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Abstract

Endocytosis in endothelial cells (ECs) is important for many biomedical applications, including drug
delivery by nano- and microscale carriers. However, little is known about how carrier geometry
influences endothelial drug targeting, intracellular trafficking, and effects. We studied this using
prototype polymer carriers of various sizes (0.1-10 um) and shapes (spheres versus elliptical disks).
Carriers were targeted to intercellular adhesion molecule 1 (ICAM-1), atransmembrane glycoprotein
that is upregulated in many pathologies and used as a target for intraendothelial drug delivery. ECs
internalized anti-ICAM-coated carriers of up to several microns in size via cell adhesion molecule-
mediated endocytosis. This pathway is distinct from caveolar and clathrin endocytosis that operate
for submicron-size objects. Carrier geometry was found to influence endothelial targeting in the
vasculature, and the rate of endocytosis and lysosomal transport within ECs. Disks had longer half-
lives in circulation and higher targeting specificity in mice, whereas spheres were endocytosed more
rapidly. Micron-size carriers had prolonged residency in prelysosomal compartments, beneficial for
endothelial antioxidant protection by delivered catalase. Submicron carriers trafficked to lysosomes
more readily, optimizing effects of acid sphingomyelinase (ASM) enzyme replacement in a model
of lysosomal storage disease. Therefore, rational design of carrier geometry will help optimize
endothelium-targeted therapeutics.
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INTRODUCTION

Endothelial cells (ECs) lining the vascular lumen represent an important target for therapeutic
interventions in numerous acute and chronic diseases.}™ Optimizing targeted delivery of
therapeutics to vascular ECs is, therefore, an important medical goal.2~8 However, most
therapeutics do not have intrinsic affinity to ECs (or other cell types).1=3 This results in rapid
clearance from the blood and inefficient transport into endothelium, leading to suboptimal
delivery and effects.1=3

In theory, this obstacle can be surmounted by coupling drugs of interest to targeting vectors
(e.g., antibodies) that recognize determinants expressed on the endothelial surface at sites of
disease.2:3:5=7:9,10 For example, intercellular adhesion molecule 1 (ICAM-1) is a leukocyte
anchor expressed primarily in the luminal surface of ECs.11:12 This molecule is upregulated
and functionally involved in many disease conditions including inflammation, oxidative stress,
atherosclerosis, thrombosis, and metabolic disorders.11:12 Hence, ICAM-1 represents a
candidate determinant for endothelial targeting of drugs designed for treatment of these
pathologies.26:13 ICAM-1 targeting by anti-ICAM antibodies or antibody fragments facilitates
vascular delivery of imaging agents,1#15 immunoliposomes,13 therapeutics, and reporter
agents to resting and pathologically activated endothelium.8:16=21 Therefore, understanding
the mechanisms regulating endothelial drug delivery via ICAM-1 is an important goal.

Interestingly, ECs do not internalize ICAM-1 antibodies, but internalize multivalent anti-
ICAM conjugates and anti-ICAM-coated polymer nanocarriers.16:17:19 These multivalent
formulations induce ICAM-1 clustering and endocytosis via a unique pathway, cell adhesion
molecule (CAM)-mediated endocytosis.1”+22 CAM-endocytosis is independent from clathrin-,
caveolar-, macropinocytosis- and phagocytosis-mediated pathways.17+22

CAM-endocytosis induced by conjugates and nanocarriers targeted to EC adhesion molecules
provides intracellular delivery of therapeutics. This is the case for catalase that protects against
vascular oxidative stress in cells and animal models.18:23:24 Following internalization, anti-
ICAM carriers traffic to lysosomes, where proteolysis terminates the therapeutic effect of
catalase.18:25 However, in an alternative therapeutic application, lysosomes represent an ideal
destination of anti-ICAM carriers loaded with enzymes for replacement therapies for lysosomal
storage disorders.20:21,26

Previous studies of endothelial drug transport via ICAM-1 used spherical anti-ICAM carriers
with diameters 0.1-0.2 pm.1720:22,25 |ntuitively, one can expect that the size and shape of a
drug carrier can modulate its circulation in the blood, distribution in organs, endothelial uptake,
intracellular transport, and fate. Previous in vitro studies in macrophages lend indirect support
to this notion: macrophages internalize immunoglobulin G (1gG)-coated polystyrene spheres
with diameters of 0.2 um versus 2 pm with similar kinetics.2” However, different pathways
are involved in the uptake of these particles (clathrin endocytosis versus classical phagocytosis,
respectively).2” As a result, micron particles traffic to lysosomes in macrophages faster than
their submicron counterparts.2” The shape of micron-size polystyrene particles also modulates
the rate of phagocytosis by macrophages.2® However, the role of carrier geometry in endothelial
transport has not been previously studied and may be different from that observed in
macrophages. In general, the role of carrier geometry in targeted drug delivery remains unclear.

