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Background: The effective induction of an antigen-specific T cell immune response through

dendritic cell activation is one of the key goals of tumor immunotherapy.

Methods: In this study, efficient antigen-delivery carriers using silica-coated magnetic

nanoparticles were designed and, their antigen-specific T cell immune response through

dendritic cell activation investigated.

Results: The results showed that the silica-coated magnetic nanoparticles with conjugated

ovalbumin enhanced the production of cytokines and antigen uptake in bone marrow-derived

dendritic cells. Also, this induced an antigen-specific cytotoxic T lymphocyte (CTL) immune

response and activated antigen-specific Th1 cell responses, including IL-2 and IFN-γ pro-

duction and proliferation. We proved that the immune-stimulatory effects of silica-coated

magnetic nanoparticles with conjugated ovalbumin were efficient in inhibiting of tumor

growth in EG7-OVA (mouse lymphoma-expressing ovalbumin tumor-bearing mice model).

Conclusion: Therefore, the silica-coated magnetic nanoparticles with conjugated ovalbumin

are expected to be useful as efficient anti-cancer immunotherapy agents.

Keywords: antigen-delivery systems, silica-coated magnetic nanoparticles, ovalbumin, EG-7,

dendritic cell, CD4+ T cell, CD8+ T cell

Introduction
Tumor-immunotherapy has emerged as an alternative and innovative therapeutic

intervention that can overcome the side effects and limited efficacy of conventional

chemotherapy against chemo-resistant and relapsing tumors.1–3 A major milestone

in the development of tumor-immunotherapy is the development of dendritic cells

(DCs)-based therapy or T-cell adoptive transfer therapy and has been validated in

several clinical trials.1,4,5 Although DC-based therapy approaches have been shown

to be effective in clinical trials, they are complex and require multiple ex vivo

manipulations beginning from the isolation of DCs from the blood of the patients,

their exposure to antigens and other maturation stimuli, and finally their reinjection

into the patients.6,7 This is a personalized but expensive therapeutic approach, and

these cell-based therapeutic strategies require significant cost, labor, and time for

the isolation, activation, and proliferation of these immune cells before they are re-

injected into the patient.1 Therefore, nanoparticle-based vaccines have attracted

substantial attention for the induction of an immune response without any ex vivo

manipulations to overcome these limitations.1,8,9 Nanoparticles are being studied as

the next-generation platform in the pharmaceutical and biomedical fields due to

their high potential for the controlled intracellular delivery of biomolecules and
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drugs.6 Also, in recent studies, various types of polymer

nanoparticles that can target and deliver specific antigens

for immunotherapy have been reported to provide protec-

tive immunity against cancer and infectious diseases.10–14

Recently, nanoparticles have attracted a great deal of

attention as potential candidates for antigen delivery

vehicles.6,10 Most nanoparticles-based active tumor immu-

notherapy studies have demonstrated the enhanced func-

tion of DCs and their antigen-specific response.10

However, the problem of the potential toxicity of the

nanoparticles has not yet been solved.15–20 Therefore, we

used nanoparticles coated with silica (SiO2) which are

known to be biocompatible materials, on the particle sur-

faces to overcome these problems,15–20 and we chose

ovalbumin (OVA) as a model antigen to study the function

of DCs and their antigen-specific response.

DCs are professional antigen-presenting cells (APCs)

involved in immune responses that regulate various types

of immune cells.5,21–23 Especially, DCs trigger the activa-

tion of helper T cells or cytotoxic T cells.21–24 Therefore,

DCs induce cell-mediated immune responses and have

anti-tumor effects on cytotoxic T cells. Also, DCs play a

major role in the production of antigen-specific cytotoxic

T lymphocytes (CTLs) and CTL-mediated tumor immu-

notherapy. Therefore, the development of nanoparticle-

based vaccine formulations that can generate strong Th1

and CTL-mediated immune responses is paramount.

In this research, we explored the effects of silica-coated

magnetic nanoparticles with conjugated OVA on the cyto-

toxicity and activation of DCs. Also the response of the

OVA-specific Th1 cells was increased by the silica-coated

magnetic nanoparticles with conjugated OVA, and we

showed their potent applications in cancer immunotherapies.

