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Abstract

One of the goals of nanomedicine is targeted delivery of therapeutic enzymes to the sub-cellular
compartments where their action is needed. Endothelial caveolae-derived endosomes represent an
important yet challenging destination for targeting, in part due to smaller size of the entry aperture
of caveolae (ca. 30-50 nm). Here, we designed modular, multi-molecular, ferritin-based
nanocarriers with uniform size (20 nm diameter) for easy drug-loading and targeted delivery of
enzymatic cargo to these specific vesicles. These nanocarriers targeted to caveolar Plasmalemmal
Vesicle-Associated Protein (Plvap) deliver superoxide dismutase (SOD) into endosomes in
endothelial cells, the specific site of influx of superoxide mediating by such pro-inflammatory
signaling as some cytokines and lipopolysaccharide (LPS). Cell studies showed efficient
internalization of Plvap-targeted SOD-loaded nanocarriers followed by dissociation from caveolin-
containing vesicles and intracellular transport to endosomes. The nanocarriers had a profound
protective anti-inflammatory effect in an animal model of LPS-induced inflammation, in
agreement with the characteristics of their endothelial uptake and intracellular transport, indicating
that these novel, targeted nanocarriers provide an advantageous platform for caveolae-dependent
delivery of biotherapeutics.
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Introduction

Nanocarrier structure, payload, targeting and other elements must be assembled in a
mutually agreeable way [1-3]. Targets with limited access represent a special case in this
context. On the one hand, carrier miniaturization helps enable an access to such targets. On
the other hand, the smaller the carrier, the more challenging to attain needed payload and
configure carrier’s elements in a spatially optimal fashion on nanometer scale [4].

Caveolae are flask-shaped invaginations formed in cholesterol-rich domains of the plasma
membrane, decorated on the cytosolic side by the caveolins, cavins and other proteins [5].
They are found in diverse cell types and are especially abundant in the pulmonary
endothelium [6,7]. Caveolae exert transporting and regulatory functions [8] and represent an
important, intriguing target for drug delivery [9-12] in conditions including inflammation
and tumors [13].

Plasmalemmal Vesicle-Associated Protein (Plvap/PVI) is an endothelial glycoprotein
involved in control of vascular permeability, leukocyte traffic and other functions [14]. In the
lungs and Kkidneys it localizes predominantly in caveolae and endothelial fenestrae,
respectively [15,16].

Antibodies and other ligands of caveolar determinants including Plvap are being explored
for endothelial drug targeting [17]. They accumulate in the lungs after intravascular injection
[9,11,17,18]. However, caveolae represent a classical example of a target with limited access
[19]. The internal diameter of caveolae stomata aperture is considered to be less than 30 nm
[15]. Nanoparticles of larger size coated by the caveolar ligands are therefore unable to
access Plvap [18].

Ferritins are a family of proteins responsible for the oxidation and storage of iron in all
kingdoms of life [20]. The ferritin oligomeric complex consists of two dozen paired alpha-
helical bundle monomers, which, depending on pH, ionic strength and other conditions
reversibly assemble into a symmetrical hollow particle with mean diameter of 10-12 nm,
interior cavity of 8nm and narrow size distribution [20]. These features, as well as
amenability to chemical and recombinant modification, make the ferritin oligomeric
complexes potentially versatile carrier platforms for diverse drug delivery and imaging
purposes [21,22]. The size of ferritin particles may also provide advantages in targeting to
sites with limited accessibility including caveolae. Here, we utilized thermophilic ferritin
that exists in reversible disassembled state in low salt conditions and assembles into the
molecular cage in high salt [23] allowing easy loading of sensitive drugs such as
biotherapeutics (i.e. enzymes) in physiological conditions without affecting their catalytic or
other properties.

Lipopolysaccharide (LPS) and some cytokines [24] bind to receptors in the cholesterol-rich
domains of cell membrane, internalize via caveolar endocytosis and ignite an influx of
superoxide in endosomal lumen [25], leading to pathological activation of cells [26,27].
Targeting superoxide dismutase (SOD) to caveolae may intercept this pathway [28],
providing anti-inflammatory effects [25,29].
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Here we designed ferritin nanocarriers assembled to carry both Plvap antibody and SOD in a
distinct, spatially controlled manner and studied their targeting, cellular localization and
therapeutic activity.

2. Materials and methods

2.1. Reagents and antibodies

Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), fetal bovine serum,
lipopolysaccharide (LPS) from £. coli055:B5, and ferritin form horse spleen were
purchased from Sigma (St. Louis, MO). Cu, Zn-SOD from bovine erythrocytes (dimer, 32.5
kDa) is from Calbiochem (San Diego, CA), 4-[ NV -maleimidomethyl] cyclohexane-1-
carboxylate (SMCC), N-succinimidyl-S-acetylthioacetate (SATA) were from ThermoFisher
Scientific (Grand Island, NY). Monoclonal antibody MEC13.3 towards murine Platelet
endothelial cell adhesion molecule (PECAM) was from BD Biosciences (San Jose, CA).
MECA32 hybridoma was obtained from the Developmental Studies Hybridoma Bank
(developed under the auspices of the NICHD and maintained at the University of lowa,
Department of Biology, lowa City, 1A 52242). Cells were grown in serum-free PFHM-2 and
antibody to murine PV1/PLVAP was purified using Protein G-Sepharose 4 Fast flow. For
Western blot analysis (WB) and immunocytochemistry (ICC) the following antibodies were
used: goat polyclonal anti-mouse vascular cell adhesion molecule-1 (VCAM-1) and anti-
mouse PECAM-1 (Santa-Cruz Biotech., Dallas, TX), anti-beta-actin, conjugated to HRP,
rabbit polyclonal anti-EEA-1 (Cell Signaling), rabbit monoclonal anti-caveolin-1, anti-
LAMP-2a, anti-giantin, anti-interleukin 1 beta (Abcam, Cambridge, MA). The secondary
antibodies, anti-goat-HRP were from Santa-Cruz, whereas chicken anti-rabbit Alexa Fluor
488 labeled, goat anti-rat Alexa Fluor 488 or 594 labeled were from Invitrogen
(ThermoFisher Scientific), chicken anti-goat Alexa Fluor 647 labeled were from Life
Technologies Molecular Probes (ThermoFisher Scientific).

