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Abstract
Modification of drug delivery nanomaterials with affinity molecules that facilitate targeting, has
rendered a new class of ligands for cell receptors, which often possess valency and dimensions
different from natural counterparts. Designing strategies to target multiple receptors or, never
explored, multiple epitopes on the same receptor may modulate the biodistribution properties of
these nanomaterials. We examined this using antibody-directed targeting of polymer nanocarriers
to transferrin receptor (TfR) and intercellular adhesion molecule 1 (ICAM-1). Regarding epitopes
on one receptor, nanocarriers addressed with anti-TfR-R17 maintained brain and lung targeting in
mice, compared with “free” antibody, while anti-TfR-8D3 nanocarriers lost specificity. Coating
nanocarriers with both antibodies decreased targeting in brain and liver, not lungs, modulating
biodistribution. Regarding different receptors, nanocarriers coated with both anti-ICAM and anti-
TfR displayed intermediate specific accumulation in lungs and higher in liver, compared to single-
targeted nanocarriers, while brain targeting was comparable to TfR- and lower than ICAM-1-
targeted nanocarriers. Tracing a model therapeutic cargo, acid sphingomyelinase (enzyme
replacement for Niemann-Pick Disease A-B), showed that combined-targeted anti-ICAM/TfR
nanocarriers enhanced enzyme delivery versus “free” enzyme, with biodistribution patterns
different from single-targeted nanocarriers. Hence, targeting nanocarriers to multiple epitopes or
receptors holds promise to control distribution of drug delivery nanomaterials in the body.

1. Introduction
The ability to design nanomaterials with controllable composition, architecture, and
functionalities has greatly impacted the field of drug delivery and holds considerable
promise to improve clinical interventions [1]. An important aspect of design of such
nanomaterials is that of conferring them active targeting properties, so that the therapeutic
agents they carry can reach the intended site in the body to exert the desired effect. For this
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purpose, the surface of drug nanocarriers can be modified with targeting moieties
(antibodies, peptides, etc.) addressed to receptors expressed on specific tissues and cells [2].
If these receptors have endocytic capacity, targeting can then enable transport into cells or
across cellular barriers [3–5]. While most natural ligands in the body represent relatively
small, mono or divalent, soluble molecules, targeted nano-scaled drug delivery systems
represent, for the most part, new types of ligands which display high multivalency and size
within a few dozens-to-hundreds of nanometers [6].

Moreover, nanomaterials for drug delivery can be modified to achieve combined-targeting
or binding to more than one cell-surface marker. In nature, this phenomenon is observed in
mammalian systems in the case of infectious pathogens and immune system functions [7, 8],
while most ligands (metabolites, vitamins, carrier proteins, hormones, neurotransmitters,
etc.) bind only to one receptor. However, this approach holds potential in drug delivery,
since most markers are not exclusively expressed in a precise site in vivo, and high affinity
of targeted nanocarriers may lead to non-desired accumulation in regions of the body
associated with low expression [6]. Hence, targeting drug nanocarriers to multiple receptors
could help modulate biodistribution. An example is that of systems addressed to multiple
cell adhesion molecules, which improve endothelial anchoring [9–12]. Similar strategies
have shown improved detection of vulnerable atherosclerotic plaques, inflammation,
enhanced brain glioma therapy, or facilitated targeting and transport to the brain [13–16].
However, this approach is still relatively unexplored, particularly in the context of targeting
receptors with disparate function or associated with different endocytic pathways.

In addition, an intriguing strategy is that of directing nanocarriers to multiple epitopes of the
same receptor. Although this has never been tested, stimulation of a receptor at one epitope
is known to alter activity at another epitope. Such is the case for stimulation in vivo of
platelet-endothelial cell adhesion molecule 1 (PECAM-1) with an antibody, which
subsequently enhanced lung accumulation of a second antibody or fusion conjugate [17].
Binding, endocytosis, and lysosomal transport of PECAM-1-targeted nanocarriers were
shown to depend on the epitope targeted [18]. Epitope selection is important for lung
accumulation and induced cleavage of anti-angiotensin converting enzyme [19, 20], and
brain selectivity of anti-transferrin receptor (TfR) [21]. Therefore, epitope-dependent
targeting merits further investigation.

