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Introduction: Here, based on oxygen-dependent photodynamic therapy (PDT) and oxygen-consumed oxidative phosphorylation of
cancer tissues, we designed and developed a nanosystem (named Cyl&Met-Liposome, LCM) to co-encapsulate the photosensitizer
Cyl and mitochondrial respiration inhibitor metformin (Met) as a PDT enhancer.

Methods: We synthesized nanoliposomes encapsulating Met and Cyl with excellent photodynamic/photothermal and anti-tumor
immune properties using a thin film dispersion method. Confocal microscopy and flow cytometry were used to assess the cellular
uptake, PDT, photothermal therapy (PTT) and immunogenicity of nanosystem in vitro. Finally, two tumor models in mice were
constructed to investigate the tumor suppression and immunity in vivo.

Results: The resulting nanosystem relieved hypoxia in tumor tissues, enhanced PDT efficiency, and amplified antitumor immunity
induced by phototherapy. As a photosensitizer, Cyl effectively killed the tumor by generating toxic singlet reactive oxygen species
(ROS), while the addition of Met reduced oxygen consumption in tumor tissues, thereby evoking an immune response via oxygen-
boosted PDT. Both in vitro and in vivo results illustrated that LCM effectively restricted the respiration of tumor cells to reduce tumor
hypoxia, thus providing continuous oxygen for enhanced CyIl-mediated PDT. Furthermore, T cells were recruited and activated at high
levels, providing a promising platform to eliminate the primary tumors and synchronously realize effective inhibition of distant
tumors.
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Introduction

At present, photodynamic therapy (PDT) is one of the most promising tumor treatment methods. Compared with
radiotherapy and chemotherapy with systemic toxicity, PDT has been widely reported to be used in tumor treatment
because of its advantages of low invasiveness, minimal side effects, short treatment period and high selectivity.'

PDT utilizes photosensitizers (PSs) to convert oxygen to cytotoxic reactive oxygen species (ROS), especially singlet
oxygen ('O,), which leads to cytotoxicity and vascular damage, resulting in tumor cell death.” In recent years, we have
realized that a more important phenomenon caused by phototherapy is immunogenic cell death (ICD), which releases
damaged-associated molecular patterns (DAMPs), thus increasing the immunogenicity of the tumor microenvironment.*

ICD is a regulatory cell death mode, which activates innate and adaptive immune responses by coordinating the
complex information transmission between dead tumor cells and immune cells.” Following the induction of ICD, dying
tumor cells release specific biomolecule messenger DAMPs, such as calreticulin (CALR), and heat shock protein 70
(HSP70), which stimulate the immune response. Exposure of CALR on the plasma membrane during the early stage of
ICD serves as an important “eat me” signal, which is recognized by CD91 receptors on phagocytes, leading to tumor cell
uptake and cross presentation of tumor antigens to tumor-specific cytotoxic T cells. HSP70 plays an important role in the
cross presentation of tumor antigen peptides on major histocompatibility complex (MHC) class I molecules, which in

turn activate tumor-specific T lymphocytes.®'°
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The main issue surrounding the use of PDT as an inducer of ICD lies in the limitation of oxygen. On the one hand, the
hypoxic characteristics of the tumor microenvironment restrict the utilization of O, by PDT; on the other hand, the efficacy
of PDT will further aggravate hypoxia. Compared to common external oxygen supplement strategies such as
perfluorocarbon,'! and hemoglobin,'? PDT, regardless of the underlying mechanism, can only temporarily relieve hypoxia,
but tumor recurrence may occur. Oxidative phosphorylation plays an important role in numerous cancers, not only by
providing material energy for tumor growth but also by promoting the occurrence and development of tumors.'*™'> More
importantly, oxidative phosphorylation occurs at the cost of oxygen consumption.'®!” Therefore, inhibiting oxidative
phosphorylation may reduce the respiratory oxygen consumption of tumor cells, and compared to directly delivering
oxygen, reducing the oxygen consumption of cells is a more effective means of improving tissue hypoxia. Metformin (Met)
has been found to significantly inhibit oxidative phosphorylation by inhibiting complex I in the oxidative phosphorylation
pathway.'® Given this, we imagine that it can be used as an oxidative phosphorylation inhibitor to destroy the electronic
respiratory chain by inhibiting complex I, thus reducing the consumption of endogenous oxygen.