Materials and methods
Animals and experimental treatments in

vivo
Female 8- to 12-week-old C57BL/6 mice, weighing 20–

22 g each, were purchased from Orientbio (Orientbio Inc.,

Seongnam, Korea). The animals were housed in a con-

trolled environment [22±2 °C and 50±5% (relative humid-

ity)] in polycarbonate cages and fed a standard animal diet

with water. All of the mice were treated in strict accor-

dance with the guidelines issued for the care and use of

laboratory animals by the Sunchon National University

Institutional Animal Care and Use Committee (SCNU

IACUC). All procedures were approved by the SCNU

IACUC (Permit Number: SCNU IACUC-2017-07)

Reagents and antibodies
Recombinant mouse granulocyte-macrophage colony-stimu-

lating factor (GM-CSF) and interleukin (rmIL)-4 were pur-

chased from R&D Systems (Minneapolis, MN, USA),

propidium iodide (PI), and ovalbumin (OVA) were purchased

from Sigma-Aldrich (Steinheim, Germany), and lipopolysac-

charide (LPS) and OVA-Alexa 488 were purchased from

Invitrogen (Carlsbad, CA, USA). The following FITC- or

PE-conjugated monoclonal antibodies (Abs) and non-labeled

Abs were purchased from BD Biosciences (San Jose, CA,

USA): FITC-annexin V, CD16/32 (2.4G2), CD11c (HL3), IA

[b] (AF6–120.1), IFN-γ, CD4, PE-CD8, CD4. Cytokine

ELISA primary and secondary -antibodies specific for murine

IL-1β, IL-6, IL-12p70, IFN-γ, IL-2, IL-10, and TNF-α were

purchased from BD Biosciences (San Jose, CA, USA). 5-

Bromo-2′-Deoxy-Uridine Labeling and Detection Kit III and

collagenase D were purchased from Roche (Salt Lake City,

UT, USA).

Cell culture
E.G7-OVA, a chicken egg OVA gene-transfected clone of

EL4, which presents OVA with MHC class I molecules,

was obtained from the American Type Culture Collection

(Manassas, VA, USA).25

Silica-coated magnetic nanoparticles:

MNPs@SiO2(RITC)
Silica nanoparticles were purchased from Biterials

(Korea). MNPs@SiO2(RITC) particles containing a cobalt

ferrite core (CoFe2O3) sheathed by a silica shell that is

chemically bonded to rhodamine isothiocyanate dye

(RITC). The silica nanoparticles are identical to the

MNPs@SiO2(RITC) except that they lack a cobalt ferrite

core and show similar tendencies concerning their biolo-

gical effects. The MNPs@SiO2(RITC) and silica nanopar-

ticles are 54.2 nm ±8.9%. In diameter, and the size

distribution and zeta-potential of both nanoparticles have

been previously reported (Figure 1A ).20,26,27

Preparation of OVA-silica-coated

magnetic nanoparticles
MNPs@SiO2(RITC) with conjugated Ovalbumin were pre-

pared by mixing 50 μg/mL of OVAwithMNPs@SiO2(RITC)

at a concentration of 50 μg/mL using a vortex for 60 min
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(Figure 1A 20). The morphology of the OVA- MNPs@SiO2

(RITC) was examined using a Confocal Laser Scanning

Microscope (CLSM) (Rhodamine 123: excitation558, emis-

sion; 581 FITC: excitation 488, emission 519) (Figure 1B).

Generation and activation of bone

marrow-derived DCs
BMDCs were obtained from the femurs and tibias of

C57BL/6 mice, and the red cells were treated with lysis

buffer solution (4.15 g of ammonium chloride per 500 mL

of 0.01 M Tris–HCl buffer). The cells were washed and

cultured in six-well tissue culture plates at 1×106 cells/mL

in complete RPMI culture medium supplemented with 10%

fetal bovine serum (FBS), 2-mercaptoethanol (50 μM/mL),

IL-4 (1,000 U/mL), and GM-CSF (1,000 U/mL). The cul-

ture medium was changed on culture days 2 and 4. New

medium and cytokines (ie, GM-CSF and IL-4) were added

after flushing out the non-adherent cells. On day 6, the

loosely adherent clustered cells were defined as immature

BMDCs, treated with LPS, OVA, and OVA- MNPs@SiO2

(RITC) for 24 h and then harvested.

Annexin-V/PI assay
Apoptosis induction by MNPs@SiO2(RITC) was quanti-

fied via flow cytometry using Annexin V-FITC and a

propidium iodide (PI) solution, according to the manufac-

turer’s instructions. Briefly, BMDCs (1×106/well) were

seeded onto 24-well plates and exposed to MNPs@SiO2

(RITC) or for 24 h. Apoptosis was quantified by staining

with Annexin V-FITC/PI. Finally, the samples were ana-

lyzed by flow cytometry, and the apoptosis percentages

were calculated by counting the Annexin V-positive cells.

Antigen uptake assay
Antigen uptake by BMDCs was measured using the stan-

dard method. OVA-Alexa488 (Invitrogen) was used as the

model antigen. BMDCs (2×105) were incubated for var-

ious time points at 37 °C with OVA-Alexa488 (50 µg/mL)

or OVA-Alexa488-MNPs (OVA-Alexa488 50 µg/mL/

MNPs 25, and 50 µg/mL) particles. Uptake was termi-

nated by washing the cells with ice-cold fluorescence-

activated cell sorting (FACS) buffer (phosphate-buffered

saline containing 1% FBS and 0.1% NaN3). Cells were

stained with PE-conjugated anti-CD11c (BD Biosciences).

