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a b s t r a c t

Although asthma, a chronic inflammatory airway disease, is relatively well-managed by inhaled corti-
costeroids, the side effects associated with the long-term use of these agents precipitate the need for
alternative therapeutic options based on differing modes of action. Bilirubin, a potent endogenous
antioxidant, and anti-inflammatory molecule have been shown to ameliorate asthmatic symptoms;
however, its clinical translation has been limited owing to its water insolubility and associated potential
toxicity. Here we report the first application of bilirubin-based nanoparticles (BRNPs) as a nanomedicine
for the treatment of allergic lung inflammatory disease. BRNPs were prepared directly from self-
assembly of PEGylated bilirubin in aqueous solution and had a hydrodynamic diameter of ~100 nm.
Because allergen-specific type 2 T-helper (Th2) cells play a key role in the pathogenesis and progression
of allergic asthma, the effects of BRNPs on Th2 immune responses were investigated both in vivo and
in vitro. BRNPs after intravenous injection (i.v.) showed much higher serum concentration and a longer
circulation time of bilirubin than the intraperitoneal injection (i.p.) of BRNPs or unconjugated bilirubin
(UCB). The anti-asthmatic effects of BRNPs were assessed in a mouse model of allergen-induced asthma.
Compared with UCB, treatment with BRNPs suppressed the symptoms of experimental allergic asthma
and dramatically ameliorated Th2-related allergic lung inflammation. Consistent with these results,
BRNPs caused a reduction of Th2 cell populations and the expression of related cytokines by antibody-
stimulated CD4þ T cells in vitro. Therefore, our results establish BRNPs as an important immunomodu-
latory agent that may be useful as a therapeutic for allergic lung inflammatory disease and other
immune-mediated disorders.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Asthma is a chronic inflammatory airway disease associated
with reversible airflow obstruction, persistent airway hyper-
oratory, Graduate School of
ak-ro, Yuseong-gu, Daejeon,

Sciences, KAIST, 291 Daehak-

45@kaist.ac.kr (S.-H. Lee).
ork.
responsiveness (AHR), and airway remodeling that impacts more
than 300 million individuals globally [1,2]. To date, the best option
for asthma treatment is inhaled corticosteroids, which can keep
asthma symptoms under control on a day-to-day basis. However,
long-term use of such corticosteroids can cause various side effects,
and thus there is a need for alternative therapeutic options based
on amode of action different from those of existing drugs. Recently,
Ohrui et al. reported that asthma symptoms are transiently relieved
during jaundice, suggesting a beneficial role of increased bilirubin
levels in serum [3]. In addition, it has previously been shown that
‘unconjugated’ bilirubin (UCB) ameliorates vascular cell adhesion
molecule-1 (VCAM-1)-mediated airway inflammation [4].
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Furthermore, bilirubin, the final metabolite of the heme catabolic
pathway, has been shown to be a potent antioxidant and anti-
inflammatory molecule [5]. In fact, its anti-inflammatory efficacy
has been demonstrated in a variety of inflammatory disease
models, ranging from chronic to acute inflammation [6e8]. Despite
this promising efficacy, clinical applications of UCB have been
limited owing to its water insolubility and associated potential
toxicity to neuronal cells and erythrocytes [9]. Very recently, we
developed bilirubin-based nanoparticles (BRNPs) with a diameter
of ~100 nm, composed of entirely PEGylated bilirubin, that is freely
water dispersible [10]. Whereas BRNPs retain the key anti-
inflammatory effects of the parent UCB, as demonstrated in a
mouse colitis model, they do not cause jaundice (deposition of UCB
aggregates in various tissues). Encouraged by the intrinsic immune
modulatory effects of UCB and previous findings of its beneficial
actions in asthma patients, we hypothesized that BRNPs might be
effective in treating asthma. Here we report the first application of
BRNPs as a nanomedicine for the treatment of an allergic lung in-
flammatory disease. In the present study, the anti-asthmatic effects
of BRNPs were assessed in a mouse model of allergen-induced
asthma. In particular, given the key role of allergen-specific type-
2 T-helper (Th2) cells in the pathogenesis and progression of
allergic asthma, the effects of BRNPs on Th2 immune responses
were investigated both in vivo and in vitro. Thus, the therapeutic
efficacy of both intravenously (i.v.) and i. p. injected BRNPs was
compared with that of UCB (i.p.), used as a positive control, in most
experimental settings [11].