Here, we designed and developed a nanosystem that not only relieves tumor hypoxia and reduces hypoxia-induced
PDT resistance but also enhances phototherapy-induced antitumor immunity. We have previously synthesized a non-toxic
iodized derivative of cyanine dye, Cyl, which has been demonstrated to enhance 'O, production, with good photothermal
conversion and near-infrared imaging function.'” Therefore, we selected Cyl as a PS and Met as a PDT enhancer and
encapsulated them in liposomes to construct a nanosystem to magnify the antitumor effect of PDT and enhance the
phototherapy-induced antitumor immunity (Figure 1A). Met inhibits the endogenous oxygen consumption of tumors and
supplies more oxygen to the photosensitizer Cyl. Then, Cyl produces ROS in the presence of oxygen, which leads to
apoptosis and necrosis of tumor cells. Meanwhile, Cyl can induce an acute inflammatory response in the tumor
microenvironment, stimulate cells to release secondary inflammatory mediators, induce CALR exposure, release tumor-
associated antigens (TAAs), stimulate the maturation and activation of DCs, and increase immunogenicity. Briefly, the
tumor itself becomes an antigen, which stimulates the innate immune pattern recognition receptors (PRRs) or other
activated receptors on antigen-presenting cells (APCs), induces ICD, enhances antigen presentation, activates T cells or

memory T cells to activate immune cells, and ultimately, stimulates a systemic antitumor immune response.

Materials and Methods

Materials

NIR dye Cyl (MW 776.5) was prepared in our laboratory. Egg yolk lecithin (PC-98T) was acquired from AVT
Pharmaceutical Tech Co. (Shanghai, China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethy-
lene glycol)-2000] (DSPE-PEG,(oo) Was purchased from Ruixi Bio-tech Co. (Xi’an, China). Metformin was purchased
from Macklin. Singlet Oxygen Sensor Green (SOSG) was purchased from Meilunbio. DAPI solution, Methyl thiazolyl-
tetrazolium (MTT), Annexin V-FITC/PI apoptosis staining kit were purchased from Solarbio (Beijing, China).

Mouse colon cancer cells (CT26) were purchased from Wuhan Procell Life Science & Technology. Co. Ltd. (Wuhan,
China). Cells were cultured in Roswell Park Memorial Institute-1640 (RPMI-1640, Procell, USA) with 10% fetal bovine
serum (Procell, USA) and 1% penicillin-streptomycin (Hyclone, USA). BALB/c mice were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China).

Preparation of LCM

The liposomes encapsulating Cyl and Met were synthesized by a thin-film hydration method. Briefly, egg yolk lecithin,
cholesterol, distearoyl phosphoethanolamine-PEG;q9 (DSPE-PEG;q00), and Cyl were dissolved in chloroform at specific
concentrations, before removing the organic solvent. Next, PBS containing Met was added to dissolve the film under
vortexing for 1 h at 60°C. Finally, the un-encapsulated Cyl and Met were removed by filtering through a 220 nm
nitrocellulose membrane.
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Figure | (A) Schematic illustration of the nanosystem (named as Cyl&Met-Liposome) used to provide NIR-induced phototherapy immunotherapy as a cancer treatment.
(B) Transmission electron microscopy (TEM) images and size distribution of LCM. (C€) UV-Vis-NIR absorption of LM, LC, and LCM. (D) Temperature change curves of LM,
LC, and LCM exposed to NIR irradiation (808 nm, 0.96 W/cm?). (E) Singlet oxygen ('Oz) production by PBS, LC, and LCM under 808 nm, 0.96 W/cm? NIR irradiation.

Measurement of in vitro Photodynamic and Photothermal Effects

In vitro 'O, Detection
The detection of 'O, in vitro was evaluated by SOSG, which has a maximum excitation wavelength of 504 nm and an

emission wavelength of 525 nm. Briefly, Cyl, LC, LCM, and PBS solutions with the equivalent concentration of Cyl
(120 pg/ mL) were mixed with SOSG (25 uM) and irradiated by NIR irradiation (808 nm, 0.96 W/cm?) for 5 min. The

samples were analyzed with a Tecan Infinite 200pro.

