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A B S T R A C T

Immune checkpoint blockade (ICB) can elicit anti-cancer response against tumors growing at normal organs
while sparing adjacent tissues. However, many orthotopic tumors respond poorly to ICB therapy due to the lack
of pre-existing immune effector cells. Here, we describe a vaccine strategy that induces protective immunity and
benefits ICB therapy. An injectable hydrogel platform that forms scaffold subcutaneously was applied to deliver
autologous cancer cells undergoing oncolysis (ACCO) as immunogenic antigen source and toll-like receptor 9 ag-
onists (CpG) as additional adjuvant. When administered as a prophylactic, the hydrogel-based vaccine, denoted
as (ACCO+CpG)@Gel, successfully built a durable and tumor antigen-specific immune memory against subse-
quent challenges with orthotopic engraftment of autologous tumors including melanoma, colon carcinoma, and
lung carcinoma. Although the vaccination did not completely prevent tumor occurrence, tumors orthotopically
established in vaccinated mice acquired significant enhancement in tumor-infiltrating CD8+ T cells and intratu-
moral PD-L1 expression, which ameliorated the immune status and rendered the originally irresponsive tumors
responsible to anti-PD-L1 therapy. Further treatment with PD-L1 blockade therapy efficiently delayed the tumor
growth and prolonged the survival of these orthotopic cancer models. Thus, without the need for precisely deliv-
ering immunoactivatory agents to tumor or locally remodeling tumor microenvironment, “priming” intractable
or inaccessible tumors for subsequent ICB therapy could be achieved by prophylactic vaccination with
(ACCO+CpG)@Gel. These findings highlighted (ACCO+CpG)@Gel as a generalized framework of protective
vaccine strategy that could be broadly applicable to potentiate ICB therapy against multiple types of orthotopic
tumors growing in different regions.

1. Introduction

Immune checkpoint blockade (ICB) that inhibits immune escape of
tumor have revolutionized immunotherapy against various types of
cancers [1–3]. Therapies that disrupt the interaction between pro-
grammed death-1 (PD-1) receptor on T cells and its ligand (PD-L1) on
cancer cells can promote the recognition and killing capacity of T cells
toward cancer cells [4,5], thereby eliciting durable anti-cancer immune
response. Since the efficacy of ICB largely relies on immune effector
cells, many patients with low tumor immunogenicity respond poorly to
anti-PD-1/PD-L1 therapy due to the lack of pre-existing tumor-
infiltrating T cells [6,7]. To recruit tumor-reactive T cells into tumor
bed, complementary approaches including chemotherapy, radiother-
apy, phototherapy, and virotherapy have been used. The rationale of
most of these strategies relates to the induction of immunogenic cell

death (ICD), which instigates the emission of adjuvant signals from dy-
ing cancer cells, and subsequently transforms tumors into “in-situ vac-
cine” so that the repertoire and abundance of tumor-infiltrating T cells
can be increased to amplify the ICB treatment [8–12].

However, reconstructing immune landscape of tumor directly and
locally requires precise delivery of ICD-inducing agents to tumor site
[13,14], which poses a great challenge for treatments of microscopic tu-
mors, especially those sporadically scattered at adjacent normal tissues.
For instance, local administration of oncolytic virus to infect and lyse
cancer cells is a potent approach to induce ICD [15,16], and can initiate
powerful immune activation to synergize with ICB against transder-
mally-accessible tumors (e.g., breast cancer and melanoma) [17,18].
However, to avoid systemic off-target toxicity, the virotherapy is sub-
ject to intratumoral injection [14], and not applicable for non-
superficial tumors (e.g., orthotopic colon and lung carcinoma) [19]. To
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circumvent the need for precise drug delivery to generate in situ ICD in
tumors, action could be taken ahead. To this end, we proposed that pro-
phylactic vaccination with autologous cancer cells (ACC) succumbing
to ICD may be an option, which could elicit tumor antigen-specific
memory and then exert abscopal effect on promoting T cell infiltration
into those inaccessible tumors. Despite the promise, traditional immu-
nization strategies using ACC source often lacks potency to induce suffi-
cient immune response, which is mainly ascribed to the low immuno-
genicity of whole cell lysate and its rapid degradation/elimination in
the body. Recent evidences have shown that the conditions in which
cells are treated impact the therapeutic function of cell-based vaccine
[20,21], and the extended release of ACC permits continuous immune
stimulation for amplified efficacy [22–24]. Therefore, development of
effective platform that sustainably delivers highly immunogenic ACC is
highly desirable.

LTX-315, with a membranolytic mode of action to induce non-viral
oncolysis in cancer cells through triggering lysis/perturbation of the
plasma membrane, distortion of subcellular organelles, release of dam-
age-associated molecular patterns (DAMPs), and onset of anti-tumor
immune response, is an oncolytic peptide designed for intratumoral in-
jection and currently under phase II clinical trials [13,25–27]. We re-
cently utilized LTX-315 to generate vaccine derived from ACC undergo-
ing oncolysis (ACCO), which could guarantee both adjuvanticity and
antigenicity: (1) secreted DAMPs functioned as “eat me” or “danger”
signals to engage immune effector cells; and (2) fragments or debris
from dying ACCO provided a full library of tumor-associated antigen
epitopes to reduce the likelihood of tumor escape [22]. To enable sus-
tained exposure in vivo, ACCO was then encapsulated into an injectable
hydrogel that formed a scaffold (ACCO@Gel) at tumor resection cavity
of orthotopic breast cancer model, which launched durable immune at-
tack against postsurgical tumor residuals. Further combination with
strategy that alleviated surgical trauma inflammation reversed local im-

munosuppression and resuscitate ACCO@Gel for effective suppression
of postoperative breast cancer metastasis [22].

In this study, our aim is to investigate whether the application of
ACCO@Gel, could be further extended to treatment with tumors not
suitable for local drug delivery or performing surgery. Therefore, we
ask two questions: (1) whether ACCO@Gel could function as protective
vaccine and completely prevent the occurrence of orthotopic colon and
lung carcinoma? (2) if not, whether vaccination with ACCO@Gel could
“prime” the immune landscape of these intractable or inaccessible tu-
mors to promote sequential ICB therapy? To find the answers, immuno-
genic ACCO antigen and immunoadjuvant CpG oligodeoxynucleotides
were co-loaded in a syringeable hydrogel that formed a reservoir-like
(ACCO+CpG)@Gel scaffold following subcutaneous injection to gradu-
ally release the payloads for continuous immunization. Here, CpG func-
tioned as toll-like receptor 9 (TLR 9) agonist that could promote the ac-
tivation of dendritic cells (DCs), thereby facilitating the antigen presen-
tation for initiating T cell response [28,29]. After prophylactic vaccina-
tion with (ACCO+CpG)@Gel, the corresponding autologous tumor
models of melanoma, colon carcinoma or lung carcinoma growing or-
thotopically were established in the vaccinated mice, followed by anti-
PD-L1 therapy (Scheme 1). Notably, we found that (1) the two attrib-
utes acquired in the orthotopic tumors of (ACCO+CpG)@Gel vacci-
nated mice, recruitment of tumor antigen-specific T cells and enhance-
ment of PD-L1 expression, can render the originally irresponsive tumors
responsible to anti-PD-L1 therapy; (2) combination with PD-L1 block-
ade can unleash the function of tumor-infiltrating T cells, and further
increase the anti-tumor immune response.

