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Abstract

Fabry disease due to deficiency of a-galactosidase A (0-Gal) causes lysosomal accumulation of
globotriaosylceramide (Gb3) in multiple tissues and prominently in the vascular endothelium.
Although enzyme replacement therapy (ERT) by injection of recombinant a-Gal improves the
disease outcome, effects on the vasculopathy associated to life-threatening cerebrovascular,
cardiac and renal complications are still limited. We designed a strategy to enhance delivery of o-
Gal to organs and endothelial cells (ECs). We targeted o-Gal to intercellular adhesion molecule 1
(ICAM-1), a protein expressed on ECs throughout the vasculature, by loading this enzyme on
nanocarriers coated with anti-ICAM (anti-ICAM/a-Gal NCs). In vitro radioisotope tracing showed
efficient loading of o-Gal on anti-ICAM NCs, stability of this formulation under storage and in
model physiological fluids, and enzyme release in response to lysosome environmental conditions.
In mice, delivery of 125]-0-Gal was markedly enhanced by anti-ICAM/125]-q-Gal NCs in brain,
kidney, heart, liver, lung, and spleen, and transmission electron microscopy showed anti-ICAM/a-
Gal NCs attached to and internalized into the vascular endothelium. Fluorescence microscopy
proved targeting, endocytosis and lysosomal transport of anti-ICAM/a-Gal NCs in macro- and
micro-vascular ECs, and a marked enhancement of Gb3 degradation. Therefore, ICAM-1-
targeting strategy may help improve the efficacy of therapeutic enzymes for Fabry disease.
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INTRODUCTION

Fabry disease is a lysosomal storage disorder (LSD) caused by a genetic deficiency of o-
galactosidase A (a-Gal) [1]. This enzyme hydrolyzes terminal o-D-galactosyl residues from
neutral glycosphingolipids transported into lysosomes from the blood, plasma membrane
and intracellular compartments [1]. As a result of the enzyme deficiency, blood group B
substances, galabiosylceramide, and mainly globotriaosylceramide (Gb3) accumulate in
body fluids and tissue lysosomes [1]. Gb3 deposits are found in endothelial, perithelial, and
smooth-muscle cells in the vasculature, cells of the reticuloendothelial and myocardial
tissues, renal epithelial cells, and perineural cells of the autonomic nervous system, causing
multi-organ dysfunction and premature death [1].

The clinical manifestations of Fabry disease are variable, yet life-threatening complications
commonly arise from progressive cerebrovascular, cardiac and renal impairments caused by
the prominent vasculopathy [1]. Vascular lesions lead to myocardial ischemia, hypertension,
atherogenesis, stroke, aneurysm, thrombosis, and renal failure [1]. The lung function can
also be compromised by airflow obstruction, edema, and pulmonary embolism [1]. These
effects of the vasculopathy typical of Fabry disease are strongly associated with endothelial
dysfunction, and hence, endothelial cells (ECs) are a main target for therapeutic intervention
of this malady [1-3].

An available treatment for Fabry disease is enzyme replacement therapy (ERT) using
recombinant galactosidases that contain mannose-6-phosphate (M6P) [4]. They can bind to
MG6P receptors on the surface of cells and be transported to lysosomes via clathrin-coated
pits [5,6]. When injected in the circulation, these enzymes accumulate in tissues and
attenuate Gb3 levels [7-10]. However, despite clear utility of ERT, patients show varying
effects and modest response to vasculopathy in the cardiovascular and neurological systems
[11,12]. Altered expression or function of M6P receptors in cells affected by LSDs and
formation of immune-complexes that impair enzyme binding to cell receptors may
contribute to limit ERT outcome [13-16].

Efficacy of ERT for Fabry disease may benefit from strategies enhancing enzyme delivery
to organs and vascular ECs via M6P-independent pathways. Targeting of a-Gal to
intercellular adhesion molecule 1 (ICAM-1) may help accomplish this goal. ICAM-1 is a
transmembrane glycoprotein and an adhesion molecule for leukocytes in inflammation [17].
It is expressed on vascular ECs and other cells in the body, and its expression is upregulated
under pathology, including Fabry disease [18,19]. ICAM-1 can be targeted by antibodies
and affinity peptides for delivery of protein conjugates, contrast and therapeutic agents, and
drug delivery vehicles such as liposomes and polymer nanocarriers in cells and animals [20—
31].

We have shown that ICAM-1-targeted nanocarriers efficiently enhanced delivery of acid
sphingomyelinase (ASM, a lysosomal enzyme deficient in types A-B Niemann-Pick disease)
to mouse organs and macrovascular ECs [23,26,27]. ASM trafficked to lysosomes by cell
adhesion molecule- (CAM)-mediated endocytosis, bypassing clathrin-mediated uptake
utilized by current ERTs [27]. Yet, the efficacy of this strategy to enhance the delivery of a-
Gal or other enzymes and the degree of such enhancement are unpredictable. Different
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efficacy patterns can arise from potential variations in the enzyme loading capacity of
nanocarriers and/or different enzyme pharmacokinetics, which are in part imposed by
biochemical properties of the enzyme itself. In addition, delivery of lysosomal enzymes to
microvascular ECs (the major endothelial surface in the body, phenotypically and
functionally different from macrovascular ECs) [32,33], has not been tested. Whether ECs
with Gb3 storage typical of Fabry disease can efficiently internalize and transport
nanocarriers to lysosomes also remains to be determined.

