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ARTICLE INFO ABSTRACT

Keywords: Immunotherapy has recently been seen as a hopeful therapeutic device to inhibit tumor growth and metastasis,
Hydrogels while the curative efficacy is limited by intrinsic immunosuppressive tumor microenvironment. Herein, we re-
Photothermal therapy ported a tumor immunosuppressive microenvironment modulating hydrogel (TIMmH) platform to achieve second
ir;rgl:;tilslerapy near-infrared (NIR-II) photothermal therapy (PTT) combined immunotherapy for durable inhibition of breast

cancer. This TIMmH platform was synthesized through co-loading of NIR-II photothermal nanoagent and an
immunoadjuvant cytosine-phosphateguanosine oligodeoxynucleotides (CpG ODNs) into the alginate hydrogel
(ALG). Upon the administration of ALG into the tumor, the TIMmH was in situ formed via the coordination effect
with Ca®", locally encapsulating the semiconducting polymer nanoparticles (SPyN) and CpG in the colloid,
achieving to prolong the accumulation time and prevent the premature damage and release of immunotherapeutic
agents. Upon 1064-nm photoirradiation, the TIMmHgp, was able to elevate the intratumoral temperature for the
ablation of tumors, which could induce the apoptosis of tumor cells and achieve thermal immune activation by
regulating of an immunosuppressive microenvironment. The TIMmH-mediated combined treatment effectively
suppressed the growths of breast cancers, and even acquired a sustained inhibition of the lung metastasis. This
study provides a novel tumor immunosuppressive microenvironment modulating hydrogel platform with NIR-II
photoexcited capacity for the safe, effective and durable lung metastasis-inhibiting breast cancer treatment.

Breast cancer

1. Introduction caused by various reasons, such as the barrier of tumor immunosup-
pressive microenvironment [11,12], severe immune-related adverse

Immunotherapy that enables a boost of the immune system to combat events (irAEs) [13,14], inefficient immune cell infiltration [15], etc.

malignancies is considered as a promising tumor therapy in clinic [1,2].
Distinguish from common therapy strategies such as surgery, chemo- or
radio-therapy that mainly focus on the primary lesions, immunotherapy
is not only capable of confronting malignancies, but also preventing
tumor recurrence and distant metastasis [3-5]. Among various immune
therapeutic strategies, cancer vaccines [6,7], immune checkpoint
blockade [8,9], and adoptive T cell therapy [10] are commonly used
therapeutic approaches. Unfortunately, only a small part of patients is
suitable and sensitive to the immune curative agents, which may be
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CpG, as an immunoregulatory nucleic acid, is considered as the crit-
ical adjuvant in inducing cancer immune response and fighting tumors
[16-18]. The CpG ODNs enable the excretion of interferon-a (IFN-a) via
the identification of Toll-like receptor 9 in the early endosomes [19].
Then, in late endosomes, these CpG ODNSs recognized by TLR molecules
can promote the maturation of the antigen-presenting cells and the
activation of innate immune cells, possessing the effective immunosti-
mulatory effect to fight cancer [20-22]. Additionally, in static early
endosomal, CpG-ODNs combined with heat shock protein 90 possess a
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robust potent to stimulate secretion of IFN-o from conventional Dendritic
Cells (DCs) [23,24]. Nevertheless, the effective immune stimulation of
CpG-ODNes is often limited, which mainly caused by low cellular uptake,
easy degradation and damage, insufficient content in tumor area, and
short residence time in lysosome [25,26]. Although immunoadjuvant
carriers have been discovered for effective transportation of CpG ODNSs,
the immune activation effects are still unsatisfactory result in the insuf-
ficient local content and short time of existence in lysosomes [27,28]. On
the other hand, the systemic administration of immunotherapeutic
agents was not only inefficient uptake, but more likely to induce the
immune-related adverse effects [29]. Thus, more effective strategies for
transportation of the CpG are urgently need to be developed. As for tu-
mors in the superficial organs, injectable hydrogels in situ may be the
promising strategy for transportation of CpG, not only leading to higher
content at tumor site than the systemic approach and prolongation of the
retention time of immunodrugs, but also the prevention of rapid degra-
dation [30]. Especially, intelligent injectable hydrogels endowed with
property of activatable phase transition in special tumor microenviron-
ment (TEM) including temperature, pH, calcium ion concentration, etc.,
have been widely considered as promising nanoplatform for durable drug
release [31]. For example, owing to the good biocompatibility, hypo-
toxicity, easy modification, and well Ca*"-responsive gelatinization,
alginate hydrogel (ALG) has been widely applied in the area of bio-
medicines. ALG can be constructed through various cross-linking
methods, and its good biocompatibility allows comprehensive applica-
tions in the biological field, such as wound healing, delivery of bioactive
small molecule drugs, etc [32]. To be noted, the various drugs loaded in
ALG were not only delivered into body through injection or oral
administration but also released in a controllable manner, implying its
superior bio-hydrogel carrier performance.

