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Abstract

Cholera toxin B (CTB) modified mesoporous silica nanoparticle supported lipid bilayers (CTB-protocells) are a promising, customizable
approach for targeting therapeutic cargo to motoneurons. In the present study, the endocytic mechanism and intracellular fate of CTB-
protocells in motoneurons were examined to provide information for the development of therapeutic application and cargo delivery.
Pharmacological inhibitors elucidated CTB-protocells endocytosis to be dependent on the integrity of lipid rafts and macropinocytosis. Using
immunofluorescence techniques, live confocal and transmission electron microscopy, CTB-protocells were primarily found in the cytosol,
membrane lipid domains and Golgi. There was no difference in the amount of motoneuron activity dependent uptake of CTB-protocells in
neuromuscular junctions, consistent with clathrin activation at the axon terminals during low frequency activity. In conclusion, CTB-
protocells uptake is mediated principally by lipid rafts and macropinocytosis. Once internalized, CTB-protocells escape lysosomal
degradation, and engage biological pathways that are not readily accessible by untargeted delivery methods.
© 2018 Elsevier Inc. All rights reserved.
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Protocells represent an emerging class of bionanomaterials
with exceptional therapeutic potential. "> Protocells consist of a
mesoporous silica nanoparticle core (MSNP) encapsulated by a
supported lipid bilayer.** As a drug delivery system, the cargo
loading, bio-functionality and bio-compatibility of protocells can
be independently modified by engineering pore size, and surface
chemistry including the characteristics of the supported lipid

bilayer.'> We previously showed that protocells can be
engineered to specifically target motoneurons by modifying the
lipid bilayer with cholera toxin subunit B (CTB-protocell), the
atoxic subunit of cholera toxin that binds the ganglioside GM1
present in neuronal membranes, and successfully deliver small
molecule cargo.” Knowledge of the biological mechanism(s)
governing cellular uptake and trafficking after CTB-protocell

There are no known conflicts of interest associated with this publication and there has been no significant support for this work that could have influenced
its outcome. This project was supported by internal funding from the Mayo Foundation. CJB acknowledges support from the Sandia National Laboratories
(SNL) Laboratory-Directed Research Development program and DTRA project IAA DTRA1002720595. SNL is a multi-mission laboratory managed and
operated by National Technology and Engineering Solutions of Sandia, owned subsidiary of Honey-well International, Inc., for the U.S. Department of Energy’s
National Nuclear Security Administration under contract DE-NA-0003525.

*Corresponding author at: Joseph 4-184 W, St Marys Hospital, Mayo Clinic, Rochester, MN 55905.

E-mail address: mantilla.carlos@mayo.edu (C.B. Mantilla).

https://doi.org/10.1016/j.nan0.2018.01.002
1549-9634/© 2018 Elsevier Inc. All rights reserved.

Please cite this article as: Gonzalez Porras MA, et al, Uptake and intracellular fate of cholera toxin subunit b-modified mesoporous silica nanoparticle-
supported lipid bilayers (aka protocells) in motoneurons. Nanomedicine: NBM 2018;14:661-672, https://doi.org/10.1016/j.nan0.2018.01.002


http://crossmark.crossref.org/dialog/?doi=10.1016/j.nano.2018.01.002&domain=pdf
https://doi.org/10.1016/j.nano.2018.01.002
https://doi.org/10.1016/j.nano.2018.01.002
https://doi.org/10.1016/j.nano.2018.01.002
https://doi.org/10.1016/j.nano.2018.01.002
https://doi.org/10.1016/j.nano.2018.01.002
https://doi.org/10.1016/j.nano.2018.01.002

662 M.A. Gonzalez Porras et al / Nanomedicine: Nanotechnology, Biology, and Medicine 14 (2018) 661-672

internalization in motoneuron-targeted delivery is important to
inform selection of appropriate protocell cargo. Mechanisms
responsible for cellular uptake, e.g., endocytosis, also determine
intracellular pathways involved in trafficking of internalized
moieties and these effects depend on cell type.® Despite the
importance of motoneurons to human health and disease, the
control of neuronal membrane dynamics and the molecular basis
of specific endocytic events with retrograde transport pathways
remain largely unknown. It is likely that therapeutic efficacy of
novel drug delivery systems will depend on intracellular delivery
to specialized organelles, and thus, understanding the uptake and
trafficking of nanoparticles is essential to inform drug cargo and
their therapeutic application.

Nanoparticle uptake and intracellular trafficking depend on
various physicochemical characteristics including particle size,
shape, density, and surface chemistry and the endocytic pathways in
a given cell type.”® Nanoparticles can be internalized in cells by
endocytosis, which involves the expenditure of metabolic energy,
the movement and fusion of membranes and the displacement of
cytoplasm in a complex series of events.” Nanoparticles can also
translocate through a membrane passively by deformation of
membrane lipids.'® Since CTB internalization is associated with
lipid raft endocytosis because of GM1 binding to rafts'"' and the size
of raft domains is highly variable, CTB-protocell internalization
may be limited to a subset of lipid rafts that include larger transient
confinement domains (up to 700 nm in dimension).'> Macro-
pinocytosis reflects the formation of big endocytic vesicles that
sequester a large amount of fluid-phase contents. Among cells and
in neurons, macropinocytosis is highly present due to its importance
in cell-to-cell communication."* In various cells, macropinocytosis
can be triggered by a variety of factors including nanoparticles.

