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Abstract Tumor vaccine, a promising modality of tumor immunotherapy, needs to go through the

process of tumor antigen generation and loading, antigen drainage to lymph nodes (LNs), antigen

internalization by dendritic cells (DCs), DC maturation, and antigen cross-presentation to activate

T-cells. However, tumor vaccines are often unable to satisfy all the steps, leading to the limitation of their

application and efficacy. Herein, based on a smart nanogel system, an in situ nano-vaccine (CpG@Man-P/

Tra/Gel) targeting LNs was constructed to induce potent anti-tumor immune effects and inhibit the

recurrence and metastasis of ovarian cancer. The CpG@Man-P/Tra/Gel exhibited MMP-2-sensitive

release of trametinib (Tra) and nano-adjuvant CPG@Man-P, which generated abundant in situ depot of

whole-cell tumor antigens and formed in situ nano-vaccines with CpG@Man-P. Benefiting from mannose

(Man) modification, the nano-vaccines targeted to LNs, promoted the uptake of antigens by DCs, further

inducing the maturation of DCs and activation of T cells. Moreover, CpG@Man-P with different particle

sizes were prepared and the effective size was selected to evaluate the antitumor effect and immune

response in vivo. Notably, combined with PD-1 blocking, the vaccine effectively inhibited primary tumor

growth and induced tumor-specific immune response against tumor recurrence and metastasis of ovarian

cancer.
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1. Introduction

Ovarian cancer is the fifth leading cause of cancer-related deaths
in women and the deadliest gynecologic malignancy1. Chemo-
therapy and surgery are the main clinical strategies for the treat-
ment of ovarian cancer2,3. However, these therapies remain
ineffective in the treatment of ovarian cancer for several reasons:
1) the majority of patients are diagnosed at an advanced stage with
extensive metastases4, 2) adverse side effects hamper the use of
many standard chemotherapeutic agents5,6, and 3) patients are
becoming increasingly multi-drug resistant (MDR) to chemo-
therapy7. Also, scattered tumor cells and residual small tumor
tissues during surgery promote metastasis and recurrence of
ovarian cancer8. Therefore, there is an urgent need to develop new
therapeutic strategies to inhibit the progression, recurrence, and
metastasis of ovarian cancer.

Immunotherapy has shown great potential in preventing tumor
recurrence and metastasis by activating the immune system to
enhance anti-tumor immunity and thereby killing tumor cells9e12.
Among them, tumor vaccines, which are capable of generating
specific anti-tumor immune responses, are considered to be one of
the most important immunotherapeutic strategies with great
therapeutic promise13e15. However, tumor vaccines have not
achieved the expected clinical results due to the inefficiency of
their tumor vaccination cascade process (LDIMP), including an-
tigen recognition and preparation, loading antigens, draining to
lymph nodes (LNs), dendritic cell (DC) internalization and
maturation, antigen presentation, and T cell activation16,17. To
improve tumor vaccine efficacy, the vaccine cascade process is
optimized, especially antigen preparation, precise vaccine target-
ing, and remodeling of the immunosuppressive microenvironment
leading to enhanced T-cell activation13,18,19.

Adequate tumor-specific antigen loading is a prerequisite for
tumor vaccines to stimulate a strong antigen-specific anti-tumor
immune response. Tumor antigens mainly include tumor-
associated antigens (TAAs), tumor-specific antigens (TSAs), and
whole-cell tumor antigens13,20. Due to the co-expression of TAAs
on the surface of normal and tumor cells, it is prone to lead to
central immune tolerance, which hinders the efficacy and clinical
application of TAAs-based tumor vaccines21. The process of TSA
production, which involves the collection, discovery, and gener-
ation of tumor samples, is complex, costly, and time-
consuming22,23. Due to the presence of broad-spectrum tumor
antigens, whole-cell tumor antigens not only circumvent the
shortcomings of the above two antigens but also may trigger
stronger anti-tumor immune responses, greatly reducing the
chances of tumor escape and recurrence13,24. However, conven-
tional whole tumor antigens such as whole cell lysates are less
immunogenic and are rapidly degraded or cleared in vivo25. A
more effective strategy recently developed is the in situ induction
of whole-cell tumor antigens, which ablates the tumor in vivo and
releases tumor antigens to activate tumor-specific immune re-
sponses continuously26. This strategy often induces immunogenic
cell death (ICD) through treatments such as radiation therapy,
photothermal therapy, photodynamic therapy, and chemotherapy,
prompting the release of paracrine signals from dying cancer
cells25,27,28, followed by the conversion of the tumor into a
“vaccine in situ”, and ultimately, an increase in the type and
number of tumor-infiltrating T cells29,30.

Trametinib (Tra) is a reversible and selective inhibitor of
mitogen-activated extracellular signal-regulated kinase 1/2 (MEK
1/2) and inhibits cell proliferation by affecting the MAPK
pathway through its action on MEK protein31. Recent reports have
indicated Tra can induce immune effects via ICD, such as the
plasma membrane translocation of calreticulin (CRT) and the
release of high mobility group box 1 (HMGB1) and ATP32.
However, Tra treatment would increase the level of the immune
checkpoint programmed death ligand 1 (PD-L1)33, which is al-
ways expressed on tumor cells and can connect with programmed
death 1 (PD-1) on T cells, leading to the inhibition of activated T
cells in the effector phase34. Notably, PD-1/PD-L1 blockade has
great superiority in combination with Tra-based immunotherapy
and remodeling tumor immunosuppressive microenvironment33.
Meanwhile, in most cases, free antigens induced by ICD are
readily and rapidly cleared, and antigen-presenting cells (APCs)
are insufficiently activated for antigen processing and presenta-
tion, so the resulting antitumor immune response is inadequate35.
The development of effective platforms that can consistently
deliver highly immunogenic in situ vaccines in combination with
suitable adjuvants and PD-1 blockade is highly desirable.

