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ABSTRACT
Background Emulsion adjuvants are a potent tool 
for effective vaccination; however, the size matters on 
mucosal signatures and the mechanism of action following 
intranasal vaccination remains unclear. Here, we launch 
a mechanistic study to address how mucosal membrane 
interacts with nanoemulsion of a well- defined size at 
cellular level and to elucidate the impact of size on tumor- 
associated antigen therapy.
Methods The squalene- based emulsified particles 
at the submicron/nanoscale could be elaborated by 
homogenization/extrusion. The mucosal signatures 
following intranasal delivery in mice were evaluated 
by combining whole- mouse genome microarray and 
immunohistochemical analysis. The immunological 
signatures were tested by assessing their ability to 
influence the transportation of a model antigen ovalbumin 
(OVA) across nasal mucosal membranes and drive cellular 
immunity in vivo. Finally, the cancer immunotherapeutic 
efficacy is monitored by assessing tumor- associated 
antigen models consisting of OVA protein and tumor cells 
expressing OVA epitope.
Results Uniform structures with ~200 nm in size induce 
the emergence of membranous epithelial cells and natural 
killer cells in nasal mucosal tissues, facilitate the delivery 
of protein antigen across the nasal mucosal membrane 
and drive broad- spectrum antigen- specific T- cell immunity 
in nasal mucosal tissues as well as in the spleen. Further, 
intranasal vaccination of the nanoemulsion could assist 
the antigen to generate potent antigen- specific CD8+ 
cytotoxic T- lymphocyte response. When combined with 
immunotherapeutic models, such an effective antigen- 
specific cytotoxic activity allowed the tumor- bearing 
mice to reach up to 50% survival 40 days after tumor 
inoculation; moreover, the optimal formulation significantly 
attenuated lung metastasis.
Conclusions In the absence of any immunostimulator, 
only 0.1% content of squalene- based nanoemulsion could 
rephrase the mucosal signatures following intranasal 
vaccination and induce broad- spectrum antigen- specific 
cellular immunity, thereby improving the efficacy of tumor- 
associated antigen therapy against in situ and metastatic 
tumors. These results provide critical mechanistic insights 
into the adjuvant activity of nanoemulsion and give 

directions for the design and optimization of mucosal 
delivery for vaccine and immunotherapy.

BACKGROUND
Nasal spray or intranasal vaccination is 
considered a promising strategy for inducing 
mucosal protection against respiratory tract 
infections and systemic immunity with long- 
lasting memories1; however, antigen applied 
to mucosal membranes generally induces 
minuscule immune responses owing to 
mucosal membrane barriers and immune 
tolerance.2 Another obstacle for intranasal 
vaccination derives from evidence pointing to 
the toxin- based nasal adjuvants posing a risk 
of inoculum invasion into the central nervous 
system.1 2 Therefore, the aid of a safe mucosal 
adjuvant with high efficacy is necessary for 
antigen recognition by the mucosal immune 
system and generation of broad- spectrum 
immune responses.

Emulsion adjuvants are a potent tool for 
effective vaccination against infectious disease 
and cancer.3–8 Despite progress in this field, no 
intranasal vaccine or immunotherapy formu-
lated with this type of adjuvants is currently 
registered for human use to protect against 
or treat disease. Potential safety concerns and 
low immunity generated in a manner suit-
able for patients remain major challenges. 
Over the years, it has become clear that size 
is critical for adjuvant activities, and small- 
sized particles are considered more bioactive 
than large ones.9 One of the major explana-
tions for this phenomenon is that particles 
with a smaller size have a larger surface area, 
which is beneficial for antigen loading and 
particle–cell interactions.10 Another expla-
nation is that particles at the nanoscale are 
most effective for antigen delivery across 
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mucosal surface barriers compared with larger sized 
ones.10 11 With respect to immunological effects, different 
size ranges of particles may result in different levels and 
qualities of immune responses. Although the relationship 
between particle size and the generated immune profile 
remains controversial, some studies have substantiated 
that particles with a size ranging from 20 to 200 nm are 
mainly internalized by immune cells via endocytosis, 
leading to the dominant cellular immune responses.11 
In contrast, particles in the size range of 0.5–5 µm are 
usually targeted to phagocytic cells in vivo, resulting in 
the major humoral immune responses.11 Accordingly, the 
development of a particle- based mucosal adjuvant at the 
nanoscale is suggested as a potential strategy to deliver 
antigens across mucosal barriers and elicit concomitant 
cell- mediated immune responses.

We have previously optimized a ready- to- use emulsion 
adjuvant dubbed PELC, which is cored by squalene (an 
isoprenoid hydrocarbon with six unsaturated double 
bonds) and emulsified by Span85 (sorbitan trioleate) 
and a bioresorbable polymer poly(ethylene glycol)- 
block- poly(lactide- co-ε-caprolactone) (PEG- b- PLACL), 
suspending in phosphate- buffered saline (PBS).4–7 
Following parenteral injection, our results suggest that 
unsaturated squalene oil was more powerful than satu-
rated squalane oil to induce reactive oxidative species- 
mediated antigen uptake8; moreover, adjuvantation with 
the aid of PELC may be a prospective strategy to manip-
ulate antigen- specific immune responses and to build on 
rational vaccine design and fabrication in prophylactic 
and therapeutic applications.5–7 However, intranasal 

vaccination with PELC in the absence of immunomodula-
tory agents does not elicit forceful immune responses,4 5 
and thus an appreciative condition for mucosal delivery 
should still be optimized.

