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Abstract

Targeting of drug carriers to cell-surface receptors involved in endocytosis is commonly used for
intracellular drug delivery. However, most endocytic receptors mediate uptake via clathrin or
caveolar pathways associated with <200-nm vesicles, restricting carrier design. We recently
showed that endocytosis mediated by intercellular adhesion molecule 1 (ICAM-1), which differs
from clathrin- and caveolar-mediated pathways, allows uptake of nano- and micro-carriers in cell
culture and in vivo due to recruitment of cellular sphingomyelinases to the plasmalemma. This
leads to ceramide generation at carrier binding sites and formation of actin stress-fibers, enabling
engulfment and uptake of a wide size-range of carriers. Here we adapted this paradigm to enhance
uptake of drug carriers targeted to receptors associated with size-restricted pathways. We coated
sphingomyelinase onto model (polystyrene) submicro- and micro-carriers targeted to clathrin-
associated mannose-6-phosphate receptor. In endothelial cells, this provided ceramide enrichment
at the cell surface and actin stress-fiber formation, modifying the uptake pathway and enhancing
carrier endocytosis without affecting targeting, endosomal transport, cell-associated degradation,
or cell viability. This improvement depended on the carrier size and enzyme dose, and similar
results were observed for other receptors (transferrin receptor) and cell types (epithelial cells).
This phenomenon also enhanced tissue accumulation of carriers after intravenous injection in
mice. Hence, it is possible to maintain targeting toward a selected receptor while bypassing natural
size-restrictions of its associated endocytic route by functionalization of drug carriers with
biological elements mimicking the ICAM-1 pathway. This strategy holds considerable promise to
enhance flexibility of design of targeted drug delivery systems.
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Our increased ability to fabricate functional materials at the nano- and micro-scales has
resulted in the design of numerous drug carrier platforms capable of improving the
therapeutic potential of pharmaceutical agents, including enhanced control of solubility,
circulation, degradation, and release.1=3 In addition, surface functionalization of drug
delivery systems with antibodies, peptides, aptamers, and other affinity moieties offers the
opportunity to target treatments more precisely to sites in the body where their action is
required.?=8 In order to further enhance therapeutic efficacy, cell-surface receptors involved
in endocytic pathways are often targeted.” This allows transport of drugs intracellularly and/
or across cellular linings, improving access to their therapeutic targets.” Hence, selecting
appropriate endocytic receptors is key to achieving selectivity toward the tissue or organ to
be targeted, and as a portal into or across its cells.

It has also become well recognized that the precise pathway by which cells mobilize drug
carriers plays a crucial role with regard to carrier fate and therapeutic activity. Most
receptors relate to one of four canonical endocytic pathways, including those dependent on
clathrin, caveolae, phagocytosis, or macropinocytosis.8:9 Macropinocytosis is a non-
selective pathway and phagocytosis is mostly present in immune cells, limiting the range of
applications derived from targeting these pathways.19-11 Also, phagocytosis and
macropinocytosis typically sort materials to vacuolar or lysosomal compartments for
degradation, in detriment of prolonged therapeutic activity.”12 In contrast, clathrin- and
caveolae-mediated endocytosis are used by most cells in the body.”-12 While some receptors
associated with these pathways result in lysosomal degradation, others avoid this
compartment and provide recycling to the cell surface, transcytosis across cells, or routing to
alternative subcellular compartments.8 This, along with availability of numerous clathrin- or
caveolae-associated receptors and ample biological knowledge of their function and
regulation, has positioned these pathways at the focus of research on intracellular drug
delivery.

A limitation to exploiting endocytic transport concerns the size of carriers which can be
internalized by these natural routes.”-13 Numerous studies have focused on the importance of
this parameter, demonstrating the role of carrier size on binding, internalization, intracellular
transport, and fate of therapeutics (apart from other aspects).14-17 Macropinocytosis and
phagocytosis can internalize micron-sized objects, but they represent less desirable
pathways, as described above.”-1911 In turn, while clathrin- and caveolae-mediated
endocytosis offer numerous advantages, they pose size limitations to efficient uptake of drug
carriers, e.g., ~50-100-nm in the case of caveolae and <200-nm for clathrin-mediated
endocytosis.”13 These factors greatly limit design and application of drug delivery
strategies.

Interestingly, a few cell-surface markers have been associated with independent, far less
understood pathways of endocytosis.18 Of these, cell adhesion molecule (CAM)-mediated
endocytosis, induced by binding to intercellular adhesion molecule 1 (ICAM-1), is the best
characterized in the context of drug targeting, as well as intra- and trans-cellular delivery of
drug carriers.19-27 ICAM-1 is a transmembrane glycoprotein overexpressed on endothelial
and other cell types in the body affected by numerous pathological factors.28:29 It serves as a
co-receptor for B, integrins expressed on activated leukocytes.28:2% Hence, its natural ligand
represents a multivalent micrometer-size “object”, in contrast to most canonical endocytic
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receptors of small molecular ligands. In accord to this, endocytosis of ICAM-1-targeted
carriers is efficient under a wide range of carrier sizes (from 200-nm to several pm) both in
cell culture and in vivo.”:20.30

We recently described that this ability of the CAM-mediated pathway is, at least in part,
attributed to its link with sphingomyelin/ceramide signaling.3! Binding of ICAM-1-targeted
carriers to ICAM-1 induces cellular secretion of acid sphingomyelinase. This enzyme, which
is not involved in the initial binding event, contributes to the subsequent signaling cascade
conducive to carrier engulfment and internalization.3! Carrier-engaged ICAM-1 also
interacts with the Na*/H* exchanger protein NHE1,32 which is known to extrude H*
extracellularly and may provide the local acidic environment required for acid
sphingomyelinase activity.3! This enzyme can then hydrolyze the phospholipid
sphingomyelin into ceramide, which becomes enriched at carrier-binding sites on the
plasmalemma.3! Ceramide is known to form lipid microdomains, which helps clustering of
receptors and acts as a second messenger for cytoskeletal reorganization.33-36 Ceramide
enrichment alters the biophysical properties of the plasma membrane, facilitating formation
of engulfment structures and vesicles, and causes fusion of smaller vesicles into larger
endocytic compartments.37:38 Genetic or pharmacological disruption of acid
sphingomyelinase inhibits ceramide enrichment, actin stress-fiber formation, and
endocytosis via the CAM pathway.31 A similar phenomenon has also been associated with
cell invasion of micrometer-sized pathogens such as Escherichia coli, Saphylococcus
aureus, and Neisseria gonorrhoeae. 3940

Therefore, it seemed plausible that surface-functionalization of carriers with
sphingomyelinases may exogenously provide a similar ability to enrich ceramide at the
plasma membrane even when carriers are targeted to receptors naturally associated to other
endocytic pathways. Using model polymer (polystyrene) carriers targeted to the clathrin-
associated mannose-6-phosphate receptor4! or transferrin receptor,*2 we demonstrate that
this hypothesis is viable. This strategy may enhance intracellular transport of a wider range
of carrier sizes in cases where the receptor targeted does not induce such function
endogenously.

