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I M M U N O L O G Y

Engineering autologous tumor cell vaccine to locally 
mobilize antitumor immunity in tumor surgical bed
Lei Fang1,2*, Zitong Zhao1,3*, Jue Wang1, Pengcheng Zhang1,4, Yaping Ding2, Yanyan Jiang3, 
Dangge Wang1,4†, Yaping Li1,4†

Autologous tumor cell–based vaccines (ATVs) are emerging as a transformable approach for personalized immuno-
therapy, but their therapeutic efficacy remains unsatisfying in patients with cancer. Here, we design a photodynamic 
therapy (PDT)–motivated ATV (P-ATV) in Fmoc-KCRGDK–phenylboronic acid (FK-PBA) hydrogel, which mobilizes 
local immune activation to inhibit relapse of postoperative tumors. The FK-PBA targeting overexpressed sialic 
acid on tumor cells can enable on-demand gelation in residue tumor areas and maintain continuous vaccination in 
surgical bed. Unlike neoantigen-based vaccine or adoptive cell therapy that takes several months to prepare, 
P-ATV can be easily manufactured within a few days and efficiently boost neoepitope-specific CD8+ T cells to 
activate personalized immunotherapy. This simple and powerful approach of engineered ATVs provides an al-
ternative strategy for personalized immunotherapy and is readily transformable to various kinds of cell-based 
antigens to inhibit the relapse of postoperative tumors.

INTRODUCTION
Cancer vaccines have gained much attention for cancer treatment 
by harnessing the host immunity to fight against tumor cells (1), 
which elicits durable clinical benefits in preventing tumor growth, 
recurrence, and metastasis (2–5). Among the various strategies, autol-
ogous tumor cell–based vaccines (ATVs) show great potential in 
eliciting robust antitumor immune responses for personalized cancer 
immunotherapy (6, 7). However, only a small fraction of patients 
with cancer benefit from ATVs in clinic (8, 9), which could be 
resulting from the following disadvantages: (i) most of ATVs depend 
on ex vivo induction and engineering of autologous dendritic cells 
(DCs), which requires highly trained personnel and definitely in-
creases treatment costs, delays dosing schedule, and causes unpre-
dicted low effectiveness (6, 10, 11); and (ii) ATVs alone fail to elicit 
an adequate number of cytotoxic T lymphocytes (CTLs) with avid 
recognition of tumor antigens and barely promote the infiltration 
and activation of CTLs in tumor stroma (6, 8, 12). Therefore, feasible 
approaches that can amplify the population and activate the function 
of tumor-specific CTLs are highly desirable to enhance ATVs-based 
cancer immunotherapy.

Several strategies have been reported to improve ATVs-based 
immunotherapy (6, 13–16). The objective responses in patients with 
ovarian cancer are effectively improved by combining ATVs with 
chemotherapies (6). Microneedle patch (13) and hydrogels (14–16) 
have been used to codeliver whole tumor cells or lysates with other 
adjuvants such as granulocyte-macrophage colony-stimulating factor, 
cytosine-phosphodiester-guanine oligodeoxynucleotide, or even 
exogenous DCs, which evoke effective T effector response for tumor 
rejection in prophylactic and established mouse models. However, 
when dealing with postoperative tumors by ATVs-based therapy, it 

is still far from satisfactory by just evoking T cells (17). In practice, 
the manufacture of engineered ATVs should be simplified to meet 
the short-time interval between acquisition of autologous cell sources 
and postoperative vaccination (18). The ATVs-induced immune 
responses should be precisely controlled in surgical bed to reduce 
immune-related adverse effects (19). It is of great necessity to combine 
ATVs with other noninvasive therapeutic strategies that can scavenge 
residue tumors to consolidate surgery treatment (17, 20). It has 
been reported that photodynamic therapy (PDT) is a noninvasive 
strategy for treating tumors in the presence of near-infrared (NIR) 
light and photosensitizer (21). PDT can not only directly kill tumor 
cells through generating reactive oxygen species (ROS) but also 
stimulate an inflammatory environment to recruit DCs and other 
immune cells (22, 23). PDT enables up-regulation of heat-shock 
proteins to promote the efficacy of cross-presentation for antigens. 
PDT-induced proinflammatory effects also facilitate DCs’ migration, 
maturation, and antigen presentation (22). The photosensitizer-
based PDT could perform adjuvant-like effects to mobilize strong 
antitumor immunity for tumor inhibition (24). Thus, we pro-
pose to combine ATVs with PDT for synergistically mobilizing 
neoepitope-specific CTLs and preventing relapse of postoperative 
tumors.

Here, we design a PDT-motivated autologous tumor cell vaccine 
(P-ATV) to locally mobilize antitumor immunity in surgical bed to 
inhibit tumor relapse. The vaccine is engineered by coating oxidized 
autologous tumor cells with polyethylenimine-conjugated chlorin e6 
(PEI-Ce6) in 9-fluorenyl methoxycarbonyl (Fmoc)–KCRGDK–
phenylboronic acid (FK-PBA) hydrogels (namely, PC-Cell@gel). 
PEI-Ce6 is efficiently coated on cell surface via electrostatic inter-
action and conducts PDT upon NIR laser irradiation. PBA, a sialic 
acid–targeting moiety, is conjugated to FK peptide to get FK-PBA. 
The FK-PBA can target residue tumors via the overexpressed sialic 
acid on tumor cells (25) (Fig. 1A), while on-demand gelation of 
FK-PBA can be activated by sequential injection of PEI-Ce6–coated 
autologous tumor cells (PC-Cell) that dispersed in 1 mM Na2CO3 
solution (Fig. 1B). This tumor-specific gelation property will restrict 
antigens within residue tumor areas and maintain continuous immune 
activation in surgical bed. We find that PC-Cell@gel coupled with 
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PDT can effectively mature DCs, suppress regulatory T cells (Tregs), 
boost neoepitope-specific CD8+ T cells, and inhibit tumor re-
lapse in melanoma and colorectal mouse models with no evident 
systemic toxicity (Fig. 1C). The designed P-ATV is readily trans-
formable to various kinds of cell-based antigens for personalized 
immunotherapy, which provides innovation for the next genera-
tion of ATVs.