Here we launch a mechanistic study that mono-
disperse nanoemulsion facilitates antigen transporta-
tion across the nasal mucosal membrane and thereby 
enhances vaccine efficacy, compared with free antigen 
vaccination (figure 1A). This investigation is brought 
to fruition by tailoring the PELC particles, originally 
polydisperse submicron structure, to monodisperse 
nanosized distribution by progressively passing through 
extruder membranes. We choice chicken ovalbumin 
(OVA) as model antigen to further understand the signa-
tures of the monodisperse nanoemulsion interacting with 
mucosal membranes in mice and to elucidate their roles 
in vaccine immunogenicity following intranasal vacci-
nation. In the beginning, we investigate whether mono-
disperse nanoemulsion can facilitate the transportation 
of antigen across the mucosal membrane to the site of 
immune induction, the nasal- associated lymphoid tissue 
(NALT),12 compared with polydisperse ones. The immu-
nological signatures of these formulations are then tested 
by assessing their ability to drive broad- spectrum mucosal 
and splenic cellular immunity via intranasal vaccination. 
Finally, the adjuvant efficacy is examined by assessing 
codelivery of OVA protein with monodisperse nanoemul-
sion to achieve a successful immunotherapy by delivering 
a stronger cytotoxic T lymphocyte (CTL) response to 
kill antigen- transfected cells, and the respective mode of 
adjuvant action is proposed.

Figure 1 Tailoring emulsified particles to monodisperse nanosized distribution rephrases mucosal signatures following 
intranasal vaccination. (A) Schematic illustration of the monodisperse nanoemulsion enables the antigens to pass through the 
mucosal epithelium and facilitate the transportation of antigens into lymphoid tissues. (B) Microarray analysis of transcription 
profiles induced by emulsified particles 20 hours after administration. Genes with a fold change ≥1.5 and p<0.05 compared 
with the PBS control. (C) Membranous (M) cell emergence and natural killer (NK) cell trafficking in nasal mucosa. Nasal mucosal 
tissues were harvested and phenotyped by immunohistochemical (IHC) staining. The brown signal around the blue nucleus 
indicates UEA-1+ and CD335+ cells, respectively (magnification, 400×). APCs, antigen- presenting cells. PBS, phosphate- 
buffered saline.
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MATERIALS AND METHODS
Study design
We propose/demonstrate that tailoring emulsified parti-
cles to the monodisperse nanosized distribution can play 
a role in facilitating the transportation of antigen across 
mucosal membrane to the NALT and thereby enhances 
vaccine efficacy, compared with the original polydisperse 
ones. All experiments were conducted independently at 
least twice. The production of antigen- specific immunity 
and tumor challenge studies were designed to evaluate 
the size matter of the emulsion adjuvants on the immu-
nogenicity as well as tumor- associated antigen therapy 
in a mouse model with OVA as antigen. Pooled data are 
presented for the draining lymph node (LN) cells and 
T- cell immunity experiments to obtain sufficient repli-
cates for each condition. The number of animals in each 
group was based on the minimum number of mice for 
statistical analysis and replicate experiments. Prior to 
treatment, the animals were randomized to minimize 
variances between groups. All materials injected into 
animals were determined to be free of mycoplasma.

Chemicals, reagents, antibodies and cell lines
Reagents and media for cell culture were purchased from 
Thermo Fisher Scientific (NY, USA) and GE Healthcare 
(Utah, USA). Reagents and standards for ELISA were 
purchased from R&D Systems (MN, USA). Antibodies 
used for flow cytometric analysis were purchased from 
BioLegend (CA, USA). The EG7 cell line (American 
Type Culture Collection, CRL-2113) was maintained in 
complete RPMI 1640 medium supplemented with an 
aminoglycoside antibiotic Calbiochem G418 (0.4 mg/
mL, Merck, Darmstadt, Germany). The B16- F10- OVA cell 
line was maintained in complete Dulbecco’s modified 
Eagle’s medium supplemented with 0.4 mg/mL of G418.

Emulsion preparation
For PELC@PE preparation, a mixture comprising 120 mg 
of diblock copolymer PEG- b- PLACL, 0.8 mL of PBS, 0.935 
mL of squalene and 0.165 mL of Span85 was first emul-
sified by means of a homogenizer (Polytron PT 2500E, 
Kinematica, Swiss), as previously described.5–7 Then, 200 
µL of the stock emulsion was redispersed into 1800 µL 
of PBS in a test tube, and allowed to mix the emulsified 
suspension using a rotator at a mild condition (5 rpm) for 
1 hour. Next, 10 µL aliquot of a specimen was added to 
990 µL of PBS, rendering a final diluted sample (referred 
to as PELC@PE). For PELC@MN preparation, PELC@PE 
suspension was passed through polycarbonate membranes 
(Whatman Nuclepore Track- Etched Membranes, GE 
Healthcare, Darmstadt, Germany) mounted in a mini- 
extruder fitted with two 1.0 mL gas- tight syringes. 
Typically, 11 passages were performed to achieve a mono-
disperse distribution and to avoid contamination with 
the sample (an odd number of passages) that might not 
have passed through the membrane. After progressively 
passing through 1.0, 0.4, 0.2, and 0.1 µm membranes, the 
emulsified particles were obtained with monodisperse 

distribution and at the nanoscale (referred to as PELC@
MN). The particle size distribution was measured by a 
particle size analyzer (Nano ZS, Malvern, Brookhaven 
Instruments, NY, USA). The microscopic aspects were 
monitored using an optical microscope (Olympus DP70) 
and a transmission electron microscopy (H-7650, Hitachi, 
Japan).