Scheme 1. Illustration of (ACCO+CpG)@Gel as protective vaccine to enhance T cell infiltration and anti-PD-L1 therapy in orthotopic model of melanoma, lung, and
colon cancers.
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2. Materials and methods

2.1. Cell lines and animals

B16 murine melanoma cells, CT26 murine colon cancer cells and
LLC-1 Lewis lung cancer cells were purchased from Chinese Academy of
Science Cell bank (Shanghai, China). B16 cells and CT26 cells were cul-
tured in RPMI-1640 medium and LLC-1 cells were cultured in DMEM
medium. All cell culture mediums were supplemented with 10% fetal
bovine serum (ExCell Bio) and 1% antibiotics (penicillin and strepto-
mycin, Beijing Solarbio Science & Technology Co.,Ltd.) Three cell lines
were incubated in a 37 °C humidified environment with 5% CO2 supply.
BALB/c mice (female, 6–8 weeks) and C57BL/6 mice (female,
6–8 weeks) were purchased from Dashuo Experimental Animal Com-
pany (Chengdu, China). All of the animal experiments were approved
by the Medical Ethics Committee of Sichuan University, and the animal
experiments were performed in the Animal Laboratory of West China
School of Pharmacy in Sichuan University (accreditation number: SYXK
(Chuan)2018–113).

2.2. Preparation of ACCO and (ACCO+CpG)@Gel

To prepare ACCO, autologous tumor cells (1 × 106) were co-
incubated with LTX-315 peptide (50 μM, amino acid sequence: CK-
KWWKKW(Dip)K-NH2, Shanghai Apeptide Co., Ltd. Shanghai, China)
for 4 h. Then all the cells were washed with PBS twice. Final suspension
was collected as ACCO.

For the preparation of (ACCO+CpG)@Gel, ACCO (1 × 106 cells)
and CpG (0.5 mg/kg, InvivoGen, the sequence: 5′-tccatgacgttcctgacgtt-
3′) were suspended in 5% PVA solution (PVA; ∼ 75 kDa; 99% hy-
drolyzed; Aladdin Biotech Co.,Ltd.) as hydrogel precursor. ROS-liable
crosslinker N1-(4‑boronobenzyl)-N3-(4‑boronophenyl)-N1,N1,N3,N3-
tetramethylpropane-1,3-diaminium (TSPBA) was synthesized as previ-
ously described [30] and further characterized by 1H NMR (Fig. S1A)
and mass spectrometry (Fig. S1B) showing a major peak at m/z 200.12
from the molecular ion peak (C21H34B2N2O42+, Mw = 200.12) of
TSPBA (C21H34B2Br2N2O4, Mw = 559.94). (ACCO+CpG)@Gel was
formed immediately after mixing hydrogel precursor and equivalent
volume of (5% wt) crosslinker TSPBA solution.

2.3. Characterization of ACCO@Gel

To investigate the morphology of PVA-based hydrogel, ACCO@Gel
(100 μL) were prepared and frozen with liquid nitrogen. After
lyophilization, final samples were obtained and examined by scanning
electron microscope (SEM, SU3500/Aztec X-Max20). To investigate the
distribution of ACCO in hydrogel, calreticulin (CRT), cytoplasm, and
nucleus of ACCO was labeled with anti-CRT primary antibody/sec-
ondary Alexa Fluor 647-conjugated antibody, CellTracker Green 5-
chloromethylfluorescein diacetate (CMFDA) and DAPI. The pre-stained
ACCO was loaded into hydrogel and detected by confocal microscope
(CLSM, Zeiss LSM 510 DUE, Jena, Germany). The dynamic rheological
behavior of ACCO@Gel was measured using a TA Instruments AR 2000
rheometer at 25 °C with angular frequency and oscillation frequency
from 0.1 to 10 rad/s. Then cytoplasm and nucleus were labeled with
CellTracker Green 5-chloromethylfluorescein diacetate (CMFDA, 25 °C,
30 min) and 4′,6-diamidino-2-phenylindole (DAPI, 25 °C, 5 min). Af-
terward, the three-dimensional construction image was examined by
Confocal Laser Scanning Microscopy (CLSM, LSM 700, Carl Zeiss, Jena,
Germany).

To investigate the degradation of hydrogel in vivo, 4 nmol cyanine 5
(Cy5, Meilunbio, Dalian, China) was loaded into 50 μL PVA solution
and further crosslinked with equal volume of TSPBA solution (5% wt)
to form Cy5@Gel. Then C57BL/6 mice were subcutaneously injected
with 100 μL Cy5 solution or Cy5@Gel and their fluorescence images

were acquired on day 0, 3, 7, 14 by an IVIS Spectrum In Vivo Imaging
System (PerkinElmer, Lumina 3).

2.4. Oncolytic peptide LTX-315 induced ICD of three kinds of tumor cells

To confirm the stimulation of ICD in B16 cells, CT26 cells and LLC-1
cells after treatments with LTX-315 peptide, CRT as hallmark of ICD
was investigated by confocal microscope imaging and flow cytometry.
First, B16 cells, CT26 cells, and LLC-1 cells were treated with LTX-315
peptide (50 μM) for 4 h, washed twice with PBS to obtain ACCO, and
then ACCO was incubated with fresh culture medium for 24 h prior to
ICD detection. ACCO was blocked with 5% goat serum, incubated with
CRT primary antibody (1:500, abcam, ab2907) at 4 °C for 1 h, washed
with PBS, further incubated with secondary Alexa Fluor 647-
conjugated antibody (1:1000, ab150077) and analyzed by flow cytome-
try. For fluorescence imaging measurement, CRT on the ACCO surface
was stained via the same method. Another two ICD-associated DAMPs,
adenosine triphosphate (ATP) and high mobility group protein B1
(HMGB1) were also detected. To quantify the ATP secretion, the super-
natant of ACCO suspension was collected and ATP concentration was
detected by ATP Assay Kit (Beyotime S0026). Meanwhile, released
HMGB1 was detected by Western blot according to the protocol as pre-
viously reported [31].