In this study, we explored the impact of dual-targeting to different epitopes of the same cell-
surface receptor or different receptors in terms of in vivo biodistribution of model polymer
nanocarriers. We focused on targeting TfR and/or intercellular adhesion molecule 1
(ICAM-1), for which extensive previous studies exist [22–32]. TfR is expressed on various
tissues, including the blood-brain barrier and cancer, and functions in iron transport [33, 34].
ICAM-1 is expressed primarily on endothelium (including peripheral organs and brain) and
other cell types, functions in leukocyte adhesion and transmigration, and is over-expressed
in many pathologies [35, 36]. Although through different pathways (clathrin- versus cell
adhesion molecule-mediated transport [31, 34]), ligands to TfR or ICAM-1 provide drug
targeting, as well as intra- and trans-cellular transport of drugs and their carriers in cell
culture and animal models [4, 22, 23, 37], highlighting the relevance of these receptors in
the context of drug delivery.

2. Materials and Methods
2.1. Antibodies and Reagents

Monoclonal antibody against mouse ICAM-1 was YN1 (anti-ICAM). Monoclonal
antibodies against mouse TfR were clone R17217 (anti-TfR-R17) from Biolegend (San
Diego, CA) and clone 8D3 (anti-TfR-8D3) from Novus Biologicals (Littleton, CO). Non-
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specific IgG was from Jackson immunoresearch (Pike West Grove, PA). Recombinant
human acid sphingomyelinase (ASM) was produced and purified as described [38].
Polystyrene particles (100 nm diameter) were from Polysciences (Warrington, PA). Iodogen
was from Thermo Fisher Scientific (Waltham, MA). Unless otherwise stated, all other
reagents were from Sigma Chemical (St. Louis, MO).

2.2. Preparation and characterization of nanocarriers targeted to ICAM-1 or TfR
Model targeted polymer nanocarriers were prepared by coating 125I-labeled antibodies or a
mix of antibodies and 125I-labeled ASM enzyme (50:50 mass ratio) on 100 nm polystyrene
nanoparticles via surface adsorption, as described [39]. Regarding the antibody component:
(a) non-specific nanocarriers contained only control IgG; (b) nanocarriers targeted to
different epitopes of the same receptor displayed anti-TfR-R17 and/or anti-TfR-8D3, or
combinations of either one of these antibodies and IgG; and (c) nanocarriers targeted to
different receptors displayed anti-TfR-R17 and/or anti-ICAM, or combinations of either one
of these antibodies and IgG. Where two antibodies were coated on the same nanocarrier, a
50:50 molar ratio was used. Uncoated counterparts were removed by centrifugation.
Nanocarriers were then resuspended in phosphate-buffered saline containing 0.3% bovine
serum albumin and sonicated, to avoid aggregation. The final size and zeta potential of
nanocarrier formulations were estimated by dynamic light scattering (Malvern Zetasizer,
Worcestershire, UK). The antibody coating density was assessed by measuring 125I content
in a gamma counter (PerkinElmer Wizard2Waltham, MA). The characterization of the
formulations used is summarized in Table 1.