Photothermal therapy (PTT) that enables the production of heat for
tumor thermal ablation via utilizing nanoagents is considered the
promising therapeutic strategy for combating malignant tumors owing to
the merits of low invasiveness, easy maneuverability, and high temporal-
spatial resolution [33]. Although near-infrared (NIR) light in the first NIR
window (NIR-I, range from 650 to 950 nm) is often used to mediate PTT,
the laser in the bio-window has several inherent defects, including low
penetration and limited maximum permissible exposure for skin [34].
However, the light in the second window (NIR-II, range from 1000 to
1300 nm) has recently been conducted for more effective tumor thermal
ablation owing to the merits of deeper penetration depth and lower
photo-toxicity [35,36]. Except for direct ablation of lesions, the
PTT-mediated thermal energy can be used to synergize various curative
modalities, such as chemotherapy [37,38], immunotherapy [39],
photodynamic therapy (PDT) [40], etc., for obtaining more improved
curative outcomes. Interestingly, PTT-produced thermal effects are re-
ported to induce immune responses through different modes, such as
activation of immunogenic cell death (ICD) and secretion of immunos-
timulatory agents, which may produce the synergized effect to the
immunoadjuvants CpG [29]. In previous studies, NIR-I PTT has been
performed to synergized with the CpG [41]. For example, Zheng's team
has reported two-dimensional palladium nanosheets, served as vehicle of
CpG, mediated the NIR-I PTT (808 nm), synergized with CpG-based
immunotherapy, showing highly efficient tumor growth [42]. Unsatis-
factory, low laser penetration depth and insufficient local content of CpG
are still not be solved in their study, leading to the incomplete
immune-activation effect.

As such, in present study, we fabricated a tumor immunosuppressive
microenvironment modulating hydrogel platform and verified its func-
tion for NIR-II PTT-synergized immunotherapy to suppress durable
breast cancer metastasis. This TIMmH platform was developed through
the co-loading of SPyjN, as a NIR-II nanoagent, and CpG ODNSs, an
immunoadjuvant, into the alginate hydrogel. Due to the excellent optical
properties, well biocompatibility as well as easy modification, semi-
conducting polymers (SPs) and their derivatives have been widely
applied into the biomedical field, such as imaging of bio-tissues, tumor
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biomarkers, tumor phototherapy, regulation of biomedical events [43].
Especially, such SPs with well absorption in the NIR-II region showed
excellent photothermal conversion efficiency, often serving as the pho-
tothermal agent to perform NIR-II PTT for inhibiting tumor growth. More
importantly, in comparison with the NIR-I SPs, such NIR-II SPs can
produce a better PTT effect in the deep tumor tissue for tumor inhibition
growth, which may lead to more potent immunogenic cell death of tumor
cells [44]. The SPyN are developed through the nanoprecipitation of
amphiphilic polymers and SPy, possessing better hydrophilicity and
biocompatibility to facilitate cellular uptake [45]. On the other hand, to
boost the accumulation and stability, ALG-based hydrogels possessing
prominent in situ gelation quality and well biocompatibility have been
used as a nano-vector [46]. Precursor mixtures by simply melding ALG
with SPyN and CpG were locally administrated in a less invasive manner
for acquiring the satisfactory drug accumulation in tumors (Fig. 1a).
Upon the administration of ALG into the tumor site, the TIMmH was in
situ formed by the coordination effect with Ca>" in tumor environment,
which locally encapsulated SPyN and CpG in the colloid, achieving to
prolong the accumulation time of drugs and prevent the premature
damage and release of CpG. Upon NIR-II photoexcitation, SPN enabled
the local elevation of the temperature for the ablation of tumors, which
could efficiently induce apoptosis of cells and trigger initiation of ICD
and maturation of DCs (Fig. 1b). Then, the synergistic effect of PTT the
CpG ODNs-based immune effects modulated tumor immunosuppressive
microenvironment from “cold” to “hot” immune state. As expected, the
developed TIMmH nanoplatform not only served as the excellent vector
of immunoadjuvants, but also effectively acquired the thermal immune
activation through the modulation of tumor immunosuppressive micro-
environment, ultimately obtaining the durable suppression of the breast
tumor and metastasis.

2. Materials and methods
2.1. Materials

Anhydrous CaCl; and ALG were obtained from Aladdin Reagent Co.
Ltd. (China). Bovine serum albumin (BSA) and Plorunic-F127 (F127) was
obtained from Sigma-Aldrich (St. Louis, MO). CpG 1826 (5'-TCC ATG
ACG TTC CTG ACG TT-3') was purchased from the Sangon Biotechnology
Co., Ltd. BV605-anti-mouse CD11c (Biolegend, Clone: N418, Catalog No.
117306), and CD8-PE (Biolegend, Clone: 53-5.8, Catalog No. 140408)
were obtained from Biolegend (San Diego, USA). Anti-calreticulin anti-
body (Catalog No. ab227444), recombinant anti-HMGB1 antibody
(Catalog No. ab79823) were obtained from Abcam. Ultrapure water used
was obtained using a water purification system (PALL Cascada, MI).

