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Engineering synthetic vaccines is promising for im-

proving the efficacy of cancer immunotherapy. One

of the major challenges in the development of vac-

cines is achieving controllable codelivery of antigen

and adjuvant to lymph nodes for maximizing the

antitumor immune responses. To address this issue,

we herein developed an innovative visualizable

nanodisc vaccine based on ovalbumin (OVA) and

short-stranded oligodeoxynucleotides containing

unmethylated cytosine-phosphate-guanine (CpG)

motifs. The nanovaccine was fabricated by cova-

lently attaching CpG onto the surface of a nanodisc

antigen formed upon self-assembly of amphiphilic

molecular conjugates of OVA and cypate (Cy), a

near-infrared (NIR) fluorescent dye, for noninva-

sively visualizing the delivery of the resulting

nanovaccines. Systematic in vitro experiments

demonstrated that the engineered nanovaccines

can specifically locate to dendritic cells (DCs) via

toll-like receptor 9 and membrane thiols, and then

efficiently activate DCs. The animal experiments

combining NIR fluorescence imaging with the

lymphatic T-cell phenotype and key cytokine secre-

tion analyses revealed that targeted lymphatic

homing of the mature DCs and consequent priming

of CD8+ T cells were enabled to initiate strong

tumor-specific T-cell responses with robust immune

memory effects. Thus, this study offers a visualiz-

able platform for optimizing the efficacy of nano-

vaccines toward cancer immunotherapies.

Keywords: nanovaccines, DC activation, in vivo

trafficking, visualization, immunotherapy

Introduction
Vaccines hold enormous potential to stimulate systemic

immune responses in cancer immunotherapy, but the

response rate of clinical vaccines is unfortunately <30%.1

The challenge of vaccine development is not only achiev-

ing controllable codelivery of antigen and adjuvant to

lymph nodes (LNs),2 but also maximizing the functions

of the two major components of a given vaccine by

spatiotemporally manipulating their immunoregulatory
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pathways.3,4 Because of the attenuated immune effects
of traditional adjuvants such as aluminum salts andwater–
oil emulsions, new adjuvant formulations are being
developed for engineering synthetic vaccines.5,6 As a
potent molecular adjuvant, short-stranded oligodeoxynu-
cleotides containing unmethylated cytosine-phosphate-
guanine (CpG) motifs can considerably enhance antigen-
specific immune responses by binding to toll-like receptor
9 (TLR9) in antigen-presenting cells (APCs).7,8 Nonethe-
less, small-molecule CpG-based vaccines have not fully
realized clinical applications.9 Nanomaterials, including
polymers,10–12 lipid,13,14 silica,15 and gold nanomaterials,16 can
provide an alternative carrier for the fabrication of nano-
vaccines and codelivering the antigen andCpG todraining
LNs. These current nanovaccines attempt to activate
APCs in the draining LNs,17 but the nonconjugated com-
ponents in these nanovaccines also drain into the systemic
circulation and access APCs in distal tissues, which might
cause serious systemic toxicity.18 Hence, well-defined
molecular structure and payload will be attractive for
improving the LNs-targeting delivery and biosafety of
nanovaccines.19