In this work, we have loaded a-Gal on model ICAM-1-targeted nanocarriers (anti-ICAM/a-
Gal NCs) and used radioisotope tracing, fluorescence and electron microscopy to study this
formulation in vitro, cell cultures and animals in comparison to non-targeted a-Gal. Our
results demonstrate: (a) stability of anti-ICAM/a-Gal NCs under storage and enzyme release
in response to lysosome environmental conditions, (b) enhanced enzyme delivery to organs
and targeting to ECs in mice, and (c) efficient endocytosis, lysosomal transport, and Gb3
degradation in a Fabry disease model of micro- and macro-vascular ECs.

MATERIALS AND METHODS

Antibodies and reagents

Monoclonal antibodies to human or mouse ICAM-1 (anti-ICAM) were R6.5 and YN1,
respectively [26]. Secondary antibodies were from Jackson Immunoresearch (West Grove,
PA). Neutral a-Gal from E. coli (Calbiochem; San Diego, CA) or coffee bean (Sigma
Aldrich; St. Louis, MO) were chosen to distinguish this activity from the endogenous acidic
lysosomal counterpart. a-Gal from E. Coli was used in experiments in cell culture. o-Gal
from coffee bean was used in experiments requiring 1291 labeling and in functional activity
assays. fluorescein isothiocyanate (FITC)-labeled and non-fluorescent 100 nm diameter
polystyrene particles were from Polysciences (Warrington, PA). Cell media and
supplements were from Cellgro (Manassas, VA) or Gibco BRL (Grand Island, NY). Nal29|
and Pierce lodination Beads were from Perkin Elmer - Analytical Sciences (Wellesley, MA)
and Thermo Scientific (Rockford, IL). All other reagents were from Sigma Aldrich (St.
Louis, MO).

Preparation of anti-ICAM/a-Gal nanocarriers and enzyme release

Prototype anti-ICAM/a-Gal NCs were prepared by adsorbing anti-ICAM or a mix of anti-
ICAM and a-Gal (95:5 or 50:50 antibody-to-enzyme mass ratio) onto the surface of 100-nm
diameter polystyrene particles, as described [27]. Where indicated, a mix of anti-ICAM

and 1251-¢-Gal was used to trace the enzyme cargo (95:5 unlabeled-to-labeled enzyme molar
ratio) [23]. Non-bound counterparts were separated by centrifugation [23]. The final
diameter of the particles was kindly measured by NanoSight Limited using Nanoparticle
Tracking Analysis (NanoSight LM20 System, Salisbury, Wilshire, UK).

Release of 1251-g-Gal from anti-ICAM/1251-0-Gal NCs was determined at 30 min, 1, 5, 8,
24, 48, and 72 h after particle preparation by centrifugation to separate free enzyme from
particle-bound fraction. Release was assessed after 2 rounds of centrifugation at 13.8 g,
resuspension by pipetting, and sonication. Enzyme release was also tested during incubation
in storage buffer (phosphate buffer saline, PBS, supplemented with 1% bovine serum
albumin, BSA), complete cell medium (described below), or fetal bovine serum (FBS), at
4°C or 37°C, pH 7.4 or pH 4.5, and in absence or presence of enzyme substrate analog (2
ng/ml N-Dodecanoyl-NBD-ceramide trihexoside, NBD-Gb3; Matreya, LLC, Pleasant Gap,
PA).
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Pharmacokinetics and visualization of anti-ICAM/a-Gal nanocarriers in mice

Anesthetized C57BL/6 mice (Jackson Laboratory, Bar Harbor, Maine) were injected
intravenously with 1251-a-Gal or anti-ICAM/1251-g-Gal NCs to track biodistribution of the
enzyme, and FITC-labeled anti-ICAM/a-Gal NCs to track carrier particles (30 pg/kg a-Gal,
1.5X1013 particles/kg). Blood was collected from the retro-orbital sinus 1, 15, and 30 min
after injection. Brain, heart, kidneys, liver, lungs, and spleen were collected 30 min or 24 h
after injection. Alternatively, a set of animals was perfused with PBS prior to organ
collection to eliminate blood and the circulating nanocarrier fraction. The radioactivity and
weight of the samples were determined to calculate the following parameters: percentage of
injected dose (%ID), percentage of injected dose per gram of tissue to compare among
organs of different size (%I1D/g), localization ratio to compare tissue-to-blood distribution
(LR; %ID/g organ: %ID/g in blood), and specificity index to compare targeted-to-non-
targeted counterparts (SI; LR of anti-ICAM/a-Gal NCs: LR of a-Gal). For fluorescence
measurements organ sections were imaged by confocal microscopy (Leica TCS SP5 X)
using Leica Lite 2.0.2 Software (Leica Microsystems, Wetzlar, Germany). For transmission
electron microscopy (TEM) studies, organs were fixed in 2.5% glutaraldehyde and 0.1 M
sodium cacodilate buffer and processed from 80-90 nm thin resin-embedded sections [26].
These studies were performed according to IACUC and University regulations.

In vivo ICAM-1 expression

To complete previous data on ICAM-1 expression in mice [23], brain was collected from
C57BI/6 mice and homogenized at 4°C in lysis solution (1x pheylmethylsulfonyl fluoride,
1x protease inhibitor cocktail, 0.5% sodium dodecy! sulfate, and 0.5% Triton X-100 in
PBS). Protein electrophoresis, membrane transfer, immunoblot with rat anti-mouse ICAM,
chemiluminiscence detection with horseradish peroxidase-conjugated goat anti-rat
immunoglobulin G (IgG), and protein band densitometry were performed as described [23].
Data were normalized to actin levels, used as a control [23].