Alexa488 fluorescence of CD11cpositive cells was mea-

sured using an FACS CantoII (BD Biosciences). The mor-

phology of the BMDCs was examined using a Confocal

Laser Scanning Microscope (CLSM) (PE: excitation 496,

emission; 578 FITC: excitation 488, emission 519).

PVP-Ethanol transfer
APS-RITC/TEOS

OVA

A

B

MNPs OVA-MNPs

MNP-SIO2
RITC-PEG

Confocal

Alexa488:OVA
Rodamin:MNPS

Si-PEG
pH=12

60min
mixing

Coferrite
naniparticle

(9nm)

Figure 1 Confocal Laser Scanning Microscope (CLSM) image of OVA- MNPs@SiO2(RITC). (A) For the preparation of the nanoparticles,20 OVA (50 μg/mL) and

MNPs@SiO2(RITC) (50 μg/mL) were mixed for 60 min. (B) MNPs@SiO2(RITC): Rhodamine 123: excitation558, emission; 581 OVA: FITC: excitation 488, emission 519.
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OVA-specific Th1 cell preparation
The mice were immunized by intraperitoneal injection

(i.p.) with incomplete Freund’s adjuvant (IFA) or complete

Freund’s adjuvant (CFA) (Pierce) and immunized with

OVA on days 0 (OVA-IFA) and 7 (OVA-CFA). The

spleens were harvested from the OVA-immunized mice

on day 14. CD4+ T cells were isolated from the spleens

using a CD4+ T cell Isolation Kit II and then activated with

OVA (100 μg/mL) and syngeneic APCs. The OVA-specific

CD4+ T cells were selected by limiting dilution, and the

OVA-specific T (CD4+, IFN-γ +) cells were counted using

a FACScanto II.5,21,28

Proliferation assay of OVA-specific Th1

cells
To investigate the antigen-presenting ability of the OVA or

OVA-MNPs@SiO2(RITC)-pulsed BMDCs, 3×104 cells

were incubated with 5×104 OVA-specific Th1 cells for

24 h or 48 h in 200 μL of culture medium in 96-well

cell culture plates. The proliferation was evaluated using a

5-bromo-2′-deoxy-uridine Labeling and Detection Kit III.

The cytokine levels were determined via ELISA. The

results are expressed as the mean of experiments per-

formed in triplicate.

CD8+ OT-1 cell proliferation
OVA257-264-specific CD8+ T cells were obtained from

splenocyte suspensions from C57BL/6 OT-1 T-cell recep-

tor (TCR) transgenic mice. BMDCs were incubated with

or without various concentrations of OVA and OVA

+MNPs@SiO2(RITC) for 24 h. Mature BMDCs co-cul-

tured with CD8+ T cells. CD8+ T cell proliferation was

determined using a 5-bromo-2′-deoxy-uridine Labeling

and Detection Kit III, and cytokine secretion and intracel-

lular cytokine concentrations were determined by ELISA

and flow cytometry.

Stimulation of mouse splenocytes and

draining lymph nodes
The splenocyte and lymphocyte cells obtained from the

spleen and lymph nodes from the two groups of C57BL/6

mice cultured in RPMI medium, respectively, were re-

stimulated with OVA at concentrations of 100 μg/mL,

and 1000 μg/mL or not stimulated. After 48 h of incuba-

tion, the spleen cell and lymph node cell proliferations

were determined using a 5-bromo-2-deoxy-uridine label-

ing and detection kit III and the cytokine production was

measured with the ELISA assay. The results are expressed

as the mean of triplicate experiments. The intracellular

cytokine concentrations were determined by flow cytome-

try to analyze the cytotoxic T cell population.

Cytokine assay
The culture supernatants were analyzed by the enzyme-

linked-immunosorbent assay (ELISA). The levels of the

various cytokines secreted by the spleen cells and lymph

node cells re-stimulated with OVA were measured by

ELISA.

Isolation of tumor cell populations
The tumors were dissected using razor blades, digested

with 1.5 mg/mL collagenase D (Roche) for 1 h at 37 °C,

and then filtered through a 40-μm cell strainer, pooled, and

treated with red blood cell lysis buffer.

Intracellular cytokine staining
The CD4+ T cells and CD8+ T cells were treated in the

presence of anti-FcR (2.4G2), fixed with 4% paraformal-

dehyde in PBS, permeabilized with 0.1% saponin, and

stained with FITC-anti-IFN-γ and PE-anti-CD8. The

CD8+ T cells were then gated and analyzed using a

FACScanto II (BD Biosciences).