RESULTS
Preparation and characterization of engineered ATVs
To prepare photosensitizer loaded autologous tumor cells, first, we 
conjugated Ce6 with hydrophilic PEI by amide condensation reaction 
(fig. S1A). Ce6 is a well-studied molecule for PDT (26). The success-
ful synthesis of PEI-Ce6 was confirmed (fig. S1B). The molecular 
weight of PEI-Ce6 was determined as 5.98 × 103 Da (Mw) and 
5.13 × 103 Da (Mn) and its polydispersity index (PDI) was 1.17 (fig. S1C), 
suggesting a cross-link conjugation between Ce6 and PEI molecules. 
The PEI-Ce6 conjugates performed similar ultraviolet-visible 

absorption spectrum as free Ce6 (fig. S1D). The hydrophilic cationic 
polymer, PEI-Ce6, can be easily coated on tumor cells via electro-
static interaction. Next, we prepared autologous tumor cells by 
dissociating resected tumor tissues into single cells. The collected 
cells were treated with hypochlorous acid (HClO) to induce 
apoptosis/necrosis. HClO is an effective bactericidal agent produced 
by activated neutrophils in inflammatory microenvironment. HClO 
can potentiate the immunogenicity of protein antigens by modifying 
them with an N-linked carbohydrate side chain and unfolding anti-
gens to expose immunogenic peptides, thus promoting the recogni-
tion and presentation of antigens by DCs (27). It was reported that 
treating SKOV-3 ovarian tumor cells with HClO induced rapid 
primary necrosis, improved the uptake of protein antigens by DCs, 
and mobilized ovarian tumor-specific T cells (28). Moreover, HClO-
treated tumor cells have been used to prepare DC-based vaccines 
for clinical use in previous studies (6). One hundred micromolar 
HClO was screened to prepare the oxidized autologous tumor cells, 
which induced almost total apoptosis/necrosis of the cells (fig. 
S2A). After that, the oxidized tumor cells were killed by freeze-thaw 

Fig. 1. Scheme illustrating the formation and function of PC-Cell@gel. (A) On-demand gelation in residual tumor areas was activated via two steps. First, FK-PBA was 
locally injected into tumor surgical bed, enabling sialic acid–targeted accumulation of FK-PBA in residual tumors. (B) Then, PC-Cell was prepared by coating oxidized 
autologous tumor cells with PEI-Ce6. PC-Cell dispersed in 1 mM Na2CO3 solution was sequentially injected to activate the gelation of FK-PBA. (C) Upon NIR laser irradiation, 
engineered hydrogel vaccine matured DCs and mobilized neoepitope-specific CTLs in surgical bed. The synergetic effects of ATVs and PDT highly efficiently inhibit 
relapse of postoperative tumors.
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cycles and dispersed in PEI-Ce6 solution, allowing electrostatic 
adsorption between the cationic PEI-Ce6 and negatively charged 
cell membrane. Excess PEI-Ce6 was removed by centrifugation, and 
the separated PC-Cell was washed twice for further use. Tumor cells 
were killed by an optimized method without inducing thorough 
disruption of cell structure. The cells dispersed well in phosphate-
buffered saline (PBS) after HClO incubation and two rounds of 
freeze-thaw cycle (fig. S2B). HClO and the freeze-thaw process trig-
gered damages in cells as many holes were observed on the cell 
membrane. Compared to the oxidized autologous tumor cells, no 
obvious morphological change was observed after the coating of 
PEI-Ce6 on tumor cells (Fig. 2A and fig. S2C). The loading efficacy 
of PEI-Ce6 on tumor cells was concentration dependent, with a 
maximum of 44.6 ± 0.4 g of PEI-Ce6 (equal to 14.7 g of Ce6) 
per million cells (Fig. 2B). Note that the preparation of PC-Cell 
is ultrafast. The surface charge of tumor cells was reversed from 
−20.3 ± 1.0 mV to 4.3 ± 0.4 mV after incubating with PEI-Ce6 for 
2 min, indicating the successful coating of PEI-Ce6 on tumor cells 

(Fig. 2C). Given that intracellular contents including antigens could 
be washed away during the preparation of PC-Cell, we investigated 
the variation of intracellular contents before and after the manufacture. 
We performed SDS–polyacrylamide gel electrophoresis (SDS-PAGE) 
and Western blot analysis for intracellular proteins. Protein sam-
ples were gained from an equal number of B16-F10 tumor cells, 
oxidized tumor cells, and B16-F10–derived PC-Cell. It was con-
firmed that consistent protein shift bands were observed in the 
three groups (Fig. 2D). We further examined four kinds of intracel-
lular proteins including Toll-like receptor 3, nuclear factor B p65, 
-actin, and high-mobility group box 1. PC-Cell still retained these 
four proteins while showing a decrease in amount compared to the 
cell group (Fig. 2E). Above results indicate that our manufacturing 
process causes the decrease of intracellular proteins but does not 
result in the complete absence of intracellular contents in the product 
PC-Cell. Moreover, similar results of protein shift bands were 
observed in B16-ovalbumin (B16-OVA) and CT26-derived PC-Cell 
complexes (fig. S2D). Above results suggested the PC-Cell was 

Fig. 2. Preparation and characterization of PC-Cell@gel. (A) Scanning electron microscopy (SEM) images of oxidized tumor cells and PC-Cell. Scale bars, 5 m. 
(B) Loading and encapsulation efficacy of PEI-Ce6 on tumor cells. (C) -Potential of PC-Cell as a function of PEI-Ce6 incubation time. (D) SDS-PAGE electrophoresis of 
proteins in B16-F10–derived PC-Cell complexes. (E) Western blot assay and semiquantification of intracellular Toll-like receptor 3 (TLR-3), nuclear factor B p65 (NF-B 
p65), -actin, and high-mobility group box 1 (HMGB-1) proteins. (F) SEM image of FK-PBA hydrogel. Scale bar, 10 m. (G) Frequency-dependent rheological properties of 
FK-PBA hydrogel at 37°C (peptide concentration, 0.5 weight %; strain, 1%). Inner photographs are FK-PBA solution and formed hydrogel. (H) Three-dimensional (3D) 
construction image of FK-PBA hydrogel encapsulating PC-Cell (left) and 2D images of PC-Cell@gel (right). The cell membrane was prelabeled with wheat germ agglutinin 
(WGA)–fluorescein isothiocyanate (FITC). Scale bars, 500 m. DAPI, 4′,6-diamidino-2-phenylindole. (I) ROS generation following increased Ce6 concentration (5, 10, 15, 
and 20 g/ml) and laser power density (100, 200, 300, 400, and 500 mW/cm2). Data are shown as means ± SD (n = 3). a.u., arbitrary units.
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potentially able to donate shared and private mutated protein anti-
gens to prime antitumor immune responses.