International Journal of Nanomedicine 2023:18 https: 3445
Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhao et al Dove

Detection of Cellular ROS

The intracellular photodynamic effect was detected by using a confocal laser scanning microscope (CLSM) with the
DCFH-DA fluorescent probe as the sensor. First, CT26 cells were cultured in confocal dishes for 24 h, followed by LCM
culture for 6 h in normoxic and hypoxic conditions. Subsequently, the cells were washed with PBS and incubated with
DCFH-DA (10 pM). After 20 min, the cells were irradiated with NIR (808 nm, 0.96 mW c¢m ?) for 3 min, with ROSUP
(an ROS inducer) as the positive control group. Finally, the intracellular fluorescence was observed by using the CLSM
to evaluate the production of ROS.

Detection of Photothermal Effect

The photothermal effect of LCM or LC was evaluated by recording the temperature curve of the sample irradiated with
NIR at 808 nm, 0.96 W/cm?. The temperature was quantified using a thermocouple thermometer (TES Electrical
Electronic Corp, WRNK-104) at designated time intervals.

Cellular Uptake

Cellular uptake was studied by using a CLSM and via flow cytometry. In brief, CT26 cells were seeded and cultured for
24 h. Subsequently, the cells were treated with LCM (120 pg/mL) for 2, 4, 6, and 8 h, then stained with DAPI, and finally
observed with the CLSM. Meanwhile, the cells were collected by digestion and centrifugation and then analyzed by flow
cytometry.

MTT Assay

First, CT26 cells were seeded in 96-well microtiter plates and cultured for 24 h. Then, the cells were incubated with
gradient concentrations of LC or LCM under normoxic and hypoxic conditions. After 6 h, the cells were irradiated with
NIR light (808 nm, 0.96 mW cm ) for 5 min. After incubation for another 24 h, MTT (5 mg/mL) was added to each well
and incubated for 4 h. Subsequently, the culture medium in each well was replaced by DMSO. Finally, the absorbance of
DMSO solution was measured using a microplate reader at 570 nm.

In vitro Examination of ICD

To determine the induction of ICD, the surface expression of CALR, as well as the release of HSP70, were studied
in vitro. Briefly, CT26 cells were incubated with LCM or LC, irradiated for 3 min, and then cultured for 24
h. Subsequently, antibodies to CALR, and HSP70 were added and incubated at room temperature without light for 2
h. Following incubation, the secondary antibody labeled with Alexa Fluor 647 was added and incubated for 1 h at room
temperature. Finally, the fluorescence changes were observed by using a CLSM.

In vivo Evaluation of PDT/PTT Efficacy

Evaluation of Tumor Growth Inhibition

BALB/c mice bearing tumors were randomly divided into four groups. Each group of mice was intravenously injected
with different solutions (200 uL) using the following treatment regimens: (A) Saline without laser irradiation (control
group); (B) Saline with laser irradiation (808 nm, 0.96 W/cm?, 5 min, NIR group); (C) LC under NIR irradiation (0.96
W/em?, 5 min, 1.5 mg/kg, LC group); and (D) LCM under NIR irradiation (0.96 W/cm?, 5 min, 1.5 mg/kg, LCM group).
The tumor volume and body weight of the mice in each group were recorded daily. After 15 days of treatment, tumors
and main organs were collected for histological analysis with H&E, Ki67, and TUNEL staining.

Evaluation of PDT Efficacy
Intratumoral 'O, generation was evaluated by using SOSG. Briefly, 200 pL saline, LC, or LCM was mixed with 50 pL

SOSG (25 uM), and then injected into the tail vein of tumor-bearing mice. Then, the tumors were exposed to NIR light
(808 nm, 0.96 W/ecm?, 5 min). After 6 h, the tumors were isolated from each mouse for confocal imaging.
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Analysis of Immune Cell Populations in Tumors

The tumor tissues of each group were digested with collagenase to prepare a tumor single cell suspension, and the double
positive markers of CD11c and MHCII were detected after flow antibody staining. In parallel, the tumors were stained
with CALR, HMGBI, CD86, CD11c, and MHCII, and CD4'T, CD8'T, MDSCs, memory T cells, NK cells, Tregs, and
M2 macrophages in the tumor tissue suspension were detected by flow cytometry.

Statistical Analysis
Data are presented as the mean + SD. Statistical analysis was performed using Students’ #-test, with P < 0.05 indicating
statistical significance.