Flow cytometry
The FcγII and FcγIII receptors on the cells were blocked

by incubation with anti-mouse CD16/32 (1 μg/1×106

cells), and stained with fluorescence-labeled antibodies

specific for the following markers: anti-mouse CD16/32

(2.4G2), CD11c (HL3), IA[b] (AF6–120.1), IFN- γ, CD4
-FITC and -PE on ice. After 30 min of incubation, the cells

were washed and read on a BD FACScanto™ II. Data

analysis was performed using BD FACS Diva software.

Anti-tumor activity
To measure the therapeutic efficacy, C57BL/6 mice were

inoculated subcutaneously with 1×105 EG7 tumor cells, an

OVA-expressing EL4 variant, into a flank site. After 1 day,

mice were injected subcutaneously with PBS (200 μL),
OVA (50 μg/200 μL), and OVA+ MNPs@SiO2(RITC)

(50/50 μg/200 μL). On day 22, the mice were euthanized.

Tumor growth was monitored and measured every 2 days

(n=4 mice/group) by measuring the major and minor axes

of the tumors using calipers. The tumor volume was cal-

culated using the following formula: tumor volume

(mm3) = major axis×minor axis2×0.5.
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Cytotoxicity assay
Splenocytes were used as effector cells without in vitro stimu-

lation, and EG7-OVA cells were used as the target cells. 1×104

cells target cells were incubated with effector cells at effector/

target ratio of 25/1, 50/1, and 100/1 in 96-well round bottom

plates. The CTL activity after 4 h was measured by the lactate

dehydrogenase (LDH) cytotoxicity detection assay and eval-

uated at various ratios of effector cells to target cells (EG7-

OVA) using an EZ-LDH Cell Cytotoxicity Assay Kit (Dogen)

according to the manufacturer’s instructions. The cytotoxicity

(%) was calculated using the following equation:

(Experimental value of Effector Cell Spontaneous Control-

Target Cell Spontaneous Control)/(Target Cell Maximum

Control-Target Cell Spontaneous Control) × 100.29 The IFN-

γ cytokine secretion caused by the cytotoxicity activity after

24 h was determined by ELISA.

Statistical analysis
The differences between the groups are presented as the

mean ± SD of three replicate experiments. The signifi-

cance of the differences was determined using the

Student’s t-test. Probability values of <0.05 were consid-

ered significant (p-values are indicated as follows: (p-

values *<0.05, **<0.01, ***<0.001)

Results
MNPs@SiO2(RITC) is low cytotoxicity

to BMDCs
We investigated whether MNPs@SiO2(RITC) at different

concentrations induces apoptosis in BMDCs. As shown in

Figure 2, MNPs@SiO2(RITC) survived 75% of BMDC

treated with MNPs@SiO2(RITC) (100 μg/mL). However,

approximately 85% of BMDCs treated with MNPs@SiO2

(RITC) (50 μg/mL) survived. Furthermore, other concen-

trations of MNPs@SiO2(RITC) did not induce apoptosis

containing MNPs@SiO2(RITC) (50 μg/mL).

OVA-MNPs@SiO2(RITC) enhances

cellular antigen uptake to BMDCs
To further evaluate the efficiency of the uptake, BMDCs

were treated with OVA-Alexa488 or OVA-Alexa488-

MNPs@SiO2(RITC), and the fluorescence intensity of the

cells was analyzed by confocal laser scanning microscope

(CLSM) (Figure 3A) and flow cytometry (Figure 3B). To

quantify the cellular uptake of the antigen, OVA-Alexa488

was incorporated into the test samples. The BMDCs treated

with OVA-Alexa488-MNPs@SiO2(RITC) showed higher

uptake than those treated with OVA-Alexa488. Also, as

shown in Figure 3, a significant increase in fluorescence

intensity was observed compared with the BMDCs treated

with OVA-Alexa488. These data indicate that the OVA-

MNPs@SiO2(RITC) were taken up much more efficiently

by the DCs at the same concentration, and delivered the

OVA antigen into the DCs efficiently.

OVA-MNPs@SiO2(RITC) enhances

cytokine production involved in BMDCs

activation
To assess the role of the MNPs@SiO2(RITC) in DC

activation and stimulation, BMDCs were stimulated with
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Figure 2 MNPs@SiO2(RITC) were low cytotoxic to BMDCs. BMDCs were treated with the indicated concentrations (12.5 μg/mL, 25 μg/mL, 50 μg/mL, and 100 μg/mL) of

MNPs@SiO2(RITC) for 24 h, stained with Annexin V-FITC and PI, and analyzed by flow cytometry (A) Dot plot, (B) Live cell percentage, %. The results are representative

of three experiments.