Self-assembling hydrogels show enormous advantages in local 
delivery of bioactive substances, allowing sustained and controlla-
ble drug release (29–33). Peptide-based scaffolds are used to deliver 
immune modulating molecules or antigens for enhanced cancer 
immunotherapy (14, 16). In addition, versatile peptides were devel-
oped to trigger self-assembly in situ or in living cells for biomedical 
applications (34). To prepare our tumor-targeting FK-PBA peptide, 
4-mercaptophenylboronic acid was first reacted with 2,2′-dipyridyl 
disulfide (fig. S3) and sequentially reacted with the cysteine residue 
of FK (fig. S4). The FK-PBA was dissolved in water with a heating 
process and formed hydrogel with addition of 1 mM Na2CO3 solu-
tion to neutralize the residue carboxylic groups. When examined by 
transmission electron microscopy, it was found that the peptide 
self-assembled into ~200-nm fibers or ~ 60-nm spherical nanoparti-
cles when dissolved in H2O (fig. S5A). However, the morphology of 
these nanostructures transformed to continuous network fibers after 
the addition of Na2CO3 solution to activate gelation (fig. S5B). The 
diameter and PDI of FK-PBA in H2O were 112.4 ± 0.4 nm and 0.18 while 
enlarged to 235.0 ± 6.1 nm and 0.55 in Na2CO3 solution by dynamic 
light scattering (fig. S5C), respectively. The three-dimensional struc-
ture morphology of FK-PBA hydrogel was confirmed by scanning 
electron microscopy (SEM) (Fig. 2F). The rheological behavior of 
hydrogel showed that angular frequency negligibly affected the stability 
of hydrogels. The storage modulus (G′) and loss modulus (G′′) were 
barely influenced by the frequency (0.1 to 100 rad/s) (Fig. 2G). Uni-
form and ordered dispersion of PC-Cell in FK-PBA hydrogel was 
observed by confocal laser scanning microscopy (CLSM) examina-
tion (Fig. 2H and fig. S6A), suggesting that the peptide hydrogel can 
effectively fix and maintain adequate antigen sources. We evaluated 
the impacts of PDT and hydrogel formation on the control-release 
profile of PEI-Ce6 and melanin from B16-F10–derived PC-Cell@gel 
(fig. S6, B and C). A low rate of PEI-Ce6 and melanin was released 
from PC-Cell@gel, while an increased level of PEI-Ce6 and melanin 
was released from the hydrogel after PDT at 24 hours. The cumula-
tive release of PEI-Ce6 and melanin was improved along with time. 
PEI-Ce6 (11.7 ± 1.0%) and melanin (24.0 ± 2.0%) were released 
from PDT-treated PC-Cell@gel at 96 hours, indicating that photo-
dynamic effects could facilitate the release of PC-Cell contents from 
hydrogel. Next, the ROS generation capability of PC-Cell@gel was 
determined by using singlet oxygen sensor green (SOSG). Increased 
production of ROS was detected along with the elevation of laser 
power density (Fig. 2I). Moreover, sufficient ROS production was 
achieved with an irradiated duration over 5 min (fig. S6D).

PDT effects and DC maturation in vitro
PBA moiety is able to form fast and stable boronate esters with diols 
of sialic acid overexpressed on various tumor cells (25), potentially 
leading to tumor-specific distribution of FK-PBA. The gelation of 
peptide can be activated with the addition of PC-Cell in 1 mM 
Na2CO3 solution. The Na2CO3 solution can not only regulate reassembly 
of FK-PBA but also potentially scavenge H+ in surgical bed to in-
duce M1-like polarization of tumor-associated macrophages and 
decrease immunosuppressive cells (4, 35). To confirm the on-demand 
gelation of peptide in vitro, B16-OVA cells were seeded in cell cul-
ture dishes and incubated with FK-PBA or FK at 4°C for 4 hours. 
Then, unbound peptide was removed and PC-Cell in Na2CO3 solution 
was added to trigger the gelation (Fig. 3A). CLSM images showed that 

a thin layer of PC-Cell was formed over FK-PBA–treated B16-OVA 
cells (Fig. 3B), which could attribute to the targeting of FK-PBA 
with sialic acid on B16-OVA cells. Next, we tested the photodynamic 
and phototoxicity effects of PC-Cell@gel in vitro. After cocultured 
with PC-Cell@gel and irradiated by an NIR laser, a highly fluores-
cent signal of ROS probe 2,7-dichlorofluorescein diacetate (DCF) 
was observed in the cytoplasm of B16-OVA cells (Fig. 3C). It has 
been proved that sufficient ROS could lead to apoptosis and necrosis of 
tumor cells. Phototoxicity results showed that PC-Cell@gel + Laser 
significantly decreased viability of B16-OVA cells along with in-
creased Ce6 concentration and laser power density (Fig. 3D). To 
investigate the capability of hydrogel vaccine to mature DCs, we 
treated bone marrow–derived DCs (BMDCs) with increased con-
centration of Cell@gel. The vaccine significantly enhanced the popu-
lation of matured DCs (CD11c+CD80+CD86+), which was ~13.4-fold 
higher than that of the PBS group at a vaccine cell concentration 
of 2.0 × 105/ml (Fig. 3E). Similarly, a correlation was found be-
tween the DC maturation and the concentration of PC-Cell@gel. 
PC-Cell@gel–induced photodynamic effect further facilitated the 
maturation of BMDCs, which could attribute to the mobilized 
antigen release from oxidized tumor cells after laser irradiation 
(Fig. 3, F and G). As a result, upon NIR laser irradiation, PC-Cell@gel 
would generate plentiful ROS for PDT, promote DC maturation, 
and sequentially expand CTLs in vivo. As the in vitro gelation of 
FK-PBA has been confirmed, next we determined whether the gela-
tion of FK-PBA could be activated in vivo. Mice with partially 
resected green fluorescent protein expressed CT26 (CT26-GFP) 
tumors were locally injected with cyanine 5.5 (Cy5.5; 5 mg/ml) 
labeled FK-PBA (FK-PBA-Cy5.5) or FK (FK-Cy5.5). One hundred 
microliter of 1 mM Na2CO3 solution was sequentially injected 4 hours 
later. Tissues in tumor surgical bed were harvested and sliced for 
CLSM imaging at 24 hours (Fig. 3H). Fluorescence signals of FK-Cy5.5 
were detected in both GFP presence and GFP absence areas, which 
could be due to the lack of tumor cell targeting capacity of FK. In 
contrast, obvious colocalization of Cy5.5 and GFP was found in 
FK-PBA–treated mice, suggesting that FK-PBA enabled specific 
targeting to tumor cells and achieved on-demand gelation in residual 
tumor regions. Besides, we also determined the gelation and retention 
of FK-PBA by using a hydrophilic dye, rhodamine B. Rhodamine B 
dispersed in 1 mM Na2CO3 was injected 4 hours after the injection 
of FK-PBA, and tumor slices were prepared at 72 hours. With FK-PBA 
(1.0 mg/ml), little retention of rhodamine B was found within the 
tumor. However, bright fluorescence of rhodamine B was observed 
at the injection site with FK-PBA (5.0 mg/ml) (fig. S6E). The pro-
longed retention of rhodamine B indicated the formation of peptide 
hydrogel in surgical bed. Rhodamine B signals were detected in residue 
tumor areas while barely found in subcutaneous tissues (fig. S6F), 
which could attribute to the tumor-targeted distribution of FK-PBA.