Mice
BALB/c and C57BL/6 female mice at age of 5 weeks were 
obtained from the National Laboratory Animal Breeding 
and Research Centre (Taipei, Taiwan) and acclima-
tized for 1 week at the Laboratory Animal Centre of the 
National Health Research Institutes (Miaoli County, 
Taiwan) prior to use.

Nasal mucosal gene expression analysis
BALB/c mice (n=3 per group) were intranasally admin-
istered in both nostrils with 10 µL per nostril of PBS, 
PELC@PE or PELC@MN. Nasal mucosa was harvested 
from mice at 20 hours after administration. Parts of the 
mucosal samples were used for total RNA extraction with 
TRI Reagent (Sigma- Aldrich) according to the manufac-
turer’s instructions, and the other parts were prepared for 
immunohistochemical (IHC) staining. Prior to hybridiza-
tion, the quality and integrity of the RNA samples were 
determined using an Agilent 2100 Bioanalyzer. Hybridiza-
tion was performed using Mouse Gene 2.0 ST array (Affy-
metrix, CA, USA), and the microarrays were scanned by 
a Molecular Devices GenePix 4000B Scanner according 
to the manufacturer’s guidelines. Gene expression values 
were analyzed by gene set enrichment analysis.

IHC staining of nasal mucosal tissues
IHC was performed on 4–5 µm sections of each paraffin 
block. The sections were deparaffinized and rehydrated 
by sequentially immersing into xylene and ethanol as 
previously described.6 For antigen retrieval, the hydrated 
slides of nasal mucosal and tumor tissues were immersed 
in Trilogy at 90°C for 30 min, followed with 3% hydrogen 
peroxide (H2O2) for 15 min to block the endogenous 
peroxidase activity. After washing with PBS, the slides were 
further blocked with 2.5% normal horse serum for 1 hour. 
The primary antibodies, anti- CD3, anti- CD4, anti- CD8, 
anti- CD335 NKp46 (BioLegend) and anti- UEA-1 (MBL, 
IL, USA), were applied, and the sections were then incu-
bated at room temperature for 1 hour. After washing with 
PBS, the sections were further incubated with the perox-
idase polymer detection kit (Nichirei Bioscience, Tokyo, 
Japan) for 1 hour. Finally, the slides were visualized by 
DAB staining, followed by hematoxylin counterstaining. 
The IHC- positive signals were observed and analyzed at 
a 400- fold magnification using an Olympus DP70 micro-
scope. The number of IHC- positive signals and area of 
positive signal were quantified using the ImageJ image 
processing and analysis program (Bethesda, MD, USA). 
Three measurements per tissue section and three to six 
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sections per group were analyzed at 200- fold and 400- fold 
magnification.

Detection of OVA transportation
BALB/c mice (n=3 per group) were intranasally adminis-
tered with OVA alone, OVA plus PELC@PE or OVA plus 
PELC@MN. The mice were sacrificed at 0, 4 and 20 hours 
after administration. The harvested nasal mucosal tissues 
were washed with saline and then fixed for 24 hours with 
10% neutral buffered formalin. Tissue blocks and slides 
were prepared as mentioned above, and the anti- OVA 
antibody (BioLegend) was used for staining of OVA in 
mucosal tissues.

Vaccination and immunoassays
For immunological evaluation, BALB/c mice were vacci-
nated via the intranasal route with OVA formulations 
(100 µg/dose, 20 µL) once a week for 3 weeks. One week 
after the final vaccination, the mice (n=3 per group) 
were sacrificed to collect nasal mucosal tissues and spleen 
samples for further experiments.

Blocks and slides of nasal mucosal tissue were prepared 
as mentioned above, and anti- CD3, anti- CD4 and anti- 
CD8 antibodies (BD Biosciences, CA, USA) were used for 
IHC staining of T cells in the mucosal tissues.

Splenocyte suspensions were collected from the mouse 
spleen as described previously.6 7 Splenocyte suspensions 
(5×106 cells/mL) were cultured in the presence of OVA 
(10 µg/mL). At 24 hours, cell pellets in each group were 
prepared for extraction of total RNA using TRI Reagent 
(Sigma) according to the supplier’s instruction. The 
steady- state mRNA expression levels, T- bet and RORγt, 
were measured by reverse transcription PCR in a manner 
similar to our previous study.6 The results are shown as 
the density ratio of the interest gene to the reference 
standard (β-actin). At 72 hours, the supernatants were 
collected from triplicate cultures and tested for inter-
feron gamma (IFN-γ) and interleukin 17 (IL-17) concen-
trations (DueSet ELISA Development Kit, R&D Systems) 
following the manufacturer’s instructions.

