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A B S T R A C T   

In situ vaccine (ISV) is a promising immunotherapeutic tactic due to its complete tumoral antigenic repertoire. 
However, its efficiency is limited by extrinsic inevitable immunosuppression and intrinsic immunogenicity 
scarcity. To break this plight, a tumor-activated and optically reinforced immunoscaffold (TURN) is exploited to 
trigger cancer immunoediting phases regression, thus levering potent systemic antitumor immune responses. 
Upon response to tumoral reactive oxygen species, TURN will first release RGX-104 to attenuate excessive 
immunosuppressive cells and cytokines, and thus immunosuppression falls and immunogenicity rises. Subse-
quently, intermittent laser irradiation-activated photothermal agents (PL) trigger abundant tumor antigens 
exposure, which causes immunogenicity springs and preliminary infiltration of T cells. Finally, CD137 agonists 
from TURN further promotes the proliferation, function, and survival of T cells for durable antitumor effects. 
Therefore, cancer immunoediting phases reverse and systemic antitumor immune responses occur. TURN ach-
ieves over 90 % tumor growth inhibition in both primary and secondary tumor lesions, induces potent systemic 
immune responses, and triggers superior long-term immune memory in vivo. Taken together, TURN provides a 
prospective sight for ISV from the perspective of immunoediting phases.   

1. Introduction 

In situ vaccine (ISV) is an emerging immunotherapeutic tactic owing 
to it can induce complete tumoral antigen exposure, including the 
evolving tumor antigen arrays, to amplify and broaden antigen-specific 
T cells [1–4]. Attributed to tumor-infiltrating DCs uptake of tumor an-
tigens from dying tumor cells, ISV could construct in situ tumor antigen 
repository in the tumor microenvironment (TME) itself rather than 
selecting, purifying, and preparing, thus provoking an adaptive immune 
response [5,6]. ISV was highly expected to achieve effective tumor 
growth control, tumor progress regression, and even tumor lesion 
elimination. However, it was submitted to multiple resistance inevitably 
when the tumor became visible, which meant the immunoediting phases 
had deteriorated from “elimination” or “equilibrium” to “escape” 
[7–11]. 

The “escape” immunoediting phase was composed of the combina-
tion of the extrinsic mechanism, immunosuppression triggered severe T 
cell dysfunction, and the intrinsic mechanism, low immunogenicity 
induced scarce T cell infiltration. In detail, the extrinsic tumor immu-
nosuppressive microenvironment, including immunosuppressive cells 
and cytokines, would promote tumor growth out of control and lead to 
the silence of the immune system. It had been reported that regulating 
the proportion or function of myeloid-derived suppressor cells (MDSCs), 
tumor-associated macrophages (TAM), and regulatory T cells (Tregs) 
could contribute to immunosuppression amelioration and tumor burden 
remission [12–16]. Liver-X nuclear hormone receptors (LXRα and LXRβ) 
agonists have been reported to activate the LXR/ApoE axis to inhibit the 
survival of MDSCs and reduce their abundance [17]. As an effective 
LXR-β agonist, the application of RGX-104 on MDSCs might represent a 
practical strategy for immunosuppression relief. However, 
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immunosuppression amelioration alone was difficult to eliminate tumor 
lesions due to tumor antigens scarcity. 

The intrinsic scarcity of tumor antigens led to poor tumor recognition 
and cytotoxicity of T cells. Recently, radiotherapy [18,19], chemo-
therapy [20,21], and phototherapy [22–25] have been reported to 
promote tumor antigen exposure in TME, thus improving the immuno-
genicity of ISV. Among them, photothermal therapy (PTT) has emerged 
as a novel ISV paradigm due to its high selectivity, low systemic toxicity, 
and limited therapeutic resistance [26–29]. In addition, the local heat of 
tumor lesions could accelerate blood flow, increase vascular perme-
ability, and relieve interstitial pressure to facilitate the preliminary 
infiltration of T cells [30]. Effective PTT was dependent on the photo-
thermal agents with superior photothermal conversion ability and 
photothermal stability. As a natural melanin analog, polydopamine 
nanoparticles (PDA Nps) exhibited superior biodegradability and good 
biocompatibility, which endowed its potential application in organisms 
[31]. In addition, hydrophilic PDA Nps displayed effective photothermal 
conversion ability and excellent photothermal stability upon 
near-infrared (NIR) irradiation, which allowed it wide exploration in 
photothermal therapy [32]. Finally, PDA Nps could be prepared by 
simple self-polymerization with alkaline water, which facilitated in-
dustrial production [33]. However, the exposure of tumor antigens after 
PTT was insufficient of inducing a potent and durable systemic immune 
response for minimal tumor residues or tumor elimination [34]. Potent 

and durable systemic immune responses relied on the extensive infil-
tration, potent effector function, and durable viability of cytotoxic T 
cells to initiate the formation of pivotal antitumor immune memory. 
Direct T cells agonists, such as CD137 agonists, might provide a poten-
tial strategy to achieve those goals. CD137, a member of the tumor ne-
crosis factor receptor superfamily, was mainly expressed on CD4+ and 
CD8+ T cells as a significant co-stimulatory factor for powerful T cell 
proliferation, activation, effector function, and survival [35,36]. How-
ever, it would cause hepatotoxicity when administered systemically, 
which supported the imminence of local CD137 agonists administration 
for sustained release [37]. 

Herein, we exploited a tumor-activated and optically reinforced 
immunoscaffold (TURN) to trigger local cancer immunoediting phases 
regression and lever a potent systemic antitumor immune response 
(Fig. 1A and B). It will unshackle extrinsic inevitable immunosuppres-
sion steadily and improve intrinsic immunogenicity scarcity stepwise, 
which could evoke a sequentially enhanced cascade amplification of T 
cells-dependent antitumor effects to reverse “escape” immunoediting 
phases to “equilibrium”, or further to “elimination” with single TURN 
administration (Fig. 1C). In detail, upon being responsive to reactive 
oxygen species (ROS), TURN would first release RGX-104 that induced a 
decline of immunosuppressive cells (MDSCs, etc.) and cytokines (IL-10, 
etc.) to mitigate the extrinsic obstacle of ISV [38]. The relief of immu-
nosuppression would convert immunoediting phases from “escape” to 

Fig. 1. TURN triggered local cancer immunoediting phases regression and levered a potent systemic antitumor immune response. A) Chemical structures and 
synthetic routes of the hydrogel scaffold matrix, OHA and γPGA-S-ADH. B) Compositions and preparation of TURN. C) The concrete working principle of TURN to 
reverse cancer immunoediting phases. D) The cancer immunoediting phases progress with or without TURN treatment. Source materials of scheme illustration come 
from the website of app.Biorender.com. 
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“equilibrium”, thus paving the way for the following “elimination” 
through immunogenicity improvement. Subsequently, the accumulated 
photothermal agents (phase change materials coated polydopamine 
nanoparticles) were ignited by laser irradiation to induce tumor cell 
death and trigger abundant tumor antigens release stepwise for immu-
nogenicity improvement, which would prompt tumor-infiltrating DCs to 
recruit T cells spontaneously for launching an adaptive immune 
response. Finally, CD137 agonists released from TURN would further 
promote the proliferation, survival, and function of tumor-infiltrating T 
cells [39,40]. Profited from continuously removing the extrinsic 
obstacle and termly unshackling the intrinsic obstacle, TURN reversed 
local tumor immunoediting phases, launched a systemic antitumor im-
mune response, and initiated long-term immune memory (Fig. 1D). 
Taken together, TURN was a broad-spectrum vaccine tactic with pros-
pect and provided a novel sight for ISV from the perspective of 

immunoediting phases regression. 

