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ABSTRACT Protein-cage nanoparticles are promising multifunctional platforms for -
targeted delivery of imaging and therapeutic agents owing to their biocompatibility, !:l"i : -
biodegradability, and low toxicity. The major advantage of protein-cage nanoparticles is Poptide f

the ability to decorate their surfaces with multiple functionalities through genetic and o

chemical modification to achieve desired properties for therapeutic and/or diagnostic O¢ ‘o /\B

Targeting

peptide % .
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‘ Therapeutic
application
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of-principle of PBNGs, fusing the interleukin-4 receptor (IL-4R)-targeting peptide, AP-1, identified previously by phage display, with ferritin-L-chain (FTL), which

purposes. Specific peptides identified by phage display can be genetically fused onto the

T7 phage
Display

surface of cage proteins to promote the association of nanoparticles with a particular cell
type or tissue. Upon symmetrical assembly of the cage, peptides are dustered on the
surface of the cage protein in bunches. The resulting PBNC (peptide bunches on nanocage)
offers the potential of synergistically increasing the avidity of the peptide ligands, thereby
enhancing their blocking ability for therapeutic purposes. Here, we demonstrated a proof-

undergoes 24-subunit assembly to form highly stable AP-1-containing nanocage proteins (AP1-PBNCs). AP1-PBNCs bound specifically to the IL-4R-expressing cell
line, A549, and their binding and internalization were specifically blocked by anti-IL-4R antibody. AP1-PBNCs exhibited dramatically enhanced binding avidity to
IL-4R compared with AP-1 peptide, measured by surface plasmon resonance spectroscopy. Furthermore, treatment with AP1-PBNCs in a murine model of
experimental asthma diminished airway hyper-responsiveness and eosinophilic airway inflammation along with decreased mucus hyperproduction. These
findings hold great promise for the application of various PBNCs with ligand-specific peptides in therapeutics for different diseases, such as cancer.
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anoparticle-based technology has
N seen significant progress in recent

decades and has been extensively
studied for potential biomedical applica-
tions, including controlled drug/gene de-
livery, tissue engineering, and molecular
imaging.'* In particular, therapies using
nanoparticles have been widely applied
for the treatment of various types of
diseases including cancer,® diabetes,®
allergy,” infection,® and inflammation.’
Nanoparticles, whose sizes are on the
same order as those of proteins, are ra-
pidly absorbed and pass through bio-
logical barriers in the body; moreover, their
large surface areas allow for the presentation
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of large numbers of functional groups, such
as ligands.'o"!

Protein-based nanoparticles, comprising
naturally self-assembled protein subunits of
the same proteins or a combination of
proteins, offer advantages of biocompati-
bility, biodegradability, and low toxicity
compared with synthetic polymers.'>'* In
addition to these inherent advantages, pro-
tein-cage nanoparticles provide additional
advantages. First, because of their unique
shape with symmetric architectures, addi-
tional moieties can be mounted on distinct
regions of protein nanocages through ge-
netic modification. Rationally designed mul-
tifunctionality, such as active targeting or
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image-contrast enhancement, is one expected char-
acteristic of nanoparticles currently under develop-
ment. Second, the applicability of genetic modifi-
cations, which are relatively simple and inexpensive,
is critically beneficial from the standpoint of pharma-
ceutical development because the cost/benefit ratio
must be considered for translation of nanoparticle
drugs into the clinical domain.'*'”

Here, we describe a protein-cage nanoparticle
loaded with receptor-targeting peptides that is geneti-
cally encodable with no synthetic components. Nano-
cage proteins are designed such that these peptides
are symmetrically clustered on the surface in a form
that we have termed peptide bunches on nanocage
(PBNC)—a structure that is predicted to increase the
avidity of the peptide ligands and thus enhance their
blocking ability in therapeutic applications.