Phenotype and functional activation of CTLs
The antigen- specific CTL response was determined by 
analyzing the frequency of SIINFEKL- MHC- I tetramer+ 
CD8+ T cells. C57BL/6 mice (n=4 per group) were intra-
nasally vaccinated with different OVA formulations (100 
µg per dose, 20 µL) once a week for 3 weeks. One week 
after the final vaccination, splenocytes (5×106 cells/mL) 
harvested from vaccinated mice were treated with SIIN-
FEKL (1 µg/mL) for 24 hours and stained with H- 2Kb- 
restricted SIINFEKL tetramer, fluorescein isothiocyanate 
(FITC)- conjugated anti- CD8 and phycoerythrin (PE)- 
conjugated anti- CD107a antibodies on ice bath for 30 
min. Samples were then examined by flow cytometry 
(LSRII; BD Immunocytometry Systems, CA, USA), and 
CD8+ T cells were gated for dot plot analysis of CD107a 
(PE) versus tetramer (APC, allophycocyanin). The 

mean fluorescence intensity (MFI) of CD107a in gated 
CD8+H- 2Kb/SIINFEKL+ cells was also determined.

Tumor challenge study
For in situ tumor model, a total of 2×105 EG7 tumor cells 
per mouse were first inoculated subcutaneously into the 
flank of C57BL/6 mice (n=6 per group). On the appear-
ance of palpable tumors, the mice were intranasally 
vaccinated once a week for 3 weeks with 100 µg of OVA, 
non- formulated or formulated with candidate adjuvants. 
Tumor sizes were measured in two vertical dimensions 
using a digimatic caliper twice per week. Tumor volumes 
were calculated following the formula: (length × width × 
width)/2. For ethical issues, the mice were euthanized 
when they experienced severe faintness or when the 
tumor volume exceeded 2000 mm3.

For the lung melanoma metastatic model, C57BL/6 
mice (n=6 per group) were injected intravascularly with 
B16- F10- OVA cells (5×105 cells/mouse). One week later, 
the mice were intranasally vaccinated once a week for 3 
weeks with 100 µg of OVA, non- adjuvanted or adjuvanted 
with designed emulsions. One week after the final vacci-
nation, the mice were sacrificed, and the lung was isolated 
for pathological observation.

Statistics
The statistical difference between each treatment group 
was assessed by Dunnett’s two- tailed t- test using GraphPad 
Prism V.5.02 (GraphPad Software). P<0.05 was defined 
as significant. The median survival in tumor challenge 
study was calculated using the Gehan- Breslow- Wilcoxon 
method.

RESULTS
Tailoring emulsified particles to monodisperse nanosized 
distribution rephrases mucosal signatures following 
intranasal delivery
PELC suspensions issued from homogenization initially 
formed emulsified particles at the submicron scale with 
polydisperse distribution (termed PELC@PE for the 
remainder of this article). Such liquid- liquid colloids 
were soft and deformable so that the size could be 
controlled by passage through an extruder membrane 
(online supplemental figure S1). After sequential extru-
sion through membranes, as expected, particles with 
monodisperse nanosized distribution (termed PELC@
MN for the remainder of this article) were observed with 
an average diameter of about 200 nm, which is consistent 
with the scale of nanoemulsion.13 In vitro results from 
our preliminary investigations show that monodisperse 
nanoemulsion with a well- defined size can dramati-
cally induce activation of murine bone marrow- derived 
dendritic cells, compared with polydisperse emulsion 
(online supplemental figure S2). Subsequently, we plan 
to explore the adjuvant potency of the prepared emul-
sions to evaluate their remarkable mucosal activity and 
immunotherapeutic efficacy.
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First, the innate immunological signatures following 
intranasal delivery were evaluated based on the impact 
of the monodisperse nanoemulsion on gene expres-
sion changes in nasal mucosal tissues. To achieve this 
goal, mice intranasally received 20 µL of PELC@PE or 
PELC@MN diluted in PBS, and large- scale gene expres-
sion profiling of local mucosal tissues was performed at 
20 hours after administration by whole- mouse genome 
microarray analysis. Among total genes screened, 
both PELC@PE and PELC@MN emulsions regulated 
a common set of 66 genes with a fold change ≥1.5 and 
p<0.05 compared with the PBS treatment group (online 
supplemental tables S1–S3). Interestingly, PELC@MN 
regulated a larger number of genes (230) compared with 
PELC@PE (197), which were associated with categories 
including cell/mucosal permeability, immune responses, 
fatty acid metabolism, neurotransduction, oxidation 
and reduction, xenobiotic excretion, and so on (online 
supplemental table S4). Several genes associated with 
mucosal permeability, glycoprotein 2 (GP2),14 Slc7a5,15 
cldn17,16 innate immunity (Klra14)17 and immunoglob-
ulin production (Igkv1-133, Igkv6-23, Igk- V28, Ighg)18 
were significantly regulated by PELC@MN compared 
with PELC@PE (figure 1B).