RESULTS AND DISCUSSION
Comparative Binding of Carriers Targeted to CAM (ICAM-1) vs. Clathrin (M6PR) Pathways

The goal of this study was to explore whether surface functionalization of drug carriers with
biological elements of the CAM-mediated pathway (namely, sphingomyelinases) can
facilitate intracellular transport for carriers targeted to receptors of more size-restricted
pathways. To prove this concept, we selected mannose-6-phosphate receptor (M6PR) as a
target. M6PR is a bifunctional receptor that mediates binding and endocytosis of proteins
containing M6P-residues and of insulin-like growth factor 11.41:43 As for ICAM-1, M6PR is
also expressed by numerous cell types in the body.444> Contrarily to ICAM-1, M6PR
mediates endocytosis via the clathrin-associated pathway, which is restricted to the size of
clathrin-coated pits (<200-nm diameter).*3 M6PR is expressed in most tissues, but at a
relatively higher level in the kidneys and lungs. Hence, this example is relevant to drug
delivery for treatment of conditions affecting these organs.*4-46 Indeed, several therapeutic
strategies (both experimental and already in the clinics) are based on M6PR
targeting.41:44-51

We first compared binding and uptake of carriers targeted to these different receptors, using
model polystyrene particles in order to avoid potential confounding results of concomitant
carrier degradation. We have previously shown that, after coating with antibodies, these
particles provide similar targeting, endocytosis, and in vivo biodistribution as compared to
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biodegradable poly(lactic-co-glycolic acid) counterparts and, hence, represent a valid
model.5253 We used 1-pm diameter particles to accentuate the differences between targeting
CAM- vs. clathrin-associated receptors. As per the cell model, we selected vascular
endothelial cells (HUVECS) since this would be one of the first cell types in contact with
carriers injected in circulation, and cells were activated with tumor necrosis factor a (TNFa)
to mimic a pathological stimulation.>*

Table 1 shows that carriers coated with anti-ICAM or anti-M6PR had similar density of
antibodies on their surface, and also a comparable size and polydispersity. When incubated
for 30 min with fixed cells to avoid concomitant endocytosis, anti-M6PR carriers showed
19-fold lower binding as compared to anti-ICAM carriers (Fig. 1A and Suppl. Fig. S1), and
this difference was further enhanced over time (29-fold at 1 h and 34-fold at 3 h; Fig. 1B).
Yet, this low level of binding was still specific over that of 1gG carriers (e.g., 10-fold at 30
min; Fig. 1A). 1gG carriers represent control counterparts, since IgG is a matching non-
specific antibody compared to anti-ICAM or anti-M6PR. Indeed, 1gG carriers did not bind to
or internalize within cells (Figs. 1 and 2).

Such poor binding of microcarriers to M6PR on the cell surface (compared to anti-ICAM
carriers) may be due to different factors, such as suboptimal exposure of the receptor epitope
targeted by the anti-M6PR antibody used. However, free non-coated anti-M6PR bound to
cells only 3-fold below the level of binding of free anti-ICAM (not shown). This suggests
that low binding of carriers to M6PR is rather due to steric hindrances posed by such large
micrometer-range ligands as compared to natural ligands of this receptor (M6P-modified
proteins or IGF-II).

Comparative Endocytosis of Carriers Targeted to CAM (ICAM-1) vs. Clathrin (M6PR)

Pathways

We next determined the level of endocytosis of anti-M6PR carriers compared to that of anti-
ICAM counterparts. As described above, endocytosis is a key factor determining the
potential for intracellular drug delivery and needs to be studied independently from binding.
This is because, although interdependent, internalization within cells is not granted by
simply achieving carrier binding to cell receptors. Indeed, although binding of 1-pm anti-
MG6PR carriers to activated HUVECs was 10-fold elevated as compared to control IgG
carriers (Fig. 1A), the endocytosis rate (internalized carriers/total cell-associated carriers) of
these formulations was similarly ineffective (Fig. 2A and Suppl. Fig. S2): 22% for anti-
MG6PR carriers and 11% for IgG carriers at 30 min, much lower than that of anti-ICAM
carriers (70% at this time point). This led to a very low number of carriers being internalized
by cells in the case of targeting to M6PR compared to ICAM-1 (25-fold difference at 30
min), which was enhanced over time (46-fold at 1 h and 143-fold at 3h; Fig. 2B). The
absolute level of anti-M6PR carriers internalized by cells still exceeded that of control IgG
carriers (e.g., 7-fold at 30 min), validating the specificity of this system despite its poor
efficiency.

It may be speculated that lower cell binding of anti-M6PR carriers compared to anti-ICAM
carriers may account for this decreased uptake into cells. Although this can influence the
result obtained, one must realize that binding is necessary but not always sufficient to
specifically trigger endocytosis. Indeed, low internalization of anti-M6PR carriers was
independent from the absolute number of carriers bound per cell: cells presenting up to 3-
fold difference in the amount of bound carrier showed similarly low uptake (between 18%
and ~20%; not shown). This phenomenon has been previously observed for other receptors:
e.g., carriers targeted to certain epitopes of PECAM-1 (a molecule of the same family as
ICAM-1) failed to induce endocytosis despite binding to cells more profusely than carriers
targeted to “internalizable” PECAM-1 epitopes®®. Also, the rate of internalization of anti-
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ICAM carriers was similarly high in control (low expression and binding) vs. pathological
(high expression and binding) situations.2! Poor endocytosis of microcarriers targeted to
MB6PR vs. ICAM-1 was expected based on the size-dependency of the endocytic pathways
naturally associated to these receptors (clathrin- vs. CAM-mediated).8:30

Binding Effects of Sphingomyelinase-Functionalized Carriers Targeted to the Clathrin
(M6PR) Pathway

As described above, acid sphingomyelinase recruited to plasmalemma sites where anti-
ICAM carriers bind to ICAM-1, along with putative NHE1 acidifying activity, seem to
provide the means for the enrichment in ceramide required to facilitate endocytosis of
micrometer size objects via the CAM pathway.31:32 This is opposite to the occurrence of
clathrin-mediated endocytosis: ceramide has been shown to be excluded from clathrin-
positive regions and clathrin-associated receptor clusters.?® This makes M6PR an
appropriate example to determine whether signaling elements of the CAM-mediated
pathway (e.g., sphingomyelinases) can be used to enhance uptake of drug carriers by cells.
Since clathrin-mediated endocytosis (including that of M6PR) is independent from NHE1
activity (hence, precluding the use of the acid enzyme), we selected neutral
sphingomyelinase (NSM) to demonstrate this paradigm.