LNs, as the main organs for innate and adaptive immune re-
sponses, are characterized by the presence of a large number of
DCs. Therefore, the effective accumulation of vaccines in the LNs
is a prerequisite for cancer vaccines to induce robust antigen-
specific immune responses36. DCs express cell surface-associated
mannose receptors. Mannose (Man) modification enhances the
recognition of nanoparticles by APCs and their accumulation in
LNs37. In addition, Man acts as a pathogen-associated molecular
pattern (PAMP) to induce phenotypic maturation of DCs in a
TLR4-dependent manner38,39. Vaccine strategies using Man
receptor-mediated internalization have become a well-established
option for DC-targeted vaccination40. Additionally, nanoparticle
size plays a key role in LN drainage41. However, previous studies
have only selected nanoparticles with a single size to explore LN
drainage effects or Man-mediated targeting effects. Therefore, it is
of great interest to construct Man-modified nanoparticles with
different particle sizes to investigate the effects of particle size on
LN drainage, APC capture, and tumor vaccine efficacy.

Smart injected hydrogel as a delivery system for tumor vac-
cines has attracted attention due to the following advantages: 1) as
a carrier to enable the co-loading of multiple actives, such as
antibodies, tumor antigens, cytokines, and adjuvants, to collec-
tively enhance the anti-tumor immune response42; 2) protecting
the active immunomodulators from degradation in vivo, which
improves the therapeutic bioavailability43; and 3) the release
behavior of actives in response to various environmental stimuli
such as pH, temperature, redox, and enzymes for spatiotemporal
specificity13,16,44,45. Meanwhile, the tumor microenvironment
specifically highly expresses matrix metalloproteinase (MMP)46.
Thus, the construction of MMP-responsive smart hydrogels can
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confer multiple functions to tumor vaccines, including ICD-
induced in situ antigens, adsorption of antigens by released NPs,
targeted delivery of in situ vaccines, and sustained MMP-
responsive stimulation, which in turn induces potent anti-tumor
immune responses.

Herein, we constructed the smart tumor nano-vaccine Tra/
CpG@Man-P/Gel to induce potent anti-tumor immune effects and
inhibit the primary and metastatic tumors (Scheme 1). First, we
prepared Man-modified PLGA nanoparticles with different parti-
cle sizes (40, 100, 200 nm) and encapsulated the immune adjuvant
CpG to activate TLR947. MMP-responsive gels were prepared by
using the addition reaction of 4-arm-PEG-Mal with MMP-2-
responsive peptides48, to co-coagulate CpG@Man-P and Tra to
realize the sustained in situ antigen production, LN drainage, and
APCs presentation, which in turn activated anti-tumor immune
responses. CpG@Man-P (40 nm) exhibited superior release of
nanoparticles and drugs, superior LN targeting, and more accu-
mulation than nano-adjuvants with larger sizes. Therefore, we
choose CpG@Man-P (40 nm) as the model nano-adjuvant to
investigate the antitumor and anti-metastasis effects. Finally, the
anti-tumor and anti-metastatic effects of the in-situ vaccine Tra/
CpG@Man-P/Gel combined with PD-1 antibody were explored
by an ovarian cancer model. The simple production process and
the ability to simultaneously induce patient-specific immune
responses and counteract immune tolerance hold promise as a
potent cancer vaccine for combinational immunotherapy.

2. Materials and methods

2.1. Materials, cell lines, and animals

4-Aminophenyl-a-D-mannopyranoside was obtained from J&K
Scientific (Beijing, China). Polylactic acid-hydroxyacetic acid
Scheme 1 Scheme illustration of Tra/CpG@Man-P/Gel in
copolymer (PLGA, LA: GA Z 50:50, Mw Z 10 kDa) was
purchased from Xi’an Ruixi Biological Technology (Xi’an,
China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay kit and collagenase IV were purchased
from Biofroxx (Einhausen, Germany). 4-Arm-PEG-Mal was
obtained from Ponsure Biological (Shanghai, China). Fluores-
cent dye-conjugated anti-CD86, anti-CD80, anti-CD3, anti-CD4,
anti-CD8, anti-Foxp3, and anti-CD11c mouse antibodies were
purchased from Biolegend (San Diego, CA, USA).

Murine ID8 ovarian cancer cells and DC2.4 cells were
obtained from the Chinese Academy of Sciences Cells Bank
(Shanghai, China). Complete RPMI-1640 or DMEM cell culture
medium (containing 10% of fetal bovine serum, 100 U/mL of
penicillin G, and 100 U/mL of streptomycin sulfate) was prepared
to culture cells. Cells were retained in an incubator under a
condition of 37 �C and 5% CO2.

Female C57 mice (5e6 weeks, 18e22 g) were obtained from
SiPeiFu Biotechnology Co., Ltd. (Beijing, China). All experi-
mental procedures were executed according to the protocols
approved by the Ethics Committee of Peking University Third
Hospital (License No. IRB00006761-M2019291).

2.2. Synthesis of Man-PLGA

The carboxylic acid terminal group of PLGA was modified with
4-aminophenyl-a-D-mannopyranoside (Man) in a mild nitrogen
atmosphere. PLGA (0.0133 mmol, 1 equiv.) was dissolved in
dimethylformamide and activated by 4-dimethylaminopyridine
(0.05 mmol, 4 equiv.) and N,N0-dicyclohexylcarbodiimide
(0.027 mmol, 2 equiv.) at room temperature for 2 h. 4-
Aminophenyl-a-D-mannopyranoside (0.027 mmol, 2 equiv.)
was added to the above solution and stirred at room
temperature for 48 h. The polymer was precipitated with water
situ nano-vaccine system and improved LDIMP process.
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and recovered by centrifugation. Man-PLGA was dissolved in
dichloromethane and dried over anhydrous sodium sulfate. Filter
the solution. The DCM was rotary evaporated methanol was
added to precipitate the polymer and the crude reaction solution
was washed. Dissolve Man-PLGA in DCM and repeat the pre-
cipitation process. Finally, man-PLGA was dried under a vac-
uum overnight.

2.3. Synthesis and characterization of multi-sized nanoparticles

10 mg of CpG was dissolved in 100 mL of PBS, and the solution
was added to 1 mL of acetone-dichloromethane (1:1, v/v) dis-
solved in 10 mg/mL Man-PLGA as the organic phase in an ice
bath, and sonicated for 2 min using an ultrasonic probe at 20%
power. The mixture was added to 5 mL of 5% PVA (203) solution
and sonicated in an ice bath for 5 min at 40% power to form an
emulsion. The organic solvent was removed by evaporation under
reduced pressure at 37 �C to obtain CpG@Man-P (40 nm).
CpG@Man-P (100 nm) and CpG@Man-P (200 nm) were pre-
pared similarly by changing the power and time of the second
sonication. The sizes and zeta potential of nanomedicines were
monitored by dynamic light scattering (DLS, Brookhaven, USA).
The morphology and particle size of these nanoparticles were
observed by transmission electronic microscopy (TEM, H-600,
Hitachi, Japan).