Dovepress Lee et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
8239

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


various concentrations of MNPs@SiO2(RITC). After

24 h, we harvested and measured the secretion of pro-

inflammatory cytokines, which are known to be important

markers of BMDC maturation.21–24 TNF-α, IL-6, IL-1β,
and IL-12p70 play important roles in the anti-tumor activ-

ity of BMDCs.21–24 In particular, IL-10 and IL-12p70

stimulate the proliferation and differentiation of Th1 and

Th2 cells, respectively.21–24 In this experiment, BMDCs

treated with LPS were used as a positive control. The

secretion of IL-12p70 by the BMDCs treated with

MNPs@SiO2(RITC) was higher than that of the untreated

BMDCs (Figure 4). The secretion of IL-1β, IL-6, and

TNF-α by the BMDCs exhibited similar concentration-

dependent similar patterns. However, the level of IL-10

secretion was not changed (Figure 4). In conclusion, these

findings indicate that MNPs@SiO2(RITC) can be effec-

tively used for the delivery of antigens into DCs and the

activation of antigen-specific Th1 cells. Also, as shown in

Figure 5, the cytokine levels of the OVA-MNPs@SiO2

(RITC)-treated BMDCs was much higher that of the OVA-

treated BMDCs.

OVA-MNPs@SiO2(RITC) enhances

OVA-specific T cell responses
We investigated how to OVA-MNPs@SiO2(RITC) induce

an OVA-specific response by using OVA-specific CD4+

Th1 cells. To measures the proliferation and cytokine secre-

tion of the OVA-specific CD4+ Th1 cells, we co-cultured

OVA-specific Th1 cells with or OVA-MNPs@SiO2(RITC)-

pulsed BMDCs. The results showed that the proliferation of

antigen-specific CD4+ Th1 cells was higher than that of the

OVA-treated mBMDCs and increased with increasing con-

centration of OVA-MNPs@SiO2(RITC)-treated mBMDCs.
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Furthermore, the OVA-specific CD4+ Th1 cells co-cultured

with the OVA-MNPs@SiO2(RITC)-treated mBMDCs

secreted significantly more IFN-γ, and IL-2 than the cells

co-cultured with OVA-treated mBMDCs, indicating that

MNPs@SiO2(RITC) can be effectively used for the deliv-

ery of an antigen into DCs and the activation of antigen-
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specific Th1 cells (Figure 6). Also, we used S.I. to identify

the incremental increase in OVA-MNPs@SiO2(RITC)-trea-

ted mBMDCs per group (Figure S1A). The presentation of

captured antigens to cytotoxic CD8+ T cells is important for

the induction of anti-tumor immunity.23 For this reason, we

examined the ability of OVA-MNPs@SiO2(RITC)-treated

BMDCs to increase antigen-presentation to CD8+ T cells

using OT-1 mice. Proliferation (Figure 7A), S.I. about pro-

liferlation (Figure S1B), and cytokine production of CD8+ T

cells were measured by anti-CD8-PE staining after spleno-

cytes from OT-1 mice were co-cultured with various

BMDCs. CD8+ T cells co-cultured with OVA-

MNPs@SiO2(RITC)-treated BMDCs pulsed with OVA

showed greater proliferation than those co-cultured with

untreated BMDCs after 48 hrs, demonstrating that

MNPs@SiO2(RITC) played role as a potent antigen deliv-

ery and immune stimulator of antigen specific CD8+ T cells

via DC activation. We then investigated IFN-γ production in

CD8+ T cells activated with MNPs@SiO2(RITC)-treated

BMDCs pulsed with OVA. CD8+ T cells primed with

MNPs@SiO2(RITC)-treated BMDCs produced signifi-

cantly higher levels of IFN-γ than cells primed with

untreated BMDCs through intracellular and extracellular

too (Figure 7). These results proved that MNPs@SiO2

(RITC) effectively used for the delivery of an antigen into

DCs and the activation of antigen-specific CD8+ cells.

In vivo anti-tumor therapeutic effect of

OVA-MNPs@SiO2(RITC)
To evaluate the in vivo anti-tumor effects of the OVA-

MNPs@SiO2(RITC) combination antigen delivery system,

we subcutaneously injected OVA-MNPs@SiO2(RITC) into

EG7-OVA tumor-bearing mice once a week for three weeks

(Figure 8A). After 12 days of inoculation, the tumor volume

measurement was obtained at 2-day intervals when an aver-

age tumor diameter of 4–6 mm (n=4). The OVA-

MNPs@SiO2(RITC) injected groups showed a significantly

inhibited tumor growth (Figure 8B). Also, the inhibition of

the tumor weight exhibited a similar pattern, too (Figure 8C).