Because peptide-based recognition systems are
capable of overcoming problems associated with anti-
bodies, such as high cost, fast clearing due to opsoni-
zation, and difficulties associated with modification,
we utilized small peptides from phage-display li-
braries.'® Phage display is a powerful method for
identifying and developing peptide drugs, but pep-
tides consisting of 6—10 amino acids often have the
drawbacks of weak affinity and short half-life."” Multi-
valency and multispecificity of PBNCs can help to
overcome the weak affinity, prolong the half-life, and,
in some cases, promote endocytic uptake. We em-
ployed ferritin, which is composed of 24 subunits, as
a protein cage. The subunits assemble into hollow,
12-nm-diameter cages that present three distinct inter-
faces: interior, exterior, and self-interacting surfaces.'®
The uniform size and symmetric architecture allows
for the loading of an even number of targeting peptides
into the expected regions and designing functionality
into the designated interfaces. Ferritin possesses
many useful properties, such as high solubility, stability,
abundance in blood, and low toxicity, which have
motivated studies on its use as a prototype of protein-
cage nanoplatforms in the development of diverse
applications.'**°

As proof-of-principle of PBNCs, we focused on
asthma, a complex immune-related disease charac-
terized by chronic inflammation of the airways, airway
hyper-responsiveness (AHR), and reversible airflow
obstruction.?'** To date, curative therapeutics for
asthma have not been developed, and only symptom
relievers and controllers, including inhaled cortico-
steroids, 32 agonists, and histamine and leukotriene
inhibitors, are currently available.”* %> Asthma is one
of the most common chronic inflammatory diseases
in the world, and many of its features are thought
to reflect consequences of immune responses by
allergen-specific T-helper type 2 (Th2) cells. Th2 cells
act on epithelial and smooth muscle cells of the airway
to induce mucus hyperproduction and AHR through
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secretion of interleukin (IL)-4 and IL-13.2%?7 |n addition,
IL-5 secreted by Th2 cells mediates recruitment of
eosinophils, leading to the manifestation of tissue
eosinophilia. A key pathway that regulates chronic
inflammation and tissue remodeling in allergic asthma
is ligation of IL-4 and/or IL-13 to their receptor com-
plexes and activation of signaling events initiated by
IL-4 receptor a. (IL-4Ra).? This pathway regulates various
aspects of Th2 cell-mediated responses, including
induction of immunoglobulin E (IgE) isotype switching,
modulation of lymphocyte and antigen-presenting cell
functions, and tissue inflammation and remodeling.
Targeted disruption of the IL-4Ra. subunit in mice
abrogates the IgE response, which is consistent with
the crucial function of L-4Ra in controlling the allergic
response.?® Thus, biological compounds that target
IL-4Ra. may provide a potent therapeutic modality for
patients with asthma.

With this rationale in mind, we describe the con-
struction of AP1-PBNCs and their utility in blocking
IL-4Ro. in an animal model of asthma. The previously
identified AP-1 peptide was shown to bind selectively
to the IL-4Ra subunit and block IL-4R-mediated
signaling.>® Here, we show that AP1-PBNCs are easily
expressed in high yields in Escherichia coli and assem-
ble as 24-subunit structures that bind IL-4Ro. with high
affinity. We further demonstrate that AP1-PBNCs at-
tenuate the severity of murine experimental asthma by
selectively suppressing AHR, bronchoalveolar lavage
(BAL) eosinophilia, and mucus hypersecretion. Our
data suggest possible therapeutic applications of var-
ious PBNCs with peptides targeting different diseases,
such as cancer.

