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Background: Food allergy (FA) is a significant public health problem. The therapeutic
efficacy for FA is unsatisfactory currently. The breakdown of intestinal immune toler-
ance is associated with the pathogenesis of FA. Therefore, it is of great significance to
develop novel therapeutic methods to restore immune tolerance in treating FA.
Methods: We proposed an oral administration strategy to treat FA by co-delivering food allergen
epitope fragment (peptide: 1K) and adjuvant R848 (TLR7 ligand) in the mPEG-PDLLA nano-
particles (PPLA-IK/R848 NPs). The generation of tolerogenic dendritic cells (DCs) and regula-
tory T cells (Tregs) induced by PPLA-IK/R848 NPs were evaluated in vitro and in vivo. The
therapeutic effects of PPLA-IK/R848 NPs were also assessed in an OVA-induced FA model.
Results: PPLA-IK/R848 NPs could efficiently deliver IK to DCs to drive DCs into the
tolerogenic phenotypes and promote the differentiation of Tregs in vitro and in vivo,
significantly inhibited FA responses through the recovery of intestinal immune tolerance.
Conclusion: Oral administration of PPLA-IK/R848 NPs could efficiently deliver IK and
R848 to intestinal DCs and stimulate DCs into allergen tolerogenic phenotype. These
tolerogenic DCs could promote the differentiation of Tregs, which significantly protected
mice from food allergic responses. This study provided an efficient formulation to alleviate
FA through the recovery of immune tolerance.
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Introduction

Food allergy (FA) is a T helper (Th)-2 dominant and IgE-mediated immune disorders
that result in non-tolerance to a specific food. Both regulatory T cells (Tregs) deficiency
and dysfunction were found to be associated with FA.' FA is a serious public health
problem that adversely affects the people’s quality of life and the economy.” FA is more
More

than 90% of FA are due to eight main foods: milk, egg, peanut, tree, soy, wheat, fish and

prevalent in young people with 6-8% incidence compared to 3-4% in adults.’

shellfish.* The management of FA is restricted to avoid touching or taking food
allergens. Indeed, at present, there are no Food and Drug Administration (FDA)
approved treatments for FA. Despite allergen-specific immunotherapy”’ has been
employed in the treatment of FA, it still carry unacceptable risks, such as IgE-mediated
adverse effects.® Thus, improved modalities of delivering allergen-specific immu-
notherapy to least IgE-mediated allergic reaction are needed.

T cell epitopes of allergen based immunotherapy has been employed in the

treatment of allergic diseases.’ In this strategy, peptides (T cell or B cell epitope
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fragments) were selected from the allergens. These aller-
gen fragments retain the immunological ability to induce
immune response, and they are too short to cross-link
IgE on mast cells compared with the whole allergen

molecule, 10,11

thereby decrease the IgE-mediated side
effects. However, the immune responses induced by
these small peptides are limited unless combining with
an adjuvant. Resiquimod (R848), a known adjuvant with
similar functions of Toll-like receptor (TLR)7 ligand,
can effectively reduce the respiratory symptoms of aller-
gic rhinitis and asthma.'*'* Therefore, R848 could be a
potential adjuvant candidate to treat FA if it is combined
with allergen epitope fragments.

However, R848 is a hydrophobic imidazoquinoline
compound. The poor solubility will lead to poor immu-
nological responses thus more doses of adjuvant are
required. To solve this problem, nanoscale drug delivery
systems are usually preferred. Amphiphilic methoxy poly
glycol)-poly(D,L-lactide) (mPEG-PDLLA)

copolymers are promised as biocompatible, biodegrad-
14,15

(ethylene

able and nontoxic amphiphilic block copolymer.
They offer the potential to achieve high solubility of
hydrophobic drugs. For many peptide drugs larger than

HN" SN
TLRY7 agnoist R848

F——175.5 nm—

1000 Da, the optimized delivery systems are necessary to
enhance the peptide permeation across the physiological
barriers.'® mPEG-PDLLA could also act as highly effec-
tive peptide delivery systems and offer multiple advan-
tages, such as the function to control and extend the

release of peptide'”'®

and protect the encapsulated pep-
tide from degradation after systemic injection."?