2.4. Determination of encapsulation rate and drug loading

The encapsulation of CpG by Man-P (40, 100, 200 nm) was
verified by agarose gel electrophoresis. The absorbance values
were determined by using a UVabsorption spectrophotometer, and
the encapsulation ratio of the nanoparticles and drug loading was
calculated from the standard curve of CpG. The Drug loading ratio
(DL) and Entrapment ratio (ER) were calculated according to Eqs.
(1) and (2):

DL ð%ÞZMass of encapsulated drug=

ðTotal mass of carrier and encapsulated drugÞ � 100

ð1Þ

ER ð%ÞZMass of encapsulated drug=Total mass of drug� 100

ð2Þ

2.5. Gels preparation

4-Arm-PEG-Mal and thiol-containing peptides (Mal/SH molar
ratio of 1:1.1) were dissolved into TEA buffer to obtain the pre-
polymer solution. Multi-sized nanoparticles CpG@Man-P (40,
100, 200 nm), and trametinib (Tra) were sequentially added to the
prepolymer solution, vortexed to mix thoroughly, and heated at
37 �C for 30 min until the gel no longer flowed. Drug-loaded gels
Tra/CpG@Man-P/Gel containing different-sized nano-adjuvants
were obtained, respectively. Blank gels were prepared in the same
way except that trametinib was not added.

2.6. Characterization of gels

The prepared drug-loaded gels Tra/CpG@Man-P/Gel were freeze-
dried and the volume change of the gels was observed. The freeze-
dried gels were cut into small pieces of about 3 mm2 and imaged
by scanning electron microscope (SEM, SU3500, Hitachi, Japan)
to observe the pore structure inside the gels.

The equilibrium swelling ratios (Swelling ratio, SR) of multi-
sized drug-loaded gels Tra/CpG@Man-P/Gel were determined by
gravimetric method. A certain weight (150 mg, m0) of the gels was
immersed in 10 mL of PBS at 37 �C. At a predetermined time, the
gel mass (mt) was determined after removing free water from the
gel surface with filter paper. Three parallel samples were per-
formed for each experiment. SR can be calculated using Eq. (3):

SR ð%ÞZ ðmt ‒m0Þ = m0 � 100 ð3Þ

The rheological properties of Tra-encapsulated gels and blank
gels were tested by rheological instrumentation. To study the
viscoelastic properties of the gels, the storage modulus (G0), and
loss modulus (G00) of the gel samples were measured at different
angular frequencies.

2.7. MMP-2 responsiveness

MMP-2 enzyme was diluted to 100 mg/mL with assay buffer, and
incubated at 37 �C for 1 h to activate. Hydrogels with exact mass
(m0) were placed in different buffer media (PBS, PBS with
100 ng/mL MMP-2, PBS with 200 ng/mL MMP-2, PBS with
400 ng/mL MMP-2) and incubated at 37 �C. After 5 days, the
samples were taken out of the buffer, rinsed with distilled water,
and vacuum-dried to obtain the mass of the degraded gel (mt). The
mass loss rate of gel was calculated as Eq. (4):

Mass loss rate ð%ÞZ ðm0 ‒mtÞ= m0 � 100 ð4Þ

2.8. Drug release

CpG@Man-P was fluorescently labeled using Dil (40 nm, 100 nm,
200 nm). Dil solution was added to acetone-dichloromethane
(1:1, v/v, 1 mL) dissolved with 10 mg/mL Man-PLGA (LA:
GA Z 50:50, Mw Z 10 kDa) as the organic phase, and 100 mL of
PBS was added to the organic phase, and the remaining procedure
was the same as the synthesis method of CpG@Man-P. After
the preparation, PVA and free Dil were removed using a 100 kDa
ultra-rate tube.

Gels containing different Dil fluorescently labeled particles
and Tra were prepared. The gels were incubated with MMP-2
(200 ng/mL) concentration, at 37 �C, pH 6.8. Sequentially, 1 mL
of liquid was taken out at 2, 4, 6, 8, 16, 24, 48, 72, 96, and 120 h
time points, and the release of particles was measured by fluo-
rescent intensity under 542 nm excitation and 564 nm emission,
respectively. UVeVis absorbance at 360 nm was measured to
calculate the release of Tra.

2.9. Antigen absorption by Man-P

Total protein from ID8 cells was extracted by using an animal
tissue/cell total protein extraction kit (column method, Solarbio,
Beijing, China). Briefly, the centrifuge column and its receiver
tube sleeve were pre-cooled on ice. To wash the ID8 cells, pre-
cooled PBS was added to the Petri dish with slight shaking, and
the supernatant was discarded. Subsequently, the corresponding
volume of RIPA cell lysate was added and blown several times
repeatedly, and the lysed cells were transferred to the pre-cooled
centrifuge column casing and centrifuged (14,000e16,000 rpm,
30 s), after which the collection tubes were immediately placed on
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ice and the centrifuge column was discarded. CpG@Man-P
(40 nm/100 nm/200 nm) nanoparticles were incubated with ID8
proteins for 1 h at 37 �C. CpG@Man-P nano-adjuvants adsorbed
with antigenic proteins were separated by size exclusion chro-
matography (Sepharose CL-4B, SigmaeAldrich, St. Louis, MO,
USA) and concentrated ultrafiltration. Then, the total protein
amount and the size change were measured to confirm the antigen
adsorption. The antigen proteins attached to the nanoparticles
were mixed with protein loading buffer, boiled to denature,
separated by commercially available 4%e15% polyacrylamide
gradient gels and finally visualized by Caumas Brilliant Blue
staining.