We co-coated 1-pm model carriers with both anti-M6PR (to target M6PR, associated with
size-restricted clathrin-mediated endocytosis) and NSM (to provide CAM-like signal
transduction, facilitating endocytosis) at either 80:20 or 50:50 carrier surface-coverage ratios
(see Table 1 for a definition). These represent NSM doses expected to be active based on our
previous study on ICAM-1 endocytosis.31 As control carriers bearing similar targeting
valency (anti-M6PR density) but not NSM, we co-coated particles with anti-M6PR and
control 1gG at similar ratios (see Methods). As shown in Table 1, these preparations
displayed similar size, polydispersity, and relative coating with anti-M6PR between 70%
and 83%, or between 49% and 54%, respectively, as compared to parent anti-M6PR carriers.
Approximately 1.5-fold more molecules of NSM were present on the coat of anti-M6PR
carriers as compared to 1gG molecules, for each surface-coating ratio. This was expected
given the smaller molecular weight of the enzyme. Yet, neither NSM nor 1gG (but anti-
M6PR) are expected to provide targeting; hence, this is a valid control.

As shown in Fig. 3, both anti-M6PR carrier preparations displaying 80% and 50% of the
valency of parent anti-M6PR still had significantly higher binding to cells as compared to
1gG carriers (dotted line in graph; Fig. 3B). Curiously, anti-M6PR carriers bearing 50% of
maximal valency bound to cells significantly higher than parent anti-M6PR carriers
(continuous line in graph; Fig. 3B) or 80% valency counterparts. This is in accord to
negative cooperativity observed between the two M6P binding sites present on this dimeric
receptor.®’ Previous studies showed that saturating levels of M6PR targeting moieties on a
carrier offer poor targeting compared to lower targeting densities.>’ Similar outcomes have
been reported for other targeted drug delivery strategies.>® Nevertheless, no significant
difference was observed regarding binding of anti-M6PR/NSM carriers vs. that of anti-
M6PR/IgG carriers for either targeting valency. Also, presence of anti-M6PR in the cell
medium to compete for binding sites on the cell surface resulted in decreased binding of
anti-M6PR/NSM carriers to cells, and anti-M6PR/IgG carrier binding was reduced to the
same extent (Suppl. Fig. S3). This indicates that NSM presence on the carrier coat does not
impact cell binding, which remains to reach the same level and occurs via M6PR.
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Effects on Endocytosis of Sphingomyelinase-Functionalized Carriers Targeted to the
Clathrin (M6PR) Pathway

Despite lack of an effect on binding, both anti-M6PR/NSM carrier formulations showed a
marked and significant increase in the number of carriers internalized by cells as compared
to anti-M6PR carrier preparations lacking NSM (Fig. 4A and B), including parent anti-
MB6PR carriers and anti-M6PR/IgG counterparts. In contrast, anti-M6PR/IgG showed
similarly poor internalization compared to 1gG carriers and anti-M6PR carriers despite a
greater binding efficacy (compare Fig. 4B to Fig. 3B). Hence, this confirms our hypothesis
that carrier size, rather than absolute level of binding, represents an obstacle to endocytosis
via this route and that surface functionalization with NSM can enhance carrier uptake even
when targeting a receptor associated to a size-restrictive pathway. This is further shown in
Fig. 4C: presence of NSM on the surface of anti-M6PR carriers enhanced the rate of
endocytosis by ~2.5-3-fold and these formulations achieved up to ~60-65% the
internalization efficacy of anti-ICAM carriers (dashed line in graph 4C).

This improvement in endocytosis was also observed in cell types other than the primary
endothelial cells used above, such as Caco-2 cells, an established cell line of epithelial
colorectal adenocarcinoma origin (50% increase; p<0.05; Suppl. Fig. S4A). NSM
functionalization also enhanced endocytosis of microcarriers targeted to receptors different
from M6PR, such as the transferrin receptor (TfR; 30% increase; p<0.05; Suppl. Fig. S4B),
naturally involved in iron transport and extensively used in the context of drug delivery.42

Although the optimal dose of NSM necessary for such effect is likely to vary depending on
the particular physiological properties of each receptor, cell type, etc., these results suggests
that sphingomyelinase-functionalization may enhance endocytosis of drug carriers in a
generic manner, highlighting the potential for this strategy.

Effects of NSM Functionalization on Endocytosis as a Factor of Enzyme Dose and Carrier

Size

The dependency on NSM dose to provide enough sphingomyelinase function for effective
uptake should depend on the size of carriers. To examine this, we compared endocytosis of
anti-M6PR/NSM carriers to that of their anti-M6PR/IgG control counterparts for carriers
200-nm, 1-um, and 4.5-pm in size (Suppl. Fig. S5). We selected these sizes because carriers
200-nm in diameter are still close to the limit of clathrin-coated pits vs. microcarriers and,
within the latter group, 1-pm is still somewhat amenable for a cell to internalize, while 4.5-
pm is far from the range permissible in a non-immune cell.” Increasing the size of anti-
M6PR/IgG carriers decreased endocytosis (8 carriers/10 cells for 200-nm carriers, 3 carriers/
10 cells for 1-um carriers, 1 carrier/10 cells for 4.5-um carriers), and functionalization with
NSM resulted in enhanced uptake for all carrier sizes (54, 20, and 5 carriers/10 cells,
respectively). Since absolute binding of objects of such different size greatly differs, we also
examined the rate (%) of internalization for each bound carrier. This parameter also
decreased with increasing carrier size (Fig. 5A), NSM functionalization enhanced uptake for
all carriers tested (A > 1; Fig. 5B), and this improvement in uptake depended on carrier size
(the improvement was greater for larger carriers; Fig. 5B). Additionally, a reduction in NSM
from 50% to 20% of the carrier surface did not significantly reduce this improvement in the
case of 200-nm or 1-pm carriers (~1-1.5-fold difference comparing 50% over 20% NSM;
Fig. 5C), but it did for 4.5-pm carriers (by 3-fold). Therefore, the larger the carrier size, the
greater the improvement provided by NSM and the greater the dependence on the enzyme
dose.

Although spherical polymer carriers of such large size (~4-5-um) do not seem viable for
drug delivery due to concerns of mechanical entrapment in capillaries, tissue matrix, etc., the
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literature shows numerous examples of large, several micrometer-sized vehicles not only
adequate for drug delivery but also offering advantages over submicrometer
counterparts.14-16 This is the case for filomicelles and other elongated carriers with several
micrometers in length, which align to the blood-flow direction, avoid fast uptake by
macrophages, and sustain prolonged circulation compared to submicrometer spherical
counterparts.16:30:59 Hence, our finding is expected to widen the range of applications for
these formulations by lowering the size restrictions naturally associated with most target
receptors and their native endocytic pathways.