2.3. Binding of antibodies or antibody-coated nanocarriers to cells in culture
Mouse heart endothelial cells (H5V) [40] were seeded on gelatin-coated coverslips, and
cultured at 37°C, 5% CO2, and 95% relative humidity in DMEM medium supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 u/ml penicillin, and 100 µg/ml
streptomycin. After reaching confluency, cells were incubated at 37°C for 1 hour with free
anti-ICAM, anti-TfR-8D3, anti-TfR-R17, or control IgG, or with FITC-labeled nanocarriers
coated with either one or dual combinations of these antibodies, as described above. After
removing unbound materials, cells were fixed with 2% paraformaldehyde, and
permeabilized with 0.2% Triton X-100 to allow detection of internalized free antibodies.
Free antibodies were visualized by staining with FITC-labeled goat anti-mouse IgG, while
antibody-coated carriers required no additional staining since FITC is contained within the
polymer matrix. Fluorescence microscopy images were taken using an Olympus IX81
microscope (Olympus, Inc., Center Valley, PA), ORCA-ER camera (Hamamatsu,
Bridgewater, New Jersey), 60x objective (Olympus Uplan F LN; Olympus) and FITC-
optimized filter (3540B-OMF; Semrock, Inc., Rochester, NY). Images were acquired with
SlideBook 4.2 (Intelligent Imaging Innovations, Denver, Colorado), and analyzed using
Image-Pro 6.3 (Media Cybernetics, Inc., Bethesda, MD) to estimate antibody presence by
mean fluorescence intensity, or carriers associated per cell by counting the number of
fluorescent objects. This binding characterization is also summarized in Table 1.

2.4. Biodistribution and therapeutic enzyme targeting by antibodies or antibody-coated
nanocarriers

Mice used in this study were C57BL/6J males, either control or challenged intraperitoneally
with 1 mg/kg bacterial lipopolysaccharide 24 h prior to experiments, to mimic pathological
inflammation, then anesthetized for the following i.v. injections. A group of mice was
injected with free antibodies (125I-labeled anti-ICAM, anti-TfR R17 or 8D3, or IgG; ~1.3
mg antibody/kg) or 125I-ASM (~0.7 mg ASM/kg). Another set of mice was injected with
nanocarriers coated with either one or a mix of two antibodies, as per Table 1 (~1.3 mg
antibody/kg, ~1.8×1013 particles/kg). A final group of mice was injected with a mix of one
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or two targeting antibodies and 125I-ASM (~0.7 mg ASM/kg, ~1.8×1013 particles/kg),
described above. Organs representative of the central nervous system, peripheral tissue, and
the reticulo-endothelial system (brain, lungs, and liver, respectively) were harvested
following euthanasia at 30 min post-injection. The 125I content and weight of the samples
were determined to estimate the organ-to-blood localization ratio (LR) and specificity index
(SI) of the formulations. LR is the percent of injected dose accumulated per gram of tissue
(%ID/g) divided by the %ID/g of blood, which normalizes biodistribution to account for
differences in organ size and blood fraction [41]. The SI is calculated as the LR of targeted
formulations divided by the LR of non-targeted counterparts, and represents the specific
targeting to an organ [41]. These studies were carried out in accordance with IACUC and
University of Maryland regulations.

2.5. Statistics
Data were calculated as mean ± standard deviation of the mean (S.E.M.), where statistical
significance was determined as p<0.05 by Student’s t-test.

3. Results and Discussion
3.1. Biodistribution of antibodies and antibody-coated nanocarriers targeted to TfR

Since multivalency and size of targeted nanocarriers differ from that of naked targeting
moieties, we first examined the targeting pattern of two distinct anti-TfR antibodies, clone
8D3 versus R17217 (abbreviated R17). Specific targeting of these antibodies was verified
using endothelial cells in culture and compared to non-specific IgG (data not shown),
verifying previously reported results [21]. Then, these antibodies were injected i.v. as
free 125I-labeled counterparts in mice to assess their in vivo biodistribution. We focused on
brain, lungs, and liver as examples of central nervous system, peripheral, and clearance
organs, respectively.

