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Abstract
Background: The efficacy of allergen-specific immunother-
apy (AIT) is mainly depended on the tolerogenic immune re-
sponses elicited. Properly conjugated nano-vaccine has the 
advantages of both specific targeting and continuous and 
on-demand release of allergen. Objectives: The aim of this 
study is to investigate the effects of a dendritic cells (DCs)-
targeting nano-vaccine for AIT. Methods: The nano-vaccine 
was produced by coupling polylactic-co-glycolic acid 
(PLGA)-encapsulated ovalbumin (OVA) with mannan. Aller-
gen capture, human monocytes-derived DCs (hMoDCs) acti-
vation, and T cells responses were assessed by flow cytom-
etry, confocal microscopy, quantitative real-time PCR, ELISA, 
and Cytometric Bead Array. Balb/c mice were immunized 
with the nano-vaccines, and the immune responses were 
analyzed. Results: OVA-PLGA nanoparticle (NP) displayed fa-

vorable safety profile. OVA-mannan-PLGA NP was captured 
more efficiently by hMoDCs than OVA-PLGA NP, which was 
mediated mainly through DC-specific intercellular adhesion 
molecule 3-grabbing nonintegrin. A tolerogenic phenotype 
of hMoDCs was induced by OVA-mannan-PLGA NP, but not 
OVA-PLGA NP, and increased number of regulatory T (Treg) 
cells was generated subsequently in in vitro coculture. Im-
munization of Balb/c mice with OVA-mannan-PLGA NP re-
sulted in lower serum level of OVA-specific immunoglobu-
lins and less production of pro-inflammatory cytokines in 
splenocytes culture than the mice immunized with OVA-
PLAG NP, PLGA NP, or OVA, while the number of splenic Treg 
cells was higher in OVA-mannan-PLGA group than in other 
groups. Moreover, preimmunization with OVA-mannan-
PLGA NP significantly inhibited the Th2 immune response 
induced by OVA sensitization. Conclusions: The biocompat-
ible PLGA-encapsulated OVA coupling with mannan has 
augmented ability for tolerance induction and could be de-
veloped as a novel vaccine for AIT. © 2021 S. Karger AG, Basel

Edited by: A. Haczku, Singapore.
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Introduction

Allergen-specific immunotherapy (AIT) has been em-
ployed for more than a century for the management of 
allergic diseases. Successful AIT holds the promise of not 
only alleviating the symptoms like allergic inflammation 
but more importantly, helping to remodel the disease 
process and to achieve long-lasting protection against lat-
er exposure to antigen. In reality, however, the efficacy of 
AIT is suboptimal, possibly due to the weak immunity 
being provoked, thus leading to the low compliance of 
AIT. Various methods have been proposed to improve 
the performance of AIT, including modification of aller-
gen structure, new routes for allergen administration, and 
optimization of adjuvants [1, 2]. Recently, emerging in-
terests have been directed to targeted delivery of allergen 
to dendritic cells (DCs), one pivotal type of antigen-pre-
senting cells, which have been reported to play a key role 
in the immunoregulation involved in AIT. Previous stud-
ies demonstrate that DCs-targeting vaccines induce the 
production of Th1 cells or regulatory T (Treg) cells [3–6], 
which could balance the Th2 response witnessed in aller-
gic diseases. Although similar strategies have been pro-
posed and verified in terms of outcome, a rationally de-
signed approach by targeting DCs to augment the action 
of AIT remains elusive.

For a given type of vehicle being delivered specifically 
to DCs, the choice of membrane targets plays a critical 
role. C-type lectin receptors (CLRs) are pattern recogni-
tion receptors that recognize carbohydrate structures in a 
Ca2+-dependent fashion and mediate antigen uptake, in-
ducing either immunogenic or tolerogenic immune re-
sponses [7, 8]. Recently, glycan-based targeting approach-
es have gained increasing attention [9]. Mannan is a poly-
saccharide composed of mannose residues existing widely 
in plants, fungi, and yeast and has been shown to enhance 
antigen presentation, DCs maturation, and immune re-
sponses [10, 11]. DC-specific intercellular adhesion mol-
ecule 3-grabbing nonintegrin (DC-SIGN) is the main type 
of CLRs that recognize mannan [12]. In addition to the 
role as targeting moiety, recent findings reveal that man-
nan can also function as an adjuvant to prime the produc-
tion of tolerogenic DCs through increasing their pro-
grammed cell death protein ligand 1 (PD-L1) expression 
[5]. These evidences together rationalize the selection of 
mannan for the DCs-targeting allergen delivery.