In this study, an ovalbumin (OVA) induced FA mouse
model was developed. An OVA epitope fragment peptide
OVA;;347 IAIMSALAMVYLGAK, IK in short) and R848
were co-encapsulated in mPEG-PDLLA nanoparticles
(PPLA-IK/R848 NPs) in the treatment of experimental FA
via oral administration (Scheme 1). We hypothesize that the
PPLA-IK/R848 NPs can efficiently deliver IK and R848 to
the intestine and be phagocytosed by dendritic cells (DCs) to
induce tolerogenic DCs. These tolerogenic DCs could pro-
mote the differentiation of Tregs in intestine (Scheme 1),
thereby, to alleviate FA.

Materials and methods

Materials
mPEG2000-PDLLA2000 was purchased from Jinan
Daigang Biomaterial Co., Ltd (Jinan, China). OVA33_47:

PPLA-IK/R848 NPs -~~~

o
*’- > Foxp3] <--__

Tolerogenic DCs

Y
N
\

.

Scheme | A scheme of the conformation of PPLA-IK/R848 NPs and the role of it in the FA inhibition by inducing tolerogenic DCs and Foxp3™ Tregs in the intestine.
Notes: PPLA-IK/R848 NPs can efficiently deliver the IK and R848 to the intestine and be phagocytosed by dendrtic cells (DCs) to induce TGF-B-producing tolerogenic DCs

and to promote the differentiation of Tregs in intestine.

Abbreviations: OVA, ovalbumin; PPLA-IK/R848 NPs, OVA epitope fragment IK and R848 co-delivery nanoparticles; FA, food allergy; DCs, dendritic cells; TGF-,
transforming growth factor-B; Foxp3, Forkhead box protein 3; Tregs, regulatory T cells; Th2, T-helper 2 cells.
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IAIMSALAMVYLGAK (IK) and FITC labeled IK (FITC-
IK) were synthesized by ONTERES biotechnologies Co.,
Ltd (Hangzhou, China). TLR7 agonist R848 was pur-
chased from MedChem Express (Monmouth Junction,
NJ). The normal saline was supplied by Shandong Qidu
pharmaceutical Co., Ltd (Shandong, China). The Float-A-
Lyzer®@G2 dialysis cassette was obtained from Spectrum
Labs (CA, USA). Mouse GM-CSF and IL-4 were pur-
chased from Sino Biological, China. RPMI 1640 was
developed by Roswell Park Memorial Institute.
Penicillin-streptomycin and fetal bovine serum (FBS)
were purchased from Thermo Fisher Scientific. All the
other organic solvents and chemicals were of the highest
degree of purity commercially available. The water used in

the experiment was deionized.

Preparation of PPLA-IK/R848 NPs
PPLA-IK/R848 NPs were prepared by w/o/w double
emulsion solvent evaporation as described before with
some modifications.”” Briefly, 2 mg of IK was dissolved
in 500 pl of methanol and distilled water mixed solution
(v:v 1:1), then subsequently added to ImL of dichloro-
methane (DCM) containing 10 mg R848 and 40 mg
mPEG-PDLLA with ultrasonication at 250 W for 5 mins
(KunShan Ultrasonic Instruments Co., Ltd, Kunshan,
China) to prepare a water-in-oil emulsion (W1/0). Next,
the primary emulsion was added to 10 mL of an aqueous
tween 80 solution (2.5% w/v) and the mixture was emul-
sified again by constant ultrasonication, followed by eva-
poration of methanol and DCM under vacuum until no
organic solvent remained. Then the nanoparticles were
collected by centrifugation for 20 min at 20,000 g, washed
with pyrogen-free water and resuspended in pyrogen-free
water. The fluorescent labeling of PPLA-IK/R848 NPs
(FITC-IK/R848 NPs for short) was prepared using
FITC-IK as described above.