2.5. (ACCO+CpG)@Gel vaccination against melanoma

In murine melanoma model, ACCO@Gel and
(ACCO+CpG)@Gel derived from B16 cells were injected sub-
cutaneously in C57BL/6 twice on day −28 and − 14 as pre-
vaccination. Meanwhile, body weights of mice were recorded
every three days. On day 0, B16 cells (5 × 105) were subcuta-
neously injected to establish the melanoma tumor model. Three
doses of anti-mouse α-PD-L1 antibody (100 μg or 200 μg per
mouse; Clone: 10F.9G2; BioXcell) were intraperitoneally ad-
ministered at day 6, 8, and 10 after tumor cell inoculation. Tu-
mor size and animal survival were recorded every other day and
tumor volume was calculated as follows: tumor volume
(mm3) = 1/2 × width2 × length. In another individual ex-
periment, mice were sacrificed on day 17, and tumor tissues
and spleens were harvested for immune status analysis. To ob-
tain the single cell suspension, tumor-draining lymph nodes
were dissociated in digestion buffer, ground, and filtered
through a 70 μm nylon strainer. For the detection of
CD80 + CD86 + CD11c + activated DCs, cells were blocked
with anti-CD16/32 antibody at 4 °C for 30 min, and stained
with anti-CD11c-FITC (1:400 dilution), anti-CD80-PE (1:400 di-
lution), and anti-CD86-PerCP-Cy5.5 (1:400 dilution) at 4 °C for
1 h. Afterward, cells were washed twice with PBS and analyzed
by flow cytometry. Similarly, single cell suspensions from tu-
mors and spleens were prepared in the same way and red blood
cells were lysed with ACK lysis buffer (4 °C, 10 min, Thermo
Scientific). To further assess CD8+ T cells in tumor, cells were
pre-blocked with anti-CD16/32 antibody, stained with anti-
CD3-FITC (1:400 dilution), anti-CD8-APC (1:400 dilution), anti-
CD4-PerCP-Cy5.5 (1:400 dilution), and further analyzed by
flow cytometry. To investigate the formation of durable immu-
nity, single cell suspensions isolated from spleens were fixed,
pre-blocked, and stained with anti-CD62L-PerCP-Cy5.5 (1:300
dilution), anti-CD44-PE (1:300 dilution), and anti-CD8-APC
(1:300 dilution) antibodies as described above.
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2.6. (ACCO+CpG)@Gel elicited antigen-specific response against
melanoma

In another individual experiment, CCO was made from non-
autologous tumor cells (CT26 cells or LLC-1 cells) while ACCO was de-
rived from autologous murine B16 cells. C57BL/6 mice were pre-
vaccinated twice with CCOCT26, CCOLLC-1, or ACCOB16, respectively. Af-
ter two doses of vaccine administration, mouse skin attached to the hy-
drogel was collected and fixed with 4% paraformaldehyde for H&E
staining analysis. Meanwhile, body weights of mice during vaccination
were recorded every 3 days. On day 0, B16 cells (5 × 105) were subcu-
taneously injected to establish the melanoma tumor model followed by
three doses of α-PD-L1 antibody (100 μg or 200 μg per mouse) therapy.
Tumor volumes were calculated as described above and recorded every
other day. For the detection of tumor immune microenvironment, mice
were sacrificed and tumors were collected at the end point (day 21).
Single cell suspension was obtained as mentioned above and super-
natant was collected at the same time. For the analysis of tumor infiltra-
tion of CD3 + CD8+ T cells, tumor cells were fixed, pre-blocked,
stained with anti-CD3-FITC, anti-CD8-APC, anti-CD4-PerCP-Cy5.5, and
washed again for flow cytometry. Intratumoral concentration of IFN-γ
in cell suspension before ACK lysing was detected by mouse IFN-γ
ELISA kit (Quanzhou Ruixin Biological Technology Co., Ltd.,
Quanzhou, China).

2.7. (ACCO+CpG)@Gel→α-PD-L1 against orthotopic colon carcinoma

In orthotopic colon cancer model, ACCO was prepared from autolo-
gous CT26 cells. After two doses of (ACCO+CpG)@Gel vaccination, or-
thotopic colon cancer model was established as follows: 8-week-old fe-
male BALB/c mice were anesthetized with 5% chloral hydrate (120 μL)
and placed in the supine position in a sterile environment. For colonic
tumor inoculation, a midline incision was made to expose the colon lo-
cation after abdominal hair was shaved. CT26 cells (8 × 105 cells in
100 μL PBS) were injected into the colonic mucosa and the injection
site was pressed immediately to prevent cell suspension leakage. Then
the colon was gently returned to the abdominal cavity. Entire process
required aseptic manipulation. Subsequential three doses of α-PD-L1
antibody (100 μg or 200 μg per mouse) were intraperitoneally injected
at day 2, 4, and 6. Meanwhile, animal survival was recorded every day.
In another individual experiment, mice were sacrificed at day 10 for the
analysis of immune activation induced by vaccines. Colon cancer was
isolated, photographed, and further fixed with 4% paraformaldehyde
for hematoxylin−eosin staining and immumohistochemical (CD8 and
IFN-γ) staining analysis. Meanwhile, Lymph nodes were collected and
homogenized to single cell suspension by the same method mentioned
above. For the measurement of CD80 + CD86 + CD11c + matured
DCs, cells from lymph node were fixed, blocked, stained with anti-
CD11c-FITC, anti-CD80-PE, anti-CD86-PerCP-Cy5.5, and followed by
flow cytometry. For the analysis of CD8 + CD62L-CD44+ effector
memory T cells, single cell suspension from spleens was prepared as de-
scribed above and stained with anti-CD8-APC, anti-CD44-PE and anti-
CD62L-PerCP-Cy5.5, followed by flow cytometry.

2.8. (ACCO+CpG)@Gel→α-PD-L1 against LLC-1 Lewis lung carcinoma

In LLC-1 Lewis lung cancer model, ACCO was prepared from autolo-
gous LLC-1 cells. With two doses of (ACCO+CpG)@Gel vaccination on
day −28 and day −14, LLC-1 cells (1 × 106) were intravenously in-
jected into C57BL/6 mice on day 0 to establish orthotopic Lewis lung
cancer. Then three doses of α-PD-L1 antibody (100 μg or 200 μg per
mouse) were intraperitoneally administrated on day 6, 8, and 10. Body
weights during vaccination and survival time were recorded. In another
individual experiment, mice were sacrificed at the end point (day 16).
Lungs were collected, photographed, and further fixed with 4%

paraformaldehyde for hematoxylin−eosin and immumohistochemical
(CD8) staining analysis. Meanwhile, lymph nodes, and spleens were
harvested and prepared as single cell suspension as described above.
For the detection of CD80 + CD86 + CD11c + matured DCs, cells
from lymph node were fixed, pre-blocked, stained with anti-CD11c-
FITC, anti-CD80-PE, anti-CD86-PerCP-Cy5.5, and washed again for
flow cytometry analysis. Splenic effector memory T cells were analyzed
as described above.

2.9. Statistical analysis

Data was presented as means ± standard deviations (SD). Statistical
significance between two or more groups was calculated by student's t-
test or one-way analysis of variance (ANOVA). Statistical analysis was
performed using Graphpad Prism 8.0 software.