Neurons undergo substantial membrane cycling at synapses
in an activity-dependent fashion and membrane uptake varies
depending on the rate of stimulation such that synaptic
membrane recycling during physiological rates of activation
primarily reflects clathrin-mediated endocytosis rather than
macropinocytosis or other form of bulk membrane retrieval
that has been reported during maximal (albeit non-physiological)
activation.'*'> We hypothesized that CTB-protocell uptake in
motoneurons is mediated by lipid raft endocytosis and macro-
pinocytosis; and uptake is not affected by activity at the
neuromuscular junction (NMJ). These internalization pathways
are commonly associated with retrograde intracellular trafficking
to the Golgi and endoplasmic reticulum, although transfer to
endolysosomal compartments for ultimate degradation is also
possible.® Accordingly, we also hypothesized that after inter-
nalization CTB-protocells can escape the endo-lysosomal
pathway for degradation and become available to the cell.

Methods

All procedures involving animals were approved by the
Institutional Animal Care and Use Committee at Mayo Clinic
and in accordance with humane treatment guidelines by the
American Veterinary Medical Association. Adult male Sprague—
Dawley rats (initial body weight ~300 g) were used in each of the
animal experiments.

Preparation of mesoporous silica-supported lipid bilayer
nanoparticles (protocells)

MSNPs with spherical shape and dendritic 5 nm diameter pore
were synthesized via a base-catalyzed solution-based
surfactant-directed self-assembly method, adapted from a published
biphase synthesis method, '®"'® and fusion of liposomes to MSNPs
(protocell assembly) as previously described. >'® Lipid films formed
by drying cholesterol, 1,2-distearoyl-sn-glycero-3-phosphocholine
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(-
polyethyleneglycol)-2000] phospholipids (Avanti Polar Lipids,
Birmingham, AL) were added to MSNPs dissolved in 0.5x PBS.
CTB was conjugated to the protocells using the NeutrAvidin/biotin
conjugation strategy described before.>'®

Motoneuron cell culture and CTB-protocell treatment

NSC-34 motoneuron-like cells were propagated in 75 cm?
flasks in Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12, with GlutaMAX (ThermoFisher Scientific, Waltham, MA)
supplemented with 10% fetal bovine serum and 2% Penicillin—
Streptomycin. Cells were differentiated for 24 h with
serum-deprived media.

Assessment of energy dependent uptake of CTB-protocells

Cells were incubated with CTB-protocells for 1 hat 37 or4 °C,
washed and fixed in 4% paraformaldehyde (PFA). Images were
obtained with a 60% oil immersion lens (NA 1.2) using a Nikon A1
confocal microscope (Nikon Instruments Inc.) with laser intensity,
confocal aperture, and photomultiplier gain kept constant across
samples. NIS-Elements software (Nikon) was used for image
processing and analysis. Single plane images were acquired in the
nuclei midline of differentiated motoneurons and the mean
protocell fluorescence per cell was quantified. To confirm the
energy dependence in the uptake of CTB-protocells, an ATP
depletion assay was conducted using 1 M sodium azide (NaN3)
and 0.6 M of 2-deoxy-D-glucose (Sigma-Aldrich) diluted in
glucose free Dulbecco’s Modified Eagle Medium for 1 h, as
previously described.'® ATP depleted medium was removed and
cells were treated with 50 pg/ml of CTB-protocells diluted in
glucose free medium for 1 h. After washes, cells were imaged using
the procedure described previously.

Assessment of CTB-protocell internalization

To understand the role of lipid-raft microdomains, cells were
incubated with CTB-protocells for 1 h, rinsed with PBS, and
incubated with Alexa Fluor 488-labeled CTB (8 pg/ml,
ThermoFisher) for 20 min at 37 °C followed by fixation in 4%
PFA, and confocal imaging to measure the extent of colocalization.
To study the different types of endocytosis, cells were
pre-incubated with various endocytic chemical inhibitors for 30
min followed by 1 h of CTB-protocells treatment. 1 mM of
methyl-B-cyclodextrin (MBCD) (Sigma-Aldrich) was used to
inhibit cholesterol dependent endocytic processes (lipid rafts
endocytosis) and 14 pg/ml of amiloride (Sigma-Aldrich) was used
to inhibit macropinocytosis. Cellular fluorescence resulting from
internalization of CTB-protocells was quantified per cell.
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Subcellular localization of CTB-protocells