2.2. Thermophilic ferritin expression and purification

Wild type (WT) thermopbhilic ferritin (tF) from 522 base pairs (bp) Archaeoglobus fulgidus
gene AF 0834 (i.e. tF) was expressed and purified as previously published, with minor
modifications [23,30]. The assembled ferritin nanocage is characterized by relatively large
(4.5 nm) pores and an 8-nm diameter internal cavity [30,31]. The plasmid coding for WT tF
was purchased from DNA 2.0. The plasmid coding for cysteine-containing tF1iC (mutation
E131C) was generated using the Quik Change site-directed mutagenesis kit (Stratagene/
Agilent) using the following primers purchased from Integrated DNA Technologies:

forward (5'-3"): GTACGTTGCTGAACAAGTGTGCGAGGAAGCGAGCGCCCTG.
reverse (5'-3"): CAGGGCGCTCGCTTCCTCGCACACTTGTTCAGCAACGTAC.

Plasmids were transformed into £. co/i BL21-CodonPlus(DE3)-RP cells and cultured
overnight with shaking at 30 °C in Luria-Bertani medium, supplemented with 100 pg/mL
ampicillin and 35 pg/mL chloramphenicol. Cultures were then transferred to 1 L Terrific
Broth supplemented with 100 pg/mL ampicillin and 35 w/mL chloramphenicol and grown
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with shaking at 37 °C until ODggg ~0.8. Expression was induced with 1 mM isopropy! p-
p-1-thiogalactopyranoside (IPTG) for 4 h with shaking at 37 °C.

Cell lysis was done via treatment with lysozyme for 30 min at room temperature, followed
by sonication. Cellular debris were removed by centrifugation (30 min, 6 krpm, 4 °C). The
resulting supernatant was treated with DNase for 15 min at room temperature, followed by
heat shocking for 10 min at 80 °C. Precipitated proteins were removed by centrifugation (60
min, 9 krpm, 4 °C). The supernatant containing tF or tF1iC was concentrated, buffer
exchanged (20 mM sodium phosphate, 2.5 M NaCl, 2 mM EDTA, pH 7.6), and filtered with
a 0.22 um syringe filter. Final purification was done via size exclusion chromatography,
using a HiLoad 16/60 column connected to an AKTA FPLC and equilibrated with 20 mM
sodium phosphate, 800 mM NaCl, pH 7.6. Concentration was determined by Bradford assay,
using bovine gamma globulin as a standard. SDS-electrophoresis of both WT tF and tF1iC
showed the major protein band of expected sizes of 21-22 kDa (Suppl. Fig. S3). Protein
purity was estimated to be >95%. Multiple protein preparations were used for the
experiments presented below.

2.3. SOD iodination, labeling with fluorophore, and activity

In some experiments SOD was either fluorescently labeled with Alexa Fluor 488 or
iodinated with 123] before conjugation to tF1iC. Alexa Fluor 488 NHS ester (Molecular
Probes, ThermoFisher) was used to fluorescently label SOD. AF488-SOD was used for
confirmation of introducing SOD inside thermophilic ferritin particles. For /in vivo
biodistribution studies the enzyme was radiolabeled with Nal25| (PerkinElmer) using Pierce
lodination Beads (Thermo Scientific, Rockford, IL) as recommended by the manufacturer.
Free | was removed by Zeba Micro Spin Desalting Columns (Thermo, Rockford, IL). SOD
catalytic activity was measured by cytochrome ¢ assay [32].

2.4. Two approaches for preparation of multimolecular ferritin conjugates with antibodies

and SOD

We have pursued two principal approaches, described in detail below. In the first approach,
antibody and SOD were conjugated to the external surface of mammalian Ft from horse
spleen, producing (Ab + SOD)/Ft. In the second approach SOD was encapsulated in the
inner cavity of the mutant form of tF, containing a single cysteine residue per subunit facing
towards the inside of the cavity of the assembled ferritin nanocage (tF1iC). This conjugate
was designated Ab/(Ft/SOD).

2.4.1. Mammalian ferritin conjugation to enzyme drug and antibody—
Heterobifunctional crosslinkers SATA and SMCC were used for conjugation of antibody and
SOD to horse spleen Ft as described earlier [33]. SATA was added at 1:5 M ratio of antibody
or SOD to SATA for 30 min at rt. SATA was then de-protected using 10% 0.5 M
hydroxylamine for 2 h at room temperature. Ft was added at 1:150 M ratio of Ft (based on Ft
24-mer molar concentration) to SMCC for introducing maleimide groups. Antibody and
SOD conjugation to Ft was carried out at 1:10 M ratio of Ft to mixture of antibody and SOD
for 1 h at room temperature. Unbound reagents were removed by desalting columns. The
nanocarriers were purified by size-exclusion high-performance liquid chromatography
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(SEC-HPLC) using BioSep SEC-s3000 column (Phenomenex, Torrance, CA). The samples
were purified by isocratic method with PBS pH 7.4 to remove free antibody [33]. For
experiments with drug-free ferritin nanocages, antibodies were conjugated to ferritin in the
absence of SOD.

2.4.2. Thermophilic ferritin drug-loading—Preparation of thermophilic ferritin
containing single inward-looking cysteine tF1iC loaded with SOD and conjugated with
appropriate antibody for targeting was performed in three steps (Fig. 1). First, tF1iC was
transferred from high salt (1 M NacCl) to phosphate-buffered saline (PBS, 0.15 M NaCl).
tF1iC (10mg/mL) was reduced in the presence of 20 mM freshly prepared TCEP (tris(2-
carboxyethyl)phosphine), 0.5mM EDTA, pH 7.5 for 1 h at room temperature. SOD (94 uM)
was modified by SMCC at molar ratio SOD:SMCC 1:12 also for 1 h at room temperature.
Unreacted reagents were removed from both proteins by desalting columns. Then reduced
tF1iC and maleimide-SOD were mixed at molar ratio tF:SOD 2:1 (considering molar
concentration of tF monomer) and conjugation was performed for 1 h at room temperature.
The mixture was then transferred to 1 M NaCI/PBS to allow the assembly of the tF
nanocage. Unbound SOD was removed using FPLC (see detailed FPLC description below)
and tF1iC/SOD was concentrated to approximately 1-1.2 mg/mL of protein as assayed by
the Lowry method.