Nanotechnology has been widely explored in the field 
of targeted drug delivery in medicine during the past de-
cade. Polylactic-co-glycolic acid (PLGA) is one of the bio-
compatible materials approved by the Food and Drug 

Administration of the USA, which can be used in human. 
Studies have shown that PLGA-encapsulated antigen 
could prime stronger cellular and humoral immune re-
sponses than soluble antigen [13], in the cases of both 
tumors and infectious diseases [14]. On this basis, we ex-
pect that the sustained while controlled release of aller-
gens as rendered by PLGA vehicle could enhance the pro-
duction of tolerogenic DCs, thereby leading to better out-
come of AIT.

In the present study, we constructed ovalbumin 
(OVA)-loaded PLGA nanoparticles (NP) that were gly-
cosylated with mannan (OVA-mannan-PLGA NP). Next, 
we quantified the uptake of OVA-mannan-PLGA NP by 
human monocytes-derived DCs (hMoDCs), followed by 
assessment of potential immune responses in vitro and in 
vivo, with OVA-PLGA NP as control for comparison. 
The results demonstrated that OVA-mannan-PLGA NP 
induced a tolerogenic phenotype of DCs as supported by 
the decreased expression of co-stimulatory molecules and 
pro-inflammatory cytokines, in addition to increased ex-
pression of interleukin (IL)-10 and PD-L1 by hMoDCs. 
OVA-mannan-PLGA NP also induced increased produc-
tion of Treg cells in vitro and in vivo. Our study revealed 
the therapeutic potential of a novel nano-vaccine against 
allergy, and shed light on the future design of nano-strat-
egies for AIT.

Materials and Methods

Preparation of NPs
Blank-PLGA NP and OVA-PLGA NP were prepared using a 

double emulsion solvent evaporation method. Briefly, 50 mg of 
50:50 PLGA (RG503H, Sigma) was dissolved in 1 mL dichloro-
methane (DCM). A solution with OVA (Sigma) at a concentration 
of 40 mg/mL was prepared in deionized water. Using a microtip 
probe sonicator set at 35% amplitude (America Sonics VCX130), 
200 μL of deionized water without antigen or the antigen solution 
containing 8 mg OVA was mixed with the PLGA/DCM solution 
for 40 s (20 s pulses) in an ice bath to form the W/O emulsion. This 
emulsion was then added to 10 mL of 2% (wt/vol) PVA (Mw 30–70 
kDa, Sigma) in deionized water with probe sonicator set at 35% 
amplitude for 2 min (80 s pulses) to form the W/O/W emulsion. 
Then the mixture was added dropwise into 25 mL 0.3% (wt/vol) 
PVA and simultaneously stirred with a magnetic stirrer (CJJ78-1, 
Xicheng xinrui instrument factory) at 300 rpm for 4 h in an ice bath 
during which time the DCM solvent evaporated. Blank-PLGA NP 
or OVA-loaded PLGA NP was then collected via centrifugation 
(14,000 rpm, 30 min) at 4°C (Centrifuge 5810R, Eppendorf). 
OVA-mannan-PLGA NP was obtained by absorption. 10 mg 
OVA-PLGA NP were resuspended in PBS (pH 5.6), 10 mg mannan 
(Sigma) was added, and the mixture was placed on a magnetic stir-
rer at room temperature for 6–8 h and then concentrated by ultra-
centrifugation (12,000 g, 30 min). The collected NPs were washed 
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with deionized water for at least 3 times (12,000 g, 15 min), and the 
NPs were lyophilized (SCIENTZ-10N). The sample powder was 
stored at 4°C for use.