Characterization of PPLA-IK/R848 NPs

The mean particle size, polydispersity index (PDI), and
zeta potential of PPLA-IK/R848 NPs were measured by
dynamic light scattering (Zetasizer Nano ZS; Malvern
Instruments, Malvern, UK) at 25 °C. Each sample was
measured in triplicates with 12 scans each. The morphol-
ogy of PPLA-IK/R848 NPs was observed using a
JEM-1400 electron microscope (JEOL, Tokyo, Japan).
One drop of the PPLA-IK/R848 NPs was placed on a
300-mesh copper grid, air-dried, and negatively stained

with 2% (w/v) uranyl acetate for electron microscope
observation.

Stability of PPLA-IK/R848 NPs in

stimulated gastrointestinal fluids
PPLA-IK/R848 NPs (containing 0.2 mg/mL of IK and
Img/mL of R848) were mixed (1:4, v/v) with simulated
gastric fluid (containing 1.0% pepsinum in 1mol/L diluted
HCl, pH=1,4) or simulated intestinal fluid (containing
1.0% pancreatin in pH 6.8 phosphate buffer saline (PBS,
0.01 M)) and incubated at 37 °C. At specific time inter-
vals, 1 mL of sample was removed and analyzed (size
change and particle distribution). Each experiment was
performed in triplicate.

In vitro drug release behavior

To evaluate the in vitro release behavior of IK and R848
from NPs, 1 mL FITC-IK/R848 NPs (containing 0.5 mg/
mL of FITC-IK and 2.5 mg/mL of R848) were placed in
Float-A—TLyzer dialysis cassettes (molecular weight cut off
20 kDa; Spectrum Labs, Rancho Dominguez, CA, USA),
immersed into 1 L of PBS (pH 7.4, 0.1 mol/L), and incu-
bated at 37 °C with stirring (100 rpm). FITC-IK and R848
physical mixture suspensions (0.5 mg FITC-IK and 2.5 mg
R848 were directly dispersed in 1 mL of water at 37 °C
with ultrasonication at 250 W for 15 mins) were used as a
control and were treated under the same condition. At
specific time intervals, 50 pL of samples were withdrawn
from the cassettes, and the cassettes were replenished with
50uL of fresh PBS solution. The cumulative release of both
FITC-IK and R848 were estimated by the reduction of the
quantity inside the dialysis bag with the HPLC method. The
release medium was replaced every 24 hrs to ensure sink
conditions. All the assays were performed in triplicate.

In vitro cell uptake by DC 2.4 cells

DC2.4 cells (ATCC, Manassas, VA. 5x10° cells/well) were
seeded into 12-well plates and maintained at 37 °C in 5%
CO, in RPMI 1640 medium supplemented with 10% FBS
and 100 U/mL penicillin and 0.1 mg/mL streptomycin
overnight. The medium was replaced by the same amount
of FITC-IK NPs and free FITC-IK DMSO solution
(40 pg/mL or 80 pg/mL, 1 mL). After 12 hr of incubation,
the supernatant in each well was removed. The cells were
washed 3 times with cold PBS and fixed with 4% paraf-
ormaldehyde for 20 min. Then the cells were washed
3 times again with PBS and stained with DAPI for Smin.
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The cellular uptake of FITC-IK NPs and free FITC-IK
solution were monitored by fluorescence microscope
(Olympus, Tokyo, Japan).

PPLA-IK/R848 NPs primed DCs and Treg

induction

Bone marrow-derived dendrtic cells (BMDC) were pre-
pared as previously reported.?! Briefly, bone marrow cells
were obtained from the bone marrow of femurs and iliac
bones of Balb/c mice. The cells were seeded in 6-well
plates with complete RPMI-1640 culture medium in the
presence of IL-4 (10 ng/mL) and GM-CSF (20 ng/mL).
BMDCs were cultured with blank-NPs, the same amount
of IK/R848 mixture or PPLA-IK/R848 NPs (the corre-
sponding concentration of IK and R848 is 1.6 pg/mL and
8 ng/mL, respectively). The whole culture medium with
indicated reagents was replaced on day 3 and half of the
culture medium was replaced on day 5 and day 7. On day
8, all cells were collected. A part of BMDCs was used for
DC phenotypes analysis by flow cytometry and Western
blot .