2.4.3. Thermophilic ferritin crosslinking—In the second step tF1iC was crosslinked
to preserve nanocage configuration and to prevent tF disassembling upon its transfer to PBS.
Crosslinking was performed using BS(PEG)5 (bis-N-succinimidyl-(pentaethylene glycol))
ester (Thermo). Optimal conditions for effective cross-linking were confirmed in
preliminary experiments. Purified and concentrated tF1iC was transferred into 1 M NaCl/50
mM HEPES, pH and BS(PEG)5 was added at molar ratio tF:crosslinker 1:5 for 30 min at
room temperature. Crosslinked tF1iC/SOD was separated from unreacted crosslinker and
transferred into PBS.

2.4.4. Conjugation of thermophilic ferritin to antibody—As a final step of
antibody-tF1iC conjugate preparation antibodies were conjugated to cross-linked tF1iC/SOD
using amino-based chemistry described earlier [29]. Maleimide groups were introduced into
tF using SMCC at a molar ratio tF:SMCC 1:12, while protected sulfhydryl groups were
introduced in antibody molecules by SATA at a molar ratio Ab:SATA 1:6. After deprotection
of sulfhydryl groups on the antibody the conjugation reaction between tF and antibody (Ab)
was performed at equimolar Ab:tF (one IgG per tF monomer) ratio for 1 h at room
temperature. Unreacted antibodies were removed by FPLC as described below. Final
preparation of Ab/tF1iC/SOD was characterized by SDS-electrophoresis in Tris-glycine (for
middle-sized proteins; Mini-Protean TGX gel, 4-15%, Bio-Rad) or Tris-acetate (for large
protein assemblies; NUPAGE 3-8%, Invitrogen) systems as well as dynamic light scattering
(DLS), transmission electron microscopy (TEM), and cytochrome ¢ assay for SOD activity.
In some experiments SOD was labeled with Alexa Fluor 488 or iodinated with 1251 before
conjugation to tF1iC. For experiments with drug-free Ft nanocages antibodies were
conjugated to crosslinked WT ferritin without preliminary SOD loading.
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2.4.5. Analytical size exclusion chromatography and fluorescence
measurements—Samples of tF1iC-SOD labeled with Alexa Fluor 488 were analyzed on
a Superdex200 10/300 GL column equilibrated with 1 M NaCl PBS and connected to an
AKTA FPLC. Samples were analyzed at 4 °C in the dark, with a flow rate of 0.5mL/min.
Fractions were collected and analyzed by steady-state fluorescence using a Varian Cary
Eclipse fluorescence spectrophotometer using a 100 uL quartz cuvette. The excitation
wavelength used was 496 nm, with a scan rate of 30 nm/min, and a PMT voltage of 600 or
800 V, depending on the sample concentration.

2.5. Transmission electron microscopy

Ft particles were applied on a TEM grid (Formvar Film 200 mesh; Electron Microscopy
Sciences, Hartfield, PA) followed by negative staining with 2% (w/v) uranyl acetate. Images
were taken using JEM-1010 Transmission Electron Microscope (JEOL USA, Inc., Peabody,
MA). Magnification of 200,000x was used for particle visualization.

2.6. Dynamic light scattering

The effective diameter of the prepared particles was measured by DLS using a Zetasizer
Nano ZSP (Malvern Instruments Ltd., Malvern, UK). The measurements were done at 25 °C
using 2 min as an equilibration time.

2.7. SDS-polyacrylamide gel electrophoresis and Western blotting

Lung tissue was homogenized in PBS supplemented with protease inhibitor cocktail using a
TissueLyser Il (Qiagen, Valencia, CA) with 5-mm stainless steel bead for 6 min at 30 Hz.
Next, cells were lysed after addition of lysis buffer (0.5% Triton X-100, 0.5% SDS, final
concentrations) for 1 h at 4 °C while slow rotating. Samples were sonicated with Sonic
Dismembrator 60 (Fisher) and centrifuged at 16,000xg for 10 min. Total protein
concentration was measured in the supernatant by the Lowry assay. Samples were mixed
with sample buffer for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then were
subjected to 4-15% gradient SDS-electrophoresis. Gels were transferred to PVDF
membrane (Millipore), and the membrane was blocked with 3% nonfat dry milk in TBST
(100 mM Tris (pH 7.5), 150 mM NacCl, 0.1% Tween 20) for 1 h followed by incubations
with primary and secondary antibodies in the blocking solution. The blot was detected using
ECL Plus reagents (GE Healthcare).

2.8. Cell experiments

2.8.1. Cell culture—Murine endothelial cells bEnd3 were obtained from ATCC
(Manassas, VA) and were grown in DMEM with 10% fetal bovine serum and antibiotic/
antimycotic. For microscopic studies bEnd3 cells were grown on microscope 12-mm glass
coverslips, treated with 1% gelatin.

2.8.2. Cell internalization studies—For internalization studies bEnd3 cells were

treated with Plvap-directed Ab/(Ft/SOD) at 37 °C in complete medium for indicated time.
Cells were stained as described [34]. Briefly, cells were washed three times with PBS, and
fixed with ice-cold 2% paraformaldehyde for 15 min at rt. First, cells were incubated with
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Alexa Fluor 594-labeled goat anti-rat IgG (MECAS32 clone is a rat IgG2a monoclonal
antibody) (reference) for 1 h at rt. Unbound antibodies were washed, and cells were
permeabilized with 0.2% Triton X-100 for 15 min. Next permeabilized cells were stained
with Alexa Fluor 488 goat anti-rat 1gG for 1 h at room temperature. Samples were washed
and mounted using ProLong Gold antifade reagent with DAPI (Invitrogen). Fluorescence
images (slices of 0.3 um) were acquired using a confocal laser scanning microscope Leica
TCS-SP8 (Leica, Germany) using HC PL APO CS2 63x/1.40 Qil objective and 488/552/638
lasers. Single-labeled conjugates (appeared as green) were considered as internalized while
double-labeled conjugates (appeared as yellow) were considered to be extracellular.
Microscope control and image processing were carried out using Image-Pro Plus 4.5.1.27
(Media Cybernetics, Bethesda, MD, USA) as described earlier [35]. Whole cell
reconstructed 3D images were split using ImageJ. Each slice was analyzed separately, and
the internalization rate was summarized and calculated for each field. At least three fields for
each condition were analyzed. Internalization rate was calculated as ratio of voxels that have
both particle signal and organelle marker to total particle-containing voxels and expressed as
% internalization. Internalization rate was normalized to initial time (t = 0). Kinetics were
analyzed by GraphPad Prism software (La Jolla, CA) using binding kinetics with ‘one phase
exponential decay’ model.

