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ABSTRACT
Type B Niemann-Pick disease (NPD) is a multiorgan system
disorder caused by a genetic deficiency of acid sphingomyelinase (ASM), for which lung is an important and challenging
therapeutic target. In this study, we designed and evaluated
new delivery vehicles for enzyme replacement therapy of type B
NPD, consisting of polystyrene and poly(lactic-coglycolic) acid
polymer nanocarriers targeted to intercellular adhesion molecule (ICAM)-1, an endothelial surface protein up-regulated in
many pathologies, including type B NPD. Real-time vascular
imaging using intravital microscopy and postmortem imaging of
mouse organs showed rapid, uniform, and efficient binding of
fluorescently labeled ICAM-1-targeted ASM nanocarriers (anti-

The lysosomal storage diseases comprise more than 40
clinical conditions, primarily caused by inherited deficiencies
of lysosomal hydrolases (Futerman and van Meer, 2004).
Intracellular accumulation of nondegraded substrates in
these disorders results in multiorgan dysfunction, high morbidity, and premature mortality (Futerman and van Meer,
2004). A viable treatment for these conditions is enzyme
replacement therapy (ERT) (Desnick and Schuchman, 2002),
which consists of i.v. infusion of recombinant enzymes containing sugar residues (mannose and/or mannose-6-phos-
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ICAM/ASM nanocarriers) to endothelium after i.v. injection in
mice. Fluorescence microscopy of lung alveoli actin, tissue histology, and 125I-albumin blood-to-lung transport showed that antiICAM nanocarriers cause neither detectable lung injury, nor
abnormal vascular permeability in animals. Radioisotope tracing showed rapid disappearance from the circulation and enhanced accumulation of anti-ICAM/125I-ASM nanocarriers over
the nontargeted naked enzyme in kidney, heart, liver, spleen,
and primarily lung, both in wild-type and ASM knockout mice.
These data demonstrate that ICAM-1-targeted nanocarriers
may enhance enzyme replacement therapy for type B NPD and
perhaps other lysosomal storage disorders.

phate) to target the corresponding cell receptors in different
tissues (Neufeld, 1980; Du et al., 2005).
This approach is well suited for lysosomal diseases with
low or no neurological involvement, which manifest by peripheral organ dysfunction (Miranda et al., 2000; Desnick
and Schuchman, 2002). This is the case for type B NiemannPick disease (NPD), caused by a genetic deficiency of acid
sphingomyelinase (ASM), which leads to aberrant accumulation of sphingomyelin and cholesterol (Schuchman and
Desnick, 2000). Type B NPD is characterized by non-neurological abnormalities affecting diverse cells types and organs,
including the lung (Marathe et al., 1998; Schuchman and
Desnick, 2000; Dhami et al., 2001). Several cell types in lung
(and other organs) are affected by NPD, yet endothelial cells
are important NPD targets as they are a considerable source
of ASM, produce chemokines that cause inflammatory lung
disease in type B NPD (Marathe et al., 1998), and represent
a route for ERT transport to other tissues.

ABBREVIATIONS: ERT, enzyme replacement therapy; NPD, Niemann-Pick disease; ASM, acid sphingomyelinase; ASMKO, acid sphingomyelinase knockout; ICAM, intercellular adhesion molecule; PECAM, platelet/endothelial cell adhesion molecule; PLGA, poly(lactic-coglycolic) acid;
PBS, phosphate-buffered solution; PEG, polyethylene glycol; ID, injected dose; LR, localization ratio; TNF, tumor necrosis factor; Ctr, control.
400

Downloaded from jpet.aspetjournals.org at ASPET Journals on July 23, 2017

Department of Pharmacology (C.G., V.M., S.M.), Institute for Environmental Medicine (C.G., E.S., J.L., V.M., S.M.),
Institute for Translational Medicine and Therapeutics (V.M., S.M.), School of Medicine, and Department of Bioengineering
(E.S.), School of Engineering and Applied Sciences, University of Pennsylvania, Philadelphia, Pennsylvania; Department of
Chemical and Materials Engineering, University of Kentucky, Lexington, Kentucky (T.D.); and Genetics and Genomic Sciences,
Mount Sinai School of Medicine, New York, New York (R.D., E.H.S.)

In Vivo Lysosomal Enzyme Delivery by Anti-ICAM Nanocarriers

targeting provides safe vascular accumulation and enhanced
enzyme delivery to the disease target organs (primarily the
lung) in control mice and the ASMKO mouse model for NPD.