Figure 1 shows the localization ratio (LR) and specificity index (SI) of these antibodies,
which represent the organ-to-blood ratio normalized per weight of these tissues, and the
corresponding specific organ accumulation as compared to control IgG (see Methods). Both
anti-TfR-8D3 or anti-TfR-R17 resulted in comparable (Figure 1A) and specific
accumulation in brain (SI value above 1; Figure 1B), yet they also accumulated considerably
and specifically in other organs. Anti-TfR-8D3 targeted TfR throughout the body more
efficiently than anti-TfR-R17, yet the specificity of this antibody in peripheral organs
exceeded its brain specificity, which was not observed in the case of anti-TfR-R17. This is
despite the fact that both antibodies display similar affinity [23, 42], and in agreement with
greater targeting of anti-TfR-8D3 in cell culture (1.5±0.09-fold over anti-TfR-R17 staining;
p<0.001; data not shown). This result is also consistent with previous work showing the
different biodistribution patterns of these antibodies in vivo 21], which may be due to
differential accessibility of their respective epitope targets, or different presence through the
body of receptor isoforms predominantly exposing these particular epitopes. Indeed,
previous works have shown difference in reactivity of anti-TfR antibodies to different cell
lines or tissues in vivo 43, 44], and two TfR isoforms displaying distinct post-translational
glycosylations have been reported in mice [45].

Next, we assessed targeting of nanocarriers coated with anti-TfR-8D3 or anti-TfR-R17. As
in our previous studies and in order to avoid potential confounding results of concomitant
nanoparticle degradation, we used model polystyrene nanoparticles which, after antibody
coating, have shown similar targeting and biodistribution to biodegradable poly(lactic-co-
glycolic acid) counterparts [46] and, hence, represent a valid model. Nanocarriers coated
with anti-TfR-R17 or anti-TfR-8D3 had similar characteristics, with size ranging between

Papademetriou et al. Page 4

Biomaterials. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



~235–265 nm, zeta potential from −14.5 to −16 mV, and coating density of 185–220
antibody molecules per particle , and they both showed specific targeting to endothelial cell
cultures (Table 1).

Nanocarriers coated with anti-TfR-R17 or anti-TfR-8D3 both displayed increased
accumulation in brain, lungs, and liver in comparison to their free antibody counterparts
(Figures 2A and 3A). This result pairs well with enhanced avidity of nanocarriers due to
high valency and also indicates a different biodistribution pattern, as in the case of free
antibodies. Although brain still showed specific uptake for both types of nanocarriers (SI >
1), surprisingly, the targeting specificity of anti-TfR-8D3 nanocarriers over control IgG
nanocarriers was decreased in lungs, liver, and slightly in brain in comparison to that of free
anti-TfR-8D3 (Figure 2B). This was in contrast to anti TfR-R17 nanocarriers, which
displayed only decreased specificity toward the liver, but not the brain or lungs (Figure 3B).

Therefore, it appears that enhanced organ uptake of nanocarriers may be in part due to
nonspecific accumulation. This is in accord to our recent work showing that, despite
enhanced valency, anti-TfR nanocarriers pose steric hindrances leading to poor binding and
suboptimal induction of endocytosis as compared to free antibodies, according to TfR length
and natural size restrictions of clathrin-coated pits [39]. In this situation, it is possible that
anti-TfR nanocarriers may bind non-specifically to Fc receptors in tissues, resulting in low
specificity. Also, this effect seems to depend on the precise epitope targeted and,
consequently, its different location and accessibility.

In general, anti-TfR-R17 nanocarriers displayed more robust targeting vs anti-TfR-8D3
counterparts, as opposed to free antibodies. A similar outcome has been observed for
nanocarriers addressed to different epitopes of PECAM-1, where targeting to membrane
proximal epitopes resulted in lack of nanocarrier targeting [18]. This highlights the rather
overlooked relevance of precise epitope targeting, and its implications in designing effective
targeted drug delivery systems. Greater targeting by anti-TfR-R17 nanocarriers in vivo is
opposite to greater targeting by anti-TfR-8D3 nanocarriers in cell culture (Table 1), also
emphasizing differences on the presence and accessibility of their corresponding epitopes in
different cell types and tissues [21, 43–45]

3.2. Biodistribution of nanocarriers dually-targeted to two distinct TfR epitopes
We next examined the biodistribution behavior of nanocarriers coated with both anti-
TfR-8D3 and anti-TfR-R17 (anti-TfR-R17/8D3 nanocarriers). This is, to the best of our
understanding, the first time that dual-targeting to epitopes on the same receptor is
examined. These nanocarriers displayed similar size, zeta potential, and total antibody
surface-coating than single-targeted counterparts (with a 50:50 coating-ratio of anti-TfR-
R17-to-anti-TfR-8D3), and bound specifically to endothelial cells in culture (Table 1).