To examine the position of CTB-protocells relative to the
endo-lysosomal pathway, antibodies against: early endosome
antigen 1 (EEA1; ThermoFisher) as a marker of early endosomes,
and lysosomal-associated membrane protein 1 (LAMP1; Abcam,
Cambridge, MA) were used in cells after treatment with
CTB-protocells for 1 h, 3 h, 6 h and 24 h. Confocal images were
taken (Nikon Al) and quantitative colocalization analysis was
performed using the Manders’ coefficient (Imagel). In a second
approach, a pulse-chase setup to follow a small window of uptake
events was used. Cells were treated with CTB-protocells for 1 h and
then placed intro fresh media and imaged at different times (1 h, 3 h,
6 hand 24 h). Cells were incubated before CTB-protocells treatment
with 1) LysoTracker® Blue DND-22 (ThermoFisher) for 30 min to
stain acidic vacuoles; 2) CellLight® Early Endosomes-GFP,
BacMam 2.0, (ThermoFisher) for 24 h to label early endosomes
with green fluorescent protein (GFP) in live cells; 3) ER-tracker ™
Blue-White DPX (ThermoFisher) to selectively label the ER or 4)
BODIPY® TR Ceramide (ThermoFisher) to label the lipid
trafficking and Golgi in living cells. Live cells were imaged using
an inverted confocal microscope with 60x (NA 1.4) oil-immersion
objective. Colocalization with organelles was quantified using the
intersection operation of the Elements software, which permits
binarization of the intensity field and subsequent pixel intersection.
To determine the elimination of CTB-protocells in cells, the
fluorescence of rhodamine-labeled protocells was measured up to 5
days post-treatment using a FlexStation 3 microplate reader system
(Molecular Devices, Sunnyvale, CA). The elimination half-life was
determined using a quadratic equation.

Ultrastructural localization of CTB-protocells

Cells were incubated with CTB-protocells for 1 h, 3 h, 6 h or
24 h and fixed in Trump’s fixative (1% glutaraldehyde and 4%
formaldehyde in 0.1 M phosphate buffer, pH 7.2). Cells were
rinsed in 0.1 M phosphate buffer (pH 7.2), followed by 30 min
postfix in phosphate-buffered 1% osmium tetroxide (OsOy).
After rinsing in distilled water, cells were stained with 2% uranyl
acetate for 15 min at 60 °C, rinsed, dehydrated in progressively
higher concentrations of ethanol and 100% propylene oxide, and
embedded in Spurr’s resin. Thin (100 nm) sections were obtained
using Leica EM UC7 ultramicrotome (Buffalo Grove, IL), then
placed on 200 mesh copper grids, and stained with lead citrate.
Micrographs were acquired on a JEOL JEM-1400 Transmission
Electron Microscope (TEM, Tokyo, Japan) operating at 80 kV.

Activity dependent uptake of CTB-protocells in axon terminals

Uptake of CTB-protocells at NMJs was determined by
visualizing changes in CTB-protocell fluorescence intensity,
with and without phrenic nerve stimulation.

Diaphragm muscle-phrenic nerve preparation

The midcostal hemidiaphragm and phrenic nerve were
rapidly excised and placed in Rees—Simpson solution (in mM:
Na“135, K5, Ca®"2, Mg*"1, C1" 120, HCO® 25) while bubbled
with 95% 0,/5% CO, at 26 °C. Subsequently, the excised
hemidiaphragm-phrenic nerve was stretched to optimal length
(1.5% resting length) and mounted on a silico rubber-coated dish
(Sylgard DowCorning, Midland, MI).

CTB-protocell treatment and NMJ labeling

In order to label recycling synaptic vesicles as they undergo
cycles of exo- and endocytosis, FM1-43 (Ex: 510 nm, Em: 626 nm;
Molecular Probes, Eugene, OR) was used. Tissue preparations
were incubated in Rees—Simpson solution containing 50 pg/ml
CTB-protocells and 5 pM FM1-43. The phrenic nerve was taken
into a suction electrode and stimulated using an A-M systems
2100 isolated pulse stimulator at 10 Hz (0.5 ms supramaximal
pulses with 67% duty cycle) for 1 h. Following a 15-min wash,
acetylcholine receptors at motor end-plates were fluorescently
labeled with Alexa Fluor 647-conjugated a-bungarotoxin
(Ex: 650, Em: 665 nm) (Invitrogen, Carlsbad, CA) to facilitate
visualization of NMJs.

Diaphragm NMIJs were visualized using a Nikon C1 confocal
microscope with a 40x (NA 0.8) water immersion lens at 3 pm
step size with simultaneous three-channel detection. A region of
interest (ROI) outlining the motor end-plate of each NMJ was
drawn from the maximum intensity projection in Nikon
Elements. Within this ROI, the protocell fluorescence intensity
was examined in each plane of the z-stack comprising the NMJ.
The mean fluorescence intensity for each motor end-plate was
measured and the background subtracted.