Moreover, the in vivo fate and function of vaccines after

their delivery can also determine whether they can finally

effectively prime cancer-specific cytotoxic CD8+ T cells.20

Current predictors of vaccine efficacy, which are invasive

and take months to develop, usually depend on the host

response.21,22 The gap between administration and evalu-

ation may lead to potential pathogen infection before

verifying vaccine prevention.23 Advanced bioimaging

technology opportunely provides powerful tools to non-

invasively visualize the in vivo spatiotemporal fate of

administrated vaccines.24 It is believed that visualizable

delivery of vaccines is desirable to evaluate the efficacy

of candidate formulations and improve their rationality of

design for both preclinical and translational studies.25

Therefore, in combination with the design of nanovac-

cines with precise targeting and optimal responses, there

is an increasing need to integrate imaging functions in

nanovaccines to understand how they will activate im-

mune response and prevent tumors in vivo.26,27

Herein, we report a novel ovalbumin (OVA)/CpG-

based nanovaccine for cancer immunotherapy. The

nanovaccine is comprised of a nanodisc antigen core

formed upon self-assembly of amphiphilic conjugates of

OVA and near-infrared (NIR) fluorescent dye cypate

(Cy), and a shell of CpG molecules covalently attached

on the surface of the core. The resulting nanovaccine,

denoted as Cy-OVA@CpG, is characterized by high

antigen-loading efficiency, small size (approximately

30 nm), adjustable ratio between antigen and adjuvant,

and visualizability in vivo. The engineering nanovaccines

can specifically deliver to dendritic cells (DCs) via the

TLR9 and membrane thiols, and then efficiently activate

DCs. Owing to the inherent NIR fluorescence, the spatio-

temporal trafficking, particularly the accumulation of

the nanovaccines in sentinel LNs, was noninvasively

monitored in vivo after delivery. Systematic animal

experiments were then carried out to show the robust

tumor-specific T-cell responses induced by the nanovac-

cines and the corresponding mechanisms.

Experimental Section
General procedure for nanoantigen and
nanovaccines synthesis

The nanoantigen was synthesized according to the

dye-induced assembly strategy of antigen molecules.28

A 50 mL OVA solution (10 mg mL−1, pH = 10) was added

into 5 mL of 20 mM cypate sulfo-NHS (NHS = N-hydro-

xysulfosuccinimide). Sulfhydrylation stirring (500 rpm)

for 24 h, the solution was dialyzed (8000–14,000 MW)

against ultrapure water for 48 h. To synthesize the

nanovaccines based on the nanoantigen (Cy-OVA),

nanoantigen (0.4 μmol) was initially conjugated with

N-succinimidyl 3-maleimidopropionate (0.8 μmol) to

produce maleimide-grafted nanoantigen (Cy-OVA-M),

and then the 3′-end sulfhydrylation CpG (5-TCCAT-

GACGTTCCTGACGTT-3) was reduced with tri(2-carbox-

yethyl) phosphine hydrochloride; themolar ratiowas 1:10.

Reduced CpG (12 nmol) was finally reacted with the Cy-

OVA-M for the preparation of the nanovaccines. The

quantitation of conjugated CpG was monitored with the

Cy5.5-labeled CpG. The concentration of the obtained

nanoantigen and nanovaccines was calculated with the

absorbance performance of the Cy molecule. The mor-

phology, structure, and hydrodynamic diameter were

characterized by transmission electron microscopy

(TEM), small-angle neutron scattering (SANS), and dy-

namic light scattering (DLS), respectively. More details

are available in the Supporting Information.

Animals and cells

All animal experiments were approved by the Animal

Ethics Committee of Soochow University (Suzhou,

China). This study was performed in strict accordance

with the national guidelines for the care and use of

laboratory animals (Certificate no. 20020008, Grade II)

in the Soochow University Laboratory Animal Center

(Suzhou, China). C57/BL6 and BALB/c mice were

obtained from Suzhou JOINN Clinical Co., Ltd. (Suzhou,

China). The orthotopic osteosarcoma model was estab-

lished using 4-week-old female BALB/c mice based on

the literature. All animal experiments were performed

under anesthesia with 2.5% isoflurane. B16F10-OVA+ cells

were kindly provided by Professor Xueguang Zhang at

Soochow University. K7M2 cells were obtained from Na-

tional Infrastructure of Cell Line Resource of China (Chi-

nese Academy of Medical Sciences and Peking Union

Medical College, Beijing, China). Cells were cultured in

minimum essential medium [MEM, 10% fetal bovine
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serum, 100 U/mL penicillin G sodium and 100 μg/mL

streptomycin, MEM sodium pyruvate (1 mM), NaHCO3,

MEM vitamins, MEM nonessential amino acids, and 20 μM
β-mercaptoethanol]. More details are available in the

Supporting Information.