RESULTS AND DISCUSSION

Ferritin, which is composed of 24 subunits, forms a
cage architecture with inner and outer diameters of 8
and 12 nm, respectively.'® Each subunit consists of four
long helical bundles (helices A—D) and a tilted short
o-helix (helix E) connected by a short loop (Figure 1b).
The human ferritin light (FTL) chains, which lack the
ability to catalyze oxidation of Fe™ (II) to Fe>" (lll), were
utilized for PBNC construction. AP-1 peptides, identi-
fied by phage display, were genetically combined
into the exposed loop region (">>LGGPE'*®) between
helices D and E (Figure 1a). The peptides in the phage
library contain cysteine residues on both sides; when
oxidized, they help the peptide adopt a loop con-
formation. We inserted two amino acid sequences of
AP-1, with or without cysteine (RKRLDRN, CRKRLDRNC),
into two different positions (before positions 157
and 158) to determine the best functional orientation
of peptides; we termed these constructs 157 AP1-PBNC,
157¢ysAP1-PBNC, ">8AP1-PBNC, and '*®cysAP1-PBNC
(Figure 1a). We also introduced two restriction enzyme
sites (BamHI and Apal) for convenient insertion of
peptides. The AP1-fused FTL subunit was built by
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Figure 1. (a) Schematic diagram of the AP1-PBNCs. Two amino acid sequences of the AP-1 peptide, with or without cysteine
(RKRLDRN, CRKRLDRNC, highlighted in red), were inserted into two different positions (before positions 157 and 158)
between helices D and E. BamHI and Apal enzyme sites (blue color) were introduced for convenient insertion of peptides.
(b) 3D model of the AP-1 peptide inserted ferritin subunit and assembled AP1-PBNCs. The AP-1 peptide (magenta) inserted
ferritin subunit (green) was calculated based on the wt ferritin crystal structure (PDB 2FG4). The calculated 24 subunits were
assembled into AP1-PBNC by computer simulation based on the wild-type ferritin cage structure (PDB 3A68) (c) Enlarged four
types of AP-1 peptide insertion on the 4-fold axis; basic residues of the AP-1 peptide are highlighted in light blue. (d) Size
exclusion elution profiles of wt FTL and AP1-PBNCs. (e) Transmission electron micrographic image of uracil acetate stained wt
FTL and AP1-PBNCs.

homologous modeling with Modellar v9.1 using the computer simulation based on the wt ferritin cage
crystal structure of wild-type (wt) human ferritin (2FG4) structure (PDB 3A68) shown in Figure 1b. The model
as a template and assembled into AP1-PBNC by showed that four copies of AP-1 peptides were
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clustered onto the 4-fold symmetry-assembling re-
gions, forming peptide bunches, and six bunches were
displayed on the nanocage surface. Interestingly, the
four different AP1-PBNCs showed slightly different
patterns of peptide bunching; notably, the peptide
bunches of cysAP1-fused AP1-PBNCs (**”cysAP1-PBNC
and "*8cysAP1-PBNC) formed wider bunches than
those of ">”AP1-PBNC and "*®AP1-PBNC (Figure 1c).

The four different AP1-PBNCs were characterized
by size-exclusion chromatography (SEC) and transmis-
sion electron microscopy (TEM) and compared with wt
ferritin cage proteins (wt FTL) lacking displayed pep-
tides. All AP1-PBNCs eluted at a position similar to that
of wt FTL in SEC, suggesting that AP-1 peptide mod-
ification did not hamper formation of authentic cage
architectures (Figure 1d). TEM images also confirmed
that AP1-PBNCs formed an intact, cage architec-
ture with a uniform size distribution (Figure 1e). These
results indicate that the four different types of AP1-
PBNCs form intact, cage nanoparticle architectures
without significant discrepancies.

To test the binding of AP1-PBNCs to IL-4R, we first
employed fluorescence-activated cell sorting (FACS)
analysis to compare their capacity to bind A549 cells
expressing IL-4R on the cell surface. The binding of
AP1-PBNCs to A549 cells was significantly enhanced
compared with that of wt FTL (Figure 2a). Preincuba-
tion of A549 cells with anti-IL-4R antibody disrupted
binding, indicating that AP1-PBNCs specifically target
IL-4R (Figure 2a). In addition, the binding of AP1-PBNC
to A549 cells was decreased by the knockdown of the
IL-4R expression (Figure S1). We also examined specific
targeting of AP1-PBNCs to the A549 cell membrane
with confocal microscopy, which showed that AP1-
PBNCs bound to A549 cells, whereas wt FTL did not
(Figure 2b). After incubation of A549 cells with AP1-
PBNCs at 37 °C for 1 h, AP1-PBNCs were translocated
into the cytosol via receptor-mediated endocytosis,
whereas wt FTL was not (Figure 2c). The IL-4R-specific
endocytosis of AP1-PBNCs could be an important
advantage of AP1-PBNCs for protein-based drug
delivery because most native proteins are barely taken
up by cells. Taken together, these results suggest that
the presence of AP1-PBNCs is responsible for nanopar-
ticle binding to IL-4R-expressing cells and cellular
uptake through IL-4R-mediated endocytosis; thus,
up-regulation of IL-4R expression would play a critical
role in cytoplasmic uptake of AP1-PBNCs. Accordingly,
because AP1-PBNCs would be selectively transported
into IL-4R-expressing cells, they could be used not
only for molecular targeting but also for the selective
delivery of drugs.