2. Materials and methods

2.1. Materials

Anti-IFN-g (clone AN-18; eBioscience, San Diego, CA, USA), anti-
IL-4 (clone 11B11; BD Biosciences, San Diego, CA, USA), anti-IL-5
(clone TRFK5; BD Biosciences), anti-IL-13 (clone eBio13A; eBio-
science), and anti-IL-17A (clone eBio17CK15A5; eBioscience) were
purchased for use as capture antibodies. Recombinant IFN-g (BD
Biosciences) and IL-4 (BD Biosciences), as well as anti-IL-5 (BD
Biosciences), anti-IL-13 (Peprotech, Rocky Hill, NJ, USA) and IL-17A
(Peprotech), were purchased for use as ELISA standards. Biotin-
conjugated detection antibodies included anti-IFN-g (clone R4-
6A2; eBioscience), anti-IL-4 (clone BVD6-24G2; BD Biosciences),
anti-IL-5 (clone TRFK4; BD Biosciences), anti-IL-13 (clone
eBio1316H; eBioscience), and anti-IL-17A (clone eBio17B7; eBio-
science) were purchased for use as detection antibodies. Allophy-
cocyanin (APC)-Cy7-conjugated anti-CD8 (clone eBio53e6.7;
eBioscience); phycoerythrin (PE)-Cy7-conjugated anti-CD4 (clone
GK1.5; eBioscience), Alexa Fluor 700 (AF700)-conjugated anti-
CD44 (clone IM7; eBioscience), Percp-eFluor710-conjugated anti-
ST2 (clone RMST2-2; eBioscience), and eFluor506-labeled anti-
Fixable Viability dye (eBioscience) were used for flow cytometry.
PE-conjugated anti-IL-4 (clone 11B11; BD Biosciences) was used for
ICCS.

2.2. Synthesis of BRNPs

PEG-BR was synthesized as described previously [10]. PEG-BR
(2 mmol) was first dissolved in chloroform (200 mL), then a film
layer was formed by evaporating the solvent, after which the film
layer was hydrated with distilled water and sonicated for 10 min to
yield uniform-sized BRNPs. The hydrodynamic size and zeta po-
tential of the BRNPs were characterized using a Nanosizer ZS90
(Malvern Instruments, Ltd., Malvern, UK). The morphology of
BRNPs was examined by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) using Tecnai TF30 ST (FEI
Co., Hillsboro, OR, USA) and Magellan XHR 400L (FEI Co.) systems,
respectively. The diluted solution of BRNPs was used for in vitro and
in vivo studies.

2.3. Mice

Wild-type (WT) C57BL/6 mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA) and bred in our specific
pathogen-free animal facility. Six-to seven-week-old female mice
were used for this study. Animal care and experimental procedures
were performed with the approval of the Animal Care and Use
Committee of Korea Advanced Institute of Science and Technology
(KAIST, KA2013-32).

2.4. Pharmacokinetics study

BRNPs (4 mM; 50 mg/kg) or UCB (4 mM; 11.6 mg/kg) were
injected via the i. v. or i. p. route into mice (6-week-old female WT
mice; n ¼ 5/group). At a predetermined time, blood was collected
from the orbital plexus after mice had been sacrificed by exposure
to isoflurane gas. Blood samples were mixed in BD Microtainer
tubes (BD Biosciences) and centrifuged at 15,000� g for 5 min. The
supernatants (serum) were collected and the serum concentration
of the bilirubin component of the BRNPs or the UCB was measured
using a Hitachi 7080 automated blood chemistry analyzer (Tokyo,
Japan) at the Laboratory Animal Research Center of Chungbuk
National University.