Materials and Methods
Antibodies and Reagents. Rat monoclonal antibody against
mouse ICAM-1 was YN1, used in our prior studies (Murciano et al.,
2003; Muro et al., 2006a). Recombinant ASM was produced in Chinese hamster ovary cells and purified as described previously (He et
al., 1999). Green-fluorescent polystyrene latex spheres, either 100
nm or 1 m in diameter, were from Polysciences (Warrington, PA).
PLGA (50:50 lactic/glycolic acid ratio; molecular mass 38 kDa) polymer was obtained from Lakeshore Biomaterials (Birmingham, AL).
Na125I was from PerkinElmer Life and Analytical Sciences (Wellesley, MA), and Iodogen was purchased from Pierce Chemical (Rockford, IL). Unless otherwise stated, all other reagents were from
Sigma-Aldrich
(St. Louis, MO).
Synthesis of PLGA Polymer Nanocarriers. PLGA nanocarriers were prepared by solvent extraction, by adding 25 mg of polymer
in dry acetone (10 mg/ml) dropwise to 100 ml of phosphate-buffered
solution (PBS) containing 3 wt.% Pluronic F68 [polyethylene glycol
(PEG)-polypropylene glycol-PEG triblock copolymer] under stirring
(Muro et al., 2006a). Acetone was removed by dialysis against PBS
overnight. Particles were collected by centrifugation at 25,000g for
30 min, washed twice, and stored in PBS. Final particle concentration was determined using an enzymatic assay for lactic acid, and
residual surfactant was evaluated by a colorimetric PEG assay
(Dziubla et al., 2005). Size of uncoated PLGA nanocarriers was ⬃220
nm in diameter, as determined by dynamic light scattering (Muro et
al., 2006a).
Preparation of Anti-ICAM Nanocarriers. Anti-ICAM/ASM
nanocarriers and control IgG/ASM nanocarriers were prepared by coating either green fluorescent polystyrene spheres (model carriers) or
PLGA nanocarriers with both recombinant ASM and anti-mouse
ICAM-1, or nonspecific IgG (50:50 enzyme-to-antibody mass ratio)
(Muro et al., 2006b). To trace the enzyme cargo, nanocarriers were
coated by a mix of antibody, unlabeled ASM, and 125I-ASM (95:5
unlabeled-to-labeled enzyme molar ratio). After separation of the
free antibody and enzyme counterparts by centrifugation, the
amount of 125I-tracer coated onto the nanocarrier surface was determined in a gamma counter. The particle diameter, determined by
dynamic light scattering (Muro et al., 2006a), was ⬃180 nm and
⬃270 for anti-ICAM/ASM polystyrene and PLGA counterparts, respectively, unless specified otherwise.
Intravital and Postmortem Imaging of Anti-ICAM/ASM Nanocarriers. Anesthetized C57BL/6 mice received i.v. injections with either 180-nm or 1-m-diameter green fluorescent anti-ICAM/ASM
nanocarriers or control IgG/ASM nanocarriers. For real-time imaging,
1-m-diameter particles were used to achieve optimal resolution and
visibility to permit single particle tracking. The mesentery was exteriorized, kept under warm humidification, and imaged in a time-lapse
mode using an inverted microscope (Eclipse TE2000-U; Nikon, Melville,
NY), 40⫻ or 20⫻ objective (Nikon), and Orca-1 charge-coupled device
camera (Hamamatsu Corporation, Bridgewater, NJ). Image frames
were taken every 3 s from 5 to 15 min after injection, and they were
analyzed using Image-Pro 3.0 software (Media Cybernetics, Silver
Spring, MD).
For imaging postmortem specimens, we collected micrographs of
180-nm green fluorescent anti-ICAM/ASM nanocarriers in intact,
nonsectioned kidney, heart, liver, spleen, and abdominal muscle
wall. To characterize in more detail uptake and effects of nanocarriers in the target organ, we additionally used 10-m-thick frozen
sectioned tissues. Actin cytoskeleton in pulmonary alveoli was
stained with Texas Red-phalloidin in sections of lung isolated 30 min
after injection of nanocarriers. Lung tissue morphology was tested by
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Preclinical studies showed that ERT leads to sphingomyelin reduction and histological and biochemical improvements
in heart, liver, and spleen in ASM knockout (ASMKO) mice
(He et al., 1999; Miranda et al., 2000). However, this strategy
was less robust for progressive lung inflammation, which
may be due in part to low pulmonary delivery of ASM after
i.v. infusion (He et al., 1999; Miranda et al., 2000). ERT for