Multivalent display of targeting moieties on the
surface of nanoparticles increases binding strength
through increased target binding avidity without
changing the affinity for the individual target sites.*'
We use “binding avidity” rather than “binding affinity”
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to describe the overall binding strength of AP1-PBNCs,
since the binding affinity of individual sites could be
heterogeneous, whereas the avidity, defined as the
ability to form a stable complex with a target, depends
on intrinsic affinity and is enhanced with increasing
numbers of binding sites.3?> We expected that the
multivalent conjugation of AP-1 on the surface of FTL
nanoparticles would enhance the binding avidity to
the designated target, IL-4R. To investigate the binding
avidity of AP1-PBNCs to IL-4Ra, we immobilized a
component of the extracellular region of the IL-4R,
applied a series of different concentrations of AP1-
PBNCs, and examined binding kinetics using surface
plasmon resonance (SPR) analysis. Binding responses
gradually increased upon addition of increasing con-
centrations of AP1-PBNCs (Figure 3a); in contrast, wt
FTL did not bind to IL-4Ra (Figure S2). The values of
the overall dissociation constants, Ky (multivalent, K-
(multivalent)), for AP1-PBNCs were calculated (Figure S3)
and compared with those of free AP-1 peptide as well
as IL-4, the natural ligand for IL-4R (Table 1). As expected,
the binding avidity of the multivalent AP1-PBNCs was
markedly increased compared to that of free AP-1 pep-
tide (Table 1). To evaluate the enhanced binding strength
of AP1-PBNCs, we calculated the multivalent enhance-
ment ratio (/3), the ratio of the monovalent K;, (free AP-1
peptide) to the multivalent Kp (AP1-PBNCs). The avidity
of the multivalent AP1-PBNCs was increased by about
10° fold (Table 1). This increase in binding avidity of AP1-
PBNCs was largely due to the exponential decrease in Kp,
which is a typical phenomenon for multivalent binding.*2
Indeed, 24 copies of AP-1 peptides were incorporated
and displayed on the surface of one nanoparticle, and
some were able to interact with IL-4R simultaneously,
thereby enhancing binding avidity. Cysteine-containing,
AP1-conjugated PBNCs (**’cysAP1-PBNC and "*®cysAP1-
PBNC) exhibited superior binding ability compared with
AP1-conjugated PBNCs (>’ AP1-PBNC and 8 AP1-PBNC),
as evidenced by their significantly higher binding re-
sponses (Figure 3b). The wide distribution of positive
charges of AP-1 peptide bunches in '*’cysAP1-PBNC and
138cysAP1-PBNC may promote higher binding affinity
through formation of a stable complex. Because *’cy-
sAP1-PBNC exhibited the highest binding response
(RU value), we selected this PBNC for subsequent
in vivo experiments.

IL-4, IL-13, and signal transducer and activator
of transcription (STAT) 6 are key components in the
development of airway inflammation, mucus hyper-
production, and AHR in asthma.?? After ligation of
either IL-4 or IL-13, IL-4R is phosphorylated and acti-
vates Janus kinases (Jaks), which act as docking sites for
STAT6.2® Recruited STAT6 is phosphorylated, then
dimerizes and is translocated into the nucleus, where
it binds the promoters of IL-4- and/or IL-13-responsive
genes associated with Th2 cell differentiation, airway
inflammation, AHR, and mucus production. A previous
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Figure 2. (a) FACS analysis of A549 cells incubated with or without anti-IL-4R antibody prior to incubation with wt FTL and
AP1-PBNCs. The black and green lines indicate cells incubated with wt FTL and AP1-PBNCs, respectively. The red line indicates
cells preincubated with anti-IL-4R antibody. (b) Fluorescence images of wt FTL and AP1-PBNCs after 20 min incubation at 4 °C
(cell binding) or (c) 1 h incubation at 37 °C (cellular uptake). This has been performed by Z stack confocal fluorescence
microscopy images; nuclei are stained blue.

study has demonstrated that the development of not only in T cells but also in the parenchymal cells of
allergic lung inflammation requires activation of STAT6 the lung.3* Numerous studies strongly support the idea
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PBNCs injected are indicated. (b) Plots of RU values of AP1-PBNCs versus different injection concentrations.

