrast, a low valency NC, which may more easily detach from the basolateral cell-surface
and traffic more slowly to lysosomes, would also experience lower binding and uptake at the
apical side. Since the latter steps precede release at the basolateral side, the overall outcome
would also be suboptimal (Figure S17). Improving the first steps in the process hinders the
latter steps and vice versa. Thus, a balance must be achieved where NCs have enough
valency for apical binding and uptake without hindering basolateral detachment or
promoting massive lysosomal trafficking. It is likely that this “sweet spot” for transcytosis
will be different for each receptor-targeted NC pair, given differences in expression and
distribution of the targeted receptor, associated cell-signaling, mechanism(s) of transport,
mechanism(s) of carrier detachment, NC intrinsic properties, etc. Likely, other NC
parameters (size, surface properties, ligand linkers, etc.) may influence the role of valency in
transcytosis. This study highlights the relevance of understanding these processes to enable
the tuning of NC design parameters for optimal efficacy, as demonstrated here in the
example of ASM delivery for NPD. We have shown that an every other day injection regime
(6 doses total) of anti-ICAM/ASM PLGA-NCs enhanced enzyme activity and reduced
disease markers in the lung of the NPD mouse model, surpassing control ASM.[51] This
new information on brain biodistribution of anti-ICAM/ASM NCs will thus be used to
optimize PLGA formulations and test effects on the neurological NPD phenotype.
Ultimately, these types of mechanistic studies will help advance the field of drug delivery by
aiding rationale design of more effective drug carriers.
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HIGHLIGHTS

. Brain endothelial cells traffic anti-ICAM nanocarriers to lysosomes and
transcytosis, and nanocarrier targeting valency impacts both processes in an
inverted manner.

. Slow binding and uptake limit transcytosis of low valency nanocarrier

. Slow detachment from the endothelium after transcytosis limit high valency
nanocarriers

. Intermediate valency nanocarriers meet a balance between both processes
resulting in enhanced transcytosis.

. Thus, intermediate valency nanocarriers deliver greater amounts of a
therapeutic enzyme payload to both brain endothelial cells in culture and the
brain in a mouse model
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Figure 1. Interaction of anti-ICAM NCs with brain endothelial cells.
(A) Control (Ctr) or TNFa-activated cells grown on transwell filters, fixed, immunostained

with anti-ICAM and FITC-secondary antibody, and imaged by microscopy. The
fluorescence sum intensity minus background fluorescence is shown. (B) Cells were
incubated with 12°]-labeled, high valency anti-ICAM NCs or control 1gG NCs for 30 min
binding pulse, washed to remove non-bound NCs, and further incubated in NC-free medium
up to 1 h chase. The graph shows the number of NCs associated per well. (C) A similar
experiment was conducted, but the chase was up to 5 h and the number of NCs transcytosed
to the basolateral chamber was determined per well. Data are the mean + SEM (p<0.05 by
Student’s t-test).
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Figure 2. Anti-ICAM NC localization and degradation in brain endothelial cells.
TNFa-activated cells grown on transwell inserts were incubated with green fluorescent, high

valency anti-ICAM NCs for a 30 min binding pulse, washed to remove non-bound NCs, and
further incubated in NC-free medium up to 2 h chase. (A) Side view of cells imaged via
confocal microscopy showing surface-bound vs. internalized NCs distinguished by
immunostaining after 1 h. (B) Confocal microscopy showing colocalization of internalized
green NCs with Texas Red dextran-labeled lysosomes in yellow (green + red) vs. NCs
located within the transwell pores (also labeled with Texas Red dextran) after 1 h. Dashed
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lines mark the cell borders. Scale bar = 10 um (full) or 1 um (inset). (C) In a similar
experiment, 125|-labeled anti-ICAM NCs with high, intermediate, or low valencies were
used and chase incubations varied as shown. Free 125] was separated in the cell fraction
using precipitation in trichloroacetic acid followed by centrifugation, and was normalized to
the 1251 in the dose. (D) Free 125] separated from the basolateral chamber in the same
experiment as shown in (C). Data are the mean = SEM (p<0.05 by Student’s t-test).
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Figure 3. Anti-ICAM NC detachment from the basolateral cell-surface after transcytosis across
brain endothelial cells.

TNFa-activated cells grown on transwell inserts were incubated with 1251-labeled high
valency anti-ICAM NCs for a 30 min binding pulse, washed to remove non-bound NCs, and
incubated in NC-free medium for additional time up to 5 h chase. Incubations were done in
control medium or medium containing (A) MMP inhibitors (MMP-9i or MMP-2i), or (B)
recombinant MMPs (rh MMP-9 or rh MMP-2). Data show quantification of the absolute
number of NCs transcytosed to the basolateral chamber or NC transcytosis as a percentage
of the total (cell-associated + transcytosed) NCs relative to the control condition, as
indicated by the horizontal dashed lines. Data are the mean = SEM. Comparison to control at
p <0.05 (*) or p < 0.1 (#) (Student’s t-test).