2. Results and discussion 

2.1. Preparation and characterization of the long-term photothermal 
agent repository 

Polydopamine nanoparticles (PDA NPS) were coated with phase 
change materials to obtain PL NPS, which avoided them being degraded 
in a hydrogen peroxide (H2O2) environment and had no impact on their 
photothermal conversion ability. In brief, PDA NPS were prepared via 
auto polymerization of dopamine in an alkalescent Ethanol-Water so-
lution [41], whose average hydrodynamic dimension was 120.1 ± 1.8 
nm (PdI: 0.113 ± 0.013). The spherical uniform morphologies of PDA 
NPS were observed by transmission electron microscope (TEM) 

Fig. 2. Characterization of the long-term photothermal agent repository. Size distribution and TEM images of A) PDA NPS and B) PL NPS. Scale bars, 200 nm. C) Size 
stability test of PL NPS within one week. D) DSC heat curves of LA, SA, and LSC. E) Thermal images and F) Temperature change curves of PL NPS at various 
concentrations (0, 25, 50, 100, 200, 400 μg/mL) under 808 nm laser (2 W/cm2) for 10 min. G) Temperature change curves of PDA and PL NPS at 100 μg/mL under 
808 nm laser (2 W/cm2) for 10 min. H) On-off cycles of PL NPS. I) Temperature change ratios of PDA and PL NPS after being treated with hydrogen dioxide (5 μM) at 
different times. J) SEM image of PL-loaded hydrogel. K) Rheological properties of PL-loaded hydrogel. L) Photothermal effect of NS, G-PDA, and GP in vivo. (Data are 
presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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(Fig. 2A). PL NPS were obtained by wrapping PDA with a mixture of 
lauric acid (LA), stearic acid (SA), lecithin, and DSPE-mPEG2000. The 
size distribution of PL NPS was 181.0 ± 2.5 nm (PdI: 0.292 ± 0.010) 
(Fig. 2B). Subsequently, the stabilities of PL NPS in PBS were detected 
periodically. Results showed that PL NPS were still around 200 nm, 
which meant they were stable for at least one week (Fig. 2C). 

The differential scanning calorimetry (DSC) heat curve showed that 
the peak melting temperature of LA and SA was 44.7 ◦C and 70.4 ◦C, 
respectively. The eutectic crystal of LA and SA displayed a lower peak 
melting temperature, which was 40.6 ◦C (Fig. 2D). Subsequently, we 
investigated the photothermal effect of PL NPS with different concen-
trations (0, 25, 50, 100, 200, and 400 μg/mL). They were irradiated with 
an 808 nm laser (2 W/cm2, 10 min) and detected by an infrared thermal 
imaging camera. The images and temperature change curves of PL NPS 
(Fig. 2E and F) showed their concentration-dependent photothermal 
conversion capacities. The photothermal conversion abilities of PDA and 
PL NPS (100 μg/mL) were explored next and they had no statistical 
differences as shown in Fig. 2G, which meant the coats would have no 
impact on the photothermal effect of PDA. Five on-off processes were 
performed to determine the thermal stability of PL NPS at 100 μg/mL 
(Fig. 2H and Fig. S1). The parallel maximal temperature change and 
temperature change rate of five cycles indicated their outstanding 
thermal stabilities. Former studies showed that PDA NPS could be 
degraded by tumoral abundant H2O2, which might hinder their reten-
tion at the tumor site for photothermal conversion performance [41,42]. 
Therefore, we explored whether the degradation of PL NPS could be 
decelerated in H2O2. PDA and PL NPS (100 μg/mL) were stirred with 
H2O2 (5 mM) separately for 24 h. The image exhibited PDA NPS would 
form sedimentation on the bottom (Fig. S2). Moreover, PDA NPS dis-
played a lighter color than PL NPS after shaking. Subsequently, we 
examined the photothermal conversion effect of PDA and PL NPS after 
being treated with H2O2 (5 mM). The ratio of the temperature change of 
sometime (ΔTx) to that of 0 h (ΔT0) was utilized to evaluate the 
H2O2-induced change of the photothermal conversion effect. The spe-
cific value of PDA NPS was down to nearly 70 % while that of PL NPS 
was still more than 90 %, which supported the coats could decelerate the 
degradation of PDA NPS (Fig. 2I). 

To construct a long-term photothermal agent repository with only 
one administration, a hydrogel was synthesized and prepared as in 
previous studies [43]. The image of hydrogel and PL-loaded hydrogel 
was shown in Fig. S3. The scanning electron microscope described the 
loose porous structure of PL-loaded hydrogel (Fig. 2J). Additionally, 
rheological characteristics of hydrogel and PL-loaded hydrogel were 
assessed by detecting storage modulus G′ and loss modulus G″ in Fig. 2K 
and Fig. S4. Hydrogel loaded with PL didn’t affect its gelation time. 

To verify the retention of the long-term photothermal agent re-
pository in vivo, the hydrogel was implanted subcutaneously in BALB/c 
mice to evaluate its degradation behavior. There was still an apparent 
hydrogel boundary at the injection site 7 days post-injection. Further-
more, hydrogel residue could also be observed on the 14th day (Fig. S5), 
which indicated the hydrogel had a durable degradation period. In 
addition, normal saline (NS), PDA-loaded hydrogel (G-PDA), or PL- 
loaded hydrogel (GP) was injected peritumorally in 4T1 tumor- 
bearing mice to monitor their photothermal conversion capacities via 
photothermal imaging in vivo [44]. There was almost no temperature 
change in NS while mice of G-PDA and GP exhibited temperature rise 
after administration (Fig. 2L). Consistent with what had been detected in 
H2O2 in vitro, the temperature of GP raised higher than that of G-PDA at 
96 h and 144 h, which might be due to the excellent H2O2 tolerance 
ability of PL. 

Stimulus-activated drug delivery systems have prevailed in 
designing safer, more precise, and more intelligent drug carriers for 
better realization of tumor therapies [45,46]. To evaluate the 
ROS-responsive drug release of the hydrogel scaffold, RGX-104 and 
BSA-FITC (a model protein) were both loaded into the hydrogel and 
shaken in PBS with or without 1 mM H2O2 at 37 ◦C, 90 rpm for 144 h. As 

shown in Fig. S6, the release rate of RGX-104 was 23.31 % ± 3.66 % 
when the scaffold was shaken at PBS for 96 h, while it reached 91.93 % 
± 0.59 % when the scaffold was shaken at PBS containing 1 mM H2O2 
over the same period, which suggested the rapid release of RGX-104 
from the scaffold under high redox conditions. The release profile of 
BSA-FITC exhibited the same trend as that of RGX-104. In detail, the 
release rate of BSA-FITC was over 90 % in PBS for 120 h, while it was 
lower than 20 % in PBS containing 1 mM H2O2 (Fig. S7). These data 
proved the tumor ROS-activated release behavior of the scaffold. In 
addition, the release rate of RGX-104 from the scaffold was over 50 % 
within 24 h while BSA-FITC required more than 48 h to achieve 50 %, 
which indicated the hydrogel scaffold enabled the cascade release of 
different cargoes. 