type B NPD may therefore benefit from strategies directed to
enhance delivery to this important, yet “difficult” target
organ.
A good candidate for endothelial targeting is intercellular
adhesion molecule (ICAM)-1, a transmembrane anchor for
leukocytes expressed by many cell types relevant to NPD
and, primarily, endothelial cells (Marlin and Springer, 1987;
Springer, 1994; Muro, 2007). Contrary to determinants in the
endothelial cell border (PECAM-1 and VE-cadherin), or molecules that are down-regulated (angiotensin-converting enzyme and thrombomodulin) or only transiently expressed in
inflammation (selectins and vascular cell adhesion molecule-1) (Muro and Muzykantov, 2005), ICAM-1 located at the
endothelial lumen is highly accessible from the circulation,
and it is up-regulated in inflammation (Marlin and Springer,
1987; DeGraba et al., 2000; Muro, 2007). In addition, the lung
is a natural target for compounds addressed to ICAM-1,
because this vasculature represents ⬃30% of total endothelial surface and it receives 100% cardiac output as a firstpass area after i.v. injections (Muro and Muzykantov, 2005).
Numerous studies reported efficient endothelial targeting
of anti-ICAM-conjugated isotopes, contrast probes (Villanueva et al., 1998; Weiner et al., 2001), therapeutic agents
(Murciano et al., 2003; Muro et al., 2003a; Muro et al.,
2006b), and liposomes and polymer carriers (Bloemen et al.,
1995; Sakhalkar et al., 2003; Muro et al., 2006a). ICAM-1
targeting of polymer nanocarriers may offer advantages to
systemic delivery of lysosomal ERT, e.g., these carriers can
be formulated as biodegradable structures to hinder immune
recognition and protect the cargo from rapid degradation
(Langer, 1998; Jain et al., 2000; Moghimi and Szebeni, 2003;
Panyam and Labhasetwar, 2003; Dziubla et al., 2005). Such
features may become relevant for ERT of chronic lysosomal
conditions by alleviating unwanted reactions to recurrent
treatment.
It is noteworthy that coupling recombinant ASM to antiICAM polymer nanocarriers (150 –300 nm in diameter) leads
to efficient internalization of anti-ICAM/ASM nanocarriers
by cell adhesion molecule-mediated endocytosis, a unique
pathway, distinct from clathrin- and caveolar-mediated endocytosis, which fail to efficiently internalize naked ASM in
disease cells (Muro et al., 2003b, 2006b; Dhami and Schuchman, 2004) and carriers larger than 200 nm in diameter
(Rejman et al., 2004). Anti-ICAM/ASM nanocarriers traffic to
lysosomes in disease cells and recover sphingomyelin levels
(Muro et al., 2006b), necessary for further development of
this promising strategy. However, the potential of this ERT
approach remains to be tested in pathophysiologically relevant in vivo models.
In this work, we coupled recombinant ASM to anti-ICAM
model polystyrene or biodegradable poly(lactic-coglycolic)
acid (PLGA) nanocarriers (180 –270 nm), and we used fluorescence imaging and isotope tracing to determine their vascular targeting, organ accumulation and effects, and ASM
delivery capacity in vivo. Our results indicate that ICAM-1-
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Results
Fluorescence Imaging of Anti-ICAM Nanocarriers
Carrying Acid Sphingomyelinase Delivered in Vivo.
Anti-ICAM nanocarriers carrying recombinant ASM efficiently bind endothelial cells in culture (Muro et al., 2006b).
To test whether this is the case under physiological conditions, we first visually analyzed targeting of anti-ICAM/ASM
nanocarriers to the endothelium in an intact vasculature. To
visualize targeting in real time, model green-fluorescent
anti-ICAM/ASM polystyrene particles were injected i.v. in
anesthetized C57BL/6 mice, and the particles were traced by
intravital microscopy in the mesentery vasculature in a timelapse mode (Fig. 1; Supplemental Movie 1). Imaging of mesentery vessels showed that anti-ICAM/ASM carriers (Fig. 1A;
Supplemental Movie 1), but not IgG/ASM carriers (Fig. 1B;
Supplemental Movie 2), flowing in the bloodstream, rapidly
adhered to the endothelium within 5 min after injection.
Anti-ICAM/ASM nanocarriers bound to endothelium in postcapillary venules and veins (Fig. 1A) and in small arteries
(e.g., 50 m in diameter; Fig. 2A), apparently withstanding