Results and Discussion

Synthesis and Characterization

Cyl, an iodinated cyanine dye, was used as the photosensitizer, and Met, an inhibitor of mitochondrial oxidative
phosphorylation, was prepared by thin film hydration method to construct the nanosystems. DSPE-PEG2000 was used
to improve liposome stability. As illustrated in Figure 1B, transmission electron microscopy (TEM) images showed that
the nanosystem was monodisperse, with a uniform particle size distribution. Dynamic light scattering (DLS) measure-
ments further demonstrated that the size of the liposome-Cyl-Met (LCM) was 99.8 + 1.4 nm, with an average
hydrodynamic size (poly dispersion index: 0.15 £ 0.05) and good stability in plasma, allowing the LCM to penetrate
deeper tumor areas through enhanced permeability and retention effect (EPR). Moreover, the potential of the LCM was —
9.19 £ 0.31 mV. Additionally, the UV—vis absorption spectra of the liposome-Cyl (LC), liposome-Met (LM), and LCM
showed that the characteristic absorption peaks of CyI (780 nm) and Met (233 nm) were observed in the LCM, indicating
that the drugs were encapsulated in the nanosystem (Figure 1C). Furthermore, the drug encapsulation efficiency (EE%)
of Met and Cyl was 31.92% and 54.94%, respectively, while the drug loading efficiency (LE%) of Met and Cyl was
3.67% and 5.34%, respectively.

We previously confirmed that Cyl can generate photodynamic and photothermal effects under irradiation at 808 nm,
0.96 W/cm?."? Therefore, we next measured the ability of the LCM to produce 'O, and heat in vitro in response to NIR
irradiation to examine its photothermal effects. Blank liposome, LC, LM, and LCM were exposed to 808 nm, 0.96 W/em?
NIR irradiation to monitor and record the temperature changes during exposure. As shown in Figures 1D and Figure S1,
neither the blank liposomes nor the LM showed obvious temperature changes during the illumination period. In contrast,
the temperature of the LC and LCM increased rapidly under laser illumination and reached a plateau within 5 min, with the
highest temperatures recorded as 54.2°C and 53.8°C, respectively. These results demonstrate that both LC and LCM have
good photothermal efficiency under 808 nm, 0.96 W/cm? NIR irradiation. We then used singlet oxygen sensor green
(SOSG) as a fluorescent probe to examine the ability of the LCM to induce photodynamic effects. As illustrated in
Figure 1E, the fluorescence intensity of the LCM was similar to that of the LC and was significantly higher than that of the
PBS group (control group) after laser irradiation (808 nm, 0.96 W/cm?) for 5 min. The results showed that both LCM and
LC produced large amounts of 'O,. Therefore, our results demonstrate that the nanosystem can efficiently generate heat and
'0, under NIR irradiation, indicating the potential of the LCM in combination with PDT and photothermal therapy (PTT)
for effective cancer therapy.

In vitro Inhibition of Cell Respiration to Reduce Oxygen Consumption

After confirming that the LCM showed the photodynamic and photothermal properties of Cyl, we studied the mitochon-
drial respiratory inhibition of Met. It has been reported that the disturbance of electron transfer in the electron respiratory
transport chain leads to mitochondrial dysfunction, which is characterized by the change in mitochondrial membrane
potential (A¥m).*>*' Therefore, we used JC-1 to explore whether LCM can reduce cell oxygen consumption by
inhibiting electron transport in the respiratory chain, resulting in abnormal AWm. The membrane potential of normal
healthy mitochondria is polar, which rapidly accumulates JC-1 in the mitochondria and forms aggregates with red
fluorescence. In contrast, when the A¥m is destroyed, JC-1 is released from the mitochondria and emits green
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Figure 2 (A) CLSM showing the mitochondrial membrane potential of CT26 cells in response to different treatments. Scale bar: 40 um. (B) Rate of JC-1 aggregates to JC-|
monomers. (C) Determination of CT26 cell oxygen consumption by measurement of DO content 6 h after administration without laser irradiation. (D) Representative
fluorescent images of the hypoxia probe inCT26 cells after different LCM. Scale bar: 50 pm. (E) Confocal fluorescence images of CT26 cells cultured with LCM for various
times. Scale bar: 25 um. (F) Confocal fluorescence images of ROS generation in CT26 cells incubated with LC and LCM. Scale bar: 50 um. (G) Thermal images of CT26 cells
under 808 nm, 0.96 W/cm? irradiation after different treatments (N: Normoxia; H: Hypoxia). Viability of CT26 cells treated with LCMs and irradiated at 808 nm under
conditions of normoxia (H) and hypoxia (I), as measured by MTT assay, ns: no significant difference. (J) Apoptosis and histogram distribution of quantitative results detected
by flow cytometry after various treatments under hypoxic conditions. ns>0.05, *P<0.05, **P<0.01, ***P<0.001.