Neuromuscular transmission measurements

Neuromuscular transmission failure (NMTF) was assessed using
a previously described technique.??' Briefly, midcostal
diaphragm-phrenic nerve preparations (3-4 mm wide) were
pre-incubated with CTB-protocells (50 pg/ml) for 1 h in Rees—
Simpson solution. Subsequently, isometric twitch force (P,) and
maximum tetanic force (P,) were measured for each diaphragm
segment. To measure the rate of NMTF, the phrenic nerve was
stimulated (0.1-ms pulse at supramaximal intensity) using a suction
electrode at 40 Hz in 330-ms duration trains repeated each second for
a 2-min period. Every 15 s, direct muscle stimulation (via plate
electrodes; 1-ms supramaximal pulses at 40 Hz in 330-ms trains) was
superimposed. The relative contribution of NMTF to muscle fatigue
was estimated by the equation: NMTF = (F — MF)/(1 — MF), where
F is a percent decrement in force during repetitive nerve stimulation,
and MF is the percent force decrement during direct muscle
stimulation.

In vivo CTB-protocell treatment by intrapleural injections

Awake animals were lightly restrained (n = 3), and a 50-pul
Hamilton syringe was used to intrapleurally inject 50 ul of 1 ug/ul
CTB-protocells in the fifth intercostal space via transcutaneous
injection into the thoracic cavity (5-7 mm deep, from skin), as in
previous studies.”” Animals were monitored closely for signs of
respiratory compromise such as unintentional pneumothorax, but
none were evident.

CTB-protocell imaging

At 24 h post-injection, rats were euthanized, and following
transcardial fixation, a 5-10 mm segment of the phrenic nerve
(proximal to the diaphragm) was dissected, and the epineurium
was removed and immersed in 24% sucrose in PBS for
cryoprotection. Nerves were incubated in anti-neurofilament
(Millipore Sigma; Burlington, MA) to label axons, followed by
appropriate secondary antibody. Nerve segments were treated
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with graded alcohols and xylene, and coverslipped with DPX
mountant (Fluka; Sigma-Aldrich, St. Louis, MO). Confocal
fluorescence imaging of the nerve segment was performed using
a Nikon C1 confocal microscope with 20x 0.8 NA oil immersion
lens at 0.8 um step size. Confocal stacks of optical sections were
used to generate 3D reconstructions using Nikon Elements.

Statistical analyses

All statistical evaluations were performed using standard
statistical software (JMP 10.0, SAS Institute Inc., Cary, NC).
Differences between treatment groups were examined using
one-way analysis of variance, followed by Tukey—Kramer HSD
test when appropriate. Statistical significance was established at the
P < 0.05 level. All experimental data are presented as mean + SE,
unless otherwise specified.

Results
CTB-protocell uptake in motoneurons is energy dependent

Several proteins and enzymes are sensitive to temperature;
thus, active processes are decreased by lowered temperatures.”*
CTB-protocell uptake in motoneurons significantly decreased by
54% at 4 °C compared to 37 °C (Figure 1).

Energy dependency in the process of CTB-protocell internali-
zation was corroborated by cellular ATP pool depletion. ATP
depletion resulted in characteristic cell shape changes observed by
confocal images of motoneuron-like cells. These findings are
consistent with evidence that NaN; can disintegrate the actin
cytoskeleton and destroy microfilament bundles.”* ATP depletion
significantly reduced the uptake of CTB-protocells in
motoneuron-like cells after 1 h (59% reduction). Taken together,
these results indicate that CTB-protocells are internalized into
motoneurons via an energy dependent endocytosis mechanism.

CTB-protocell uptake in motoneurons is mediated by lipid rafts
and macropinocytosis

Confocal microscopy confirmed that CTB-protocells also
follow the lipid raft pathway previously reported for CTB.'!
50% of CTB-protocells co-localized with CTB at 1 h and 3 h of
incubation (Figure 2), suggesting that lipid rafts play a major role in
CTB-protocell uptake but are not the only endocytic mechanism.