Concerning the results of microarray analysis, PELC@
MN significantly upregulated the expression of numerous 
genes associated with mucosal permeability. Among these 
genes, GP2 was exclusively expressed on membranous 
(M) cells, which are specialized mucosal epithelial cells 
found in the mucosa- associated lymphoid tissues of nasal 
and intestinal mucosa and able to transport antigens 
across epithelial membrane for further interaction with 
immune cells.14 To further study the impact of size on 
inducing the emergence of M cells, the harvested nasal 
tissues were also assessed for IHC staining, and the slides 
were stained with anti- UEA-1, a common biomarker for 
M cells.14 As shown in figure 1C, more UEA-1+ cells were 
detected in PELC@MN- treated mice than in PELC@
PE- treated and PBS- treated mice.

On the other hand, PELC@MN also altered the gene 
expression of Klra14, which represents a lectin- like 
receptor subfamily A expressed on natural killer (NK) 
cells.17 Therefore, we further investigated the impact 
of PELC@MN on the recruitment of NK cells to the 
nasal mucosa by IHC staining of CD335, a cytotoxicity- 
activating receptor that may be highly specific to NK 
cells.19 As shown in figure 1C, more CD335+ cells were 
detected in PELC@MN- treated mice than in PELC@
PE- treated and PBS- treated mice. The findings from 
microarray analysis and IHC staining suggest that the 
increased mucosal permeability induced by PELC@MN 
may be associated with the greater number of M cells. 
In addition, PELC@MN may be used as a powerful tool 
in mucosal delivery of vaccine antigens and in the acti-
vation of innate immunity by increasing the number of 
activated NK cells.

Monodisperse nanoemulsion facilitates delivery of protein 
antigen across nasal mucosal membrane and drives broad-
spectrum antigen-specific immunity
We next planned to assess the augmentation of mucosal 
permeability by PELC@MN in relation to adaptive immu-
nity. We attempted to address whether PELC@MN could 
facilitate protein antigen transportation across the nasal 
mucosal membrane into NALT. Mice received intra-
nasally with 50 µg of OVA in both nostrils with either 
antigen alone or formulated with PELC@PE or PELC@
MN. The nasal mucosal tissues were harvested at 0, 4 and 
20 hours after administration and IHC stained with OVA 
antibodies. No OVA- positive signal was recognized in the 
IHC images of OVA- treated mice and PELC@PE- formu-
lated OVA- treated mice within 20 hours (figure 2A), indi-
cating an absence of OVA transportation across the nasal 
membrane. Brown signals (ie, OVA positive) were clearly 
induced in the nasal mucosal tissues of mice treated with 
PELC@MN- formulated OVA at 4 hours and increased 
progressively at 20 hours, that is, OVA transportation 
was strongly influenced by the presence of the PELC@
MN particles, suggesting that PELC@MN could protect 
against the removal of protein antigen from the nasal 
cavity for at least 20 hours and deliver antigen across the 
mucosal barrier and into NALTs.

Cellular immunity has the prospect to play an important 
role in mucosal protection; there is evidence that memory 
T- cell populations, which are inherent in mucosal tissues, 
can respond rapidly and directly to infiltrating patho-
gens.19 20 Thus, we investigated the impact of the mono-
disperse nanoemulsion on populations of mucosal T cells 
following intranasal vaccination. As shown in figure 2B 
and online supplemental figure S3, OVA alone had no 
impact on the number of CD3+, CD4+ and CD8+ T cells in 
the nasal mucosal tissues compared with the PBS control 
group. Notably, vaccination with PELC@MN- adjuvanted 
OVA induced a dramatic increase in the numbers of 
T- cell subsets in the surface as well as the lamina propria 
of nasal mucosal tissues; however, the effect was rather 
diminished when the adjuvant was replaced with PELC@
PE. We further confirmed the importance of the mono-
disperse nanoemulsion on the functional activation of 
splenic T cells, which were harvested from the vacci-
nated mice following incubation of cells in vitro with 
OVA antigen (figure 2C). Concerning the cytokine secre-
tion, PELC@MN was the most potent inducer of IFN-γ, 
a predominant T helper type 1 (Th1) cytokine, whereas 
IFN-γ secretion induced by PELC@PE- adjuvanted OVA 
was measured at the same level as OVA alone. Similarly, 
PELC@MN- adjuvanted OVA enhanced notable IL-17 
secretion (the major Th17 cytokine) compared with those 
in the non- adjuvanted and PELC@PE- adjuvanted groups. 
This finding indicated that OVA at the dose of 100 µg did 
not elicit adaptive responses; in addition, the presence of 
PELC@PE did not alter the situation. Concordantly, the 
mRNA expression levels of T- bet (Th1 type) and RORγt 
(Th17 type) were also significantly elevated in the PELC@
MN- adjuvanted OVA group. Based on the above results, 
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emulsified particles with monodisperse distribution and 
at the nanoscale should be regarded as simple delivery 
systems for the delivery of antigen across the mucosal 
barrier and into NALTs and can play an active role in 
mediating Th1 and Th17 immune responses.