2.5. Induction of allergic asthma

A. oryzae protease allergen was purchased (Sigma-Aldrich, St.
Louis, MO, USA) and reconstituted to 1 mg/mL using sterile PBS.
OVA from Sigma-Aldrich was reconstituted to 0.5 mg/mL using
sterile PBS. APO allergenwas mixed at a 1:9 (v/v) ratio immediately
before administration. Mice received five intranasal challenges
with 50 mL of APO allergen every 4 days (days 0, 4, 8, 12, and 16). For
the intranasal challenge, mice were lightly anesthetized by iso-
flurane inhalation (Abbott Laboratory, Abbott Park, IL, USA). For
evaluation of the therapeutic effects of BRNPs, BRNPs were given i.
p. or i. v. before the APO allergen challenge.

2.6. Measurement of AHR

AHR was measured with a flexiVent system (SCIREQ Inc.,
Montreal, Canada). Briefly, 16 h after the final intranasal challenge,
mice were anesthetized with pentobarbital (Hanlim Pharma Co,
Seoul, Korea) via i. p. injection of 0.15 mL/10 g body weight and
intubated with a 20-gauge cannula. After intubation, mice were
injected with 0.1 mL/10 g body weight of pancuronium (0.1 mg/mL;
Sigma-Aldrich) and ventilated with the flexiVent system. Airway
responsiveness was assessed by administering incremental doses
of nebulizing methacholine (0, 1, 3, 9, 18, 27 mg/mL; Sigma-Aldrich)
and measuring resistance every 30 s. After measuring AHR, BALF
samples were obtained by washing the lungs with PBS (1 mL, 4 �C)
delivered via a tracheal tube.

2.7. Measurement of secreted glycoprotein

Secreted glycoprotein levels in BALFweremeasured bymodified
ELISA using jacalin, a glycoprotein-binding lectin. Briefly, a glyco-
protein mucin standard derived from the porcine stomach (Sigma-
Aldrich) and BALF samples were serially 2-fold diluted in PBS,
beginning at a 1:100 dilution. Forty microliters of each samplewere
transferred to a flat-bottom ELISA plate (Greiner, Kremsmunster,
Austria) and incubated at 4 �C overnight. After washing, the plates
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were blocked by adding 200 mL of 0.2% I-block (Applied Biosystems,
Foster City, CA, USA) and incubating at 37 �C for 2 h. Plates were
washed again, then 40 mL of biotinylated jacalin (Vector Labora-
tories, Burlingame, CA, USA) diluted in PBS/Tween containing 0.1%
BSA (1:1000 dilution) was added and the plates were incubated at
room temperature for 30 min. After a final wash, 70 mL of alkaline
phosphatase substrate (5mM p-nitrophenyl phosphate substrate in
0.1 M alkaline buffer; Sigma-Aldrich) was added and the color was
allowed to fully develop. The reaction was terminated by adding
40 mL 0.5 N sodium hydroxide, and optical density was measured at
405 nm using an ELISA plate reader (Marshall Scientific, Hampton,
NH, USA).

2.8. Cytokine ELISA

Detection of cytokines in BALF was performed in triplicate by
sandwich ELISA using 96-well plates (Greiner) according to the
manufacturer's instructions (BD Biosciences). Briefly, ELISA plates
were pre-coated with 40 mL of 1:500-diluted capture antibody,
incubated for 2 h at 37 �C, and then washed and blocked with
200 mL of I-block (Applied Biosystems) overnight at 4 �C. After
washing, 40 mL of collected sample was transferred to a 96-well
plate and 40 mL of 1:500-diluted detection antibody was added.
After incubation for 2 h at 37 �C, plates were washed again and
40 mL of streptavidin-alkaline phosphatase (BD Biosciences) diluted
1:1000 in PBS/Tween/BSA was added and plates were incubated at
room temperature for 30 min. After a final wash, 70 mL of alkaline
phosphatase substrate (5 M p-nitrophenyl phosphate substrate in
0.1 M alkaline buffer; Sigma-Aldrich) was added and plates were
incubated at room temperature to allow color development. The
reaction was terminated by adding 40 mL of 0.5 N sodium hydrox-
ide, and optical density was measured at 405 nm using an ELISA
plate reader (Marshall Scientific).

