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Abstract
Enzyme replacement therapies for lysosomal storage disorders are often hindered by suboptimal
biodistribution of recombinant enzymes after systemic injection. This is the case for Pompe
disease caused by acid α-glucosidase (GAA) deficiency, leading to excess glycogen storage
through the body, mainly the liver and striated muscle. Targeting intercellular adhesion
molecule-1 (ICAM-1), a protein involved in inflammation and overexpressed on most cells under
pathological conditions, provides broad biodistribution and lysosomal transport of therapeutic
cargoes. To improve its delivery, we coupled GAA to polymer nanocarriers (~180-nm) coated
with anti-ICAM. Fluorescence microscopy showed specific targeting of anti-ICAM/GAA NCs to
cells, with efficient internalization and lysosomal transport, enhancing glycogen degradation over
non-targeted GAA. Radioisotope tracing in mice demonstrated enhanced GAA accumulation in all
organs, including Pompe targets. Along with improved delivery of Niemann-Pick and Fabry
enzymes, previously described, these results indicate that ICAM-1 targeting holds promise as a
broad platform for lysosomal enzyme delivery.
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BACKGROUND
The lysosomal storage disorders (LSDs) are inherited diseases often due to deficiency of
lysosomal enzymes.1 This is the case for Pompe disease caused by deficiency of acid α-
glucosidase (GAA, an enzyme that hydrolyzes glycogen to glucose), which results in
aberrant glycogen storage within lysosomes.2 Given that the liver and striated (cardiac and
skeletal) muscle are more dependent on GAA activity, Pompe disease markedly affects these
tissues.2–4 In addition, Pompe disease manifests in other organs, including the nervous
system and the vasculature.2 Therefore, therapeutic intervention of this disease requires
correction of GAA deficiency throughout the body, with emphasis on the liver and striated
muscle.

Current treatment for Pompe disease utilizes enzyme replacement therapy (ERT), which
substitutes deficient human GAA with a recombinant counterpart.5–8 Recombinant GAA is
glycosylated and can bind to mannose-6-phosphate receptors (M6PRs) on cells, which
results in clathrin-dependent endocytosis and transport to lysosomes.9,10 Systemic infusion
of GAA reduces heart accumulation of glycogen, yet treatment of skeletal muscle and other
tissues remain challenging.8,11 Poor access of recombinant GAA to these tissues, altered
M6PR expression in LSDs, and/or antibody production against the injected enzyme reduces
response to therapy.12–17 Although ERT efficacy can be enhanced by immunomodulators,
this poses considerable risk,18–20 emphasizing the need for alternative therapeutic options.

An experimental strategy that enhances delivery of other lysosomal enzymes is that of
coupling said enzymes to polymer nanocarriers targeted to intercellular adhesion molecule
(ICAM-1).21–25 ICAM-1 is a transmembrane protein functionally involved in
inflammation.26,27 It is present on endothelial and other cell types, and is over-expressed in
many inflammatory pathologies, including LSDs.26,27 Binding of anti-ICAM nanocarriers to
ICAM-1 results in carrier endocytosis by cells and transport to lysosomes.28,29 This strategy
is expected to provide broad distribution of therapeutics through the body, most favorably to
disease sites), and lysosomal delivery, amenable for LSD treatment.

Previous works have shown that polymer nanoparticles (100–200 nm in diameter) coated
with anti-ICAM enhance delivery of lysosomal enzymes in cell cultures and mice, bypass
clathrin-mediated endocytosis of these enzymes, and provide marked attenuation of aberrant
lysosomal storage.22,24,25 Yet, the biodistribution pattern of anti-ICAM nanocarriers (anti-
ICAM NCs) is slightly different depending on cargo.21,22 Also, the nature of the substrate
storage of each LSD and the resulting dysfunction impacts endocytosis and intracellular
trafficking,12,14,30,31 possibly affecting the delivery efficiency in particular disease settings.
Whether the potential of ICAM-1-targeting strategy stands in other LSDs is an open
question, e.g., accumulation of anti-ICAM NCs in skeletal muscle (a Pompe disease target)
has never been tested.