2.2. TURN promoted DCs maturation and MDSCs decline in vitro 

Cell viabilities of PDA and PL NPS on 4T1 cells were evaluated by 
MTT assay (Figs. S8 and 9). The cell viability remained about 90 % when 
4T1 cells were incubated with PL NPS at 200 μg/mL without laser, while 
it was lower than 60 % when 4T1 cells were treated with PDA NPS. 
Additionally, the cell viabilities of PDA and PL NPS on CT26 cells were 
also detected (Fig. S10). Subsequently, we explored whether PL NPS 
could induce 4T1 apoptosis in vitro (Fig. 3A). The apoptosis ratios of 4T1 
co-incubated with free medium and PL NPS were both about 9 % while 
that of PL NPS raised to 40 % after irradiation (Fig. 3B). 

Utilizing RGX-104 in vitro, we found it could regulate MDSCs abun-
dance, similar to reported before [17,38]. In brief, 4T1 cells and MDSCs 
were treated with a concentration gradient of RGX-104, respectively. 
RGX-104 showed just modest toxicity to 4T1 at 4 μM (Fig. S11) while it 
could significantly reduce the ratio of MDSCs, which represented its 
excellent inhibition of MDSCs (Fig. 3C and D). 

To explore whether the function of CD137 agonists would be 
impaired upon laser irradiation, splenic T cells were separated and 
cultured with CD137 agonists or heat-pretreated CD137 agonists (42 ◦C, 
10 min) for 72 h. Subsequently, the memory, early activation, and 
effector function of splenic T cells were measured by flow cytometry. 
CD137 agonists and heat-pretreated CD137 agonists both improved the 
proportions of CD44+CD4+ (Fig. S12A) and CD44+CD8+ (Fig. S12B) 
memory T cells when compared with the control group. The results in 
Figs. S12C and D demonstrated that CD137 agonists could effectively 
improve the early activation of CD4+ T cells (CD137 agonists vs NS: 
38.18 % ± 1.77 % vs 79.26 % ± 1.52 %) and CD8+ T cells (CD137 ag-
onists vs NS: 34.60 % ± 1.27 % vs 51.39 % ± 1.60 %). There were 
negligible differences between CD137 agonists and heat-pretreated 
CD137 agonists. Finally, the effector function of T cells was evaluated 
with the proportion of IFN-γ+ T cells (Figs. S12E and F). Compared to the 
control group, both CD137 agonists and heat-pretreated CD137 agonists 
exhibit similar improvement of CD8+IFN-γ+ T cells rather than 
CD4+IFN-γ+ T cells. These results all indicated that CD137 agonists 
could promote the early activation, memory, and effector function of 
splenic T cells, and mild photothermal therapy rarely affected their 
activities. 

As the key antigen-presenting cells, mature DCs are indispensable to 
the initiation of the adaptive immune response. However, this progress 
is often impeded by MDSCs. We thus explored whether TURN could 
promote DC maturation and decrease MDSCS abundance in vitro 
(Fig. 3E). DC maturation was detected in several groups: I) free medium; 
II) Gel only (Gel); III) PL-loaded gel without laser irradiation (GP); IV) 
PL-loaded gel with laser irradiation (GP + L); V) CD137 agonists, RGX- 
104 and PL-coloaded gel without laser irradiation (GPCR); or VI) CD137 
agonists, RGX-104 and PL-coloaded gel with laser irradiation (TURN-
TURN). Among them, free medium, Gel, and GP displayed similar 
mature DCs ratios while GP + L was higher, which might be caused by 
mild PTT-prompted tumor antigens release (Fig. 3F). Moreover, TURN 
showed more mature DCs than the others, which meant TURN did 
promote effective DCs maturation in vitro (Fig. 3G). In addition, the 
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abundance of MDSCs within TME is related to the immune “escape” 
phase. Herein, we verified TURN could reduce MDSCs abundance in 
vitro. Compared with the free medium, the ratio of MDSCs was decreased 
in GP + L, GPCR, and TURN (Fig. 3H and I), which meant both PTT and 
RGX-104 could reduce the proportion of MDSCs. Furthermore, TURN 
displayed the lowest MDSCs ratio (TURN vs NS: 12.05 ± 1.14 vs 29.88 ±
0.44, p < 0.0001), which supported TURN could gain control over 
MDSC. 

2.3. TURN inhibited local tumor progress in vivo relying on cancer 
immunoediting phases regression 

Extrinsic inevitable immunosuppression and intrinsic immunoge-
nicity scarcity within triple-negative breast cancer often led to it being a 
“cold” tumor with severe immune escape and terrible tumor progres-
sion. We thus established 4T1 tumor-bearing mice to determine whether 
TURN could reverse cancer immunoediting phases from “escape” to 
“equilibrium”, and even “elimination”. Specifically, 4T1 tumor-bearing 
mice received different in situ treatment options as follows: I) Normal 
saline (NS); II) Gel; III) GP; IV) GP + L; V) GPCR; or VI) TURN (Fig. 4A). 

Tumor volume and body weights (Fig. S13) of mice receiving several 
treatment options were monitored and recorded. As shown in Fig. 4B, 
NS, Gel, GP, and GP + L could not inhibit 4T1 tumor progress, while 
GPCR and TURN inhibited tumor growth significantly. Compared with 
GPCR (66.90 %), TURN (91.73 %) displayed a higher tumor inhibition 
rate. It might be due to the release of tumor antigens or remodeling of 
the tumor immune microenvironment rather than direct tumor ablation. 
Individual tumor volume curves (Fig. S14) and maximal change of 
tumor volume (Fig. 4C) also supported that TURN could inhibit tumor 
progress significantly. In line with tumor volume, median survival was 
also observed and there was no significance among NS, Gel, GP, and GP 
+ L. Nonetheless, GPCR and TURN prolonged median survival signifi-
cantly. The survival rate of TURN was still kept at 16.67 % after 60 days 
post-tumor inoculation (Fig. 4D). In addition, H&E staining (Fig. S15) 
and serum biochemistry analysis (Fig. S16) of different groups showed 
TURN had no obvious systemic toxicity. Hemolysis assay also exhibited 
that the hydrogel scaffold would not cause hemolysis (Fig. S17). In 
summary, TURN could gain control over tumor regression effectively. 