Cell culture models

Human umbilical vein endothelial cells (HUVECS; Clonetics, San Diego, CA) were cultured
in M-199 media supplemented as described [34]. Human brain microvascular endothelial
cells (HBMECs; Applied Cell Biology Research Institute, Kirkland, WA) were cultured at
37°C, 5% CO, and 95% humidity in RPMI-1640 supplemented with 20% fetal bovine serum
(FBS), 2 mM glutamine, 30 pg/mL endothelial cell growth supplement, 100 pg/mL heparin,
100 U/mL penicillin and 100 pg/mL streptomycin. Cells were seeded on 1% gelatin-coated
glass coverslips, and activated for 16 h with 10 ng/mL TNFa (tumor necrosis factor a; BD
Biosciences, Franklin Lakes, NJ ).

Where indicated, cells were additionally incubated for 16 h in 50, 200, 400, 500 or 1000 uM
deoxygalactonojirimycin hydrochloride (DGJ) to inhibit endogenous a-Gal and mimic
lysosomal Gh3 storage of Fabry disease. Given that 500 uM DGJ was sufficient to achieve
this goal, this concentration was used in subsequent experiments. Gb3 accumulation was
verified by incubating cells with a fluorescent analog (2—-10 ug/mL NBD-Gb3), followed by
fixation in cold 2% paraformaldehyde, and imaging in a fluorescence microscope (Olympus
IX81, Olympus, Inc., Center Valley, PA), using a 40X objective (UPlanApo, Olympus, Inc.)
and 4’,6-diamidino-2-phenylindole (DAPI), FITC, and Texas-Red filters (1160A-OMF,
3540B-OMF, 4040B-OMF; Semrock, Inc., Rochester, NY). Micrographs were taken with an
ORCA-ER camera (Hamamatsu Corporation, Bridgewater, NJ) and SlideBook 4.2 software
(Intelligent Imaging Innovations, Inc., Denver, CO). Fluorescence images were analyzed
using Image-Pro 6.3 software (Media Cybernetics, Inc., Bethesda, MD).
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Targeting and internalization of anti-ICAM/a-Gal nanocarriers

TNFo activated HUVECs or HBMECs (treated or not with 500uM DGJ to mimic Fabry
disease) were incubated at 37°C for 30 min with FITC-labeled anti-ICAM NCs or anti-
ICAM/o-Gal NCs (2.5 pg/mL a-Gal, 7 x 1019 particles/mL), followed by washing off non-
bound nanocarriers and incubation in cell medium for an additional 30-min period. Similar
experiments were conducted in medium containing 3 mM amiloride (an inhibitor of CAM-
mediated endocytosis) or 50 uM monodansylcadaverine (MDC, an inhibitor of clathrin-
mediated endocytosis). After cell fixation, surface-bound nanocarriers were stained with
Texas-Red-labeled goat anti-mouse 1gG and nuclei were stained with DAPI. Samples were
imaged by fluorescence microscopy to determine the total number of FITC-labeled
nanocarriers associated per cell, and the percentage of nanocarriers which localized at the
cell surface or were internalized (Texas-Red-positive vs Texas-Red-negative nanocarriers),
as previously described [34]. Phase-contrast was used to delimit the cell borders.

Intracellular destination of anti-ICAM/a-Gal nanocarriers

HUVEC lysosomes were labeled with Texas-Red dextran (10,000 MW), as described [25].
Cells were then incubated with FITC-labeled anti-ICAM/a-Gal NCs for 1 h at 37°C,
followed by washing off non-bound nanocarriers. Cells were fixed at that point or subjected
to additional incubation in cell medium up to a final time of 3 or 5 h. Samples were analyzed
by fluorescence microscopy to determine the percentage of FITC-labeled nanocarriers that
colocalized with Texas-Red-positive lysosomes [25].

DGJ-treated HUVECSs were incubated for 16 h at 37°C with 10 pg/mL NBD-Gb3 (green
fluorescence), washed and incubated with non-fluorescent anti-ICAM/a-Gal NCs (2.5 ng/
mL oGal, 7 x 1019 particles/mL) for 1 h. Non-bound carriers were removed and cells were
fixed or incubated with medium for additional time, up to 3 or 5 h. Cells were fixed,
permeabilized and incubated with Texas-Red-labeled goat anti-mouse 1gG to stain carriers
in red. Colocalization of nanocarriers with Gb3-positive compartments was assessed by
fluorescence microscopy.