2.8.3. Intracellular co-localization studies—Cells were grown on 1% gelatin-coated
glass coverslips. After incubation with Ft nanocages, cells were washed, fixed with ice-cold
2% paraformaldehyde for 15 min and permeabilized with 0.2% Triton X-100 for 15 min
prior to staining with antibodies. Conjugates were stained with Alexa Fluor 594-labeled goat
anti-rat 19gG. Rabbit antibodies to caveolin-1, EEAL, LAMP-2a., or giantin were used to
stain caveolae, endosomes, lysosomes, or Golgi apparatus, respectively. After washing cells
were visualized by Alexa Fluor 488-labeled chicken anti-rabbit secondary antibodies.
Finally, samples were mounted using ProLong Gold Antifade Reagent with DAPI
(Molecular Probes, ThermoFisher). In case of triple staining of Plvap, PECAM, and giantin
in addition to rat anti-Plvap and rabbit anti-giantin antibodies we used goat polyclonal
antibody to PECAM followed by Alexa Fluor 647-labeled chicken anti-goat secondary
antibody. Co-localization studies were performed on a confocal laser scanning microscope
Leica TCS-SP8 (Leica, Germany) using HC PL APO CS2 63x/1.40 Oil objective and
488/552/638 lasers. Images were processed and Manders’ Overlap Coefficient (MOC) [36]
was calculated using Volocity 6.3 Cellular Imaging & Analysis.

2.9. Biodistribution of antibody-ferritin particles in vivo

Animal experiments were performed according to the protocol approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Pennsylvania. 112>-SOD
(10mol%) was used to prepare 1125-labeled Ab-Ft-SOD nanoparticles and were injected 1V
(10 pg of SOD) in normal C-57BL/65 mice (The Jackson Laboratory, Bar Harbor, ME) via
tail vein. After 1 h, the internal organs were harvested, rinsed with saline, blotted dry, and
weighed. Tissue radioactivity in organs and 100-pl samples of blood was determined in a
Wallac 1470 Wizard™ gamma counter. The percentage of injected dose in an organ (%I1D)
measures the total amount of Ab uptake in an organ, showing biodistribution and
effectiveness of Ab uptake.
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2.10. Endotoxemia model in mice

The set of /n vivo experiments was conducted in accordance with the guidelines approved by
the Institutional Animal Care and Use Committee at University of Pennsylvania and was
performed on 6-8-week-old male C57BL/6 mice (20-25 g). Ab/SOD conjugates were
injected 15 min prior LPS (2.0 pg/kg) via tail vein [29]. 5 h after LPS challenge lungs were
perfused with PBS and harvested. VCAM-1 expression was analyzed by Western blot.

2.11. Statistical analyses

All values were expressed as means + SD. For comparison of two groups, statistical
significance was estimated by Student's #test, where P < 0.05 was considered significant.

3. Results

3.1. Molecular design and features of two configurations of ferritin nanocarriers
conjugated with antibody and SOD: (Ab + SOD)/Ft and Ab/(Ft/SOD)

We designed two types of tri-molecular conjugates of ferritin with an affinity ligand (anti-
Pvlap antibody, Ab, or appropriate control IgG) and enzyme cargo (SOD).

In the first iteration, designated as (Ab + SOD)/Ft, both SOD and Ab were conjugated to the
outer surface of Ft particles (Suppl. Fig. S1). This did not change appearance in TEM of
negatively stained Ft nanoparticles typical of mammalian Ft assembly [33] (Suppl. Fig. S1,
a-e). DLS showed that the size of Ab/(Ft + SOD) was ~ 25 nm, whereas the size of intact Ft
particle was ~ 12 nm (Suppl. Fig. S1, f-h).

In the second iteration, designated as Ab/(Ft/SOD), Ab and SOD were selectively
conjugated to the outer and inner surface of the Ft particle, respectively. To achieve this, we
used a mutant form tF1iC. This enables site-specific conjugation of cargo inside the Ft
nanocage. Assembly and disassembly of tF is controlled by ionic strength [37], which
enables facile encapsulation of useful enzyme cargo within the protein interior in
physiological conditions [31,38,39].

This approach yields a formulation with spatially distinct localization of Ab and SOD at the
outer and inner surfaces of the particles, respectively. Conjugation of fluorescently labeled
SOD (AF488-SOD) to tF1iC was confirmed by SDS-PAGE (Fig. 2A), FPLC (Fig. 2B), and
spectroscopic analysis (Fig. 2C and D). SDS-PAGE confirmed that maleimide-SOD (15 kDa
band) and reduced ferritin (22 kDa band) formed conjugates (major 35 and minor 50 kDa
bands). FPLC allowed clear separation of 450-kDa Ft nanocages and 31-kDa unbound SOD
(Fig. 2B). It’s of note that tF1iC/SOD nanocage run the same way as original tF1iC
nanocage indicating that SOD conjugation does not change the overall size of Ft particles
that was also confirmed by DLS analysis.

Following fluorescence measurements of both peaks (Fig. 2C and D) it was confirmed that
Ft peak did contain AF488-SOD (i.e. tF1iC/SOD). The yield of the SOD-ferritin conjugation
was estimated ca. 2.2 SOD molecules per 24-mer ferritin nanocage based on the level of the
labeled SOD in tF1iC/SOD peak. Obtained tF1iC/SOD conjugates were in disassembled
state at low salt (Fig. 3A), yet assembled in 24-mer particles at high-salt buffer (Fig. 3B).
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Crosslinking the particles using BS(PEG)s was performed to stabilize their structure at both
high (Fig. 3C) and low ionic strength (Fig. 3D). Moreover, SDS-PAGE shows that the
complex was stable even in denaturing conditions (Fig. 3E). The size of the particles was
about 15nm (Fig. 4B).