Generation of hMoDCs from Human Peripheral Blood
Density gradient centrifugation was used to isolate PBMCs 

from the peripheral blood of healthy donors. The study was ap-
proved by the Ethics Committee of the Institute of Dermatology 
in Chinese Academy of Medical Sciences, and written informed 
consent was obtained from the participants. Monocytes were sort-
ed from PBMCs using positive selection with the help of human 
CD14 microbeads (MACS, Miltenyi Biotec) according to the in-
struction. Adherent monocytes were further cultured with recom-
binant human GM-CSF (100 ng/mL, R&D Systems) and IL-4 (20 
ng/mL, R&D Systems) to obtain hMoDCs as described before. Af-
ter 5 days of culture, immature hMoDCs were harvested, and the 
expression of specific surface markers was analyzed by flow cytom-
etry (FCM) (online suppl. Fig. 1; for all online suppl. material, see 
www.karger.com/doi/10.1159/000512872).

HMoDCs Treatment and Cytokine Quantification
The hMoDCs were cultured in 24-well plates at a density of 5 

× 105–106 cells per well and allowed to adhere overnight. For NP 
uptake experiment, immature hMoDCs were incubated with 
OVA-mannan-PLGA or OVA-PLGA (containing 8 μg/mL OVA) 
labeled with Rhodamine123 (83702, Sigma-Aldrich, St. Louis, 
MO, CA, USA) at 37°C, and the cells were washed with cold PBS, 
2 mmol/L EDTA, and 0.5% BSA twice before surface staining with 
antihuman DC-SIGN-FITC (Abcam) and analyzed using FCM 
and confocal microscopy. Anti-DC-SIGN-blocking antibody (5 
μg/mL, MAB161, R&D) was used to test the specificity for DC-
SIGN. For hMoDCs maturation assay, OVA, PLGA NP, OVA-
PLGA NP, or OVA-mannan-PLGA NP were incubated with 
hMoDCs for 24 h. The concentration for OVA was 8 μg/mL, and 
OVA-PLGA NP and OVA-mannan-PLGA NP containing the 
same dose of OVA were used. The expression of co-stimulatory 
markers on hMoDCs was analyzed by FCM. Pro-inflammatory 
cytokines (IL-1β, IL-6, IL-12p70, IL-10, and tumor necrosis factor 
[TNF]-α) in the culture supernatant of hMoDCs at 24 h were col-
lected and analyzed by Cytometric Beads Array kit (Cat. 551811, 
BD, USA) according to the protocol recommended. Expression of 
PD-L1, IL-10, IL-4, IL-6, and TNF-α in hMoDCs was analyzed by 
quantitative real-time PCR (qRT-PCR).

DC-T Cell Coculture
Naive CD4+ T cells were purified from PBMCs using the Naive 

CD4+ T Cell Isolation Kit (Miltenyi Biotec, Germany). HMoDCs 
were first incubated with the NPs for 24 h as described above, and 
then the NP-treated hMoDCs were cocultured with allogeneic T 
cells at a DCs/T-cell ratio of 1:10 in the presence of recombinant 
human IL-2 (R&D System, 20 ng/mL) for 7 days. The proliferation 
of T cells was analyzed by a CellTraceTM CFSE Cell Proliferation 
Kit (Thermo Fisher) (online suppl. Fig. 2). The cultured cells were 
collected for intracellular IL-4 (Catalog No.17-7049-81, eBiosci-
ence, San Diego, CA, USA) and CD4+CD25highFoxp3+ Treg cells 
analysis by FCM.

FCM and Confocal Microscopy
For surface staining, 5 × 105 hMoDCs were incubated with an-