2.9. Intracellular cytokine staining (ICCS)

Single-cell suspensions prepared from mouse lungs were re-
stimulated with phorbol myristate acetate (PMA, 50 ng/mL;
Sigma-Aldrich) and ionomycin (500 ng/mL; Sigma-Aldrich) for 5 h
at 37 �C in a humidified 5% CO2 atmosphere. After stimulation, cells
were stained with Fixable Viability Dye (eBioscience), APC-Cy7-
conjugated anti-CD8, PE-Cy7-conjugated anti-CD4, and AF700-
conjugated anti-CD44 antibodies against the corresponding cell
surface proteins. Following the surface staining, samples were fixed
and permeabilized using the Intracellular Fixation & Per-
meabilization Buffer Set from eBioscience, and intracellular IL-4
was detected by immunostaining with the PE-conjugated anti-IL-
4 antibody. Appropriate PE-conjugated, isotype-matched, irrele-
vant monoclonal antibody was used as an isotype control. Flow
cytometry was performed using MACSQuant (Miltenyi Biotec,
Bergisch Gladbach, Germany) or LSR Fortessa (BD Biosciences), and
data were analyzed with FlowJo software (FlowJo, LLC., Ashland,
OR, USA).

2.10. Tissue histology

For staining with periodic acid-Schiff (PAS) and/or hematoxylin
and eosin (H&E), mouse lungs were inflated and fixed with 4%
paraformaldehyde (Sigma-Aldrich) after collection of BALF cells.
Lung samples were embedded in paraffin and sectioned (6 mm
thick), and then stained with PAS or H&E.

2.11. CD4þ T cell isolation

Splenocytes from WT mice were extracted, and n€aive CD4þ T
cells (purity > 98%) were isolated using negative selection (Mag-
niSort Mouse CD4þ Naive T cell Enrichment Kit; eBiosciences), ac-
cording to the manufacturer's instructions.

2.12. Cell culture

Isolated cells were cultured in RPMI-1640 medium supple-
mentedwith 50 mg/mL of streptomycin, 50 U/mL of penicillin G,10%
fetal bovine serum (WelGene, Seoul, Korea), and 2 mM L-glutamine
(Invitrogen, Carlsbad, CA, USA) at 37 �C in a humidified 5% CO2
atmosphere. For activation of T cells, 3 � 105 CD4þ T cells isolated
frommice splenocytes were cultured with irradiated (3000 rads, X-
RAD 320; Precision X-Ray, Sydney, Australia) antigen-presenting
cells (APCs) and anti-CD3 and anti-CD28 monoclonal antibodies
(1 mg/mL) in round-bottom 96-well plates (BD Biosciences).

2.13. Detection of ROS

ROS generationwas measured by flow cytometric analysis using
5-(and-6)-chloromethyl-20,70-dichlorofluorescein diacetate (DCF-
DA) (Invitrogen). Briefly, naïve CD4þ T cells were incubated with
BRNPs in the presence or absence of anti-CD3/28 coated-Dyna-
beads (Invitrogen) for 2 h and labeled with 10 mM DCF-DA for
30 min at 37 �C after harvesting.

2.14. Data analysis and statistics

Data analysis, including calculation of division indices, was
performed using FlowJo 8.8.6 software (FlowJo, LLC) and GraphPad
Prism Software V.5.0 forWindows (GraphPad Software, La Jolla, CA,
USA). The significance of differences between two means was
assessed using an unpaired, two-tailed Student's t-test with 95%
confidence intervals.