In this work we have used fluorescence microscopy and radioisotope tracing to evaluate
anti-ICAM/GAA NC binding, internalization, lysosomal transport, and attenuation of the
excess glycogen storage in cell cultures, as well as biodistribution in mice, showing the
potential of this strategy in the context of Pompe disease. We have also compared anti-
ICAM/GAA NCs to formulations carrying other lysosomal enzymes to estimate the
potential of the ICAM-1-targeting strategy as a broad enzyme delivery platform for LSDs.
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METHODS
Antibodies and reagents

Monoclonal antibodies to human or murine ICAM-1 (anti-ICAM) were R6.526 or YN1.32

Secondary antibodies were from Jackson Immunoresearch (West Grove, PA, USA).
Saccharomyces cerevisiae recombinant α-glucosidase (GAA) was from Sigma Aldrich (St.
Louis, MO, USA). Polystyrene beads (100 nm-diameter) were from Polysciences
(Warrington, PA, USA). Cell culture reagents were from Cellgro (Manassas, VA, USA) or
Gibco BRL (Grand Island, NY, USA). Other reagents were from Sigma Aldrich.

Preparation of anti-ICAM/GAA nanocarriers and enzyme release
Model polymer nanocarriers were prepared by coating 100 nm-diameter polystyrene beads
by surface adsorption with anti-ICAM (anti-ICAM NCs) or a mix of anti-ICAM and GAA
(anti-ICAM/GAA NCs).22 A 95:5 antibody:enzyme mass ratio was used in vivo, as minimal
amounts of GAA are needed to trace its biodistribution, and a 50:50 mass ratio was used in
cell cultures to obtain measurable effects. FITC particles were used for fluorescence
microscopy. Alternatively, 5% of total GAA was labeled with 125Iodine (125I-GAA). After
coating, nanocarriers were washed and centrifuged to remove free anti-ICAM and GAA,
resuspended in 1% bovine serum albumin (BSA) and sonicated to avoid aggregation. This
protocol rendered ~180±7 nm particles (0.2 polydispersity) by dynamic light scattering
(Zetasizer Nano-ZS90; Malvern Instruments Inc., Westborough, MA). This is a prototype
not intended for clinical use, yet a valid model to demonstrate targeting since these particles
display similar coating efficacy, targeting, and intracellular transport21,33 as anti-ICAM NCs
made of poly(lactic-co-glycolic acid),34,35 a material approved by the US Food and Drug
Administration. The nanocarrier concentrations used were estimated from the literature to
display enough radioisotope tracing and biochemical effects. 6,7,21,22

Release of 125I-GAA from anti-ICAM NCs was determined by centrifugation to separate
free enzyme from particle-bound fraction.23 Mechanical GAA release was determined after
centrifugation, resuspension by pipetting, and sonication. Enzyme release was tested after
incubation in storage buffer (phosphate buffer saline, PBS, supplemented with 1% bovine
serum albumin, BSA) or complete cell medium (described below), at 4°C or 37°C, pH 7.4 or
pH 4.5, and in the absence or presence of 50mg/mL glycogen, the enzyme substrate.

Cell cultures
Endothelial cells represent the first cell layer encountered by injected lysosomal enzymes
and targeting these cells impacts organ accumulation. We used human umbilical vein
endothelial cells (HUVECs; Clonetics, San Diego, CA, USA) maintained in M-199
supplemented as described,22 and seeded on 1% gelatin-coated coverslips. Skeletal muscle
cells were isolated from C57Bl/6 mouse gastrocnemius and quadriceps by digestion with 0.2
mg/mL collagenase for 24 hours at 37°C, and seeded on matrigel (BD Biosciences, Franklin
Lakes, NJ, USA). Cells were activated overnight with 10 ng/mL tumor necrosis factor-α
(TNF-α; BD Biosciences, Franklin Lakes, NJ, USA), to up-regulate ICAM-1 expression as
in pathology.22,26,27

Pompe disease-model cells were generated by treating cells overnight with 300 or 600 μM
D(+)-turanose, a GAA competitive inhibitor.2,36 Glycogen accumulation was verified by
staining fixed cells with periodic acid-Schiff (PAS).37 Semi-quantitative measurement of
glycogen was assessed using an Olympus IX81 microscope (Olympus, Inc., Center Valley,
PA) with a 40X objective (UPlanApo, Olympus, Inc.). Bright field micrographs were
captured under blue, green and red filters (1160A-OMF, 3540B-OMF, 4040B-OMF;
Semrock, Inc., Rochester, NY) with an ORCA-ER camera (Hamamatsu Corporation,
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Bridgewater, NJ) and combined them with SlideBook™ 4.2 (Intelligent Imaging
Innovations, Inc., Denver, CO). Red glycogen was quantified with Image-Pro 6.3 (Media
Cybernetics, Inc., Bethesda, MD) and normalized per cell.