Endocytic Pathway Induced by NSM-Functionalization of M6PR-Targeted Carriers

The mechanism underlying the role of acid sphingomyelinase on CAM-mediated
endocytosis is through endogenous generation of ceramide and formation of actin stress-
fibers, both enabling formation of large endocytic structures.3! We examined if this is also
the case with M6PR-targeted carriers when functionalized to provide exogenous NSM
signaling.

First, we looked at the colocalization of anti-M6PR/NSM carriers vs. control anti-M6PR/IgG
carriers with ceramide at the plasma membrane (Suppl. Fig. S6 and Fig. 6A top panels show
examples of colocalization). The level of carrier-ceramide colocalization was compared to
that of anti-ICAM/1gG carriers of similar targeting valency. As shown in Fig. 6A (graph),
anti-M6PR/1gG carriers presented ~50% the level of ceramide co-localization of anti-ICAM/
IgG counterparts. Since ceramide is inherently present on the cell surface and micrometer-
sized carriers occupy a considerable surface area of the plasmalemma, it is possible that this
level of co-localization represents background passive co-localization or simply the
threshold for this detection. In contrast, ceramide was significantly enriched at carrier
binding-sites after NSM functionalization: anti- M6PR/NSM carriers reached ~90% the
level of ceramide co-localization of anti-ICAM/IgG carriers. This may help engulfment and
vesiculation, conducive to the enhanced endocytosis observed.31:34.35.37

Second, we examined the actin cytoskeleton of cells subjected to incubation with anti-M6PR
carriers. As shown in Fig. 6B, in the absence of carriers endothelial cells presented typical
cortical actin around the cell periphery. ICAM-1 targeting (using anti-ICAM/IgG carriers as
a valency control) elicited formation of long, thick actin stress-fibers across the cell body
(arrows), as previously reported.2931.32 Binding of anti-M6PR/IgG carriers to cells resulted
in small, thin actin filaments through the cell body and actin ruffles at the cell periphery
(arrowheads). However, when cells were incubated with anti-M6PR/NSM a pattern of
ruffles at the cell border and actin stress fibers through the cell body was observed.
Membrane ruffles suggest contribution of macropinocytosis, but this was also observed in
the absence of NSM. This is likely due to the size of these microparticles, reflecting an
attempt of cells to uptake these via macropinocytosis. Formation of actin stress-fibers only
upon NSM functionalization suggests the contribution of the CAM pathway, since this is a
rather unique feature not observed for clathrin pits, caveolae, macropinocytosis, or
phagocytosis.2? Actin is involved in clathrin- and caveolae-mediated endocytosis but rather
presents as small fibers,69.61 as shown for anti-M6PR/IgG carriers (Fig. 6B). Phagocytosis
also associates with formation of larger endocytic vesicles, quite dependent of cytoskeletal
re-arrangements, yet these form actin cups surrounding phagosomes, not stress fibers.52
Interestingly, actin stress fibers are induced in endothelial cells upon binding of activated
leukocytes to cell adhesion molecules, including ICAM-1.%3 This is in accord to a common
underlying mechanism of ICAM-1 signaling upon binding of its natural ligands or artificial
ICAM-1-targeted carriers,5 and explains that this pathway is amenable to engulfment of
micrometer-sized carriers.30 Hence, functionalizing the surface of carriers targeted to other
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receptors (M6PR) with NSM seems to mimic this function of the CAM pathway, by
providing cells with similar signals.

Acquisition of CAM-like signaling properties by NSM functionalization of anti-M6PR
carriers was further validated using inhibitors of endocytic pathways (Suppl. Fig. S7 and
Fig. 6C) and carriers of different size (submicrometer vs. micrometer). Internalization of
either anti-M6PR/NSM nano- or micro-carriers was not affected by filipin, which served as
a negative control since this agent inhibits caveolar pathways. In agreement with signaling
through M6PR associated to clathrin pits, uptake of 200-nm anti-M6PR/NSM carriers was
inhibited by monodansylcadaverine (MDC). Also, amiloride (but not wortmannin) inhibited
endocytosis of these carriers, suggesting involvement of the CAM pathway and validating
the contribution of NSM to signaling induced by anti-M6PR/NSM carriers. Interestingly, no
effect of MDC was found in the case of microcarriers (1-um), indicating no contribution of
the clathrin pathway to the uptake of such large carriers, as expected due to natural size
restrictions of clathrin pits. Both amiloride and wortmannin reduced uptake, suggesting that
CAM- and macropinocytic-like pathways were induced. This correlates well with the actin
rearrangement observed for anti-M6PR/NSM microcarriers, showing CAM-like stress fibers
and macropinocytic-like ruffles (Fig. 6B). Furthermore, endocytosis of anti-M6PR/NSM
carriers was outcompeted by anti-M6PR in the cell medium but enhanced by presence of
anti-ICAM (Suppl. Fig. S8). This verifies that binding of anti-M6PR carriers to M6PR is
needed and, also, that inducing CAM-mediated endocytosis (e.g. by binding of anti-ICAM
antibodies to ICAM-1) improves uptake of anti-M6PR/NSM carriers, which is in agreement
with NSM inducing the CAM pathway. Altogether, these data indicate that exogenous NSM
functionalization provides signaling additional to and independent from the receptor
engaged, and this is conducive to enhanced endocytosis, to which CAM related pathways
contribute.

Effect of NSM-Functionalization on the Fate of Clathrin (M6PR)-Targeted Carriers and Cell

Viability

We next examined the role of NSM on the carrier coat in terms of intracellular trafficking
and potential degradation of carriers targeted to M6PR. This receptor, as described above, is
known to mediate binding and endocytosis of proteins containing M6P-residues and
subsequently transports them through the endo-lysosomal route.4143 Carriers targeted to this
receptor would be expected to follow this path. Also, since endo-lysosomal compartments
are characterized by presence of hydrolases, it would be expected that the protein coat of
carriers would be subjected to degradation (polystyrene particles are not biodegradable and
remain intact). Interestingly, this was not the case. As presented in Fig. 7A, colocalization of
either anti-M6PR/NSM microcarriers or control anti-M6PR/IgG counterparts with an early
endosomal marker, EEA-1, was minimal during a 5 h period. Accordingly, the protein coat
(the antibody counterpart) remained immunodetectable during this time (Fig. 7B). These
results were unexpected based on the biological function of M6PR and illustrate the fact that
engaging endocytic receptors with targeted carriers often results in outcomes different from
those elicited by their natural ligands. Since no differences were observed in the absence or
presence of NSM functionalization, it is possible that this outcome is due to the micrometer-
range size of these carriers. Poor trafficking through the endolysosomal route has been
reported for other receptors upon targeting with micrometer-sized carriers vs. submicrometer
couterparts,30 although the opposite effect has also been observed,”-13:14 highlighting the
unpredictability of these events.