2.2. Synthesis of SPyN

SPy; (5 mg) and F127 (400 mg) were dissolved in 3 mL THF, and then
sonicated for 5 min. Next, the above solution was simultaneously injected
into 10 mL mixture solution of THF and ultrapure water (Vryr/Vwater =
1:9) under the ultrasound condition for 30 min. The excess unreacted
solvent of the mixed liquor was removed via a rotary evaporator. Then,
the products were compassed by a polycarbonate membrane (220 nm).
Finally, the obtained F127-SP; were purified through ultrafiltration
(3000 rpm, 15 min) using ultrafiltration device (50 KD) for three times at
the centrifugal.

2.3. Synthesis of TIMmHgp hydrogels

To synthesize the TIMmH, ALG (100 mg) and CpG (1 mg/mL) were
co-mixed in 10 mL PBS, which was then blended with SPyN (1 mg/mL).
Next, the obtained mixed solution was slowly injected into 10 mL Ca**
solution (1.8 mM) in a glass bottle, forming the final TIMmHgp
(SPUIN-CpG@ALG hydrogel). The TIMmHg hydrogel (SPIN@ALG
hydrogel) as the control group was synthesized in the same way.
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Fig. 1. Schematic diagram for injectable hydrogel preparation process TIMmHgp.(a) and the mechanism of TIMmH-mediated thermal immunotherapy (b).

2.4. Characterization techniques

Dynamic light scattering and zeta potential of the SPyN was measured
by using Zetasizer Nanoseries. The measurement of the UV-vis-NIR ab-
sorption spectra was performed via an UV-3600 spectrometer. The
morphology of the prepared hydrogel was observed using a SEM
(SU8010, HITACHI). The temperature and thermal images were
measured using a thermo-camera (Fotric 220s camera). The fluorescence
photos were recorded using an inverted fluorescence microscope (Leica
DMi8, Germany). CytoFLEX flow cytometer (Beckman Coulter, USA) was
used for the flow cytometry analysis.

2.5. Characterization of TIMmHgp hydrogels

500 pL of ALG (10 mg/mL) and 500 pL SPy;N (1 mg/mL) solution and
CpG (1 mg/mL) were added into Ca®" solution (1.8 mM). Free SP;N
without alginate was also used for comparison. Photographs at different
times were taken after injection. 500 pL of ALG (10 mg/mL) mixed with
SPiN (1 mg/mL) and CpG (1 mg/mL) was injected into 10 mL of ca*t
solution in a bottle and then was shook for 24 h at 37 °C. The appearance
changes of the SP;N in the Ca®* solution was monitored, and the
absorbance of the collected supernatant was assessed using a spectro-
photometer to verify drug release. The rheological properties of ALG
hydrogels and TIMmHgp hydrogels were tested via rheometer (Thermo
HAAKE MARS 60).

2.6. Photothermal effect evaluation

Briefly, ALG (100 pL, 5 mg/mL), SPyN (100 pL, 100 pg/mL), TIMmHg

(100 pL, [SPyN] = 100 pg/mL, [CpG] = 20 pg/mL), and TIMmHgp (100
pL, [SPyN] =100 pg/mL, [ALG] = 5 mg/mL, CpG concentration = 20 pg/
mL) solutions were illuminated using a 1064 nm laser (1 W/cmz, 5 min),
and the corresponding temperatures were recorded via a Fotric 220s
photothermal camera. In addition, the photothermal ability of TIMmHgp
at the different SP;N concentrations of (0, 12.5, 25, 50, 100 pg/mL) were
further assessed, and the corresponding temperatures were also recorded
at the same time. To compare the thermal ability of TIMmHg and
TIMmHgp hydrogel at a certain concentration, the samples were exposed
at a 1064 nm laser (1 W/cmz, 5 min), and the temperatures were
recorded every 60 s. The photothermal stabilities of both hydrogels were
also evaluated. In brief, the hydrogel was exposed under the 1064 nm
laser until it increased to maximum temperature. Then, the light was
turns off until the temperature of the hydrogel decreased to near start
temperature. Such turn on/off process was performed for five cycles.
Corresponding temperatures were also recorded every 60 s.

2.7. Invitro cytotoxicity assay

The 4T1 cells were hatched in 96-well plates at a density of 1 x 10*
cells each well for one day. Then, the cells were cultured with PBS
(control), TIMmHg, and TIMmHgp, ([SP;N] = 0, 12.5, 25, 50, 100 pg/mL)
for one day. Finally, the CCK-8 was performed to assess the viability.

2.8. In vitro treatment effect

To measure the therapeutic effect of the hydrogel upon the photo-
irradiation, the cells were cultured with TIMmHg and TIMmHgp hydrogel
at the SPyN concentrations of 0, 12.5, 25, 50, 100 pg/mL for 12 h. Then,
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the cells in each well were irradiated with 1064 nm laser at a density of 1
W/cm? for 5 min and subsequently cultured for another 12 h. The CCK-8
kits was conducted for evaluating the viability.