Binding, internalization and lysosomal co-localization of anti-ICAM/GAA nanocarriers
Control cells or Pompe disease-model cells were incubated at 37°C with FITC anti-ICAM
NCs or anti-ICAM/GAA NCs (2.5 μg GAA/mL, 7×1010 particles/mL) for 30 min to allow
binding. Cells were left undisturbed or washed to remove unbound nanocarriers (pulse-chase
incubation to synchronize transport) for a total time of 1 h or 3 h, to determine endocytosis.
Alternatively, 3 mM amiloride (inhibitor of CAM endocytosis) or 50 μM
monodansylcadaverine (MDC) (inhibitor of clathrin endocytosis) were used.28 Cells were
washed, fixed and surface-bound carriers were stained using Texas-Red goat anti-mouse
IgG that recognizes anti-ICAM on particles located on the cell surface (yellow color) but
cannot access those endocytosed by the cell (green color).28 The nucleus was stained with
blue DAPI. Fluorescence microscopy was used to determine the percentage of nanocarriers
internalized per cell.28

To examine intracellular transport of nanocarriers, lysosomes were labeled by incubating
cells with Texas-Red dextran (1.5 h, 37C), followed by washing and 1 h incubation with
FITC anti-ICAM/GAA NCs.29 Cells were then washed and fixed, or incubated for 2 h or 4 h
more to synchronize intracellular transport of carriers.29 Co-localization of green fluorescent
nanocarriers with red-labeled lysosomes (yellow color) was analyzed by fluorescence
microscopy.29

Glycogen degradation by anti-ICAM/GAA nanocarriers
Pompe disease-model cells were incubated at 37°C for 5 h with anti-ICAM/GAA NCs or
non-targeted GAA (2.5 μg/ml GAA), in the presence of 300 μM chloroquine.22

Chloroquine is used because removal of turanose (required to avoid inhibition of the
delivered GAA) may render endogenous GAA active. Chloroquine neutralizes lysosomes
and inhibits endogenous lysosomal enzymes that have acidic pKa without affecting the
exogenous neutral GAA. After incubation, samples were fixed, stained with PAS, and
analyzed by microscopy to quantify glycogen degradation as follows:

In vivo biodistribution
Anti-ICAM/125I-GAA NCs or free 125I-GAA (51.4±3.7 μg/kg bodyweight) were injected
intravenously into anesthetized C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA).
Blood samples were collected at 2, 15, and 30 min. At 30 min, brain, heart, kidneys, liver,
lungs, spleen, and left gastrocnemius and quadricep muscles were collected. The
radioactivity and weight of organs were used to calculate: (i) percentage of injected dose per
organ (%ID) to compare the biodistribution of the injected formulations, (ii) percent injected
dose per gram of organ (%ID/g) to compare relative distribution amongst organs of different
sizes, (iii) localization ratio (LR; organ-to-blood ratio of %ID/g) to compare tissue-to-blood
distribution, and (iv) specificity index (SI, targeted-to-untargeted LR ratio in a given organ)
to compare efficiency of targeted to non-targeted formulation, as described.21,22 Animal
studies were performed following humane care guidelines and approved by IACUC.
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Statistics
Data were calculated as mean ± standard error of the mean (SEM). Statistical significance
was determined by unpaired Student’s t tests.

RESULTS
Characterization of anti-ICAM/GAA nanocarriers and enzyme release

Anti-ICAM and GAA were coated onto 100 nm nanocarriers (anti-ICAM/GAA NCs). As
shown in Table 1, the 125I-GAA loading efficiency was 86.2±4.3%, rendering 277.7±1.4
GAA molecules per carrier and diameter of 180.1±0.9 nm when co-coated at a 50:50 mass
ratio (selected based on the enzyme dose estimated to exert biochemical effects6,7).