Results and Discussion
Preparation and characterization of
nanovaccines

The conjugate of Cy and OVA was initially prepared by

covalently linking carboxylated Cy to OVA molecule via

amidation reaction mediated by EDC and sulfo-

NHS (EDC = N-(3-dimethylaminopropyl)-N′-ethylcarbo-

diimide). Owing to the hydrophobicity of the Cy dye, the

resulting conjugates are amphiphilic and tend to

self-assemble in aqueous systems into nanodisc with

OVA-rich surface structures. Therefore, the resulting

nanoparticles are also called nanoantigens and are sub-

sequently denoted as Cy-OVA. Then, the thiolated CpG

molecules were covalently attached via a sulfosuccinimi-

dyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate

(Sulfo-SMCC) linker to the surface of the nanoantigens,29

as shown in Figure 1a, to form a quasi-core–shell-

structured nanovaccine with both antigen and adjuvant

simultaneously accessible, while the NIR dye molecules

are embedded deep inside. According to the TEM results

(Figures 1b and 1c), the average size of the resulting Cy-

OVA@CpG nanovaccines is 18.9 ± 5.3 nm. The hydrody-

namic size of the nanovaccines is approximately 27 nm as

determined by DLS (Figure 1d), and the zeta potential is

approximately −26.7 mV. SANS studies suggest that Cy-

OVA@CpG particles possess a core–shell structure with

an overall disc-like shape (Figure 1e), similar to the

high-density lipoprotein-based nanovaccines previously

reported.13 According to the SANS fitting results, the

mean diameter is 28.2 nm, and the shell thickness is

around 1.2 nm. To further characterize the resulting nano-

vaccines, Cy5.5-labeled CpG was prepared and used to

construct a control vaccine for quantitatively estimating

the coupling efficiency of CpG with UV–vis absorbance

spectroscopy and fluorescence spectroscopy. As

Figure 1f shows, the absorbance of Cy-OVA@CpG-Cy5.5

ranging from 550 to 850 nm is dramatically increased,

showing the major characteristic of the absorption of

Cy5.5, in comparison with Cy-OVA. The fluorescence

spectroscopy results (Figure 1g) also support an effective

coupling of CpG molecules onto the surface of the

nanoantigen core, with a coupling efficiency up to 78%

(Supporting Information Figure S1) and antigen to CpG

ratio up to 15:1. Given that any possible cytotoxicity of

the nanovaccines may impair the immunomodulatory

effects,30 they were evaluated in vitro for effects on cell

viability. The cell survival rate results (Supporting

Information Figure S2) suggest that the current

nanovaccines hardly affect the viability of mouse embry-

onic fibroblasts (3T3 cells) and DCs.

Target and activation of DCs in vitro

In the current design, the Cy-OVA@CpG nanovaccines

are expected to specifically target the DCs via TLR9 and

cell surface thiol moieties.12,31 To show such ability, DCs

incubated with the nanovaccines were subjected to anal-

yses with flow cytometry and confocal microscopy.

According to the flow cytometry results in Figure 2a, the

DCs’ uptake of the Cy-OVA nanoantigens is 13.7%. How-

ever, it is as high as 70.0% for CpG labeledwith Cy5.5, and

further increases to 80.4% for the Cy-OVA@CpG nano-

vaccines. The remarkably high uptake of the nanovac-

cines by DCs can reasonably be attributed mainly to

TLR9-mediated endocytosis and partially to the gener-

ally enhanced cellular uptake for nano-objects. Confocal

microscopy results in Figure 2b also confirm that the DCs’

uptake of Cy-OVA@CpG is much higher than that for Cy-

OVA. In addition, the nanovaccines present relatively

uniform signals across the cytoplasm of the DCs.

According to the current nanovaccine design, the sur-

face maleimide groups of the nanoantigen particles have

two functions. Someof themare used to covalently attach

CpG molecules to form the nanovaccines and the remain-

ing maleimide groups are expected to enhance the bind-

ing affinity of the nanovaccines to DCs through the cell

surface thiol residues.32,33 As Figure 2c demonstrates, the

DCs incubated with the Cy-OVA nanoantigens bearing

surfacemaleimide groups (denoted as Cy-OVA-M) exhibit

comparable fluorescence with those incubated with Cy-

OVA@CpG nanovaccines, and they both show stronger

fluorescence than the cells incubated with the nanoanti-

gen particles (i.e., Cy-OVA), suggesting that CpG and

the remaining maleimide residues on the surface of Cy-

OVA@CpG nanovaccines synergistically enhance the spe-

cific codelivery of the antigen and adjuvant into the DCs.