3. Results and discussion

3.1. Preparation and characterization of BRNPs

The overall scheme for the preparation of BRNPs is shown in
Fig. 1A. A carboxylic acid in bilirubin was activated by carbodiimide
and reacted with amine-modified polyethylene glycol (PEG) (Mw

~2000), yielding mono-PEGylated bilirubin (PEG-BR). A prepara-
tion method involving formation of a thin film of PEG-BR and
rehydration in water was used, allowing us to obtain BRNPs as
spherical nanoparticles with the average diameter of 94 ± 12 nm
based on SEM images (Fig. S1), a hydrodynamic diameter of
approximately 100 nm and the zeta potential of �28 mV (data not
shown here) [10]. The resulting BRNPs were fairly water dispersible
and did not form aggregates or precipitates in distilled water or
buffer solutions at physiological pH. In contrast, UCB, which is
known to dissolve only under basic pH conditions, still showed
appreciable precipitate formation at pH 10 after centrifugation
(Fig. S2). Moreover, the amide bond between PEG and bilirubin in
PEG-BR would not be cleaved to release free UCB until it becomes
excreted from the body [10], suggesting the little possibility of UCB
deposition in tissues.

3.2. BRNPs attenuate the phenotypes of murine experimental
asthma

We examined the therapeutic effects of BRNPs in an allergic
asthma mouse model. Eosinophil recruitment, goblet cell meta-
plasia, mucus hyperproduction, and AHR are hallmarks of allergic
asthma. Among available mouse models of asthma, the use of
Aspergillus oryzae (A. oryzae) allergen, which acts as an allergy-
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promoting adjuvant, together with chicken egg ovalbumin (OVA)
has been shown to induce a robust Th2-mediated asthma-like in-
flammatory disease inmice [12e15]. Therefore, we challengedmice
with A. oryzae protease together with OVA (designated APO) on
days 0, 4, and 8 and found increased AHR and recruitment of in-
flammatory cells in bronchoalveolar lavage fluid (BALF) (Fig. S3)
indicative of induction of allergic asthma symptoms. To test the
efficacy of BRNPs, we induced a full allergic lung inflammation
model by intranasally challenging wild-type C57BL/6 mice with
APO allergen on days 0, 4, 8, 12, and 16. BRNPs were then intra-
venously administered to mice at doses of 2, 10, and 50 mg/kg on
days 12, 14, and 16 (Fig. 1B). As shown in Fig. 1C, treatment with
BRNPs at doses of 10 and 50 mg/kg significantly reduced AHR
compared with untreated asthmatic mice, decreasing symptoms to
near-normal levels, while the lowest dose (2 mg/kg) was not
effective. Moreover, compared with phosphate-buffered saline
(PBS)-challenged controls, the APO allergen-challenged group
showed a marked increase in inflammatory cells in BALF which was
substantially reduced by treatment with either 10 or 50 mg/kg of
BRNPS (Fig. 1D). More specifically, the recruitment of eosinophils
was clearly diminished at these higher doses of BRNPs (Fig. 1E).
Furthermore, treatment with 10 or 50 mg/kg of BRNPs decreased
the levels of airway glycoproteins relative to those in untreated
asthmatic controls; again, 2 mg/kg BRNPs did not exert a mean-
ingful reduction (Fig. 1F). Collectively, these results indicate that
BRNPs are highly effective in ameliorating the symptoms of allergic
lung inflammation in a specific experimental mouse model.
3.3. Intravenous administration of BRNPs suppresses asthma
phenotypes more effectively than intraperitoneal injection of BRNPs
or UCB

We next examined whether BRNPs are more effective than UCB
for ameliorating symptoms in an allergic asthmamodel and further
compared the therapeutic efficacy of BRNPs as a function of the
administration route. BRNPs (10mg/kg; equivalent to 2.32 mg UCB/
kg) were administered to APO-induced asthmaticmice either i. v. or
Fig. 1. Synthesis and effects of BRNPs in murine experimental asthma. (A) PEG-BR was s
inflammation and application of BRNPs in mice. (C) AHR was measured using a flexiVent syst
(D) and differential BALF cell counts (E) were determined ( : eosinophils, ,: macrophag
quantified using a modified ELISA. Data are presented as means ± SEM and are representa
***P < 0.0005 compared with the APO-challenged group).
i. p. (Fig. 2A), whereas UCB (2.32 mg/kg) was delivered only via the
i. p. route because it rapidly aggregates and causes embolization
upon i. v. injection. Sixteen hours after the final APO challenge,
airway inflammation was assessed by measuring AHR and assess-
ing cell populations in BALF. As shown in Fig. 2BeE, administration
of BRNPs via either the i. v. or i. p. route substantially reduced AHR,
total cell numbers as well as eosinophil numbers in BALF, and
airway glycoprotein production relative to PBS-only controls.
Notably, i. v. administration of BRNPs was much more effective in
suppressing these asthmatic symptoms. Although UCB treatment
(i.p.) partially attenuated asthma symptoms, its efficacy was far
lower than that of intravenously injected BRNPs. This difference in
anti-asthmatic efficacy was clearly evident in staining for goblet
cell hyperplasia (Fig. 2F, arrows) and inflammatory cell infiltration
in the airway (Fig. S4, arrows). Collectively, these data show that
treatment with BRNPs diminishes the severity of allergic asthma
and indicate that i. v. injection is more effective than i. p. injection
for delivery of BRNPs.