In order to fill this gap, we designed prototype anti-ICAM carriers of diverse shape (polystyrene
spheres versus elliptical disks) and size (mean diameters ranging from 0.1 to 10 um). Blood
circulation and endothelial targeting of these carriers was tested in mice. Carrier endocytosis,
trafficking, and intracellular fate were evaluated in ECs in culture. The results permitted us to
identify anti-ICAM carriers with geometries optimized for intracellular delivery of antioxidant
enzymes versus lysosomal enzyme replacement therapies. The therapeutic effects of these
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carriers were tested in experimental cell models for vascular protection against oxidative stress
and treatment of lysosomal storage disorders, respectively.

RESULTS

The geometry of anti-ICAM carriers controls their clearance from the circulation and
endothelial targeting in the vasculature

The biodistribution of radiolabeled anti-ICAM carriers of various geometries, including
spheres (0.1, 1, 5, and 10 um diameter) and elliptical disks (0.1 x 1 x 3 um), was quantified
after intravenous injection in mice (Figure 1). We focused on the liver, which represents the
main site for “nonspecific” uptake of circulating particles by the reticuloendothelial system,
and the pulmonary vasculature, which represents a favorable site for endothelial targeting
because it contains ~30% of the total endothelial surface in the body and receives 100% cardiac
venous output.?

In agreement with our previous studies,® submicron-size (0.1 pm diameter) anti-ICAM
spheres showed rapid clearance from the blood: 16.2 + 2.7% of the injected dose (% ID) and
5.2 £ 0.5% ID at 1 minute and 30 minutes after injection, respectively (Figure 1a). This was,
at least in part, due to hepatic uptake of these carriers: 43.7 + 4.5% of the ID per gram of organ
(% 1D/g; Figure 1b). Most importantly, these ICAM-1-targeted carriers showed efficient and
specific pulmonary uptake versus control 1gG spheres: 114.7 £ 11.1% ID/g versus 10.2 £ 3.9%
ID/g, respectively (Figure 1c). The pulmonary immunospecificity index of submicron-size
anti-ICAM carriers (ISI, which represents the ratio of % ID/g of anti-ICAM to 1gG carriers)
was 11.3, indicating robust endothelial targeting (Figure 1d).

Larger 1, 5, and 10 um anti-ICAM spheres were cleared from the circulation even faster than
their 0.1 um counterparts: 13.0 £ 1.1% ID, 8.7 £ 0.2% ID, and 7.1 + 2.8% ID remained in the
blood 1 minute after injection (Figure 1a). Rapid blood clearance occurred despite the fact that
hepatic uptake of these micron-range anti-ICAM carriers was lower: 22.5 + 1.8% ID/g, 7.2 +
0.4% ID/g, and 5.6 £ 0.7% ID/g (Figure 1b). This can be explained in part by even more
profound pulmonary uptake, exceeding that of 0.1 um spheres: 158.0 + 19.0% ID/g, 235.1 +
14.6% ID/g, and 219.0 + 51.2% ID/qg for 1, 5, and 10 um anti-ICAM spheres (Figure 1c).
Notably, control IgG spheres of 1, 5, and 10 um in diameter also displayed high pulmonary
uptake: 99.2 + 11.3% ID/g, 153.1 + 5.8% ID/g, and 133.5 £ 7.3% ID/g (Figure 1c), which is
in contrast to the submicron spheres. Thus, the pulmonary immunospecificity index was ~1.6
for spheres that were larger than a micron in diameter, revealing a dominant role of nonspecific
mechanical retention of micron-size spheres in pulmonary capillaries (Figure 1d).

We next examined the role of particle shape on the blood clearance rate and uptake. Anti-ICAM
disks (0.1 x 1 x 3 um) remained in the circulation for longer periods of time than their spherical
counterparts: 25.5 + 2.8% ID and 20.9 £ 1.6% ID remained in the blood at 1 and 30 minutes
after injection, respectively (Figure 1a). They also showed lower uptake by the liver (15.7 +
2.3% ID/g; Figure 1b) and very specific targeting to the lungs (186.2 + 15.4% ID/g versus 5.2
+0.5% ID/g for IgG disks; Figure 1c). As a result, anti-ICAM disks had the highest pulmonary
anti-ICAM-to-1gG immunospecificity index value of 35.7 (Figure 1d). Therefore, both
submicron-size spheres and elliptical disks provide favorable geometries to design carriers for
ICAM-1-directed endothelial targeting, particularly to the lung.