tibodies in PBS containing 5% fetal bovine serum (FBS) and 0.1% 

NaN3 for 30 min on ice in the dark and washed twice with PBS 
containing 5% FBS. The antibodies used included FITC-conjugat-
ed anti-CD14, APC, or FITC-conjugated anti-DC-SIGN (Abcam), 
PE-conjugated anti-CD11c, APC-conjugated anti-CD80, FITC-
conjugated anti-CD86, APC-conjugated anti-CD83, FITC-conju-
gated anti-HLA-DR antibodies (antibodies were purchased from 
Miltenyi Biotec, Germany, except indicated). For intracellular 
staining of T cells, 25 ng/mL PMA and 1 μg/mL Ionomyacin were 
added in the culture supernatant of T cells 6–8 h before collecting 
cells for FCM, and 10 μg/μL BFA and 1.7 μg/mL Monensin were 
added 4 h before FCM. 5 × 105 cells were stained with FITC-con-
jugated anti-CD4 antibody and (or) APC-conjugated anti-CD25 
antibody first, then cells were fixed and permeabilized using 
Foxp3/Transcription Factor Staining Buffer Set (eBioscience, 
Thermo Scientific, Waltham, MA, USA), then stained with APC-
conjugated anti-IL-4 antibody (BD Biosciences) or PE-conjugated 
anti-Foxp3 antibody (BioLegend) or isotype control. The samples 
were run on FACSVerse (Becton Dickinson, Franklin Lakes, NJ, 
USA) and analyzed using FlowJo software (Tree Star, Ashland, 
OR, USA). For confocal microscopy, the cell surface staining was 
the same as that of FCM, and the cells were then stained with DAPI 
(Roche Diagnostics, Chicago, IL, USA) and were imaged by confo-
cal microscopy (Olympus FV1000).

Quantitative Real-Time RT-PCR
Total RNA was extracted from cultured hMoDCs using Trizol 

(Invitrogen, Life Technologies, Carlsbad, CA, USA) according to 
standard protocol. Complementary DNA was prepared with 
PrimeScript RT Master Mix (Vazyme, China), and the following 
qRT-PCR was carried out using AceQ qPCR SYBR Green Master 
Mix (Vazyme) according to the manufacturer’s instructions. Gene 
expression was determined using the ABI Prism 7300 detection 
system (Applied Biosystems, Foster City, CA, USA). Results were 
normalized to β-actin and evaluated using the ΔΔCT method to 
calculate the fold increase. Primers used for qPCR were obtained 
from Realgene (China), and sequences were given in online suppl. 
Table 1.

Mice and Treatment
Balb/c mice were purchased from the Vital River Co. (Import 

commission agent of Charles River Laboratories, Beijing, China). 
All the mice were kept on a 12-h Light/dark cycle under specific 
pathogen-free conditions. Mice were immunized by injection sub-
cutaneously with OVA, PLGA NP, OVA-PLGA NP, or OVA-
mannan-PLGA NP once a week for 8 weeks. The dose for OVA 
was 100 μg, and OVA-PLGA NP and OVA-mannan-PLGA NP 
containing the same dose of OVA were used. Blood was taken from 
the tail vein and subjected for OVA-specific IgE, IgG1, and IgG2a 
analysis by ELISA. Single-cell suspension was prepared from the 
spleen according to conventional protocols. The splenic 
CD4+CD25highFOXP3+ Treg cells in the immunized mice were an-
alyzed by FCM as described above. Splenocytes were cultured in 
RPMI-1640 containing 10% FBS and were stimulated with 100 μg/
mL OVA, and the cytokines (IL-4, IFN-γ, and IL-10) production 
in 48-h culture supernatants were measured using ELISA kits (Ab-
cam, UK). For intervention experiment, after 8 weeks’ vaccination 
with OVA, PLGA NP, OVA-PLGA NP, or OVA-mannan-PLGA 
NP as described above, the mice were intraperitoneally sensitized 
with OVA (100 μg) mixed with Al (OH)3 weekly for 3 weeks. Blood 
was taken from the tail vein and subjected for OVA-specific IgE, 
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IgG1, and IgG2a analysis by ELISA. The sensitized mice were chal-
lenged intraperitoneally with 5 mg of OVA 2 weeks post the last 
intraperitoneal sensitization. Changes in the animals’ core body 
temperature were monitored for the ensuing 60 min.

ELISA for Serum OVA-Specific Immunoglobulin
For detection of OVA-specific IgE, a capture ELISA was applied. 