Crosslinked tF1iC/SOD was further used for nanocarriers coated with anti-PLVAP or rat
IgG2a isotype control. Conjugation was performed at IgG:Ft monomer equimolar ratio (i.e.
24 1gG per crosslinked nanocage) and confirmed by 3-8% gradient NUPAGE in Tris-acetate
non-reduced gel electrophoresis (Fig. 4A). Unconjugated antibodies were removed by FPLC
and the resulting purified Ab/(Ft/SOD) was measured by DLS, showing a size of ~ 20 nm
(Fig. 4C). Therefore, both Ab/(Ft/SOD) and (Ab + SOD)/Ft displayed similar size
characteristics of 20-25 nm in diameter with PDI 0.20-0.24. Earlier we have demonstrated
that on average three molecules of IgG can be conjugated to the surface of Ft particle under
the described conditions [40]. Therefore, one Ab/(Ft/SOD) particle contains on average 3
and 2 molecules of 1gG and SOD, respectively.

3.2. Cellular uptake of Plvap-targeted conjugates

To study uptake and traffic of Plvap-targeted Ab/Ft/SOD conjugates, mouse endothelial cells
bEnd3 were incubated for 2 h on ice with Ab/(Ft/SOD) in complete medium, washed,
incubated at 37 °C, washed, fixed and stained to distinguish surface-bound vs. internalized
particles. Fig. 5 shows that Ab(Ft/SOD) bound to the cell surface on ice was rapidly
internalized at 37 °C. Binding kinetics was fitted as one phase exponential decay and
corresponded to the following equation: Y = (-5.063-89.45)*exp(-0.07727*X) + 89.45 (R?
=0.812) (Fig. 5B).

Further, we studied cellular localization of nanoparticles. First, we looked at relative co-
localization of Plvap-targeted nanoparticles with caveolar marker. In pulse-chase setting, the
majority of Ab(Ft/SOD) transiently at early time points coincided with caveolin-1, a marker
of endothelial caveolae (Fig. 6). Image analysis of co-localization using Manders’ overlap
coefficient (MOC) showed that the double-label yellow signal attained a maximum around
10-15 min after initiation of endocytosis and markedly declined at 1 h (Fig. 6B).

3.3. Intracellular localization of Plvap-directed Ab/(Ft/SOD) nanocarriers

The data shown above suggested that Plvap-targeted Ab/(Ft/SOD) enter target cells after
binding to caveolin-positive domains of the plasma. To determine the destination for the
nanoparticles we visualized cells 1 h post-endocytosis initiation in pulse-chase experiments
and attributed the particle colocalization with caveolae, endosomes, lysosomes, and Golgi
apparatus, based on co-staining of nanoparticles and organelles using antibodies to the
corresponding markers (i.e. caveolin-1, EEA-1, LAMP2, and giantin, respectively).

Analysis of confocal images included the calculation of Manders’ Overlap Coefficient
(MOC) that quantifies the relative degree of colocalization between two fluorophores [36].
Nanoparticles were mostly found in endosomes and lysosomes, while MOC of particles
colocalization with caveolin-1-positive vesicles and Golgi apparatus were much lower (Fig.
7).
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Similar to colocalization studies shown on Fig. 7 we tested 3D colocalization of Plvap-
directed Ab/(Ft/SOD) with cellular markers of caveolae, endosomes, lysosomes, and Golgi
at the 1 h time point that corresponds to sizeable accumulation of particles in destination
organelles. Supplemental material contains videos that demonstrate co-localization of
ferritin nanoparticles with caveolin-1 (Suppl. Video S1), EEA-1 (Suppl. Video S2),
LAMP-2a. (Suppl. Video S3), and giantin (Suppl. Video S4). Videos were based on 3D
reconstruction and show Ft nanocages in red, organelles in green and nuclei in blue. In all
videos, Ab/(Ft/SOD) were observed as mostly vesicular structures that can be seen in the
perinuclear area in the midst of cells beneath the apical surface. The videos also demonstrate
intercellular heterogeneity of the distribution of nanocarriers and compartments of interest.
In line with dynamic nature of caveolae, caveolin staining appeared to have both vesicular
and surface character, especially profound on the cell periphery. In agreement with previous
analysis, Ft nanoparticles were often found in endosomes and lysosomes, but not with
caveolin-1 or in Golgi apparatus.

We compared Kinetics of trafficking in the implicated compartments. In contrast with rapid
transient co-localization with caveolar compartment that declined by 1 h (Fig. 6), endosomal
and lysosomal compartments showed enhanced MOC indicating co-localization increased
with time and reached a plateau at 1 h (Fig. 8).

3.4. Pulmonary uptake of Plvap-targeted nanoparticles after vascular administration

In accordance with the known abundance of caveolae in the pulmonary endothelium [15,41—
43], Plvap Ab, but not control IgG accumulated in the lungs (Fig. 9). Pulmonary targeting of
Plvap Ab-carrying polystyrene particles with diameter 200 nm exceeding the diameter of
caveolar aperture was obliterated.

In contrast, both types of drugless (i.e., lacking SOD) Plvap Ab-carrying Ft nanoparticles
based on either mammalian or thermophilic Ft accumulated in lungs to an extent of 75—

80 %ID/g (Fig. 9), therefore showing orders of magnitude higher targeting than IgG/Ft. This
result is consistent with the notion that the target in the endothelial caveolae is effectively
accessible for Ab/Ft nanoparticles with size 20-25 nm. One hour after injection, the blood
level of Ab/Ft and IgG/Ft nanocarriers was 1.1 £ 0.1 and 1.2 + 0.1%ID/g, respectively,
whereas the lung level was 77.8 + 11.2 and 3.1 + 0.9 %ID/g, respectively (Fig. 10A). These
data indicate that the lung targeting is specific and the contribution of residual blood is
negligible.

3.5. Endothelial targeting of (Ab + SOD)/Ft and Ab/(Ft/SOD) in vivo

Having verified effective pulmonary targeting of drugless Plvap Ab/Ft particles, we
compared their iterations containing 12°1-SOD conjugated to either the inner or outer Ft
surface (Fig. 10, panels A and B respectively). This experiment revealed that concomitant
conjugation of Ab and SOD to the outer surface of Ft particles inhibits targeting,
proportionally to drug load on the Ft surface (Fig. 10B).