Splenocytes were harvested by mincing spleen tissue
and passing the cells through a 200-mesh screen. Naive
CD4" T cells were isolated from splenocytes by magnetic
cell sorting (MACS) kit purchased from the Miltenyi
Biotech (Bergisch Gladbach, Germany). The primed
BMDCs (4x10° cells/well) were co-cultured with naive
CD4" T cells (8x10° cells/well) in 24-well plates which
were coated with an anti-CD3 (1 pg/mL) and stimulated
with anti-CD28 (2 pg/mL) and OVA (20 pg/mL). The cells
were collected 3 days later and analyzed by flow cytometry.

In vivo cell uptake by intestinal DCs
For easier detection of cell uptake by intestinal DCs, naive
mice were orally administered with Img of FITC-IK and
FITC-IK NPs, respectively. After 6 h, small intestine was
removed and flow cytometry analysis of the intestinal
lamina propria mononuclear cells (LPMCs) was per-
formed. The cell suspensions were stained with PE-con-
jugated anti-CD11c¢ and APC-conjugated anti-CD103 (BD
Biosciences Pharmingen). Isotype IgG was used as control
antibodies. CD11¢ ' CD103" cells were gated for intestinal
DCs and then FITC intensity was directly analyzed using a
FACS Calibur Flow cytometer (BD Biosciences). The data
were analyzed using Flowjo software (7.6.1).

For fluorescence analysis of in vivo cell uptake, intest-
inal cryosections of mice receiving free FITC-IK and

FITC-IK NPs were prepared. The sections were incubated
with DAPI in order to visualize nuclei. Images of positive
staining were taken using a fluorescence microscope
(Olympus, Tokyo, Japan).

Sensitization and challenge of mice
Animals

Female Balb/c mice (6 weeks) were purchased from the
Experimental Animal Center (Guangzhou, China) and
maintained in a specific pathogen-free environment. Mice
were allowed to access food and water freely. The animal
studies were carried out in accordance with the
Institutional Guidelines for Animal Care and Use of
Laboratory Animals at Shenzhen University and approved

by the Animal Ethic Committee at Shenzhen University.

SIT treatment

Mice were randomly divided into 5 groups (10 mice per
group): A) Control group: Mice were treated with normal
saline (NS); B) Model group: Mice were sensitized to OVA
and treated with NS; C) Blank NPs group: Sensitized mice
were treated with blank NPs; D) IK/R848 physical mixture
group: Sensitized mice were treated with a mixture of IK
and R848; E) PPLA-IK/R848 NPs group: Sensitized mice
were treated with PPLA-IK/R848 NPs. Each mouse of
group D and E was received 50 pg IK and 250 pg R848
each time. All the groups were received oral administration
every day for 6 times after sensitization (more information
is available in supplementary information).

Sensitization and challenge of mice

FA mouse model was established based on previous stu-
dies with some modifications.”* >* Briefly, mice were
immunized with 0.1 mg OVA per mouse in 0.2 mL NS
plus 2 mg of Alum (Sigma, USA) via subcutaneous injec-
tion on day 0, 3 and 7. Then mice were challenged by oral
administration of 50 mg OVA on day 14, 16 and 18. The
control group was treated with an equal volume of NS.
The mice temperatures and body weight were monitored
and the emergence of allergic diarrhea was also observed
within 30 min after challenge. 24 hrs after the final chal-
lenge, blood samples (500 pL) were taken from the mice
eyes with local anesthesia before sacrifice and the serum
was isolated for the measurement of OVA-specific antibo-
dies. The small intestines were removed, fixed in 4%
paraformaldehyde immediately for histopathological ana-
lysis or frozen at —80 °C for enzyme-linked immunosor-
bent assay (ELISA).
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Flow cytometry analysis for Tregs

LPMCs from different groups were stained with
FITC-conjugated anti-CD4 and APC-conjugated anti-CD25
(BD Biosciences Pharmingen) before fixation and intracel-
lular labeling using a PE-conjugated Foxp3 antibody (BD
Biosciences Pharmingen). Isotype IgG was used as control
antibodies. Cells were analyzed using a FACS Calibur Flow
cytometer (BD Biosciences). The data were analyzed using
Flowjo software (7.6.1).