Briefly, the microplates were coated with purified rat-anti-mouse IgE 
(2 μg/mL; BD Pharmingen), then blocked with 10% FBS, followed by 
incubation with diluted sera for 2 h at room temperature. Biotin-la-
beled OVA (Invitrogen) was added afterward, and then the micro-
plates were incubated with avidin-HRP. OVA-specific IgE (2C6, Bio-
rad) was used for the standard curve. For the detection of OVA-spe-
cific IgG1 or IgG2a, the microplates were coated with OVA (10 μg/
mL) (Sigma-Aldrich), and after incubation with diluted serum, rat-
anti-mouse IgG1, or IgG2a (BD Pharmingen) were added.

Statistical Analysis
Statistical comparisons among different groups were analyzed 

with ANOVA using GraphPad Prism 6.0 (GraphPad Software Inc., 
San Diego, CA, USA). Quantitative data were presented as mean 
± SD. p value of <0.05 was considered statistically significant.

Data Availability
The authors declare that all other relevant data supporting the 

findings of the study are available in this article and its online 
suppl. files or from the corresponding author upon request.

Results

Characterization of NPs
We first characterized the morphology of PLGA NP, 

OVA-PLGA NP, and OVA-mannan-PLGA NP using 
scanning electron microscopy. The result showed that 
most of the NPs adopted a quasi-spherical structure with 
little to no aggregation, and the mean diameter of PLGA 
NP, OVA-PLGA NP, and OVA-mannan-PLGA NP was 
267.3 ± 1.1, 272 ± 15.7, and 288.5 ± 8.2 nm, respectively 
(diagram showing the size distribution was in Fig.  1a). 
Surface charge of PLGA NP, OVA-PLGA NP, and OVA-
mannan-PLGA NP was assessed, and the mean zeta po-
tential was around −20 mV for all 3 types of NPs (Fig. 1b). 
Additionally, the loading efficiency of OVA was around 
65% (Fig. 1c). We then quantitatively measured the cu-
mulative release profile of OVA by BCA assay, and as 
shown in Figure 1d, the OVA as payload was liberated 
continuously from PLGA in medium bearing a pH around 
7.0 at 37°C, in which the physiological condition was 
mimicked.
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Fig. 1. Characterization of PLGA NP, OVA-PLGA NP, and OVA-mannan-PLGA NP. a Images of scanning elec-
tron microscopy and particle size distribution. b Zeta potential. Data are shown as mean ± SD. c Release curve 
of OVA from OVA-PLGA NP. d Encapsulation efficiency of OVA-PLGA NP. Data are representatives of at least 
3 independent experiments. PLGA, polylactic-co-glycolic acid; OVA, ovalbumin; NP, nanoparticle.
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Enhanced Capture of OVA-Mannan-PLGA NP by 
hMoDCs via DC-SIGN
The possible toxicity of OVA-mannan-PLGA NP on 

hMoDCs was first evaluated. After incubation of 
hMoDCs with the NP for 24 h, the cell viability was 
around 70% even with the high concentration of OVA-
mannan-PLGA NP (1 mg/mL) as shown in Figure 2a, 
indicating that OVA-mannan-PLGA NP was safe and 
did not have apparent toxicity. We then analyzed the up-
take of OVA-PLGA NP and OVA-mannan-PLGA NP by 
hMoDCs using laser scanning confocal microscopy and 
FCM. Enhanced uptake of OVA-mannan-PLGA NP by 
hMoDCs was revealed compared to OVA-PLGA NP 
(Fig. 2b, c), which met our expectation that the presence 
of targeting moiety would benefit endocytosis. When 
DC-SIGN-blocking antibody was used, a nearly 60% re-
duction in the binding of OVA-mannan-PLGA NP by 
hMoDCs was observed (Fig.  2b), indicating that DC-
SIGN was involved in the uptake of OVA-mannan-
PLGA NP by hMoDCs.