3. Results and discussion

3.1. Emission of ICD-associated DAMPs in ACCO

In this study, ACCO derived from murine B16 melanoma cells, CT26
colon carcinoma cells, and LLC-1 lung carcinoma cells were generated
by treating B16, CT26, and LLC-1 cells with oncolytic LTX-315, respec-
tively, for 4 h. Afterward, ACCO was obtained by washing and collect-
ing these LTX-315-treated dying cells. To investigate whether there was
an increment in the immunogenicity of ACCO and whether the incre-
ment could remain for a period of time, ICD-associated DAMPs hall-
marks (i.e., surface exposure of CRT, extracellular secretion of ATP, and
release of HMGB1) were analyzed after B16, CT26, or LLC-1 cell-
derived ACCO was suspended in fresh culture medium for another 24 h.
Confocal microscopy showed that, as compared with naïve cancer cells,
the ACCO derived from all three cell lines showed abundant CRT expo-
sure. Flow cytometry analysis further confirmed that the percentage of
surface CRT-positive B16, CT26, and LLC-1 cells reached approximately
66%, 56% and 53% within the ACCO, respectively, whereas that was
minimally below 3% in naïve cells (Fig. 1A). In addition, ATP detection
in culture supernatant showed an identical trend that ACCO had consid-
erably increased ATP secretion (Fig. 1B). As expected, western bolt also
showed that ACCO had substantially higher release of HMGB1 extracel-
lularly than naïve cells (Fig. 1C). These results validated that, even after
LTX-315 treatment had been ceased and cells had been washed, the ob-
tained ACCO derived from B16 melanoma cell, CT26 colon carcinoma
cells, and LLC-1 lung carcinoma cells continuously emitted self-
adjuvanting signals of massive ICD associated DAMPs (Fig. S2).

3.2. Characterization of ACCO@Gel

To prolong the exposure time of bioactive ACCO in vivo, a hydrogel
platform [32,33] was applied for the extended delivery. The hydrogel
scaffold harboring ACCO (ACCO@Gel) could be formed promptly by
the injection of the mixture of ACCO-loaded polyvinyl alcohol (PVA)
solution as the hydrogel precursor and TSPBA solution as the
crosslinker (Fig. 2A) [22,30].

Scanning electron microscopy imaging (Fig. 2B) showed that blank
hydrogel after crosslinking had compact polymer network structure
with interconnected pores, which was obviously different from the
loose morphology of hydrogel precursor without crosslinking. Mean-
while, after ACCO encapsulation, a large number of ACCO tightly filled
the voids of the hydrogel, and distributed uniformly within ACCO@Gel.
In consistence, 3D scanning using confocal microscopy also revealed
that ACCO with CRT surrounded dispersed uniformly in ACCO@Gel
(Fig. 2C). The result suggested that the hydrogel had the ability to
maintain both cellular antigens and adjuvantic DAMPs. In addition, me-
chanical analysis for ACCO@Gel using rheological measurements (Fig.
2D) confirmed its gelatinous property, as evidenced by the storage
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Fig. 1. ACCO derived from murine B16 melanoma cells, CT26 colon carcinoma cells, and LLC-1 lung carcinoma cells were obtained by incubating the cancer cells
with LTX-315 peptide for 4 h followed by PBS washing, and then ACCO was suspended in fresh culture medium for another 24 h before investigating whether
ACCO could continuously emitted ICD associated DAMPs including (A) surface CRT exposure, (B) extracellular ATP secretion, and (C) extracellular HMGB1 re-
lease. The data are presented as mean ± SD, n = 3, **p < 0.01.

modulus (G') drastically larger than the loss modulus (G"). The strain
sweep measurements revealed that the linear viscoelastic region of the
hydrogel reached 10% of the oscillation strain, indicating its viscoelas-
tic property. Rheological analysis also confirmed the hydrogel forma-
tion of the final products of (ACCOB16 + CpG)@Gel,
(ACCOCT26 + CpG)@Gel, and (ACCOLLC-1 + CpG)@Gel (Fig. S3). As
shown in Fig. 2E, (ACCO+CpG)@Gel degraded gradually at a rela-
tively slower rate in PBS medium at physiological pH 7.4, while an ac-
celerated degradation of (ACCO+CpG)@Gel occurred under ROS con-
dition (pH 7.4 PBS + 1 mM H2O2) because the pinacol esters formed
between the hydrogel precursors and TSPBA crosslinkers were ROS-
liable [30]. In addition, (ACCO+CpG)@Gel could gradually degrade
and sustainably release the cargos over 7 days. The release of payload
from the hydrogel highly correlated with the hydrogel degradation. The
profile of ACCO release almost overlapped with the profile of
(ACCO+CpG)@Gel degradation; meanwhile, CpG was also released as
(ACCO+CpG)@Gel degraded but exhibited a relatively slower pattern
as compared with ACCO. As ACCO with a larger cellular size mainly lo-
calizes in the larger porous structure or channel of the hydrogel, we an-
ticipated that once the hydrogel disintegrates, ACCO can more readily
leak out, making ACCO release degradation-controlled.

Next, we investigated the retention of hydrogel at the subcutaneous
injection site. Free fluorescent Cy5 solution and Cy5-loaded hydrogel
(Cy5@Gel) were injected subcutaneously in mice. Optical images of
mice were acquired using an In Vivo Imaging System IVIS at the prede-
termined time points (Fig. 2F). Results showed that free Cy5 had a fast
clearance within 3 days. Obvious signal of Cy5@Gel could last for over
7 days after subcutaneous injection in mice, suggesting that hydrogel
degraded eventually at physiological environment and prolonged reten-
tion time to extend ACCO exposure. There is a little inconsistence that
the hydrogel degraded faster in vitro than in vivo, because for in vitro ex-
periment (ACCO+CpG)@Gel was immersed in aqueous solution while

for in vivo degradation the fluid in subcutaneous injecting site was not
as that much to completely cover the hydrogel scaffold. Although the in
vitro condition did not fully recapitulate in vivo condition, these results
together demonstrated that (ACCO+CpG)@Gel gradually degraded
and sustainably released the cargos. A similar phenomenon was also ob-
served in our previous work [22]. Moreover, histology analysis of local
skin tissues adhered by various (ACCO+CpG)@Gels showed no tissue
toxicity or apparent inflammatory cell infiltration as the hydrogel de-
graded and release the payloads (Fig. 2G).

3.3. (ACCO+CpG)@Gel vaccination against melanoma

We first investigated the effect of (ACCO+CpG)@Gel as protective
vaccine on preventing the melanoma in C57BL/6 mice. Mice were pre-
vaccinated with two subcutaneous injections of blank hydrogel,
ACCO@Gel derived from B16 cells, or (ACCO+CpG)@Gel, and then
challenged with subcutaneous inoculation of B16 melanoma cells, fol-
lowing the monitor of tumor occurrence and growth until the immunol-
ogy analysis (Fig. 3A). Results of overall (Fig. 3B) and individual (Fig.
3C) tumor growth curves showed that both ACCO@Gel and
(ACCO+CpG)@Gel failed to completely prevent the melanoma occur-
rence, but they did slow down the tumor progression as compared with
the blank control. As compared with the blank control (21 days), the
median survival time of ACCO@Gel and (ACCO+CpG)@Gel groups ex-
tended to 29.5 and 43 days, respectively (Fig. 3D).