P-ATV inhibited relapse of B16-OVA tumor and elicited 
neoepitope-specific CTLs
To investigate whether PC-Cell@gel could elicit neoepitope-specific 
CTLs in vivo, we tested the vaccination capability on a postoperative 
B16-OVA tumor model (Fig. 4A). PDT alone barely suppressed the 
recurrence of this advanced malignancy as significant distinction 
was only found in early stages. However, PC-Cell@gel + Laser showed 
improved antirelapse performance in contrast to other groups 
(Fig. 4B). No obvious body weight drop was found in any group 
during the monitoring period (Fig. 4C). The infiltration of CTLs 
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into tumor stroma was also examined by fluorescent staining of 
tumor slices. It was found that PDT promoted the infiltration of 
CTLs in tumors. Moreover, PDT-motivated PC-Cell@gel further 
effectively expanded the intratumoral infiltration of CTLs. Numerous 
brightly stained CD8+ T cells were observed in PC-Cell@gel + Laser 
group (Fig. 4D). Given that the improved therapeutic effects could 
attribute to activated neoepitope-specific CTLs, we examined the 
frequency of matured DCs and OVA-specific CTLs in prevaccinated 
C57BL/6 mice. PC-Cell@gel with PDT effectively promoted the 
maturation of DCs in vivo (Fig. 4E). It was found that all groups 
containing oxidized autologous tumor cells generated higher fre-
quency of OVA-specific CD8+ T cells than the PBS or PC@gel + 
Laser group. The percentage of neoepitope-specific CTLs after 
PC-Cell@gel + Laser–treated was 13.6-fold higher than that of the PBS 
group (Fig. 4F). In terms of relapse inhibition in mice, the unsatisfied 
outcomes of Cell@gel and PC-Cell@gel may be due to the insuffi-
cient infiltration of these CTLs in tumors. Fortunately, PDT could 

not only systemically synergize the priming of neoepitope-specific 
CTLs but also promote the infiltration of CTLs into tumors by re-
ducing the dense extracellular matrix, which has been reported in 
previous studies including ours (22, 23). Moreover, the population 
of central memory CD8+ T cells was more likely to be affected by 
PDT when examined on day 30 of the antirelapse study, showing 
an average of 4.2-fold increase in PC-Cell@gel + Laser group in 
contrast to the PBS group (fig. S7A). The results suggested that 
PC-Cell@gel coupled with PDT generated long-lasting immune 
response in vivo, potentially supporting the antirelapse efficacy. As 
evaluated by hematoxylin and eosin (H&E) analysis, no appreciable 
injury or inflammation was found in five major organs of C57BL/6 
mice in control and treated groups (fig. S7B).

Furthermore, we performed an antirelapse study on B16-F10-Luc 
tumor–bearing mouse model to evaluate the therapeutic effects of 
P-ATV. Tumor relapse was evaluated via the bioluminescence sig-
nals of B16-F10-Luc cells (Fig. 4, G and H). Similar to the results on 

Fig. 3. PC-Cell@gel induced PDT and DC maturation in vitro. (A) Scheme illustrating the gelation of FK-PBA in vitro. Seeded B16-OVA cells were stained by Hoechst, 
fixed, and sequentially treated with FK-PBA and PC-Cell in 1 mM Na2CO3 solution. (B) 3D construction of PC-Cell@gel on the surface of B16-OVA cells (right). Scale bars, 
200 m. Side view of the 3D structures (left). Scale bars, 50 m. (C) PC-Cell@gel induced ROS production in B16-OVA cells. Scale bars, 20 m. (D) Laser power density–
dependent phototoxicity of PC-Cell@gel. (E) Cell@gel promoted BMDC maturation following increased vaccine cell concentrations. (F) Percentage of CD11c+CD80+ BMDCs 
and (G) CD11c+CD86+ BMDCs after incubated with PC-Cell@gel or laser-pretreated PC-Cell@gel. LPS, lipopolysaccharide. (H) Mice with partially resected CT26-GFP tumors 
were first locally treated with FK-PBA-Cy5.5 or FK-Cy5.5 at 5 mg/ml, respectively. Four hours later, 1 mM Na2CO3 solution was sequentially injected. Tissues in surgical bed 
were collected and sliced for CLSM imaging at 24 hours. Scale bars, 200 m. Data are means ± SD (n = 3). **P < 0.01, ***P < 0.001.
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Fig. 4. P-ATV elicited neoepitope-specific CTLs to inhibit relapse of postoperative B16-OVA and B16-F10-Luc tumors. (A) Treatment schedule of antirelapse study 
in B16-OVA and B16-F10-Luc mouse tumor model. (B) Growth kinetics of recurrent B16-OVA tumors in C57BL/6 mice model (n = 4). (C) Body weight of mice during the 
antirelapse study (n = 4). (D) Fluorescent staining of CD8+ T cells in tumor slices collected from control and treated groups. (E) Lymphocytes isolated from lymph nodes of 
vaccinated mice were determined for the presence of matured DC (CD11c+CD80+CD86+). (F) Frequency of OVA-specific CD8+ T cells in peripheral blood 3 days after the 
second vaccination. (G) Bioluminescence images of B16-F10-Luc tumor–bearing mice collected on days −1, 0, 6, and 15 of the antirelapse study (n = 3). (H) Quantification 
of BLI in tumor surgical bed at desired time points after different treatments (n = 3). (I) Growth curves of relapsed B16-F10-Luc tumors in C57BL/6 mice (n = 6). (J) Survival 
kinetics of postoperative B16-F10-Luc tumor–bearing mice in all groups (n = 6). (K) Bioluminescence images (left) and BLI quantification (right) of lungs collected from 
metastatic B16-F10-Luc mouse model after various treatments (n = 3). Data are means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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the B16-OVA tumor model, PBS and Cell@gel treatments showed 
negligible suppression on the relapse of B16-F10-Luc tumors as 
strong bioluminescence intensity (BLI) was detected in surgical 
bed on day 6. PDT moderately inhibited the relapse of tumors as 
lower BLI and delayed tumor growth kinetics were found in the 
PC@gel + Laser group compared to PBS-treated mice (Fig. 4, H and I). 
Obviously decreased BLI and significantly suppressed tumor re-
currence were observed in mice treated with PC-Cell@gel + Laser 
(Fig.  4I). Prolonged survival duration was achieved in mice 
receiving PC-Cell@gel + Laser in contrast to other groups (Fig. 4J), 
which could attribute to P-ATV–induced antitumor immunity and 
PDT-based scavenge of residual tumor cells. Considering the potential 
risk of tumor metastasis after surgery and PDT, we also evaluated 
the antimetastasis capacity of P-ATVs in a metastatic B16-F10-Luc 
mouse tumor model. Strong bioluminescence signals of metastatic 
lesions were detected in lungs of mice treated by PBS. In stark contrast, 
extremely low intensity in lungs was found in mice with PC-Cell@gel + 
Laser (Fig. 4K). These results indicated that P-ATVs could inhibit 
the metastasis of B16-F10-Luc to lungs by eliciting strong antitumor 
immunity.