Analysis of lung tissue by transmission electron microscopy 3 hours after injection of carriers
further revealed that both 0.1-pum anti-ICAM spheres and 0.1 x 1 x 3 um anti-ICAM disks
resided within vesicular compartments inside pulmonary endothelium, with no detectable signs
of cell damage, disruption of endothelial junctions, pulmonary edema, or other signs of lung
injury (Figure 2). To the best of our knowledge, this is the first evidence of in vivo
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intraendothelial targeting of polymer carriers with dimensions that exceed the typical size of
clathrin pits and caveolar vesicles (which usually accommodate intracellular transport of
submicron ligands29:30),

The effects of geometry on the internalization of anti-ICAM carriers by ECs

We next explored the role of the geometry of anti-ICAM carriers on their internalization by
ECs. For these studies, we used cell cultures of human umbilical vein ECs (activated with
tumor necrosis factor-a to enhance the expression of ICAM-1), as in our previous work.17+22
Fluorescently labeled anti-ICAM spheres and elliptical disks, but not their IgG counterparts,
bound specifically to ECs in culture (Figure 3). Double-label fluorescence microscopy analysis
(Figure 4a) showed that the ECs endocytosed 5-um anti-ICAM spheres as rapidly as 0.1-um
spheres: 81.4 + 2.8% and 94.2 + 2.9% internalization at 1 hour (t1/,~ 15 minutes in both cases).
Anti-ICAM disks (0.1 x 1 x 3 um) were also internalized by ECs in culture (Figure 4). However,
the internalization kinetics of disks was markedly slower (t1,o~ 1 hour; Figure 4) than that of
spherical anti-ICAM carriers despite the fact that, even in their maximal dimension, the disks
were smaller than 5-um spheres.

ECs internalize anti-ICAM carriers of diverse geometries via CAM-mediated endocytic
pathway associated with formation of actin stress fibers

Delayed endocytosis of anti-ICAM disks versus spheres coul be due to involvement of a
different endocytic mechanism or/and different reorganization of the cytoskeleton, necessary
to facilitate plasma membrane deformation and invagination during endocytosis. To explore
this, we imaged actin filaments using phalloidin and fluorescence microscopy in cells incubated
with either anti-ICAM spheres (0.5 um versus 5 um) or disks (Figure 5a). We observed that,
regardless of their size and progression of internalization, binding of anti-ICAM spheres and
disks to ECs resulted in rapid reorganization of the actin cytoskeleton into bundles of stress
fibers (Figure 5a). Actin fibers aligned beneath the particles, similar to actin remodeling by
0.1-0.2-um anti-ICAM spheres tested previously.17:22 Interestingly, concomitant to their
internalization, we observed a delayed and progressive alignment of anti-ICAM disks in the
orientation of the actin bundles (Figure 5a).

We then determined whether a different endocytic pathway accounts for the differences
observed in the actin alignment and internalization rate of anti-ICAM carriers of different
geometries (0.1-, 1-, and 5-um diameter spheres versus 0.1 x 1 x 3 um elliptical disks).
Treatment with pharmacological inhibitors showed that all tested anti-ICAM carriers were
internalized by ECs via a similar pathway (Figure 5b and c). Cytochalasin D, which caps short
actin filaments, did not affect internalization of anti-ICAM spheres or disks (Figure 5b). In
contrast, uptake of both anti-ICAM carriers was inhibited by latrunculin A, a more potent actin
depolymerizing agent (Figure 5b). This result is in agreement with our previous data showing
endocytosis of anti-ICAM carriers (0.1 um diameter) via an actin-dependent, yet nonclassical,
endocytic mechanism.” Confirming this, endocytosis of the anti-ICAM carriers was distinct
from endocytosis mediated by clathrin-coated pits (inhibited by monodansyl cadaverine),
caveoli (inhibited by filipin), or macropinocytosis (inhibited by amiloride and wortmannin)
(Figure 5¢). Instead, all anti-ICAM carriers were internalized by the CAM-mediated pathway,
which is affected by amiloride, but not wortmannin (Figure 5c).

The size of anti-ICAM carriers controls their intracellular trafficking in ECs

We used a multi-label fluorescence microscopy approach established previously8 to study
how the geometry of anti-ICAM carriers affects their intracellular trafficking (Figure 6) and
the stability of their protein coat after internalization (Figure 7). In agreement with our previous
studies,18:25 the majority (71.8 + 0.5%) of 0.1-um anti-ICAM spheres internalized by ECs
trafficked to lysosomes by 3 hours (Figure 6). In contrast, even at 5 hours after endocytosis, a
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significantly smaller fraction of micron-size anti-ICAM carriers was located within lysosomes
(~25-30% reduction), regardless of the carrier spherical or elliptical disks shape (Figure 6).
Apparently, intracellular transport of micron-size anti-ICAM carriers reached saturation ~2
hours after their internalization (Figure 6).

In addition, the protein coat of the carriers (anti-ICAM absorbed on the polymer surface) was
degraded in accordance with the trafficking to lysosomes (Figure 7). Degradation was
practically complete by 3 hours in the case of 0.1-um anti-ICAM spheres (Figure 7). In contrast,
micron-size anti-ICAM spheres or disks retained ~30% of protein coat even at 5 hours after
internalization (Figure 7). This result is in agreement with the prolonged residence of micron-
size range carriers in prelysosomal compartments (Figure 6).

Design of anti-ICAM carrier geometry for selected cargoes: optimization of the intracellular
destination and effects of distinct therapeutic proteins

The results described earlier may guide the design of more effective carriers for intracellular
drug delivery via ICAM-1. The distinct targeting, endocytosis, and intracellular transport
properties of anti-ICAM carriers of different sizes and shapes provide variable drug delivery
opportunities, adjustable to specific therapeutic needs.