TABLE 1. Quantified Binding Constants of the AP1-PBNCs
with IL-4Ra. Measured by SPR

ligand Kp (M)* B
IL-4>° 382 % 1077
AP-1 peptide 5.54(+03) x 107
TS7AP1-PBNC 39(+19) x 107° 14 % 10°
157 cysAP1-PBNC 23(409) x 107° 24 x 10°
158AP1-PBNC 3.2(+15) x 107° 17 x 10°
158cysAP1-PBNC 29(+14) x 107° 19 x 10°

“Obtained by averaging at least three independent runs of SPR measurements.
b Multivalency parameter 5 = Kp(free)/Kp(multivalent).

that STAT6 plays a central role in the pathogenesis of
allergic asthma.®*3” To test the blockade of IL-4R-
mediated signaling by AP1-PBNCs (">’cysAP1-PBNC)
in vitro, we examined the level of STAT6 phosphoryla-
tion by Western blot analysis. The degree of STAT6
phosphorylation was significantly diminished by treat-
ment with 157cysAP1—PBNC (200 nM), which presum-
ably blocked IL-4R-mediated signaling (Figure 4).
The excess amount of IL-4 competitively inhibited
the binding of '*’cys AP1-PBNC to A549 cells, suggest-
ing that AP1-PBNCs could block IL-4-mediated signal-
ing (Figure S4). This result indicates that blocking IL-4R
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157cysAP1-PBNC - - - - 20nM 400nM
wt FTL - - 20nM 400nM - -
IL-4 - + + + + +
pSTAT6 A Semt s Sea
STATE | w— o c—c—— —
Bractin | e ————— ——

Figure 4. Inhibition of IL-4R signaling pathway upon bind-
ing of '*’cysAP1-PBNC to IL-4Ra. The phosphorylation of
STAT6 by IL-4 was measured with Western blot analysis with
addition of "*’cysAP1-PBNC or wt FTL.

signaling with *’cysAP1-PBNC could be a good ther-
apeutic strategy for IL-4-dependent diseases, including
allergic asthma.

To test '*’cysAP1-PBNC as a possible asthma ther-
apy, we investigated the murine experimental asth-
ma phenotype induced by Aspergillus protease and
chicken egg ovalbumin (APO) allergen, which is char-
acterized by increased AHR, enhanced numbers of
inflammatory cells, and mucus production in BAL fluid.
Compared with the saline-challenged group, groups
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Figure 5. '*”cysAP1-PBNC-attenuated phenotypes of murine experimental asthma. Experimental asthma was induced with A.
oryzae protease mixed with OVA (APO) allergen along with wt FTL or *”cysAP1-PBNC. Saline means negative control without
allergen challenge. AHR with a FlexiVent system (a), total BAL cell counting (b), and BAL eosinophilia (c) were determined.
(d) Secreted airway glycoprotein in BAL was quantified by modified ELISA. (e) The periodic acid Schiff (PAS) stained sections of
the lungs showed increased inflammatory cells and goblet cell metaplasia in APO- and wt FTL-treated group (arrowhead:
mucin-positive goblet cell, arrow: inflammatory cell, original magnification of 400x). Data are presented as mean + SEM,
*p < 0.05 versus APO + wt FTL treatment. Data are representative of three independent experiments (n = 3 per group).