As compared to either parent nanocarrier, dually-targeted anti-TfR-R17/8D3 counterparts
displayed reduced accumulation in brain and comparable pulmonary levels, while liver
accumulation was similar to that of anti-TfR-8D3 nanocarriers and lower than for anti-TfR-
R17 counterparts (Figure 4A). In addition, anti-TfR-R17/8D3 nanocarriers lost targeting
specificity for all three organs, as their SI value fell below 1 (Figure 4B). These effects
could in theory be explained by reduced overall avidity of dually-targeted nanocarriers
toward each independent epitope on TfR. Indeed, the specificity of anti-TfR-R17/8D3 in
liver and lung had an intermediate value compared to that of single-targeted nanocarriers
coated at similar valencies (anti-TfR-R17/IgG and anti-TfR-8D3/IgG; Figure 4). However,
this was not the case for brain, where dually-targeted nanocarriers accumulated below the
level of both anti-TfR/IgG counterparts. It is possible that binding to two TfR epitopes may
modify the conformation of the receptor so that exposure and, hence, binding to these
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epitopes may become impaired, displacing the antigen antibody equilibrium toward the
unbound form. Conceivable, this phenomenon could impact firm binding of dually-targeted
nanocarriers at different extents in tissues expressing different receptor isoforms [43, 44],
such as those displaying different post-translational glycosylations [45]. However, at
present, the distribution of these TfR glycoforms in brain vs. other organs remains
uncharacterized.

Interestingly, it appears that biodistribution of dually-targeted nanocarriers depended more
on the epitope targeted by anti-TfR-8D3 vs anti-TfR-R17. For instance, 50% reduction in
valency did not impact targeting or specificity by anti-TfR-R17 (anti-TfR-R17 vs anti-TfR-
R17/IgG nanocarriers), while a similar reduction negatively impacted both parameters in the
case of anti-TfR-8D3 (anti-TfR-8D3 vs anti-TfR-8D3/IgG nanocarriers). A 50% reduction
in valency also decreased targeting to the anti-TfR 8D3 epitope in cell culture, while
targeting to the anti-TfR-R17 epitope showed a slight, yet statistically significant,
improvement (see Table 1). This type of result highlights, once more, the role of precise
epitope targeting in drug delivery, the dependency on cell and tissue type (apart from other
factors), and the unpredictability of these outcomes, yet indicating for the first time that
combined targeting to multiple epitopes of a single cell-surface receptor may help modify
the biodistribution of nanomedicines.

3.3. Biodistribution of nanocarriers dually-targeted to TfR and ICAM-1
We then examined combination-targeting toward different receptors. Although this approach
has been explored previously, most prior strategies aimed at targeting receptors of similar
type or function, such as endothelial cell adhesion molecules involved in leukocyte adhesion
and extravasation [9–14], or receptors involved in similar endocytic transport pathways,
particularly regulated via clathrin-coated pits [15, 16, 47–51]. Only in a couple of examples,
the receptors targeted associated with different endocytic mechanisms, yet these targeting
studies did not assess targeting in vivo 52, 53]. We focused on targeting receptors of
unrelated function, regulation, and endocytic mechanism: TfR and ICAM-1, involved in iron
transport vs. leukocyte transmigration, which display unmodified vs. up-regulated
expression under inflammatory mediators, and transport materials via clathrin vs. CAM
endocytosis, respectively [22, 36]. As shown in Table 1, nanocarriers coated with both anti-
ICAM and anti-TfR clone R17 (anti-ICAM/TfR) displayed size, zeta potential, and total
antibody surface-coating similar to their single-targeted counterparts, with a 50:50 coating-
ratio of anti-ICAM to anti-TfR. These nanocarriers also targeted specifically endothelial
cells in culture, as compared to control IgG-coated nanocarriers (Table 1).