Functional activity of anti-ICAM/a-Gal nanocarriers

Statistics

TNFo activated HUVECs were incubated with 500 uM DGJ and 2 pg/mL NBD-Gb3 (green
fluorescence) to induce lysosomal Gb3 storage. Cells were then incubated with cell medium,
a-Gal, or anti-ICAM/a-Gal NCs for 5 h in the presence of 300 uM chloroquine. Chloroquine
is a mild base used to inhibit the activity of endogenous a-Gal, an acidic enzyme, while
allowing activity of neutral a-Gal loaded on anti-ICAM NCs (2.5 pg/mL a-Gal, 7 x 1010
particles/mL). Degradation of NBD-Gb3 in the disease cell model was assessed by
fluorescence microscopy and compared to control cells as follows:

% Gb3 degradation=10 Ox{ 1— (Gb3in diseased cells after treatment — Gb3 in control cells)}

(Gb3 in diseased cells — Gb3 in control cells)

Data were calculated as mean + standard error of the mean (SEM). Statistical significance
was determined by Student’s unpaired t-tests.
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RESULTS

Characterization of anti-ICAM/a-Gal nanocarriers and enzyme release

As a proof-of-principle for nanocarrier-assisted targeting of enzymes for treatment of Fabry
disease, both anti-ICAM targeting moiety and a-Gal enzymatic counterpart were coated on
100 nm nanocarriers (anti-ICAM/a-Gal NCs). The loading efficiency of 1251-0-Gal was
determined to be 76.6+4.1%, which rendered nanocarriers with 52.4+2.8 a-Gal molecules
per particle and final diameter of 155+1.5 nm. The enzyme coat was stable under various
physical stresses, including centrifugation, resuspension by pipetting, and sonication
(11.620.3% enzyme release). Similarly, 12°I-q-Gal was stably retained on anti-ICAM NCs
for up to 3 days of storage at 4°C in buffer solution (2.4+4.8% enzyme release at day 3; Fig.
1a). In addition, storage at 37°C did not cause a significant release from nanocarriers by day
3, compared to time 0 (11.8+0.9%; Fig. 1a).

Incubation of anti-ICAM/125]-q-Gal NCs at 37°C in complete cell medium or serum (which
mimic physiological fluids) showed a marked retention of 12°1-q-Gal on nanocarriers, with
only 6.7+3.4% and 5.6+0.5% 12°|-a-Gal release at 1 h, and 8.0+3.8% and 11.3+1.9% release
at 5 h (Fig. 1b). Enzyme release was significant after 3 day incubation in cell medium
(14.8+£2.0%) and a comparable release was seen after 8 h incubation in serum (19.5+1.6%).
This suggests that although stable, a-Gal can be released from nanocarriers after delivery in
cell culture or animal models. Supporting this, release at 37°C of 12%]-q-Gal from anti-
ICAM NCs in cell medium was accelerated at pH 4.5, which mimics lysosomal pH (Fig.
1c). At acidic pH enzyme release was significant after only 5 h incubation (2.5+0.5%) vs 3
day incubation at neutral pH (Fig. 1c). Presence of substrate Gb3, typical of the final
lysosomal destination of anti-ICAM/a-Gal NCs, further enhanced 1251-0-Gal release (Fig.
1d). Under this condition, release at 5 h tripled that in the absence of substrate (7.2+0.7%),
and reached a plateau (27.8+£1.6%) by day 1 (Fig. 1d).

Pharmacokinetics and visualization of anti-ICAM/a-Gal nanocarriers in mice

We examined the potential of anti-ICAM/a-Gal NC strategy to deliver a-Gal to organs in
the body that represent main targets for Fabry disease. The pharmacokinetics of anti-
ICAM/125]-q-Gal NCs was determined in anesthetized mice and compared to that of non-
targeted 12°1-a-Gal. Anti-ICAM/1251-g-Gal NCs disappeared from blood more rapidly than
free 1251-¢-Gal: 5.9+0.7% of the injected dose (%I1D) of nanocarriers was in blood 1-3 min
after injection, while 42.1+£2.2%ID of the free enzyme remained in circulation 30 min after
injection (Table 1). Given that 12%]-a-Gal is traced in the nanocarrier samples, this result
suggests the lack of significant release of the enzyme from nanocarriers in the circulation,
confirming in vitro results obtained by incubation of nanocarriers in serum (Fig. 1B).

Fast accumulation in vascularized organs may account for rapid blood clearance of anti-
ICAM/125]-g-Gal NCs vs 12%1-q-Gal. Consistent with this, anti-ICAM/12]-g-Gal NCs
accumulated in all tested organs, as determined 30 min after injection, including brain, heart,
kidney, liver, lung and spleen (Table 2). The liver and lungs (two of the largest and most
heavily vascularized organs in the body, also presenting highest ICAM-1 expression [23])
received the largest fraction of anti-ICAM/1251-aGal NC dose: 18.4+1.2%ID and
36.2+4.5%ID, vs 6.7+0.6%ID and 0.7+£0.01%ID found in these organs in the case of non-
targeted 12°1-a-Gal.

Normalization of the data per gram of tissue to compare uptake in organs of different size
showed enhanced accumulation of anti-ICAM/1251-q-Gal NCs in the lungs, 175.3+21.4%ID/
g vs 12.4+0.7%ID/g in liver (Table 2). Since lungs contain a significant fraction of the total
endothelium in the body (~10-30% [35-37]), preferential accumulation in this organ reflects
endothelial specificity. In contrast, non-targeted 1251-a-Gal accumulated similarly in these
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two organs: 3.8+0.3%ID/g lung and 4.5+0.4%ID/qg liver. Endothelial targeting of anti-
ICAM/125]-q-Gal NCs was also validated by comparison to control IgG NCs, reported to be
~10%ID/g lung vs ~50%ID/g liver [23,38].