Statistical analysis

Statistical analysis was performed with SPSS 19.0 statis-
tics software. Both Student’s t test and ANOVA two ways
test were used to evaluate the differences between groups,
and P<0.05 or less was considered significant.

Results and discussion

Preparation and characterization of

PPLA-IK/R848 NPs

An OVA epitope fragment IAIMSALAMVYLGAK (IK)
was synthesized with purity >95% and the sequences were
confirmed by HPLC and LC-MS spectrometry analysis
(Figure S1). PPLA-IK/R848 NPs were prepared with
mPEG-PDLLA and Tween 80. They exhibited an average
diameter of 175.5£6.5 nm and was about 110 nm larger

than that of blank NPs (Figure 1A). The polydispersity
index (PDI) value was 0.158+0.013 with a zeta potential
of +2.81 mV. Cationic particles were effectively taken into
DCs due to the attraction to negatively charged cell
membranes.”” Transmission electron microscope (TEM)
image of PPLA-IK/R848 NPs showed a spherical and
smooth surface (Figure 1B), which was smaller than that
observed by dynamic light scattering (DLS) examination
because the drying process resulted in particle shrinkage.
The obtained PPLA-IK/R848 NPs nearly maintained their
original size and no aggregation were observed in simu-
lated gastric or intestinal fluids during the 12 h incubation.
(Figure 1C), indicating that the obtained PPLA-IK/R848
NPs were suitable for oral administration. The size of the
obtained NPs in our study is optimal for transport across
the gut barrier and uptake by immune cells in the
intestine.”?” The in vitro drug release behavior of FITC-
IK/R848 NPs was compared with FITC-IK/R848 physical
mixture (dispersed directly in water) and the cumulative
dissolution profile is shown in Figure 1D. The cumulative
release profiles of FITC-IK/R848 NPs exhibited a two-
phase release pattern. In the initial quick release phase,
68.1% of encapsulated FITC-IK and 46.8% of encapsu-
lated R848 were released within 4h. This may be attributed
to their adhesion to the outer layer of the NPs that are not
being tightly bound and consequently are more easily

A PPLA-IK/R848 NPs Blank NPs
16 1 — 10 |
14 ] —_
12 SR
< = D
210 =6 <
= ® 6 X
c 8 A GC) 2= 140 4 —i— FITC-IK from NPs
AP 2 4| o —@—FITC-IK from physical mixture
£, = 2 120 —A— R848 from NPs
2 | c —¥—R848 from physical mixture
2 A [0}
o 1004
0 . . 0] L @
1 10 100 1000 10000 1 10 100 1000 10000 3 80
Size (d.nm) Size (d.nm) 2 ]
B . C o 60
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Figure | Characterization of PPLA-IK/R848 NPs.

Notes: (A) The particle size distribution of PPLA-IK/R848 NPs and blank NPs. Each sample was measured in triplicate (12 scans); (B) TEM image of PPLA-IK/R848 NPs. The
scale bar is 100 nm. (C) The stability of PPLA-IK/R848 NPs in simulated gastrointestinal fluids at 37 °C. (D) The in vitro cumulative release profile of FITC-IK and R848 in

each formulation. The data are presented as mean * SD, n=3.

Abbreviations: PPLA-IK/R848 NPs, OVA epitope fragment IK and R848 co-delivery nanoparticles; DLS, dynamic light scattering; TEM, Transmission electron microscope;

SD, standard deviation.
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released. This type of release is advantageous for NPs to
stimulate the immune system because of the limited period
of exposure to the mucosal surface.”® The second phase
consisted of constant continuous release of FITC-IK and
R848 up to 72 h (3 days). Such a slow but continuous
release is beneficial to build a long-lasting immune
response because low dose of allergen immunotherapy
favors the induction of local Tregs.”” The results are in
agreement with the previously published data of other
nano-vaccine prepared by PLGA, which were shown to
be retained for considerable periods of time, allowing for
gradual and extended release of the encapsulation before

biodegradation.**!