fluorescence in the cytoplasm in the form of monomers. As shown in Figure 2A and B, the control group showed strong
red fluorescence, indicating that the A¥m was higher and that the mitochondria were in a normal state. In contrast, cells
co-incubated with Met and LCM showed strong green fluorescence, indicating a decrease in the AYm, whereby the A¥m
was depolarized and the respiration of cells was affected. The result showed that the mitochondrial membrane was
depolarized after LCM treatment, which indicated that LCM caused mitochondrial dysfunction.

Next, we evaluated the respiratory inhibition ability of Met by measuring the cell oxygen consumption rate (OCR%),
an important indicator of cell mitochondrial activity and oxidative phosphorylation.”” Tumor cells have exuberant
metabolism and are high consumers of oxygen, which is also one of the causes of hypoxia at the tumor site. As
illustrated in Figure 2C, we used a JPB-607A-dissolved oxygen meter to determine the content of dissolved oxygen in
closed cell solution. In the CT26 cell untreated group (control group), the dissolved oxygen in the blocked solution
decreased gradually, while the decrease in dissolved oxygen content in the Met group was inhibited. Additionally, Met

inhibited the respiration of cells in a concentration-dependent manner; the increase in Met concentration from 0.1 mM to
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2 mM resulted in an obvious decrease in dissolved oxygen content (Figure S2). Similar to the control group, the OCR%
of the LC group increased gradually, while that of the LCM group decreased significantly in parallel. Therefore, we
believe that Met inhibits the oxidative phosphorylation of CT26 cells, thus reducing the endogenous oxygen
consumption.

Next, to prove that LCM can reduce the cellular oxygen partial pressure caused by cell respiration under hypoxic
conditions, the anoxic state of cells was detected by immunofluorescence. As shown in Figure 2D, the control group
showed hypoxia (red fluorescence), while the cells in the Met treatment group showed a weakening of red fluorescence.
Moreover, compared to the LC treatment group, the hypoxia in the LCM treatment group showed a trend of weakening
red fluorescence, indicating that Met can effectively reduce the hypoxic state of cells. These results demonstrate that
LCM can alleviate oxygen consumption and reduce oxygen partial pressure by inhibiting cell respiration, which makes it
possible to provide more oxygen to Cyl to exert the effect of PDT.

Phototherapy Effects of LCM in vitro

Next, to investigate the cellular uptake efficiency of LCM by CT26 cells, the uptake behavior of CT26 cells was studied
via CLSM and flow cytometry. After co-incubating for different time periods, the red fluorescence signal from Cyl was
observed in CT26 cells. As depicted in Figure 2E and Figure S3, when the cells were co-incubated with LCM for 6 h, the
fluorescence intensity of Cyl gradually increased, before stabilizing; therefore, we chose to use NIR for phototherapy
after 6 h of incubation. These results show that LCM can be effectively absorbed by CT26 cells and used for further
phototherapy and fluorescence imaging.

Inspired by the excellent properties of LCM, we then determined whether relieving hypoxia enhanced the production
of ROS. We used a DCFH-DA detection kit to explore the ROS production ability of LCM under normoxic and hypoxic
conditions. Interestingly, compared to the positive control group (ROSUP), LC and LCM produced similar and strong
ROS fluorescence signals under normoxia, both of which were stronger than those of the ROSUP group. Under hypoxic
condition, the Met in the LCM that inhibit oxygen consumption, which increases the production of ROS compared to LC
(Figure 2F). The results of flow analysis are consistent with the fluorescence results, in that they show that the LCM has
a superior ROS yield. These findings highlight that the effective reduction of cell oxygen consumption will greatly
promote the production of ROS and enhance PDT during hypoxia (Figure S4). As depicted in Figure 2G and Figure S5,
we then investigated the photothermal effect of LCM. The results demonstrate that the photothermal effect of LCM
shows a consistent trend under both normoxic and hypoxic conditions, that is, with the extension of time, the temperature
of the LCM gradually increases (the highest value is 46.7°C under hypoxia, which is higher than the 43°C required for
efficient PTT??). It is worth mentioning that we observed no significant difference between the LCM and LC; this may be
because the efficacy of PTT does not depend on oxygen content, which results in the LCM and LC having similar
photothermal effects.