At the endpoint, mice were sacrificed, and various tissues were col-
lected for immunology analysis. As shown in Fig. 3E, as compared with
the blank control, ACCO@Gel induced significantly higher frequencies
of mature CD80 + CD86 + CD11c + DCs in tumor, lymph nodes, and
spleens, probably because ACCO had massive exposure of ICD-
associated DAMPs as self-adjuvanting signals that facilitated the anti-
gen engulfment and DC maturation. Meanwhile, because of the addi-
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Fig. 2. Characterization of ACCO@Gel. (A) Schematic diagram of (ACCO+CpG)@Gel formation after the dual phenylboronic acids of TSPBA crosslinker sponta-
neously and rapidly react with diols on PVA to form degradable pinacol ester. (B) SEM images of hydrogel precursor, blank hydrogel and ACCO@Gel. (C) Three-
dimensional construction images of hydrogel encapsulating pre-stained ACCO: CRT (red), cytoplasm (green), nucleus (blue). (D) Frequency-dependent rheological
properties of ACCO@Gel and strain sweep dynamic rheological data for ACCO@Gel (ω = 1 rad/s). (E) ACCO and CpG release from hydrogel and the correlation
with (ACCO+CpG)@Gel degradation in PBS (pH 7.4) medium with or without H2O2 (1 mM). (F) In vivo degradation of Free Cy5 and Cy5@Gel in C57BL/6 mice
model and average quantitative fluorescent signals of Cy5 (n = 3). (G) H&E staining image of skin tissue attached to hydrogel vaccine derived from various tumor
cells. Scale bar, 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tional function of CpG adjuvant, DC activation was further improved by
(ACCO+CpG)@Gel. Consequently, tumors in ACCO@Gel vaccinated
mice were infiltrated with a significantly higher number of both
CD3 + CD8+ and CD3 + CD4+ T cells than blank hydrogel control,
because of the immunization effect. Interestingly, as compared with
blank hydrogel, ACCO@Gel vaccination resulted in a drastically in-
creased percentage of CD8+ T cells in CD3+ T cells, but a slightly de-
creased percentage of CD4+ T cells in CD3+ T cells within the tumors
(Fig. 3F). While CD8+ T cells could exert direct killing effect on cancer
cells, the role of CD4+ T cells was complicated, which could be divided
into effective T cells that are helpful to promote immune responses and
Foxp3+ regulatory T cells (Tregs) that are immunosuppressive. This
finding demonstrated that ACCO@Gel vaccination recruited CD3+ T
cells into tumors with an increased proportion of CD8+ T cells to
CD4+ T cells, indicating a more straightforward anti-tumor immune
response. Furthermore, (ACCO+CpG)@Gel showed superior effect
over ACCO@Gel on increasing the frequency of tumor-infiltrating
CD8+ T cells (Fig. 3F), suggesting the CpG adjuvant contributed addi-
tional immunoactivatory effect.

Collectively, the tumor inhibition capability of ACCO@Gel could be
ascribed to the immunization effect of immunogenic ACCO, and the
better capability of (ACCO+CpG)@Gel could be ascribed to additional
immune activation by CpG adjuvant. Although (ACCO+CpG)@Gel
vaccination was unable to prevent the melanoma occurrence, but it
could improve the tumor immune status by effectively increasing the
tumor infiltration of CD8+ T cells, which may be beneficial to subse-
quent therapy of ICB.

3.4. Potentiation of anti-PD-L1 therapy

We next investigated whether (ACCO+CpG)@Gel could potentiate
anti-PD-L1 therapy in melanoma mice. We observed that tumoral PD-L1
expression was upregulated in the orthotopic melanoma tumor model
that had been vaccinated with (ACCO+CpG)@Gel (Fig. 4A). Given the
recruitment of CD8+ T cells in the tumor of (ACCO+CpG)@Gel-
vaccinated mice (Fig. 3F), the enhancement of tumoral PD-L1 expres-
sion could be due to a negative feedback response from cancer cells to
escape immune attack [9,11]. This finding highlighted the necessity of
further combining with PD-L1 blockade. After (ACCO+CpG)@Gel vac-
cination and tumor challenge as described above, mice with occurrent
melanoma received three doses of anti-PD-L1 monoclonal antibody (α-
PD-L1) intraperitoneally (Fig. 4A). As shown in Fig. 4B and C, mice re-
sponded poorly to α-PD-L1 alone, and had barely improved median sur-
vival time of 23.5 days. This could be attributed to the deficiency of tu-
mor-infiltrating T cells (Fig. 4D). By comparison, in (ACCO+CpG)@Gel
vaccinated mice, α-PD-L1 significantly inhibited the tumor growth, and
further extended the median survival time to over 60 days (Fig. 4B and
C), which may be the result of substantial recruitment of T cells in tu-
mors (Fig. 4D). To demonstrate the recruited CD8+ T cells were also
tumor reactive, we next investigated the amount of IFN-γ and TNF-α se-
creting CD8+ T cells in tumors of (ACCO+CpG)@Gel vaccinated mice
receiving α-PD-L1 therapy (Fig. 4E). Both quantitative results using
flow cytometry and qualitative results using confocal microscopy
showed that, as compared with blank hydrogel group, α-PD-L1 alone
failed to upregulate the level of intratumoral TNF-α or IFN-γ due to the
deficiency in tumor-infiltrating CD8+ T cells. With the immunization
effect induced by ACCO and additional CpG adjuvant,
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Fig. 3. (ACCO+CpG)@Gel as protective vaccine suppresses the growth of melanoma. (A) Schedule for the vaccination with (ACCO+CpG)@Gel in C57BL/6 mice
model. Overall (B) and individual (C) growth curves of tumor in mice pre-vaccinated with blank hydrogel, ACCO@Gel and (ACCO+CpG)@Gel (n = 6). (D) Sur-
vival curves for the blank hydrogel and vaccines treated mice (n = 6). (E) Frequencies of CD80 + CD86 + CD11C+ matured DCs in tumor, lymph node, spleen
and (F) CD3 + CD4+ T cells and CD3 + CD8+ T cells in vaccinated mice at the end point (n = 6). Statistical analysis was performed using one-way ANOVA;
*p < 0.05, **p < 0.01, ***p < 0.001.

(ACCO+CpG)@Gel promoted CD8+ T cell infiltration but only in-
duced limited secretion of TNF-α and IFN-γ, probably due to the ob-
served enrichment of intratumoral PD-L1 (Fig. 4A) that deactivate the
CD8+ T cells. Notably, after sequential PD-L1 blockade in
(ACCO+CpG)@Gel-vaccinated mice, (ACCO+CpG)@Gel→α-PD-L1 re-
sulted in significantly increased frequencies of TNF-α + CD8+ and
IFN-γ + CD8+ tumor-reactive T cells. Thus, (ACCO+CpG)@Gel vacci-
nation and α-PD-L1 blockade could only work collaboratively to elicit
stronger anti-tumor immune response than any strategy used alone.
Furthermore, as compared with blank hydrogel and α-PD-L1 monother-
apy, ACCO vaccination-based therapies including ACCO@Gel,
(ACCO+CpG)@Gel and (ACCO+CpG)@Gel→α-PD-L1 significantly en-
larged the frequency of splenic CD44 + CD62L- memory effect T cells
(Fig. 4F), indicating the establishment of durable immunity. These re-
sults verified that (ACCO+CpG)@Gel as the protective vaccine could
potentiate anti-PD-L1 therapy against melanoma by shaping the tumor
immunity.