Highlighting a high organ accumulation capacity, the organ-to-blood localization ratio
(%ID/g in a tissue/%ID/g in blood) of anti-ICAM/12|-a-Gal NCs was significantly higher
than that of 1251-0-Gal in all organs (ranging from 0.11+0.02 vs 0.03+0.002 in brain, to
70.1+12.0 vs 0.240.02 in the lungs) (Table 2). In addition, perfusion of mice prior to organ
collection to eliminate circulating nanocarriers and those poorly bound to the vascular
endothelium did not significantly decrease the amount of anti-ICAM/12|-a-Gal NCs
accumulated in organs, verifying effective organ targeting (Figure S1a).

Anti-ICAM/125]-9-Gal NCs showed enhanced uptake in all organs vs non-targeted 1251-q-
Gal (Table 2). The highest fold increase or specificity index (localization ratio of the
targeted vs non-targeted formulation) achieved was related to delivery of this enzyme to the
liver, spleen, and lungs: 21.7-, 51.6-, and 367.8-fold increase, respectively. This
accumulation of anti-ICAM/1251-g-Gal NCs in the lungs decayed ~60% after 24 h, with a
concomitant increase in the hepatic and splenic accumulation by that time (Figure S1).
Despite such decay, the level of 125]-a-Gal delivered to the lungs by anti-ICAM NCs was
~150 fold above that of non-targeted enzyme.

Although less prominent, a marked enhanced delivery to other major targets in Fabry
disease was also achieved, e.g., kidney, brain, and heart delivery were enhanced by ~40%,
270%, and 410%. TEM of the heart and kidney tissues revealed anti-ICAM/a-Gal NCs
bound to and internalized within cells of the endothelium in these organs, by 30 min after
injection (Fig. 2).

Targeting and internalization of anti-ICAM nanocarriers in control micro- and macro-
vascular endothelial cells and Fabry disease cell models

Vascular ECs are main targets for intervention in Fabry disease. Hence, a prerequisite for an
efficient ERT delivery system for treatment of this malady is that it must efficiently target
and enter both micro- and macro-vascular ECs. Data obtained in mice indicate that anti-
ICAM/a-Gal NCs target the endothelium in the vasculature of all tested organs, yet the
efficiency of anti-ICAM/a-Gal NCs to bind to and be internalized by micro- vs macro-
vascular ECs is unknown. To assess this, binding and intracellular uptake of anti-ICAM NCs
were tested for the first time in human microvascular ECs in comparison to human
macrovascular ECs where these nanocarriers have been reported to be significantly efficient
(~140 nanocarriers/cell, ~90% internalization) [34,38]. Anti-ICAM NCs behaved
comparably in microvascular ECs in terms of binding (96.5+5.1% of macrovascular ECs)
and internalization (86.8+2.7% of macrovascular ECs) (Fig. S2). Loading of a-Gal on anti-
ICAM NCs did not affect the uptake efficiency of this delivery system by micro- or macro-
vascular ECs: 109.4+5.5% and 91.0+1.6% of internalization of anti-ICAM NCs (Fig. 3a).

The internalization of anti-ICAM/a-Gal NCs was significantly inhibited by amiloride
(54.8+£2.8% of control), a pharmacological agent shown to disrupt CAM-mediated
endocytosis, but not MDC (95.4+3.2% of control) [34], an inhibitor of clathrin-mediated
endocytosis typically associated to the uptake of lysosomal enzymes (Fig. 3b). Therefore,
the presence of a-Gal on anti-ICAM NCs did not affect the mechanism of internalization of
this delivery system. Given that anti-ICAM NCs and anti-ICAM/a-Gal NCs showed similar
targeting and internalization efficacy in both micro- and macro-vascular ECs, we limited the
subsequent studies to one cell type: macrovascular ECs, for which we have historical control
results.
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Since Fabry disease notably affects the vascular endothelium, anti-ICAM/a-Gal NCs were
tested in ECs mimicking this condition. To achieve pathological Gb3 accumulation, ECs
were treated with increasing concentrations of DGJ, which inhibits a-Gal [39]. DGJ-treated
cells displayed significant and dose-dependent intracellular storage of the fluorescent
substrate analog NBD-Gb3 (Fig. S3).

Anti-ICAM/a-Gal NCs were also successful in targeting and internalizing in this Fabry-EC
model: although their binding to cells was somewhat reduced (79.3+£19.1% of control), this
difference was not statistically significant and internalization of anti-ICAM/a-Gal NCs in
the Fabry-EC model was slightly increased compared to control ECs (114.3+4.6%).

Lysosomal transport of anti-ICAM/a-Gal nanocarriers and attenuation of Gb3 storage in a
Fabry disease cell model

The intended final destination of enzyme therapies for Fabry disease is the lysosome, where
degradation of the Gb3 accumulated due to deficiency of a-Gal must take place. Intracellular
trafficking of anti-lICAM/aGal NCs was examined by fluorescence microscopy to trace
colocalization of internalized nanocarriers with fluorescent-dextran-loaded lysosomes (Fig.
4a). Dextran is a polysaccharide which cannot be enzymatically degraded in mammalian
cells and, hence, stably accumulates in lysosomes, permitting their visualization [25].

As previously observed in the case of anti-ICAM NCs bearing other enzymatic cargoes
[25,27], a majority of anti-ICAM/a-Gal NCs trafficked to endothelial lysosomes in a
relatively short period of time: 27.4+3.4%, 73.5£2.1%, and 73.3%£2.3% localization within
lysosomes at 1, 3, and 5 h, respectively (Fig. 4a). In addition, anti-ICAM/a-Gal NCs were
verified to colocalize with fluorescent NBD-Gb3 accumulated as a consequence of the DGJ-
induced deficiency of lysosomal a-Gal: 29.3+3.4%, 31.0+3.8%, and 46.4%5.0% localization
with Gb3 by 1, 3, and 5 h, respectively (Fig. 4b).