Additionally, given that NSM functionalization of carriers improves endocytosis via
ceramide generation and it is known that certain ceramides are involved in apoptosis®°-67,
we evaluated the potential effect of said functionalization on the number of cells and their
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viability. As shown in Fig. 8, neither parameter was affected in cells incubated for up to 24 h
with anti-M6PR/NSM or control anti-M6PR/1gG carriers, compared to cells incubated in the
absence of carriers. In contrast, incubation with H,O,, which is known to induce cell
apoptosis through intracellular generation of ceramide,58 resulted in a significant reduction
in both the number of cells and their viability (80.1% and 69.5% reduction at 24 h,
respectively).

Effect of Sphingomyelinase-Functionalizion of Carriers on their In vivo Biodistribution

We finally aimed at exploring whether enhanced endocytosis of anti-M6PR carriers in cell
culture by NSM functionalization of the carrier surface has the ability to impact carrier
biodistribution in vivo. For this purpose, we used submicrometer (200-nm) carriers to avoid
non-specific mechanical entrapment in capillaries with embolization. Anti-M6PR/NSM
carriers or control anti-M6PR/IgG carriers were injected intravenously in mice, and their
circulation and organ biodistribution were compared. As shown in Fig. 9A, both
formulations showed a similar circulation pattern and disappeared considerably fast from the
blood: e.g., 7.0 percent injected dose (%ID) for anti-M6PR/IgG and 7.3 %ID for anti-M6PR
NSM, 30 min after injection.

As per organ biodistribution, kidneys and lungs are known to express relative higher levels
of MBPR compared to other tissues.*4-46 Although the kidneys and lungs are often involved
in non-specific clearance of circulating foreign material, they do not play such a key role
regarding removal of particles as large as the ones used here (compared to the liver and
spleen), as reviewed in the literature.”25 In agreement with this (Suppl. Fig. 9), only 0.7
%ID and 1.0 %ID of control IgG carriers accumulated in the kidneys and lungs. Other
organs that were also negative for 1gG carriers were the heart (0.2 %ID) and brain (0.13
%ID). However, accumulation of 1gG carriers was high in the liver and spleen (~55 %ID
and 5.9 %ID, respectively), verifying that these are the main clearance organs for this type
of particles. As compared to control 1gG carriers, no changes were observed in the
accumulation of anti-M6PR/NSM carriers in the heart and brain (0.2 %ID and 0.14 %ID), as
expected, yet this was somewhat reduced in clearance organs (42.3 %ID in liver and 4.8 %
ID in spleen), and increased in organs that express higher M6PR levels (1.3 %ID in lungs
and 6.2 %ID in kidneys).

Then, to more accurately examine in vivo targeting and the potential effect of NSM, we used
the specificity index (SI; see Methods section). This parameter normalizes accumulation of
targeted carriers in an organ by accounting for the weight of the organ (to compare organs of
different sizes) and the level of non-specific accumulation of control IgG carriers. Fig. 9B
shows the comparison between the SI of anti-M6PR/NSM carriers to that of anti-M6PR/1gG
carriers (ASI). When looking at this parameter, we found that surface functionalization of
carriers with NSM resulted in slightly decreased accumulation in clearance organs (e.g., 0.8-
fold difference in liver) with an increase in target organs (e.g., 1.5-fold in lungs and, mainly,
12-fold in kidneys). This is in accord with the relative expression level of M6PR in these
organs#-48 and correlates well with cell culture observations showing enhanced endocytosis
by influence of NSM on the carriers. Enhanced accumulation was also observed when
targeting other receptors, i.e., TfR (Suppl. Fig. S10), where the presence of NSM on the
carrier coat did not affect non-specific liver uptake but increased accumulation in lungs,
which is expected due to expression of TfR in this organ.6?

Although it is difficult to estimate if enhanced organ accumulation of anti-M6PR/NSM
carriers or anti-TfR/NSM carriers in vivo is due to enhanced binding and/or endocytosis,
based on cell culture data demonstrating that NSM did not contribute to binding, it is
possible that endocytosis may be the primary mechanism for the observed outcome.
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Nevertheless, this result shows an advantage for NSM-functionalized carriers in vivo, which
may improve targeted drug delivery strategies.

From a more focused perspective, M6PR is overexpressed in several pathological
conditions, e.g., cancer, heart failure, amyotrophic lateral sclerosis, etc.#344:46.47 and is
often used for intracellular transport of therapeutics.41:48-51 Also, there is relatively high
expression of TfR associated with various malignancies, it allows transport across the blood-
brain barrier, and has been well documented in the context of targeted drug delivery.42:69.70
An example of an application of targeting these receptors is that of enzyme replacement
therapies for treatment of genetic lysosomal storage disorders, where recombinant lysosomal
enzymes are injected in circulation and need to be endocytosed by cells in the affected
tissues.*3:69.71 However, uptake via several clathrin-associated receptors is impaired in
certain lysosomal disorders, leading to suboptimal therapeutic effects.’2:’3 Enhanced
endocytosis by strategies such as the one explored here may help overcome this obstacle.

CONCLUSION

In summary (Fig. 10), surface functionalization of carriers with transducers of CAM-
mediated endocytosis (i.e., sphingomyelinase) permitted us to highjack key signal
transduction routes of said pathway (ceramide enrichment leading to engulfment and actin
re-organization),3! independently from the receptors being targeted. This resulted in
enhanced endocytosis of carriers targeted to receptors of more size-restrictive pathways
(clathrin-associated M6PR or TfR), without affecting carrier binding or intracellular
trafficking. This is, to the best of our knowledge, the first time that properties of an
endocytic route are induced in cells independently from the receptors involved and even
when the natural pathways they associate with are categorically different. Other strategies
can also enhance intracellular delivery of carriers by surface functionalization, including
manipulation of charged groups and their precise display, use of lipid motifs, fusogenic
peptides, cell penetration counterparts, etc.”-74-76 In some cases, these strategies can provide
endosomal escape and cytosolic delivery.”:7475 These approaches may be useful in
applications where drug carriers are first transported to the disease area by passive
mechanisms (e.g., enhanced permeability and retention in tumors), where they can then
come in contact with cells.36.7 Yet, these strategies are less amenable when recognition of
selected cells or tissues is required, or when carriers need to be actively transported via a
receptor-mediated mechanism across cell layers, for which specific ligand-mediated
targeting is required.247 Hence, the implications of our finding may greatly impact drug
delivery strategies by providing a means to enhance intracellular transport of receptor-
targeted drug carriers and, in turn, their therapeutic potential, allowing wider design options
with regard to carrier geometry. As an example, certain microcarriers (e.g., filomicelles,
molded cylinders, carbon nanotubes, flat microdisks, etc.) have been shown to offer
advantages of prolonged circulation, reduced non-specific clearance, and enhanced targeting
specificity.14-17 Enhancing endocytosis of these vehicles may widen their translational
application. In addition, we previously observed that for ICAM-1 targeting there is a
negative relationship between carrier size and lysosomal trafficking, with larger carriers
being retained in pre-lysosomal compartments for prolonged periods of time.3? This helped
avoid rapid lysosomal degradation of therapeutics.3? Relatively low degradation of
sphingomeylinase-functionalized microcarriers shown here suggests that such paradigm may
be also achievable when targeting other receptors. Finally, although no cytotoxic effects
were found in this study, full evaluation of potential side effects of this strategy is crucial
since certain ceramides are involved in apoptosis or, when other signals are present, cell
proliferation.85-67 The apoptotic activity of such ceramides is explored for tumor
suppression 7’~79 and this may be an ideal therapeutic focus of sphingomyelinase-
functionalized carriers. Also, these apoptotic effects associate with mammalian enzymes
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(e.g., NSM-2) but not bacterial counterparts (used in this study),”>80.81 and cells can be
induced to eliminate excess ceramide through the activity of glucosylceramide synthase,
sphingomyelin synthases, and ceramidases.”®:81 Future studies shall focus on optimizing this
strategy and evaluating its safety.