We tested this possibility using anti-ICAM carriers coated with two experimental therapeutic
enzymes which require different subcellular destinations. The first enzyme is catalase, an
H,0,-degrading antioxidant enzyme. Targeting catalase into ECs via cell adhesion molecules
protects endothelium against vascular oxidative stress in vitro and in vivo.23 However,
trafficking to lysosomes leads to catalase degradation and limits the duration of its protective
effect.18:22:25 The second enzyme is acid sphingomyelinase (ASM), a lysosomal enzyme
deficient in types A and B Niemann-Pick disease, an inherited disorder characterized by
lysosomal accumulation of sphingomyelin.3 This lipid storage can be alleviated by lysosomal
delivery of enzyme replacement therapies.20:21:32

As shown in a Figure 8a, submicron-size anti-ICAM/catalase carriers protected ECs from
H,0, oxidative injury. However, antioxidant protection lasted for <3 hours after
internalization, due to lysosomal proteolysis of catalase as we observed previously.23:25 In
contrast, catalase delivered into ECs using micron-size anti-ICAM carriers provided total
protection against the same oxidative insult for at least 5 hours after internalization (the duration
of the study; Figure 8a). This prolonged protection is likely due to limited lysosomal delivery
of micron-size anti-ICAM carriers (see Figure 6). In contrast, and likely by the same reason,
delivery of ASM loaded onto micron-size anti-ICAM spheres provided only partial attenuation
of abnormal sphingomyelin storage in imipramine-treated HUVECSs, a pharmacological model
of ASM-deficient Niemann—Pick disease (Figure 8b). However, excess sphingomyelin was
completely degraded by ASM delivered by submicron-size anti-ICAM carriers (Figure 8b),
which traffic efficiently to lysosomes, the intended target for this therapeutic.20:32 Thus,
optimization of the geometry of anti-ICAM carriers helps to customize their use for diverse
therapeutic needs, each of which has specific requirements in terms of the desired subcellular
localization and effect.

DISCUSSION

In this work, we show that endothelial targeting and intracellular destination of model polymer
carriers targeted to ICAM-1 can be modulated by carrier geometry, in particular the size and
shape. Micron-size anti-ICAM spheres accumulate nonspecifically in the pulmonary
vasculature after intravenous injection, likely due to mechanical entrapment of these particles
in small capillaries (Figure 1). Submicron anti-ICAM spheres show rapid and specific
pulmonary uptake, reflecting endothelial targeting (Figure 1). In contrast, micron-size anti-
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ICAM elliptical disks had a prolonged half-life in the circulation and specific endothelial
targeting (Figure 1). It is tempting to speculate that hydrodynamic features of elliptical disks
in the bloodstream, such as alignment with flow, may prolong disk half-life in circulation by
diminishing nonspecific collisions with the vascular walls. This paradigm is illustrated in
biology by long-circulating discoid red blood cells circulating in the blood, and also by recent
findings implying that elongated liposomes and polymer filomicelles circulate for a prolonged
time period due to flow alignment.33:34 In addition, the higher surface-to-volume ratio of
micron-size elliptical disks versus spheres may diminish the detaching forces acting on
endothelium-anchored anti-ICAM disks in the bloodstream.

Both anti-ICAM submicron spheres and micron-size disks are internalized by pulmonary ECs
in vivo (Figure 2), showing an impressive capacity of anti-ICAM carriers to target and enter
ECs. Thus, targeting features of ICAM-1 markedly differ from those of determinants associated
with classical endocytic pathways restricted to much smaller objects. For example, ~1-um
phage particles expressing a peptide with high affinity to a lung endothelial, caveolae-specific
protein neither bind to endothelium, nor enter caveoli in vivo.3> This is due to size restriction
of caveolar invaginations, because both the free peptide and an antibody to this protein could
bind to endothelium, accumulate in lungs, and enter caveoli.3®

At the cellular level, spheres seem to be the most permissive shape for endocytosis of anti-
ICAM carriers ranging from 0.1 to 5 um (Figure 4). In contrast, uptake of large anti-ICAM
elliptical disks is delayed (Figure 4). Slow transport of anti-ICAM disks may be due to higher
surface-to-volume ratio of disks versus spheres, given that this parameter dictates the need for
higher plasmalemma deformability to adapt to disks, which have more pronounced and varying
curvature. A similar phenomenon was recently observed for phagocytosis of 1gG-opsonized
particles by macrophages, which was governed by formation and progression of actin cups
beneath the plasma membrane.28 However, in contrast with phagocyte uptake of 19G-
opsonized particles, anti-lICAM carriers did not elicit actin polymerization into cups around
spherical or disk particles, regardless of anti-ICAM carrier geometry and the progression of
internalization (Figure 5a). Instead, anti-ICAM carriers induced formation of actin stress fibers
(Figure 5a and refs. 17:22) and their endocytosis was inhibited by the actin filament inhibitor
latrunculin A, but not by cytochalasin D that typically affects classical actin-dependent
endocytosis (Figure 5b). A similar reorganization of the actin cytoskeleton has been previously
observed for 0.1-0.2-um diameter anti-ICAM spheres, which is mediated by RhoA activation
and ROCK signaling.17+36 This suggests that endocytosis of anti-ICAM carriers with different
geometries operates via a similar, nonclassical uptake pathway.1’