challenged with APO with wt FTL showed increased
AHR. However, APO-challenged animals treated with
%7cysAP1-PBNC showed significantly reduced airway
resistance compared with that of animals in the APO
and wt FTL group (Figure 5a). In addition, the number
of inflammatory cells, especially eosinophils, in BAL
fluid was significantly diminished in the group treated
with '*”cysAP1-PBNC compared to the group adminis-
tered wt FTL (Figure 5b and c). Furthermore, secreted
glycoprotein in BAL fluid, which was clearly enhanced
in APO- and wt FTL-treated groups, was decreased
with "*”cysAP1-PBNC treatment (Figure 5d). Lastly, the
APO-challenged group treated with '>”cysAP1-PBNC
showed decreased numbers of peribronchial in-
flammatory cells and mucus-producing goblet cells
(Figure 5e). Collectively, these results indicate that
administration of '*’cysAP1-PBNC diminished the
symptoms of murine experimental asthma, suggesting
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an inhibitory effect on allergic asthma. In order to test
the potential immunogenicity of AP1-PBNCs, we pre-
treated AP1-PBNCs with human/mouse monocytic cell
lines and measured the amount of secreted cytokines
(Figure S5). The representative proinflammatory cyto-
kines (IL-6 and IL-12) were not significantly enhanced
by treatment of AP1-PBNCs with the THP-1 cells com-
pared to wild-type ferritin and mock treatment,
whereas LPS significantly increased IL-6 production.
Largely similar results were obtained in the RAW 264.7
cells. These data suggest that AP1-PBNCs might not be
immunogenic but need further in vivo studies for
clinical application. A number of biological compounds
are currently being developed for the treatment of
asthma, including soluble IL-4R compounds,® an IL-4
variant,>® and anti-IL-13 monoclonal antibody;*® how-
ever, further studies are needed to evaluate their
efficacy as well as long-term safety. Here, we provide
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a novel approach for therapeutic intervention against
allergic asthma using ferritin nanoparticles.

CONCLUSIONS

We have demonstrated that ferritin cage nano-
particles can be engineered by genetic incorporation
of targeting peptides for use as a cell-specific targeting
agent. Upon assembly of the cage architecture, IL-4R-
targeting AP-1 peptides are displayed in bunches on the
nanocage surface (AP1-PBNCs), producing high binding
avidity and selectivity suitable for therapeutic appli-
cations. In vitro, AP1-PBNCs specifically bind to IL-4Ra,
a major component of IL-4R, resulting in significantly
improved targeting capacity. /n vivo, administration of

METHODS

Construction of AP-1 Peptide Conjugated Ferritin (AP1-PBNCs). The
recombinant plasmid for the expression of wt FTL proteins
was described previously.*' The AP-1 peptides (RKRLDRN and
CRKRLDRNC) were incorporated at the 157 and 158 positions of
wt FTL. BamHI and Apal restriction sites were introduced into wt FTL
for subsequent incorporation of the AP-1 peptide sequences by
using PCR-mediated site-directed mutagenesis. The primers
encoding AP-1 peptides were mixed at a 1:1 molar ratio,
annealed at 95 °C, and inserted into the introduced BamHI
and Apal site of the plasmid. The insertion of the AP-1 peptide
sequences resulted in the change of the original amino
acid sequence of wt FTL from '*°LGGPE to '*>GSRKRLDRNGGPE
("*’AP1-PBNC), "*>GSCRKRLDRNCGGPE ('*”cysAP1-PBNC),
155 GSRKRLDRNGPE ('*®AP1-PBNC), and '**LGSCRKRLDRNCG-
PE (*8cysAP1-PBNC) (Figure 1a).

Protein Expression and Purification. The proteins were overex-
pressed in E. coli BL21 (DE3) cells. Cells were grown at 37 °Cto an
ODggo of 0.5 in LB medium containing 50 #g/mL kanamycin, and
protein expression was induced by 1 mM IPTG at 20 °C for 18 h.
After induction, cells were harvested by centrifugation, and the
pellets were suspended in lysis buffer (20 mM Tris-HCI pH 8.0,
100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM PMSF, 0.5 mM
DTT) and homogenized with an ultrasonic processor. The inclusion
bodies from cell lysates were solubilized by incubating in binding
buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 5 mM imidazole)
containing 8 M urea at room temperature for 1 h. Afterward, the
denatured protein was loaded onto a nickel ion chelate affinity
column and refolded with a gradient of 8—0 M urea. The renatured
protein was eluted with elution buffer (20 mM Tris-HCI pH 8.0,
150 mM NaCl, 180 mM histidine).

Characterization of AP1-PBNCs. After purification, each protein
was analyzed by SEC (Superdex 200 10/300 GL column). Oligo-
meric states were judged from the elution volume compared
with molecular weight standard. Protein elution profiles in SEC
were monitored by measuring absorbance at 280 nm. TEM
pictures were recorded using an FEI Tecnai (the Korea Basic
Science Institute, KBSI).