The enzyme coat was stable through centrifugation, resuspension by pipetting, and
sonication (11.6±0.3% enzyme release), and during storage at 4°C in buffer (0.0±0.1% to
6.1±0.5% enzyme release within 3 days; Supplementary Figure 1). Incubation of anti-
ICAM/125I-GAA NCs at 37°C and neutral pH in complete cell medium also showed marked
enzyme retention (e.g., 3.8±0.2% release at 3 h and 11.9±0.3% release and 72 h). Enzyme
release was markedly enhanced under conditions mimicking the lysosomal environment,
e.g., pH 4.5 and presence of the enzyme substrate, glycogen (3.1, 7.9, and 11.5 fold
increased compared to neutral pH at 30 min, 3 h, and 8 h, respectively).

Targeting and internalization of anti-ICAM/GAA nanocarriers in Pompe disease-model cells
We generated Pompe disease-model cells by treating endothelial cells (the first layer of cells
GAA encounters in the body after systemic administration) with turanose, a competitive
inhibitor of GAA that induces glycogen accumulation.2 As shown in Supplementary Figure
2, cells treated overnight with 300 μM turanose accumulated increased levels of glycogen
over control cells, similar to some tissues from adult-onset Pompe disease patients. 2,36

Targeting of anti-ICAM/GAA NCs in this model was assessed by fluorescence microscopy.
As shown in Figure 1, A and Supplementary Figure 3, anti-ICAM/GAA NCs bound
efficiently to cells: 51.3±4.7 NCs/cell by 30 min and 79.8±8.3 NCs/cell by 1 h, reaching a
plateau. The level of binding of non-specific IgG NCs to control cells was 2±2 NCs/cell
(data not shown), demonstrating the specificity of anti-ICAM counterparts. Importantly,
anti-ICAM NCs also bound to primary skeletal muscle cells (a major target in Pompe
disease) isolated from mice (Figure 1, B). In these cells carriers seemed to align in the
direction of cytoskeletal fibers, a feature previously observed during internalization of anti-
ICAM NCs by endothelial cells.24,28

In agreement with this observation, 78.6±1.7% of all bound anti-ICAM/GAA NCs were
internalized by Pompe disease-model cells within the first 30 min (Figure 1, C and
Supplementary Figure 4). Particle uptake slightly increased to 85.0±1.7% and 89.4±0.4% by
1 h and 3 h. This suggests efficient intracellular transport of GAA by anti-ICAM NCs (t½ =
10 min) even in cells presenting aberrant glycogen storage, achieving almost complete
uptake of nanocarriers that bind to the target.

In addition (Figure 1, D and Supplementary Figure 5) internalization of anti-ICAM/GAA
NCs was inhibited by amiloride, a drug that affects cell adhesion molecule- (CAM)-
mediated endocytosis (42.6±1.6% inhibition), but not MDC, an inhibitor of the clathrin-
mediated pathway related to uptake of lysosomal enzymes (14.6±1.0% inhibition). This
suggests that anti-ICAM NCs are capable of successfully shifting endocytosis of GAA from
classical clathrin-coated pits to non-classical CAM-mediated pathway in a Pompe disease
model.
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Lysosomal transport of anti-ICAM/GAA nanocarriers and reduction of glycogen storage in
Pompe disease-model cells

We examined the intracellular trafficking of anti-ICAM/GAA NCs labeled with green FITC
in Pompe disease-model cells whose lysosomes had been pre-labeled using Texas-Red
dextran.29 Fluorescence microscopy (Figure 2, A) showed a modest co-localization of green
carriers with red lysosomes during the first hour (32.8±2.5%). However, delivery to
lysosomes was significantly increased to 63.6±2.2% and 77.3±2.8% by 3 h and 5 h. This
suggests that transport of the therapeutic cargo, GAA, to this compartment could be
relatively efficient even in Pompe disease-model cells, supporting the potential of this
strategy.

To confirm this, we measured glycogen reduction in Pompe disease model-cells after
incubation with anti-ICAM/GAA NCs or a comparable amount of non-targeted GAA. After
achieving aberrant glycogen storage in cells, turanose must be removed to avoid inhibition
of the delivered enzyme. Hence, to ensure that glycogen attenuation was achieved by the
exogenous neutral GAA after delivery, we inhibited the endogenous lysosomal acidic GAA
by adding chloroquine to neutralize lysosomes. This strategy, used for α-Gal delivery,22

also mimics the lysosomal pH elevation observed in some LSDs,38 including severe Pompe
disease in which some cells exhibit a failure to lower the lysosomal pH below 6.0.14

As shown in Figure 2, B, glycogen degradation by anti-ICAM/GAA NCs was significantly
enhanced (by ~3 fold) compared to the same dose of non-targeted GAA (73.9±2.3% versus
26.0±0.9% glycogen reduction, respectively), suggesting that lysosomal delivery achieved
by anti-ICAM NCs may be therapeutically relevant as compared to the free enzyme
counterpart.