Monodisperse nanoemulsion assists antigen in generating 
potent antigen-specific CD8+ CTLs as well as antitumor 
ability when combined with tumor-associated antigen therapy
The phenotype and functional activation of CD8+ CTLs 
are critical characteristics in the clearance of virus- 
infected cells and in the defense against cancers.21 To 
test the potency of the monodisperse nanoemulsion to 
trigger the antigen- specific CTL response, we analyzed 
the frequency of SIINFEKL- MHC- I tetramer+ CD8+ 
T cells. OVA- restimulated splenocytes were stained 
with a fluorescence- labeled anti- CD8 antibody and a 
fluorescence- conjugated SIINFEKL/MHC- I tetramer 
(where SIINFEKL is the H- 2Kb- restricted OVA MHC 
class I epitope).21 As the benchmark, we also evaluated 
the elicitation of antigen- specific CTLs by analyzing the 
expression of CD107a on CD8+H- 2Kb/SIINFEKL+ cells. 
In the literature regarding CD8+ T- cell degranulation, 
CD107a expression is closely associated with both cyto-
kine secretion and cell- mediated lysis of target cells.22 
As shown by flow cytometric analysis (figure 3A), the 
percentage of CD8+H- 2Kb/SIINFEKL+ cells in spleno-
cytes was approximately 1% in mice vaccinated with OVA 
alone and PELC@PE- adjuvanted OVA. Notably, the popu-
lation of CD8+H- 2Kb/SIINFEKL+ cells was significantly 

increased to 5% in the vaccinated PELC@MN- adjuvanted 
OVA group, indicating that PELC@MN is able to induce 
the expansion of antigen- specific CD8+ CTLs via intra-
nasal delivery. In addition, the MFI of the activation 
marker CD107a on gated CD8+H- 2Kb/SIINFEKL+ cells 
was markedly increased from 70 to 551 in mice vaccinated 
with PELC@MN- adjuvanted OVA (figure 3B). However, 
the potency was slightly reduced when the adjuvant was 
replaced with PELC@PE. These results substantiated that 
PELC@MN emulsion as a mucosal adjuvant is capable of 
driving the expansion and activation of antigen- specific 
CTLs.

We conducted two murine models to evaluate whether 
the antigen- specific cytotoxicity in vivo reflected effective 
clearance of antigen- transfected cells. First, we applied 
an in situ tumor consisting of OVA protein/EG7 cells 
(OVA- transfected EL4 murine thymoma cells) as a tumor 
antigen/tumor cell model.6 All mice were first inoculated 
subcutaneously with EG7 tumor cells, and then they were 
vaccinated intranasally with OVA antigen, alone or adju-
vanted with either PELC@PE or PELC@MN on days 7, 14 
and 21. Figure 3C,D shows the monitored tumor volume 
and survival rate. The tumors grew progressively in the 
PBS control group (to mimic the tumor- bearing mice 
without receiving any treatment), and the mice started to 
die within 30 days. All mice that received non- adjuvanted 
OVA died before day 42, indicating that no protection 
for the mice received OVA alone. Vaccination of mice 
with OVA plus PELC@PE provided a better protective 

Figure 2 Monodisperse nanoemulsion facilitates the delivery of protein antigen across nasal mucosal membranes and drives 
broad- spectrum antigen- specific immunity in mice. (A) Transportation of OVA across nasal mucosal membranes. The nasal 
mucosal tissues were harvested from the treated mice and immunohistochemical (IHC) stained with OVA antibodies. The 
brown signals indicate OVA- positive signals (magnification, 400×). One week after the final administration, the mice (n=3) were 
sacrificed, and then nasal mucosal tissues and spleen were harvested for T- cell immunoassays. (B) T- cell subsets in nasal 
mucosal tissues. Observe microscopic fields using a power of 400× (see also online supplemental figure S3). (C) T- cell immunity 
in the spleen. The cell pellets were collected for mRNA expression of T- bet, RORγt and β-actin by reverse transcription PCR 
(RT- PCR), respectively. The supernatants were collected to measure IL-17 and IFN-γ secretion by ELISA. Data are expressed as 
the means±SEM. The results are representative of two to three independent experiments. *P<0.05 compared with OVA alone. 
#P<0.05 compared with the polydisperse emulsion group. HPF, high- power field; IFN-γ, interferon gamma; IL-17, interleukin 17; 
OVA, ovalbumin; PBS, phosphate- buffered saline.
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effect than those treated with OVA alone; however, it 
still not eradicates the inoculated EG7 cells. It is worthy 
to note that PELC@MN was better able than PELC@PE 
to broaden the immunotherapeutic efficacy of tumor- 
associated antigen (OVA) and to prolong the median 
survival of tumor cell (EG7)- bearing mice from 37 to 44 
days. Last but not least, only the treatment with PELC@
MN- adjuvanted OVA allowed the mice to reach up to 50% 
survival 40 days after tumor inoculation.

We next targeted immunotherapy for the treatment 
of cancer cell migration. In this approach, B16- F10- OVA 
(a stable transfectant murine OVA- expressing B16- F10 
melanoma) was inhibited by vaccination with OVA in a 
metastatic cancer model.7 C57BL/6 mice that were intra-
vascularly inoculated with B16- F10- OVA and then intra-
nasally vaccinated three times at a 1- week interval with 
PELC@MN- adjuvanted OVA showed inhibited growth 
in tumor- bearing mice, compared with PELC@PE- ad-
juvanted OVA or OVA alone (figure 3E). Within 28 
days, lethality started in the group of mice that did not 
get any treatment (PBS control). Although vaccination 

with OVA alone or PELC@PE- adjuvanted OVA allevi-
ated lung metastasis, all the mice in these two groups 
died before day 35. Notably, a remarkably small tumor 
volume and impressively high survival rate were observed 
in the group of mice who were vaccinated with PELC@
MN- adjuvanted OVA (figure 3F), indicating that the aid 
of PELC@MN provided better protective capacity. These 
results demonstrate that intranasal vaccination of PELC@
MN- adjuvanted OVA induced OVA- specific CTLs, which 
potentially killed OVA epitope- expressing cancer cells, 
suggesting that PELC@MN is a promising adjuvant for 
the development of an antitumor immunotherapeutic 
vaccine.