As in our recent work [39] and in accord with greater targeting of nanocarriers to ICAM-1 in
cell cultures (Table 1), anti-ICAM nanocarriers had greater accumulation and targeting
specificity than anti-TfR nanocarriers in the brain and lungs, with similar liver uptake
(Figure 5). Nanocarriers targeted to both ICAM-1 and TfR displayed lung accumulation and
specificity which was intermediate of parental formulations, similar to the outcome observed
in cell culture (Figure 5 and Table 1). This may be due to reduced valency of dually-targeted
nanocarriers toward anti-ICAM, since control anti-ICAM/IgG nanocarriers had a similarly
reduced pulmonary uptake and reduced targeting in cell culture (Figure 5 and Table 1).
However, although lower, pulmonary uptake via anti-TfR was not affected by decreasing
valency of this component (compare anti-TfR and anti-TfR/IgG nanocarriers). This suggests
a stronger dependency on antibody surface-density for ICAM-1 vs. TfR targeting, in
agreement with our previous work showing that multivalency associated with nanocarriers
vs. free antibodies, enhances specific targeting and endocytosis toward ICAM-1, while an
opposite effect is observed for TfR [39].
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Interestingly, brain accumulation and specificity of dually-targeted anti-ICAM/TfR
nanocarriers were comparable to anti-TfR nanocarriers and lower than anti-ICAM
counterparts (Figure 5). This was independent of valency changes toward anti-ICAM or
anti-TfR, since brain uptake of anti-ICAM/IgG or anti-TfR/IgG nanocarriers was similar to
their parental single-targeted counterparts. Anti-TfR vs. anti-ICAM ruled brain targeting,
despite the fact that anti-ICAM nanocarriers accumulate in brain better. In a previous work,
we observed reduced endocytosis of nanocarriers via TfR compared to free antibodies, while
the opposite scenario arose for ICAM-1 targeting [39]. Therefore, it is possible that binding
of anti-ICAM/TfR nanocarriers to TfR reduces or delays uptake by cells despite the
presence of anti-ICAM, lowering brain accumulation. This was not observed in lungs, likely
due to relatively high ICAM-1 expression in this organ vs. the brain [41, 54]. Liver uptake
of anti-ICAM/TfR nanocarriers behaved differently, which was slightly greater compared to
parent single-targeted formulations. This may be due to reduced accumulation of these
particles in the lungs, and may also possibly represent increased targeting since liver
displays both specific accumulation (due to ICAM-1 and TfR expression) as well as non-
specific clearance.

3.4. Biodistribution of a therapeutic cargo, ASM enzyme, by nanocarriers dually-targeted
to TfR and ICAM-1

The data shown above support that exploiting different expression, valency requirements,
and mechanistic patterns associated with distinct cell-surface receptors via multiple-
targeting, holds potential to modify the biodistribution of drug delivery systems. We
examined the impact of this approach on the delivery of a model cargo, recombinant acid
sphingomyelinase (ASM), a lysosomal enzyme deficient in genetic Niemann-Pick disease
A-B [38]. ASM is currently explored for enzyme replacement therapy by i.v. injection of the
naked enzyme. In this case, delivery is necessary both in the brain and peripheral organs,
including primarily the lungs and reticulo-endothelial system, typically affected in this
disease [38].

As in our recent work [39], coupling ASM to either anti-ICAM or anti-TfR nanocarriers
significantly enhanced accumulation level and specificity of ASM targeting in the brain,
lungs and liver in comparison to injection of the free enzyme, with a greater improvement in
the case of anti-ICAM nanocarriers (Figure 6). Dually-targeted anti-ICAM/TfR nanocarriers
also resulted in enhanced ASM accumulation and specificity in all three organs compared to
free enzyme. In comparison to single-targeted counterparts, this formulation displayed
intermediate values of ASM accumulation and specificity in the lung, and values more
similar to those corresponding to ASM delivery by anti-TfR nanocarriers in the brain and
liver. This is similar to the result observed when tracing anti-ICAM/TfR nanocarriers
(Figure 5), showing paired co-distribution of the carrier targeting counterpart and cargo. As
a consequence, combined targeting resulted in a more homogenous, yet still specific and
enhanced, delivery of ASM through different tissues, which is preferred in the case of
diseases affecting multi-organ systems, such as Niemann-Pick disease A-B (Figure 6B).