To further prove that reducing oxygen consumption can enhance the PDT effect of hypoxia, CT26 cells were
incubated with gradient concentrations of LC and LCM and detected by MTT assay. In the absence of NIR, the LCM
showed no cytotoxicity under normoxic and hypoxic conditions, which indicated that the LCM could be safely used in
phototherapy only under NIR irradiation (Figure S6). There was no significant difference in phototoxicity between LC
and LCM under normoxic conditions (Figure 2H). In contrast, the survival rate of cells treated with LCM under hypoxia
was significantly lower than that of the LC group, indicating that Met could assist Cyl in phototherapy and induce cell
death under hypoxia (Figure 2I). The CT26 cells were co-incubated with LCM during hypoxia, and the rate of apoptosis
was detected by flow cytometry. Compared to the control group, when LCM was not exposed to NIR, the cell survival
rate was 92%, and apoptosis was negligible, further confirming the safety of LCM. Because Cyl released a large amount
of ROS and heat to effectively kill tumor cells under NIR irradiation, the survival rate of LC and LCM cells was
significantly decreased compared to that of the control group, at 42% and 29%, respectively. Furthermore, the apoptosis
rate of CT26 cells treated with LCM was 71% in the early and late stages, which was more than the 58% observed in the
LC group. These findings further confirm that Met increases PDT and induces cell damage and death during hypoxia
(Figure 2J and Figure S7).
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Phototherapy Induced Immune Activation of LCM in vitro

ICD is widely used in antitumor immunotherapy owing to its function in immune regulation, and it is frequently
combined with phototherapy to maximize the antitumor immunotherapy effect. Recently, several DAMPs, including
surface-exposed calreticulin (ecto-CALR), and HSP70, have been confirmed to play significant roles in ICD. To
demonstrate whether the novel nanosystem can promote the ICD, we measured the exposure and release of specific
DAMPs after different treatments.

Exposure of CALR on the surface of cancer cells functions to induce strong phagocytosis, promoting the uptake of
dying or dead cells by APCs,** especially DCs, which then migrate to lymph nodes and present antigens to immature CD8"
T cells. Therefore, we first examined ecto-CALR by CLSM. The results showed that compared to the control and LCM
groups without NIR irradiation, CALR was significantly expressed in the LC and LCM groups after irradiation. Moreover,
the semi-quantitative fluorescent results demonstrated that the fluorescence of the LCM+L group was significantly stronger
than that of the LC+L group, which indicated that Cyl could effectively stimulate CALR exposure by phototherapy under
laser irradiation, and the effect was significantly increased under the action of Met (Figure 3Ai and Aii).

The high expression of HSP under stress is another important signal that mediates the immunogenic death of tumor
cells. In the early stage of ICD, HSP70 carries the tumor antigen peptide and is exposed on the cell surface in the form of
a high-immunogenicity complex. HSP70 can also promote the secretion of pro-inflammatory factors such as IL-1f, IL-
12, and IL-6 in DCs and further enhance the immune response.'® Compared to the control and LCM groups without NIR
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irradiation, the LC+L and LCM+L groups showed stronger fluorescence intensity (Figure 3Ai), demonstrating that both
LC and LCM can induce the release of HSP70 under NIR. Moreover, the semi-quantitative results demonstrate that the
LCM+L group induced the highest level of HSP release (Figure 3Aiii). To summarize, we consider that LCM-mediated
PDT is conducive to the induction of ICD, thereby playing an indispensable role in killing primary tumors.

DAMPs released by dying cancer cells as a “danger signal” of the immune system induce DC maturation and activate
the antitumor immune response mediated by T cells. Therefore, we next tested whether LCM-induced ICD could effectively
promote the maturation of DCs. In addition to the antigen phagocytosis and presentation function, DCs also possess co-
stimulatory molecules (CD80/CD86). By binding to the CD28 receptor of initial T cells, the B7-1 (CD80) and B7-2 (CD86)
proteins on APCs provide the necessary co-stimulatory signals to promote the activation, proliferation, and differentiation
of T cells. Therefore, to evaluate LCM-ICD-induced DC maturation, bone marrow-derived dendritic cells (BMDCs) were
co-cultured with treated CT26 cells and then analyzed by flow cytometry. As illustrated in Figure 3B, CT26 cells were
inoculated with LCM in the culture dish for 24 h, and co-cultured with immature BMDCs for 24 h after NIR irradiation. The
mature state of CT26 cells was detected through flow cytometry. The results showed that the mature DC of the LCM group
was about 27%, which was 2.5-fold higher than that of the LC group (Figure 3C).