In contrast, SOD conjugation to the inner surface of the Ft particle did not impede targeting:
parameters of the pulmonary uptake of Plvap-targeted Ab/(Ft) vs. Ab/(Ft/SOD) were nearly
identical (Fig. 10A). The Immunospecificity Index (Localization Ratio of Ab-conjugated
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formulation divided by 1gG-conjugated counterpart [44]) of pulmonary uptake of both Ab/Ft
and Ab/(Ft/SOD) conjugates was about 25.

SOD conjugation to the outer surface of the ferritin particle may competitively inhibit ligand
conjugation. Our conjugation method yields Ft particles carrying ~ 4-5 full-length
molecules of 19G or ~ 7-8 molecules of scFv (single chain antibody Fv-fragments) [33]. In
addition, enzyme cargo molecules may impose spatial hindrance of the freedom of
interaction of ligand molecules with target determinant, reducing avidity and valence of the
carriers [45].

3.6. SOD surface loading inhibits endothelial targeting of Ab/Ft directed to cell adhesion

molecules

In theory, inhibitory effects of conjugation of the enzymatic cargo with affinity ligand on
nanocarrier surface may be especially deteriorating in case of targets with limited
accessibility, such as Plvap in the caveolae. To test whether this effect is specific for such
targets, we studied the pulmonary targeting of (Ab + SOD)/Ft conjugates directed to distinct
endothelial determinants, intercellular cell adhesion molecules-1 and PECAM-1, that
localize in the luminal plasma membrane and intercellular junctions, respectively.
Accordingly, we produced (Ab + SOD)/Ft particles of similar size containing antibodies to
Plvap, PECAM-1 and ICAM-1, as well as control 1gG (Supplemental Fig. S2, f-h).

Both Ab/Ft and scFv/Ft conjugates bind to cells transfected with corresponding ICAM-1 or
PECAM-1 antigens, but not to wild type (Fig. 11), and conjugation of SOD to the exterior
surface of Ft particles yielding tri-molecular (Ab + SOD)/Ft inhibited targeting to PECAM
and ICAM expressing cells mediated by either full-length antibody or scFv (Fig. 11A and
B). Furthermore, pulmonary targeting of an ICAM-directed tri-molecular (Ab + SOD)/Ft
conjugate was markedly inhibited in comparison to the drugless Ab/Ft (Fig. 11C).
Therefore, inhibition of Ab/Ft targeting caused by co-conjugated enzyme cargo is a general
phenomenon, not limited to the caveolar targets.

3.7. Comparing the anti-inflammatory effects of (Ab + SOD)/Ft vs. Ab/(Ft/SOD) in a mouse
model of endotoxemia

To test functionality of the Plvap-directed targeting of tri-molecular Ab-SOD-Ft conjugates,
we employed a mouse model of acute aseptic vascular inflammation induced by systemic
injection of LPS [25,29]. This model is relevant to the severe conditions of endotoxemia and
sepsis in human patients.

As in previous studies [25,29], LPS caused pro-inflammatory changes in the lungs,
manifested by expression of the endothelium-specific cell adhesion molecule VCAM-1,
marker of vascular inflammation. Furthermore, in good agreement with targeting data shown
in Fig. 7, Ab/(Ft/SOD), but not (Ab + SOD)/Ft, efficiently inhibited LPS-induced pulmonary
inflammation, which was evident by abrogation of level of expression of VCAM-1 (Fig. 12).
Based on Ab/(Ft/ SOD) biodistribution data, injection of 75 pg of SOD in mouse delivers
approximately 8.8 g of SOD to the lungs. This amount, however, drops significantly for
(Ab + SOD)/Ft nanoparticles (see Fig. 10). To test if Plvap-directed delivery of SOD affects
systemic inflammation as well as local, we studied lung expression of one of the most
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important proinflammatory cytokines, interleukin-1p. We found that LPS drastically
augments de novo production of pro-1L-1p, whereas Ab/(Ft/SOD) significantly blocks LPS-
mediated pro-IL-1p synthesis, disrupting the initial step of the IL-1p cascade (Fig. 13).

4. Discussion

Endothelial cells directly exposed to the bloodstream represent an attractive target for drug
delivery that can be achieved in animals and in human organs via conjugating drugs or their
carriers with antibodies, scFv fragments and other affinity ligands providing anchoring on
appropriate endothelial surface determinants [46]. Not all endothelial targets, however, are
freely accessible to their ligands, especially when the ligand is coupled to the surface of a
carrier, whose size can impose steric hindrance in nanoparticle interaction with partially
hidden target molecules.

Superoxide fluxes in the endosomal lumen by NADPH oxidase in response to the interaction
of cytokines and microbial components to cognate endothelial cell receptors such as TLR4,
ignites NFxB-mediated pathological cellular activation, e.g., expression of VCAM-1 and
other adhesion molecules propagating inflammation [27,47]. The compartmentalized nature
of this pathway provides a conceptual framework for designing precise anti-inflammatory
nanomedicine [24] using endosomal targeting of SOD [25,29,48]. Ideally, SOD targeting
should be delivered and act selectively in the type(s) of endosomes implicated in given
pathological pathway. This level of sub-cellular precision encompasses several aspects of
drug targeting. First, selected binding or anchoring site must direct the carrier into the
appropriate type of endosomes [25,28,29].

Caveolae and caveolar endosomes are involved in superoxide signaling caused by TNF, LPS
and other agents acting via the cholesterol-rich domains in the membrane [49-51]. The
inflammatory effect of LPS is attenuated in caveolin-1 knockout mice, supporting the notion
that targeting SOD into caveolar endosomes provides a mechanism of precise inhibition of
this pathway [52]. Targeting SOD to endosomes via caveolae may boost efficacy and
specificity of blocking pro-inflammatory changes induced by TLR4 agonist. However, it’s
important to keep in mind that internalization of caveolae-targeted nanoparticles may occur
by different mechanisms, not necessarily by caveolar endocytosis. Earlier we demonstrated
efficacy of Plvap targeting in delivery of antioxidant enzyme as anti-inflammatory agent
using antibody-enzyme protein conjugate [28]. However, drug-loaded nanoparticles have
several potential advantages compared to antibody-enzyme conjugates. Multimolecular
nature of the nanoparticle allows much higher avidity of the drug-delivery system to the
target and fast internalization due to target clusterization. In addition, loading the drug inside
the nanocage (as in Ab/(Ft/SOD) nanocages in this study) keeps particle surface available
for affinity moiety and may protect biotherapeutics from potentially damaging blood and
intracellular environments.