Cell-Binding and -Uptake Studies. Human lung cancer cell line
A549 was cultured in RPMI 1640 supplemented with 10% fetal
bovine serum, 100 units/mL penicillin, and 100 ug/mL strepto-
mycin. To perform cell binding analysis, 2 x 10° cells in suspen-
sion were incubated with 1% bovine serum albumin at 37 °C for
30 min for blocking and incubated with 400 nM wt FTL or AP1-
PBNCs at 4 °C for 20 min. The binding specificity of AP1-PBNCs
was also measured in blocking experiments in which A549 cells
were preincubated with antibody to human IL-4R (1:1000 dilu-
tion, MAB230, R&D Systems, Abingdon, UK) at 4 °C for 1 h. Cells
were then incubated with human ferritin light chain antibody
(1:400 dilution, SC-14420, Santa Cruz Biotechnology Inc., Dallas,
TX, USA) and detected with Alexafluor 488-conjugated donkey
anti-goat 1gG (H+L) antibody (Invitrogen, Molecular Probes,
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AP1-PBNCs, specifically '*’cysAP1-PBNC, diminished the
symptoms of allergic asthma, including AHR, airway
eosinophilia, and mucus hyperproduction, in murine
experimental asthma. These results carry significant
implications for protein nanocage platform technology.
First, this approach employs targeting of a human
cage-like, protein-based nanoparticle for an immune-
related disease. Notably, ferritin cage proteins deco-
rated with peptide bunches showed therapeutic
efficiency in an animal model of asthma. Second,
and perhaps more importantly, these findings sug-
gest a possible therapeutic application of various
PBNCs with peptides targeting different diseases,
such as cancer.

Eugene, OR, USA). The cells were resuspended in PBS and
analyzed with FACS Calibur cytometry (BD Biosciences, San Jose,
CA, USA). For confocal microscopic analysis, cells were attached
in eight-chamber culture slides by centrifugation, the nuclei were
stained with DAPI, and slides were mounted and analyzed
(Carl Zeiss, Oberkochen, Germany).

For cellular uptake analysis, A549 cells were seeded in eight-
chamber culture slides at a density of 1 x 10* cells/chamber and
allowed to adhere to the slides overnight. Cells were incubated
with 400 nM wt FTL or AP1-PBNCs at 37 °C for 1 h and
then treated with cold methanol at —20 °C for 20 min for
membrane permeability. Cells were detected with anti-His
probe (H-15) AlexaFluor 647 antibody (1:40 dilution, Invitrogen)
at 4 °C overnight. To observe the distribution of nanoparticles
in cytoplasm, we performed z-sectional imaging analysis by
confocal microscopy (Carl Zeiss).

Surface Plasmon Resonance Analysis. Interactions of AP1-PBNCs
with IL-4R were analyzed at 25 °C using a surface plasmon
resonance instrument (SR7500 DC, Reichert Inc, NY, USA).
IL-4Ra was expressed and purified in Sf21 cells. After purification,
IL-4Ro. was immobilized by activating the carboxymethyl group
on dextran-coated chips through a reaction with a mixture of
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
and N-hydroxysuccinimide (Sigma-Aldrich, St. Louis, MO, USA).
Different concentrations of AP1-PBNCs (0.65 to 41.6 nM) in
binding buffer (20 mM Tris, 150 mM NaCl, 180 mM histidine,
62.5 ug/mL BSA, 0.005% Tween 20) were allowed to flow over
surfaces containing immobilized IL-4Rat (1500 = 500 RU) for 7 min
at a rate of 25 uL/min. The sensor surface was regenerated after
each association and dissociation cycle by injecting 2 M NaCl for
1 min. The interaction was analyzed using Scrubber 2.0 (BioLogic
Software, Australia, and KaleidaGraph Software, Australia).

STAT6 Phosphorylation. A549 cells were plated at 1.2 x 10*
cells per well in a 24-well plate and starved in serum-free media
overnight. Cells were pretreated with wt FTL or AP1-PBNCs
(40 nM, 200 nM) at 4 °C for 20 min and then incubated with
or without IL-4 (1 nM) for 10 min. After treatment, cells were
solubilized in boiling SDS sample buffer, and 10 ug of cell lysates
was run with SDS-PAGE. Western blot analyses were performed
with anti-STAT6 antibody (#9362; Cell Signaling Technology,
Frankfurt, Germany) and antiphospho-STAT6 Ab (#9361; Cell
Signaling Technology).