2.9. The ICD in vitro

To verify the ICD in vitro, adenosine triphosphate (ATP), calreticu-
lin(CRT) and high mobility group box 1 protein (HMGB1) as biomarkers
of ICD were analyzed through different measurements. The ATP level
was evaluated via ATP kit upon the manufacture protocols. In brief, 4T1
cells were cultivated for 24-well plates (10 x 10* cells/well) for 24 h.
Then, the cells were treated with PBS, TIMmHs, TIMmHsp ([SPiN] =
100 pg/mL, [ALG] = 5 mg/mL, [CpG] = 20 pg/mL) for 6 h. In addition,
the treated cells were irradiated without or with 1064 nm laser at a
density of 1 W/cm? for 5 min and were cultured for another 6 h. Finally,
the levels of ATP were detected by a luminometer. To explore the CRT,
the 4T1 cells were seeded at 6-well plates (3 x 10° cells/well) for 24 h.
Then, the cells were treated with PBS, TIMmHg, TIMmHgp for 8 h. In
addition, the treated cells were irradiated without or with 1064 nm laser
1 W/cmz) for 5 min and then cultured for another 12 h. Each wall was
washed two times with PBS, and the cells were digested by trypsin. Then,
the treated cells were put on the centrifugal (1000 rpm, 5 min), subse-
quently the cells on the bottom were collected and were put into —80 °C
to store. Finally, the levels of CRT were measured by western blot anal-
ysis. To explore the release of HMGB1, the 4T1 cells were cultivated at
12-well plates at a density of 20 x 10* cells each well for 24 h. Then, the
cells were treated with PBS, TIMmHg, TIMmHgp, for 8 h. In addition, the
treated cells were irradiated without or with 1064 nm laser (1 W/ cmz, 5
min) and were cultured for another 3 h, then the materials were removed
and the cells were infiltrated with PBS for 3 min and were washed 3
times. Subsequently, the cells were fixed with 4% paraformaldehyde for
15 min, similarly, the 4% paraformaldehyde was removed and the cells
were rinsed 3 times. Then, the cells were treated by rupture in liquid for
30 min. Next, the cells were closed with 10% BSA for 30 min. The cells
were stained with HMGB1 of primary antibodies for 1 h at 37 °C, then the
antibodies were removed and the cells were infiltrated with PBS for 3min
and were washed 3 times. Then, the cells were stained using the second
antibodies for 1 h at 37 °C, and the antibodies were removed and the cells
were infiltrated with PBS for 3 min and were washed 3 times. Finally, the
cells were co-cultured with DAPI for 5 min, and then the DAPI were
washed with PBS and a small amount of PBS was added. The treated cells
were assessed by inverted fluorescence microscope.

2.10. The tumor model establishment

The animal experiments in this study approved by the Ethical Com-
mittee of the First Affiliated Hospital of Bengbu Medical College (2021-
303). All BALB/c mice (4 weeks old) in our study were obtained from
SLAC Laboratory Animal Co., Ltd. In brief, the 4T1 cells were subcuta-
neously injected into the right flank of the mice. When the tumors vol-
ume in the right flank reached for 100 mm? for cancer treatment, the
other tumors in the left flank were established using the above method
for simulating distant tumor model.

2.11. The thermal imaging in vivo

4T1 tumor-bearing mice (tumor volume = 100%) were locally
administrated with PBS, TIMmHg, TIMmHgp (20 pL, [SP;N] = 100 pg/
mL, [ALG] = 5 mg/mL, [CpG] = 20 pg/mL), respectively. After 2 h, the
primary tumors of 4T1 tumor-bearing mice were illuminated with 1064
nm laser (1 W/cm?, 5 min). The corresponding temperature of each
tumor of mice was measured via a photothermal camera.

2.12. In vivo synergistic cancer therapy

The 4T1 tumor-bearing BALB/c mice were randomly divided into six
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groups (n = 5) as follows: PBS, PBS + laser, TIMmHg, TIMmHg + laser,
TIMmHgp, TIMmHgp + laser group. The PBS, TIMmHg or TIMmHgp (20
pL, [SPyN] = 100 pg/mL, [ALG] = 5 mg/mL, [CpG] = 20 pg/mL) were
locally injected into the primary tumors of each group. Before treatment,
the tumor volumes of each mouse were measured as initial tumor vol-
umes. After 2 h, the primary tumors of each mouse were exposed at a
1064 nm laser (1 W/cm?, 5 min). After that, the tumor sizes of tumors
were measured every 2 d for 20 d by a caliper, and the corresponding
tumor volumes were calculated as follows: volume (V) = (tumor length)
% (tumor width)?/2. Relative tumor volume was measured as V/Vo (Vo
was the initial tumor volume). At the same time, the body weights of
mice were measured every two days. After first photoexcitation for 24 h,
the primary tumors of each group were extracted for H&E staining,
TUNEL, and Ki-67 indexes to assess the therapeutic effect. Then, after
treatment for 20 days, the tumors of mice were collected and weighted to
measure tumor inhibition ratios. In addition, survival curves of all groups
were also depicted after treatment. In order to assess the toxicity of
nanoparticles, the corresponding major organs (heart, liver, spleen,
kidney) were collected for H&E staining.

2.13. Inhibition of metastasis evaluation in vivo

Similar to the experimental procedure in the assessment of primary
tumor growth, the distant tumors were measured and analyzed as
described above. In addition, the lung metastatic tumors in mice were
simultaneously for further assessing the anti-metastasis efficiency. In
brief, the lung tissue of mice (n = 3) was extracted at 30 days, and the
numbers of metastatic nodules were counted. Then, the lung metastatic
tumors were stained for obtaining H&E images.