P-ATV promoted antitumor immunity in postoperative  
CT26 mouse model
P-ATV is readily transformable to other types of tumors for person-
alized immunotherapy. To prove this, we applied PC-Cell@gel on a 
postoperative CT26 mouse model. First, we investigated the reten-
tion of CT26-derived PC-Cell@gel at injection site in vivo. The 
mice were examined by an IVIS (In Vivo Imaging System) imaging 
system on days 0, 7, 14, 21, and 28 after treated by PC-Cell or 
PC-Cell@gel, respectively. Fluorescent signals were detected in 
both groups, showing a modest decrease of Ce6 intensity in 28 days 
(Fig. 5A). Effectively, a stronger retention signal was observed in 
PC-Cell@gel–treated mice than that of the PC-Cell group from day 14. 
In addition, signal of PC-Cell@gel could still be detected on day 28 
even though its strength decreased by 72% compared with day 0 
(Fig. 5B), indicating that the hydrogel enabled prolonged retention of 
PC-Cells in situ. The long-lasting retention feature of PC-Cell@gel 
is favorable for continuous stimulation of DCs in vivo. Intrigued 
by prolonged retention of the hydrogel vaccine, we investigated the 
influence of PC-Cell@gel on antitumor immune responses in post-
operative CT26 mouse models (Fig. 5C). Tumor necrosis factor– 
(TNF-) and interferon- (IFN-) in mice serum were examined by 
enzyme-linked immunosorbent assay (ELISA) kits on days 3, 6, and 
9 to determine inflammatory status at different stages (Fig. 5, 
D and E). Compared to PBS-treated mice, the secretion of TNF- and 
IFN- was significantly elevated in vaccinated groups after the first 
vaccination. The TNF- and IFN- levels in PC-Cell@gel + Laser–treated 
mice were further enhanced on day 6 after secondary vaccination. 
The cytokine levels in all vaccinated groups were decreased on day 9, 
while mice treated with PC-Cell@gel + Laser maintain higher cytokine 
levels than the other groups. Following the promotion of inflammatory 
status in vivo, the frequency of tumor-infiltrated CD8+ T cells per-
formed a similar trend. Significant elevation of CD8+ T cells was 
found in PC-Cell@gel + Laser group on day 4 and kept >14% over 
12 days (Fig. 5F). The population of CD8+ T cells in the PC@gel + Laser 
group showed a slight decrease on day 12, which was possibly due 
to the lack of sufficient tumor antigens in situ. After immunized 
with Cell@gel or PC@gel + Laser on day 8, the frequency of tumor-
infiltrated CD8+ T cells was modestly increased to 8.22 ± 2.67% and 

11.8 ± 1.16%, respectively. In contrast, PC-Cell@gel + Laser treat-
ment induced significant elevation of CD8+ T cells to 14.5 ± 2.09% 
(Fig. 5G), suggesting that PDT could synergistically amplify the 
activation of CTLs in tumor surgical bed. In addition, vaccination 
with PC-Cell@gel + Laser reduced the population of Tregs in residue 
tumors. The frequency of Tregs decreased from 32.7 ± 3.41% in the 
PBS group to 10.6 ± 2.32% in the final group (Fig. 5H), relieving the 
suppressive effect of Tregs on immunity priming. We further nor-
malized the number of tumor-infiltrated lymphocytes in control 
and treated groups. Cell@gel and PC-Cell@gel induced a modest 
increase of CTLs in tumor, while PC@gel-based PDT performed 
enhanced immune priming effects. The normalized number of infil-
trated CD8+ T cells in PC-Cell@gel + Laser–treated mice was 14.2-
fold higher than that of the PBS group (Fig. 5I). Moreover, the average 
number of functional IFN-+ CD8+ T cells was also significantly 
elevated when immunized by PC-Cell@gel + Laser (Fig. 5J). Although 
the population of Tregs was reduced after the treatment of vaccines, 
the normalized number of Tregs in surgical bed of the PC@gel + Laser 
and PC-Cell@gel + Laser groups was still higher than that of the 
PBS group (fig. S8A), which could be explained by the significantly 
increased number of CD4+ T cells after PDT and vaccination (fig. 
S8B). Fortunately, the elicitation of CD8+ T cells in the PC-Cell@gel + 
Laser group was much stronger than that of Tregs, leading to an 
enhanced CD8+ T cell–to–Treg ratio compared to the other groups 
(Fig. 5K). To investigate the potential cytotoxicity of PC-Cell, we 
examined the effects of PEI and PC-Cell on the viability of tumor-
infiltrated lymphocytes. To avoid the influence of various factors 
in a tumor microenvironment, tumor-infiltrating lymphocytes were 
separated from mice bearing CT26 tumors and cocultured with gra-
dient concentrations of PEI, PEI-Ce6, and PC-Cell at equal content 
of PEI. The potential cytotoxicity of the above suspensions was 
evaluated by an annexin V–fluorescein isothiocyanate (FITC) apoptosis 
detection kit in early stages. The results showed that PEI (5.0 g/ml) 
induced apoptosis in tumor-infiltrated lymphocytes as early as 4 hours, 
while no significant apoptosis of lymphocytes was observed in PEI-
Ce6– and PC-Cell–treated groups at the same time (fig. S9A). The 
viability of lymphocytes was evaluated by a Cell Counting Kit-8 assay 
kit. After incubating for 48 hours, free PEI resulted in a sharply decrease in 
cell viability following increased concentrations. However, much lower 
cytotoxicity on lymphocytes was found in PC-Cell groups (fig. S9B). 
As PEI-Ce6 closely coated on ATVs via electrostatic interaction, it 
could weaken the contact of PEI with lymphocytes, thus potentially 
leading to the decreased cytotoxicity of PC-Cell. Together, these 
results indicated that the designed P-ATV elicited robust antitumor 
immune responses in the postoperative CT26 tumor model.