Fig. 1. Time-lapse imaging of anti-ICAM/ASM particle targeting to
mouse vessels. A, time-lapse fluorescence microscopy of exteriorized mesentery vessels, taken every 3 s beginning from 5 min after i.v. injection of
1 m of green fluorescent anti-ICAM/ASM polymer particles. Representative frames at the indicated time points are shown (see Supplemental
Movie 1). Particles marked 1 to 4 were bound to the vessel from the
imaging start. The arrow shows a particle slowly moving on the vessel
wall, which within 1 min firmly binds and stops, as detected by lack of
movement in the last two frames shown. B, time-lapse microscopy images
from animals that received injections with IgG/ASM particles show lack
of binding of these control particles to the vasculature (Supplemental
Movie 2). The arrowheads in A and B mark tracks of particles flowing in
the bloodstream. Scale bars, 10 m.

hydrodynamic forces of shear stress levels ⬃20 to 50 dynes/
cm2, typical of arterial vasculature of this size.
Fluorescence microscopy images of whole (nonsectioned)
organs, isolated postmortem 30 min after i.v. injection of
anti-ICAM/ASM, revealed their effective uptake in all vascularized tissues examined, including heart, kidney, liver,
spleen, abdominal muscle wall (Fig. 3A), mesentery (data not
shown), and, most prominently, in lung (Figs. 3A and 4A). In
the control IgG/ASM nanocarriers, fluorescence microscopy
of frozen tissue sections was used to enhance the sensitivity
of the analysis and to detect particles, scarce in most organs.
Among the organs inspected in mice that received injections
with control IgG/ASM nanocarriers, particles were found to
accumulate only in liver and spleen (Fig. 3B), which may be
due to uptake by resident phagocytes in these organs of the
reticuloendothelial system (Muro et al., 2006a).
To define the cellular localization of nanocarriers in the main
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hematoxylin and eosin staining of tissue sections of lung isolated
24 h after injection of nanocarriers. Objectives (10⫻ and 20⫻) and
imaging system described above were used.
Radioisotope Tracing of Anti-ICAM/ASM Nanocarriers
Pharmacokinetics in Mice. Anesthetized C57BL/6 or ASM knockout (ASMKO) mice (He et al., 1999; Miranda et al., 2000; Dhami et
al., 2001) received i.v. injections with 125I-ASM or 125I-ASM coupled
to the surface of anti-ICAM or IgG nanocarriers (either polystyrene
prototype or PLGA particles). Blood samples were collected from the
retro-orbital plexus at 1, 15, and 30 min after injection, and organs
(kidneys, heart, liver, spleen, and lung) were collected at 30 min after
injection. The radioactivity and weight of the samples was determined to calculate nanocarrier-targeting parameters, including percentage injected dose (%ID), percentage injected dose per gram of
organ (%ID/g), localization ratio (LR; organ-to-blood ratio of %ID/g),
and specificity index (targeted-to-untargeted LR ratio in an organ)
(Muro et al., 2006a).
In parallel experiments, 125I-albumin was coinjected i.v. either
with saline, 5 g of TNF-␣, anti-ICAM/ASM, or IgG/ASM nanocarriers. The effect of the nanocarriers on pulmonary permeability was
determined 3 h after injection as albumin leakage from the bloodstream into the lung tissue, and it was expressed as the lung-to-blood
125
I-albumin ratio.
All animal studies were conducted in accordance with University
of Pennsylvania and Mount Sinai approved protocols and the Institute of Laboratory Animal Resources (1996), as adopted and promulgated by the National Institutes of Health.
ICAM-1 Expression in Mouse Organs. Organs were collected
from C57BL/6 or ASMKO mice, and then they were homogenized at
4°C in lysis buffer containing PBS, 1⫻ phenylmethylsulfonyl fluoride, 1⫻ protease inhibitor cocktail (Sigma-Aldrich), 0.5% SDS, and
0.5% Triton X-100. Two hundred micrograms of total protein was
electrophoresed under reducing conditions in a 4 to 15% gradient
polyacrylamide gel, transferred to polyvinylidene difluoride membranes, and blotted with rat anti-mouse ICAM-1 (YN1 antibody),
followed by incubation with horseradish peroxidase-conjugated goat
anti-rat antibody and enhanced chemiluminescence Western blotting analysis system (Amersham Biosciences, Chalfont St. Giles,
UK). Densitometric quantification was performed using computerassisted image analysis, and the results were corrected to actin
levels, used as a loading control.
Statistics. Unless otherwise stated, the data were calculated as
the mean ⫾ S.E.M., where statistical significance was determined by
Student’s t test.
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Fig. 2. Intravital microscopy of anti-ICAM/ASM particles bound to the
mesentery microvasculature. Images show abundant and uniform binding of 180-nm anti-ICAM/ASM particles (A), but not control IgG/ASM
particles (B), in a mesentery arteriole 30 min after injection. Scale bar, 20
m. Right images are 5⫻ magnifications of the vessel area marked by a
dashed line box in the left image.

target organ, e.g., lung, we used red immunostaining to PECAM-1 (a pan-endothelial marker) and nuclear blue staining by
4,6-diamidino-2-phenylindole in frozen tissue sections of mouse
lung isolated 30 min after injection of either anti-ICAM/ASM
nanocarriers or control IgG/ASM counterparts. Results of this
multilabeling analysis providing a high-resolution imaging of
the tissue architecture (Fig. 4), revealed localization of antiICAM/ASM nanocarriers in pulmonary endothelial cells (note
practically identical green and red labels), and showed a remarkably high, uniform, and specific uptake of anti-ICAM/ASM
nanocarriers, but not IgG counterparts, through this organ, e.g.,
in the capillaries (right upper quadrant), vein (center), and
artery (lower left quadrant).
Anti-ICAM/ASM Nanocarrier Accumulation Causes
No Detectable Vascular Injury in Vivo. Binding of antiICAM nanocarriers to ICAM-1 expressed by cultured cells
has been shown to induce immediate reorganization of the
actin cytoskeleton into stress fibers, which ceased after ⬃2 to
3 h (Muro et al., 2003b). In theory, uncontrolled actin stress
fiber formation, for example, in endothelial cells in the lung,
may cause rapid cell contraction, disruption of vascular permeability, and edema (Etienne-Manneville et al., 2000;
Stevens et al., 2000).
This scenario seems unlikely, because we did not observe
any pathological signs in animals that received injections
with the anti-ICAM/ASM nanocarriers used for the imaging
experiments described above, nor signs of pathology or

Fig. 3. Imaging anti-ICAM/ASM nanocarrier uptake in mouse organs. A,
fluorescence images of whole (nonsectioned) organs isolated from
C57BL/6 mice 30 min after injection of 180-nm green fluorescent antiICAM/ASM carriers. B, to maximize fluorescent detection, 10-m-thick
sections from frozen tissues were used in mice that received injections
with control IgG/ASM counterparts. Scale bars, 100 m.