Biodistribution of anti-ICAM/GAA nanocarriers in mice
We then determined the in vivo biodistribution of anti-ICAM/125I-GAA NCs after
intravenous administration in mice. Anti-ICAM/125I-GAA NCs rapidly disappeared from
circulation, with only 2.6±0.5% of the injected dose (% ID) in blood by 1–2 min after
injection, and remained low for the duration of the experiment (Supplementary Figure 6).
This may be due to clearance from circulation and/or rapid targeting to ICAM-1-positive
tissues. Indeed, we observed fast accumulation of anti-ICAM/125I-GAA NCs throughout the
body (Figure 3, A, 30 min after injection). As expected, due to a first-pass effect of
nanocarriers injected intravenously, its profuse vascularization, high ICAM-1 expression,
and organ size, the lungs received the highest dose fraction (48.8±3.3 %ID). Liver
accumulation followed (17.3±2.0 %ID), in accord with the size of this organ, its
vascularization, high ICAM-1 expression and its role in blood clearance. Another organ of
the reticulo-endothelial system, the spleen, accumulated a considerable fraction of anti-
ICAM/125I-GAA NCs (2.9±0.3 %ID). Although more modest, nanocarriers were also found
in the brain (0.15±0.01 %ID) and striated muscle: the heart received 0.4±0.03 %ID and the
gastrocnemius and quadriceps muscles accumulated 0.07±0.01 %ID and 0.08±0.01 %ID,
respectively.

When the accumulation of anti-ICAM/125I-GAA NCs was normalized to respective tissue
weight (%ID/g of organ; Figure 3, B), to compare organ specificity, the lungs remained the
most heavily targeted organ with 246.8±20.4 %ID/g. This was expected as the lungs contain
20–30% endothelium in the body with high ICAM-1 expression.21 Next, high accumulation
was found in the spleen (30.9±3.4%ID/g), followed by the liver (12.8±1.6%ID/g) and heart
(2.9±0.2%ID/g), and finally, skeletal muscle and brain: 0.4±0.04 %ID/g and 0.3±0.04 %ID/
g in gastrocnemius and quadriceps muscles, and 0.3±0.03%ID/g in brain tissue.
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Comparative biodistribution of GAA delivered by anti-ICAM nanocarriers versus non-
targeted GAA

We next compared the biodistribution of anti-ICAM/125I-GAA NCs to that of non-
targeted 125I-GAA (Figure 4). In contrast to anti-ICAM/125I-GAA NCs, free 125I-GAA
circulated significantly longer (e.g., 38.4±2.1 %ID at 30 min), suggesting lower affinity to
tissues (Supplementary Figure 6). To correct for the difference in the circulating levels
of 125I-GAA versus anti-ICAM/125I-GAA NCs (~10 fold higher for non-targeted GAA), we
calculated the localization ratio (LR; Figure 4, A). This parameter measures %ID of a
formulation per gram of organ divided by %ID/g in blood (tissue-to-blood ratio).

Using this parameter, accumulation of ICAM-1-targeted 125I-GAA in mouse organs
significantly and consistently exceeded that of free 125I-GAA, even in tissues which showed
low levels of anti-ICAM/125I-GAA NCs. For example, in cardiac and skeletal muscle, anti-
ICAM/125I-GAA NCs had LRs of 1.91±0.39, 0.31±0.05 and 0.25±0.03 for heart,
gastrocnemius muscle and quadriceps muscle, versus non-targeted 125I-GAA LRs of
0.17±0.01, 0.04±0.01 and 0.04±0.003. The specificity index (SI; Figure 4, B), which
represents the LR ratio of targeted to non-targeted formulations, indicates that anti-ICAM
NCs increased 125I-GAA delivery to all organs: 584-fold increase in lungs, 67- in spleen,
23- in liver, 10- in heart, and 6-fold in skeletal muscle and brain, indicating great potential
for anti-ICAM NCs to enhance GAA delivery in vivo.