To explore the antitumor mechanism of TURN, we analyzed the 
immune landscape of tumors with different treatments (Fig. 4E). Given 

Fig. 3. TURN promoted DCs maturation and inhibited MDSCs abundance. A) Representative flow cytometry charts and B) statistical analysis of apoptosis cells in 
different groups. C) The flow cytometric analysis of MDSCs after incubation with RGX-104 at different concentrations and their D) statistical analysis. E) Scheme 
illustration of DC maturation and MDSC induction in vitro. F) Flow cytometry plots and G) statistical analysis of mature DCs with different treatments. The groups 
were I) free medium, II) Gel, III) GP, IV) GP + L, V) GPCR, and VI) TURN. H) MDSCs abundance detected by flow cytometry and I) its quantitative analysis. (Data are 
presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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Fig. 4. TURN inhibited local tumor progress and reversed cancer immunoediting phases. A) Scheme illustration of the subcutaneous 4T1 tumor models (n = 5). Mice 
were treated with I) NS, II) Gel, III) GP, IV) GP + L, V) GPCR, and VI) TURN. B) Tumor volume curves of different groups. C) Maximal fold changes of tumor volume 
before and after administration. D) Survival curves of tumor-bearing mice after different treatments. E) Scheme illustration of TURN-induced cancer immunoediting 
phases regression (n = 3). F) Flow cytometry charts and G) statistical analysis of DCs within TME. H) DCs maturation within TME. I) Infiltration and J) activation of 
CD3+ T cells in TME. K) The percentage and L) The flow cytometric plots of CD8+ T cells gated on CD3+ T cells. M) MDSCs detected by flow cytometry. Quantitative 
analysis of N) NK cells, O) MDSCs, and P) TAMs in tumor. Q) The ratio of M1 to M2. R) Quantitative analysis of Tregs in TME. S) Tumoral cytokines (IFN-γ, IL-10, and 
TGF-β) heatmap. T) Scheme illustration of T cells depleted, subcutaneous 4T1 tumor model (n = 5). U) The tumor volume and V) survival curves of mice with 
different treatments. (Data are presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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immunogenicity improvement would affect DC-T cell interaction- 
dependent adaptive immune responses, we hypothesized that DC-T 
cell crosstalk was crucial for TURN-reversed cancer immunoediting 
phases. The infiltration of DCs in GP + L (16.53 % ± 0.62 %) and TURN 
(17.63 % ± 1.72 %) exceeded that of NS (9.79 % ± 1.01 %) signifi-
cantly, which might be related to laser irradiation-triggered tumor an-
tigens exposure (Fig. 4F and G). In addition, DC maturation in TME 
showed similar trends with DC infiltration (Fig. 4H and Fig. S18). 
Moreover, tumor-infiltrating T cells were also observed. GP + L, GPCR, 
and TURN displayed an elevated ratio of T cells compared with the 
others (Fig. 4I). Matching the above analysis, CD69+ activated T cells 
were also related to laser irradiation because both GP+L and TURN 
owned more activated T cells than the other (Fig. 4J and Fig. S19). As 
shown in Fig. 4K and L, CD8+ T cells in TURN were almost twice more 
than NS (TURN vs NS: 35.73 % ± 5.66 % vs 12.23 % ± 3.26 %, p <
0.0001). In addition, TURN also improved tumor-infiltrating NK cells 
(Fig. 4N and Fig. S20). 

Typical tumor-infiltrating immunosuppressive cells, for example, 
MDSCs, M2 macrophages, and regulatory T cells (Tregs) were all 
monitored to explore whether TURN could unshackle extrinsic inevi-
table immunosuppression. The change of MDSCs in vivo (Fig. 4M and O) 
was similar to what had been depicted in vitro (Fig. 3H and I). Gel (20.64 
% ± 2.47 %) and GP (20.91 % ± 0.97 %) showed an increased ratio of 
MDSCs compared with NS (18.21 % ± 0.59 %). On the contrary, GP + L 
(17.23 % ± 0.67 %) showed a reduced MDSCs ratio than GP, which 
meant mild PTT could downregulate MDSCs to a certain extent. Addi-
tionally, GPCR (15.18 % ± 0.35 %) and TURN (12.77 % ± 0.78 %) 
further reduced the MDSCs ratio due to RGX-104. TURN integrated the 
function of RGX-104 and mild PTT and displayed the lowest MDSCs 
proportion, which indicated TURN could decrease MDSCs abundance 
within TME significantly. The other two immunoinhibitory cells, TAM 
and Tregs, were also analyzed in our study. Among them, TAM 
decreased sharply only in GPCR and TURN (Fig. 4P and Fig. S21). The 
ratio of M1 and M2 macrophages (Fig. 4Q and Fig. S22) in TAM was 
calculated. TURN showed an elevated M1/M2 ratio than the others, 
which could be explained by immunogenicity improvement-induced M1 
increase and immunosuppression relief-induced M2 decrease. GP + L 
and TURN improved the ratio of Tregs compared with GP and GPCR, 
respectively. However, TURN showed fewer Tregs than GP + L sup-
porting that TURN could change Tregs abundance to a certain extent 
(Fig. 4R and S23). 

Tumoral cytokines were another evaluation indicator of the immune 
state within TME, we thus monitored tumoral IL-10, TGF-β1, and IFN-γ 
(Fig. 4S). TURN reduced IL-10 and TGF-β1 supporting that TURN could 
reverse immunosuppression successfully. Furthermore, TURN caused 
the highest tumoral IFN-γ concentration supporting that TURN could 
improve immunogenicity and reverse the cancer immunoediting phases. 

T cells were the main force against tumor progress. Hence, we uti-
lized depletion antibodies against CD4+ T cells or CD8+ T cells to 
explore the key executor of TURN against tumor growth. The scheme of 
administration was shown in Fig. 4T. Tumor volume and survival rates 
(Fig. 4U and V) demonstrated that both CD4+ and CD8+ T cells, in 
TURN, would be participating in antitumor effects in primary tumors. 
They together form the defense against tumor progress. 

2.4. TURN levered a potent systemic immune response in vivo 

Considering the excellent local antitumor efficiency of TURN, we 
hypothesized TURN could also lever a systemic immune response 
(Fig. 5A). Therefore, T cells and conventional type 1 dendritic cell 
(cDC1) in lymph nodes were detected (Fig. 5B). The classic antigen 
cross-presentation cells: CD103+, CD8α+ cDC1, and CD103+CD8α+

cDC1 did raise in TURN (Fig. 5C), which indicated that TURN might 
lever a systemic immune response. We thus explored T cells in lymph 
nodes. Both CD8+ and CD4+ T cells (Fig. 5D and Fig. S24) exhibited 
obvious elevation in TURN, which meant TURN could lever a potent 

systemic immune response although with peritumoral administration. 
Furthermore, the splenic immune cells were also analyzed. TURN led 

to the change of T cells, MDSCs, and NK cells in the spleen. CD4+ T cells 
of TURN were 1.40 times than those of NS (Fig. 5E). The proportion of 
CD8+ T cells (Fig. 5F) was increased in GPCR (15.25 % ± 0.68 %) and 
TURN (21.26 % ± 0.42 %) when compared with NS (8.65 % ± 0.72 %), 
which meant TURN could promote the proliferation of T cells in the 
spleen although with peritumoral administration. TURN could not only 
upregulate the proportion of T cells (Fig. 5G) in the spleen but also 
promote their functions. CD69+, IFN-γ+, and Granzyme B+CD4+ T cells 
were determined among all groups. The proportion of CD69+ (Fig. 5H 
and Fig. S25), IFN-γ+ (Fig. S26), and Granzyme B+ (Fig. 5I and Fig. S27) 
CD4+ T cells in TURN was 1.87, 7.51, and 5.29-fold higher than those of 
NS respectively. In addition, the ratio of CD69+CD8+ T cells (Fig. 5J and 
Fig. S28) in GPCR and TURN was similar and more than in NS. More-
over, IFN-γ+ (Fig. 5K and Fig. S29) and Granzyme B+CD8+ T cells 
(Fig. 5K and Fig. S30) in TURN were also more than those of NS (3.91- 
fold and 14.79-fold, respectively). Finally, splenic MDSCs (Fig. 5L and 
M) were decreased in GP + L, GPCR, and TURN. MDSCs reduced 
extensively in TURN, which was consistent with tumoral MDSC. TURN 
could also increase CD3− DX5+ NK cells in the spleen (Fig. 5N and 
Fig. S31). 