Further, molecular configuration of functional moieties should yield a drug delivery system
with optimally harmonized targeting and effect functions [53], while not exceeding the size
constraints of this type of endosomes [54]. To achieve this goal, we combined several novel
aspects of nanocarrier design that mutually fortify the utility of this platform technology for
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caveolar drug delivery. Caveolar delivery is desirable for SOD (and likely other drugs) but
the caveolar average external diameter is 60-80 nm [55,56] and aperture diameter is ca. 30—
50 nm [57]. It should be noted that due to the dynamic and polymorphic character of these
vesicles, a range of opening diameters should be expected [57]. Moreover, there is some
mismatch between the size of the opening in fixed and unfixed tissue [58]. In addition, it
likely also varies depending on the state of the cells and characteristics of the particles
including, but not limited to their size and shape. For example, there were reports of the
uptake of particles as large as 100 nm by caveolae-related pathway /n vitro [59]. It should be
noted, however, that features of caveolar endocytosis can be altered in cell culture, like many
other cellular functions. A prolonged incubation of large doses of particles with serum-
deprived static cells may lead to indiscriminate uptake via pathways that are unlikely to
operate /n vivo. In this context, pulmonary uptake and the effect of particles targeted to
caveolar determinants seems to be more physiologically relevant surrogate readout. Our
previous /n vivo studies revealed that caveolae-targeted rigid spherical particles larger than
70-90 nm do not accumulate in the lungs [18]. In contrast, elastic parameters of the carriers
seem even more important than size: flexible nanogels with mean diameter 300 nm do get
internalized via caveolar pathway(s) and accumulate effectively in the lungs [60]. However,
the nanocarriers used in the present study are smaller than the caveolar aperture, and,
therefore, the key parameter controlling targeting in this case is particle avidity.

Thus, using Plvap-1 as the anchoring determinant enables highly efficient targeting to the
pulmonary vasculature according to direct isotope tracing /in vivo. Fluorescence microscopy
of cultured cells shows that nanocarriers are rapidly taken up by endothelial cells. Plvap-1 is
a component of endothelial caveolae and fenestrations [61]. It is found primarily in
capillaries and venules in many tissues except for the brain, with the highest level in tissues
including lungs, kidney, liver and some tumors [62,63].

We demonstrated that Plvap-targeted ferritin-based nanoparticles readily binds to caveolae,
internalized with quick dissociation from caveolin-containing vesicles. The nanoparticles
effectively deliver preloaded drug to endosomes that remains in the endosomal lumen for up
to 24 h and potentially longer (unpublished observations). Precise attribution of the binding
domain(s), type(s) of endocytic vesicles and itinerary of intracellular traffic of Plvap-1
targeted nanocarriers and their iterations is worth subsequent mechanistic studies. Cell
cultures do not fully recapitulate the state of affairs /n vivo. Resolution and specificity of
current methods are insufficient for direct studies of this aspect /n vivo in an accurate and
quantitative manner. Further we showed that our caveolae-targeted drug delivery system can
effectively block pro-inflammatory effects of LPS in animals. Collectively /n vitroand in
vivo data shown in this paper are consistent with Pvlap-targeted nanoparticles delivering
SOD to caveolar endosomes, which results in alleviation of the inflammatory effect of LPS
in an animal model of endotoxemia.

5. Conclusions

Ferritin nanoparticles provide advantageous carriers for caveolar delivery. Small and
uniform size, versatile yet sturdy structural features permitting diverse genetic and chemical
modifications, and controlled reversible disassembly and re-assembly all represent very
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attractive characteristics. In particular, these features support configuration of the tri-
molecular complexes with spatially optimized conjugation of the cargo and ligand, yielding
an effective drug delivery system with resultant size, affinity and payload meeting the
intended goal.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Schemereaction of Ab/(Ft/SOD) preparation.

Single-cysteine-containing thermophilic ferritin was reduced by TCEP, conjugated with
maleimide-SOD, and then transferred to high salt to reassemble and to cross-link used
BS(PEG)s. Crosslinked ferritin was transferred back to low salt and antibody or control IgG
were conjugated to the surface of reassembled particles using standard amino chemistry as

described in Methods.
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Fig. 2. Conjugation of SOD to thermophilic ferritin.
Single-cysteine-containing thermophilic ferritin tF1iC was disassembled in PBS and

cysteines were reduced. Maleimide groups were introduced into Alexa 488 Fluor labeled
SOD and SOD was conjugated to the PBS. Then conjugates were transferred to high-salt
buffer to reassemble ferritin nanocage structure. Unreacted SOD was removed using FPLC
while the ferritin-containing peak was collected and analyzed for the presence of SOD. (A).
SDS-PAGE of tF1iC/SOD conjugation. (B). FPLC of tF1iC/SOD mixture in high salt
(PBS/0.8 M NaCl). (C-D). Alexa Fluor 488 fluorescence of tF1iC/SOD (C) and unbound
SOD (D) peaks.
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Fig. 3. Crosslinking of tF1iC.
To prevent tF1iC/SOD from disassembling after transfer back to physiological (i.e. low-salt)

buffer (such as PBS) ferritin was treated with crosslinking agent BS(PEG)s in high salt (1 M
NaCl). (A-D). TEM: (A) tF1iC/SOD in low salt; (B) tF1iC/SOD in high salt; (C) crosslinked
tF1iC/SOD in high salt; (D) crosslinked tF1iC/SOD in low salt. 200,000x magnification, bar
=100 nm. (E). 4-15% gradient Tris-glycine SDS-PAGE of cross-linked tF1iC/SOD. Free
SOD was removed using FPLC before crosslinking.

Biomaterials. Author manuscript; available in PMC 2019 April 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shuvaev et al.

A St., kD

450 w=

250 =
148 ==

™ B goviomsmesoons R — - C oy e, e

Volume (Percent)
Volume (Percent)

< O 9 Size (d.nm) Size (d.nm)

Fig. 4. Characterization of crosslinked ther mophilic single cysteine ferritin tF1iC coated with
targeting antibody (i.e., Ab/(Ft/SOD) in the text).