Furthermore, in mice challenged with lipopolysaccharide, in order to induce inflammation
typically associated with Niemann-Pick A-B disease and other maladies, dually-targeted
anti-ICAM/TfR nanocarriers improved further ASM accumulation compared to a control
situation (Figure 7). This pairs well with the fact that ICAM-1 is overexpressed under
inflammatory conditions [36], and hence, dually-targeted nanocarriers retained the ability to
respond to ICAM-1 overexpression. Interestingly, this phenomenon was observed to a much
lesser extent in the case of the brain (e.g., comparing the localization ratio and specificity
index in Figure 7). This result is in accord with our previous observation indicating that TfR
targeting seems to rule brain addressing (as opposed to the case of lungs) of dually-targeted
anti-ICAM/TfR nanocarriers (Figure 5). Interestingly, this is despite the expected increase in
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expression of ICAM-1, not TfR, in the brain under inflammatory conditions [55]. Hence, the
resulting biodistribution of dually-targeted nanocarriers cannot be simply explained by their
reduced valency to each individual receptor (as reported in the previous section), nor it
corresponds to the combined biodistribution of their respective targeting moieties.

While we used a 50:50 ratio of two targeting antibodies on the nanocarrier surface, it is
likely that further tuning of this parameter may improve organ selectivity. For example,
selectivity for cancerous versus non-cancerous cells was enhanced by optimizing the ratio of
folic acid and anti-EGFR antibody coupled to liposomes [52]. However, as indicated here,
such optimization cannot be predicted, as numerous factors relative to both design parameter
and physiological features may influence combined targeting strategies.