To investigate the basis for the difference in efficacy between
BRNPs and UCB, we studied the pharmacokinetics of BRNPs (i.v. or i.
p.) and UCB (i.p.) in blood. Serum concentration of bilirubin after
administration of each sample was measured with a blood chem-
istry analyzer. As shown in Fig. 3, regardless of the administration
route, BRNPs produced much higher serum concentrations and a
longer circulation time of bilirubin compared with UCB (i.p.). In
addition, i. v. administration of BRNPs exhibited a larger area-
under-the-curve (AUC) value than i. p.-administered BRNPs (553
vs. 364 mg/mL$h). We speculate that this difference in the phar-
macokinetic profile underlies the clear difference in therapeutic
efficacy between these compounds. This result underscores that i. v.
administration of BRNPs is more effective than i. p. administration
for suppressing allergic asthma symptoms.
3.4. Compared with UCB, BRNPs significantly reduce the population
of activated Th2 cells in this mouse model

The first event in the development of allergic asthma is the
ynthesized from bilirubin and PEG. (B) The overall scheme for the induction of airway
em ( : PBS, : Vehicle, : 2 mg/kg, : 10 mg/kg, : 50 mg/kg). Total BALF cell numbers
es, : neutrophils, -: lymphocytes). (F) Secreted airway glycoproteins in BALF were
tive of three independent experiments (n ¼ 3 per group; *P < 0.05, **P < 0.005, and



Fig. 2. The more efficient anti-inflammatory function of BRNPs compared with UCB. (A) Experimental design. (B) AHR was determined using the flexiVent system [ : PBS, :
vehicle, : UCB (i.p.), : BRNPs (i.p.), : BRNPs (i.v.)]. (CeE) Total BAL cell counts (C), differential BALF cell counts (D, : eosinophils, ,: macrophages, : neutrophils, -:
lymphocytes), and glycoprotein secretion (E) were examined. (F) Sections of lungs were stained with PAS. Arrows indicate metaplastic goblet cells. Original magnification, 400�;
scale bar ¼ 40 mm. Data are presented as means ± SEM and are representative of three independent experiments (n ¼ 3 per group; *P < 0.05, **P < 0.005, and ***P < 0.0005
compared with the APO-challenged group).