In addition to effective DC targeting, the following

activation of DCs is another key issue for priming immune

response. To show the DC activation effect of the nano-

vaccines, flow cytometry and the Meso Scale Discovery

(MSD) multiplex assay were carried out to analyze the

change of DC phenotype and the release of different

types of cytokines. Three phenotypic markers, including

CD40, CD80, and CD86, were selected for showing DCs’

maturation upon coincubation with Cy-OVA@CpG. Al-

though both Cy-OVA nanoantigens and CpG adjuvant

can stimulate DC maturation(Supporting Information

Figures S3a–S3f), the DCs incubated with Cy-OVA@CpG

present the highest activation level. After incubation with

the nanovaccines for 24 h, the expressions of all three

phenotypic markers in DCs increased by factors of 2–3 in

comparison with those of the nontreated controls. Four

proinflammatory cytokines secreted by mature DCs,

including IL-1β, IL-6, TNF-α, and IL-12p70, were also
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quantitatively determined. According to the secretion

levels of these cytokines in Supporting Information

Figure S3g, the CpG adjuvant group shows higher acti-

vation ability than the Cy-OVA nanoantigens. This may

be due to the excellent phagocytosis and immune acti-

vation properties of CpG. Nonetheless, the DCs incubat-

ed with Cy-OVA@CpG generate much higher levels of

cytokines than those treated with CpG, showing en-

hancement factors of 1.53, 1.28, and 1.49, for IL-12p70,

IL-6, and TNF-α, respectively. With respect to IL-1β, the

enhancement factor reaches as high as 3.6. All above

results suggest that the Cy-OVA@CpG nanovaccines can

specifically target, induce maturation, and enhance

proinflammatory cytokines secretion of DCs.

Antigen presentation and hypermobility
of DCs

To investigate the antigen presentation ability of DCs

upon stimulation with Cy-OVA@CpG nanovaccines in

Figure 1 | Preparation and characterization of nanovaccines. (a) The fabrication strategy of nanovaccines. (b) The TEM

image of Cy-OVA@CpG. (c) Size distribution of nanovaccines from TEM image. (d) The hydrodynamic size of Cy-

OVA@CpG. (e) SANS and fitting model of Cy-OVA. (f) The absorbance spectra of Cy-OVA@CpG-Cy5.5 and Cy-OVA.

(g) The fluorescence spectra of Cy-OVA@CpG-Cy5.5, Cy-OVA, and CpG-Cy5.5.
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vitro, the expression of epitope-determining peptide

(SIINFEKL) was assayed by flow cytometry. The SIIN-

FEKL level is the highest for Cy-OVA@CpG stimulated

DCs (Supporting Information Figure S4a). Although

Cy-OVA also exhibits a remarkable effect, the adjuvant

and antigen apparently synergistically enhance the anti-

gen presentation.

The migration ability of mature DCs is very important

for DCs homing to LNs to initiate adaptive immune

responses.23 Once DCs become mature upon stimulation

with antigen and adjuvant, they will upregulate the ex-

pression of biomarkers associated with the migration

ability, such as CC-chemokine receptor 7 (CCR7). CCR7

enables DCs to migrate to and retain in regional LNs to

expand the adaptive immune response.34,35 Therefore,

CCR7 is considered an important biomarker for evaluat-

ing the migration ability of mature DCs. As shown in

Supporting Information Figure S4b, the percentage of

Figure 2 | Uptake pathway of DCs. (a) Flow cytometry for TLR9-directed targeted delivery. (b) Confocal microscopy

for TLR9-directed targeted delivery. (c) Confocal microscopy for thiols on the DCs surface and TLR9-directed

targeted delivery.
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DCs expressing CCR7 is 22.8% upon incubation with Cy-

OVA@CpG, while it is only 5.7% and 18.6% for DCs incu-

bated with free CpG and Cy-OVA, respectively. Apart

fromCCR7, the dynamics of the cytoskeleton are another

indispensable indicator for DC motility.36 As the two

major components of cytoskeleton, microfilaments and

microtubules were analyzed via immunofluorescence

assays. The results given in Supporting Information

Figure S4c reveal that the DCs incubated with Cy-

OVA@CpG nanovaccines exhibit a typical motility phe-

notype showing strong signals from filamentous actin

and extended veils, in contrast to those in the control

groups that show weak filament-based phenotype. Re-

garding β-tubulin, no significant difference is shown

among different groups of DCs incubated with CpG,

Cy-OVA, and Cy-OVA@CpG, respectively. These results

indicate that Cy-OVA@CpG nanovaccines can signifi-

cantly enhance the motility of DCs, which is very condu-

cive to the homing of mature DCs to the secondary

lymphatic system.

In vivo lymphatic homing and immune
responses

Timely and efficient delivery of vaccines to the secondary

lymphatic system, for example, spleen and LNs, is essen-

tial for inducing strong and continuous immune

responses against tumors.2 Therefore, the NIR Cy dye

was embedded in the nanovaccines to allow for real-time

tracking of the migration and estimating of the LNs’

retention of the current nanovaccines in vivo.25 NIR fluo-

rescence imaging studies were carried out after subcu-

taneously injecting Cy-OVA@CpG into the foot paws of

mice, with the Cy-OVA nanoantigens serving as control.