Indeed, regardless of anti-ICAM carrier geometry, internalization occurs via CAM-mediated
endocytosis (Figure 5c and ref. 17), which bypasses classical endothelial mechanisms of
endocytosis, such as caveolar-37 and clathrin-mediated pathways.3 CAM-endocytosis permits
uptake of particles up to several microns in size (Figure 4b, also confirmed in vivo in Figure
2). Thisis in contrast to a previous report showing that cells switched from clathrin- to caveolar-
mediated pathways with increasing particle size.38 However, the cells used in that study were
not endothelial, and the polystyrene particles were not targeted to any specific cellular receptor,
implicating less specific and passive uptake mechanisms. Internalization of anti-ICAM carriers
depends on amiloride-sensitive NHE1.17:22 This is an ion exchanger that interacts with
ICAM-1 engaged by anti-ICAM carriers and acts as a crosslinker of actin filaments, likely
through binding of its cytosolic tail to ezrin-radixin-moesin family proteins.22 NHE1 regulates
the apical surface elasticity of endothelium,3° which may explain the high permissibility of
CAM-endocytosis for particulate ligands of variable size and shape.

In contrast to endocytosis, mainly ruled by carrier shape (Figure 4), intracellular transport of
internalized anti-ICAM carriers to lysosomes is controlled by carrier size. Submicron-size anti-
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ICAM carriers show more efficient transport to lysosomes, with concomitant degradation of
the protein coat (Figures 6 and 7). Micron-size anti-ICAM spheres or disks reside protected
within prelysosomal compartments for longer periods of time (Figures 6 and 7). This is unlike
lysosomal trafficking of 1gG-opsonized particles by macrophages, which increases with
increasing particle size.2” Perhaps less effective lysosomal trafficking of micron-size anti-
ICAM carriers by ECs may reflect more restrictive dimensions of intracellular vesicular
machinery within this cell type.

Regarding the intracellular fate of the carriers, it should be noted that polystyrene particles
used in this study are not degradable and reside within vesicular compartments in ECs for
prolonged periods of time. However, they represent a good model carrier as these particles
show the same targeting and intracellular transport features as carriers formulated from
biocompatible US Food and Drug Administration—approved poly(lactic co-glycolic) acid.1%
21 For instance, our recent studies in cell culture and animal models indicate that polystyrene
and poly(lactic co-glycolic) acid nanocarriers targeted to ICAM-1 provide very similar results
regarding intracellular delivery of recombinant ASM in vascular endothelium.2! Poly(lactic
co-glycolic) acid represents a highly promising formulation for future translational studies on
ICAM-1-targeted delivery, as it is a safe polymer that can be metabolized in tissues and displays
low toxic and immunogenic effects.#0—42

Prelysosomal versus lysosomal transport of anti-ICAM carriers, regulated by modulating
carrier size, highlights the variability and potential utility of the ICAM-1-targeting platform
for therapeutic applications that require distinct intracellular localization and duration of
effects. As an example with relevant implications in the design of endothelial antioxidant
therapies, we have used micron-size anti-ICAM carriers and have shown ICAM-1-mediated
delivery and prolonged antioxidant protection by catalase in prelysosomal compartments
(Figure 8a). In addition, as a distinct example relevant to the treatment of lysosomal storage
disorders, we have used submicron-size anti-ICAM carriers to deliver recombinant ASM to
endothelial lysosomes for attenuation of accumulated sphingomyelin (Figure 8b).

In conclusion, the size and shape of anti-ICAM carrier particles (and, perhaps, carriers targeted
to other surface determinants) can be tuned to control the pharmacokinetics and biodistribution
of these carriers in vivo, as well as the intracellular delivery and effects of therapeutic cargoes.
These parameters can be designed to better fit the needs of particular therapeutic approaches.

MATERIALS AND METHODS

Antibodies and reagents

Monoclonal antibodies to human and mouse ICAM-1 were mAb R6.5 and YN, respectively.
19 Fluorescent secondary antibodies, dextran, phalloidin, BODIPY-Flc1,-sphingomyelin, and
the Live/Dead kit were from molecular Probes (Eugene, OR). Fluorescein isothiocyanate
polystyrene microspheres (0.1, 0.5, 1, 5, and 10 um diameter) were from Polysciences
(Warrington, PA). Elliptical disks (0.1 x 1 x 3 um) were prepared from uncrosslinked 2-pum
diameter polystyrene spheres as described previously.28 Recombinant human ASM was
produced in Chinese hamster ovary cells and purified as described previously.32 Unless
specified otherwise, all other reagents were from Sigma (St Louis, MO).