In addition, Pro-inflammatory cytokines IL-6 and IFN-γ (Fig. 5O) in 
serum also supported that TURN could induce a potent systemic immune 
response in vivo. 

4T1 surgical resection models were then performed to detect 
whether TURN could launch a long-term immune response. A scheme 
illustration was displayed in Fig. 5P. Two weeks post-surgery, spleens of 
mice were obtained to detect the proportion of central memory T cells 
(TCM) and effector memory T cells (TEM). As shown in Fig. 5Q, TCM 
(Fig. S32) gated in CD8+ T cells was increased significantly in TURN 
when compared with NS (TURN vs NS: 61.08 % ± 0.92 % vs 32.95 % ±
3.33 %, p < 0.01), which demonstrated that TURN could improve the 
immune memory effect. In addition, TURN also improved the proportion 
of TCM gated in CD3+ T cells (Fig. 5R and S33) rather than TEM. These 
results meant TURN might be an effective strategy to launch long-term 
immune memory. 

2.5. TURN in the primary tumor triggered regression of the secondary 
tumor 

TURN could induce a potent systemic immune response with peri-
tumoral administration. Therefore, we established bilateral 4T1 tumor 
models to verify whether TURN could inhibit secondary tumor growth. 
The scheme illustration was shown in Fig. 6A. Tumor volume curves of 
primary, and secondary tumors and the body weights of mice were 
depicted in Fig. 6B, C, and 6D, respectively. TURN showed obvious 
tumor growth inhibition both in primary and secondary tumors while 
the others could not. In detail, TURN induced a 92.23 % tumor inhibi-
tion rate in the primary tumor and an 83.38 % tumor inhibition rate in 
the secondary tumor when compared with NS. Moreover, images 
(Fig. S34) and weights of primary (Fig. 6E) and secondary tumors 
(Fig. 6F) also supported that TURN could not only eliminate local tumor 
lesions but also induce potent systemic immune responses, thus inhib-
iting secondary tumor growth significantly. The individual tumor vol-
ume curves of secondary tumors were displayed in Fig. 6G. To explore 
the main force against secondary tumor growth, T-cell infiltration of 
secondary tumors was analyzed (Fig. 6H). Interestingly, CD4+ T cells in 
the secondary tumor had almost no difference among all groups 
(Fig. 6I), while CD8+ T cells raised significantly in the TURN group 
(Fig. 6J and K). Compared with NS (3.77 % ± 1.35 %), TURN (23.23 % 
± 1.05 %) increased 6.17 times the proportion of CD8+ T cells. 

Subsequently, depletion antibodies against CD4+ T cells or CD8+ T 
cells were used to further evaluate the major factors of TURN against the 
secondary tumor growth (Fig. 6L). Different from primary tumors 
(Fig. 4U), CD8+ T cell blockade led to the failure of TURN to inhibit the 
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Fig. 5. TURN levered a potent systemic immune response in vivo. A) Scheme illustration of TURN levered a systemic immune response (n = 5). Mice were treated 
with I) NS, II) Gel, III) GP, IV) GP + L, V) GPCR, and VI) TURN. Some immune cells in lymph nodes were shown from B) to D). B) Flow cytometry charts and C) 
statistical analysis of cDC1. D) Quantitative analysis of T cells. Some immune cells in spleen were shown from E) to N). Flow cytometric plots of E) CD4+ and F) CD8+

T cells. G) Quantitative analysis of T cells in the spleen. H) CD69+CD4+ T cells. I) IFN-γ+ and Granzyme B+CD4+ T cells. J) CD69+CD8+ T cells. K) IFN-γ+ and 
Granzyme B+CD8+ T cells. L) Representative flow cytometry charts and M) statistical analysis of MDSCs. N) Quantitative analysis of NK cells. O) The heatmap of 
cytokines (IFN-γ, IL-6) in serum. P) Scheme illustration of TURN launched a long-term immune memory (n = 3). TCM and TEM gated on Q) CD8+ T cells and R) CD3+ T 
cells in the spleen. (Data are presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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secondary tumor (Fig. 6M), which revealed that CD8+ T cells might be 
mainly involved in anti-secondary tumor immune response. Moreover, 
we analyzed splenic CD4+ and CD8+ T cells in CD3+ T cells (Fig. 6N). It 
was obvious that the proportion of CD4+ or CD8+ T cells in TURN was 
more than that of NS. To evaluate whether CD4+ and CD8+ T cells were 
improved with TURN treatment, we analyzed the proportion of CD4+

and CD8+ T cells in lymphocytes (Fig. 6O). The results demonstrated 
TURN could promote the proliferation of both CD4+ and CD8+ T cells in 
the spleen again. 

2.6. TURN was a broad-spectrum ISV tactic 

CT26 subcutaneous tumor model was established to explore whether 

TURN was a broad-spectrum vaccine tactic for tumor treatment. The 
scheme illustration was shown in Fig. 7A. Tumor volume and body 
weights of CT26 tumor-bearing mice were both depicted during treat-
ments (Fig. 7B and C). TURN triggered tumor regression compared with 
NS (tumor inhibition rate: 95.95 %). The body weights of mice displayed 
no differences among all groups. Tumor weights corroborated the above 
tumor volume curves (Fig. 7D). GPCR showed reduced tumor weight 
while TURN showed the lightest tumor weights. The individual tumor 
volume curves were also in Fig. 7E. Moreover, it was also verified 
whether TURN could induce a systemic immune response in bilateral 
CT26 tumor models (Fig. 7F). In comparison with NS, the tumor volume 
of primary (Fig. 7G) and secondary tumors (Fig. 7H) in TURN exhibited 
similar tumor inhibition rates, 97.45 %, and 97.57 % respectively. 