Motoneuron-like cells were incubated with two different
endocytic inhibitors for 30 min before treatment with
CTB-protocells (Figure 3). Following pretreatment with amiloride,
(inhibitor of macropinocytosis),”> CTB-protocell uptake decreased
~60% after 1 h of treatment. A similar inhibition was obtained by
pre-treatment with MBCD (inhibitor of lipid rafts endocytosis).*®
In the presence of both amiloride and MPBCD, uptake of
CTB-protocells was completely abolished, confirming the role of
macropinocytosis and lipid raft pathways as the main endocytosis
mechanisms in motoneurons. Importantly, uptake of transferrin,
one of the best-characterized clathrin-dependent cargoes,27 was
unimpaired after amiloride and MBCD endocytosis inhibitor
co-treatment, verifying cell viability and effective endocytosis via
a different mechanism.
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Figure 1. Uptake of CTB-protocells in NSC-34 motoneuron-like cells. (A-C)
Representative images of cells treated with CTB-protocells for 1 h at 37 °C
(A), 4°C (B) or following ATP depletion with NaN; (I M) and
2-deoxy-D-glucose (0.6 M) (C). Bar, 10 pm. (D) Summary of intracellular
CTB-protocell uptake (relative to control; n > 100 cells from three
independent experiments). *, P <0.05 (ANOVA, F; 497 =96.11,
P < 0.001; post-hoc Tukey—Kramer).
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Figure 2. Intracellular uptake of CTB or CTB-protocells by NSC-34 motoneuron-like cells. (A and B) Representative confocal image (A) and superimposed
brightfield image (B) of CTB-protocells (red), CTB (green), colocalization (yellow) with nuclear stain (DAPI, blue). Bar, 10 mm. (C) Proportion of intracellular
CTB-protocells displaying colocalization with CTB following 1 and 3 h incubation (n > 75 cells from three independent experiments). CTB-protocells show
uptake via pathways shared with CTB (i.e., lipid rafts) but this is limited to 50%-60% of total uptake.
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Figure 3. Uptake of CTB-protocells in NSC-34 motoneuron-like cells treated with endocytosis inhibitors. (A-E) Representative images of cells incubated with
CTB-protocells and (A) vehicle, (B) amiloride (macropinocytosis inhibitor), (C) MBCD (lipid raft endocytosis inhibitor), (D) both amiloride and MBCD and
(E) transferrin plus amiloride and MBCD. Transferrin endocytosis (clathrin-mediated) is evident despite amiloride and MBCD treatment. Bar, 10 pm.
(F) Summary of intracellular CTB-protocell uptake (relative to vehicle control; >80 cells from three independent experiments). *¥, P < 0.05 (ANOVA,

F3395 = 76.48, P < 0.001; post hoc Tukey—Kramer).

In TEM images, membrane ruffling (extensions) was evident
engulfing large amounts of CTB-protocells (Figure 4), consistent
with macropinocytosis.”® Lipid raft microdomains, defined by
electron dense staining with OsO4 >’ displayed higher
CTB-protocell association than other membrane portions. These
imaging results are consistent with confocal imaging studies
indicating endocytosis of CTB-protocells in motoneurons is mainly
mediated by two mechanisms: lipid rafts and macropinocytosis.

CTB-protocells avoid endolysosomal pathways in motoneurons

Colocalization of CTB-protocells under conditions where cells
were continuously incubated (no change in medium) with

CTB-protocells (50 pg/ml), was studied. Minimal colocalization
(~10%) of CTB-protocells with protein markers for early
endosomes (EEA1) or lysosomes (LAMP1) was evident (Table
1), and this level of colocalization was unchanged up to 24 h. In
addition, a pulse-chase setup was used to investigate whether
continuous exposure to CTB-protocells impacted uptake.
Motoneuron-like cells were incubated with CTB-protocells for 1
h at a lower concentration (20 pg/ml) in order to facilitate tracing
intracellular CTB-protocells. Single confocal plane images at the
mid-nuclear region were superimposed to brightfield images for
these analyses (Figure 5). Colocalization of CTB-protocells with
the lysosomal stain LysoTracker was less than 20% at all time
points. Colocalization with early endosomes labeled by GFP was
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Figure 4. TEM images of NSC-34 motoneuron-like cells incubated with CTB-protocells for 3 h. Uptake of CTB-protocells via macropinocytosis is evident by
membrane ruffling (membrane extensions) around CTB-protocells (red box in (A), and (B)). Association of CTB-protocells with lipid microdomains (membrane
sections with increased electron density, arrows in yellow box, inset in (A) and (C)). Bar, 200 nm in (A), 100 nm in (B) and 50 nm in (C-D).

Table 1

Percent colocalization based on Mander’s coefficient.

Time Endosomes Lysosomes
1h 6.0 = 1.5% 2.7+ 1.8%
3h 10.6 £ 1.2% 9.3 +£0.9%
6h 9.6 £2.1% 11.3 £ 1.0%
24 h 9.0 £ 2.06% 7.1 £0.9%

n = ~300 cells from 2 independent experiments.

also lower than 20% until 6 h and increased to ~30% at 24 h. Taken
together, these data indicate that the majority of CTB-protocells do
not follow the typical endolysosomal pathway for degradation.
The localization of CTB-protocells in TEM images of
motoneuron-like cells collected after continuous treatment is
consistent with the results of the confocal studies. At all-time
points, CTB-protocells were visualized primarily as individual
particles in small membrane bound compartments or in the cytosol
(Figure 6). There was scant evidence of CTB-protocells inside
larger vesicle compartments such as late endosomes or lysosomes.