PDT-motivated vaccination prevented relapse 
of postoperative CT26 tumors
Inspired by the amplified antitumor immunity, we investigated 
therapeutic effects of P-ATV to prevent tumor relapse in partially 
resected CT26 murine models. As primary tumor maintains an 
immunosuppressive microenvironment, the immune responses gen-
erated by directly PDT on primary tumors could be suppressed. 
However, in the treatment of postoperative objects with lifted tumor 
burden, P-ATV could manifestly enhance the therapeutic benefits. 
The vaccine products were injected into the tumor surgical bed and 
irradiated by a 655-nm laser 2 hours later for auxiliary elimination of 
residual tumors (Fig. 6A). Mice immunized with PC-Cell@gel + Laser 
performed delayed tumor relapse as compared to the other groups, 
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Fig. 5. P-ATV promoted antitumor immunity in postoperative CT26 tumor model. (A) Fluorescent imaging of PC-Cell– and PC-Cell@gel–treated mice by subcutane-
ous injection within 28 days. (B) Time course quantification of average fluorescence intensity at injection sites (n = 3). (C) Vaccination schedule for immunotherapy. 
(D) Secretion levels of TNF- and (E) IFN- in serum on days 3, 6, and 9 after treatments, respectively. (F) Frequency of CD8+ T cells in tumor surgical bed on days 4, 8, and 
12 in control and treated groups. (G) Frequency of CD4+ and CD8+ T cells in lymphocytes harvested from tumor surgical bed in control and treated groups on day 8. 
(H) Frequency of Tregs in tumor surgical bed with different treatments on day 8. (I) Weight-normalized number of CD8+ T cells and (J) IFN-+ CD8+ T cells in residue tumors 
of control and treated groups. (K) CD8+ T cell–to–Treg ratio in tumor surgical bed. Data are means ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6. Inhibiting the relapse of postoperative tumor by PC-Cell@gel. (A) Treatment schedule in CT26 recurrent mouse tumor model. (B) Average growth kinetics of 
recurrent tumors after treated by different suspensions (n = 5). (C) Survival percentage of CT26 recurrent tumor-bearing mice in control and treated groups (n = 6). (D) Body 
weight of mice in all groups (n = 5). (E) Serological and physiological-biochemical analysis of vaccinated mice was performed at the end of study (n = 5). 1#, PBS; 2#, 
PC-Cell@gel + Laser. (F) Histological assessment of recurrent tumors. Scale bars, 100 m. (G) TUNEL staining of tumor sections in all groups. Scale bars, 100 m. Data are 
means ± SD. Statistical significance was calculated by one-way ANOVA with Tukey’s post hoc test and log-rank (Mantel-Cox) test (ns, no significance; *P < 0.05, 
**P < 0.01, ***P < 0.001).
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with 40% of mice free of tumor relapse during the monitoring period 
(Fig. 6B). The inhibited tumor relapse correlated with the survival 
of mice. None of the mice survived over 25 days in the other four 
control groups, while significantly prolonged survival of mice was 
found after PC-Cell@gel + Laser treatment (Fig. 6C). Moreover, no 
significant drop in mouse body weight was observed after treatment 
with hydrogel vaccine and PDT (Fig. 6D), indicating that the de-
signed P-ATV is well tolerated by the animal. To further evaluate 
the biosafety of hydrogel vaccine, we performed serological and 
physiological-biochemical analysis in mice (Fig. 6E). Vaccination 
with PC-Cell@gel + Laser showed a negative impact on the number 
of leukocytes, red blood cells, platelets, and hemoglobin in contrast to 
the PBS group. However, the percentage of lymphocytes was properly 
elevated by PC-Cell@gel + Laser, which consisted with the activation of 
antitumor immune responses in tumor surgical bed. High aspartate 
aminotransferase–to–alanine aminotransferase (AST/ALT) ratio and 
total bilirubin (TBL) were detected in PBS-treated mice, while much 
lower AST/ALT ratio and TBL were found in the PC-Cell@gel + 
Laser group, indicating that P-ATV–based therapy could not only 
lift the tumor burden but also potentially reduce liver impairment. 
Decreased level of creatinine was found in the vaccinated groups, 
which may correlate with improved kidney function in mice. No 
significant difference was found in serum lactic dehydrogenase, 
and improved serum glucose was detected in PC-Cell@gel + Laser–
treated mice. The above results provide preliminary investigation 
of the biosafety of P-ATV. H&E staining of recurrent tumors 
demonstrated that the hydrogel vaccine cooperating with PDT 
induced obvious apoptosis/necrosis in tumor cells as a presence of 
nuclear collapse and cytoplasmic rupture (Fig. 6F). Besides, terminal 
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 
nick end labeling (TUNEL) also exhibited that most tumor cells 
were apoptotic after treated by PC-Cell@gel + Laser, while few 
events were found in the PBS group (Fig. 6G). These observations 
indicated that in situ implantation of our hydrogel vaccine was fea-
sible and effective to inhibit relapse of postoperative tumors.

DISCUSSION
In this study, we have demonstrated that an engineered ATV, with 
a feasible producing procedure and tumor-specific gelation prop-
erties for in situ vaccination, can efficiently generate ROS with an 
NIR laser, mature BMDCs to present multiple tumor antigens, mo-
bilize neoepitope-specific CTLs, significantly suppress the relapse 
of residual tumors, and maintain long-lasting immune responses. 
As previously reported, neoepitope-specific T cells can be boosted 
following vaccination with synthetic peptides or mRNA, realizing 
durable therapeutic benefits in partial patients (3, 36). Versatile 
nanoplatforms and scaffolds have been developed to deliver multiple 
tumor-specific antigens (37–40), such as a cocktail of neoantigens 
for cancer immunotherapy (41). Unfortunately, the sequencing and 
scale-up manufacturing of neoantigens are time consuming and 
high priced. It takes several months to identify, confirm, and pro-
duce those vaccines, which is unfavorable for patients with advanced 
tumors. In stark contrast, the production of our P-ATV is convenient 
and practicable to meet the critical time window for malignancy 
control. The autologous tumor cells can not only provide numerous 
antigens to expand multiple T cells but also elicit neoepitope-specific 
T cells for personalized immunotherapy. To overcome the deficiency 
of ATVs alone, ATVs are engineered with PDT to induce abundant 

ROS and timely scavenge residual tumors after surgery. PDT is 
suitable for the treatment of most superficial tumors, while the 
preferred clinical strategy for these tumors is surgery in general. 
The amount of residual tumor cells in primary site varies with the 
operation and tumor’s invasion to adjacent tissues. In practice, most 
tumor tissues are removed by surgery, leading to insufficient antigen 
sources left to prime strong antitumor immunity by PDT. Therefore, 
it is well matched to combine ATVs with PDT to maintain adequate 
antigens in situ. Our designed P-ATVs provide a noninvasive strategy 
for both scavenging residual tumor cells and eliciting effective anti-
tumor immunity. In addition, in situ administration of the hydrogel 
vaccine is readily accessible during the surgical operation for solid 
tumors, releasing the inaccessibility limitation of most therapeutics 
in patients with cancer. Moreover, the tumor-specific gelation of 
FK-PBA fixes antigens and further improves its retention in residue 
tumor regions, which enables sustained immune stimulation and 
may reduce the risk of immune-related adverse effects.

Overall, we demonstrate a promising and powerful strategy to 
design personalized cancer vaccine for postoperative tumor treat-
ment. In the case of future clinical translation, acquiring sufficient 
individual tumor sources to produce vaccine is vital for ensuring 
sustainable therapeutic regimen, and thoroughly investigating the 
biosafety of the hydrogel vaccine is also crucial. Moreover, combining 
P-ATV with immune checkpoint inhibitors may further amplify 
the therapeutic benefits by unleashing the function of CTLs. As the 
urgent demand of personalized approaches for treating individual 
patients, our vaccination strategy mobilizing neoepitope-specific CTLs 
at the site of interest may be generally applicable for postoperative 
treatment of various solid tumors.