2.10. Biocompatibility in vitro

The MTT method was used to investigate the safety of
CpG@Man-P (40, 100, 200 nm) with different particle sizes for
DC cells. DC 2.4 cells were inoculated in 96-well plates at a
concentration of 3 � 103 cells/well. 12 h later, 40, 100, and
200 nm CpG@Man-P were added at a concentration of 20 mg/mL,
respectively. After incubation for 24 h, the culture medium was
replaced with 1640 medium containing 0.5 mg/mL MTT, and
incubated for another 4 h at 37 �C, and then aspirated. 100 mL of
DMSO solution was added to each well, and the UV absorption
value at 570 nm was detected by using an enzyme labeling in-
strument (PerkinElmer) after shaking at a constant temperature of
37 �C for 20 min. The cellular survival rate was calculated.
Cytotoxicity of Tra was evaluated using MTT assay as mentioned
above.

2.11. ICD effect in vitro

ID8 cells (5 � 104 per well) were seeded in 12-well plates and
grew for 24 h. The cells were incubated with Tra (10, 20 mg/mL)
for 24 h. The translocation of CRT was measured by flow
cytometry and observed by fluorescent microscope (CLSM, Leica,
Wetzlar, Germany). Moreover, the supernatant was collected to
test the contents of released ATP.

2.12. Biodistribution

5 � 106 ID8 cells were dispersed in a 50:50 mixture of PBS and
matrix gel, and injected subcutaneously into the right side of the
back of mice. When the tumors grew to approximately 200 mm3,
the mice were randomly divided into 6 groups (n Z 6).
CpG@Man-P (40, 100, 200 nm) and CpG@P (40, 100, 200 nm)
nanoparticles were labeled with DiR and encapsulated in gels.
100 mL of gels were intratumorally injected into mice. Fluores-
cence changes at tumor sites were observed with the IVIS system
at 2, 4, 12, 24, 36, and 72 h post-injection. After the last imaging,
the mice were sacrificed, and the tumors, major organs, and lymph
nodes were collected to obtain an ex vivo fluorescence image.

2.13. Cellular uptake

DC 2.4 cells and BMDCs were seeded in 12-well plates at a density
of 8 � 105 per well and grew for 24 h to obtain 80% confluency.
Dil-labeled CpG@Man-P (40, 100, 200 nm) and CpG@P (40, 100,
200 nm) nanoparticles in fetal bovine serum-free medium were
added into the well and further incubated for 4 h, respectively. The
fluorescence of Dil was measured by flow cytometry (Agilent
NovoCyte, Santa Clara, USA) and captured using a confocal laser
microscope (CLSM, Leica, Wetzlar, Germany).

2.14. DC maturation

DC 2.4 cells (5 � 104) and BMDCs (8 � 105) were planted in 12-
well plates and cultured for 24 h. The cells were treated with
CpG@Man-P (40 nm, 100 nm, 200 nm), Man-P, CpG, and lipo-
polysaccharide (LPS, 1 mg/mL, as positive control) for 48 h.
Mature DCs expressed maturation markers (CD80 and CD86),
which were analyzed by flow cytometry (Agilent NovoCyte, Santa
Clara, USA).

2.15. T cell proliferation in vitro

BMDCs were inoculated in 12-well plates at a density of
5 � 104 cells per well and incubated for 24 h. BMDC were co-
incubated with CpG@Man-P (40, 100, 200 nm), CpG,
(CpG Z 2 mg/mL), and LPS (1 mg/mL) for 48 h, respectively.
CD8þ T cells were isolated from the splenocytes of C57 mice,
labeled with CFSE, and then added into each well. After
incubating for 3 days, all cells were collected and stained with
anti-CD8 antibody. T cell proliferation was evaluated by
quantification of CD8þ T cells and CFSE dilution.

2.16. Evaluation of remote effects

Female C57BL/6 mice were injected subcutaneously in the left
shoulder with 1 � 107 cells (primary tumor) and in the right
shoulder with 5 � 106 cells (distant tumor). When the primary
tumor volume reached about 50 mm3, the mice were randomly
divided into PBS, Tra/Gel, CpG@Man-P/Gel, and CpG@Man-P/
Tra/Gel þ PD-1 groups, with 8 mice in each group
(Tra Z 1.25 mg/kg, CpG@Man-P Z 5 mg/kg, anti-PD-1 Z 100
ug per mouse). The tumor volume and body weight were recorded
every 2 days. The mice were intratumorally injected with various
formulations every 7 days. After the last administration, the mice
were sacrificed and the tumors and major organs were collected
for HE staining and immunofluorescence analysis. Tumors,
spleens, and lymph nodes were further processed into single-cell
suspensions for evaluation of anti-tumor immune responses.

2.17. Anti-metastasis effect in vivo

Female C57BL/6 mice were injected subcutaneously in the left
shoulder with 5 � 106 cells (metastatic tumor). The tumor volume
was determined every day. The mice bearing metastatic tumors
around 50 mm3 were randomized to PBS, Tra/Gel, CpG@Man-P/
Gel, and CpG@Man-P/Tra/Gel þ PD-1 groups. The dosing
regimen and dosage were consistent with the above. Meanwhile, the
micewere intraperitoneally injected with 5� 106 cells. After the last
treatment, the micewere sacrificed, and the major organs and tumors
were collected and fixed. The lung metastasis nodes were calculated
as I � 1 þ II � 2 þ III � 3 þ IV � 4 þ V � 5 þ VI � 10 (grade
I< 0.5 mm; 0.5 mm� grade II< 1 mm; 1 mm� grade III<2 mm;
2 mm � grade IV < 3, 3 mm � grade IV < 5, VI > 5 mm).

2.18. Statistical analysis

One-way analysis of variance (ANOVA) or t-test for multiple
comparisons was used for statistical analysis. All data were
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expressed as mean � standard deviation (SD). Statistical signifi-
cance was set at *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.

3. Results and discussion

3.1. Preparation and characterization of nanoparticles

First, Man-PLGA was successfully synthesized and characterized
by FTIR spectroscopy (Supporting Information Fig. S1A).
Compared with the parent PLGA, Man-PLGA showed obvious
absorption peaks near 700 cm�1, which belonged to the CeH
surface bending vibration of the benzene ring. These peaks are
similar to the absorption peaks of Man near 700 cm�1, indicating
that Man-PLGA was successfully synthesized.