DISCUSSION
Our results indicate that ICAM-1-targeting holds potential to improve delivery of GAA for
ERT of Pompe disease. Anti-ICAM/GAA NCs provided efficient targeting in Pompe
disease-model cells and primary cultures of skeletal muscle, as well as internalization and
lysosomal transport with attenuation of excess glycogen, surpassing the effects of free GAA.
Anti-ICAM/GAA NCs also markedly enhanced enzyme delivery in vivo compared to non-
targeted GAA in all tissues tested, including heart, skeletal muscle and liver, major targets in
Pompe disease.

An adequate geometry of anti-ICAM carriers is crucial to modulate the efficacy of this
strategy. Although cells in culture internalize anti-ICAM carriers within a wide range of
geometries (~200 nm to 5 μm, spheres and elongated disks), sub-micrometer spherical
carriers and micrometer elongated counterparts display more specific targeting in vivo, yet
only sub-micrometer anti-ICAM NCs traffic efficiently to lysosomes.25 Hence, sub-
micrometer spherical anti-CAM carriers (shown in this work) display most adequate features
for lysosomal enzyme delivery.

Using such geometry parameters, coating efficacy and stability of the 125I-GAA coat on
prototype anti-ICAM NCs under storage conditions and cell media were relatively high,
while the enzyme was released under conditions mimicking the lysosomal
microenvironment (Table 1 and Supplementary Figure 1), suitable for the intended
application. Although our goal was to generate a prototype to prove targeting and
biochemical effects, this configuration is still relevant since lysosomal enzymes are active at
acidic lysosomal pH and act as pro-drugs prior to reaching this compartment. This loading
capacity can translate into a dose of ~2 mg GAA/kg body weight, on the order of magnitude
of current clinical doses of the non-targeted enzyme.7,8

Compared to nanocarriers coated at saturation with only anti-ICAM, GAA coating reduces
the surface covered by antibody by ~50%. As described,39 this is expected to reduce
targeting. In agreement, our result show binding of ~80 NCs/cell after 1 h incubation (Figure
1, A, and Table 1), which is a ~50% reduction compared to anti-ICAM NCs (Table 1).
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Nevertheless, binding was sufficient to target primary skeletal muscle cells (Figure 1, B),
which express lower ICAM-1 levels than endothelial cells.27 This binding surpassed by 35-
fold targeting of control IgG NCs and provided sufficient delivery of GAA as to attenuate
glycogen storage (Figure 2, B).

This outcome was possible due to relatively high efficiency of uptake of anti-ICAM/GAA
NCs by cells: ~80% of all cell-bound carriers at 1h (Figure 1, C, and Table 1). The
internalization rate and pathway were similar to that of anti-ICAM NCs (Table 1), despite
differences in the binding of these formulations. This is in agreement with previous works
showing efficient uptake of anti-ICAM NCs by cells regardless of their binding level.24,28

Uptake is mediated by amiloride-sensitive CAM-mediated endocytosis, a pathway different
from clathrin- and caveolar-mediated endocytosis, phagocytosis and macropinocytosis.24,28

Anti-ICAM/GAA NCs trafficked to lysosomes (e.g., 65% by 3 h), which was only
minimally reduced compared to anti-ICAM NCs (75% by 3 h; Table 1). This could be due to
the aberrant lysosomal storage in Pompe disease-model cells, which may affect transport, or
the lower density of anti-ICAM on the carrier surface. Yet, lysosomal transport of anti-
ICAM/GAA NC was sufficient to enhance glycogen degradation in Pompe-model cells by
~3 folds over non-targeted enzyme.

In vivo biodistribution of anti-ICAM/GAA NCs was also markedly enhanced in all tissues
compared to non-targeted GAA (from ~5.5- to 580-fold; Figure 4, B). Main targets for
Pompe disease, such as liver, heart and skeletal muscle, received ~23-, 11- and 6-fold
increased GAA doses, demonstrating the efficacy of this strategy. This outcome is highly
relevant since the liver represents a major storage compartment for glycogen, and the
cardiac and skeletal muscles use glycogen as a source of energy.2 This is the first time that
ICAM-1 targeting is demonstrated for skeletal muscle (Figures 1, B, and 4, B), which may
offer an avenue for drug delivery to this tissue. Enhanced GAA delivery to the brain (~6-
fold) may attenuate neuropathology and cerebral vasculopathy observed in some patients.2

Delivery to lungs, kidney, and spleen is also expected to be beneficial since these organs
accumulate glycogen in GAA deficiency.2 Hence, ICAM-1 targeting could represent an
alternative or complementary strategy for ERT of Pompe disease. Although previous studies
indicated no apparent toxicity of anti-ICAM NCs,21 future studies will need to assess the
biocompatibility of this approach.