MATERIALS AND METHODS
Materials
FK was obtained from Bankpeptide Biological Technology co., Ltd. 
Mercaptophenylboronic acid, chlorin e6, 2,2′-dipyridyl disulfide, and 
lipopolysaccharide (LPS) were purchased from J&K Scientific. PEI 
(Mw = 800 Da) and 2′,7′-dichloro-dihydro-fluorescein diacetate 
(DCFH-DA) were purchased from Sigma-Aldrich. Annexin V–FITC/
propidium iodide (PI) apoptosis detection kit was gained from 
Meilunbio. Co. Ltd. Rhodamine B–labeled phalloidin was purchased 
from Yeasen Biotechnology Co., Ltd. Mice peripheral lymphocyte sep-
aration buffer and red blood cell lysis buffer were purchased from 
Dakewe Biotech Co., Ltd. Anti–TNF- and anti–IFN- ELISA kits 
were obtained from Neobioscience Technology Co., Ltd. Flow cytom-
etry antibodies were purchased from eBioscience, BD Pharmingen, 
and BioLegend. Other chemicals and reagents were analytical graded 
and purchased from Sinopharm Group Chemical Reagent Co., Ltd.

Cell lines and animals
Murine CT26 colorectal cancer cells and B16-OVA melanoma cells 
were obtained from the cell bank of the Chinese Academy of Sciences 
(Shanghai, China). B16-F10-Luc melanoma cells were obtained from 
Shanghai Sciencelight Biology Co., Ltd. CT26 cells were cultured in 
complete RPMI 1640 cell culture medium containing 10% fetal 
bovine serum (FBS) and penicillin G sodium and streptomycin 
sulfate (100 U/ml). B16-OVA and B16-F10-Luc cells were cultured 
in Dulbecco’s minimum essential medium cell culture medium con-
taining 10% FBS and penicillin G sodium and streptomycin sulfate 
(100 U/ml). Cell cultures were maintained at 37°C in 5.0% CO2 
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atmosphere. Four-week-old female BALB/c mice and C57BL/6 mice 
were obtained from the Shanghai Experimental Animal Center 
(Shanghai, China). Animal procedures were carried out under the 
guidelines approved by the Institutional Animal Care and Use 
Committee of the Shanghai Institute of Material Medica, Chinese 
Academy of Sciences.

Synthesis of PEI-Ce6 and FK-PBA
To synthesize PEI-Ce6, 100 mg of Ce6, 143.25 mg of 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide, and 101.25  mg of 
hydroxybenzotriazole were dissolved in 10  ml of anhydrous 
dimethyl sulfoxide (DMSO). The solution was stirred for 1.5 hours 
in the dark and then dropwise added into 800 mg of PEI dissolved 
in 2 ml of DMSO under stirring. The reaction was protected from 
light for 24 hours. The crude product was first dialyzed against 
DMSO, followed by purified water, and then lyophilized. The final 
product was characterized using proton nuclear magnetic resonance 
spectrum examination, and the molecule weight was confirmed by 
gel permeation chromatography. For FK-PBA synthesis, 100 mg of 
mercaptophenylboronic acid and 171 mg of 2,2′-dipyridyl disulfide 
were dissolved in methanol and reacted for 2 hours. The product 
was vacuum-dried and precipitated in n-hexane to get 4-(dipyridyl 
disulfide)-PBA. Then, 50 mg of 4-(dipyridyl disulfide)-PBA and 
200 mg of FK were mixed in 10 ml of methanol and reacted overnight 
at 50°C. The final product, FK-PBA, was purified by precipitation 
in diethyl ether and vacuum-dried for further use. To synthesize 
Cy5.5 labeled FK-PBA and FK, the peptide solutions were reacted 
with N-hydroxysuccinimide ester–modified Cy5.5 for 6 hours. Then, 
the products were dialyzed against ethanol and purified water and 
lyophilized for further use.

Preparation and characterization of PC-Cell
Murine B16-OVA, B16-F10-Luc, and CT26 cells were collected 
from tumor xenografts. Tumors in mice were surgically removed, 
collected, and cut into small pieces with a diameter <1.0 mm in 
biological safety cabinet. Then, cell sources were immersed in RPMI 
1640 cell culture medium containing hyaluronidase (100 U/ml), 
collagenase IV (175 U/ml), and deoxyribonuclease (DNase) (30 U/ml) 
for 30 min at 37°C. The cell suspensions were filtered with a 75-m 
filter. After that, the tumor cells were precipitated and redispersed 
in 100 M HClO solutions for 1 hour at 37°C and then transferred 
to 4°C for 1 hour. The HClO-treated tumor cells were gently washed 
by cold PBS and redispersed in PBS at a concentration of 1 × 107/ml. 
The suspensions were completely frozen at −30°C for 30 min and 
thawed at 4°C. The freeze-thaw cycle was repeated twice, and cell 
viability was examined by live/dead staining assay. Then, PEI-Ce6 
(1.5 mg/ml) was added and the mixture was gently shaken at 37°C, 
120 rpm for 20 min to get the final product PC-Cell. To detect the 
loading efficiency of Ce6 in PC-Cell, the standard curve of Ce6 and 
PEI-Ce6 was first constructed by a fluorescence spectrophotometer 
[Ex (excitation)/Em (emission): 405 nm/676 nm]. On the basis of the 
standard curve, the cell number of PC-Cell was counted and the loading 
efficacy of Ce6 was detected after the ultrasonic decomposition of 
PEI-Ce6.

For morphology investigation of oxidized autologous tumor cell 
and PC-Cell, SEM samples were prepared as following steps. The 
samples were fixed in 4% paraformaldehyde, washed twice with 
purified water, and dehydrated with gradient increased ethanol. 
The products were dropped on the silicon wafer, vacuum-dried, 

and examined by SEM. To verify the protein contents in PC-Cell 
complexes, SDS-PAGE electrophoresis of extractive proteins was 
performed. PC-Cell complexes manufactured from CT26 and 
B16-OVA cells were first treated with or without a 655-nm laser at 
a power density of 300 mW/cm2 for 5 min. Then, proteins in all 
samples were extracted, and electrophoresis was carried out at a 
voltage of 80 V. After that, the gels were treated by Coomassie blue 
staining and decolorized until the protein strips were clearly dis-
played. Last, the gel samples were examined by the Bio-Rad MP 
Imaging System. For Western blot analysis, protein samples were 
obtained from an equal number of tumor cells, oxidized tumor 
cells, and PC-Cell. The proteins were separated by electrophoresis, 
transferred to a nitrocellulose membrane, and incubated against 
primary antibodies. Then, the protein shift bands were stained by 
horseradish peroxidase–conjugated secondary antibodies and 
visualized by the Bio-Rad MP Imaging System. To investigate the 
dynamic formation of PC-Cell, cells were cultured with PEI-Ce6 
solution for different time durations. Then, the PC-Cell complexes 
were separated at desired time points and dispersed in 20 mM 
Hepes for -potential measurement. Blank cells without PEI-Ce6 
were set as start point.