3.5. Elicitation of tumor antigen-specific immune memory

To demonstrate whether the elicitation of anti-tumor memory is tu-
mor type specific, we prepared the (ACCOB16 + CpG)@Gel vaccine de-
rived from autologous B16 cells undergoing oncolysis, and
(CCOCT26 + CpG)@Gel and (CCOLLC-1 + CpG)@Gel vaccines derived
from heterologous CT26 cells and LLC-1 cells against B16 melanoma in
vivo following an identical schedule in Fig. 4A. As compared with blank
hydrogel, sequential (CCOCT26 + CpG)@Gel/(CCOLLC-1 + CpG)@Gel
vaccination and anti-PD-L1 therapy exhibited limited effect on sup-
pressing the growth of melanoma (Fig. 5A). By comparison, consecutive
treatments with (ACCOB16 + CpG)@Gel and α-PD-L1 significantly in-
hibited the growth of cognate tumor, which also showed better thera-

peutic outcome against the melanoma than (ACCOB16 + CpG)@Gel. In
another individual experiment, (ACCOB16 + CpG)@Gel-vaccinated
mice were concurrently treated with α-PD-L1 and CD8+ T cell deplet-
ing antibody. As shown in Fig. 5B, (ACCOB16 + CpG)@Gel→α-PD-L1
exerted reproducible anti-tumor effect and still considerably inhibited
the growth of B16 melanoma. However, such promising effect were
drastically contradicted by additional CD8+ T cell depletion, resulting
in a similar effect with (CCOCT26 + CpG)@Gel→α-PD-L1 which merely
retarded the tumor progression. This result demonstrated that
(ACCO+CpG)@Gel→α-PD-L1 exerted anti-tumor effect largely through
CD8+ T cell activation. Indeed, (ACCOB16 + CpG)@Gel→α-PD-L1 sig-
nificantly promoted the intratumoral infiltration of CD3+ and CD8+ T
cells in the melanoma, whereas the effect of
(CCOCT26 + CpG)@Gel/(CCOLLC-1 + CpG)@Gel→α-PD-L1 was moder-
ate (Fig. 5C). Since tumor-reactive T cells elicits tumor-killing effect by
producing cytokines like IFN-γ [34], we then investigated the intratu-
moral concentration of IFN-γ after various treatments (Fig. 5D). In a
similar trend, melanoma did not respond to
(CCOCT26 + CpG)@Gel/(CCOLLC-1 + CpG)@Gel→ α-PD-L1. In con-
trast, significantly higher amount of IFN-γ was secreted in the
melanoma of mice treated with (ACCOB16 + CpG)@Gel→α-PD-L1. In
addition, (ACCOB16 + CpG)@Gel also increased the intratumoral con-
centration of IFN-γ because of the immunization effect, but had less po-
tency than (ACCOB16 + CpG)@Gel→α-PD-L1. To further demonstrate
the induction of tumor-antigen-specific CD8+ T cells, we also quantita-
tively and qualitatively compared the amounts of TNF-α + CD8+ T
cells and IFN-γ + CD8+ T cells in tumors of mice vaccinated with non-
autologous cancer derived vaccine (CCOCT26 + CpG)@Gel and autolo-
gous cancer cell derived vaccine (ACCOB16 + CpG)@Gel. As shown in
Fig. 5E, as compared with (CCOCT26 + CpG)@Gel→α-PD-L1,
(ACCOB16 + CpG)@Gel→α-PD-L1 induced significantly higher tumor
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Fig. 4. (ACCO+CpG)@Gel potentiate α-PD-L1 therapy. (A) Intratumoral PD-L1 expression in vaccinated mice in melanoma cancer model (n = 6) and schedule for
pre-vaccination of (ACCO+CpG)@Gel and sequential injection of three doses of anti-PD-L1 antibody in C57BL/6 mice. (B) Tumor growth curves of tumor in mice
treated with α-PD-L1 and (ACCO+CpG)@Gel→α-PD-L1 (n = 6). (C) Survival curves of mice treated with α-PD-L1 and (ACCO+CpG)@Gel→α-PD-L1 (n = 6). (D)
Flow cytometry plots of tumor-infiltrating CD3+ T cells and CD3 + CD8+ T cells in mice at the end point (n = 6). (E) Flow cytometry analysis and immunofluo-
rescence staining of CD8 + TNF-α + T cells and CD8 + IFN-γ + T cells in tumor (Scale bar, 20 μm). (F) Flow cytometry plots and proportions of effector mem-
ory T cells in the spleen (gated on CD8+). Statistical analysis was performed using one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001.

infiltration of TNF-α + CD8+ T cells and IFN-γ + CD8+ T cells that
were reactive to B16 melanoma. These results highlighted that: (1)
(ACCO+CpG)@Gel vaccination could make autologous tumors, but not
heterologous tumors, response positively to anti-PD-L1 therapy by elic-

iting tumor antigen-specific immune activation; (2) α-PD-L1 could func-
tion as the amplifier of the anti-tumor immunity by unleashing the T
cells which were recruited into tumors as the result of
(ACCO+CpG)@Gel vaccination.
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Fig. 5. Vaccines elicited antigen-specific antitumor effects. (A) Tumor growth curves of C57BL/6 mice receiving vaccines derived from autologous or non-autologous
cancer cells and sequential three doses of α-PD-L1 therapy (n = 6). (B) Tumor growth curves of C57BL/6 mice receiving concurrent treatment of
(ACCOB16 + CpG)@Gel→α-PD-L1 and CD8+ T cell depleting antibody (250 μg per mouse, every 3 days for a total of four injections, n = 6). (C) Flow cytometry
plots and proportions of tumor-infiltrating CD3+ T cells and CD3 + CD8+ T cells in vaccinated mice at day 21 (n = 6). (D) Intratumoral IFN-γ levels tested by
ELISA kit (n = 6). (E) Immunofluorescence staining and flow cytometry analysis of CD8 + TNF-α + T cells and CD8 + IFN-γ + T cells in tumor (Scale bar,
20 μm). Statistical analysis was performed using one-way ANOVA; *p < 0.05, **p < 0.01.

Meanwhile, we also found that (ACCOB16 + CpG)@Gel→α-PD-L1
had negligible impact on re-polarization of macrophages from tumor-
promoting M2 phenotype to tumor-inhibiting M1 phenotype (Fig. S4).
In addition, (ACCOB16 + CpG)@Gel→α-PD-L1 also recruited immuno-
suppressive Tregs into the tumors, but still significantly increased the
ratio of CD8+ T cells to Tregs (Fig. S5), thus reversing the immunosup-
pressive state. This was in consistence with the above result (Fig. 5B)
that the anti-tumor effect of (ACCO+CpG)@Gel→α-PD-L1 largely de-
pended on the CD8+ T cell activation.