Crosslinked tF1iC/SOD was conjugated with antibody to Plvap using amino-chemistry. (A).
3-8% NUPAGE Tris-acetate non-reducing SDS-gel electrophoresis. DLS size distribution
analysis of crosslinked tF1iC/SOD before (B) and after (C) coating with antibody. Unbound
antibodies as well as free light and heavy IgG chains seen on SDS-electrophoresis were
separated by FPLC.
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Fig. 5. Internalization of Plvap-directed Ab/(Ft/SOD) by murine endothelial cells.
(A). Endothelial bEnd3 cells were incubated with conjugates on ice for 2 h, washed and

transferred to 37 °C for indicated periods of time. On the merged panels green and yellow
colors are internalized and surface-bound particles, respectively. Nuclei were stained with
DAPI (blue). Confocal microscopy. Scale bar is 20 pum. (B). Quantification analysis of
internalization rate (see Methods for details), n = 3, mean £ SD are shown. Data was
normalized by initial time point; *P < 0.05 vs. 0 min time point. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 6. Kinetics of Plvap-directed Ab/(Ft/SOD) co-localization with caveolin-1.
Endothelial cells bEnd3 were incubated with nanoparticles on ice for 2 h, washed and

incubated for up to 60 min at 37 °C. (A). Co-staining of caveolin-1 (green) and nanoparticles
(red). Nuclei were stained with DAPI (blue). Scale bar is 20 pm. (B). Menders’ Overlap
Coefficient (MOC) of nanoparticles vs. caveolin-1 co-localization. Confocal microscopy; n
of fields =6; mean * SD are shown; *P < 0.05 vs. initial time point. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 7. Co-localization of Plvap-directed Ab/(Ft/SOD) with cellular organelles.
Cells were incubated with nanoparticles for 1 h at 37 °C, washed, fixed, permeabilized and

stained for the ferritin nanoparticles with labeled secondary anti-rat 1gG (red) and the
following markers (all are in green): caveolin-1 (caveolae), EEA-1 (endosomes), LAMP-2a,
(lysosomes), giantin (Golgi). Nuclei were stained with DAPI (blue). Representative images
correspond to 0.3-um slice. Yellow-colored area indicates colocalization of nanoparticles
and organelle. Arrows show co-localization of nanoparticles with organelle marker, arrow
heads - no co-localization. Zoomed views are inserted in merged panels. Confocal
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microscopy. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 8. Trafficking of Plvap-directed Ab/(Ft/SOD) to cellular destinations.
Cells were incubated with nano particles from 15 min to 24 h at 37 °C, washed, fixed,

permeabilized and stained for EEA-1 (endosomes) and LAMP-2a (lysosomes). MOC of
nanoparticles vs. marker of potential destination. Confocal microscopy; n of fields =6; mean
+ SD are shown; *P < 0.05 vs. 15 min time point.
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Fig. 9. Pulmonary targeting of anti-Plvap and Plvap-targeted nanoparticlesin mice.
Blood and lung level 1 h after IV injection in mice of radiolabeled Plvap antibody, or with

200-nm polystyrene particles carrying the same Ab (PS), or 12°I-Ft particles formulated with
mammalian ferritin (/7Ft) and thermophilic ferritin (#t) carrying the same antibody. To
avoiding artifact of tracing ligand that might dissociate from the nanocarriers, they were
traced using 10mol% of 12°|-labeled control IgG admixed to non-labeled Plvap Ab. Mean +
SD are shown; *P < 0.05 Ab vs. IgG.
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Fig. 10. Tissue accumulation of Plvap-targeted ferritin-based nanocages.
Comparison of Ft particles with SOD loaded either inside Ab/(Ft/SOD) (A) or outside (Ab +

SOD)/Ft (B) the particles. Tissues were harvested 1 h post-injection. (A). Thermophilic Ft
was crosslinked and coated with either non-immune control 1gG (IgG/Ft) or anti-Plvap
antibody SOD-free (Ab/Ft) or SOD loaded inside the particles Ab/(Ft/SOD). (B).
Mammalian Ft was coated either with anti-Plvap (Ab/Ft) or with combination of antibody
and SOD ((Ab + SOD)/Ft) at indicated Ab:SOD molar ratio. Insets show schematic
presentations of the corresponding nanocages. Mean + SD are shown; *P < 0.05 Ab vs. IgG.
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Fig. 11. Binding of targeted Ft and Ft-SOD conjugatesin vitro and in vivo.
(A-B). Ab/Ft or (Ab + SOD)/Ft containing radiolabeled ferritin were incubated with antigen-

negative or antigen-positive REN cells for 1 h at 37 °C. Bound nanocarrier fraction was
measured by gamma counter. (A). Nanocarriers with anti-PECAM scFv binding to PECAM-
negative or PECAM-positive REN cells; 170 ng of Ft. (B). Nanocarriers with anti-ICAM
antibodies binding to ICAM-negative or ICAM-positive REN cells; 1 ug of Ft. (C).
Biodistribution of Ab/Ft and (Ab + SOD)/Ft nanoparticles /n vivo. *P < 0.05 target-positive
vs. target-negative cells. #P < 0.05 Ab vs. IgG.
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Fig. 12. In vivo protection by antibody-ferritin-SOD nanoparticles against L PS-induced vascular
lung inflammation.
Comparison of ferritin particles with SOD loaded either outside or inside the particles

(shown as (Ab + SOD)/Ft or Ab/(Ft/SOD), respectively). Animals were injected i.v. with the
conjugates (75 pg SOD) 15 min prior to LPS (0.8 pg/kg). After 5 h the lungs were harvested,
perfused with PBS, and homogenized. Lung VCAM expression was estimated by Western
blotting (A and B, representative images for (Ab + SOD)/Ft and Ab/(Ft/SOD)) and
guantified (C). n = 3; mean + SD are shown; *P < 0.05 vs. LPS. Dashed line indicates
VCAM level in naive animals.
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Fig. 13. Antibody-ferritin-SOD nanoparticles block L PS-induced systemic lung inflammation.
Ferritin particles with SOD loaded inside the particles, Ab/(Ft/SOD), were injected i.v. (75

ug SOD) 15 min prior to LPS (0.8 ug/kg). Lungs were harvested in 5 h, perfused with PBS,
and homogenized. Lung pro-IL-1p expression was estimated by Western blotting.
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