FITC-IK NPs can be highly taken by
DC2.4 cells

FITC labeled IK was used to trace the cell internalization
of IK in both, NPs and free in solution, by DC 2.4 cells.
The green and blue fluorescence indicate FITC-IK and
DAPI, respectively. The uptake of FITC-IK NPs and free
FITC-IK by DC2.4 cells was in a concentration-dependent
manner (Figure 2). DC2.4 cells treated with FITC-IK NPs
showed brighter green fluorescence than FITC-IK solution

FITC-IK NPs
40 ng/mL

FITC-IK solution
40 pg/mL

FITC-IK NPs
80 ng/mL

FITC-IK solution
80 ng/mL

Figure 2 Uptake of FITC-IK NPs and free FITC-IK by DC2.4 in vitro.

treated cells under the same concentration of FITC-IK,
suggesting that FITC-IK NPs are more likely to be taken
by DC2.4 cells. As reported by Silva et al**, NPs that are
approximately 200 nm or less can transit across lymphatic
barrier and can be taken up by DCs. This may be attributed
to one of the features of NPs that can attach to the cell
membrane nonspecifically and then are internalized in the
DCs via endocytosis.*> DCs have superior capacity to
cross-present exogenous antigen and are considered the
major target of vaccines. Therefore, IK-carrying NPs can
improve antigen processing, presentation and T cell prim-

ing by DCs compared to using free IK.****

Tolerogenic DCs and Tregs can be
induced by PPLA-IK/R848 NPs in vitro

DCs play a central role in the activation and polarization
of T cells in vivo. To understand the effects of PPLA-
IK/R848 NPs on DC’s functions and their roles in the
induction of Tregs, bone marrow-derived DCs (BMDCs)
were prepared with the bone marrows from naive Balb/c
mice and stimulated with blank NPs, IK/R848 mixture
and PPLA-IK/R848 NPs in the culture, respectively. As
shown by Figure 3A, exposure to PPLA-IK/R848 NPs

Notes: The nuclei are stained with DAPI (blue). The green staining indicates FITC-IK. The scale bars is 50 pum.
Abbreviations: FITC-IK NPs, FITC decorated IK loaded nanoparticles; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.
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significantly increased the percentage of TGF-B'DCs
compared to IK/R848 mixture (10.70 vs 3.89%,
P<0.001). The results of Western blot (Figure 3B) also
showed that DCs treated with PPLA-IK/R848 NPs
expressed higher protein levels of TGF-B. TGF-f was
reported to promote the conversion of naive T cells into
Foxp3+ Tregs.>>>7 To test this, BMDCs were co-cul-
tured with naive CD4" T cells. As expected (Figure 3C),
co-culture of naive CD4" T cells with PPLA-IK/R848
NPs primed DCs induced about 11.2% Foxp3 Tregs,
while the IK/R848 mixture primed DCs induced only
7.10% Foxp3'Tregs.

A

Blank NPs

Control

IK/R848 mixture

The essential functions of DCs are to present the anti-
gen information to T cells to initiate immune responses in
the body. The induced types of immune responses are
dependent on the activated DC phenotypes. TGF-$ produ-
cing DCs have tolerogenic properties since TGF-f is an
important factor in Treg development and suppressor
functions.®® The above that
PPLA-IK/R848 NPs can induce much more tolerogenic
DCs than IK/R848 mixture, which may be attributed to

that more NPs are internalized into DCs via endocytosis.

results demonstrated

Several NPs-based drug delivery systems have emerged in
DCs-based immunotherapy. For example, NPs chemically

PPLA- IK/R848 NPs

30.306%
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Figure 3 PPLA-IK/R848 NPs treated DCs display a tolerogenic phenotype and promote the differentiation of Tregs in vitro.