Fig. 6. TURN in the primary tumor triggered regression of the secondary tumor. A) Scheme illustration of the subcutaneous 4T1 bilateral tumor models. Mice were 
treated with I) NS, II) Gel, III) GP, IV) GP + L, V) GPCR, and VI) TURN (n = 5). Tumor volume curves of B) primary tumors and C) Secondary tumors. D) Body weights 
of mice received different treatments. Tumor weights of E) primary tumors and F) Secondary tumors. G) Individual tumor volume curves of secondary tumors in 
different groups. H) Scheme illustration of tumor-infiltrating T cells analysis within the secondary tumor. Representative flow cytometry charts of I) CD4+ and J) 
CD8+ T cells in TME of the secondary tumor. K) Statistical analysis of tumor-infiltrating T cells within the secondary tumor. L) Scheme illustration of the estab-
lishment of T cells depleted, bilateral 4T1 tumor models (n = 5). Mice were treated by NS, TURN, αCD4+TURN, and αCD8+TURN. M) Tumor volume curves of the 
secondary tumor in different groups. N) Flow cytometric plots of CD4+ and CD8+ T cells gated on CD3+ T cells. O) Quantitative analysis of splenic T cells gated on 
lymphocytes with different treatments. (Data are presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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Consistent with the aforesaid tumor volume of secondary tumors, TURN 
also led to a statistical reduction of the secondary tumor weights in 
Fig. 7I (TURN vs NS: 1.81 ± 0.34g vs 0.08 ± 0.07g, p < 0.0001). In 
addition, the individual tumor volume curves of the secondary tumor 
were also depicted in Fig. 7J. The body weights of mice with different 
treatments revealed diverse results, NS, Gel, GP, and GP + L showed 
heavier body weights than GPCR and TURN (Fig. S35), which could be 
explained by their heavier bilateral tumor weights. Overall, we verified 
that TURN might be universal for tumor treatments and could induce 
systemic immune response even with local peritumoral administration. 

3. Conclusion 

Cancer immunoediting was proven to occur in immune-proficient 
mice and humans naturally [47,48]. It would proceed through three 

phases, “elimination”, “equilibrium” and “escape”. The “elimination” 
phase often occurrs in the early tumor, when innate immune cells, 
adaptive immune cells, and their effector molecules inhibit tumorigen-
esis jointly [49]. However, due to the heterogeneity and genetic insta-
bility of tumor cells, “equilibrium” happened and would be cumulative 
over extended periods. In detail, those cells that survived under the 
pressure of immune selection would evolve new clones with reduced 
immunogenicity, which constituted the main force resistant to immune 
attack [50,51]. The variants clone of “equilibrium” grew wildly and 
became visible even with intact immunity, which marked the advent of 
“escape” [52–54]. In this stage, terrible proliferation and survival abil-
ities of tumors, poor antigen exposure, and complex immunosuppression 
co-build fortifications against antitumor immune responses. 

ISV represents a promising vaccine strategy to break the pro-tumor 
barrier of the “escape” phase owing to complete tumoral antigen 

Fig. 7. TURN exhibited the local and systemic anti-tumor effect in CT26 tumor models. A) Scheme illustration of the subcutaneous CT26 tumor models (n = 5). Mice 
were treated with I) NS, II) Gel, III) GP, IV) GP + L, V) GPCR, and VI) TURN. B) Tumor volume curves of different groups. C) Body weights and D) tumor weights of 
mice received different treatments. E) Individual tumor volume curves of different groups. F) Scheme illustration of the subcutaneous CT26 bilateral tumor models (n 
= 5). Mice were treated with I) NS, II) Gel, III) GP, IV) GP + L, V) GPCR, and VI) TURN. Tumor volume curves of G) primary tumors and H) secondary tumors with 
different treatments. I) Tumor weights and J) Individual tumor volume curves of the secondary tumors. (Data are presented as mean ± SD, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001). 
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exposure. However, ISV is subjected to inevitable extrinsic immuno-
suppression and intrinsic immunogenicity scarcity. To remove the 
shackle of immunosuppression and amplify the abundance of tumoral 
antigens, we employed a tumor-activated and optically reinforced 
immunoscaffold for cancer immunoediting phases regression. TURN 
could induce DC maturation and MDSCs abundance decline significantly 
in vitro. Subsequently, we verified that TURN could inhibit over 90 % of 
tumor progress in contrast to the NS group in 4T1 tumor models in vivo. 
The tumoral immune landscapes analysis exhibited that TURN could 
lead to the remodeling of the tumor immune microenvironment, thus 
reversing the local cancer immunoediting phases. In detail, masses of 
immunosuppressive cells (MDSCs, M2, and Tregs) were reduced and 
replaced by an influx of anti-tumor immune cells (DCs, M1, and T cells). 
Moreover, we investigated that TURN could lever a potent systemic 
antitumor immune response and launch a long-term immune memory 
against the tumor, thus inhibiting secondary tumor growth. Overall, 
TURN was an effective ISV strategy that could trigger local cancer 
immunoediting phases regression and pry back systemic antitumor im-
mune responses, thus inhibiting local tumor progression and preventing 
secondary tumor growth. 

Furthermore, we explored the effectiveness of TURN on CT26 tumor- 
bearing mice. The excellent tumor inhibition ability of TURN in primary 
and secondary CT26 tumors supported that TURN might be a broad- 
spectrum vaccine tactic with the prospect. However, the concrete tu-
moral immune landscape of CT26 treated by TURN was still unclear, 
although TURN exhibited better efficacy for CT26 than 4T1. Addition-
ally, exploring broad-spectrum ISV strategies to reverse the cancer 
immunoediting phases effectively is still in its infancy, more attention 
should be paid to it. In summary, TURN is a potent ISV strategy and 
provides a novel sight from the immunoediting phases’ perspective. 

4. Materials and methods 

4.1. Materials 

Stearic acid, lauric acid, soybean lecithin, sodium hyaluronate, N- 
hydroxysuccinimide (NHS), sodium periodate (NaIO4), and 1-Ethyl-3- 
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI) were pur-
chased from Sigma-Aldrich (America). DSPE-mPEG2000 was obtained 
from Advanced Vehicle Technology Pharmaceutical Tech Co., Ltd 
(Shanghai, China). RGX-104 was provided by RayStarBio (Hangzhou, 
China). Methyl 3-mercapto propionate, dopamine hydrochloride, 
gamma polyglutamic acid (PGA), β-mercaptoethanol and 2-(N-Mor-
pholino)ethanesulfonic acid (MES) were purchased from Macklin 
(Shanghai, China). Recombinant mouse GM-CSF and IL-4 were obtained 
from Peprotech (Rocky Hill, NJ, USA). Fetal Bovine Serum was pur-
chased from ExCell Bio (cat: FSP500; Shanghai, China) and Haixing 
Bioscience (cat: FBP-C520; Suzhou, China). Mouse IL-6, TGF-β, and IL- 
10 ELISA kits were acquired from Biolegend (America), and mouse 
IFN-γ ELISA kits were acquired from Invitrogen (America). Anti-CD3-PE- 
Cy7, anti-CD4-FTIC, anti-CD4-APC, anti-CD8α-APC, anti-CD8α-FITC, 
anti-CD69-PE, anti–IFN–γ-PE, anti-Granzyme B-Pacific Blue, anti-CD44- 
FITC, anti-CD62L-APC, anti-DX5-PE, anti-CD11c-FITC, anti-CD11c-PE, 
anti-CD103-APC, anti-CD11b-PE, anti-CD11b-FITC, anti-F4/80-PE, 
anti-CD80-APC, anti-CD86-PE-Cy7, anti-CD206-APC, anti-Gr-1-PE, anti- 
CD25-FITC, anti-Foxp3-APC, anti-CD45-APC were purchased from Bio-
legend (America). 