edema in isolated mouse tissues. However, to more rigorously examine whether in vivo accumulation of anti-ICAM
nanocarriers would elicit abnormal pulmonary permeability,
we injected particles into mice and then we determined their
potential effects in the lung (Fig. 5). First, we perfused, fixed,
and isolated lung 30 min after injection, from which a lobe
was cut open, permeabilized, and stained to detect actin
filaments. A z-axis stack section of alveoli (Fig. 5A; Supplemental Movie 3) shows intact morphology, presence of actin
cortical fibers (but not stress fibers) in the cell-cell border,
and no evidence of a disrupted barrier or appearance of
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blood cells in the alveolar lumen after nanocarrier injection, suggesting that anti-ICAM nanocarriers do not affect
the integrity of the pulmonary permeability barrier. In
accordance with this result, lung tissue in these animals
seemed normal by histological examination of hematoxylin-and-eosin-stained tissue sections, and it did not show
signs of disruption of the alveolar architecture, edema, or
leukocyte infiltration in the alveoli (Fig. 5B).
To further confirm the safety of this approach, anti-ICAM
nanocarriers were coinjected i.v. with 125I-albumin, and
transport of this tracer from the bloodstream to the lung
tissue (which quantitatively characterizes edema) was determined as radioisotope lung-to-blood ratio 3 h after injection.
Systemic injection of TNF-␣, a proinflammatory cytokine
known to disrupt vascular permeability, which was used as a
positive control for lung edema in this study, caused a significant increase of albumin uptake in the lung, validating
the sensitivity of this assay (Fig. 5B). In contrast, neither
specific anti-ICAM nanocarriers nor control IgG nanocarriers
elevated albumin uptake in the lung over control levels
(Fig. 5B).
Biodistribution of Anti-ICAM/ASM Nanocarriers and
Nontargeted Formulations. The imaging studies tracing
model nanocarriers described above revealed rapid, effective,
and safe in vivo targeting of anti-ICAM/ASM nanocarriers to
mouse organs, particularly the lung, an important therapeutic target in type B NPD. To directly and quantitatively
analyze the biodistribution of the enzyme cargo in vivo, we
used formulations containing 125I-ASM as a tracer. We compared the circulation time and organ accumulation of 125IASM administered as either a nontargeted free enzyme or
coupled to anti-ICAM biodegradable PLGA nanocarriers in
anesthetized mice.
Anti-ICAM/125I-ASM nanocarriers disappeared more rapidly from the circulation than free 125I-ASM: 25.1 ⫾ 9.6
versus 59.9 ⫾ 6.5% ID remained in circulation at 1 min after
injection, and 10.3 ⫾ 1.0 versus 33.4 ⫾ 4.2% ID at 15 min

Fig. 5. Effects of anti-ICAM/ASM nanocarrier accumulation in lung
tissue. A, staining of F-actin with Texas Red-phalloidin in permeabilized
lung, 30 min after i.v. injection of C57BL/6 mice with 180-nm anti-ICAM/
ASM nanocarriers. A z-section stack from the axial plane (a) to the base
of an alveolus (d) was taken. Scale bar, 100 m. See Supplemental Movie
3. B, hematoxylin and eosin staining of 10-m-thick frozen sections from
lung isolated 24 h after injection of either saline or anti-ICAM/ASM
nanocarriers. Scale bar, 100 m. C, level of 125I-albumin coinjected with
either saline (control), TNF-␣, anti-ICAM/ASM, or IgG/ASM nanocarriers
was determined in the lung and the blood 3 h after injection. Data are
mean ⫾ S.E.M. (n ⱖ 3 mice). ⴱ, p ⬍ 0.05 (Student’s t test).