2.14. The evaluation of ICD and serum cytokine levels in vivo

In the aspect of ICD, the HMGB1 and CRT were respectively assessed.
In brief, 4T1 tumor-bearing BALB/c mice were randomly divided into six
groups as described above. The mice were locally administrated with 20
pL of PBS, TIMmHg and TIMmHgp ([SP;N] = 100 pg/mL, [ALG] = 5 mg/
mL, [CpG] = 20 pg/mL). After 24 h after photoexcitation (1064 nm, 1 W/
cm?, 5 min), the mice were sacrificed, and the tumors were obtained and
respectively stained with anti-calreticulin antibody and recombinant
anti-HMGB1 antibody. The corresponding fluorescence intensities in
immunofluorescence staining were respectively measured and presented
using a software Image J. As for evaluating the levels of different serum
cytokines, on day 3 after treatments, the murine serum was extracted
from mice in each group (n = 3). Then, each blood sample was measured
using an ELISA kit to calculate the levels of serum interleukin-6 (IL-6),
tumor necrosis factor-o (TNF-a), and interferon-y (IFN-y).

2.15. The evaluation of mature DCs in vivo

To assess the evaluation of mature DCs, the 4T1 tumor-bearing BALB/
¢ mice were randomly divided into six groups as described above. After 2
h of post-injection, the primary tumors were exposed without or with
1064 nm laser (1 W/cm?) for 5 min. On day 3 after treatments, the tumor-
draining lymph nodes of the mice were extracted and stained with
fluorophore-conjugated CD45-BV605, CD11c-FITC, CD80-PE, and CD86-
APC antibodies according to the previous protocols. Finally, the samples
in each mouse were evaluated by a flow cytometer.

2.16. Evaluation of T lymphocytes in vivo

To assess the evaluation of intratumoral T lymphocytes, the mice
were divided into six groups (n = 3) as PBS, TIMmHs and TIMmHgp
([SPyN] = 100 pg/mL, [ALG] = 5 mg/mL, [CpG] = 20 pg/mL). After
local injection for 2 h, primary tumors in each group were exposed with
or without a 1064 nm laser. At day 10, the distant tumors were extracted
and prepared into single cell suspension. To investigate intratumoral
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CD8" (CD3"CD8™) and CD4" (CD3"CD4™), all samples were stained
with corresponding antibodies in line with the previous protocols, and
analyzed.

2.17. The evaluation of biosafety in vivo

At the end of treatment, major organs (heart, liver, spleen, kidney)
were extracted from mice in each group. All tissues were stained by H&E
to observe the biosafety of nanoparticles.

2.18. Statistical analysis

The results were shown as mean =+ standard deviation (SD). One-way
ANOVA analysis are used to analyze statistical difference among different
groups. The statistical differences were presented according to the p
values and represented as follows: (*) for p < 0.05, (**) for p < 0.01, and
(***) for p < 0.001.

3. Results and discussion
3.1. Characterization of TIMmHgp hydrogels

The SPyN are constructed amphiphilic polymers and SPj via a
nanoprecipitation method. In brief, SP;; and F127 were dissolved in THF,
and then sonicated for 5 min. Next, the above solution was simulta-
neously injected into 10 mL mixture solution of THF and ultrapure water
(VTHE/Vwater = 1:9) under the ultrasound condition for 30 min. Finally,
the SPyN were prepared. The hydrodynamic diameter of SP;N were
measured to be 78.8 nm (Fig. S1). To assess the surface charge of pre-
pared nanoparticles, The (-potential was measured to be —9.04 mV
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(Fig. S2). Subsequently, SP;N and CpG were co-loaded in ALG as the
hydrogel matrix to form TIMmHgp through the coordination of calcium
ion. To depict the morphology of TIMmHgp, the SEM photos clearly
represented that the nanoparticles gathering on the surface of hydrogel,
indicating the ALG cross-linked by Ca®" effectively enabled the immo-
bilization of CpG and SPyN (Fig. 2a). Moreover, the UV-vis absorption
spectra were listed. The ALG showed almost no absorption, whereas CpG
owned a strong absorption at 263 nm. In contrast, the absorption of SP;N
had an obvious peak at 1000-1100 nm, implying its well photothermal
transversion capacity at NIR-II biowindow. The absorption spectrum of
TIMmHgp had the similar characteristic peak of SPyN and CpG, proving
the successful construction of TIMmHgp (Fig. 2b). The absorbance of
SP;N with different concentrations ([SP;N] = 6.25, 12.5, 25, 50, 100 pg/
mL) gradually increased with the elevation of concentration (Fig. S3). To
further verify the gel characteristic of TIMmH, the SP;N solutions were
injected into Ca®* solution without or with ALG (5 mg/mL), TIMmHg
rapidly gelled after being injected with a syringe. After 2 h, the mixture
liquid was observed to be a gel. While the alone SP;N dispersed in Ca%*
solution (Fig. 2d). After 24 h of shaking, the color of the supernatant was
deepened, indicating that the contents of the developed hydrogel can be
gradually released. In addition, rheological properties test indicated that
the shear viscosity decreased with the rise of the shear rate, representing
the satisfactory injectability of the developed hydrogel in this study
(Fig. S4). To further quantitatively verify the slowly release performance
of hydrogel, the UV-vis absorptions of CpG and SPyN in the supernatant
liquid was further measured at different time points (Fig. 2c). Fig. 2e
represented that a little drug release was observed at the first 6 h, while
the released contents of drugs were could be gradually and measured as
time extends, and the cumulative releases of CpG drug were measured to
67% after 24 h of shaking.
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Fig. 2. Characterization of hydrogels. (a) The SEM images of TIMmHgp hydrogel and the high magnification. The scale bar is 1 pm. Red circles represent the
nanoparticles. (b) The UV-vis-NIR spectra of ALG, CpG, SP;N, TIMmHg, solutions. (c) The photos of drug release of TIMmHgp, hydrogel from 1.8 mmol/L Ca**
solution at 0, 24 h. (d) The gelation photos of SP;N in Ca®" solution with ALG (TIMmHgp) and without ALG (SPyN) at different times ([ALG] = 5 mg/mL). The last
photo represented the gel status of TIMmHgp, after 2 h. (e) The cumulative release of free CpG from the TIMmHgp, hydrogel in Ca®* solution which were shaking for one