The efficacy of anti-ICAM/a-Gal NCs to reduce intracellular storage of Gb3 was tested in
the EC model of Fabry disease and compared to that of untargeted a-Gal. In this model, after
induction of intracellular Gb3 accumulation, DGJ must be removed to avoid inhibition of
exogenous o-Gal.

We designed a method to ensure that Gb3 degradation is due to delivered a-Gal and not the
endogenous a-Gal present in these cells. Exogenous a-Gal in our assays is a neutral enzyme,
while endogenous lysosomal a-Gal in cells has acidic pK, [1]. Treatment of disease-like
ECs with aGal or anti-ICAM/a-Gal NC was assessed in the presence of chloroquine, which
prevents lysosomal acidification and allows activity of the delivered, not the endogenous,
enzyme.

As compared to normal ECs and diseased ECs incubated in the presence of sham medium
(chloroquine was added as a control; Fig. 5a), treatment with untargeted a-Gal led to a
slight, yet measurable, reduction of NBD-Gb3 by 5 h (32.4+1.5% reduction; Figs. 5a,b).
This validates the method used and provides evidence of intracellular enzymatic activity in
this Fabry-EC model. More importantly, degradation of Gb3 was significantly enhanced in
cells treated with anti-ICAM/a-Gal NCs bearing a similar dose of a-Gal (68.9+5.0%
reduction; Figs. 5a,b), suggesting that anti-ICAM NCs may be a viable option for targeted
delivery of active therapeutic enzymes for Fabry disease.

DISCUSSION

The development of experimental treatments for Fabry disease and other LSDs is an active
research field. ERT by infusion of recombinant a-Gal is one of the most successful
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strategies currently available for treatment of Fabry disease [7—9]. However, limited
response to common vasculopathy contributes to cerebrovascular, cardiac and renal
complications, highlighting the need to optimize this approach [11,12].

Seminal work to improve the efficiency of therapeutic enzymes for treatment of LSDs date
back four decades [40]. Coupling of model enzymes to polyethylene glycol was used to
prolong the circulation of such enzymes in an attempt to enhance their uptake by tissues
[41-43]. Encapsulation within neutral and charged liposomes was also explored to modulate
the enzyme distribution and activity [41,43]. Coupling of liposomes to aggregated
immunoglobulins or apolipoproteins was inspected in order to enhance their uptake by cells
of the immune system in cases in which these cells represent a main target for intervention
of LSDs [44,45]. However, apart from these initial studies, few other approaches have used
drug carriers to control lysosomal enzyme delivery, despite the potential utility of this
technology.

Currently, new biomaterials and nanotechnologies have allowed development of delivery
systems that can increase the bioavailability of therapeutic agents, control their release rate,
and provide targeting to sites in the body affected by disease [46—49]. These technologies
seem well suited for intracellular delivery of protein therapeutics and ERT [23,27,50-52]. In
this work we present proof-of-principle for a modality of enzyme delivery for Fabry disease
assisted by targeted nanocarriers. In comparison with the non-targeted enzyme, this strategy
improves the accumulation of a-Gal in mouse organs and ECs of the macro- and micro-
vasculature, provides glycosylation-independent endocytosis and transport to lysosomes,
and ultimately enhances attenuation of intracellular Gb3 storage.

In this model, a-Gal has been adsorbed on the surface of 100 nm polystyrene particles
targeted with anti-ICAM. This configuration provides good loading efficiency (~75%),
stable retention of the enzyme on the nanocarrier particle under storage and exposure to
physiological conditions, and enzyme release in the lysosomal environment under presence
of its substrate (Fig. 1). Importantly, a-Gal delivered into cells via anti-ICAM NCs notably
enhanced (duplicated) Gb3 degradation compared to non-targeted a-Gal, supporting the
potential of this strategy.

Although polystyrene nanoparticles used in this work are a prototype not intended for
clinical use, they are a valid model to demonstrate a-Gal delivery by ICAM-1-targeted
nanocarriers. In cell culture and laboratory animals, polystyrene particles display similar
targeting and intracellular transport mechanisms than biocompatible poly(lactic-co-glycolic
acid) nanocarriers, a material approved by the Food and Drug Administration [53]. They
also present equivalent surface charge (~20 mV), allowing for similar efficacy and
mechanism of enzyme adsorption [23,38].

Since lysosomal enzymes are only fully active in the acidic lysosomal environment, the
enzymes loaded on the nanocarrier surface are “pro-drugs” until they reach this
compartment and their encapsulation is not absolutely necessary. Enzyme exposure on the
carrier surface may render fast recovery of activity upon delivery to lysosomes, as observed
in our work (Figs. 4-5). The presence of a-Gal on the surface of anti-ICAM NCs did not
notably affect the targeting and transport ability of these particles compared to nanocarriers
whose entire surface is occupied by anti-ICAM. This was observed in cell culture where
anti-ICAM/a-Gal NCs bind to and are endocytosed by ECs with similar efficiency to anti-
ICAM NCs (Fig. 3). Uptake of anti-ICAM/aGal NCs occurred via CAM endocytosis
bypassing clathrin-mediated uptake, which is associated to lysosomal enzymes and may be
defective in some cells affected by LSDs [13,54].
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We have also shown for the first time that ICAM-1 targeting and CAM-mediated
endocytosis in microvascular ECs was similarly efficient to macrovascular ECs described
previously [27,34]. Since the microvasculature contains the majority of the endothelial
surface in the body, this is a crucial result not only in the context of treatment for Fabry
disease but also for ICAM-1-targeted delivery of therapeutic and imaging agents for many
other vascular interventions.