Notes: (A) The flow cytometry analysis of DCs after exposure to different formulati

ions (denoted above each subpanel).The gated dot plots indicates CD | 1c"TGF-B* cells.

(B) The TGF- levels in the protein extract of DCs after exposure to different formulations measured by Western blot. (C) The flow cytometry analysis of Tregs in CD4'T

cells after co-cultured with different formulations primed-DCs. The data are presen
Abbreviations: PPLA-IK/R848 NPs, OVA epitope fragment IK and R848 co-deliv:
growth factor-B; SD, standard deviation.

ted as mean = SD (**P<0.01, ***P<0.001).
ery nanoparticles; DC, dendritic cells; Tregs, regulatory T cells; TGF-B, transforming
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conjugated to antibodies against the c-type lectin receptor
DEC205*° or mannose receptor DC-SIGN that can target
to human DCs* and the robust humoral or cellular
responses can be achieved consequently. However, most
NPs target to DCs focused on the activation of DCs and
their immunostimulatory potential for DC is applied to
tumor immunotherapy. Few studies have been reported to
induce tolerogenic DCs and maintain immune tolerance in
NPs-based drug delivery system. To our knowledge, this is
the first description of NPs that promote the development
of TGF-B producing tolerogenic DCs and the differentia-
tion of Tregs via oral administration.

PPLA-IK/R848 NPs can be endocytosed

by intestinal DCs

To determine if PPLA-IK/R848 NPs can be uptaken by
intestinal DCs in vivo, naive mice were orally adminis-
tered with FITC-IK or FITC-IK NPs. After 6 h later,
small intestine was removed and flow cytometry analysis
of the LPMCs was performed. The results showed intest-
inal DCs captured more FITC-IK NPs than free FITC-IK
(Figure S2A). Fluorescence microscope analysis of small
intestinal tissue also demonstrated that more FITC-IK
NPs were uptaken by intestinal cells than FITC-IK
(Figure S2B). The results indicated that FITC-IK NPs
are more likely endocytosed by intestinal DCs than free
FITC-IK, which was in consistent with in vitro uptake
study. The molecular weight of IK is 1552 Da. For many
peptide drugs larger than 1000 Da, the optimized delivery
systems are required to enhance the peptide permeation
across the intestine barriers.'® R848 is a hydrophobic
imidazoquinoline compound. The solubilization of the
drug would be a rate-limiting factor for intestine
absorption.*! Besides, the intestine content such as diet-
ary residues, intestinal secretions, mucus, or colonic bac-
terial enzymes may have a negative influence on the
stability of the drugs.*? Polymeric particles are able to
protect the encapsulated drug from gastrointestinal degra-
dation and can bind to and possibly cross the epithelial
barrier. The adhesion between the NPs and the intestines
prolonged the contact between PPLA-IK/R848 NPs and
the absorbing membranes of the gut and thus promote the
cellular uptake in the intestine.**** Moreover, Pegylated
NPs can protect against aggregation in the gut lumen and
decrease the extent of enzymatic degradation of protein
or peptide-like drugs.*’