MATERIALS AND METHODS

Antibodies and Reagents

Polystyrene particles were from Polysciences (Warrington, PA). Mouse anti-human ICAM-1
(clone R6.5) and rat anti-mouse ICAM-1 (clone YN1) were from ATCC (Manassas, VA).
Mouse anti-mannose-6-phosphate receptor (anti-M6PR; clone 2G11) was from Abcam
(Cambridge, MA). Mouse anti-human transferrin receptor (anti-TfR; clone T56/14) and rat
anti-mouse TR (clone R17217) were from EMD Millipore Corporation (Billerica, MA) and
Biolegend (San Diego, CA), respectively. Mouse anti-human EEA-1 was from Calbiochem
(La Jolla, CA). Mouse IgM anti-ceramide and FITC-labeled goat anti-mouse IgM were from
Santa Cruz Biotechnology (Santa Cruz, CA). Mouse, rabbit and rat 1gG, as well as Texas
Red- and FITC-labeled goat anti-mouse 1gG antibodies were from Jackson
ImmunoResearch (Pike West Grove, PA). Neutral sphingomyelinase (NSM) from Bacillus
cereus was from Sigma Aldrich (St. Louis, MO). Alexa Fluor 594 phalloidin was from
Molecular Probes (Eugene, OR). Pierce iodination tubes were from Thermo Scientific
(Rockford, IL). Unless otherwise stated, all other reagents were from Sigma-Aldrich (St.
Louis, MO).

Preparation and Characterization of Polymer Carriers

Cell Culture

Model polymer carriers were prepared by adsorbing onto the surface of polystyrene particles
(100-nm, 1-pm, or 4.5-um diameter) either control IgG, anti-ICAM, anti-M6PR, anti-TfR,
combinations of anti-M6PR or anti-TfR and 1gG (80:20 or 50:50 surface-coverage ratio), or
combinations of anti-M6PR or anti-TfR and NSM (80:20 or 50:50 surface coverage ratio),
as described previously.5269 We have previously titrated the molar ratios to which
antibodies and enzyme need to be combined in the coating mixture in order to achieve these
values.89 Uncoated counterparts were removed by centrifugation. Carriers were resuspended
in phosphate-buffered saline (PBS) containing 0.3% bovine serum albumin (BSA) and
sonicated to avoid aggregation.®® The size and polydispersity of the preparations was
assessed by dynamic light scattering (Malvern Zetasizer, Worcestershire, UK) or optical
microscopy (see microscopy setting below). Particles 100-nm in diameter ranged from 180-
200-nm after coating; hence, they are referred to as 200-nm in diameter. The coating density
was assessed by coating carriers using protein counterparts labeled with 1251 and

measuring 1251 content in a gamma counter (PerkinElmer Wizard?, Waltham, MA), as
described previously.5% The characterization of these formulations is provided in Table 1.

Human umbilical vein endothelial cells (HUVECSs; Lonza, Walkersville, MD), were cultured
in basal medium M199 (Invitrogen, Carlsbad, CA) supplemented with 15% fetal bovine
serum, 15 pg/mL endothelial cell growth supplement, 2 mM L-glutamine, 100 pg/mL
heparin, 100 U/mL penicillin, and 100 pg/mL streptomycin.3! Human epithelial colorectal
adenocarcinoma Caco-2 cells (American Type Culture Collection, Manassas, VA) were
cultured in DMEM (GibcoBRL, Grand Island, NY) supplemented with 15% fetal bovine
serum, 4.50 g/L glucose, and the antibiotics described above.2% Cells were seeded on 12-
mm? gelatin-coated glass coverslips at a density of ~10°cells/well and grown at 37°C, 5%
CO,, and 95% relative humidity. In the case of HUVECs, cells were additionally activated
with 10 ng/mL of tumor necrosis factor-a (TNF-a) for 16 h to mimic a disease status.
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Binding and Internalization of Carriers

For binding experiments, activated cells were fixed with 2% paraformaldehyde to avoid
confounding results of concomitant endocytosis. Fixed cells were then incubated at room
temperature with ~2 x 107 carriers/mL (1-pm carriers), then non-bound carriers were
washed. Carriers were counted by phase contrast microscopy.3!

To determine internalization, live cells were incubated at 37°C with complete medium (see
section above) in the absence or presence of pharmacological inhibitors of endocytic
pathways, including 50 pM monodansylcadaverine (to inhibit clathrin-mediated uptake), 1
pg/mL filipin (to inhibit caveolae-mediated uptake), 3 mM amiloride (to inhibit CAM- and
macropinocytic uptake), and 0.5 pM wortmannin (to inhibit macropinocytosis only). Cells
were incubated in the presence of 200-nm carriers, 1-pm carriers, or 4.5-um carriers. In
some instances (indicated), incubation with carriers was conducted in the presence of either
anti-M6PR or anti-ICAM as competitors to the cell surface receptor. Carriers 200-nm in
diameter contained FITC in the polymer matrix, since this size is difficult to visualize by
phase contrast microscopy. After washing off non-bound carriers, cells were fixed and
incubated with Texas Red-labeled secondary antibody, which is accessible to surface-bound
carriers but not internalized counterparts.3! Cell samples were then examined by optical
microscopy. For 1-um or 4.5-um particles, total carriers were counted using phase contrast
and surface-bound non-internalized carriers were counted using Texas Red fluorescence. For
200-nm particles, total carriers vs. non-internalized carriers were counted using FITC and
Texas Red fluorescence, respectively, as previously described.20

F-actin and Ceramide Staining

Cells were first incubated for 30 min at 37°C with 1-pm or 4.5-pm carriers. Non-bound
carriers were washed, and cells were fixed and blocked overnight with 2% BSA in PBS.
Cells were permeabilized with 0.2% Triton X-100 and then F-actin was stained with red
Alexa Fluor 594 phalloidin.3! Ceramide was immunostained using mouse anti-ceramide
IgM, followed by green FITC-labeled goat anti-mouse IgM. Fluorescence intensity at carrier
sites (identified by phase contrast) was compared to the fluorescence intensity of adjacent
areas of the plasmalemma.3!