Anti-ICAM carriers of various geometries

Anti-ICAM versus control 1gG spheres or disks were prepared by absorption of anti-ICAM or
nonspecific 1gG onto fluorescein isothiocyanate polystyrene particles.1® For experiments in

vivo, radiolabeled particles contained a mix of either anti-ICAM or 1gG and 1251-IgG at 95:5
molar ratio.18 Catalase or ASM were coadsorbed with anti-ICAM onto polystyrene carriers as

Mol Ther. Author manuscript; available in PMC 2010 January 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Muro et al. Page 8

described previously.18:20 The final diameter of the carriers was determined by dynamic light
scattering.

Biodistribution of anti-ICAM carriers in mice

Anesthetized C57B1/6 male mice were injected intravenously with 1251-labeled anti-ICAM or
control IgG carriers (~1.3 mg IgG and 5.6 x 1011 um? total particle surface per kg of body
weight). Blood samples were collected from the retro-orbital plexus at 1 and 30 minutes after
injection, and organs (kidneys, heart, spleen, liver, and lungs) were collected 30 minutes after
injection. The percent of the total injected dose (% ID), percent ID per gram of organ (% ID/
g), organ-to-blood localization ratio (% ID/g in an organ: % ID/g in blood), and anti-ICAM-
to-19G immunospecificty index (% ID/g in a tissue for targeted versus nontargeted
formulations) were determined as described previously.19

Alternatively, anti-ICAM carriers were imaged by transmission electron microscopy. For this
purpose, mice injected with nonradiolabeled carriers were perfused 3 hours after injection first
with phosphate-buffered saline and then with fixative (2.5% glutaraldehyde, 4%
paraformaldehyde in 0.1 mol/l Na cacodylate buffer). Perfusions were done through the left
ventricle while animals were maintained under ventilation. Lung samples were collected and
processed from 80-nm thin resin-embedded sections (Biomedical Imaging Facility, University
of Pennsylvania, Philadelphia, PA).

All animal studies were performed in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted by the US National Institutes of Health, and all protocols were
approved by the University of Pennsylvania.

Actin remodeling and endocytosis of anti-ICAM carriers in cell culture

Human umbilical vein ECs or HUVECs (Clonetics, San Diego, CA) were seeded onto gelatin-
coated coverslips in 24-well plates and grown in supplemented M199 medium (GibcoBRL,
Grand Island, NY). Cells were treated overnight with 10 ng/ml tumor necrosis factor-a to
stimulate ICAM-1 expression.” Fluorescein isothiocyanate—labeled anti-ICAM or control 1IgG
carriers were first incubated with HUVECSs for 30 minutes at 4 °C to permit binding. Then,
nonbound carriers were washed and the cells were warmed at 37 °C to permit endocytosis,
either in the absence or presence of pharmacological inhibitors of endocytosis pathways (50
umol/l monodansyl cadaverine, 1 ug/ml filipin, 3 mmol/l amiloride, or 0.5 umol/l wortmannin)
or inhibitors of actin filaments (0.5 pmol/l cytochalasin D or 0.1 pmol/I latrunculin A). The
cells were washed in the cold, fixed with 2% paraformaldehyde, and surface-bound carriers
were stained with goat anti-mouse 1gG conjugated to Texas red.}” The samples were analyzed
with a Nikon Eclipse TE2000-U fluorescence microscope (Nikon, Melville, NY), using a 40x
PlanApo objective and filters optimized for fluorescein isothiocyanate and Texas red
fluorescence. Images were obtained with a Hamamatsu Orca-1 charge-coupled device camera
and analyzed using ImagePro 3.0 software (Media Cybernetics, Silver Spring, MD). With this
protocol, carriers bound to the cell surface are double-labeled (yellow particles) in merged
fluorescence images, whereas single-labeled green particles represent internalized carriers.

Alternatively, cells were incubated in the presence of anti-ICAM carriers for various periods
of time at 37 °C, following by cell fixation in cold. The samples were then permeabilized with
0.2% Triton X-100, and staining with phalloidin conjugated to red Alexa Fluor 594 to
selectively stain filamentous actin.’

Trafficking and stability of anti-ICAM carriers

HUVEC lysosomes were labeled with Texas red dextran (10,000 MW) and the cells were
incubated with green-fluorescent anti-ICAM carriers as described earlier. The samples were
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imaged using the microscope system described earlier after labeling noninternalized carriers
with blue Alexa Fluor 350 goat antimouse 1gG.18 Surface blue-positive carriers were subtracted
from tri-color images to focus on internalized counterparts. These corrected images were used
to quantify the percent of green-labeled carriers colocalizing with red-labeled lysosomes with
respect to the total amount of carriers internalized per cell.18

To determine the intracellular stability of the antibody component of green-fluorescent anti-
ICAM carriers, fixed cells were first stained with blue Alexa Fluor 350 goat anti-mouse 1gG
to label surface located carriers. Cells were then permeabilized and the internalized carriers
were counterstained with Texas red goat anti-mouse 1gG, which recognizes nondegraded anti-
ICAM on the coat of the carriers.18 Surface blue-positive carries were subtracted from tri-color
micrographs and the fraction of internalized green-labeled carriers presenting “stable” red-
labeled anti-ICAM coating was quantified.18