after injection, respectively (Fig. 6A, inset). Such an accelerated blood clearance probably reflects endothelial binding
and accumulation of anti-ICAM/ASM nanocarriers in vascularized organs, as shown by prior imaging results. Consistent
with this notion, anti-ICAM/125I-ASM nanocarriers effectively accumulated in mouse organs, determined at 30 min
after injection (Fig. 6A), including kidney, heart, liver,
spleen, and primarily lung (e.g., 50.7 ⫾ 5.6% ID per gram of
lung for anti-ICAM/125I-ASM nanocarriers versus 6.5 ⫾ 0.6%
ID per gram of lung for free 125I-ASM). Normalization per
gram of tissue permitted comparisons of the uptake level in
organs of different size. On the absolute scale, spleen, liver,
and lung, the main target organs in type B NPD, received the
highest delivery of enzyme by anti-ICAM/125I-ASM nanocarriers (3.5 ⫾ 0.7, 39.6 ⫾ 1.4, and 8.1 ⫾ 1.0% of the total ID
versus 0.8 ⫾ 0.06, 22.9 ⫾ 2.6, and 0.9 ⫾ 0.1% ID, respectively,
for free 125I-ASM; Fig. 6B). The organ-to-blood localization
ratio was significantly higher for anti-ICAM/125I-ASM nanocarriers versus 125I-ASM, particularly in the lung (e.g., 7.7 ⫾
1.2 versus 0.3 ⫾ 0.03 for free 125I-ASM; Fig. 6C), reflecting
the high tissue specificity of ICAM-1-targeted enzyme formulations.
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Fig. 4. Colocalization of anti-ICAM/ASM nanocarriers with endothelium
in mouse lung. Ten-micrometer-thick frozen lung sections were stained
with blue 4,6-diamidino-2-phenylindole to label cell nuclei and rat antimouse PECAM-1 followed by Texas Red-conjugated goat anti-rat, to label
lung endothelium (left), and green fluorescent anti-ICAM/ASM nanocarriers (A) or control IgG/ASM counterparts (B) were imaged in the same
sections (right). Small airways and vessels are indicated by asterisks and
arrowheads, respectively. Scale bar, 100 m.
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Anti-ICAM/ASM nanocarriers showed higher uptake in all
organs versus nontargeted free ASM: the -fold increase or
specificity index achieved was 1.8 in heart, 1.9 in kidney, 3.9
in liver, 10.8 in spleen, and 23.6 in lung (Fig. 6D). Such an
enhanced delivery to lung in particular was not due to nonspecific particle uptake or mechanical retention. Control IgG/
125
I-ASM nanocarriers accumulated in liver and spleen (Table 1), confirming imaging results showing retention of these
particles in the reticuloendothelial system (Fig. 3B). However, in accord with imaging data shown in Fig. 4, IgG/125IASM nanocarriers did not accumulate in lung (Table 1). As a
result, the lung-specific delivery index of anti-ICAM/ASM
over IgG/ASM nanocarriers was 21.3 (Table 1).
High levels of pulmonary and hepatic uptake of antiICAM/ASM nanocarriers agreed with high levels of ICAM-1
expression in these organs (Table 2); yet, in other organs
uptake of anti-ICAM/ASM nanocarriers did not show a good
correlation with the relative levels of ICAM-1 expression
(Table 2).
ASM Delivery via ICAM-1 Targeting in a NiemannPick Disease Mouse Model. Finally, we aimed at obtaining
evidence for enzyme delivery by ICAM-1 targeting in vivo in
a pathologically relevant context, the ASMKO model of types
A and B NPD (He et al., 1999; Miranda et al., 2000; Dhami et
al., 2001). ASMKO mice showed elevated ICAM-1 expression
in lung (2.7 ⫾ 0.6-fold over C57BL/6 mice; Table 2), which
correlates with pulmonary inflammation typical in these animals (Marathe et al., 1998).
We traced radiolabeled recombinant ASM injected i.v. in
ASMKO mice as either free 125I-ASM or 125I-ASM coupled to
reporter anti-ICAM nanocarriers, and blood and/or organ
samples were collected at 1, 15, and 30 min after injection to
determine the radioisotope content (Fig. 7). As found in wildtype mice, anti-ICAM/125I-ASM nanocarriers rapidly disappeared from the circulation (9.9 ⫾ 2.7 and 0.5 ⫾ 0.1% ID at
1 and 15 min after injection; Fig. 7A, inset) and they accumulated in organs, including kidney, heart, liver, spleen, and
lung (4.3 ⫾ 0.2, 2.7 ⫾ 0.6, 16.3 ⫾ 3.6, 16.0 ⫾ 2.4, and 98.9 ⫾

20.8% ID/g; Fig. 7A), as determined at 30 min after injection.
Spleen, liver, and lung, main targets for type B NPD, received the highest enzyme delivery: 1.7 ⫾ 0.5, 25.1 ⫾ 3.8,
and 20.0 ⫾ 4.2% of the injected dose (Fig. 7B). In addition, in
these animals, organ-to-blood localization ratio of antiICAM/125I-ASM nanocarriers was higher than that of the
free enzyme, as observed in the previous experimental series
in wild-type animals (the localization ratio for anti-ICAM/
125
I-ASM was 2.9 ⫾ 0.4 in kidney, 1.4 ⫾ 0.3 in heart, 12.4 ⫾
4.6 in liver, 10.5 ⫾ 1.5 in spleen, and 59.9 ⫾ 4.2 in lung;
Fig. 7C).
In contrast, naked 125I-ASM circulated for longer periods
(62.2 ⫾ 4.3 and 58.7 ⫾ 19.5% ID at 1 and 15 min after
injection; Fig. 7A), and it resulted in lower organ-to-blood
uptake (the localization ratio was 0.3 ⫾ 0.05 in kidney, 0.2 ⫾
0.03 in heart, 0.9 ⫾ 0.2 in liver, 0.5 ⫾ 0.07 in spleen, and
0.3 ⫾ 0.03 in lung; Fig. 7C). Hence, coupling ASM to antiICAM nanocarriers markedly enhanced the specific delivery
of circulating ASM to all organs analyzed over that of the
nontargeted enzyme (the specificity index was 9.9 in kidney,
7.3 in heart, 12.5 in liver, 21.2 in spleen, and 216.2 in lung;
Fig. 7D), reflecting the high targeting potential of anti-ICAM/
125
I-ASM nanocarriers in this disease model.