DISCUSSION
Based on the mechanisms of action, mucosal adjuvants 
could be classified into three categories, including immu-
nostimulators, particulate adjuvants, and their combina-
tions.1–5 Immunostimulators, such as toll- like receptor 
agonists and bacterial toxins, have been assessed as 

Figure 3 Intranasal delivery of monodisperse nanoemulsion could generate potent antigen- specific CD8+ cytotoxic T 
lymphocytes (CTLs) as well as clearance of antigen- transfected cells when combined with tumor- associated antigen therapy. 
Expansion and activation of antigen- specific CD8+ T cells. (A) The antigen- specific CTL response was determined by SIINFEKL- 
MHC- I tetramer staining and flow cytometry. (B) The mean fluorescence intensity (MFI) of CD107a on CD8+ T cells. Data are 
expressed as the mean±SEM from individual murine splenic sample. Intranasal delivery of PELC@MN- adjuvanted OVA inhibits 
tumor in situ. The mice (n=6) were first subcutaneously inoculated in the flank with EG7 tumor cells (1×105 cells per mouse). 
Seven days after tumor cell inoculation, the mice in each group were intranasally vaccinated with 100 μg per dose OVA protein 
without or with either PELC@PE or PELC@MN on days 7, 14 and 21. (C) Tumor volume and (D) survival rate. Intranasal delivery 
of PELC@MN- adjuvanted OVA inhibits lung metastasis. The mice (n=6) were intravascularly inoculated with B16- F10- OVA cells 
(5×105 cells per mouse). One week later, the mice were intranasally vaccinated once a week for 3 weeks with OVA (100 μg 
per dose), alone or adjuvanted with either PELC@PE or PELC@MN. (E) The survival rate was monitored two to three times per 
week. (F) Lung tissues at day 28 after inoculation of tumor cells. *P<0.05 compared with OVA alone. #P<0.05 compared with the 
PELC@PE group. OVA, ovalbumin; PBS, phosphate- buffered saline.
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mucosal adjuvants for a long time3 23; however, those 
made by the aforementioned compounds may some-
times be bombarded with medical risks for massive vacci-
nation.3 Another concern is that mucosal epithelium is 
sometimes a barrier for targeting immune cells.3 To this, 
several delivery systems have been designed to transport 
antigens across mucosal barrier with diminutive obstruc-
tion and degradation by the mucociliary clearance system, 
mucin, and digestive enzyme.23 24 In recent decades, the 
development of particulate adjuvants at nanoscale, such 
as nanoemulsions, liposomes, micelles, and metal partic-
ulates, has attracted large amounts of attention due to 
their properties of small size, large surface area, and 
improved solubility and interactions with the biological 
environment.25 26

The intake of fats or fatty acids may regulate or stim-
ulate immune responses, such as lymphocyte prolifer-
ation, cytokine production, and phagocytosis.27 Such 
regulation of immune responses may result from several 
factors, but the change in the cell membrane due to the 
incorporation of lipid is considered the major point.28 
Nevertheless, the intake of large oil globules may lead 
to non- specific immune reactions, such as delayed- type 
hypersensitivity, activation of NK cells and phagocytes, 
among others.29 Thus, some studies suggest that PEGyla-
tion may be a generic strategy for the lipid squalene, 
enabling the efficient formation of nanoparticles in 
buffer solution by self- assembly.30 Another strategy is to 
formulate the selected fats or fatty acids in the form of 
emulsions into vaccines to increase their immunogenicity 
and efficacy. Essentially, the good dispersion of oil drops 
in a vaccine formulation is crucial for the stability of the 
formulation, vaccine administration, evoking immune 
responses and attenuating local reactions.31 The oil- in- 
water emulsion adjuvant MF59 contains metabolizable 
squalene as the oily core, a lipophilic emulsifier Span85 
and a hydrophilic Tween80 (polyoxyethylene sorbitan 
monooleate) suspended in buffer solution. MF59 has 
previously been demonstrated to be an effective adjuvant 
for parenteral injection but was not an effective adjuvant 
for intranasal vaccination with herpes simplex virus type 
2 recombinant glycoprotein D2.23 Although the adjuvant 
mechanism of MF59 following intranasal vaccination is 
not clear, the authors suggested physically associating 
the antigen with the adjuvant is necessary.23 It has been 
reported that intranasal vaccination of vaccine candidates 
with a nanoemulsion containing cationic compound 
cetylpyridinium chloride induces strong and protective 
immune responses in rodents and ferrets towards the 
invaded pathogens.32 33 The potential mechanisms of 
action include sustained antigen adhesion to the mucosal 
membrane, induction of nasal epithelial cell apoptosis 
and heterogeneous cytokine production, transcellular 
antigen uptake in nasal epithelial cells and dendritic cells 
activation/trafficking to NALT.32–34 In the present study, 
we also substantiated that monodisperse squalene- cored 
emulsion at the nanoscale, that is, PELC@MN, sustained 
antigen retention at mucosal tissues for at least 20 hours 

and transported antigen across the mucosal barrier 
(figure 2A).