Also in animal experiments anti-ICAM/a-Gal NCs targeted organs with efficiency
comparable to anti-ICAM NCs (Table 2 and our updated results from [38]). For instance the
accumulation of these two formulations were 2.1%ID/g vs 2.5%ID/g in heart and 4.6%ID/g
vs 4.4%I1D/g in kidney. Accumulation in the liver and spleen was reduced for anti-ICAM/a-
Gal NCs vs anti-ICAM NCs (12.4%ID/g vs 43.7%ID/g in liver, 25.7%ID/g vs 56.8%ID/g in
spleen) while it was increased in the lungs (175.3%ID/g vs 114.7%ID/g). Targeting to
vascular ECs was demonstrated by intravascular perfusion of mice, which did not result in
release of nanocarriers accumulated in organs (Fig. S1), and was visualized by TEM (Fig.
2). This is the first description of brain targeting by anti-ICAM NCs, and the first
visualization of endothelial targeting and endocytosis of these carriers in the kidney and
heart (Fig. 2), critical for treatment of the vasculopathy in these organs due to Fabry disease.
Compared to non-targeted a-Gal, anti-ICAM/a-Gal NCs markedly enhanced enzyme
delivery to all organs tested, e.g., ~40%, 270%, and 410% increase in kidneys, brain, and
heart, main target organs in Fabry disease (Table 2). About 60% of the lung fraction of anti-
ICAM/a-Gal NCs redistributed by 24 after injection, in part to the liver and spleen (Fig. S1).
This is in contrast to previous results showing lung retention of 75% anti-ICAM NCs [28]
and may be due to either lower affinity binding of anti-ICAM/a-Gal NCs carrying lower
anti-ICAM surface density than anti-ICAM NCs and/or rapid metabolism of nanoparticles
bearing a lysosomal enzyme by vascular ECs in the lung. In any case, the fraction of anti-
ICAM/a-Gal NCs retained in the lung still represents 150 fold enhancement in the amount
of enzyme delivered to this organ compared to non-targeted o-Gal.

The relative distribution of anti-ICAM/a-Gal NCs among different organs (Table 2)
correlated well with the size and vascularization of these organs, e.g., liver and lungs
received the maximal fraction of the injected dose. It also correlated with ICAM-1
expression, higher in the liver and lungs, followed by heart, kidney, and spleen [23]. This
was also observed in our work where enhanced ICAM-1 expression in lungs of ASM knock
out mice resulted in increased pulmonary targeting by anti-lICAM/ASM nanocarriers
compared to control mice [23]. ICAM-1 expression in mouse brain, measured in this work,
was comparable to heart and kidney (45+5% of the lung level, not shown), correlating with
lower nanocarrier accumulation in brain vs lung and liver (Table 2). Higher accumulation of
anti-ICAM/a-Gal nanocarriers in spleen vs heart (despite the higher level of ICAM-1
expression in this organ) may be due to high blood shear stress in the heart, which may drag
nanocarriers before they can firmly bind to the vascular wall. The spleen is part of the
reticuloendothelial system whose fenestrated vessels “filter” particles in circulation too large
to be filtered by the kidneys. Macrophages in the spleen may also account for phagocytosis
of antibody-coated nanocarriers via Fc recognition of targeting antibodies. Although this
may be the case for this anti-ICAM nanocarriers prototype, future nanocarrier coating with
polyethylene glycol and substitution of whole anti-ICAM with antibody fragments or
affinity peptides (under development) will help minimize retention in the reticuloendothelial
system. Yet, a-Gal deficiency affects all organs at some extent and broad targeting would
still be beneficial. Ultimately, anti-ICAM nanocarriers provided enhanced a-Gal delivery vs
the free enzyme in all organs, including those that are most affected by the disease. Since
other cell types, apart from vascular ECs, would also benefit from enzyme delivery, perhaps
a combination of free and ICAM-1-targeted enzyme would provide an optimal treatment
option.
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In vivo distribution of anti-ICAM/a-Gal NCs was somewhat similar to that of anti-ICAM
NCs bearing another lysosomal enzyme, ASM, yet with reduced accumulation of anti-
ICAM/a-Gal NCs vs anti-ICAM/ASM NCs in liver (12.4%ID/g vs 36.4%ID/g) and spleen
(25.7%I1D/g vs 47.3%I1D/g), and enhanced accumulation in the lungs (175.3%ID/g vs
140.8%I1D/g) [23]. In both cases anti-ICAM NCs markedly enhanced the delivery of the
cargo enzymes in mice, suggesting that ICAM-1-targeting strategy may represent a suitable
platform for general lysosomal enzyme delivery. However, as observed here, it is necessary
to test each particular formulation to evaluate their targeting performance. In view of these
promising results, future studies will be dedicated to evaluate the therapeutic utility and
potential effects of a-Gal delivery by ICAM-1-targeted nanocarriers in the animal model for
Fabry disease.