CpG-loaded nanoparticles with different sizes were prepared
and characterized. Dynamic laser scattering (DLS) measurements
revealed that hydrodynamic diameters of prepared CpG@Man-P
nanoparticles were 44.1, 111.9, and 210.1 nm, respectively
(Fig. 1A‒C), which were noted as CpG@Man-P (40 nm),
CpG@Man-P (100 nm), and CpG@Man-P (200 nm), respectively.
Transmission electronic microscopy (TEM) further showed the
uniform distribution of nanoparticles with spherical morphology
(Fig. 1A‒C). Agarose gel electrophoresis confirmed the success-
ful loading of CpG without free CpG (Fig. S1B). Moreover, the
drug loading capacity and encapsulation efficiency of CpG were
around 0.08% and 78%, respectively, being measured by ultravi-
olet spectrophotometry (Supporting Information Table S1).

3.2. MMP-2 sensitive drug release gel system

Through Michael addition reaction, 4-arm-PEG-Mal was made to
cross-link with thiol-containing peptides thus obtaining gel sys-
tems containing CpG@Man-P nanoparticles of different sizes and
Tra. As shown in Supporting Information Fig. S2A, the mixture
solution of drug, nanoparticles, 4-arm-PEG-Mal, and MMP-2
responsive peptide turned to be viscous and turbid, turned into
gel after incubation at 37 �C for 30 min. The SEM image showed
that the fabricated gels showed an interconnected porous multi-
layer network structure, with pore sizes distributed between 50
and 100 mm (Fig. 1D). The storage modulus G0 and loss modulus
G00 of the prepared gels at different angular frequencies were
determined by rheological apparatus. As can be seen from
Fig. S2B, the loss modulus of each group did not show significant
differences. For the storage modulus, the group of gels containing
CpG@Man-P (200 nm) had the highest G0 value, indicating a
more effective intermolecular cross-linking density and higher
mechanical properties. In addition, the G0 of all groups was higher
than that of the control Gel group, which also reflected the
enhanced mechanical properties of the drug-loaded gels. Mean-
while, FTIR spectra showed that the eC]C peak of 4-arm-PEG-
Mal disappeared after gelation, indicating that the gel was formed
by the Michael addition reaction (Fig. S2C). Moreover, the pre-
pared gels showed rapid swelling by 15 h (Fig. 1E). The gel
containing CpG@Man-P (100 nm) reached equilibrium swelling
first at 15 h, and the remaining three groups reached equilibrium at
about 24 h. The equilibrium swelling rates of the gels in the Tra/
Gel, Tra/CpG@Man-P/Gel (40 nm), Tra/CpG@Man-P/Gel
(100 nm), and Tra/CpG@Man-P/Gel (200 nm) groups were
about 228%, 304%, 246%, and 280%, respectively. The swelling
rate of the gel group containing nanoparticles was generally
higher than that of the Tra/Gel group, but the difference between
the gel groups containing different sizes of CpG@Man-P (40, 100,
200 nm) was not significant. This suggested that the encapsulation
of nanoparticles may slightly increase the swelling rate of the gels,
but the change in the size of the particles did not significantly
affect the swelling properties of the gels.

3.3. MMP-2 responsive capacity

As expected, the Tra-loaded gels would disintegrate in the presence
of MMP-2. Incubated with 100, 200, and 400 ng/mL of MMP-2 for
5 days, the gels lost about 47%, 59%, and 93%, respectively,
indicating the MMP-2 responsive degradation of gels (Fig. 1F). In
addition, a concentration of 200 ng/mL of MMP-2 enzyme was
selected for study in subsequent experiments according to the mass
loss rate. Then, the responsive release of nanoparticles and Tra was
also measured. The nanoparticles were labeled with fluorescent dye
Dil to track the release of CpG@Man-P from gels. The gels treated
with MMP-2 displayed more rapid release of CpG@Man-P and
Tra, compared to corresponding control gels (Fig. 1G and H),
benefiting from MMP-2-triggered degradation of gels. Meanwhile,
the release rate decreased with the size increase of nanoparticles,
suggesting that large-sized nanoparticles may be difficult to release
completely from the gel system. These results jointly verified the
MMP-2 responsive capacity of gels and the MMP-2-controlled
release of nanoparticles and drugs.

3.4. Improving the LDIMP process

Firstly, we excluded the effect of nanoparticles on cell viability,
and DC2.4 cells were seeded for the cytotoxicity assay to inves-
tigate the biosafety of nano-adjuvants (Supporting Information
Fig. S3). The results confirmed that the proliferation of normal
cells was not influenced by nano-adjuvants even at a high con-
centration (1 mg/mL). The tumor antigens were generated by
stimulation of Tra released from gels, which induced potent ICD.
MTT assay of Tra on ID8 cells showed a concentration-dependent
killing effect with an IC50 around 20.84 mg/mL (Supporting
Information Fig. S4). Next, the ICD of ID8 cells was investi-
gated by measurement of released ATP and translocation of CRT
on the cell surface. There was increased CRT exposure on the cell
surface treated with Tra (Fig. 2A, and Supporting Information
Fig.S5). Similarly, the amount of released ATP increased with
the concentration of Tra increase (Fig. 2B). Quantification results
also verified that the cells treated with Tra translocated more CRT
from endoplasmic reticulum to cell membrane (Fig. S5A and
S5B), which increased with concentration increase. The data
jointly demonstrated that the Tra-containing nano vaccinations
could induce the ICD of tumor cells and generate whole-cell
tumor antigens.

Antigen adsorption is one of the important functions of im-
mune nanoparticles, and the antigen adsorption ability of
CpG@Man-P was further investigated by SDS-PAGE electro-
phoresis studies. It was observed that CpG@Man-P (40, 100,
200 nm) had similar characteristic bands compared with the TP
group (Supporting Information Fig. S6A), indicating that
CpG@Man-P successfully captured the total ID8 antigen protein.
The antigen adsorption amounts of CpG@Man-P (40 nm),
CpG@Man-P (100 nm), CpG@Man-P (200 nm) were measured to
be around 6.78, 8.22, 12.68 mg/mg, respectively, by the BCA
protein quantification (Fig. 2C), indicating that the increase in the
particle size of CpG@Man-P might contribute to the better



Figure 1 Preparation and characterization of Tra/CpG@Man-P/Gel system. (AeC) TEM images and DLS measurements of CpG@Man-P (40

nm/100 nm/200 nm). Scale bars represent 100 nm. SEM image (D), swelling ratio (E), and mass loss ratio (F) of prepared gel systems. Error bars

represent mean � SD (n Z 3). Statistical significance was set at *P < 0.05, **P < 0.01, ***P < 0.001, and ns, not significant. The scale bar

represents 50 mm. (G, H) Cumulative release profiles of Dil@Man-P NPs with different sizes and Tra from nanogels incubated with MMP-2.
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adsorption of antigen. In addition, the nanoparticle size after
adsorption of antigen increased to 63.18, 158.45, and 228.41 nm,
respectively (Fig. S6B), which also verified that nano-adjuvants
successfully adsorbed the whole-cell tumor antigens.