4.2. Cells and animals 

4T1 and CT26 cells were obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). Female BALB/c and C57BL6 
mice (6–8 weeks) were provided by HUAFUKANG BIOSCIENCE (Beijing, 
China). All animal experiments were conducted according to the 
experimental guidelines of the Animal Experimental Ethics Committee 
of Sichuan University. 

4.3. Preparation, purification, and characterization analysis of PDA and 
PL 

PDA nanoparticles were prepared by auto polymerization of dopa-
mine. Dopamine was added into an alkalescent Ethanol-Water Solution 
dropwise and auto-polymerized for 48 h at 30 ◦C. The mixture was 
centrifuged at 15,000 rpm for 30 min. The sediment was collected and 
washed twice, subsequently. The thin film hydration-ultrasonic method 
was used for the preparation of PL nanoparticles. In brief, stearic acid, 
lauric acid, soybean lecithin, and DSPE-mPEG2000 were dissolved in 
chloroform respectively, which were then mixed for rotatory evapora-
tion at 55 ◦C. PDA aqueous solution was added into the flask subse-
quently and hydrated for 30 min. After ultrasonicated for 6 min, the 
acquired solution was then dipped into ice water for 5 min. The hy-
drodynamic diameters of PDA and PL were measured with a Malvern 
spray analyzer and their morphology was observed under a transmission 
electron microscope. Ultraviolet and visible spectrophotometers and 
Fourier infrared spectrometers were used to detect their absorption of 
UV and functional group structure, respectively. 

4.4. Synthesis, preparation, and characterization analysis of hydrogel 
and PL-loaded hydrogel 

Sodium hyaluronate was oxidized by NaIO4 for 12 h and acquired 
after dialysis and lyophilization as matrix A (OHA). By adding concen-
trated sulfuric acid dropwise into the mixture of methyl 3-mercapto 
propionate, acetone, and anhydrous sodium sulfate, the raw product 
was synthesized at 70 ◦C for 10 h with condensation reflux. S-ADH was 
acquired after separation and purification by column chromatogram. 
Subsequently, S-ADH reacted with hydrazine hydrate at a ratio of 1:6 in 
methyl alcohol overnight to get S-ADH-NH2. Then, S-ADH-NH2 was 
mixed with PGA and catalyzed by EDCI and NHS to synthesize PGA-S- 
ADH in MES buffer at pH 5.5. Finally, PGA-S-ADH was got after dial-
ysis and lyophilization as matrix B. The hydrogel was formed by mixing 
O-HA with PGA-S-ADH at a final concentration of 10 mg/mL, respec-
tively. The PL-loaded hydrogel was prepared by mixing PL concentrate 
into matrix B, and then into matrix A. 

4.5. The photothermal conversion performance of PDA and PL NPS 

The change of temperature of PDA and PL NPS at different concen-
trations was measured during exposure to a near-infrared laser (808 nm) 
at different power densities (1.0, 2.0 W cm− 2) for 10 min. To verify the 
thermal stability of PDA and PL NPS, the temperature was recorded 
while they were irradiated by laser at 2.0 W cm− 2 for 10 min and cooled 
naturally to 30 ◦C. The on-off cycle was repeated five times. 

4.6. Degradation of PDA and PL NPS when treated with hydrogen 
peroxide 

PDA and PL NPS at the same concentration (100 μg/mL) were treated 
with 1 mM hydrogen peroxide to observe their behaviors. To detect the 
degradation, the photothermal conversion efficiency of PDA and PL NPS 
was measured. Briefly, PDA and PL NPS at the same concentration (100 
μg/mL) were dialyzed in 10 mM hydrogen peroxide within a dialysis 
tube (Molecular weight cut-off: 3500 kDa). They were collected at 0 h, 6 
h, 12 h, 24 h, 36 h, and 48 h. Subsequently, we measured their photo-
thermal conversion performance. Photothermal conversion efficiency 
change induced by the degradation of PDA or PL was calculated by the 
following formula: 

ΔTX

ΔT0
(%)=

T′
X − TX

T′
0 − T0

× 100%  

In the formula, ΔTx means the change of temperature at 6 h, 12 h, 24 h, 
36 h, or 48 h after irradiation for 10 min, and ΔT0 means the change of 
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temperature at 0 h after exposure to laser for 10 min. 

4.7. Detection of photothermal effect in vivo 

A subcutaneous murine breast tumor model was established to 
evaluate the photothermal effect of PL-loaded hydrogel. In brief, wild 
BALB/c female mice received a subcutaneous injection of 4T1 tumor 
cells (1 × 106 cells/mouse) on the right flank back. Upon tumor volume 
being up to 100 mm3, mice would be divided into three groups evenly as 
follows: NS, Gel + PDA, and Gel + PL. All three groups received laser 
irradiation for 10 min at 2 W/cm2 at specific moments after adminis-
tration, during which the temperature of the tumor had been measured 
in real-time. 

4.8. In vitro effect of PDA, PL 

Cytotoxicity of PDA and PL with or without laser irradiation was 
evaluated by MTT assay. Specifically, 4T1 cells were seeded into 96-well 
plates and cultured for 24 h. Then, PDA or PL NPS at different concen-
trations were diluted into a medium and co-cultured with 4T1 cells for 
another 24 h in laser-free groups. For the cytotoxicity of PDA and PL NPS 
with laser, 4T1 cells were incubated with PDA and PL for 6 h and 
received laser irradiation (2.0 W cm− 2, 10 min). After 24 h, the 4T1 cells 
were co-cultured with MTT (20 μL, 5 mg/mL) for 4 h at 37 ◦C and 
measured at 570 nm. To detect the apoptosis of PL NPS with or without 
laser irradiation, 4T1 cells were collected and analyzed by flow 
cytometry after being marked with FITC-Annexin V and PE-PI. 

4.9. In vitro effect of RGX-104 

Cytotoxicity of RGX-104 to 4T1 was measured by MTT assay. Briefly, 
4T1 cells were seeded into 96-well plates and cultured for 24 h. Sub-
sequently, they were co-cultured with RGX-104 at different concentra-
tions for 24 h and measured at 570 nm. To explore the cytotoxicity of 
RGX-104 to myeloid-derived suppressor cells, myeloid cells were sepa-
rated from the tibia and fibula of C57BL6 female mice and cultured in 
RPMI1640 culture containing GM-CSF (40 ng/mL) for 6 days. On day 3, 
RGX-104 was co-cultured with myeloid cells. On day 6, myeloid cells 
were collected, marked with FITC-CD11b and APC-Gr-1, and analyzed 
with flow cytometry. 