Therefore, we conclude that the phototherapy of LCM under NIR could elicit CALR translocation to the cell surface and
promote the release of HSP70, resulting in the induction of ICD response and DC maturation to evoke antitumor immunity.

In vivo LCM-Mediated Phototherapy
After comprehensive in vitro experiments, it was necessary to track the distribution of LCM in vivo to select the most
appropriate laser irradiation time to maximize the therapeutic effect of PDT in vivo. Therefore, the in vivo fluorescence
images were monitored after intravenous injection (i.v.). As depicted in Figure S8, after i.v. LCM, the tumor sites were
gradually visible within 24 h due to the EPR effect, indicating efficient accumulation in tumors.

When the tumors grew to a volume of approximately 200300 mm?>, the tumor-bearing mice were randomly divided
into four groups and numbered As shown in Figure 4A and B, compared to the saline and LC groups, the hypoxia probe
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fluorescence signal in the Met and LCM groups was significantly weakened, indicating that Met effectively alleviates the
hypoxic environment of the tumor.

Next, we conducted an in vivo therapeutic evaluation of LCM using the CT26 tumor model. The tumor-bearing mice
were randomly divided into a saline group, an NIR group, an LC group, and an LCM group. When the tumor volume
reached 200-300 mm?, the mice were injected intravenously (CyI 1.5 mg/kg), and after 24 h, the mice in the NIR, LC,
and LCM groups were exposed to laser light for PDT and PTT. At the end of the treatment, phototherapy and
immunological analysis were conducted. As shown in Figure 4C, tumors treated with LC or LCM showed obvious
green fluorescence compared to the control groups, implying that 'O, production is facilitated by CylI. In the LC and
LCM groups, the tumor temperature reached up to 47-48°C, which was sufficient for irreversible tumor ablation
(Figure S9).

During the treatment, the tumor volume and body weight of the mice were monitored every 2 days. As expected,
there was no discernible difference in tumor volume between the NIR group and the saline group, while a significant
reduction in tumor volume was observed in all other treatments (Figure 4D). Additionally, the body weights of the LC
and LCM group mice showed no discernible decreases during the treatment period, suggesting that the treatments had
a high level of biosafety (Figure S10). Moreover, the H&E staining of the organs showed similar results. After 15 days of
treatment, the tumor was extracted from a representative mouse from each group and photographed (Figure 4E). Next,
histological analysis was performed by H&E, Ki67, and TUNEL staining (Figure 4F). Compared to the other groups,
LCM caused the most tumor cell death, indicating that the phototherapy effect of LCM was greatly improved by the
addition of Met. Furthermore, immunofluorescence analysis demonstrated that the tumor tissue treated with LCM
exhibited the weakest Ki67 staining, indicating that LCM maximally inhibited the cell proliferation and promoted
apoptosis. Moreover, the heart, liver, spleen, lung, and kidney of all mice were stained with H&E (Figure S11). The
results showed no significant damage to the main organs of the treated mice, which can be attributed to the improved
biocompatibility and low dark toxicity of LCM in vivo.

Taken together, this phototherapy-nanosystem strategy of LCM could significantly enhance the PDT efficiency and
amplify the Cyl-induced damage to tumors, with low systemic toxicity in vivo.

Phototherapy Sensitized Immunotherapy in vivo

We next evaluated in vivo LCM-induced ICD by immunofluorescence. As illustrated in Figure 5A, in accordance with
the in vitro experimental results, LCM-treated tumors had stronger CALR and HMGB1 expression. Moreover, immuno-
fluorescence and flow cytometry demonstrated increases in DC activation markers (MHCII, CD103, and CD11C). As
shown in Figure SA and Figure S12, mice in the LC and LCM groups showed significantly enhanced DCs maturation
compared to that in the saline group, demonstrating that the phototherapy treatment could boost DCs maturation in the
tumor. More importantly, the LCM group exhibited the highest cell maturation efficacy. These data show that the LCM
has a superior ability to induce an immunogenic form of cancer cell death.