D.E. Kim et al. / Biomaterials 140 (2017) 37e44 41
induction of allergen-specific Th2 cells [16]. Once induced, these
allergen-specific cells produce interleukin (IL)-4, IL-5, and IL-13
leading to the synthesis of immunoglobulin E (IgE), maturation
and recruitment of eosinophils, goblet cell metaplasia, mucus hy-
perproduction, and AHR [17]. Given the key role of Th2 cells in the
induction of allergic lung inflammatory responses, targeting Th2
cells could prove to be an efficient therapeutic strategy for con-
trolling Th2-mediated immune responses to respiratory allergens.
Thus, to investigate the mechanism of BRNP-mediated attenuation
of allergic asthma, we specifically focused on the Th2 cell popula-
tion, which is a subset of the CD4þ T-cell population. We first
measured concentrations of the Th2-related cytokines, IL-4, IL-5
and IL-13 [18] in BALF using an enzyme-linked immunosorbent
assay (ELISA). As shown in Fig. 4AeC, APO-challenged mice treated
with BRNPs (i.v.) showed considerably diminished production of IL-
4, IL-5, and IL-13 comparedwith the untreated, allergen-challenged
group. Consistent with the reduction in asthma symptoms (Fig. 2), i.
p.-injection of BRNPs also reduced the production of these cyto-
kines, albeit to a much lesser extent than i. v. BRNPs, while the
suppressive effect of UCB (i.p.) on cytokine production was only
marginal. Recent studies have shown that UCB suppresses T cell
activation via regulation of NF-kB activation and costimulatory
molecules of T cells in an antigen-presenting cell-independent
manner [7,8]. Thus, we quantified the population of CD4þ cells
positive for CD44, a marker for activated/effector T cells, using flow
cytometry. As expected, the CD44þ cell population increased in
asthma-inducedmice compared with PBS-challenged control mice.
Of note, BRNP treatment caused a decrease in this population in the
asthma-induced group (Fig. 4D and Fig. S5A) [19]. Next, to confirm
that the decrease in allergic lung inflammation induced by BRNP
treatment was related to Th2 cells, we analyzed the IL-4-producing
CD44þCD4þ T cell population in the lung by intracellular cytokine
staining (ICCS). Asthmatic mice showed an increased population of
IL-4eproducing cells compared with PBS-challenged control mice
(2.88% vs. 0.61%), and after BRNP (i.v.) treatment this cell popula-
tion was significantly decreased (2.88% vs. 1.06%) (Fig. 4E and F).
Because the cardiac biomarker ST2 can serve as a marker for a
distinct subpopulation of Th2 cells [20], we further quantified
ST2þCD44þCD4þ Th2 cells in asthma-induced mice. Both i. v. and i.
p. BRNP treatment resulted in a considerable decrease in this cell
population (Fig. S5B and C). Collectively, these observations suggest
that BRNPs attenuate allergic lung inflammation through regula-
tion of effector Th2 cells.

3.5. BRNPs exert their therapeutic effects through suppression of
Th2 cell activation

To further understand the mode of action of BRNPs in the
allergic asthma model, we investigated the direct effects of BRNPs
on naïve CD4þ T cells in vitro upon stimulation with anti-CD3 and
anti-CD28 monoclonal antibodies. Regardless of antibody stimu-
lation, BRNPs did not affect the viability of CD4þ T cells, even at a
concentration as high as 100 mM, as assessed by fluorescence-
activated cell sorting (FACS) analysis (Fig. 5A). Consistent with the
in vivo cytokine analysis results for BRNPs (see Fig. 4AeC), the
production of key cytokines, IL-4 (Fig. 5B), IL-5 (Fig. 5C), and IL-13
(Fig. 5D), by antibody-stimulated CD4þ T cells was significantly
decreased by BRNPs in a concentration-dependentmanner.We also
measured the Th1- and Th17-related cytokines, interferon (IFN)-g
and IL-17A, respectively, and found that BRNPs diminished the
production of both (Fig. S6A and B). As shown in Fig. 5E and F,
treatment of naïve CD4þ T cells with anti-CD3 and anti-CD28



Fig. 3. Pharmacokinetic profiles of BRNPs (i.v. or i. p.) and UCB (i.p.). (A and B) Serum concentration (A) and pharmacokinetic profile (B) of the bilirubin component in mice
treated with BRNPs (50 mg/kg; i. v. or i. p.) or UCB (11.6 mg/kg; i. p.). Data are presented as means ± SD (n ¼ 5 per group).

Fig. 4. Regulation of Th2-mediated immune responses by BRNPs. (AeC) Secretion of Th2-related cytokines, IL-4 (A), IL-5 (B), and IL-13 (C) in BALF was quantified by ELISA. (D)
CD44þ and CD44� cell subpopulations of CD4þ T cells in lungs were detected by flow cytometric analysis (,: CD44�, -: CD44þ). (E and F) IL-4þ cells in lung CD44þCD4þ T cells
were assessed by flow cytometric analysis. Representative (E) and compiled data (H) are shown. Data are presented as means ± SEM and are representative of three independent
experiments (n ¼ 3 per group; *P < 0.05, **P < 0.005, and ***P < 0.0005 compared with the APO-challenged mice; #P < 0.05 compared with the APO-challenged group receiving
UCB).
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monoclonal antibodies resulted in a significant increase in the
population of IL4þCD44þ T cells, indicative of successful stimula-
tion/activation. Similar to the trend observed in Fig. 5BeD, BRNPs
caused a substantial, concentration-dependent reduction in the
population of IL-4eproducing CD44þ T cells (Fig. 5E and F).