4.10. DC maturation detection 

Bone marrow-derived cells were separated from the femur and tibia 
of C57BL6 female mice, which were cultured at 37 ◦C in RPMI 1640 
complete medium containing 20 ng/mL GM-CSF, 10 ng/mL IL-4, 50 μM 
β-mercaptoethanol and 10 % heat-inactivated FBS for 6 days. On Day 3, 
the fresh medium was replenished. On Day 6, BMDCs were incubated 
with PBS, free Gel, GP, GP + L, GPCR, and TURN pretreated 4T1 for 24 
h. Subsequently, BMDCs were collected, prepared into single-cell sus-
pensions, and stained by CD11c-PE, CD86-PECy7, and CD80-FITC for 
flow cytometry. 

4.11. MDSC induction 

Bone marrow-derived cells were separated from the femur and tibia 
of C57BL6 female mice, which were cultured at 37 ◦C in RPMI 1640 
complete medium containing 40 ng/mL GM-CSF, 50 μM β-mercaptoe-
thanol, and 10 % heat-inactivated FBS for 6 days. On Day 4, the medium 
was replenished by the mixture of fresh medium and PBS, free Gel, GP, 
GP + L, GPCR, and TURN pretreated conditional medium. On Day 6, 
cells were collected, prepared into single-cell suspensions, and stained 
by CD11b-FITC, and Gr-1-PE for flow cytometry. 

4.12. Anti-tumor assay in vivo 

Subcutaneous tumor transplantation models of 4T1 and CT26 were 
established to evaluate the antitumor efficacy of different groups. BALB/ 
c mice were injected with 4T1 or CT26 tumor cells at 1 × 106 cells/ 
mouse, subcutaneously. They were divided into 6 groups evenly and 
administered with normal saline, Gel, GP, GP + L, GPCR, and TURN 
respectively when the tumor volume was about 100 mm3. The mice that 
needed laser irradiation were exposed to 1 W/cm2 near-infrared laser for 
10 min at 24, 72, and 120 h post-administration. The tumor volume and 
the weight of mice were tracked in this process every other day until the 
tumor volume exceeded 2000 mm3. Finally, mice were sacrificed and 
the tumor weights were recorded accurately. For survival observation, 
the mice whose tumor volume exceeded 2000 mm3 were regarded as 
dead. 

4.13. Histological analysis 

The tumor and main organs (including the heart, lungs, liver, spleen, 
and kidneys) were collected and fixed in 4 % paraformaldehyde for 5 
days. Then, they were processed into the paraffin and cut into slices, and 
stained with hematoxylin and eosin (H&E). 

4.14. Serum biochemistry analysis 

Serum was isolated from a blood sample of 4T1-bearing mice after 
different treatments via eyeball extirpating. ALT, AST, ALB, ALP, TP, 
UREA, CREA UA, and CKMB were detected to evaluate liver function, 
renal function, and cardiac function. 

4.15. Exploration of the immune response within the tumor 
microenvironment, lymph nodes, and spleen in 4T1-bearing mice after 
different treatment 

Tumors, lymph nodes, and spleens were obtained from 4T1-bearing 
mice after different treatments to detect the change in immune cells. 
Specifically, single-cell suspension of the tumor was gained by cutting 
and digesting the tumor, which was then stained with anti-CD3-PE-Cy7, 
anti-CD4-FITC, anti-CD8-APC, anti-CD69-PE, anti-CD11b-FITC, anti- 
CD206-APC, anti-CD11c-PE, anti-Gr-1-APC, anti-CD25-FITC, anti-Fox 
p3-Alexa Fluor 647. Lymph nodes were punctured into single-cell sus-
pension and stained with anti-CD3-PE-Cy7, anti-CD4-FITC, anti-CD8- 
APC, anti-CD11c-PE, anti-CD8α-FITC, and anti-CD103-APC. The spleen 
was ground, filtered, isolated, and then stained with anti-CD3-PE-Cy7, 
anti-CD4-FITC, anti-CD8-APC, anti-CD69-PE, anti-DX5-APC, anti- 
CD45-PE, anti-CD11b-FITC, and anti-Gr-1-APC. All cells were washed 
with PBS and analyzed by flow cytometry. 

4.16. A bilateral tumor model built for inhibiting secondary tumor growth 

BALB/c mice were inoculated with 4T1 or CT26 tumor (1 × 106 

cells/mouse) on the right flank back subcutaneously as a primary tumor 
at Day − 7. Tumor-bearing mice were then inoculated with 4T1 or CT26 
tumor (5 × 105 cells/mouse) on the left blank back as a distant tumor at 
Day − 3, which would be treated when the primary tumor volume was 
100 mm3. The volume of the primary tumor and abscopal tumor were 
measured every other day until the primary tumor volume was up to 
2000 mm3. In the end, mice were sacrificed and the weights of primary 
and abscopal tumors were recorded accurately. The abscopal tumor was 
collected, cut, and digested into single-cell suspension, which was then 
washed with PBS and stained with anti-CD3-PE-Cy7, anti-CD4-PE, and 
anti-CD8-APC. The ratio of tumor-infiltrating T cells was analyzed by 
flow cytometry. 

X. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 35 (2024) 228–241

240

4.17. Long-term immune-memory effect detected by flow cytometry 

BALB/c mice were inoculated with 4T1 (1 × 106 cells/mouse) on the 
right flank back. They were randomly divided into 6 groups and received 
different treatments when the tumor volume was 100 mm3, approxi-
mately. Four days post-administration, the tumors were surgically 
removed. Two weeks later, the mice were sacrificed and the spleens 
were obtained to determine the ratio of memory T cells. The single-cell 
suspension was stained with anti-CD3-PE-cy7, anti-CD8-PE, anti-CD44- 
FITC, and anti-CD62L-APC and analyzed by flow cytometry. 

4.18. CD4+ or CD8+ T cells depletion in vivo 

4T1 tumor cells were inoculated subcutaneously into BALB/c mice 
on Day − 7. Mice were injected intraperitoneally with anti-CD4 or anti- 
CD8 on Day 0, 2, and 4, respectively. Moreover, they were peritumorally 
administrated with GPCR on Day 0, either and exposed to near-infrared 
laser (2 W/cm2, 10 min) on Day 1, 3, and 5. The tumor volume was 
measured and recorded every other day until the tumor volume was up 
to 2000 mm3. For survival, mice were taken as dead when the tumor 
volume exceeded 2000 mm3. The spleens of those mice were collected, 
ground, and filtered into single-cell suspension, which was then washed 
with PBS and stained with anti-CD3-PE-Cy7, anti-CD4-PE, and anti-CD8- 
APC after lysing red blood cells. Flow cytometry was utilized to analyze 
T cells in the spleen. 

4.19. Enzyme-linked immunosorbent assay 

The concentration of IL-6, IFN-γ in serum and IFN-γ, IL-10, and TGF-β 
in tumor supernatant was detected by ELISA kits according to protocols. 

4.20. Statistical and reproducibility 

All the data were analyzed with the statistical program, Prism 8.0 
GraphPad, and expressed as mean ± standard deviation (SD). The dif-
ference between the two groups was analyzed with Student’s t-test. One- 
way ANOVA was used to determine the statistical significance of the 
difference among three or more three groups. Significant difference was 
represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

Ethics approval and consent to participate 

All animal experiments were performed under the guidelines 
approved by the Institutional Animal Care and Treatment Committee of 
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