Discussion
ERT is one of the most viable treatments for type B NPD,
as well as other lysosomal storage disorders (Desnick and
Schuchman, 2002). However, suboptimal delivery of recombinant lysosomal enzymes to certain target organs (Figs. 6
and 7) reduces the efficacy of this strategy. Targeting ERTs
to specific cell surface determinants (e.g., using chimeric
enzymes containing targeting moieties; Xia et al., 2001;
LeBowitz et al., 2004; Prince et al., 2004; Zhang et al., 2007)
may facilitate delivery to the desired pathological sites.
In this context, nanoscale size carriers represent highly
promising vehicles for ERT because they can be modified
(e.g., with antibodies) to provide specific targeting, control of
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Fig. 6. Pharmacokinetics of anti-ICAM/ASM nanocarriers. Biodistribution of 125I-labeled ASM injected i.v. as either a free enzyme (black bars) or
coupled to 270-nm anti-ICAM biodegradable PLGA
nanocarriers (hatched bars), 30 min after injection.
Data were calculated as %ID/g of organ (A), to permit relative comparisons between organs with different weight; %ID per organ (B), to estimate the
total accumulation; localization ratio (%ID/g in an
organ:%ID/g in blood) (C), to correct to differences in
the blood level of the formulations; and the specificity index (calculated as the localization ratio of targeted to nontargeted formulations) (D), which reflects the specificity of ICAM-1 targeting. The inset
in A shows nanocarrier clearance from blood, calculated as %ID. Data are mean ⫾ S.E.M. (n ⱖ 5 mice).
Statistical differences between the noncoupled enzyme and anti-ICAM PLGA carriers are depicted by
asterisks. ⴱ, p ⬍ 0.05 and ⴱⴱ, p ⬍ 0.01 (Student’s t
test).

0.9 ⫾ 0.2
6.9 ⫾ 1.5
2.9 ⫾ 1.1
* p ⬍ 0.05, ** p ⬍ 0.01, and *** p ⬍ 0.001 (Student’s t test).

IgG
Anti-ICAM

4.0 ⫾ 0.4
47.3 ⫾ 5.1
22.3 ⫾ 3.8
1.1

22.8 ⫾ 3.0***
140.8 ⫾ 17.0***
61.5 ⫾ 11.3***
21.3

IgG

4.6 ⫾ 0.9
58.2 ⫾ 14.2
20.7 ⫾ 7.8

Anti-ICAM

58.9 ⫾ 1.9
53.9 ⫾ 2.6
20.0 ⫾ 4.6

IgG
Anti-ICAM

39.0 ⫾ 2.8***
36.4 ⫾ 2.8**
16.6 ⫾ 2.5
0.8
0.3 ⫾ 0.04
3.1 ⫾ 0.5
1.1 ⫾ 0.2

IgG
Anti-ICAM

0.4 ⫾ 0.03
3.7 ⫾ 0.3
1.6 ⫾ 0.2
1.5
0.9 ⫾ 0.1
3.2 ⫾ 0.5
1.3 ⫾ 0.4

IgG
Anti-ICAM

4.1 ⫾ 0.4
2.6 ⫾ 0.3

1.4 ⫾ 0.05*
4.7 ⫾ 0.2**
2.0 ⫾ 0.2
1.5

IgG

3.4 ⫾ 0.3
2.0 ⫾ 0.1

Anti-ICAM

%ID
%ID/g
LR
Specificity index

Lung
Spleen
Liver
Heart
Blood

Kidney
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Blood and organ levels of 180-nm-diameter polystyrene particles carrying