CTB-protocells are primarily found in the cytosol and
membranous lipid domains in motoneurons

Using a similar pulse-chase setup experiment, colocalization of
CTB-protocells with the ER (stained with ErTracker) or
lipid-driven membrane domains including the Golgi apparatus
(stained with Bodipy) was evaluated (Figure 5). Colocalization of
CTB-protocells differed over time across intracellular organelles
with greater CTB-protocell localization in the Golgi across time
and increasing in endosomes by 24 h. These results indicate that
CTB-protocells are directed to the Golgi apparatus as a major
membrane sorting station, consistent with previous reports for the
trafficking of compounds internalized via lipid raft endocytosis. "'

Intracellular CTB-protocell fluorescence remained mostly
unchanged between 1 h and 24 h of incubation, with a small
decrease in fluorescence by 6 h. A similar trend was evident for
Golgi colocalization. Results of fluorescence measurements over
time showed that the half-life of CTB-protocells in motoneurons is
2.6 + 0.2 days, indicating a slow exocytosis process consistent

with the intracellular pathways followed after lipid raft endocytosis
and macropinocytosis (Figure S1), which is expected to be
accompanied by protocell degradation via hydrolysis of the MSNP
core to form non-toxic silicic acid by-products.’® TEM images
confirmed the confocal imaging data and for up to 24 h of
incubation, CTB-protocells were found inside cisternae structures
consistent with Golgi or other lipid-driven membrane domains in
proximity to nuclei (Figure 6).

CTB-protocell uptake at axon terminals is not influenced by
electrical stimulation

Good visualization of both presynaptic and postsynaptic
structures was evident (Figure 7). FM1-43 uptake only occurred
with repeated nerve stimulation. In the absence of stimulation,
uptake was minimal. CTB-protocell fluorescence showed larger
punctate structures, suggesting their presence in structures other
than synaptic vesicles such as macropinosomes.*' Indeed, these
punctate structures were visualized at NMJs of hemi-diaphragms
with and without phrenic nerve stimulation and CTB-protocell
uptake did not change with phrenic nerve stimulation at the low,
physiological rate tested (10 Hz).

CTB-protocell uptake at motoneuron axon terminals does not
impair synaptic transmission

The effects of CTB-protocell treatment on synaptic transmis-
sion, measured as the extent of NMTF, are presented in Table 2.
There was no difference in the contribution of NMTF to muscle
fatigue with repetitive stimulation between control, untreated and
CTB-protocell treated diaphragm muscle-phrenic nerve prepa-
rations. There was also no change in contractile and fatigue
properties of the diaphragm muscle across groups.

CTB-protocell fluorescence is evident in the phrenic nerve after
in vivo intrapleural injection

Intrapleural CTB was previously shown to label phrenic
motoneurons in the cervical spinal cord by retrograde transport.**
As proof of concept, the presence of CTB-protocells was evaluated
in the phrenic nerve at 24 h after intrapleural administration.
CTB-protocell fluorescence was evident in all phrenic nerve whole
mounts (Figure 8; n = 3). In 3D reconstructions of the phrenic
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Figure 5. Distribution of CTB-protocells across intracellular NSC-34 motoneuron-like cells. (A-D) Representative confocal (left) and superimposed brightfield
images (right) after 1 h treatment with CTB-protocells and organelle labeling for lysosomes (A), endosomes (B), ER (C) or Golgi (D). Bar, 20 pm. (E) Summary
of CTB-protocell colocalization with different organelles (two-way ANOVA, Fi5 959 = 10.04, P < 0.0001; post hoc Tukey—Kramer, P < 0.05; *, different from
other time points; T, different from other organelles at same time point). n=>75 cells from three independent experiments.

CTB-protocell colocalization per
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Figure 6. TEM images of intracellular CTB-protocells in NSC-34 motoneuron-like cells. Note CTB-protocells are visualized as individual particles in the cytosol
(red boxes and inset in A (B) and C) as well as small membrane bound compartments (arrows, consistent with early endosomes or Golgi). Also note lack of

localization in larger vesicle compartments (e.g., late endosomes or lysosomes).

nerve, CTB-protocells were closely associated with axonal
neurofilament immunoreactivity throughout the entire thickness
of the phrenic nerve, indicating uptake and retrograde transport by
motoneuron axons in vivo.

Discussion

CTB-protocells represent a novel drug delivery system to
motoneurons that can engage biological retrograde pathways not
easily reached with untargeted delivery methods. Understanding
the mechanisms responsible for cellular uptake and the associated
intracellular pathways involved in trafficking of CTB-protocells
provides novel insight into the selection of drugs for therapeutic
delivery to motoneurons (both in heath and disease). The cytosolic
availability of CTB-protocells and avoidance of lysosomal
degradation fulfill an important medical need of targeted vehicles
that can load different cargoes for the treatment of neuromuscular
disorders, given that current treatments are limited and hindered by
bioavailability and off-target effects.**** The proof-of-concept
information showing that intrapleural (and thus possibly systemic)
administration of CTB-protocells harnesses retrograde axonal
transport mechanisms in motoneurons provides exciting new
directions for CTB-protocells as a drug delivery system.