J Control Release. Author manuscript; available in PMC 2021 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manthe et al.

>

NCs/well at

Page 25
B C
5 100 - ’
12X10 * - 2 120~ .
104 80 B Z 100- T
5 g == T Z S T 80-
28 < 60 % =
C6- e 7 S 060
B4 R % 3 52401
© 20 - 7 O =,
- Z
0 - -~ - .
BL>AP AP>BL 05h 1h 3h 0.5h 3h 24n 4145 7703
Direction of transport AP->BL BL> AP Anti-ICAM molecules/um?

Figure 4. Transport of anti-ICAM NCs from the basolateral side of brain endothelial cells.
TNFa-activated cells grown on transwell filters were incubated with 1251-labeled,

intermediate valency anti-ICAM NCs added in the basolateral chamber or the apical
chamber for 30 min binding pulse, washed to remove non-bound NCs, and further incubated
in NC-free medium up to 24 h chase. The graph shows the number of NCs collected in the
chamber opposite of where they were originally added. (B) A similar experiment was
conducted using green-fluorescent anti-ICAM NCs. After the indicated chase times, cells
were fixed, immunostained to detect internalized NCs from cell-surface NCs (as in Figure
2A) and imaged by fluorescence microscopy to quantify the fraction of NCs internalized
within cells. (C) The free 125] content in the cellular fraction in experiment (A) is shown as a
percentage of the total 1251 counts detected in cells. Data are the mean + SEM (p<0.05 by
Student’s t-test).
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Figure 5. Role of valency on ASM delivery across brain endothelial cells by anti-ICAM NCs.
TNFa-activated cells grown on transwell inserts were incubated with 1251-labeled anti-

ICAM/ASM NCs with high or intermediate valency (7,052 vs. 3,532 anti-ICAM molecules/
um2, respectively) for a 30 min binding pulse, washed to remove non-bound NCs, and
incubated in NC-free medium for additional time up to 24 h chase. The number of NCs
associated with the cell fraction and those transcytosed to the basolateral chamber were
measured using a gamma counter. (A) Quantification of NC distribution in the cell vs.
transcytosed fractions as a percentage of the total (cell-associated + transcytosed) NCs. (B)
Distribution of ASM molecules in the cell and basolateral fractions. Data are the mean +
SEM. *Comparison to the high valency (7,052 anti-ICAM molecules/um?) for each fraction
(* p<0.05and # p < 0.1 by Student’s t-test).
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Figure 6. Transcytosis of anti-ICAM NC by the brain endothelium in mice.
(A) Fluorescence microscopy of cortical brain vessels in brain specimens isolated from wild-

type mice 30 min or 3 h after intravenous injection with green fluorescent anti-ICAM NCs
or control IgG NCs. Scale bar = 10 pm. Boxes = regions magnified 3-fold in the right panels.
Arrows = NCs on the apical surface of the endothelium. Open arrowheads = NCs on the
basolateral surface of the endothelium. Closed arrowheads = perinuclear NCs. (B) Animals
received a co-injection of non-fluorescent anti-ICAM NCs + Texas Red dextran to trace the
fluid phase during NC transport across the BBB. Brains were collected and imaged by
fluorescence microscopy after 3 h. Dextran fluorescence mean intensity was measured at 5
um or 15 um distance from the blood vessel wall. (C) Mice were injected with 1251-labeled
albumin alone (control), or co-injected with anti-ICAM NCs or TNF-a.. After 1 h, brain and
blood were obtained and 1251-albumin was measured in both compartments. The ratio of
brain-to-blood albumin is shown, normalized to the level found in the control animal. Data
are the mean + SEM. *p<0.05 (Student’s t-test).
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Figure 7. Role of valency on ASM delivery into the brains of mice by anti-ICAM NCs.
Wild-type mice were intravenously injected with 12]-labeled anti-ICAM/ASM NCs with

high or intermediate valency. Organs were collected 30 min post-injection, weighed, and the
125 content in each was measured using a gamma counter. (A) The percent injected dose (%
ID) and percent injected dose per gram of tissue (% ID/g) in the brain. (B) The % ID and %
ID/g for intermediate valency NCs in the brain, liver, and spleen as a percentage of that
found for the high valency NCs. (C) Absolute number of ASM molecules distributed to the
brain for both valencies. Data are the mean £ SEM. *p<0.05, #p<0.1 (Student’s t-test).
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