Figure 3a reveals that the lymphatic homing of both

nanovaccine and its control can be visualized well. But

the axillary and inguinal nodes of mouse receiving Cy-

OVA@CpG nanovaccines present much stronger NIR

fluorescence signals than those of the control. Moreover,

these signals last for more than 6 days, suggesting that

the Cy-OVA@CpG nanovaccines have potential for pro-

viding long humoral and cellular immune responses. The

spatiotemporal dynamics of mature DCs stimulated by

vaccines, particularly in terms of DCs’ movement from

peripheral tissues to the draining LNs, will be very impor-

tant for regulating the DC-driven immune responses and

vaccination.21 For DC-based vaccines, their continuous

retention in the secondary lymphatic system can be

attributed to the uptake and transport of the vaccines

by DCs. Therefore, to demonstrate that DCs become

mature and gain homing ability upon stimulation by the

current nanovaccines in vivo, DCs were incubated with

Cy-OVA@CpG nanovaccine prior to the subcutaneous

foot paw injection, as shown in Figure 3b. The results in

Figure 3c show that the DCs treated with Cy-OVA@CpG

not only migrate to the inguinal LNs, but also accumulate

in the axillary LNs and spleen of mice 24 h postinjection

of the DCs loaded with the nanovaccines. Moreover, the

signals of inguinal LNs and axillary LNs aremuch stronger

than those of the control mice receiving DCs loaded with

Cy-OVA. Apart from that, the signal of the axillary LNs

remains strong even 3 days postinjection. All these

results indicate that the Cy-OVA@CpG nanovaccine is

more conducive than the corresponding nanoantigen in

promoting the DCs’migration to the secondary lymphat-

ic system, quite probably in consequence of a series of

positively regulated events, including chemotaxis, cyto-

skeletal rearrangement, and hypermobility.

After showing the positive effects of the nanovaccines,

a series of immune responses caused by Cy-OVA@CpG

homing to the secondary lymphatic system was then

investigated by injection of the nanovaccines into the

tail root (Figure 4a). Both Cy-OVA@CpG and its control,

Figure 3 | (a) In vivo real-time NIR fluorescence tracking

of Cy-OVA and Cy-OVA@CpG in the LNs for 6 days. The

fluorescence imaging of necropsy was performed after

6 days. (b) Schematic diagram of DCs-incubated with

Cy-OVA and Cy-OVA@CpG prior to the subcutaneous

foot paw injection. (c) The dynamicmigration over 3 days

of DCs-loaded with Cy-OVA and Cy-OVA@CpG using in

vivo NIR fluorescence imaging.
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Cy-OVA, were found to distribute in the major organs

including heart, liver, spleen, lung, kidney, and LNs of mice

at 24 h postinjection (Figure 4b). Although the signals of

Cy-OVA@CpG and Cy-OVA are rather comparable from

both axillary and inguinal nodes (Figure 4c) the signal of

the former from spleen is twice as high as that of the latter.

To further quantify the uptake of the nanovaccines by

cells of specific types in the primary and secondary lym-

phoid tissues, LNs were extracted and dissected into a

single cell suspension for flow cytometry analysis.

Figure 4d reveals that LN accumulation of the nanovac-

cines is strongly associated with CD11c+ DCs (40–50%),

F4/80+ macrophages (20–30%), and CD3+ T cells (∼15%),

with negligible contributions from B220+ B cells.

The following histological immunofluorescence analy-

sis of draining LNs implied that the Cy-OVA@CpG

nanovaccine and its control, Cy-OVA nanoantigen, are

mainly accumulated in the region where CD3+ T cells are

populated, as shown in Figure 4e. The quantified results

in Figure 4f indicate that the nanovaccines can further

activate CD3+ T cells to differentiate into CD8+ T cells that

specifically express CD69 marker on the cell surface.