day at 37 °C.
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3.2. The evaluation of the photothermal effect

After photoirradiation, the temperatures of ALG had barely changed,
while the temperatures of SPyN, TIMmHg, TIMmHgp at same concen-
trations of SPyN had a significantly rising to about 50 °C, proving the well
photothermal effect of SP;N. And the temperatures of SP;N, TIMmHsg,
TIMmHgp had almost no changes, which showed that ALG and CpG had
no effects on the photothermal properties of SP;N (Fig. 3a). In addition,
the photothermal capacity of TIMmHgp at different concentrations of
SPiN were evaluated and imaged using an infrared thermal imaging
camera (Fig. 3b and c). The temperatures of SP;N solutions increased
gradually with the increasing of SP;; concentration, indicating that SPy
had a good concentration dependence. The maximum temperature of
TIMmHgp under the NIR-II laser irradiation was up to the 57 °C at about
4 min, which was similar to that of TIMmHgp + laser group. These data
showed the similar photothermal effect of both hydrogels (Fig. S5 and
Fig. 3d). The temperatures of TIMmHg and TIMmHgp hydrogel almost
unchanged after five heating/cooling cycles, which proved that the
TIMmHg and TIMmHgp hydrogel possessed excellent photothermal sta-
bility. Besides, the corresponding thermal photos were imaged in Fig. 3e
and f.

3.3. The cytotoxicity and therapeutic efficacy in vitro

To better assess the cytotoxicity and therapeutic efficacy in vitro, the
viability of cells was analyzed. The 4T1 cells were cultured with TIMmHg
and TIMmHgp, at different SPyN concentrations for one day. Cell viabil-
ities in all groups were over 83%, indicating the well biocompatibility
(Fig. 4a). To further investigate the capacity of TIMmH in inhibiting
tumor cells, after cocultivation of the 4T1 cells and TIMmHg and
TIMmHgp at various SPN concentrations for 12 h, the cells were photo-
irradiated. The results showed that the cells viability of nanoparticles
gradually diminished with the increasing SP;N concentrations. At the
concentration of 100 pg/mL SPyN, the cell viabilities of the 4T1 cells in
both TIMmHjg + laser and TIMmHgp, + laser were decreased to about 16%
(Fig. 4b), revealing the satisfactory TIMmH-produced photothermal ef-
fect against tumor cells.
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PTT effect was able to activate the ICD procedure, companied by the
elevated expression of CRT, as an “eat-me” signal for DC, the increased
release of ATP and a non-histone chromatin protein and HMGB-1 from
the tumor cells. As such, the three key biomarkers of ICD, including ATP,
CRT, and HMGB-1 were analyzed to validate the capacity of TIMmH-
induced ICD under the NIR-II photoexcitation in vitro. In the aspects of
the release of ATP from 4T1 cells, the ATP level in the TIMmHgp + laser
group was 5.38-, 2.56-, 1.08-, 2.80-fold higher than that in the PBS,
TIMmHg, TIMmHg + laser, and TIMmHgp, groups (Fig. 4c). As for veri-
fying the expression of CRT, western blot analysis was applied after 12 h
of post-treatments. The results indicated that laser irradiation on the both
TIMmHg and TIMmHgp groups effectively enabled the elevation of the
expression of CRT on the surface of the 4T1 cells (Fig. 4d). Furthermore,
to assess the intratumoral content of the level of HMGBI, the samples in
each group were stained and observed. The intratumoral fluorescence
intensities of HMGB1 in both TIMmHgp + laser and TIMmHg + laser
groups were relatively lower than that in other groups, which verified
that photoirradiation can promote the release of HMGB1 from cells.
Owing to the elevated release of HMGB1 from the 4T1 cells, the content
of HMGBI in cells measured in our study was decreased. The above-
mentioned results suggested that the TIMmH-mediated photothermal
effect was capable of promoting the generation of ICD in vitro (Fig. 4e).