Animals. Wild-type C57BL/6J mice were purchased from
Jackson Laboratory (Bar Harbor, ME, USA) and bred in a patho-
gen-free animal facility. All animals were fed with a normal
diet (PMI Lab Diet) ad libitum with free access to water. Six- to
8-week-old female mice were used for this study. Animal care
and experimental procedures were performed with the ap-
proval of the Animal Care Committee of KAIST.

Induction of Experimental Asthma. Asthma induction was per-
formed as previously described.*? Briefly, Aspergillus oryzae
protease (1 mg/mL in PBS, Sigma-Aldrich) and chicken egg
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ovalbumin (OVA, 0.5 mg/mL in PBS, Sigma-Aldrich) allergens
(APO) were mixed 1:9 (v/v) immediately before administration.
Mice received four intraperitoneal sensitizations and one final
intranasal challenge every 4 days (day 0, 4, 8, 12, 16) with 50 uL
of allergen. For intranasal challenge, mice were lightly anesthe-
tized with isoflurane inhalation (Abbott Laboratory, Abbott
Park, IL, USA). A 50 uL amount of '*’cysAP1-PBNC and wt FTL
(1 mg/mL in PBS) was given 1 h before allergen challenge. Low
endotoxin of allergen, '*’cysAP1-PBNC, and wt FTL was con-
firmed before administration.

Analysis of Asthma Phenotypes. For phenotypes of allergic asthma,
AHR, BAL cytology, BAL glycoprotein assay, and lung histopathol-
ogy, were determined as described previously.*® Briefly, 16 h after
final intranasal challenge, AHR was measured with a FlexiVent
system (SCIREQ Inc,, Montreal, Canada). After anesthetization with
pentobarbital sodium (Hanlim Pharma Co., Seoul, Korea, 60 mg/kg)
and intubation with 20-gauge cannula, mice were connected to
the FlexiVent system via the endotracheal cannula. After paralyza-
tion with pancuronium bromide (Sigma-Aldrich, 1 mg/kg), mice
were ventilated at a respiratory rate of 150 breaths/min and tidal
volume of 10 mL/kg against a positive end expiratory pressure of
3 CmH,0. To measure lung resistances, mice were given incre-
mental doses of methacholine (Sigma-Aldrich) with an inhaler (0 =
normal saline only, 1, 3, 9, 18, 27 mg/mL). The airway resistances
were allowed to return to the baseline after each dose of metha-
choline. Then AHR, BAL cytology, and secreted glycoprotein assays
were performed as described previously.**

Measurement of Secreted Glycoprotein in BAL Fluid. Levels of
secreted glycoprotein were measured with modified ELISA as
previously reported.** Briefly, mucin standard (derived from
porcine stomach, Sigma-Aldrich) was diluted 2-fold serially
with PBS. BAL fluid samples were also diluted 2-fold serially
with PBS beginning at a 1:100 dilution. Each sample (40 uL) was
transferred to an ELISA plate (Greiner, Kremsmunster, Austria)
and incubated at 37 °C for 2 h. After incubation and washing,
plates were blocked with 200 uL of 0.2% I-block (Applied Biosys-
tems, Foster City, CA, USA) and incubated at 37 °C for 2 h. After
washing, 40 ul of biotinylated jacalin (5 ug/mL glycoprotein
binding lectin, Vector Laboratories, Burlingame, CA, USA) was
added and incubated at 4 °C overnight. The next day after another
wash, 40 uL of alkaline phosphatase conjugated streptavidin
(1:1000 dilution, BD Biosciences) was added, and the plates were
incubated at room temperature for 30 min. After a final wash,
70 uL of alkaline phosphatase substrate (5 mmol in 0.1 mol/L
alkaline buffer, Sigma-Aldrich) was added and developed until
a mucin standard curve was readily apparent. After termination
of the reaction with addition of 40 uL of 0.5 N sodium hydroxide,
optical density was measured at 405 nm by an ELISA reader
(BioRad, Hercules, CA, USA).

Statistical Analysis. Data were presented as mean + SEM.
The nonparametric Mann—Whitney test was used for statistical
analysis, and a p value of <0.05 was considered significant.
The analyses were performed by using GraphPad Prism soft-
ware V. 5.0 for Windows (GraphPad Software, La Jolla, CA, USA).
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