4. Conclusion
Combination targeting has recently arisen as a valuable tool to modulate biodistribution of
drug delivery systems, where multi-targeted nanocarriers represent a new type of “ligand,”
with valency and size distinct from that of most natural counterparts. This approach may
involve not only targeting to distinct cell-surface receptors, previously explored, but also
different epitopes within a single receptor, shown here for the first time. Indeed,
nanocarriers can critically affect in vivo targeting performance compared to free ligands
(e.g., antibodies) in an epitope-dependent manner. Presentation on the surface of
nanocarriers decreased in vivo targeting specificity of anti-TfR-8D3, while the opposite
effect was observed for anti-TfR-R17, and valency affected targeting by anti-TfR-8D3
nanocarriers more acutely than in the case of anti-TfR-R17 nanocarriers. Dually-targeted
anti-TfR-R17/8D3 nanocarriers displayed a modified biodistribution compared to single-
targeted counterparts, with intermediate targeting compared to parental formulations in
lungs and liver, but not brain. Modified biodistribution was also observed for nanocarriers
dually-targeted to distinct receptors, TfR and ICAM-1, where lung targeting was ruled by
anti-ICAM counterpart, while anti-TfR defined brain targeting of anti-ICAM/TfR
nanocarriers. Results obtained in vivo paired only partially with cell culture findings,
highlighting the influence of physiological parameters, including cell and tissue type,
receptor and epitope presence and accessibility, etc., also indicating that these outcomes
cannot be predicted using reductionist cell culture models. The effect of nanocarrier dual
targeting in different organs resulted in modulation of the biodistribution of a therapeutic
enzyme (ASM, deficient in a lysosomal storage disorder named Niemann-Pick disease A-B),
both in control and disease-like conditions. Therefore, combination-targeting may aid the
development of nanomedicines with biodistribution patterns tailored to better adapt to
particular therapeutic needs.
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Figure 1.
Biodistribution of free anti-TfR-8D3 vs. anti-TfR-R17 in mice. The localization ratio or LR
(A) and specificity index or SI (B) in brain, lungs, and liver were calculated as described
(see methods). Data are mean ± S.E.M. (n ≥ 3 mice). ** p < 0.01; *** p < 0.001, comparing
anti-TfR-8D3 to anti-TfR-R17, by Student’s t-test.
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Figure 2.
Biodistribution of free anti-TfR-8D3 vs. nanocarriers coated with anti-TfR-8D3.
Localization ratio (LR) and specificity index (SI) of brain, lungs, and liver are shown in (A)
and (B), respectively. Data are mean ± S.E.M. (n ≥ 3 mice).* p < 0.05; ** p < 0.01; *** p <
0.001, comparing anti-TfR-8D3 to anti-TfR-8D3 NCs, by Student’s t-test. NCs =
nanocarriers.
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Figure 3.
Biodistribution of free anti-TfR-R17 vs. nanocarriers coated with anti-TfR-R17.
Localization ratio (LR) and specificity index (SI) of brain, lungs, and liver are shown in (A)
and (B), respectively. Data are mean ± S.E.M. (n ≥ 3 mice). * p < 0.05; ** p < 0.01, *** p <
0.001, comparing anti-TfR-R17 to anti-TfR-R17 NCs, by Student’s t-test. NCs =
nanocarriers.
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Figure 4.
Biodistribution of nanocarriers coated with both anti-TfR-8D3 and anti-TfR-R17.
Localization ratio (LR) and specificity index (SI) of brain, lungs, and liver are shown in (A)
and (B), respectively. Data are mean ± S.E.M. (n ≥ 3 mice).* compares anti-TfR-R17 NCs
to anti-TfR-8D3 NCs; # compares dually-coated nanocarriers (either Ab/IgG or Ab1/Ab2) to
their respective parental, single-targeted nanocarriers; % compares anti-TfR-R17/8D3 NCs
to control Ab/IgG NCs. *,#,%, p < 0.05; **,##,%%, p < 0.01; ***,###,%%%, p < 0.001, by
Student’s t-test. NCs = nanocarriers.
Ab = antibody.
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Figure 5.
Biodistribution of nanocarriers coated with anti-ICAM-1 and anti-TfR in mice. Localization
ratio (LR) and specificity index (SI) of brain, lungs, and liver are shown in (A) and (B),
respectively. Data are mean ± S.E.M. (n ≥ 3 mice). * compares anti-TfR NCs to anti-ICAM
NCs; # compares dually-coated nanocarriers (either Ab/IgG or Ab1/Ab2) to their respective
parental, single-targeted nanocarriers; % compares anti-ICAM/anti-TfR NCs to control Ab/
IgG NCs. *,#,%, p < 0.05; **,##,%%, p < 0.01; ***,###,%%%, p < 0.001, by Student’s t-
test. NCs = nanocarriers.
Ab = antibody.
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Figure 6.
Delivery of ASM by nanocarriers targeted to both ICAM-1 and TfR. Localization ratio (LR)
and specificity index (SI) of brain, liver, and lungs are shown in (A) and (B), respectively.
Data are mean ± S.E.M. (n = 3). * Compares enzyme vs nanocarrier-coupled enzyme for
each target; # compares targeting between single-targeted nanocarriers; % compares
targeting of dually-targeted nanocarriers vs. single-targeted counterparts. *,#,% p < 0.05;
**,##,%% p < 0.01; ***,###,%%% p < 0.001 by Student’s t-test.
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Figure 7.
Inflammation and ASM delivery by nanocarriers coated with anti-ICAM-1 and anti-TfR.
Localization ratio (LR) and specificity index (SI) of brain, lungs, and liver are shown in (A)
and (B), respectively. Data are mean ± S.E.M. (n ≥ 3 mice). * compares free enzyme vs
enzyme coupled to nanocarriers coated with both anti-ICAM and anti-TfR; # compares
control mice vs mice pre-treated with lipopolysaccharide (LPS). *,# p < 0.05; **,## p <
0.01; ***,### p < 0.001, by Student’s t-test.
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