3.4. Evaluation of synergistic thermal immunotherapy in antitumor and
anti-metastasis in vivo

The photothermal capacity of TIMmHgp were first evaluated in vivo
to verify the effects of PTT. There was no obvious temperature change in
the PBS + laser group after photoirradiation, while the temperature
changes of the TIMmHg + laser and TIMmHgp, + laser group can rise by
more than 20 °C, proving that the prepared hydrogels owned well pho-
tothermal conversion capacities in vivo (Fig. S6). After that, encouraged
by the excellent photothermal conversion capacities of TIMmHgp, the
antitumor therapeutic efficacy was further evaluated in the 4T1 tumor-
bearing mice. After different treatments, the growths of both primary
lesions, distant lesions and lung metastasis were recorded to assess the
therapeutic effect (Fig. 5a). The tumor volumes of primary tumors in
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TIMmHgp + laser group was 5.54-, 4.07-, 3.00- and 4.73-fold lower than
that in the PBS, TIMmHs, TIMmHg + laser and TIMmHgp groups,
respectively. Similarly, the tumor volumes of distant tumors in TIMmHgp
-+ laser group was also inhibited and was 5.47-, 4.46-, 2.12- and 3.85-fold
lower than that in the PBS, TIMmHs, TIMmHg + laser and TIMmHgp
groups, respectively (Fig. 5b and c). Besides, the growth of primary and
distant tumors in TIMmHg + laser and TIMmHgp + laser groups were
lower than other groups, which proved that the laser irradiation can
suppress tumors growth. And the growth of primary and distant tumors
in TIMmHgp + laser group was lower than TIMmHgp + laser group,
which shown the drug of CpG also had effect on tumor treatment. As
shown in Fig. 5d, the primary and distant of total tumor weights were
measured, the tumor weights of TIMmHgp + laser group obtained about
0.42 g, which was 3.81-fold lower than that in the TIMmHgp, groups. In
addition, the primary and distant tumor inhibition ratio in the TIMmHgp
+ laser group can reach 88% and 72%, respectively, which was 2.31- and
2.66-fold higher than that in the TIMmHgp, respectively (Fig. S7). As the
aspect of pathology, the H&E and TUNEL staining of primary tumors in
the TIMmHgp + laser represented largest area of cell apoptosis and ne-
crosis compared to other groups. Then, the Ki-67 staining assay also
indicated the greatest suppression of malignant cell proliferation in the
TIMmHgp + laser group (Fig. 5e). In addition, the survival curve repre-
sented that the TIMmHg + laser and the TIMmHgp + laser groups have
longer survival times than other groups (Fig. S8).

In order to further evaluate the anti-metastasis efficiency, after the
lung tissue of the different group mice was extracted at 30 days after
different treatments. Compared to other groups, no obvious pulmonary
metastasis lesions were observed in the TIMmHgyp, + laser group (Fig. 5f).
As depicted in Fig. 5g, the mean number of lung metastasis in TIMmHgp
+ laser group was 6.72-, 5.57-, 3.57-, and 5.72-fold lower than that in
PBS, TIMmHs, TIMmHs + laser, TIMmHgp groups. These above-
mentioned data represented that TIMmHgp was able to repress malig-
nant tumors and prevent tumor metastasis. Moreover, the body weights

of mice were recorded every two days to assess the biosafety of the
prepared hydrogel. There were almost no changes in the tumor weight of
mice in each group (Fig. S9). Additionally, the H&E staining images of
heart, liver, spleen, kidney showed no obvious physiological morphology
changes (Fig. S10). These results proved that the TIMmHgp hydrogel
possessed a good biosafety.