Tolerogenic Phenotype of hMoDCs Induced by OVA-
Mannan-PLGA NP
The immunoregulatory function of the NPs was then 

analyzed. The hMoDCs incubated with OVA-mannan-
PLGA NP expressed decreased surface levels of CD86, 
CD83, and HLA-DR compared with those treated with 
OVA-PLGA NP, PLGA NP, and OVA (Fig.  3a; online 
suppl. Fig. 3). And increased production of IL-10 and 
TNF-α and decreased production of IL-6 were observed 
in the hMoDCs treated with OVA-mannan-PLGA NP 
compared with those treated with OVA or OVA-PLGA 
NP, as revealed by the results of ELISA or qRT-PCR 
(Fig.  3b, c). OVA-mannan-PLGA NP also induced in-
creased expression of PD-L1 in hMoDCs (Fig.  3a, c). 
These data indicated that OVA-mannan-PLGA NP was 
able to induce tolerogenic hMoDCs.

Increased Generation of Foxp3+ Treg Cells by 
hMoDCs Treated with OVA-Mannan-PLGA NP
We next analyzed the polarization of allogenic naive 

CD4+ T cells cocultured with NP-treated hMoDCs. After 
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6 days of culture, there was no difference in the numbers 
of Th1, Th17, or Th22 cells among different groups (data 
not shown); while the number of IL-4-producing T cells 
was significantly higher in the group of OVA-treated 
hMoDCs than that of other groups (Fig. 4a, c). Increased 

number of CD4+CD25highFOXP3+ Treg cells was found in 
the group of hMoDCs treated with OVA-PLGA NP or 
OVA-mannan-PLGA NP compared with the groups of 
hMoDCs treated with OVA or medium control (Fig. 4b, 
d), and the OVA-mannan-PLGA NP group showed the 
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Fig. 3. Tolerogenic phenotype of hMoDCs induced by OVA-man-
nan-PLGA NP. Different NPs were incubated with hMoDCs in 
vitro for 24 h, and the expression of co-stimulatory molecules and 
PD-L1 (relative mean fluorescence intensity, rFI) were shown in 
(a), and production of various cytokines at the protein level and 
mRNA level was shown in (b, c), respectively. Data are shown as 

mean ± SD and are representatives of 3 independent experiments. 
*p < 0.05, **p < 0.01, and ***p < 0.001. PLGA, polylactic-co-gly-
colic acid; OVA, ovalbumin; hMoDCs, human monocytes-derived 
dendritic cells; PD-L1, programmed cell death protein ligand 1; 
NP, nanoparticle.
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highest number of Treg cells. The ratio of Treg/Th2 cells 
in the OVA-mannan-PLGA NP group was also higher 
than in other groups. These data suggested that the 
hMoDCs treated with OVA-loaded PLGA NP not only 
inhibited the polarization of Th2 cells but also promoted 
the differentiation of Treg cells, and OVA-mannan-PLGA 
NP-treated hMoDCs had stronger tolerogenic effects.

Tolerogenic Immune Responses in Mice Induced by 
OVA-Mannan-PLGA NP Immunization
Balb/c mice were immunized subcutaneously with the 

NPs to assess their immunoregulatory effects in vivo. In-

creased number of splenic CD4+CD25highFOXP3+ Treg 
cells was revealed in the mice immunized with OVA-
mannan-PLGA NP compared with those in the mice im-
munized with OVA-PLGA NP, PLGA-NP, or OVA 
(Fig.  5a, b). The mice immunized with OVA-mannan-
PLGA NP did not show increased serum levels of OVA-
specific IgE, IgG1, or IgG2a as the mice immunized with 
OVA, and there was also no increase in the serum anti-
bodies levels in the mice immunized with OVA-PLGA 
NP or PLGA-NP (Fig. 5c). The splenocytes from the im-
munized mice were then cultured in vitro with OVA, and 
the supernatant was analyzed for the production of IFN-γ, 
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cocultured with the hMoDCs that had been stimulated with vari-
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shown in (c, d). The ratio of Treg/Th2 was shown in (e). Data are 
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< 0.01, and ***p < 0.001. PLGA, polylactic-co-glycolic acid; OVA, 
ovalbumin; hMoDCs, human monocytes-derived dendritic cells; 
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IL-10, and IL-4. The result showed that the level of IL-10 
was significantly higher, while IL-4 was significantly low-
er, in the supernatant of splenocytes from the mice im-
munized with OVA-mannan-PLGA NP than those from 
the mice immunized with OVA-PLGA NP, PLGA-NP, or 
OVA (Fig. 5d). Moreover, effects of the NPs immuniza-
tion on subsequent OVA sensitization were analyzed. 