Then, we confirmed whether nanoparticles migrated to and
accumulated in LNs after responsive release from gels, by using
in vivo imaging system (IVIS). The tumors and major LNs were
collected to obtain ex vivo fluorescence imaging post at 24 h and
48 h intra-tumoral injection. Man-modified nano-adjuvants exhibi-
ted better LN targeting and accumulation compared to unmodified
nano-adjuvants, which was consistent with previous research
(Fig. 2D and E). Meanwhile, there was more accumulation in tu-
mors of nano-adjuvants without Man modification (Supporting
Information Fig. S7). Moreover, CpG@Man-P (40 nm) exhibited
a better ability of LN targeting and accumulation than nano-
adjuvants with a larger size, which would induce a stronger
antitumor immune response. This might be because that small
particle size could facilitate more efficient drainage to the LNs.

It is well known that the maturation of DCs plays a vital role in
T cell activation. First, we evaluated the cellular uptake of nano-
adjuvants on bone marrow-derived DCs (BMDCs) and
DC2.4 cells, detected by flow cytometry and fluorescence mi-
croscopy. There was a stronger fluorescence signal in CpG@Man-
P treated cells than cells treated with CpG@P without Man
modification (Fig. 2F, Supporting Information Fig. S8A and S8B),
suggesting that the Man modification could heavily improve the
uptake of NPs by DCs, due to the overexpression of Man receptors
on DCs. Meanwhile, the CpG@Man-P (200 nm) treated group
exhibited the highest uptake compared to the CpG@Man-P
(40 nm) and CpG@Man-P (100 nm) groups, which may be
related to the high phagocytosis capacity of the DCs for larger
particles.



Figure 2 Tra/CpG@Man-P/Gel motivated antigen LDIMP process. (A) CRT exposure on the surface and (B) extracellular ATP of ID8 cells

treated with Tra. (C) Quantification of proteins absorbed by nano-adjuvants with different sizes. (D, E) Ex vivo fluorescent images (D) and semi-

quantitative results (E) of major LNs collected at 24, and 48 h post intratumoral injection. Data are presented as mean � SD (n Z 3). (F) Cellular

uptake of Dil@P and Dil@Man-P by BMDC cells. (G) The percentages of CD86þ BMDCs after incubation with different formulations. (H) The

percentages of CFSE dilution-gated CD8þ T cells after different treatments. Error bars represent mean � SD (n Z 3). Statistical significance was

set at *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns, not significant.
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To activate T cells and antitumor immune response, immature
DCs are supposed to differentiate into mature DCs and generate
co-stimulatory signals and cytokines. CD80 and CD86 belong to a
family of costimulatory molecules that play an important role in
the immune system, which are often recognized as markers of
maturation and activation of DCs. Then, the capacity of nano-
adjuvants to maturate DCs was investigated in DCs and BMDCs
by detecting the percentages of CD80þ DCs and CD86þ DCs. The
application of CpG is limited by rapid extracellular and intracel-
lular enzymatic degradation and poor uptake by DCs in blood and
lymphatic circulation. Therefore, free CpG induced negligible DC
maturation (Fig. 2G, and Fig. S8C‒S8E). Man-modified NPs
showed a slight immune stimulation effect on promoting DC
maturation compared to the PBS group. In contrast, CpG-loaded
nano-adjuvants exhibited obvious increased percentages of
mature (CD86þ or CD86þ) DCs, benefiting from protection from
enzymatic degradation by encapsulation. All results indicated that
CpG@Man-P could heavily promote DC maturation in a TLR-9/
TLR4-dependent manner, due to CPG loading and Man
modification.

Finally, the activation of T cells was further investigated at the
cellular level. Naı̈ve T cells become devoted to a clonal expansion
and differentiation into effector T cells when receiving the anti-
genic and co-stimulatory signals, displaying an increase in cell
number. The whole-cell antigens and free CpG could slightly
improve the proliferation of CD8þ T cells. In contrast, in situ
nano-vaccines, consisting of nano-adjuvant (CpG@Man-P) and
whole-cell antigens (Protein), could significantly activate CD8þ T
cells and promote CD8þ T cell proliferation almost 12 folds more
than the PBS group (Fig. 2H). All the data demonstrated that the
Tra/CpG@Man-P/Gel could induce ICD of tumor cells to generate
whole-cell antigens, further form in situ nano-vaccines to drain to
LNs and be internalized by DCs to mature DCs, and finally
stimulate T cells to activate and proliferate.