Co-localization with Endosomes and Coat Degradation

Cells were incubated at 37°C with 200-nm or 1-pm carriers for either 3 h or 5 h. Non-bound
carriers were washed, and cells were fixed and permeabilized. Early endosomes were
immunostained using mouse anti-human EEA-1 and a secondary antibody labeled with
Texas Red. Colocalization of Texas Red fluorescent signal with carriers (identified by phase
contrast) indicated presence of carriers within this compartment.2! Independently, after
permeabilization, the presence of the antibody coat on carriers was assessed by
immunostaining using goat anti-mouse 1gG conjugated to Texas Red. Absence of Texas Red
fluorescent signal colocalizing with carriers (identified by phase contrast) indicated absence
(degradation) of carrier coat, as validated previously.2!

Cell viability

Cells were incubated in the absence or presence of anti-M6PR-1gG carriers or anti-M6PR/
NSM carriers (50:50 ratio) for 3 h at 37°C. Carriers were then removed and the total number
of cells and their viability were tested using the Live/Dead® kit (Invitrogen, Carlsbad, CA)
at this time, as well as 7 h and 21 h thereafter (total time was 3 h, 8 h and 24 h after start of
carrier incubation). Fluorescence microscopy was used to visualize and quantify calcein-
positive (live, green) vs. ethidium homodimer-1-positive (dead, red) cells, while phase-
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contrast allowed visualization of the cell appearance. As a positive control for apoptosis,
cells were incubated with medium containing 100 pM H5O5.

Microscopy analysis

Cells were analyzed using a 40X PlanApo objective and the Olympus 1X81 inverted 3-axe
automatic fluorescence microscope (Olympus Inc., Center Valley, PA). Samples were
observed by phase contrast and fluorescence using filters from Semrock (Rochester, NY) in
the Texas Red channel (excitation BP360-370 nm, dichroic DM570 nm, emission
BA590-800+ nm) or FITC channel (excitation BP460-490 nm, dichroic DM505 nm,
emission BA515-550 nm). Micrographs were taken using an Orca-ER camera from
Hamamatsu (Bridgewater, NJ) and SlideBook™ 4.2 software from Intelligent Imaging
Innovations (Denver, CO). Images were analyzed using Image-Pro 6.3 from Media
Cybernetics Inc. (Bethesda, MD).

Biodistribution of Carriers in vivo

Statistics

Male C57/B16 mice were anesthetized and injected intravenously either with control 1gG
carriers, anti-M6PR/1gG, anti-M6PR/NSM carriers, anti-TfR/IgG, or anti-TfR/NSM (~1.5 x
1013 particles/kg), all containing similar tracer amounts of 1251-1gG or 1251-NSM.89 Mice
were sacrificed 30 minutes after injection, blood and organs samples (kidneys, liver, and
lungs) were collected, and their weight and 1251 content were determined to calculate the
percent injected dose (%1D) and/or specificity (SI) of each targeted formulation. This
parameter represents the ratio of percent injected dose per gram of tissue for anti-M6PR/IgG
carriers or anti-M6PR/NSM carriers divided by the percent injected dose per gram of tissue
for non-targeted 1gG carriers. Experiments were performed in accordance with IACUC and
University of Maryland regulations and the Guide for the Care and Use of Laboratory
Animals of the U.S National Institutes of Health.

Data are mean + standard error of the mean. Each cell culture experiment contained
duplicate samples (~10° cells/sample) and was repeated at least two independent times (total
=4 samples). A minimum of 10 pictures were taken at locations selected randomly through
each sample, where each picture encompasses ~10-15 cells. This renders =400-600 cells
individually analyzed per condition. In vivo experiments were done using a minimum of 3
mice per condition. Significance was determined using the student’s t-test assuming a p
level of 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fil filipin
HUVECS human umbilical vein endothelial cells
ICAM-1 intercellular adhesion molecule-1
M6P mannose-6-phosphate
M6PR mannose-6-phosphate receptor
MDC monodansylcadaverine
NHE1 sodium proton exchanger 1
NSM neutral sphingomyelinase
TfR transferrin receptor
TNFa tumor necrosis factor a
Wort wortmannin
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Figure 1. Comparative binding of carrierstargeted to ICAM-1vs. M6PR

(A) Phase-contrast microscopy showing low, yet specific binding of 1-um carriers coated
with anti-M6PR compared to anti-ICAM carriers or control IgG carriers, after 30 min
incubation at room temperature with fixed activated HUVECSs. Dashed lines mark cell
borders and arrowheads mark carriers. Scale bar = 10 pm. (B) Binding of these carriers to
cells was similarly compared at 30 min, 1 h, and 3 h to reflect their relative binding kinetics.
Mean + standard error of the mean. *Compared to anti-ICAM carriers; #compared to control
1gG carriers (p < 0.05).
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Figure 2. Comparative endocytosis of carrierstargeted to | CAM-1 vs. M6PR

(A) Endocytosis of 1-um carriers coated with anti-M6PR after incubation for 30 min at 37°C
with activated HUVECs, compared to anti-ICAM carriers or control 1gG carriers. Phase
contrast (top panels) shows total carriers bound and internalized. Fluorescence images
(bottom panels) show surface-bound, non-internalized carriers. Arrowheads mark non-
internalized carriers and arrows mark endocytosed ones. Scale bar = 10 pm. (B) Low,
although specific, internalization of anti-M6PR carriers compared to anti-lICAM carriers and
control IgG carriers, quantified as in (A). Mean = standard error of the mean. *Compared to
anti-ICAM carriers; #compared to 1gG carriers (p< 0.05).
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Figure 3. Effect of surface functionalization with NSM on the binding of anti-M6PR carriers
(A) Phase-contrast microscopy showing binding of 1-pum parent anti-M6PR carriers
compared to 50:50 anti-M6PR/IgG carriers and anti-M6PR/NSM carriers, 3 h after
incubation at room temperature with fixed activated HUVECs (dashed lines mark cell
borders). Scale bar = 10 pm. (B) Binding of anti-M6PR/IgG carriers vs. anti-M6PR/NSM
carriers (for both 80:20 and 50:50 formulations) was determined by phase-contrast
microcopy as in Fig. LA. Mean = standard error of the mean. *Compared to parent anti-
MB6PR carriers (continuous line in graph); ~compared to control 1gG carriers (dotted line in
graph); +comparison between different surface-coverage ratios (80:20 vs. 50:50) of the same
formulation type (p < 0.05). No difference was found comparing anti-M6PR/IgG vs. anti-
M6PR/NSM carriers.
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Figure 4. Effect of surface functionalization with NSM on internalization of carriers