In conclusion, ICAM-1-targeting of a-Gal markedly enhances enzyme delivery to organs in
the body and vascular ECs, a main target for treatment of Fabry disease, allowing efficient
enzyme uptake, lysosomal delivery, and Gb3 degradation. The optimization of such a
strategy may provide a means for improving the therapeutic outcome of enzyme treatments
for Fabry disease.
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Figure 1. Release of a-Gal from anti-ICAM nanocarriers

125]_¢-Gal released from anti-ICAM/12%]-a-Gal NCs was separated from the particle-bound
fraction by centrifugation after incubation for varying periods of time in (a) 1% BSA in PBS
buffer at 4°C or 37°C; (b) 1% BSA in PBS, HUVEC medium, or FBS at 37°C and pH 7.4;
(c) HUVEC medium at 37°C and either pH 7.4 or pH 4.5; and (d) HUVEC medium at 37°C
and pH 4.5 in the absence or presence of NBD-Gb3. Data are mean+SEM (n=3). * compares
each time point to time 0 within the same condition. # compares (for each time point): (a)
4°C to 37°C, (b) HUVEC medium and FBS to BSA, (c) pH 4.5 to pH 7.4, and (d) Gb3 to
non-Gh3. * and # are p<0.05; ** and #* are p<0.01; *** and *** are p<0.001, by Student’s t-
test. Statistical significance for time 0-8 h are shown only in the left panel and time 24—72 h
only in the right panel.
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Figure 2. Visualization of anti-ICAM/a-Gal nanocarriers in mice

Transmission electron micrographs showing the presence of anti-ICAM/a-Gal NCs in (a)
heart and (b) kidney, both attached to the endothelial surface (arrowheads, upper panels) and
internalized within cells (arrows, bottom panels) by 30 min after injection.
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Figure 3.

Efficient targeting and internalization of anti-ICAM/a-Gal nanocarriers in micro- and
macro-vascular endothelial cells. (a) Fluorescence microscopy images and quantification of
TNFa-activated HBMECs and HUVECs incubated with FITC-labeled anti-ICAM/a-Gal
NCs at 37°C for 30 min, washed and incubated in cell medium for 30 min. Cells were fixed
and surface-bound NCs and nuclei were stained with Texas-Red-labeled anti-mouse 1gG and
DAPI, respectively. Internalization was compared to that of anti-ICAM NCs, shown in
Figure S2. (b) Uptake of anti-ICAM/a-Gal NCs was also tested in the presence of amiloride
or MDC, which inhibit CAM- vs clathrin-mediated endocytosis, respectively. In both (a) and
(b), single-labeled green NCs are internalized (arrow) vs double-labeled (green+red) yellow
NCs, which are located in the cell surface (arrowhead). Dashed lines mark the cell border,
determined by phase-contrast. Scale bar, 10 um. Data are mean=SEM (n=55 cells,
duplicated). *** is p<0.001, by Student’s t-test.
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Figure 4. Internalized anti-ICAM/a-Gal nanocarriers traffic to lysosomes and colocalize with
Gb3

(a) TNFa-activated HUVECs were incubated at 37°C for 1 h with Texas-Red dextran to
label lysosomes, followed by incubation with FITC-labeled anti-ICAM/a-Gal NCs for 1
hour at 37°C. Cells were washed and fixed, or washed and incubated with cell medium for 2
or 4 additional hours (total incubation time: 1, 3, and 5 h) and then fixed. (b) Cells were
incubated for 16 h with DGJ and NBD-Gb3 to visualize accumulation of this green-
fluorescent substrate analog in intracellular compartments (red pseudocolor) and then
incubated with non-fluorescent anti-ICAM/a-Gal NCs as in a. Cells were then washed,
fixed, and permeabilized, and NCs were stained with Texas-Red-labeled goat anti-mouse
1gG (green pseudocolor). Samples were analyzed by fluorescence microscopy to determine
the percentage of (pseudo) green-labeled NCs which colocalized within (pseudo) red-labeled
lysosomes or Gb3-positive compartments (yellow, arrows). Dashed lines mark the cell
borders, determined by phase-contrast. Scale bar, 10 um. Data are mean+SEM (n>23 cells,
duplicated).
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Figure 5. Anti-ICAM/a-Gal nanocarriers attenuate Gb3 accumulation in an endothelial cell
model of Fabry disease

(a) TNFa-activated HUVECs were incubated at 37°C for 16 h with fluorescent NBD-Gb3
and control cell medium or medium containing DGJ to inhibit endogenous aGal. Cells were
then washed and left untreated or treated with a-Gal or non-fluorescent anti-ICAM/a-Gal
NCs for 5 h, all in the presence of chloroquine to selectively permit activity of exogenous
neutral a-Gal, and not endogenous acidic a-Gal. Cells were fixed and analyzed by
fluorescence microscopy. Dashed lines mark cell borders, determined by phase-contrast.
Scale bar, 10 um. (b) Intracellular accumulation of NBD-Gb3 was quantified from
micrographs as described in Materials and Methods. Data are mean+SEM (n>72 cells). ***
is p<0.001, by Student’s t-test.
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Table 1

Circulation of anti-ICAM/a-Gal nanocarriers vs a-Gal in mice

%ID in blood

1 minute 15 minutes 30 minutes

Anti-ICAM/0-Gal NCs 585406728  3.8620.408 5.59+0.332
a-Gal 64724396 44.40£334 42.07£2.22

%ID = percentage of injected dose

Data are mean+SEM, n>8 mice.

ais p<0.001, by Student’s t-test.
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