3.5. Antitumor effect evaluation of in situ vaccines

According to the results of the LDIMP process, the CpG@Man-P
(40 nm) nano-adjuvants were selected to prepare in situ nano-
vaccines to evaluate the antitumor effect in vivo. Additionally,
PD-1 blockade was further employed to improve antitumor im-
munity. Briefly, the mice bearing ID8 tumors were randomized
into five groups and treated with PBS, CpG@Man-P/Tra, Tra/Gel,
Tra/CpG@Man-P/Gel, and Tra/CpG@Man-P/Gel þ anti-PD-1,
respectively (Fig. 3A). After the last administration, the mice were
sacrificed and the major organs and tumors were collected for
further investigation. Tra/CpG@Man-P/Gel and Tra/CpG@Man-
P/Gel þ anti-PD-1 groups showed similar growth volume and
tumor inhibition of primary tumors, with the highest inhibition
rate (Fig. 3B‒D, Supporting Information Fig. S9A). In contrast to
Tra/Gel, all the CpG-containing groups displayed better antitumor
effects, owing to the in-situ generation of whole-cell antigens and
CpG-mediated immunomodulation. Meanwhile, Tra/CpG@Man-
P/Gel and Tra/CpG@Man-P/Gel þ anti-PD-1 groups exhibited
strong suppression on distant tumors, better than single immu-
nomodulator or chemotherapeutic drug-loaded groups (Fig. 3E).
The volume of distant (left) tumors exhibited similar growth
curves with primary tumors (Fig. 3F, Fig. S9B), and the results of
distant tumor inhibition rate were well consistent with the results
of primary tumors (Fig. 3G). The quantification results of primary
and distant tumor weights also indicated the superior antitumor
effect of in-situ nano-vaccines Tra/CpG@Man-P/Gel and
combination with PD-1 blockade (Fig. 3H and I), suggesting that
the improved LDIMP process could enhance antitumor immunity.
Moreover, there was no obvious body weight loss in mice (Fig. 3J)
and the H&E images of major organs showed insignificant dam-
age, indicating the biosafety of nano-vaccines (Supporting
Information Fig. S10).

Then, the LN, spleen, and tumor were collected to determine
the antitumor immune responses. Firstly, the percentages of
matured DCs, CD8þ T cells, and CD4þ T cells were detected by
flow cytometry (Fig. 4A‒D). There was the highest frequency of
CD80þ and CD86þ DCs in the LNs of Tra/CPG@Man-P/Gel
treated mice, whose percentages of CD80þ DCs and CD86þ

DCs were 2.0- and 2.3-fold higher than CpG@Man-P/Gel groups,
respectively (Fig. 4A and B). The quantitative results of CD80þ

and CD86þ DCs showed similar results (Fig. 4E and F). Tra/
CpG@Man-P/Gel and Tra/CpG@Man-P/Gel þ PD-1 showed
similar levels of DC maturation, higher than CpG@Man-P/Gel
and Tra/Gel, benefiting from the generation of in situ antigens
and nano-adjuvants-mediated antigen presentation and DC matu-
ration. Meanwhile, there were more CD4þ T cells and CD8þ T
cells in the LNs of Tra/CpG@Man-P/Gel and Tra/CpG@Man-P/
Gel þ PD-1 groups than in other groups, indicating the stronger
activation and proliferation of T cells (Fig. 4B, C, G and H).
Meanwhile, there were more CD4þ T cells and CD8þ T cells in
the spleens of mice treated with Tra/CpG@Man-P/Gel than other
groups, whose percentages of CD4þ T cells and CD8þ Twere 1.2-
fold and 1.8-fold higher than CpG@Man-P/Gel, respectively
(Fig. 5A, B, E and F). Moreover, the abundance of immunosup-
pressive cells (Treg cells) in spleens was determined at the same
time (Fig. 5G). Tra/CpG@Man-P/Gel treatment could improve the
Treg number in a negative feedback manner, which was down-
regulated by PD-1 blockade. DC maturation in spleens was also
evaluated (Fig. 5C, D, H and J). Briefly, there were more DC cells
and stronger DC maturation in the spleens of Tra/CpG@Man-P/
Gel group, owing to a combination of in situ generation of
tumor antigens and LN-targeting nano-adjuvants.

Next, infiltrating T cells of primary and distant tumors were
determined. We first detected the T cell classification in primary
tumors. There were heavily improved CD4þ T cells and CD8þ T
cells in CpG@Man-P containing groups, compared to the PBS
group (Fig. 6A and B), indicating enhanced antitumor immunity.
Moreover, Tra-containing treatments induced obvious PD-L1
upregulation in primary tumors (Fig. 6C), indicating the neces-
sity of combination with PD-1 blockade. As respected, there
were downregulated Treg cells in the primary tumors of mice
treated with in situ nano-vaccines (Fig. 6D). Tra/CpG@Man-P/
Gel þ PD-1 treatment reduced the proportion of Treg cells by
nearly 2.5-fold compared to the PBS group in primary tumors
indicating that the combination with PD-1 blockade would in-
verse the immunosuppressive microenvironment and enhance
the antitumor immune response induced by in situ nano-
vaccines. Meanwhile, the abundance of T cells in distant tu-
mors was also investigated by flow cytometry. As expected,
there was a great deal of CD4þ T cells and CD8þ T cells
infiltrating the distant tumors of mice treated with CpG@Man-P
containing formulations (Fig. 6E and F), indicating great anti-
tumor immunity. Moreover, the frequency of PD-L1þ cells and
Treg cells in distant tumors was detected, which was well
consistent with the results of primary tumors (Fig. 6G and H).
Tra/CpG@Man-P/Gel þ PD-1 treatment reduced the percentage
of Treg cells by nearly 13.1-fold compared to the PBS group.
Together, these results indicated that the in-situ nano-vaccines



Figure 3 Antitumor effects and remote effects in ID8 tumor models. (A) Schematic depicting the experimental approach. (BeD) Repre-

sentative images (B), relative tumor growth curve (C), and tumor inhibition ratio (D) of primary tumors after treatment. (EeG) Representative

images (E), relative tumor growth curve (F), and tumor inhibition ratio (G) of distant tumors after treatment. Weigh of primary (H) and distant

tumors (I). (J) The body weight of mice was recorded every two days. Error bars represent mean � SD (n Z 5). Statistical significance was set at

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns, not significant.
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Tra/CpG@Man-P/Gel could not only suppress the development
of primary tumors but also distant tumors, due to improved
LDIMP process, whose efficiency was further enhanced by PD-1
blockade.

Finally, the levels of cytokines in the primary and distant tu-
mors were evaluated to investigate the immune response in the
ID8 tumor model (Supporting Information Fig. S11). There were
upregulated pro-inflammatory factors, including IFN-g, IL-6, IL-
1b, and TNF-a, in both primary and distant tumors of mice treated
with nano-adjuvant/Tra-containing formulations (Fig. S11A‒
S11H). Meanwhile, the abundance of IFN-gþ CD8þ T cells in
the tumors was evaluated by flow cytometry (Supporting
Information Fig. S12A and S12B). After the treatment with the
in situ nano-vaccines, the percentage of IFN-gþ CD8þ T cells in



Figure 4 Immune response in LNs. Abundant of CD80þ CD86þ (A) cells gated on CD11cþ cells in the LNs, indicating the maturation of DCs.