In our previous studies, we demonstrated that the 
addition of immunostimulators, for example, recom-
binant flagellin,4 and synthetic peptide analog LD- in-
dolicidin,5 into the PELC emulsion is necessary for 
successful intranasal vaccination against influenza virus. 
Herein, intranasal vaccination with PELC@MN could 
elicit potent cell- mediated immunity, especially Th1 and 
Th17 immune responses, without using any immunostim-
ulator or cationic surfactant. Most importantly, PELC@
MN could even increase the number of NK cells at the 
NALT, activate CD8+ CTLs, and attenuate lung metas-
tasis, providing the complementary information of the 
potential of monodisperse nanoemulsions for cancer 
immunotherapy. Similar to cationic emulsions, PELC@
MN increased heterogeneous cytokine mRNA expres-
sion at mucosal tissues. The effects of PELC@MN on 
delivering antigen across mucosal membrane and elic-
iting immune responses are closely associated with the 
elevated permeability of the mucosal membrane. Based 
on the results of microarray analysis, the induction of 
epithelial cell death is considered a potential mecha-
nism for increasing mucosal permeability and heteroge-
neous cytokine production. Merging the results of the 
microarray analysis and IHC staining, the elevated perme-
ability may be due to the increase in transcellular and/or 
paracellular transport. In the transcellular pathway, the 
increase of nasal mucosal permeability is supported by 
the expression of M cells (figure 1B). On the other hand, 
the paracellular pathway involves the transport of protein 
antigen through the tight junctions between the epithe-
lial cells, which is highly restricted for smaller particles 
(online supplemental figure S1). These findings were in 
agreement with literature data, which demonstrated that 
nanoparticles could surmount nasal epithelial barrier, so 
as that antigen presenting properties can be initiated.11 25 
Regarding this, further studies are warranted to verify 
the speculated mechanism of action of PELC@MN at the 
molecular level.

It has been demonstrated that the cytotoxic effects of 
NK cells and CD8+ CTLs contribute to protection against 
tumor metastasis.35 Previous studies in IL-17- deficient 
mice have reported that the augmented growth and 
metastasis of tumor potentially resulted from the dimin-
ished number of NK cells and tumor- specific IFN-γ+ 
T lymphocytes in tumor microenvironment as well as 
draining lymph nodes.36 Accordingly, the adjuvant activity 
of PELC@MN against lung metastasis may be mediated 
by its effects on elevating the number of NK cells and 
inducing the activation of Th1, Th17 and CTL cells. 
With this potential in mind, further investigations are 
underway to launch the translation of the nanoemulsion 
adjuvantation strategy to human clinical trials for eluci-
dating the feasibility of nanoemulsion as mucosal adju-
vants and/or spraying delivery for the prevention and 
treatment of infectious diseases and cancers. Research 
is needed to verify whether squalene nanoemulsion has 
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similar effects in a human tumor xenograft model based 
on HLA transgenic mouse. With the aim of extending 
our results to enhance the efficacy of immunotherapy 
candidates in clinical applications, the research setting 
is rationally designed to investigate immunotherapeutic 
treatments comprising tumor- associated antigen therapy 
and immune checkpoint blockade therapy effectively 
reinforce each other via codelivery of tumor- associated 
antigens/immune checkpoint inhibitors with an optimal 
formulation towards enrichment of the immune micro-
environments at local vaccination tissues, ipsilateral 
draining lymph nodes and tumor bed, thereby synergisti-
cally integrating the efficacy of individual cancer therapy. 
Such applications require nanoemulsion production 
at pilot scale in a consistent and reproducible manner 
which will be accomplished by homogenization with a 
high- shear microfluidized process.

CONCLUSIONS
In this study, we provided the comprehensive informa-
tion demonstrating that tailoring emulsified particles 
to monodisperse nanosized distribution (assigned as 
PELC@MN) could rephrase mucosal and immunother-
apeutic signatures following intranasal vaccination. 
Intranasal vaccination with tumor antigen adjuvanted 
with a squalene- cored PELC@MN significantly atten-
uated tumor growth and lung metastasis, probably due 
to the activation of innate immunity and cell- mediated 
immune responses. This hypothesis can be supported by 
several lines of evidence. First, intranasal vaccination with 
PELC@MN upregulated mucosal permeability, providing 
critical insights into the main action modes of PELC@
MN as mucosal adjuvant. Second, the numbers of M cells 
and NK cells at mucosal sites were increased in mice after 
intranasally vaccinated with PELC@MN- adjuvanted OVA. 
Third, intranasal vaccination with PELC@MN- adjuvanted 
OVA markedly induced the activation of CD8+ cytotoxic 
lymphocytes as well as Th1 and Th17 cells, and thereby 
improved the efficacy of cancer immunotherapy against 
in situ and metastatic tumors. These results provide 
critical mechanistic insights into the adjuvant activity of 
monodisperse nanoemulsion and give directions for the 
design and optimization of mucosal delivery for vaccine 
and immunotherapy.
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