3.6. Therapeutic efficacy against orthotopic colon carcinoma

Having demonstrated the effect of protective (ACCO+CpG)@Gel
vaccine on potentiating α-PD-L1 to treat transdermally-accessible
melanoma, we sought to evaluate whether this strategy could be
broadly applicable to the treatment with orthotopic colon carcinoma
which is difficult to access or perform surgery. BALB/c mice were pre-
vaccinated with two subcutaneous injections of (ACCO+CpG)@Gel, in
which ACCO was derived from colorectal CT26 cancer cells, and then
challenged with orthotopic inoculation of CT26 cells in colon. With an
identical trend, tumors orthotopically established in the colons of
(ACCO+CpG)@Gel-vaccinated mice expressed higher level of PD-L1
(Fig. 6A). Afterward, mice were given three doses of α-PD-L1 intraperi-

toneally. Due to the inaccessibility of colon cancer, animal survival has
become an important index to measure the therapeutic efficacy (Fig.
6B). Mice in blank control group died rapidly with the median survival
of 20 days. In addition, unvaccinated mice with orthotopic colon can-
cer barely responded to α-PD-L1, and had a median survival of 22 days
with no significance comparing to blank control. Significantly pro-
longed lifespan was observed in the orthotopic colon cancer models
that had been vaccinated with (ACCO+CpG)@Gel (median survival of
32 days). Moreover, sequential treatment with α-PD-L1 further ex-
tended the median survival of (ACCO+CpG)@Gel-vaccinated mice to
38 days. To investigate whether (ACCO+CpG)@Gel→α-PD-L1 inhib-
ited the progression of orthotopic colon cancer, histological analysis
(Fig. 6C) and representative images (Fig. 6D) of excised colon from var-
ious groups were performed 10 days after tumor inoculation. As com-
pared with the colon in tumor-free mice, tumor grow aggressively and
extensively in the colons of mice from blank control and α-PD-L1
groups. In contrast, (ACCO+CpG)@Gel vaccination exerted protective
effect against colon cancer and retard the tumor growth to some extent.
And obviously, mice that were pre-vaccinated with (ACCO+CpG)@Gel
and then treated with α-PD-L1 showed the strongest tumor inhibitory
effect, as evidenced by the smallest colon tumor volume and distribu-
tion.
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Fig. 6. Therapeutic efficacy of (ACCO+CpG)@Gel→α-PD-L1 against orthotopic colon carcinoma.(A) Intratumoral PD-L1 expression in vaccinated mice (n = 6) and
schematic illustration of vaccination and α-PD-L1 antibody treatment schedule. (B) Survival curves of BALB/c mice after inoculation of CT26 cells (n = 6). (C) Histo-
logical assessment (scale bar, 200 μm) and (D) representative photographs of orthotopic colon tumor collected at day 10 after CT26 cells inoculation. (E) Flow cytom-
etry plots and frequency of (CD80 + CD86 + CD11C+) matured DCs in lymph node at the endpoint. Immunohistochemical staining of colorectal cancers showing
intratumoral (F) CD8+ T cell (scale bar, 50 μm) and (G) IFN-γ (scale bar, 50 μm) infiltration in colon cancers. (H) Flow cytometry analysis of
(CD8 + CD44 + CD62L-) effector memory T cells in spleen (n = 6). Statistical analysis was performed using one-way ANOVA; *p < 0.05, **p < 0.01.

To confirm the immunization effect from (ACCO+CpG)@Gel, DC
activation was assessed (Fig. 6E). As compared with unvaccinated mice
from blank control and α-PD-L1 groups, vaccination with ACCO@Gel
primed higher frequency of mature DCs (CD11c + CD80 + CD86+) in
lymph node, and this effect could be further boosted by additional CpG
adjuvant of (ACCO+CpG)@Gel. As a result, considerably increased
amount of CD8+ T cells were found to infiltrate the colorectal tumor

tissue in (ACCO+CpG)@Gel-vaccinated mice (Fig. 6F), which created a
favorable prerequisite for anti-PD-L1 therapy. Notably,
(ACCO+CpG)@Gel→α-PD-L1 resulted in drastically increased density
of CD8+ T cells and increased concentration of IFN-γ secreted by tu-
mor-reactive T cells (Fig. 6G). Furthermore, the vaccinated mice from
ACCO@Gel, (ACCO+CpG)@Gel and (ACCO+CpG)@Gel→α-PD-L1
groups all had significantly increased frequency of effector memory T
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cells in spleen, indicating the establishment of anti-tumor immune
memory against orthotopic colon cancer (Fig. 6H). Taken together,
these results revealed that vaccination with (ACCO+CpG)@Gel could
induce anti-tumor immune response to colorectal tumor, and the immu-
nization effect could be further augmented by anti-PD-L1 therapy to de-
lay the progression of orthotopic colon cancer.

3.7. Therapeutic efficacy against orthotopic lung carcinoma

We have also evaluated the reproducibility of the consecutive strat-
egy combining prophylactic vaccination and ICB therapy in another re-
fractory tumor model: orthotopic model of Lewis lung carcinoma. Simi-
lar schedule was applied as shown in Fig. 7A: C57BL/6 mice were pre-
vaccinated with two subcutaneous injections of (ACCO+CpG)@Gel, in
which ACCO was derived from LLC-1 cancer cells, then challenged with
intravenous inoculation of LLC-1 cells, and afterward, given three doses
of α-PD-L1 intraperitoneally. With an identical trend, tumors orthotopi-
cally established in the lungs of (ACCO+CpG)@Gel-vaccinated mice
expressed higher level of PD-L1 (Fig. 6A). At day 16 after the tumor in-
oculation, histological analysis (Fig. 7B) and tumor nodules number
count (Fig. 7C) of the lung lobe sections revealed that ACCO@Gel vac-
cination significantly decreased the pulmonary tumor nodules and
achieved nearly 50% inhibition as compared with blank control. Addi-

tional CpG adjuvant further increased the immunization effect of
(ACCO+CpG)@Gel against the growth of lung cancer with the inhibi-
tion rate of ~80%. Strikingly, while α-PD-L1 had no therapeutic impact
in unvaccinated mice with pulmonary tumor, sequential treatment with
α-PD-L1 almost completely prevented the establishment of orthotopic
lung cancer in (ACCO+CpG)@Gel-vaccinated mice with nearly 100%
inhibition rate. As a result, (ACCO+CpG)@Gel→α-PD-L1 showed the
best capability of extending the animal survival time among the various
treatments above (Fig. 7D).

Mechanism studies showed that (ACCO+CpG)@Gel-vaccinated
mice from (ACCO+CpG)@Gel and (ACCO+CpG)@Gel→α-PD-L1
groups had considerably promoted amount of mature DCs in lymph
node (Fig. 7E). Moreover, sufficient CD8+ T cells infiltration were ob-
served in lungs of mice vaccinated with (ACCO+CpG)@Gel (Fig. 7F),
which could benefit the ICB therapy. Intriguingly, the detected number
of pulmonary CD8+ T cells in (ACCO+CpG)@Gel-vaccinated mice re-
ceiving α-PD-L1 therapy was low and approached near to a state similar
to that of tumor free mice. This was probably because that
(ACCO+CpG)@Gel→α-PD-L1 could generate effective effect to eradi-
cate the orthotopic lung cancer. In addition, vaccination with
ACCO@Gel, (ACCO+CpG)@Gel and (ACCO+CpG)@Gel→α-PD-L1 all
resulted in a drastically higher frequencies of CD44 + CD62L− mem-
ory effector CD8+ T cells in spleen than unvaccinated mice (Fig. 7G),