Specifically, approximately 45% of CD3+CD8+ T cells ex-

press CD69 after the mice receive injection of Cy-

OVA@CpG, while it is about 42% for the Cy-OVA nanoan-

tigen group, and they both are much higher (∼30%) than

that for the CpG group. Despite that lymphadenopathy

of draining LNs is an indicator for local activity, Cy-

OVA@CpG nanovaccines showed greatly reduced sys-

temic inflammation in comparison with free CpG, as

indicated by the size variation of spleens harvested from

different groups (Supporting Information Figure S5). All

these results support that the LN targeting of the Cy-

OVA@CpG nanovaccines can effectively induce immune

responses while simultaneously showing low systemic

side effects.

Figure 4 | In vivo lymphatic homing and immune responses of nanovaccines. (a) Schematic diagram of lymphatic

analysis. (b) After 24 h, ex vivo NIR fluorescence imaging of heart, liver, spleen, lung, kidney, and LNs of the mice

subcutaneously injectedwith nanovaccines. (c) The quantitative distribution of nanovaccines in the primary secondary

lymphoid tissues, including spleen, axillary, and inguinal nodes. (d) The distribution of nanovaccines in various

lymphocytes was analyzed by flow cytometry. (e) The distribution of nanovaccines and CD3+ T cells in LNs was

analyzed by immunofluorescence. (f) The expression level of specific marker CD69 on the surface of CD8+ T cells.
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Immunememory created by the nanovaccines

Owing to the immune memory effect of the lymphocytes

trained by vaccine, the memory T cells can be activated

rapidly upon restimulation.37 Inspired by the efficient

lymphatic homing and effective activation of CD8+

T cells, we further evaluated the ability of Cy-OVA@CpG

in generating OVA-specific cytotoxic T lymphocyte

(CTL) response with the detailed procedures given in

Figure 5a. The spleen of naive mouse was harvested to

get splenocyte suspension. Then, half of the splenocytes

was pulsed with free OVA for 2 h followed by weak

staining with 0.5 mM carboxyfluorescein diacetate suc-

cinimidyl ester (CFSE), while the second half of the

splenocytes was not pulsed but subjected to high-

staining with 5 mM CFSE. Then, the resulting cells were

mixed and injected intravenously into immunized mice

7 days postvaccination. After 16 h, the blood was collect-

ed, lysed, and subjected to flow cytometry analysis to

determine the numbers of OVA-pulsed and -unpulsed

cells for further estimating the OVA-specific splenocyte

killing activity. The results shown in Figures 5b and 5c

clearly reveal that Cy-OVA@CpG nanovaccines give rise

to the highest OVA-specific killing activity of spleno-

cytes, approximately three times stronger than that

achieved with Cy-OVA nanoantigens, suggesting that

nanovaccines can remarkably enhance the OVA-

specific CTL response.

The OVA-specific CD8+ T cell response is generally

associated with the major histocompatibility complex

(MHC) class I-dependent antigen presentation pathway

in the immune memory effect,3 and the MHC class I

molecules expressed on splenocytes regulate the selec-

tion of CD8+ T cells during T cell activation. To clarify the

mechanism of cellular immunity and show the durability

of the immune memory effect, the spleens were har-

vested on the 45th day from when the mice received

two booster immunizations for extracting splenocytes

with the detailed procedures given in Figure 5d. Then, the

percentage of OVA-specific CD8+ T cells in CD3+CD8+

T cells from the whole splenic lymphocytes was deter-

minedwith flow cytometry via SIINFEKL-MHC I pentamer

staining. The results in Figure 5e and Supporting

Information Figure S6 show that the percentage of

OVA-specific CD8+ T cells in mice immunized with Cy-

OVA@CpG increases by a factor of ∼3 in comparison

with that of the phosphate-buffered saline (PBS) group

and is much higher than that (∼2) achieved with the

Cy-OVA nanoantigens, while the CpG group presents no

change in reference to the PBS group. These results

demonstrate that the coadministration of OVA and CpG

in the form of nanovaccines successfully induce robust

immunological memory in vivo.