(A) Endocytosis of 1-um anti-M6PR/IgG carriers or anti-M6PR/NSM carriers (displaying
either 80:20 or 50:50 surface-coverage ratios) incubated with live, activated HUVECs for 3
h at 37°C. Phase contrast shows total carriers bound and internalized. Fluorescence images
show surface-bound, non-internalized carriers. Arrowheads mark non-internalized carriers
and arrows mark endocytosed ones. Scale bar = 10 um. (B) Total number of carriers
internalized per cell. (C) Percent of carriers internalized out of the total numbers of carriers
associated to cells (bound plus internalized). Dashed line in (C) represents anti-ICAM
carriers. Mean + standard error of the mean. *Compared to parent anti-M6PR carriers
(continuous line in graph); ~compared to control 1gG carriers (dotted line in graph);
#compared to anti-M6PR/IgG carriers (p<0.05).
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Figure5. Enhanced carrier endocytosis as a function of NSM dose and carrier size

(A) Percent of anti-M6PR/IgG (50:50) carriers internalized out of the total number of
carriers associated to cells (bound plus internalized) in activated HUVECs (3 h, 37°C).
Carriers were 200-nm, 1-pm, or 4.5-um in diameter. (B) Fold increase (A) in the percent
internalization of anti-M6PR/NSM carriers over control anti-M6PR/1gG carriers (both
50:50) for each carrier size. (C) Comparative improvement in endocytosis (A in B) for anti-
M6PR/NSM carriers bearing 50% NSM carrier-surface coverage (50:50) over that of
carriers bearing 20% coverage (80:20). Mean + standard error of the mean. *Compares
microcarriers to 200-nm carriers; #compares anti-M6PR/NSM carriers to anti-M6PR/IgG
carriers, “compares anti-M6PR/NSM:anti-M6PR/IgG of 50:50 surface-coverage to that of
80:20 carriers for each given size (p<0.05).
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Figure 6. M echanism associated with NSM -functionalization of carriers

(A) Enhanced colocalization of 1-pm or 4.5-pm anti-M6PR/NSM carriers (50:50 surface-
coverage ratio) with ceramide at the surface of activated HUVECs after 30 min incubation at
37°C, compared to anti-M6PR/IgG carriers. An example of 1-um anti-M6PR/NSM carriers
(phase contrast) colocalizing with ceramide (green fluorescence) and the corresponding
fluorescence surface-plot (upper right) is shown. Blue = DAPI-positive cell nuclei. Scale
bars = 10 pm (left) and 2 pm (right). Mean * standard error of the mean. *Compares anti-
M6PR/NSM carriers to anti-M6PR/IgG counterparts (p < 0.05). (B) F-actin staining with
fluorescent phalloidin shows stress fibers in activated HUVECSs after incubation with control
media or media containing 1-um anti-M6PR/NSM carriers (50:50) for 30 min at 37°C. Anti-
M6PR/IgG carriers are shown as negative controls, while anti-ICAM/IgG carriers are
positive controls. Arrows indicate stress fibers and arrowheads indicate ruffling. Scale bar =
10 pm. (C) Percent endocytosis of 200-nm and 1-pm anti-M6PR/NSM carriers (50:50) was
assessed using activated HUVECs incubated for 3 h at 37°C in the absence (control) vs.
presence of pharmacological inhibitors of pathways mediated by clathrin
(monodalsylcadaverine, MDC), caveolae (filipin, Fil), CAM and macropinocytosis
(amiloride, Amil), or macropinocytosis (wortmannin, Wort). Mean = standard error of the
mean. *Compares inhibitor to control for each carrier size (p < 0.05).
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Figure7. Fate of NSM-functionalization carriers

(A) Activated HUVECs were incubated with 1-um anti-M6PR/NSM carriers or anti-M6PR/
IgG carriers (50:50 surface-coverage) at 37°C for either 3 h or 5 h. After this, cells were
permeabilized and immunostained to label early endosomal marker EEA-1 in Texas Red
(arrows). (B) The stability of the biodegradable component of carriers (the protein coat; e.g.,
the antibody component) was additionally assessed after cell permeabilization, by
immunostaining in Texas Red. An example of immunopositive (“stable”) and
immunonegative (“degraded”) carriers are marked by arrows and arrowheads, respectively.
(A, B) Phase contrast shows all carriers associated with cells. Scale bars = 10 um. Mean +
standard error of the mean. Comparison of anti-M6PR/NSM and anti-M6PR/IgG rendered p
> 0.05.
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Figure 8. Safety of NSM-functionalized carriers
Activated HUVECSs were incubated in the absence or presence of anti-M6PR/NSM carriers
or anti-M6PR/IgG carriers (50:50 surface-coverage) at 37°C for 3 h. At this time, as well as
after a total time of 8 h or 24 h, cells were incubated with calcein AM (which fluoresces
green in live cells) and ethidium homodimer-1 (which labels in red the nuclei of dead cells)
to quantify: (A) the total number of cells and (B) the percentage of live cells (% viability) by
microscopy. Incubation of cells with H,O, served as a positive control for apoptosis. The
gray horizontal bar in (A) represents the highest and lowest control values across time. A
similar bar is shown for (B), yet the variability is too narrow and it appears as a line. Scale
bars = 50 pm. Mean + standard error of the mean. *Compares H,05 to control (p< 0.05). No
difference was found comparing anti-M6PR/IgG carriers or anti-M6PR/NSM carriers to

control.
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Figure 9. Enhanced in vivo distribution of anti-M6PR carriersfunctionalized in mice

(A) Circulation of anti-M6PR/NSM carriers (50:50 surface-coverage ratio) compared to
control anti-M6PR/IgG carriers after intravenous injection in mice. (B) Enhancement (A) in
the biodistribution of NSM-functionalized carriers was determined as the ratio of the
specificity index of anti-M6PR/NSM carriers over that of anti-M6PR/IgG carriers,
calculated as described in the Methods section. Mean + standard error of the mean.
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Figure 10. Strategy of NSM-functionalization of drug carriersto bypasscarrier size-restrictions
and improve endocytosis

ICAM-1-targeted nano- and micro-carriers are both efficiently internalized by cells due to
sphingomyelinase (SMase)-dependent generation of ceramide at carrier-binding sites on the
plasmalemma, which is associated with CAM-mediated endocytosis (left panel). Ceramide
improves carrier engulfment and membrane invagination, and acts as a second messenger
toward actin re-organization, helping in endocytosis. In contrast, targeting drug carriers to
receptors associated with more size-restrictive pathways, e.g., clathrin-associated M6PR,
often enables intracellular transport of nano- but not micro-carriers (middle panel). Surface-
functionalization of said carriers with elements mimicking the CAM-mediated pathway,
namely exogenous SMases (such as NSM in this study), does not impact binding but
supplies ceramide and actin re-organization, improving endocytosis of nano- and micro-
carriers even when targeted to receptors different from ICAM-1 (right panel).
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