The mice were immunized with the NPs for 8 weeks and 
then were intraperitoneally sensitized with OVA weekly 
for 3 weeks. The serum levels of OVA-specific IgE, IgG1, 
and IgG2a in the mice pre-immunized with OVA-man-
nan-PLGA NP group were significantly lower than those 
from the mice pre-immunized with other NPs and OVA 
(Fig. 5e), indicating that immunization with OVA-man-
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Fig. 5. Humoral and cellular immune responses in the mice im-
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nan-PLGA NP significantly inhibited the subsequent 
OVA sensitization, which was further confirmed by the 
challenge experiment through intraperitoneal injection 
with OVA (Fig. 5f).

Discussion

The population suffering from allergic diseases has 
been increasing dramatically worldwide during the past 
several decades, and AIT represents the only curative 
therapy for allergy; however, the overall efficacy for AIT 
is not high, which is mainly due to the weak immune re-
sponses being provoked. Induction of Treg is one of the 
major mechanisms for AIT, and generation of tolerogen-
ic DCs via allergen modification [15–18] is a promising 
strategy for immune regulation of allergy. In the present 
study, we constructed OVA-loaded PLGA NP coupling 
with native mannan and aimed to target DCs by binding 
DC-SIGN to induce tolerogenic responses. Our results 
showed that OVA-mannan-PLGA NP was taken up more 
efficiently by hMoDCs via DC-SIGN, and a tolerogenic 
phenotype of hMoDCs was induced subsequently. In-
creased production of Tregs was found in both in vitro 
coculture with hMoDCs treated with OVA-mannan-
PLGA NP and in vivo mouse model immunized with 
OVA-mannan-PLGA NP. The well-designed NP in our 
study demonstrated enhanced ability for tolerance induc-
tion, which could be developed as a novel vaccine for AIT.

Various approaches have been pursued to improve the 
efficacy of AIT, which include utilization of adjuvants, 
conjugation with monoclonal antibody, construction of 
hypoallergenic variants, etc. [19] Encapsulation of aller-
gens into NP is one of the most important strategies to 
improve the efficacy of AIT [20]. NP can serve as a car-
rier or adjuvant for allergen, protect allergen from degra-
dation, and facilitate the delivery of the allergen to target 
cells [21]. NP-coupled allergen can achieve similar effi-
cacy with lower doses of allergen compared with conven-
tional allergen [22]. Moreover, NP promote the uptake of 
allergen by antigen-presenting cells, avoiding the activa-
tion of basophils or mast cells induced by the crosslinking 
of FcεRI by IgE-allergen, and therefore decrease the risk 
of undesirable side effects [23]. Among the numerous 
nanomaterials, PLGA has obtained the Food and Drug 
Administration approval for human usage. PLGA not 
only protects allergen from degradation but also demon-
strates nonspecific degradation behavior upon hydrolysis 
or enzymatic degradation, permitting the sustained re-
lease of allergen, which would improve the efficacy of AIT 

[24, 25]. In the present study, we used PLGA as a carrier 
for OVA, and found that OVA was released from the car-
rier gradually, and the peak of the release was on day 15. 
To increase the targeting efficiency, OVA-PLGA NP was 
conjugated with mannan, a specific ligand of CLRs ex-
pressing on DCs, and enhanced uptake of the mannan-
conjugated PLGA-OVA NP by hMoDCs was observed, 
compared to OVA-PLGA NP. The PLGA NP and conju-
gation with mannan have been utilized in infectious dis-
eases and autoimmune diseases, and our study set up a 
platform for the treatment of allergy by combining these 
2 strategies for the first time.