Once immune memory is created, memory T cells will

generate a strong response even under low-level antigen

restimulation.4 To verify such responsiveness, the

splenocytes obtained from mice vaccinated with Cy-

OVA@CpG were restimulated with OVA (15 μg mL−1) ex

vivo for 5 h, and then the percentage of OVA-specific

CD8+ T cells expressing intracellular marker IFN-γ was

determined by flow cytometry. As shown in Supporting

Information Figure S7 and Figure 5f, the nanovaccine

presents the highest level of IFN-γ expressing CD8+

T cells, that is, 1.3 ± 0.3% among all groups of mice

receiving PBS, CpG, Cy-OVA, and Cy-OVA@CpG. Mean-

while, the levels of extracellular cytokines in the super-

natants of OVA-specific CD8+ T cells restimulated with

OVA (15 μg mL−1/48 h) were also determined by the MSD

method. The results shown in Figures 5g and 5h reflect

that the expression levels of IFN-γ and TNF-α in memory

CD8+ T cells of Cy-OVA@CpG immunized mice are the

highest among all groups and approximately 2.3 and 1.9

times higher than that recorded from the corresponding

Cy-OVAnanoantigens, and 10.2 and 4.3 times higher than

those of the corresponding PBS control groups, respec-

tively. Therefore, it can be concluded that the DC-specific

nanovaccines can potentially create strong and robust

immunologic memory against the subsequent tumor

challenges.

In vivo antitumor performance of
nanovaccines

To investigate the preventive effect of the nanovaccines

against tumor, C57/BL6 mice (n = 8) were immunized

subcutaneously once a week for 3 weeks, with PBS, CpG,

and Cy-OVA serving as controls. Then, B16F10-OVA+

melanoma cells (6 × 105) were inoculated subcutaneously

on the right back of mice 15 days after the first immuni-

zation (Figure 6a). The tumor growth was carefully mon-

itored by recording the temporal tumor size. As shown in

Figures 6b and 6c, the tumors in the PBS group appear

1 week after inoculation and then gradually grow bigger

with the highest growth rate. Well in accordance with

literature results,9,38,39 CpG presents a certain level of

immune response against tumor growth, characterized

by a weak tumor inhibition effect, yet the tumor remains

massive 3 weeks postinoculation of the tumor cells. The

Cy-OVA nanoantigens present very strong tumor inhibi-

tion effect with tumor size decreased by a factor of 4.3 in

comparison with PBS. In contrast, the tumor growth in

mice immunized with Cy-OVA@CpG nanovaccines is

remarkably suppressed with tumor size decreased by a

factor of 82.5.

The tumor inhibition effect of the Cy-OVA@CpG nano-

vaccines may result from a series of immune responses

including the DCs’maturation and the migration of nano-

vaccines to the lymphatic system, OVA-specific CD8+

T cell activation, and ultimately tumor inhibition.40 To

clarify the corresponding mechanisms in vivo, all immu-

nized mice were sacrificed on the 35th day after the first

immunization, and the levels of different cytokines in the
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Figure 5 | The immune memory effect of the lymphocyte stimulated with nanovaccines. (a) Schematic diagram of

short-term immune memory effect analysis. (b) Flow cytometry for OVA-specific spleen lymphocyte analysis. (c) The

quantitative OVA-specific splenocyte killings in each group. (d) Schematic diagram of long-term immune memory

effect analysis. (e) Flow cytometry with SIINFEKL-MHC I pentamer staining for the proportion of OVA-specific CD8+

T cells in the CD3+CD8+ T cells. (f) Flow cytometry of intracellular IFN-γ of CD8+ T cells. (g) Enzyme-linked

immunosorbent assay (ELISA) of extracellular IFN-γ in memory CD8+ T cells. (h) ELISA of extracellular TNF-α in

memory CD8+ T cells.
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blood were analyzed. T helper type 1 (Th1) cytokines

including TNF-α, IL-6, IL-2, IL-1β, IL-12p70, and IFN-γ are

highly secreted in mice immunized with the nanovac-

cines (Figure 6d). Specifically, the serum levels of TNF-α
and IFN-γ, the most typical cytokine of the Th1 subtypes,

drastically increase by factors of 6.8 and 8.5, respectively,

when compared with the PBS group. In addition,

the levels of other types of cytokines secreted by

nanovaccine-immunized mice also increase by factors of

2.6 (IL-6), 3.3 (IL-2), 1.2 (IL-1β), and 3.1 (IL-12p70) in

comparison with those of the PBS group, which in return

promotes the proliferation of cytotoxic CD8+ T cells

All above results indicate that the cytotoxic CD8+

T cells can effectively be primed by the nanovaccines,

which is essential for suppressing the tumor growth.41 To

further provide direct proof on this hypothesis, the

tumors were extracted and then subjected to pathologi-

cal immunofluorescence analysis. Figure 6e shows that

the signal of CD8+ T cells infiltrating into tumors is hardly

observable from the PBS and CpG groups. Although the

Cy-OVAgroup presents a certain level of CD8+ T cells, the

nanovaccine group apparently exhibits the highest level

of CD8+ T cells, which strongly supports the abovemech-

anism and explains well the excellent antitumor effect of

the Cy-OVA@CpG nanovaccine.