Antioxidant protection by anti-ICAM/catalase carriers

The antioxidant effect of anti-ICAM/catalase carriers was tested after their internalization in
HUVEC:s. For this purpose, the cells were incubated for 15 minutes at room temperature with
5 mmol/l H,O5 in phenol red—free Rosewell Park Memorial Institute medium. HUVECs were
then washed, incubated with Live/Dead kit containing 0.1 mmol/I calcein AM and 1 mmol/I
ethidium for 15 minutes at 37 °C, and scored as percentage of calcein positive/ethidium
negative, surviving cells.2®

Functional activity of anti-ICAM/ASM carriers

Statistics

HUVECs were treated with 50 pmol/l imipramine overnight to induce pharmacological
inhibition of endogenous ASM as described previously.29 Concomitantly, the cells were
incubated with fluorescent BODIPY -FLc12-sphingomyelin, which fluoresces at 620 nm (red)
at high concentrations, to image intracellular (lysosomal) accumulation of sphingomyelin by
fluorescence microscopy. Cells were subsequently treated either with control media or media
containing submicron (0.1 um) versus micron-size (1 pm) anti-ICAM/ASM carriers for 30
minutes at 37 °C. Cells were washed, incubated with control media for 3 hours, and finally
analyzed by fluorescence microscopy to determine whether the delivered enzyme reverts
lysosomal accumulation of sphingomyelin.20

Unless otherwise stated, the data were calculated as the mean + SE of the mean (mean + SEM),
where statistical significance was determined by Student’s t-test.
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Figure 1. Role of geometry in the pharmacokinetics and biodistribution of anti-ICAM carriers in
mice

(a) Blood level of anti-ICAM (white bars) versus immunoglobulin G (IgG) (black bars)
particles of various geometries (0.1, 1, 5, and 10 um spheres, and 0.1 x 1 x 3 um disks),
calculated as percentage of injected dose (% ID) remaining in the circulation 1 minute after
intravenous injection in C57BL/6 mice. (b) Liver uptake and (c) lung uptake (expressed as %
ID per gram) of anti-ICAM (white bars) versus I1gG (black bars) formulations, 30 minutes after
injection. (d) The immunospecificity index (ISI) in liver (black bars) and lung (white bars)
represents the anti-ICAM-to-1gG particle ratio, calculated as % ID/g in each of these tissues.
Data are mean £ SEM (n > 4 mice). *, Compares particles of any given micron-range size to
0.1 um. #, compares anti-ICAM particles to IgG counterparts. * or #, P < 0.05; ** or ##, P <
0.01; *** or ###, P < 0.001, by Student’s t-test. ICAM, intercellular adhesion molecule 1.
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Figure 2. Internalization of anti-ICAM carriers by endothelial cells (ECs) in vivo

Transmission electron microscopy micrographs showing binding (asterisks) and
internalization (arrows) of 0.1-um anti-ICAM/spheres and 0.1 x 1 x 3 um anti-ICAM/disks by
pulmonary ECs 3 hours after injection. Intact cell junctions are marked by arrowheads. Scale
bar =1 um. ICAM, intercellular-adhesion molecule 1.
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Figure 3. Specific binding of anti-ICAM carriers to endothelial cells in culture

As an example, the fluorescent images show specific binding of fluorescein isothiocyanate—
labeled 0.1-pmanti-ICAM spheresand 0.1 x 1 x 3 ym anti-ICAM disks versus immunoglobulin
G (IgG) counterparts to tumor necrosis factor-a activated HUVECs (30 minutes incubation at
4 °C). Scale bar = 10 um. The cells borders have been marked by a dashed line from phase-
contrast images. ICAM, intercellular-adhesion molecule 1.
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Figure 4. Role of geometry in the endocytosis of anti-ICAM carriers of by endothelial cells

(a) Fluorescence micrographs showing internalized fluorescein isothiocyanate-labeled (green)
anti-ICAM/spheres (5 pm diameter) versus anti-ICAM/disks (0.1 x 1 x 3 um) incubated with
tumor necrosis factor-a activated HUVECs at 37 °C for the indicated time. Counterstaining
with a Texas red secondary antibody reveals surface-accessible anti-ICAM particles (yellow).
Dashed line = cell borders determined from phase-contrast images of cell monolayers. Scale
bar = 10 pm. (b) Comparison of internalization kinetics of these anti-ICAM particle
formulations, automatically quantified from fluorescence micrographs. Data are mean + SEM
(n> 25 cells, two experiments). *Compares spheres to elliptical disks at any given time point.
*, P <0.05, by Student’s t-test. ICAM, intercellular-adhesion molecule 1.
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Figure 5. Mechanism of endocytosis of anti-ICAM carriers of various geometries