DCs play a crucial role in linking the innate and adap-
tive immunity, and hence, DCs-targeting has been at-
tracting great interests for improvement of the effective-
ness of vaccines against pathogens or allergens [5, 26]. 
DCs not only induce immunogenic responses but also 
maintain immune homeostasis [27]. DCs can display a 
semi-mature phenotype and exert tolerogenic function in 
the absence of co-stimulatory signals, inducing the pro-
duction of CD4+CD25+ Foxp3+ Treg cells [28]. Tolero-
genic DCs can also produce IL-10 to expand allergen-spe-
cific type 1 Treg (Tr1) cells [29, 30], and PD-L1 expres-
sion on DCs induces various types of functional Treg cells 
[31, 32]. Studies have proved that IL-10-producing DCs 
induce allergen-specific Treg cells that suppress the pro-
liferation of Th2 cells and the inflammatory cytokine pro-
duction by Th2 cells from house dust mite-allergic pa-
tients [33–35]. In our study, tolerogenic properties of 
OVA-mannan-PLGA NP were demonstrated, which 
may due to the mannan-CLRs mediated targeting. Previ-
ous studies have shown that oral administration with 
mannose-rich allergen induces immune tolerance 
through SIGNR1 expressing on DCs of the oral lamina 
propria, resulting in IL-10 production and Treg cells dif-
ferentiation [36]. It is also reported that allergoids cou-
pled to mannan enhance allergen uptake and promote the 
generation of functional FOXP3+ Treg cells through PD-
L1 in human subjects [5]. In our study, OVA-mannan-
PLGA NP, but not OVA-PLGA or PLGA NP, induced 
tolerogenic hMoDCs with semi-mature phenotype man-
ifested by increased expression of IL-10 and PD-L1, indi-
cates that mannan mediates the tolerogenic effects.

Collectively, our data strongly suggest that OVA-man-
nan-PLGA NP well represent next-generation vaccines 
that could enhance the allergen uptake by DCs and in-
duce immune tolerance to allergens and would be useful 
in subcutaneous immunotherapy for both food and air-
borne allergen. It meets several desirable requirements 
for an ideal allergy vaccine: stable protein-based antigen, 
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stable and sustained allergen release, induction of tolero-
genic DCs and Tregs, and inhibition of Th2 response. 
Targeting of DCs by PLGA-encapsulated allergen cou-
pled to native mannan represents novel suitable prepara-
tions to formulate vaccines that might promote the effi-
cacy of AIT.
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Supplementary table 1: Sequences of qRT-PCR primers 

Gene name Primer sequences 

β-actin F: TCTGGCACCACACCTTCTA 

R: AGGCATACAGGGACAGCAC 

IL-4 F: ATGGGTCTCACCTCCCAACT 

R: GATGTCTGTTACGGTCAACTCG 

IL-10 F: GACTTTAAGGGTTACCTGGGTTG 

R: TCACATGCGCCTTGATGTCTG 

PD-L1 F: TGGCATTTGCTGAACGCATTT 

R: TGCAGCCAGGTCTAATTGTTTT 

IL-6 F: ACTCACCTCTTCAGAACGAATTG 

R: CCATCTTTGGAAGGTTCAGGTTG 

TNF-a CCTCTCTCTAATCAGCCCTCTG 

GAGGACCTGGGAGTAGATGAG 

 

  



SUPPLEMENTARY FIGURE LEGENDS: 

Supplementary Fig. 1: Analysis of hMoDCs by flow cytometry. CD14+ monocytes 

were purified from PBMC by magnetic beads, and were stimulated with recombinant 

human GM-CSF (100 ng/mL) and IL-4 (20 ng/mL) for 5 days, and the expression of 

specific surface markers was analysed by flow cytometry. CD14- cells were gated and 

shown on CD11c and DC-SIGN plots. 

 

Supplementary Fig. 2: Proliferation of T cells in co-culture with hMoDCs. Naïve T 

cells were stained with CFSE, and co-cultured with NPs-stimulated hMoDCs for 5 

days. The cells were then labeled with anti-CD4 antibody and subjected for flow 

cytometry. 

 

Supplementary Fig. 3: Tolerogenic phenotype of hMoDCs induced by 

OVA-mannan-PLGA NP. Different NPs were incubated with hMoDCs in vitro for 24 

hours, and the expression of co-stimulatory molecules (histogram) were shown.  
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