Systemic circulation of vaccines can also trigger im-

munity responses to exert strong antitumor effects.42,43

Since CpG possesses a sugar-phosphate backbone, it

may exhibit specific targeting ability toward malignant

bone tumors. Therefore, the immune response was eval-

uated on an orthotopic K7M2 osteosarcoma model after

the nanovaccines were intravenously administrated. In

vivo NIR fluorescence imaging (Supporting Information

Figure S8a) reveals that the Cy-OVA@CpG nanovaccines

exhibit higher tumor binding affinity in vivo than the

corresponding nanoantigens, supporting the positive

Figure 6 | In vivo antitumor immune responses of nanovaccines. (a) Schematic diagram of antitumor immune

responses of nanovaccines. (b) Tumor growth inhibition profiles of the mice bearing B16F10 OVA+ tumor immunized

with nanovaccines. (c) Photographs of the tumors extracted from the mice bearing 4T1 tumor at the end of the above

experiment. (d) MSD based on electrochemiluminescence technology for the sensitive detection of specific cytokines

in the serum of the mice-bearing B16F10 OVA+ tumor immunized with nanovaccines. (e) Fluorescence immunohisto-

chemical analysis for cytotoxic CD8+ T cells in the tumors of the mice-bearing B16F10 OVA+ tumor immunized with

nanovaccines.
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contribution of the CpG moieties. It was further con-

firmed that the Cy-OVA@CpG nanovaccines can inhibit

well the tumor growth after three booster immunizations

(Supporting Information Figures S8b and S8c). As

the typical cytokines of Th1 subtypes, TNF-α and IFN-γ
were also expressed in the serum of Cy-OVA@CpG

nanovaccines-immunized K7M2 and B16-OVA tumor-

bearing mice with higher levels, as shown in

Supporting Information Figure S9, than in the serum of

the control groups of mice. Despite these positive im-

mune responses, the prevention of the tumor recurrence

failed through the intravenous delivery of the nanovac-

cines. These results suggest that DCs-nanovaccines can

prime T-cell immunity regardless of the route of admin-

istration, but the quality of the OVA-specific response is

inconsistent and the subcutaneous injection is apparent-

ly superior to the intravenous delivery with respect to

tumor growth inhibition and recurrence.

Finally, the safety of the nanovaccines is also a para-

mount issuewith respect to clinical translation. Themajor

organs of mice from each group were collected for

pathological analysis. Supporting Information Figure S10

shows that no significant difference between the Cy-

OVA@CpG group and its control groups is observed

from the tissues of the major organs stained with hema-

toxylin and eosin, indicating that the nanovaccines have

no obvious acute toxicity and hardly induce systemic

inflammation.

Conclusion
An innovative OVA/CpG-based nanovaccine for cancer

immunotherapy is designed with the following outstand-

ing features, including simultaneous accessibility of both

antigen and adjuvant, possession of surface maleimide

residues for enhancing DC-specific targeting, and interi-

orly embedded NIR fluorescent dye for noninvasively

monitoring the spatiotemporal trafficking of the nano-

vaccines in vivo. Both in-depth in vitro and in vivo studies

reveal that the Cy-OVA@CpG nanovaccines can suffi-

ciently target and activate the DCs. The effective lym-

phatic homing of the matured DCs and the consequent

priming of CD8+ T cells initiate strong tumor-specific

T-cell responses that show a robust immune memory

effect. Owing to these performances, the Cy-OVA@CpG

nanovaccines exhibit remarkable antitumor effects

against both tumor growth and tumor recurrence, which

can be attributed to the unique nanovaccine structures.

Supporting Information
Supporting Information is available and includes synthe-

sis details of nanoantigen and nanovaccines; DCs pheno-

typic changes and TLR9 detection in vitro; antigen

presentation of DCs in vitro; cytoskeleton staining and

chemotactic ability of DCs; in vivo imaging of nanovac-

cines and nanovaccines labeled-DCs; LNs tracing of

nanovaccines; CD8+ T cells activation analysis in LNs;

CTL killing assays; antigen presentation and the ability of

cytokine release of DCs in vivo; tumor growth inhibition

by nanovaccines; and biocompatibility and toxicity.
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