This is the third example where ICAM-1-targeting shows a marked improvement, in cell
culture and in vivo, in the context of LSD enzymes. Other examples include acid
sphingomyelinase (ASM) deficient in types A-B Niemann-Pick disease40 and α-
galactosidase (α-Gal) deficient in Fabry disease.41 The loading efficiency of these enzymes
on anti-ICAM NCs was similar: 77 to 86% for anti-ICAM:enzyme 50:50 mass ratio
formulations (Table 1). In all cases, this diminishes the density of anti-ICAM on the carrier
by ~40–50% (Table 1). Although this results in a ~50% reduction in NC targeting for α-Gal
and GAA (in cell cultures), this effect is not observed for anti-ICAM/ASM NCs (Table 1).
ASM on the NC surface may provide affinity to the cell surface, through binding to its
substrate, sphingomyelin, abundantly present at the plasmalemma.30

In all cases, anti-ICAM/enzyme NC uptake was efficient: ~70–80% of cell bound NCs
(Table 1), which occurred by CAM-mediated endocytosis (Figure 1, D, and 22,25). This
provided similarly efficient lysosomal delivery of ASM, α-Gal and GAA (65–70%; Table
1), resulting in a substantial reduction of lysosomal storage of sphingomyelin,
globotriaosylceramide and glycogen, substrates of these enzymes, respectively (Table 1).
While 70–75% substrate reduction was observed for α-Gal and GAA, ASM delivered by
anti-ICAM NCs reduced substrate levels to control values, which may be due to
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experimental differences: an acidic enzyme (ASM) was tested in genetic models24,25 versus
neutral α-Gal22 and GAA tested in pharmacological models. In any instance, the enzymes
delivered by anti-ICAM NCs improved substrate reduction by 2- to 3-fold compared to non-
targeted counterparts (Table 1). These differences may be more acute in vivo, where binding
of non-targeted enzymes may be further hindered due to blood flow.

Indeed, non-targeted ASM, α-Gal and GAA accumulated more poorly than their anti-ICAM
NC counterparts in all tissues in mice, including the brain and peripheral organs (SI, fold
increase in the tissue-to-blood enzyme level when administered on nanocarriers; Table 2). In
all cases, although brain accumulation was significantly improved by anti-ICAM NCs (~4–7
fold increase), this organ received the lowest dose compared to the lung and liver, which
received the highest dose. First pass effect after intravenous injection and high ICAM-1
expression associated to the lung and liver may account for this pattern.

We observed some differences in tissue distribution of anti-ICAM NCs loaded with ASM,
α-Gal or GAA (Table 2). Anti-ICAM/ASM NCs provided the highest enhancement in brain
delivery (7-fold), which is relevant since this organ is a more important target for type A
Niemann-Pick disease.2,40,41 Furthermore, despite lower density of targeting antibodies
(Table 1), anti-ICAM/ASM NCs displayed greater brain accumulation than anti-ICAM NCs,
perhaps due to ASM binding to abundant sphingomyelin in this organ. For an unknown
reason, anti-ICAM/GAA provided the greatest affinity to the lungs (585 fold over GAA).
This formulation also displayed higher accumulation in the heart (11 fold over GAA), which
constitutes a very prevalent target for Pompe disease. This formulation also targeted the
kidneys, liver and spleen at higher specificity compared to its non-targeted counterpart (9-,
23- and 67-fold over GAA).