Endocytosis of CTB-protocells in motoneurons

Endocytosis occurs via various mechanisms and in moto-
neurons can take place at the dendrites, cell bodies, and axons.
We examined endocytosis both in cultured NSC-34
motoneuron-like cells and at NMJs of rat diaphragm

muscle-phrenic nerve preparations. The NSC-34 cells share
endocytosis mechanisms with motoneurons in vivo,**>> and in a
previous study, NSC-34 cells have been useful in understanding
receptor trafficking within motoneurons.?> Furthermore, GM1
ganglioside is expressed by NSC-34 cells and motoneurons in
vivo,” and thus NSC-34 cells are ideal to study the internalization
and intracellular pathways of CTB and CTB-protocells.
CTB-modified protocells were previously reported to show
uptake by cultured motoneurons and axon terminals in a
selective manner, compared to unmodified protocells.® Consis-
tent with the targeting to motoneurons following modification
with CTB, CTB-protocells showed extensive, but not exclusive,
colocalization with CTB. Previous studies also support the
targeting to motoneurons with systemic CTB administration.

Pathways involved in endocytosis are energy dependent.
Indeed, we found generally similar effects on CTB-protocell
uptake in studies conducted at low temperature and following
ATP depletion (~60% decrease). Low levels of residual
nanoparticle uptake are still observed at temperatures and
chemical exposures supporting cell viability.?”**

CTB uptake by cells is known to reflect interactions with lipid
domains rich in GM1 gangliosides.? Consistent with the CTB
internalization pathway, inhibition of lipid rafts endocytosis by
MPBCD decreased the CTB-protocell uptake in 40%. MBCD is a
cyclic oligomer of glucopyranoside that inhibits
cholesterol-dependent endocytic processes by reversible extract-
ing the steroid out of the plasma membrane.*’ The colocalization
of some CTB-protocells with CTB and the inhibition of half of
the CTB-protocell uptake by disruptors of lipid rafts, confirm
that indeed some CTB-protocells follow the CTB endocytic
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Figure 7. Representative maximum intensity projection confocal micrographs
of diaphragm NMJs. Diaphragm muscle-phrenic nerve preparations were
incubated (A) in the absence of electrical stimulation and (B) with 1 h of
repetitive electrical nerve stimulation (10 Hz, 0.1 ms, 300 ms trains repeated
every s). (C) Average CTB-protocell fluorescence per NMJ (n = 90 NMJs
per stimulation group from 3 preparations for each condition).

pathway, but also imply the existence of another endocytic
mechanism. Given that macropinocytosis a highly present process
in neurons,*' it is more likely that other particles such as viruses
and nanoparticles, hijack the machinery involved in macropino-
cytosis to gain cell entry.*>** Inhibition of macropinocytosis with
amiloride (an inhibitor of Na/H exchange at the cell surface),**
decreased the uptake of CTB-protocells by ~60%. Furthermore,
co-incubation of CTB-protocells with both inhibitors (amiloride
and MPCD) completely blocked the CTB-protocell uptake,
indicating that CTB-protocells are using lipid rafts and macro-
pinocytosis as a primary entry mechanism and its uptake is not
occurring by passive mechanisms. Cell viability after chemical

Table 2
Neuromuscular transmission failure (NMTF) and isometric contractile and
fatigue properties following CTB-protocell treatment.

Group NMTF Specific P, Specific P, P/P,

(%) (N*cm™2) (N*cm™2)
Control 584+84 561+046 17.1+1.03 0.33+0.02
CTB-protocells 583 £84 554+046 174+1.03 0.32+0.02

Diaphragm muscle-phrenic nerve preparations and diaphragm muscle strips
were obtained from » = 3 animals per group. Data are mean + SE.

inhibitor treatments was confirmed by un-impairment of transferrin
endocytosis, a molecule internalized by clathrin endocytosis.

Although the use of chemical inhibitors reveals molecular
components required for CTB-protocell internalization, they
could have indirect effects that may influence another process in
the cell.*> To overcome these limitations, TEM images were
used to observe how CTB-protocells interact with motoneuron
membranes. Images showed distinctive characteristics of
CTB-protocells being endocytosed by lipid rafts (CTB-proto-
cells interaction with membrane electron dense staining) and
macropinocytosis (membrane ruffling engulfing a large amount
of CTB-protocells).?**¢