Reactive oxygen species (ROS) are known to play a crucial role
in the pathogenesis and progression of a variety of acute and
chronic inflammatory diseases [21,22]. In fact, it has been shown
that administration of antioxidants such as AEOL 10,113 and bili-
rubin can attenuate OVA-induced airway inflammation by scav-
enging ROS [4,23]. Thus, we investigated whether BRNPs were
capable of scavenging ROS in CD4þ T cells. The signal intensity of
the ROS-detection dye, dichlorofluorescein-diacetate (DCF-DA),
was measured in naïve and antibody-stimulated CD4þ T cells in
the presence and absence of BRNPs. As shown in the (Fig. S6C and
D), BRNPs induced a concentration-dependent decrease in the
fluorescence intensity of DCF-DA, suggesting that the ROS-
scavenging activity of BRNPs may be closely related to its inhibi-
tory effects on cytokine production. Collectively, these in vitro
experiments demonstrate that BRNPs directly inhibit anti-CD3
and anti-CD28 monoclonal antibody-stimulated activation of
CD4þ T cells.



Fig. 5. Direct effects of BRNPs on Th2-related cytokine production in antibody-stimulated CD4þ T cells in vitro. Purified, naïve CD4þ T cells were incubated with or without
soluble anti-CD3 and anti-CD28 monoclonal antibodies and BRNPs (1, 10, or 100 mM) for 2 days. (A) Cell viability was assessed by FACS analysis with annexin V and PI staining. (BeD)
The levels of cytokine production were measured in culture supernatants by ELISA. (E and F) IL-4þCD44þ cells in the CD4þ T cell population were analyzed by flow cytometry.
Representative (E) and compiled data (F) are shown. Data are presented as means ± SEM and are representative of three independent experiments (n ¼ 3 per group; *P < 0.05,
**P < 0.005, and ***P < 0.0005 compared with antibody-stimulated CD4þ T cells without BRNPs).
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4. Conclusion

In this study, we validate the potent anti-inflammatory effects of
BRNPs in an allergen-induced asthma model and show that BRNPs
have greater efficacy than UCB. Moreover, compared with UCB, i. v.-
injected BRNPs markedly attenuated key allergic asthma symptoms
including AHR, recruitment of airway inflammatory cells (e.g., eo-
sinophils), glycoprotein production, and goblet cell metaplasia.
Notably, IL-4-, IL-5-, and IL-13-producing CD44þCD4þ T cell pop-
ulations were significantly diminished by BRNP treatment.
Consistent with these in vivo data, BRNPs directly inhibited the
activation of CD4þ T cells in vitro without affecting their viability
likely scavenging ROS. Taken together, these results indicate that
BRNPs show potent therapeutic efficacy against murine experi-
mental asthma through an immune-modulating mechanism. The
greater water dispersibility and better pharmacokinetic properties
of BRNPs compared with the small molecular weight bilirubin
make them a new therapeutic alternative to current corticosteroid-
based treatments of allergic lung inflammatory diseases. In this
study, we evaluated the therapeutic efficacy of BRNPs via i. v. and i.
p. routes because bilirubin in our body exerts its biological effect
during blood circulation. To treat pulmonary disorders such as
allergic lung inflammation, however, intratracheal or intranasal
administration of nanomedicine has been preferred and thus such
routes need to be tested with BRNPs [24] [25]. Further, the present
study suggests the possibility of using BRNPs as a nanomedicine
targeting different Th1- or Th17-related diseases, such as multiple
sclerosis and rheumatoid arthritis [26,27].
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