We also evaluated the effect of OVA-MNPs@SiO2(RITC)
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on the stimulation of the immune cells ex vivo after their

injection into the tumor site. Moreover, the infiltration popu-

lation of in activated immune cells in the tumor was analyzed

by flow cytometric analysis. The phenotype analysis further

revealed that the injection with OVA-MNPs@SiO2(RITC)

increased the number of helper T cells (CD4+ T cells), cyto-

toxic T cells (CD8+ T cells) increased in the tumor cells as

compared to the OVA-treated group (Figure 8D and E).

These experimental results suggest that the immune-stimula-

tion effect of OVA-MNPs@SiO2(RITC) antigen delivery

systems can successfully inhibit tumor proliferation and

thus provide a significant therapeutic effects.

To further test the CTL response in vivo, splenocytes

were collected and co-incubated with EG7 cells at 7 days

post immunization. CTLs are CD8+ T cells that can induce

an antigen-specific adaptive immune response through the

presentation of antigens to MHC class I molecules and can

kill cancer cells by the release of cytotoxic granules, such

as perforin and granzymes. Synergistically, OVA-

MNPs@SiO2(RITC) resulted in a significantly higher

CTL activity than OVA alone at all target cell/effector

cell ratios. These results suggest that the OVA-

MNPs@SiO2(RITC) were able to induce antigen-specific

CTL responses for efficient DC-based cancer therapy

(Figure 9). Also, to ensure the Th1 response in the context

of the cell-mediated immune response, we isolated the

splenocytes from each group and measured the antigen-

specific response.

The OVA-MNPs@SiO2(RITC) vaccine induced the

strong antigen-specific proliferation of splenocytes in

response to OVA protein stimulation. The maximum spleno-

cytes proliferation in response to OVA-MNPs@SiO2(RITC)
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was about 1.6-fold higher than that in response to OVA

alone. The maximum IL-2, and IFN-γ concentrations in the

supernatant were also significantly higher on treatment with

OVA-MNPs@SiO2(RITC) compared with OVA (Figure

10A). Additionally, we confirmed the secretion of IFN-γ

from CD8+ T cells by intracellular staining using flow cyto-

metry. Higher secretion of IFN-γ was observed in the OVA-

MNPs@SiO2(RITC) group than in the other groups. IFN-γ

secretion by CD8+ T cells is important to induce specific

cytotoxic responses for the clearance of infectious pathogens

and cancer cells. This is consistent with the observed CTL

response (Figure 10B). Interestingly, we confirmed the

secretion of IFN-γ from CD4+ T cells by intracellular staining

using flow cytometry too. Higher secretion of IFN-γ from

CD4+ T cells was observed in the OVA-MNPs@SiO2(RITC)

group than in the OVA groups (Figure 10C).

The proliferation of lymphocytes in response to OVA-

MNPs@SiO2(RITC) was about 1.5-fold higher than that in

response to OVA alone. The maximum IL-2, and IFN-γ con-

centrations in the supernatant were also significantly higher on

treatment with OVA-MNPs@SiO2(RITC) compared with

OVA. As shown in Figure 10D, OVA-MNPs@SiO2(RITC)

vaccine induced the strong antigen-specific response of the

lymphocytes in response to OVA protein stimulation.

Figure 8 Analysis of anti-tumor immunity for therapeutic effect. EG7-OVA tumor cells (1×105 cells) were inoculated subcutaneously into mice (n=4/group) 1days before

injection of OVA or OVA-MNPs@SiO2(RITC). (A) Experimental scheme for the anti-tumor immunity therapy (B) Tumor growth was monitored by measuring the tumor

volume of mice. Photographs of the dissected tumor tissue from each group are also shown. (C) Tumor weight of the dissected tumor tissue from each group was also

shown. (D, E) Subsets in tumor cells measured gated and analyzed using a FACScanto II (BD Biosciences). Data are represented as mean ± SD of four mice per group.
*p<0.05, **p<0.01, and ***p<0.001 compared with negative PBS group. #p<0.05 and ##p<0.01 compared with OVA group.

Lee et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:148244

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Figure 10 Analysis of anti-tumor immunity for therapeutic effect. EG7-OVA tumor cells (1×105 cells) were inoculated subcutaneously into mice (n=4/group) 1 days before

injection of OVA or OVA-MNPs@SiO2(RITC). The splenocytes of each group were re-stimulated with OVA 7 days after the last immunization. (A, D) The proliferation of

the splenocytes and lymphocytes were assessed using a Bromo-kit. The culture supernatants were harvested after 24 h, and the cytokine levels were measured by ELISA.

The splenocytes of each group were re-stimulated with OVA 7 days after the last immunization and (B)CD8+, and (C)CD4+ T cells were then gated and analyzed using a

FACScanto II (BD Biosciences) by staining with FITC-anti-IFN-γ and PE-anti-CD4/CD8. Data are represented as mean ± SD of four mice per group. *p<0.05, **p<0.01, and
***p<0.001 compared with negative PBS group. #p<0.05, and ##p<0.01 compared with OVA group.