Percentages of CD3þ CD8þ cells (B) and CD3þ CD4þ cells (C) in LNs, suggesting the T cell infiltration. Quantification of CD80þ DCs (D),

CD86þ DCs (E), CD8þ T cells (F), and CD4þ T cells (G) in the LNs after treatment with different formulations. Error bars represent mean � SD

(n Z 3e4). Statistical significance was set at *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns, not significant.
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the tumor was increased heavily, compared to the PBS and Tra/
Gel groups. These results jointly demonstrated that the in situ
nano-vaccines can inhibit the development of primary and distant
tumors and induce potent antitumor immune responses.

3.6. Evaluation of anti-metastasis effect

Anti-metastasis effect was evaluated using an ID8 intraperitoneal
injection model (Fig. 7A). After the last administration, the mice
were fed for another two weeks to allow the development of
multiple types of metastases. The metastatic tumors in the
gastrointestinal tract, uterine, and lung tissues were observed
(Fig. 7B‒G). The images and quantitative results of gastrointes-
tinal tract metastasis showed the superiority of Tra/CpG@Man-P/
Gel and Tra/CpG@Man-P/Gel þ PD-1 in inhibiting the metastatic
tumors in the abdominal cavity (Fig. 7B and E). The number of
metastatic tumors in the abdominal cavity was reduced by 14.2-
and 7.2-fold in Tra/CpG@Man-P/Gel group compared to PBS and



Figure 5 Antitumor immunity in spleens. Percentages of CD8þ T cells (A) and CD4þ T cells (B) in spleens detected by flow cytometry.

Abundant of CD80þ DCs (C) and CD86þ DCs (D) in spleens. Percentages of CD8þ T cells (E), CD4þ T cells (F), and Treg cells (G) in spleens

gated by CD3þ cells. Quantification of CD80þ DCs (H), CD86þ DCs (I), and CD11cþ cells (J) in the spleens after treatment with different

formulations. Error bars represent mean � SD (n Z 3e4). Statistical significance was set at *P < 0.05, **P < 0.01, ***P < 0.001, and ns, not

significant.
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Figure 6 Immune response in primary and distant tumors. (AeD) Percentages of CD8þ T cells (A), CD4þ T cells (B), PD-L1þ cells (C), and

Treg cells (D) in primary tumors after treatment with different formulations. (EeH) Percentages of CD8þ T cells (E), CD4þ T cells (F), PD-L1þ

cells (G), and Treg cells (H) in distant tumors after treatment with different formulations. Error bars represent mean � SD (n Z 3e4). Statistical

significance was set at *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns, not significant.
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Tra/Gel groups, respectively. Similarly, there were fewer meta-
static tumors attached to the uterine, according to the images and
weights of uterine appendages (Fig. 7C and F). The PBS group
exhibited the strongest uterine metastasis and the uterine ap-
pendages in the PBS group were around 3.1- and 3.3-fold heavier
than that in Tra/CpG@Man-P/Gel and Tra/CpG@Man-P/
Gel þ PD-1 groups, respectively. Meanwhile, the lung metastases
were heavily inhibited by CpG@Man-P/Gel, Tra/CpG@Man-P/
Gel, and Tra/CpG@Man-P/Gel þ PD-1 treatments (Fig. 7D and
G). Moreover, the HE images of lung tissues also showed that
there were obvious lung metastatic tumors in the PBS group,
which were suppressed heavily by Tra/CpG@Man-P/Gel, and Tra/



Figure 7 Anti-metastasis effect of nano-adjuvants. (A) Schematic depicting the experimental approach. (B, C) Images of the abdomen (B),

uterine (C), and lung tissues (D) after treatment. Quantitative results of gastrointestinal tract metastasis (E), uterine appendage weights (F), and

lung metastasis nodes (G) after treatment with different formulations. Error bars represent mean � SD (n Z 4). Statistical significance was set at

*P < 0.05, **P < 0.01, ***P < 0.001, and ns, not significant.
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CpG@Man-P/Gel þ PD-1 treatments (Fig. S12C). These results
jointly demonstrated that Tra/CpG@Man-P/Gel had great
inhibitory on metastases of ovarian cancer, equipped with an
improved LDIMP process, and had great potential for cancer
immunotherapy.

4. Conclusions

In conclusion, we successfully constructed in situ nano-vaccines Tra/
CpG@Man-P/Gel consisting of Tra, nano-adjuvants CpG@Man-P
with different particle sizes, and nanogels formed by cross-linking of
4-arm-PEG-Mal with MMP-2-responsive peptides. The hydrogel
responded to the highly expressed MMP-2 in the tumor microenvi-
ronment by sustained release of Tra and the nano-adjuvant
CpG@Man-P. The former induces immunogenic death of tumor
cells and generates whole-cell tumor antigens, resulting in a proto-
antigenic library that can be continuously adsorbed by the nano-
adjuvant to form a nano-vaccine. Thanks to the Man modification,
the nano-vaccine can be delivered to LNs and endocytosed by DCs,
and thematuration ofDCs is promoted by the co-delivery of adjuvant
and antigen, which further enhances the activation and proliferation
of T cells, and ultimately activates a strong and effective anti-tumor
immune response. In vitro and in vivo experiments showed that
CpG@Man-P with 40 nm size could be released from the nanogels
faster and drained more to the LNs, inducing maturation of DCs and
T cell activation. Thus, we finally chose a nano-adjuvant with a
40 nm size to construct in situ tumor vaccines for the treatment of
ovarian cancer and its metastasis. Combinedwith PD-1 blockade, the
in situ nano-vaccines showed potent anti-tumor effects: significant
inhibition of in situ and distal tumor growth, elevated proportion of
mature DCs in LNs and spleen, increased T-cell infiltration,
decreased Treg cells, and significant reduction of metastasis. All
these results demonstrated that the in situ tumor vaccine (in com-
bination with ICB) remodeled the tumor immunosuppressive
microenvironment, and generated a potent anti-tumor immune
response, suppressing primary and metastatic tumors. Therefore, in
situ tumor nano-vaccines had great superiority to traditional immu-
notherapy, showing great prospects in cancer therapy.
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