the circulation time, and modulate tissue accumulation of the
carried drugs (Langer, 1998; Moghimi and Szebeni, 2003;
Panyam and Labhasetwar, 2003; Muro and Muzykantov,
2005). ERT with enzymes that are deficient in genetic disorders, particularly those that affect peripheral organs, such as
the lysosomal storage disorder type B NPD, also represents a
promising, yet unexplored, application of these nanomedicine
technologies. As “proof-of-principle” for this approach, our
previous study showed that anti-ICAM nanocarriers carrying
recombinant ASM efficiently reached lysosomes in ICAM-1expressing cells (endothelial cells and NPD patient fibroblasts), and they attenuated intracellular sphingomyelin excess storage (Muro et al., 2006b).
This work additionally demonstrates enhanced delivery of
recombinant ASM in naive and ASMKO mice by anti-ICAM
polymer nanocarriers, validating ERT targeting assisted by
polymer particles in vivo. Fluorescent real-time imaging
showed fast and profuse binding to the vascular endothelium
of anti-ICAM/ASM particles injected systemically, even in
the case of arterioles (Figs. 1A and 2A) where relatively high
shear stress may reduce collisions of particles with the vascular wall and/or drag bound particles off the target
(Sakhalkar et al., 2003; Ali et al., 2004). This effective targeting is probably due to high affinity of multivalent antiICAM/ASM particles. In a previous study, we showed that
100- to 200-nm polymer nanocarriers coated with ⬎200 copies of ICAM-1 antibody displayed ⬃100-fold enhanced affinity compared with the naked antibody and that they efficiently targeted vascularized organs (Muro et al., 2006a).
Liver and lung showed higher expression of ICAM-1 (Table
2) and absolute accumulation of anti-ICAM/ASM nanocarriers (Figs. 6 and 7). Yet, ICAM-1 is not only expressed by
endothelial cells but also other cells in the tissues, which may
explain why targeting of anti-ICAM/ASM nanocarriers to
other organs did not entirely correlate with ICAM-1 expression in organ homogenates. Differences in the ratio of the
vasculature to the entire organ mass may also influence the
relative accumulation of anti-ICAM/ASM nanocarriers, such
as the case of their profuse targeting to the lung.
Coupling ASM to the surface of anti-ICAM nanocarriers
did not compromise targeting efficiency (e.g., 185 ⫾ 24% ID/g
of lung for cargo-free reporter anti-ICAM polystyrene nanocarriers prepared at antibody surface saturation (Muro et al.,
2006a) versus 141 ⫾ 17% ID/g of lung for anti-ICAM/ASM
counterparts), despite implying a decrease in the antibody
surface density. Perhaps, inherent affinity of glycosylated
ASM to mannose and/or mannose-6-phosphate receptors (He
et al., 1999; Dhami and Schuchman, 2004), enhanced by
particle multivalency, may have contributed to this result.
In addition, ASM was coupled to anti-ICAM polymer nanocarriers by protein surface absorption, avoiding chemical
modification that may be detrimental to its structure and/or
activity. This was possible for ASM because it will only become activated at acidic pH within lysosomal compartments
(Neufeld, 1980; He et al., 1999); hence, the injected enzyme
can be considered a prodrug, not requiring encapsulation.
The resulting formulations were relatively stable upon injection in the circulation. Low affinity of naked ASM results in
longer circulation times (⬃35% ID in circulation 30 min after
injection; Figs. 6 and 7). Because most of the enzyme administered as an anti-ICAM nanocarrier formulation was recovered in the tissue and not in the circulating fraction (⬃5%
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I-ASM and either anti-ICAM or control IgG 30 min after i.v. injection in anesthetized C57Bl/6 mice. Data are mean ⫾ S.E.M. (n ⱖ 6 mice).
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TABLE 1
Biodistribution of anti-ICAM/ASM vs. IgG/ASM nanocarriers in mice
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TABLE 2
ICAM-1 expression in mouse organs
Western Blot and densitometry analysis of ICAM-1 (ICAM-1-to-actin ratio) from whole organ homogenates 关either control (Ctr) C57Bl/6 or ASMKO (KO) mice兴. Data
represent mean ⫾ S.E.M. (n ⱖ 4 samples from two animals).

ICAM-1/actin
Normalized to lung (Ctr; %)

Kidney (Ctr)

Heart (Ctr)

Liver (Ctr)

Spleen (Ctr)

Lung (Ctr)

Lung (KO)

0.6 ⫾ 0.2
47.1 ⫾ 12.5

0.5 ⫾ 0.2
39.1 ⫾ 12.9

1.8 ⫾ 0.2
127.8 ⫾ 14.1

0.3 ⫾ 0.02
20.4 ⫾ 1.5

1.4 ⫾ 0.3
100 ⫾ 23.6

3.7 ⫾ 0.9
266.2 ⫾ 0.7*

* p ⬍ 0.05 (Student’s t test).

total recovered enzyme in circulation versus ⬃70% in tissues), this indicates that the enzyme remained to linked
anti-ICAM nanocarriers upon i.v. injection.
Enzyme loading by surface absorption and endothelial targeting of the resulting nanocarriers was effective both for
fluorescent polystyrene nanocarriers (used in this work as a
model) and nanocarriers formulated from biocompatible Food
and Drug Administration-approved PLGA, a safe polymer
that can be metabolized in tissues and displays low toxic and
immunogenic effects (Matsusue et al., 1995; Cleland, 1997;
Jain et al., 2000; Avgoustakis et al., 2002; Moghimi and
Szebeni, 2003; Panyam and Labhasetwar, 2003). Thus, it
represents a highly promising formulation for future translational studies on ERT delivery.
As in wild-type mice (Fig. 6), enhanced ASM delivery to
type B NPD target organs was markedly effective in ASMKO
mice (Fig. 7). This is a crucial finding because NPD inflammatory pathology in this animal model (as in type B NPD
patients) may have blocked ICAM-1 by adherent leukocytes
(Springer, 1994), decreasing its accessibility. In contrast, a
highly efficient pulmonary uptake of anti-ICAM/ASM nanocarriers was observed in ASMKO mice (Fig. 7), which correlated with elevated pulmonary ICAM-1 expression over control mice (Table 2), probably due to increased levels of
inflammatory factors in NPD pathology (Springer, 1994;
Muro, 2007).
To our knowledge, this is the first work exploring lysosomal enzyme delivery assisted by targeted polymer nanocarriers in vivo. As shown, ICAM-1 targeting provided a means

to enhance delivery of recombinant ASM to vascular endothelium both in control mice and the mouse model for type B
NPD (Figs. 1, 6, and 7). Of particular importance, anti-ICAM
particle formulations achieved significantly improved pulmonary uptake compared with that of the naked enzyme, providing a means to enhance enzyme delivery to this critical
type B NPD target organ. It is apparent, therefore, that this
strategy holds considerable promise as an alternative, more
efficient delivery modality for ERT.
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