Figure 9 Analysis of anti-tumor immunity for therapeutic effect. EG7-OVA tumor cells (1×105 cells) were inoculated subcutaneously into mice (n=4/group) 1 days before

injection of OVA or OVA-MNPs@SiO2(RITC). OVA or OVA-MNPs@SiO2(RITC) immunization induces OVA-specific CTL activity. The mice (n=4/group) were sacrificed

and the splenocytes of each group were harvested for the in vitro killing assay (E/T=25, 50, and 100). Data are represented as mean ± SD of four mice per group. *p<0.05
compared with negative PBS group. #p<0.05 compared with OVA group.
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Collectively, these findings indicate that the development of

OVA-MNPs@SiO2(RITC) that can deliver the antigen (OVA)

efficiently lead to an enhanced CTL response and cell-

mediated immune response in comparison to the antigen

alone. Also, these data indicate that the immune-stimulation

effect of MNPs@SiO2(RITC) based antigen delivery systems

can successfully inhibit tumor proliferation and elicit potent

prophylactic anti-tumor immunity, as well as a therapeutic

response.

Discussion
In this research, we evaluated their performance as thera-

peutic vaccines for tumor immunotherapy using nanoparti-

cles as antigen carriers. Nanoparticles have been reported to

have a variety of advantages as antigen and adjuvant co-

loading of immune-stimulatory adjuvants via electrostatic

surface charge interactions.30 We used silica-coated mag-

netic nanoparticles as a platform for the efficient delivery of

OVA into the dendritic cells ensure their immune-stimula-

tory activity. Nanoparticles in silica coated surface onto

particle are known as biocompatible materials.15–20

However, in the case of magnetic nanoparticle at high

concentrations, concerns regarding their toxicity and safety

have been reported.26,27 Figure 2 shows that MNPs@SiO2

(RITC) at a concentration 100 µg/mL induced apoptosis.

However, other concentrations of MNPs@SiO2(RITC) did

not induce apoptosis. In this study, we confirmed that

immunization by MNPs@SiO2(RITC) delivery elicited a

higher cellular and humoral immune response than soluble

OVA. Also, OVA-MNPs@SiO2(RITC) delivery induces a

synergistic anti-tumor effect in an animal tumor model,

including the suppression of tumor proliferation.

DCs are the most potent antigen presentation cells and

are a good candidate for an immune cell vaccine.5,21–23

Immature DCs capture antigens generated by pathogens

and tumors and then enter a maturation cascade.5,21–23 The

resulting mature DCs exhibit the elevated expression of

co-stimulatory molecules and secrete more cytokines to

promote immune synapse formation, antigen processing,

antigen presentation to T cells, and T cell activation.5,21–23

Therefore, DCs could potentially be used in vaccines for

tumor immunotherapy and to treat other diseases. DCs

secrete various cytokines (ie, IL-1β, IL-6, IL-12p70,

TNF-α, and IL-10) so as to elicit antigen-specific immune

responses.21–23 IL-10 and IL-12p70 stimulate the prolif-

eration and differentiation of Th1 and Th2 cells,

respectively.5 Also, IL-1β, IL-6, and TNF-α of pro-inflam-

matory type cytokines induce a humoral immune

response.21–23 When MNPs@SiO2(RITC) were applied

to BMDCs, various types of cytokines were secreted at

higher levels than in the case of the negative control. As

shown in Figure 4, we suggest that the higher level of IL-

12p70 in the BMDCs means that the naïve Th cells differ-

entiated into Th1 cells, and then enhanced the cell- medi-

tated immune response. Also, we showed that the level of

IL-10 secretion was unchanged. And Figure 3. clearly

shows that OVA-MNPs@SiO2(RITC) contributed to the

enhanced antigen (OVA) uptake efficiency. The antigen

uptake by DCs is very important in the antigen-specific

immune response. The immature BMDCs were treated

with OVA-MNPs@SiO2(RITC) after 18 h. Subsequently,

the mature BMDCs were harvested and co-cultured with

OVA-specific Th1 cells to confirm the maintenance of

their antigenic properties in the MNPs@SiO2(RITC)

It was shown that the OVA-MNPs@SiO2(RITC) trea-

ted BMDCs more potently increased the OVA-specific Th1

cell growth and cytokine secretion than the OVA-treated

BMDCs. These data suggest that the MNPs@SiO2(RITC)

maintained their antigenic properties and enhanced the

antigen-specific immune response.