Given that ultimately all tissues are affected at some degree by LSDs, and since anti-ICAM
NCs enhances enzyme delivery to main targets of intervention in all three cases, ICAM-1-
targeting strategy holds considerable promise as a general platform to improve ERT delivery
for LSDs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Anti-ICAM/GAA NCs target and are internalized by Pompe-model cells via CAM
endocytosis
Binding of FITC-labeled anti-ICAM/GAA NCs to TNF-α activated, turanose-treated (A)
HUVECs (30 min, 1 h, or 3 h, 37°C), analyzed by fluorescence microscopy, or (B) skeletal
muscle cells from mice (5 h, 37°C), where arrowheads mark green carriers aligned on red-
pseudocolored cytoskeletal fibers (from phase-contrast). (C–D) Micrographs (left; 1 h,
37°C) and quantification (right) of the internalization of FITC anti-ICAM/GAA NCs by
HUVEC (30 min, 1 h, or 3 h, 37°C) in control media (C) or media containing amiloride to
inhibit CAM endocytosis, or MDC to inhibit clathrin-coated pits. Surface bound
nanocarriers were stained with Texas Red-labeled secondary antibody (double-labeled red
+green yellow particles; arrows) versus internalized carriers (single-labeled green particles;
arrowheads). Cell nuclei were stained with blue DAPI. Scale bar, 10 μm. Data are mean
±SEM (n≥32 cells, two experiments). ***p≤0.001, by Student’s t-test (compared to control
cells).
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Figure 2. Anti-ICAM/GAA NCs traffic to lysosomes and reduce glycogen storage in Pompe-
model cells
(A) FITC anti-ICAM/GAA NCs nanocarriers co-localizing with Texas-Red dextran-labeled
lysosomes in Pompe disease-model cells are shown in yellow (red+green; arrowheads).
Nanocarriers in other localizations are shown in green (arrows). Scale bar, 10 μm. Data are
mean±SEM (n≥50 cells, two experiments). (B) Glycogen levels (determined by PAS
staining) in cells treated for 5 h with a similar dose of neutral GAA coated on anti-ICAM
NCs or as a free counterpart, in the presence of chloroquine, a base that inhibits the activity
of endogenous acidic GAA but not exogenously administered neutral GAA. Data are mean
±SEM (n≥49cells). *p≤0.05, by Student’s t-test (compared to untreated disease cells).
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Figure 3. Biodistribution of anti-ICAM/GAA NCs in mice
Anti-ICAM/125I-GAA NCs were injected intravenously in mice, and blood and organs were
collected 30 min after injection. The samples were weighed and measured for 125Iodine
content. (A) Percentage of injected dose (%ID) per organ was calculated to determine 125I-
GAA in circulation and tissue accumulation. (B) Percentage of injected dose per gram of
tissue (%ID/g) was calculated to compare 125I-GAA delivery among organs of different
size. Gastroc = gastrocnemius. Quad = quadriceps. Data are mean±SEM (n≥4 mice).
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Figure 4. Anti-ICAM NCs enhance delivery of GAA over non-targeted enzyme in mice
Anti-ICAM/125I-GAA NCs or a similar dose of 125I-GAA were injected intravenously in
mice, and blood and organs were collected 30 min after. The samples were weighed and
measured for 125Iodine content. (A) The localization ratio (LR), calculated as percent
injected dose per gram of organ (%ID/g) divided by %ID/g in blood, compares tissue
accumulation for these two formulations with different circulation. (B) The specificity index
(SI), calculated as the LR ratio of nanocarrier-targeted versus non-targeted 125I-GAA,
reflects improved enzyme delivery of anti-ICAM NCs. Gastroc=gastrocnemius.
Quad=quadriceps. Data are mean±SEM (n≥3 mice). *p≤0.05, **p≤0.01, ***p≤0.001, by
Student’s t-test (compared to free GAA).
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Table 1

Load, transport and effects of ICAM-1-targeted nanocarriers for lysosomal delivery in cell culture.

Non- loaded ASM α-Gal GAA

Enzyme coating efficiency (%) N/A 80 77 86

Enzyme molecule per NC (50:50 mass) N/A 230 530 278

Anti-ICAM molecule per NC (50:50 mass) 250 135 138 123

Binding (NCs per cell) 165 160 70 80

% Internalization (1 h) 80 70 67 80

% Lysosomal transport (3 h) 75 70 70 65

% Lysosomal storage degradation (5 h) N/A 98 70 75

Enhanced degradation (anti-ICAM/enzyme NCs: free enzyme) N/A 2 2.5 3

N/A = not applicable. Data are mean values from this work and 22,21,23,24.
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