(a) Fluorescence microscopy showing formation of actin stress fibers (stained by red Alexa
Fluor 594 phalloidin) upon incubation of activated HUVECSs with fluorescein isothiocyanate—
labeled anti-ICAM/spheres (0.5 and 5 um diameter) or anti-ICAM/disks (0.1 x 1 x 3 um) for
the indicated time. Particles in the cell surface look blue due to counter-staining with blue
Alexa Fluor 350 goat anti-mouse immunoglobulin G. Scale bar = 10 um. (b) Internalization
(1 hour) of anti-ICAM spherical particles of various sizes (0.1, 1, and 5 um diameter) and
elliptical disks (0.1 x 1 x 3 um) in the presence of two pharmacological inhibitors of actin
filaments (0.5 umol/l cytochalasin D or CytD, and 0.1 umol/l latrunculin A or LatA). (c) The
effects of pharmacological inhibitors of clathrin-coated pits (50 umol/l monodansyl
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cadaverine, MDC), caveolar-mediated endocytosis (1 pg/ml filipin, Fil), a common inhibitor
to macropinocytosis and CAM endocytosis (3 mmol/l amiloride, Amil), and a
macropinocytosis inhibitor (0.5 pmol/l Wortmannin, Wort), were tested as in (b). Data are
mean + SEM (n > 25 cells, two experiments). Calculated with respect to control cells (%Ct).
ICAM, intercellular adhesion molecule 1.
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Figure 6. Role of geometry on the intracellular trafficking of anti-ICAM carriers

(a) Fluorescence micrographs showing trafficking of fluorescein isothiocyanate—labeled
(green) anti-ICAM carriers of various geometries (0.1 and 1 um spheres, and 0.1 X 1 x 3 um
disks) to Texas red dextran prelabeled lysosomes (red). Lysosomal colocalization is visualized
as yellow. Scale bar = 10 um. (b) Trafficking of anti-ICAM carriers to lysosomes was
calculated as percent colocalization of these fluorescent markers determined by microscopy at
the indicated time. Data are mean £ SEM (n > 25 cells, two experiments). Low-value error
bars are masked by symbols in the graph. *, Compares 1 um spheres to 0.1 um particles at any
given time point. #, compares 0.1 x 1 x 3 um disks to 0.1 um particles at any given time point.
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*or #, P <0.05; ** or ##, P < 0.01; *** or ###, P <0.001, by Student’s t-test. ICAM,
intercellular-adhesion molecule 1.
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Figure 7. Role of geometry on the intracellular stability of anti-ICAM carriers

(a) Fluorescence micrographs showing fluorescein isothiocyanate-labeled (green) anti-ICAM
carriers of various geometries (0.1 and 1 um spheres, and 0.1 x 1 x 3 um disks), after
counterstaining surface-bound carriers with a blue Alexa Fluor 350 secondary antibody to anti-
ICAM. The stability of anti-ICAM protein counterpart in the internalized carrier (green) was
then assessed by anti-ICAM immunodetection using a Texas red—conjugated secondary
antibody after cell permeabilization. Hence, yellow denotes stability of anti-ICAM carrier
counterpart. Scale bar = 10 um. (b) Proteolytic degradation of anti-ICAM protein counterpart
onto the particles quantified from fluorescence micrographs. Data are mean = SEM (n > 25
cells, two experiments). Low-value error bars are masked by symbols in the graph. *, compares
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1 pm spheres to 0.1 um particles at any given time point. #, Compares 0.1 x 1 x 3 um disks to

0.1 um particles at any given time point. * or #, P <0.05; ** or ##, P < 0.01; *** or ###, P <
0.001, by Student’s t-test. ICAM, intercellular-adhesion molecule 1.
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Figure 8. Role of geometry on the functional therapeutic activity of anti-ICAM carriers

(a) Induction of oxidative injury in HUVECs with 5 mmol/l H,O,, after delivery of antioxidant
catalase by 0.1 versus 1 um spherical anti-ICAM particles. Cell survival was estimated by
labeling HUVECs with Live/Dead assay and fluorescent imaging. Data are mean = SEM (n >
500 cells/condition). The continuous and dashed lines in the graph represent survival levels of
noninjured cells and H,O,-treated cells, respectively, tested after incubation with control 0.1
um anti-ICAM particles. (b) Aberrant storage of sphingomyelin (SM), typical of the lysosomal
storage disorder type A and B Niemann—Pick disease, was induced in HUVECs by treatment
with 50 umol/l imipramine. SM was labeled in these deficient cells by incubation for 16 hours
at 37 °C with a BODIPY-FL¢12-SM analog. Reduction of SM within these intracellular
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compartments was imaged after internalization of recombinant acid sphingomyelinase,
delivered by either 0.1 versus 1 um spherical anti-ICAM carriers. Intracellular level of SM was
quantified by fluorescence microscopy, and normalized to SM levels in normal HUVECs
versus diseased HUVECs before enzyme replacement. Data are mean = SEM (n > 10 cells,
two assays). ICAM, intercellular-adhesion molecule 1.
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