Based on the in vitro results, we confirmed that OVA-

MNPs@SiO2(RITC) could be used as a the therapeutic

vaccine for tumor immunotherapy. Also, the OVA-

MNPs@SiO2(RITC) also boosted the proliferation of

immune cells through its immune-stimulatory effect,

which is necessary in an immune-suppressive tumor

microenvironment. A strategically important target of vac-

cination in order to induce an anti-tumor immune response

is the induction of a specific immune response through the

interaction of Th1 cells and cytotoxic T cells. The OVA-

MNPs@SiO2(RITC) vaccine induced the strong antigen-

specific proliferation of splenocytes and lymphocyte in

response to OVA protein stimulation. The maximum IL-2

and IFN-γ concentrations in the supernatant were also

significantly higher on treatment with OVA-MNPs@SiO2

(RITC) compared with OVA. The results showed that

OVA-MNPs@SiO2(RITC) increased the cell-mediated

immune responses. Higher secretion of IFN-γ from

CD4+/CD8+ T cells was observed in the OVA-

MNPs@SiO2(RITC) group than in the other groups.

IFN-γ secretion by CD8+ T cells has been reported to be

important to induce specific cytotoxic responses for the

clearance of infectious pathogens and cancer cells. Also,

this is consistent with the observed CTL response. In

addition, we proved that OVA-MNPs@SiO2(RITC) con-

tributed to the inhibition of tumor growth and prevention
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of tumor formation in the context of a therapeutic and

prophylactic vaccine, respectively, through the EG7

tumor mouse model.

Tumor immunotherapy is an active area of tumor

research. Both medical and pharmaceutical research scien-

tists have been exploring tumor immunotherapy.6–25,30 The

most general concept for tumor-immunotherapy is the

development of DCs-based therapy or T-cell adoptive

transfer therapy and this has been validated in several

clinical trials.1,6,28 However, it has many limitations,

such as the significant investment in terms of medical

personnel, money, time, and labor associated with the ex

vivo manipulation of DCs.1,6,30 To overcome these limita-

tions, the most general concept for immunotherapy is the

delivery of adjuvants and antigens to DCs.1,6,21,30 Thus,

we examined antigen delivery using nanoparticle carrier

systems for DC-based tumor immunotherapy without the

ex vivo manipulation of DCs.1,6,21,30 We directly injected

the antigen conjugated MNPs@SiO2(RITC) into the

tumor-bearing mice to target the DCs. Therefore, we can

overcome the limitations associated with the ex vivo

manipulation of DCs for DC-based tumor immunotherapy.

This approach using a nanoparticle conjugated antigen has

broad applicability for the active delivery of adjuvants and

antigens to DCs without ex vivo manipulation, leading to

strong cytotoxic CD8+ T cell-mediated immune responses

and increased therapeutic efficacy.1,6,21,30 This approach

leads to Th1 cell and cytotoxic T cell-mediated immune

responses for therapeutic efficacy in a tumor mouse model

and has broad applicability for the active delivery of anti-

gens to DCs without ex vivo manipulation. We also

demonstrated that an effective antigen-specific immune

response to the targets was induced, thereby enhancing

the therapeutic efficacy. The major progress for cancer

immunotherapy has involved the development of dendritic

cells (DCs)-based therapy or T-cell adoptive transfer ther-

apy. However, these cell-based therapeutic strategies

require significant cost, labor, and time in the isolation,

activation and proliferation of these immune cells before

they are re-injected into the patient.1,10,24,31,32 An alterna-

tive strategy that overcomes the limitation of ex vivo

cultured immune cell-based cancer immunotherapy is to

activate and proliferated immune cells in vivo using var-

ious immunomodulatory materials.1,10,24,31,32 Therefore,

antigen delivery by nanoparticles is highly efficient,

because of its potential to overcome the limitations of

DC or T cell-based immunotherapy.

Conclusions
In this study, the data confirmed that MNPs@SiO2(RITC)

based direct antigen delivery systems can enhance the

antigen-specific Th1, CTL -mediated immune response

and provide active anti-tumor immunotherapy without

toxicity and ex vivo manipulation. Therefore,

MNPs@SiO2(RITC)-based systems are expected to be

useful as efficient antigen-delivery carriers for the

enhancement of immune responses in active cancer immu-

notherapy by direct injection into tumor-bearing mice.

Also, this MNPs@SiO2(RITC)-based platform may be

adapted for use in other target delivery antigens and

other immunological diseases. Finally, antigen delivery

systems using MNPs@SiO2(RITC) may be attractive for

diverse biomedical applications.
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Figure S1 Proliferation of CD4+ T cells and CD8+ T cells. MNPs@SiO2(RITC) enhanced (A) antigen-specific CD4+ T cell proliferation stimulation index. (B) antigen-
specific CD8+ T cell proliferation. CD4+ and CD8+ T cell proliferative responses by mBMDC pretreated with OVA, OVA-MNPs@SiO2(RITC) were assessed. *p<0.05,
**p<0.01 or ***p<0.001 compared with T cell/Untreated BMDCS. #p<0.05 and ##p<0.01 compared with T cell/OVA pulsed BMDCs.
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