Generation of ROS and phototoxicity
The generation of ROS after laser irradiation was determined by 
using the ROS fluorescent probe SOSG. To evaluate the influence of 
Ce6 concentration and laser power density on ROS production, 
100 M SOSG was dissolved in 100 l of PC-Cell@gel. The Ce6 con-
centration was set at 0, 5, 10, 15, and 20 g/ml, respectively. The 
samples were irradiated by a 655-nm NIR laser with gradient power 
density for 1 min. The fluorescent intensity of SOSG after treatments 
was examined by a microplate reader (Ex/Em: 504 nm/525 nm) 
(PerkinElmer, USA). To determine the effect of irradiation duration 
on ROS production, the laser power density was fixed at 300 mW/cm2, 
and Ce6 concentration was 10 g/ml. The samples were exposed to 
laser irradiation for 1, 3, 5, 7, and 10 min, respectively.

To examine the PC-Cell@gel–based ROS generation in vitro. 
B16-OVA cells were seeded on glass dishes at a density of 3 × 104 
cells per well overnight. The cells were treated by 10 M DCFH-DA 
(Ex/Em: 488 nm/520 nm) and PC-Cell@gel at an identical Ce6 con-
centration of 10 g/ml for 30 min. Then, selected groups were 
irradiated by an NIR laser at a power density of 300 mW/cm2 for 
5 min. After that, nucleus and F-actin of the cells were stained by 
4′,6-diamidino-2-phenylindole (Ex/Em: 405 nm/460 nm) and 
phalloidin, respectively, and examined by CLSM (Leica TCS-SP8 
STED, Germany).

For phototoxicity examination, the B16-OVA cells were seeded at 
5000 cells per well in 96-well plates for 24 hours. The cells were treated 
with increased gradient concentration of PC-Cell@gel and cultured for 
6 hours. After that, the cells were irradiated by a 655-nm laser for 1 min at 
a series of power densities. With another continuous incubation for 
24 hours, the viability of B16-OVA cells was evaluated by MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay.

DC maturation in vitro
To investigate the effects of PC-Cell@gel on DC maturation in vitro, 
BMDCs were generated from the bone marrow of 6-week-old 
C57BL/6 mice with particular cytokines. On the fifth day, immature 
BMDCs were treated with Cell@gel, PC-Cell@gel, laser-pretreated 
PC-Cell@gel, and LPS and cultured for another 24 hours. LPS-treated 



Fang et al., Sci. Adv. 2020; 6 : eaba4024     19 June 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 13

BMDCs (1.0 g/ml) were set as positive control. Anti–CD80-PE 
and anti–CD86-PE antibodies were used in individual groups to avoid 
the interference of Ce6. The maturation of BMDCs was examined 
by using a FACSCalibur flow cytometer (BD Biosciences, USA).

Postoperative tumor models and treatments
The antitumor effect of the PC-Cell@gel coupled with PDT was 
performed in postoperative CT26, B16-OVA, and B16-F10-Luc 
mouse tumor models. To establish the tumor-bearing mice, 4-week-old 
BALB/c mice or C57BL/6 mice were subcutaneously injected with 
1 × 106 of CT26 cells, B16-OVA cells, or B16-F10-Luc cells in the 
right flank, respectively. The tumors of mice were partially removed 
when the tumor volume reached 300 mm3. All mice were randomly 
divided into five groups: PBS, Cell@gel, PC@gel + Laser, PC-Cell@gel, 
and PC-Cell@gel + Laser group. The mice were treated with 
FK-PBA (10 mg/ml) in surgical bed for 4 hours and sequentially 
treated by PC-Cell at an equal Ce6 dose of 1.0 mg/kg. The dosage of 
Ce6 for per mouse is ~20 g. According to the loading efficacy of 
PEI-Ce6, 1.0 × 106 of tumor cells were able to load ~14.7 g of Ce6. 
Therefore, it can be calculated that the number of cells used for one 
mouse in a single treatment is ~1.36 × 106. More than 1.0 × 107 of 
tumor cell sources could be collected from a resected tumor of 300 mm3, 
which enabled a dosing regimen more than seven times. The mice 
in desired groups were irradiated by a 655-nm laser at 300 mW/cm2 
for 5 min at injection site. The treatment procedure was repeated 
three times at a time interval of 4 days. Tumor growth and body 
weight change of mice were carefully monitored every 2 days. Tumor 
volume was calculated by using the formula: V = L × W × W/2 (L, 
the longest dimension; W, the shortest dimension). Bioluminescence 
images of B16-F10-Luc tumor relapse mice were obtained by using 
an IVIS imaging system at desired time points (PerkinElmer, USA). 
At the end of the antitumor study, the tumors and major organs 
(e.g., heart, liver, lung, spleen, and kidney) were harvested, fixed, 
dehydrated, and subjected to H&E and TUNEL staining. For long-
term survival study, the mice were treated as above, and an event 
was recorded in the case that the tumor exceeded 2000 mm3 or if the 
mice performed either death or pathologic behaviors.

Immunoassay
Surgeries were performed on CT26-bearing BALB/c mice or B16-
OVA-bearing C57BL/6 mice to construct postoperative tumor models. 
The mice were randomly grouped, treated with PBS or hydrogel 
vaccine, and irradiated by a 655-nm laser at 300 mW/cm2 for 5 min 
in desired groups. At desired time points, the tumor surgical regions 
were harvested, cut into small pieces, and immersed in the solution 
of hyaluronidase (100 U/ml), collagenase IV (175 U/ml), and DNase 
(30 U/ml) for 30 min at 37°C. The tumor suspensions were filtered 
through 75-m filters and enriched using lymphocyte separation 
medium. Last, the separated lymphocytes were stained with anti-
bodies according to the manufacturer’s protocols.

To evaluate the activation of neoepitope-specific CD8+ T cells 
after vaccination, hydrogel vaccines were derived from oxidized 
B16-OVA cells, and C57BL/6 mice were subcutaneously treated 
with PBS, Cell@gel, PC@gel + Laser, PC-Cell@gel, and PC-Cell@gel + 
Laser. The mice were vaccinated twice on days 0 and 5. Blood and 
lymph node samples were harvested on day 8. Lymphocytes in 
lymph nodes were separated and stained with anti–CD11c-FITC, 
anti–CD80-PE, and anti–CD86-PE-Cy7. Lymphocytes derived from 
mice blood were stained with anti–CD3-PerCP-Cy5, anti–CD8-FITC, 

and H-2Kb OVA-tetramer-PE. After incubation in the dark for 
40 min, the samples were analyzed by flow cytometry. For long-term 
memory effect analysis, the lymph nodes of vaccinated mice were 
collected on day 30. Lymphocytes were enriched, washed, and stained 
to determine the percentages of central memory CD8+ T cells by 
flow cytometry.

Statistical analysis
Data are given as the mean ± SD. The statistical significance was 
displayed by one-way analysis of variance (ANOVA) with Tukey’s 
post hoc test and two-sided unpaired Student’s t test. Comparisons 
of survival rates were calculated by the log-rank (Mantel-Cox) test. 
Statistical significance was set as follows: *P < 0.05, **P < 0.01, 
***P < 0.001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/25/eaba4024/DC1

View/request a protocol for this paper from Bio-protocol.
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