PPLA-IK/R848 NPs protected mice from
OVA-induced allergic-inflammation in the

intestine

To further test the therapeutic effect of PPLA-IK/R848
NPs in vivo, a mouse model of FA was developed.
(Figure S3) The therapy in our study was executed by
oral administration because it is a preferred route of immu-
notherapy in human subjects. The results showed that
besides inducing the general allergic responses
(Figure 4A—C, including the drop of core temperature,
diarrhea and the enhancement of serum OVA-specific
IgE), mice in model group and blank NPs treated group
also showed other allergy-relevant responses, including
increases in Th2 cytokines (Figure 4F—G), infiltration of
mononuclear cells and eosinophils in the intestinal tissue
(jejunum part, Figure S4). The results proved the FA
model is successful and no therapeutic effects were
resulted using blank materials. In mice treated with
PPLA-IK/R848 NPs, allergic reactions were markedly
suppressed. The PPLA-IK/R848 NPs showed little toxicity
since there was no obvious body weight loss (Figure S5)
and the pathological examinations of stomach, duodenum
and liver exhibited insignificant differences between
PPLA-IK/R848 NPs and control group (Figure S6).
Serum IgG1 levels were closely associated with Th2-type
responses.*® PPLA-IK/R848 NPs group also showed a
relatively lower level of OVA-slgGl compared with
other groups that were sensitized and challenged with
OVA (Figure 4D, P<0.001). Reversely, OVA-slgG2a
level (Figure 4E, a Thl-associated immunoglobulin in
mice) and IFN-y level were (Figure 4H) significantly
higher in PPLA-IK/R848 NPs group compared with
model group. In conclusion, PPLA-IK/R848 NPs could
shift immune response from a Th2 to a Thl pattern. The
results are consistent with a previous study in which mice
received immunotherapy with a nanodispersion system
carrying T cell epitope peptide and R848.*” The hydro-
philic T cell epitope peptide was delivered through mouse
skin using solid-in-oil (S/O) nanodispersion system to treat
pollinosis while PPLA-IK/R848 NPs was delivered by oral
administration in our study to treat FA. Several reports
indicate that R848 have the ability to shift the Th2
response toward Thl-type response through activating
Thl-related lymphocytes.*® Secretion of IL-12, induction
of IgG2a and reduction of IgE were reported after admin-
istration of R848,%*° while T cell epitope itself also
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Figure 4 PPLA-IK/R848 NPs suppressed OVA-induced allergic reaction.
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enhances the production of IgG subclass antibodies that
are related to the Thl-type immune response.’

Treatment with PPLA-IK/R848 NPs
increases ova-specific Tregs in the

intestine

The switch from Th2 to Th1 immune response needs to be
well coordinated, since an uncontrolled bias towards Thl
response may lead to other disease.’’ Induction of Tregs
may suppress excessive proliferation of both Th1l and Th2
cells due to its immune suppressive ability on both T cell
subsets.”” To investigate the effects of PPLA-IK/R848 NPs
on modulating the immune response, LPMCs were

isolated from the small intestine and the frequency of
Tregs was assessed by flow cytometry (Figure 5A). The
results showed that treatment with PPLA-IK/R848 NPs
significantly increased the frequency of Tregs as compared
with the model group (P<0.001) and IK/R848 mixture
treated group (P<0.05).

It is known that immune suppression for tolerance and
maintenance of immune homeostasis depends on immunosup-
pressive cytokines such as IL-10 or TGF-B, which are pro-
duced by Tregs,>>>*
B and IL-10 in the small intestine (Figure 5B). Surprisingly,
there are no significant differences in the levels of IL-10

we also assessed the protein level of TGF-

among these groups, whereas significantly higher production
of TGF-B was detected in mice treated with PPLA-IK/R848
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NPs. This might be explained by that R848 induced Tregs
mediated suppression of allergic disease mainly through a
TGF-B-dependent pathway.'? Although our study lacks the
analysis of DC phenotypes in vivo, we assumed that PPLA-
IK/R848 NPs described in the present study which could be
more easily taken in by DCs were capable of inducing more
tolerogenic DCs that promote the differentiation of allergen-
specific Tregs compared with IK/R848 mixture.

Conclusion

In summary, the encapsulation in PPLA-IK/R848 NPs
showed a slower release and a higher uptake by DC2.4
cells compared to IK/R848 mixture. Oral administration of
PPLA-IK/R848 NPs could efficiently deliver the IK and
R848 to the intestine to be phagocytosed by DCs so that
they could stimulate DCs into allergen tolerogenic phenotype
and promote the differentiation of Tregs in the intestine via a
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TGF-B-dependent mechanism, which significantly protected
mice from food allergic responses. These findings demon-
strated that the co-delivery strategy of allergen epitope frag-
ments and R848 using NPs can significantly protect mice
from FA through the recovery of immune tolerance.
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