Intracellular trafficking pathways in motoneurons

Intracellular pathways are dictated by the endocytosis
mechanisms.® After lipid raft endocytosis, the CTB intracellular
distribution is known to follow a retrograde pathway and travels
from an early endosome through the trans-Golgi network.'" The
pathway of macropinosomes depends on the cell type. For example
in macrophages, macropinosomes become acidified and then
completely merge into the lysosomal compartment,47 while in
other cells although the pH decreases, macropinosomes do not fuse
into lysosomes and can become “leaky” vesicles.** In a continuous
exposure of CTB-protocells to motoneuron-like cells up to 24 h,
there was minimal colocalization of CTB-protocells with endo-
somes (EEA1) and lysosomes (LAMPI). Since fluorescent
colocalization studies using confocal microscopy have limited
spatial resolution, we also used TEM images to confirm intracellular
CTB-location. TEM images did not show CTB-protocells in double
membrane vesicles, usually recognized as lysosomes or late
endosomes. In addition, to analyze a small window of uptake
events (1 h) instead of continuous treatment, we used a pulse-chase
setup yielding similar consistent results in terms of CTB-protocell
subcellular localization. The general larger colocalization with
membranous lipid domains and the Golgi apparatus observed in
confocal and TEM images compared to other organelles is
consistent with its role as a membrane sorting station of lipid raft
microdomains. ** In neurons, the Golgi is not only important in the
trafficking of ion channels, receptors, and other signaling
molecules, but also mediates transport of exogenous molecules by
retrograde and trans-synaptic pathways. > Lipid raft endocytosis is
usually a nonacidic and nondigestive route of internalization,>' and
lipid binding toxins, such as CTB, are transported via the Golgi to
the endoplasmic reticulum.'’ Therefore, it is most likely that the
CTB-protocells internalized through lipid raft microdomains would
travel to the Golgi complex. Consistent with CTB-protocells taking
a retrograde pathway, CTB-protocells show promise as a platform
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Figure 8. Evidence of CTB-protocell fluorescence after intrapleural
injections. Representative 3D reconstruction of a phrenic nerve (axons
labeled with neurofilament; blue) from an animal injected with CTB-proto-
cells (n =3 animals). CTB-protocells (red) were evident throughout the
entire confocal stack.

to target the Golgi complex and regulate Golgi fragmentation in
motoneurons with neurodegenerative diseases.”® Also, TEM
images showed a large portion of CTB-protocells free in the
cytosol, thus CTB-protocells could also serve as a delivery platform
to target cell membrane impermeable cargoes that will be available
when delivered to the cytosol and that don’t need to be activated by
trafficking to specific organelles (e.g., lysosomes if activated at low
pH). Change in incubation time did not influence localization of
CTB-protocells which suggests that the binding of CTB-protocells
to the plasma membrane is a fast process (<1 h), but the
internalization mechanism is a continuous process that could be
regulated by the frequency of the different endocytic pathways. For

instance, lipid rafts associated with caveolae (mechanism for
cholera endocytosis) are usually small in size and slowly
internalized,™ while macropinosomes are relatively large consti-
tuting an efficient route for the nonselective endocytosis of solutes
from the extracellular fluid. CTB-protocell exocytosis was shown to
be a slow process consistent with intracellular trafficking
subsequent to internalization via macropinocytosis and lipid
rafts. Indeed, CTB-protocells trafficked to the Golgi apparatus
would be expected to be trapped in secretory vesicles for longer
times.>* Furthermore, nanoparticles that translocate into the
cytoplasm show reduced exocytosis compared those in an
endo-lysosomal pathway. >

Activity dependent uptake of CTB-protocells

The dynamic exchange of the neuronal membrane occurs
primarily at axon terminals and plays an important role in multiple
pathways controlling cellular homeostasis, motility and survival.>®
Activity-dependent membrane cycling occurs in response to
axonal discharge and the endocytic events following synaptic
vesicle release depend on stimulation frequency.'> Under low,
physiological stimulation frequencies, synaptic vesicle pools are
recycled back by clathrin mediated endocytosis. 1457 The lack of
activity-dependent uptake of CTB-protocells at NMJs is consistent
with clathrin-mediated endocytosis not participating in
CTB-protocell uptake. The nature and molecular components of
other modes of synaptic vesicle recycling and the underlying
mechanisms remain a matter of debate.'> However, some studies
suggest that sustained stimulations will elicit activity-dependent
bulk endocytosis of extensive membrane patches.’” The possible
impact of such stimulation on CTB-protocell uptake remains
undetermined. Importantly, CTB-protocell uptake at axon termi-
nals did not affect synaptic transmission, consistent with the lack of
uptake via mechanisms used for synaptic vesicle retrieval.
Furthermore, the lack of non-specific effects on synaptic function
and transport via retrograde axonal mechanisms provide important
proof-of-principle information towards therapeutic application of
CTB-protocells in motoneurons.

Understanding cell physiological properties and mechanisms
by which motoneurons interact with nanoparticles will allow
improving the design of drug targeting therapy. Mechanisms of
CTB-protocell endocytosis (lipid raft and macropinocytosis) and
the subsequent intracellular trafficking pathways are dictated by
the surface motoneuron targeting ligand CTB, the size of
CTB-protocells and the main endocytic pathways present in
motoneurons. The localization of CTB-protocells in the cytosol
and in the Golgi apparatus suggests that CTB-protocells can
effectively deliver cargo intracellularly and take a “retrograde”
trafficking pathway. These studies support the utility of
CTB-protocells as a motoneuron targeting therapeutic platform
to engage biological pathways not readily accessible with
untargeted delivery methods.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nan0.2018.01.002.
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