3.5. Modulating tumor immunosuppressive microenvironment from “cold”
to “hot”

To assess the TIMmH-mediated antitumor immune response induced
by combined PTT and CpG-based immunotherapy, the changes of im-
mune cells and cytokines in lymph nodes, tumors, as well as murine
serum was analyzed in the treated mice. To further investigate the in-
duction of ICD, the immunofluorescence staining of key molecules was
performed. The immunofluorescence staining photos showed the strong
green fluorescence signals for CRT and HMGB1 of TIMmHgy, + laser and
TIMmHg + laser group in the tumors, indicating elevated expressions of
CRT and HMGB1 (Fig. 6a and c). Furthermore, the mean fluorescence
intensity (MFI) for CRT in the TIMmHgp, + laser group was higher 7.81-
and 3.65-fold than PBS and TIMmHgp group, respectively (Fig. 6b).
Similarly, as shown in Fig. 6d, the MFI for HMGBI1 in the TIMmHgp +
laser group was higher 8.40- and 5.43-fold than PBS and TIMmHgp
group, respectively. These data proved that TIMmHgp-mediated NIR-II
thermal effect effectively enabled the production of ICD in vivo. To
evaluate the maturation of DCs, the tumor-draining lymph nodes of each
treated mouse were extracted and analyzed using flow cytometer assay
(Fig. S11). In addition, we further assessed the immune cytokines in
murine serum including IL-6, TNF-a, and IFN-y which are crucial immune
cells-released biomarkers in the tumor immunosuppressive microenvi-
ronment for modulating T-cell responses. As shown in Fig. 6e-g, the
serum levels of IL-6, TNF-a, and IFN-y in the TIMmHgp + laser group
were 1.55-, 1.29-, and 1.45-fold higher than those in the PBS group,
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respectively. Additionally, various immune cytokines in tumors were also
evaluated. The levels of TNF-a and IFN-y, and IL-12 (predominant cyto-
kines produced by macrophages) in tumors of TIMmHgp + laser group
were 2.09-, 1.36-, 1.41-fold higher than those in the PBS group, and the
level of TNF-p in the tumors of TIMmHgp + laser group was 7.55-fold
lower than that in the PBS groups (Fig. S12). Moreover, as we know,
DCs in the tumor immunosuppressive microenvironment are important
in the activation and modulation of the innate and adaptive immunities.
As such, we further discovered if TIMmH could stimulate DC maturation
in vivo. As shown in Fig. 7a and b, the populations of matured DCs in the
tumor-draining lymph nodes (CD11c¢*CD801CD86") of TIMmHs + laser
and TIMmHgp, + laser group were 2.1- and 2.4-fold higher than that in
the PBS group. Similarly, the populations of matured DCs in the spleen of
TIMmHg + laser and TIMmHgp, + laser group were 1.38- and 1.61-fold
higher than that in the PBS group (Fig. S13). Notably, the percentages
of matured DCs of the tumor-draining lymph nodes and spleen in the
TIMmHgp + laser group were 1.29- and 1.17-fold higher than that in the
TIMmHg + laser groups, respectively, showing that the synergic effect of
PTT effect and CpG-mediated immunostimulatory action. As for the

intratumoral infiltration of T lymphocytes cells including the T helper
cells (CD37CD4™) and CTLs (CD3"CD8™), distant tumors of mice in each
group were measured via flow cytometer assay (Fig. S14). Fig. 7c showed
that the highest populations of T helper cells and CTLs were observed in
TIMmHgp + laser group, which was higher than other groups. The
populations of CD3"CD8" T cells in the TIMmHgp, + laser group was up
to 15.15%, which was 5.36-, 1.43-, and 3.75-fold higher than that in the
PBS, TIMmHg + laser and TIMmHgp groups, respectively (Fig. 7d).
Similarly, the populations of CD3"CD4™" T cells in the TIMmHgp + laser
group was 6.27-, 2.12-, and 4.78-fold higher than that in the PBS,
TIMmHg + laser and TIMmHgp, groups, respectively (Fig. S15). Moreover,
Treg, as an important immunosuppressive cell in the tumor microenvi-
ronment, was subsequently analyzed. The percentage of Tieg
(CD25"Foxp3™) in the TIMmHgp, + laser group was 2.58-, 1.48-, 2.08-
fold lower than that in the PBS, TIMmHg + laser and TIMmHgp groups,
respectively (Fig. S16). These data indicated that the TIMmH strategy
could stimulate the T cells immune response and sensitize the immuno-
therapy of “cold” tumors for modulating the tumor immunosuppressive
microenvironment.
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Fig. 7. The evaluation of mature DCs and CD8™ T cell population in vivo. (a) Flow cytometry assay of matured DCs (CD11c*CD80"CD86™) in tumor-draining lymph
nodes. (b) Quantitative percentages of matured DCs in tumor-draining lymph nodes. (c) Flow cytometry assay of CD4" T, CD8" T cells in distant tumors. (d) Pop-
ulations of CD3*", CD8™ T cells in distant tumors were extracted from mice at different treatments.

4. Conclusion

In present study, a tumor immunosuppressive microenvironment
modulating hydrogel platform was constructed and performed for NIR-II
PTT-synergized immunotherapy to acquire the durable inhibition of
breast cancer metastasis. Upon the intratumoral administration of ALG
solution co-loaded with SPyN and CpG, the TIMmH was in situ formed
through Ca?* coordination in the tumor microenvironment, which was
contributed to achieving the prolonged accumulation time of drugs and
prevention of the premature degradation of CpG. Upon NIR-II photo-
irradiation, the TIMmH was able to elevate the local temperature for the
ablation of tumors, which could efficiently induce the apoptosis of tumor
cells, trigger the initiation of tumor ICD and the maturation of DCs. More
importantly, such synergistic effect simultaneously enabled the modu-
lation of tumor immunosuppressive microenvironment from “cold” to
“hot” immune state. As such, the TIMmH in present study not only served
as the excellent vector of immunoadjuvants, but also acquired the ther-
mal immune activation through the modulation of tumor immunosup-
pressive microenvironment for durable inhibiting the breast tumor
growth and lung metastasis. To our knowledge, this study reports the first
a tumor immunosuppressive microenvironment modulating hydrogel for
breast cancer metastasis-inhibiting treatment. Considering the feasible
and easy synthesis of such hydrogel platform, various curable agents
(such as gene or immunotherapeutic drugs, etc.) with easy degradation
can be loaded into the developed nanohydrogel platform for breast
cancer treatment.
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