Fig. 7. Therapeutic efficacy of (ACCO+CpG)@Gel→α-PD-L1 against orthotopic lung carcinoma. (A) Intratumoral PD-L1 expression in vaccinated mice and
schematic illustration of vaccination and α-PD-L1 antibody treatment schedule. (B) Representative photographs and H&E staining images of the lung tissue col-
lected at day 16. Scale bars, 200 μm. Quantification of pulmonary tumor nodes (C) and survival percentage (D) of C57BL/6 mice pre-vaccinated with different
vaccines (n = 6). (E) Flow cytometry plots and frequency of (CD80 + CD86 + CD11C+) matured DCs in lymph node at day 16 (n = 6). (F) Immunohisto-
chemical analysis of CD8+ T cells in lung tissues at day 16 (n = 6). Scale bar, 100 μm. (G) Flow cytometry plots and frequency of effector memory T cells
(gated on CD8+) in the spleen examined at the same day (n = 6). Significance was calculated by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 8. (A) The arrow indicates the regimen schedule for (ACCO+CpG)@Gel→α-PD-L1 in melanoma cancer model. The dosage of α-PD-L1 applied here was 200 μg
per mouse at Day 6, 8, and 10. Tumor growth and survival curves of mice with various vaccination and ICB treatments after B16 cells inoculation were recorded
(n = 6). (B) The arrow indicates the regimen schedule for (ACCO+CpG)@Gel→α-PD-L1 in orthotopic model of lung cancer carcinoma. The dosage of α-PD-L1 was
200 μg per mouse at Day 6, 8, and 10. Numbers of tumor nodules in lung were counted at Day 16. Overall survival curves of vaccinated mice after LLC-1 cells inocu-
lation were recorded (n = 6). (C) The arrow indicates the regimen schedule for (ACCO+CpG)@Gel→α-PD-L1 in orthotopic model of colon carcinoma. The dosage of
α-PD-L1 was 200 μg per mouse at day 2, 4, and 6. Representative photographs of tumor progression in colon were collected at day 10. Overall survival curves of vac-
cinated mice after CT26 cells inoculation were recorded (n = 6). Statistical analysis was performed using one-way ANOVA; **p < 0.01, ***p < 0.001.

which suggested the formation of anti-tumor immune memory in vivo.
Collectively, in orthotopic lung cancer model, pre-vaccination with
(ACCO+CpG)@Gel could elicit strong and durable anti-tumor immu-
nity, which could be further enhanced by α-PD-L1 therapy to eliminate
tumor cells.

3.8. Subcutaneous vaccination with ACCO and CpG incorporated in
hydrogel produced better therapeutic outcome than free ACCO and CpG in
suspension when combined with ICB

In another individual experiments, unvaccinated orthotopic models
of melanoma, colon carcinoma, and lung carcinoma were treated with a
doubling dosage of α-PD-L1. It was found that α-PD-L1 treatment with
higher dose still failed to exert anti-tumor effect and showed compara-
ble effects with saline groups, indicating that simply increasing the
amount of α-PD-L1 given to unvaccinated mice resulted in minimal im-
pact on enhancing tumor inhibition (Fig. 8). Since the anti-tumor prin-
ciple for PD-L1 blockade therapies is to unleash the function of tumor-
infiltrating T cells, the irresponsiveness to α-PD-L1 could be ascribed to
the lack of pre-existing T cells in the tumors of unvaccinated mice. This
result was also in contrast to above findings that α-PD-L1 even with a
lower dose was able to elicit additional therapeutic effect in
(ACCO+CpG)@Gel vaccinated models of orthotopic melanoma (Figs. 3
and 4), colon carcinoma (Fig. 6), and lung carcinoma (Fig. 7), again
highlighting the significance of (ACCO+CpG)@Gel vaccination that
could induce protective immunity, ameliorate the immune status and
eventually render originally irresponsive tumors responsible to ICB
therapy.

In addition, mice were also subcutaneously vaccinated with ACCO
and CpG in the form of hydrogel or suspension, then challenged with
orthotopic engraftment of autologous melanoma, colon carcinoma, or
lung carcinoma, and treated with α-PD-L1 (Fig. 8). Previous studies had
shown the minimal prophylactic or anti-tumor effect of ACCO [22] or
CpG [35] in mice when subcutaneously vaccinated as free drug agents.
In the current study, it was worth noting that, as compared with free

ACCO and CpG with α-PD-L1 (ACCO+CpG → α-PD-L1),
(ACCO+CpG)@Gel→α-PD-L1 showed superior effect on delaying the
tumor progression and extending survival time (Fig. 8). Since extended
release of cancer vaccine enables sustainable stimulation and amplifies
in vivo bioactivities [22–24], this result highlights the necessity of using
a hydrogel scaffold for controlled and sustained release of ACCO and
CpG.

Thus, without the need for precise tumor targeting, a durable, pro-
tective, and tumor antigen-specific immune memory against certain
types of intractable cancers can be built in advance by prophylactic ad-
ministration of (ACCO+CpG)@Gel ahead of cancer occurrence to po-
tentially prepare for (1) ameliorating the immune status of autologous
tumors that are subsequently and orthotopically growing in vaccinated
mice, and (2) rendering originally irresponsive tumors responsible to
ICB therapy. Meanwhile, the time-staggered approach combining pro-
phylactic (ACCO+CpG)@Gel vaccination and therapeutic ICB therapy
before and after tumor occurrence could serve as a generalized frame-
work to treat various types of orthotopic tumors growing in different re-
gions that are, for various reasons, not suitable for targeted drug deliv-
ery, local administration or performing surgery.

3.9. Safety evaluation

To assess the safety of (ACCO+CpG)@Gel for in vivo application, we
conducted safety evaluation in C57BL/6 mice and BALB/c mice that
had received two doses of vaccination. As shown in Fig. 9A, during the
vaccination period, no significant body weight drop was observed both
in C57BL/6 mice and BALB/c mice. Meanwhile, in the healthy C57BL/6
mice model, no obvious abnormalities in the major organs including
lung, liver, heart, kidney and spleen were observed after vaccination
with (ACCO+CpG)@Gel (Fig. 9B), indicating no obvious toxicity.
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Fig. 9. In vivo safety evaluation. (A) Body weight changes in C57BL/6 and BALB/c mice after treatments with various vaccines. (B) H&E staining images of ma-
jor organs (lung, liver, heart, kidney and spleen) at day 30 after vaccination. Scale bar, 50 μm.

4. Conclusion

In summary, we described an injectable hydrogel platform that si-
multaneously delivers immunogenic ACCO antigens and additional
CpG adjuvants to function as protective vaccine by durably building tu-
mor-specific immune memories against subsequent challenges with or-
thotopic tumors including melanoma, colon carcinoma, and lung carci-
noma. Although vaccination with (ACCO+CpG)@Gel did not com-
pletely prevent the occurrence of these tumors, its immunization effect
recruited substantial of tumor-reactive T cells to infiltrate into the oc-
current tumors. Further treatment with α-PD-L1 significantly delayed
the progression of tumor growth and prolonged the survival time of
these orthotopic cancer models that originally did not respond to α-PD-
L1 if unvaccinated. In conclusion, (ACCO+CpG)@Gel vaccination and
ICB therapy have mutual interactions to reinforce each other: (1)
(ACCO+CpG)@Gel could improve the immune status in tumors,
thereby rendering tumor highly susceptible to ICB therapy; (2) ICB
therapy could act as an amplifier of the anti-tumor immune response
that was provoked by (ACCO+CpG)@Gel.
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