To elucidate the underlying mechanism of immune responses after different treatments, we investigated the propor-
tions of CD8" T and NK cells by flow cytometry. Tumor cells undergoing ICD release TAAs, which are engulfed by
APCs and presented to cytotoxic CD8" T lymphocytes to initiate a tumor response. As shown in Figure 5B, phototherapy
treatment resulted in a 2-3-fold increase in the proportion of CD8" T cells in tumors compared to the saline group.
Notably, the number of CD8" T cells in tumors in the LCM group was the highest. The proportion of natural killer cells
(NK cells), another type of cytotoxic lymphocyte crucial to the innate immune system,? increased by 1.4-2.8-fold in the
tumors treated with LC or LCM (Figure 5C). Tregs inhibit the proliferation, metabolism, and killing functions of CD8"
T cells, and they induce tumor immune escape by inhibiting antitumor immune responses, thereby promoting tumor
growth and proliferation.® Myeloid-derived suppressor cells (MDSCs) are inhibitory myeloid-derived cells, which can
inhibit normal innate and adaptive functions of other immune cells by inducing a state of non-response or tolerance,
rendering them unable to remove mutated precancerous cells and kill tumor cells.”’*® Therefore, we investigated the
proportion of MDSCs and Tregs by flow cytometry. As expected, the population of CD4 FoxP3" T cells (Tregs) in
tumors of the LCM with the laser irradiation group reached 1.56%, which was lower than the 3.46% of the LC with the
laser irradiation group and 6.35% of the saline group (Figure 5D). Concurrently, LC and LCM treatments significantly
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decreased the MDSC population (Gr-1" CD11b") in tumors to approximately 28% and 64%, respectively, compared to
the saline group (Figure 5E).

Memory T cells can identify specific microbes that have been encountered previously and can induce a rapid
and robust response. We evaluated the proportion of memory CD4" T cells and memory CD8" T cells after
treatment (identified as CD4" CD44™M" CD62L'™ and CD8" CD44™&" CD62L'Y, respectively). The results
showed that LC group increased the proportion of memory CD4" T cells by 1.88-fold and that of memory
CD8" T cells by 2.29-fold in the treated tumors, while LCM group increased the proportion of memory CD4"
T cells by 4.27-fold and that of memory CD8" T cells by 5.06-fold in the treated tumors. Taken together, these
data confirmed the high potency of LCM-mediated synergistic anti-cancer immunotherapy (Figure 5F-G).
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The anticancer efficacy of LCM was then analyzed in a bilateral mouse tumor model. To this end, a bilateral
mouse tumor model of colorectal cancer CT26 was developed by subcutaneously injecting cancer cells into both
the left and right flank regions of BALB/c mice. The right tumors were designated as primary tumors for local
NIR and the left tumors were designated as abscopal tumors with no direct treatment. When the primary and
abscopal tumors reached 100-150 mm?, the mice were randomly divided into the following three groups (n = 4):
Saline group, LC group, and LCM group (each group was exposed to radiation, followed by intratumoral
injection). In comparison, the LCM with local NIR led to efficient tumor regression of the primary tumor, with
tumors that measured 7.6% of the size of saline-treated tumors at the endpoint. More importantly, the tumor
volume of abscopal tumors that did not receive local NIR was significantly controlled and tended to decrease after
inoculation (Figure 6A). Histological analysis of abscopal tumors was performed using H&E staining, Ki67
staining, and TUNEL staining. As depicted in Figure 6B, no tissue damage or obvious cell proliferation was
found in either type of tumor in the control group (the saline group). In contrast, obvious nuclear lysis and tumor
necrosis were detectable in the tumors treated with LCM. Taken together, these results suggest that the novel
nanosystem offers a strong antitumor immunological effect to inhibit the growth of tumor cells, even for cells
without direct treatment.

As the LCM caused effective regression of both primary tumors and distant tumors in CT26 mouse models, which we
hypothesized was due to effective systemic antitumor immune responses, we next investigated the antitumor immunity
induced using flow cytometry. The spleen is the largest secondary lymphoid organ in the body, and it has a wide range of
immune functions, largely owing to the high proportion of T and B cells in it.** Therefore, we collected the spleens to
detect the expression of CD4 and CD8. As shown in Figure 6C and D, compared to the saline group, CD8" T cells (CD3"
CD8") in the LC and LCM treatment groups increased by 1.79% and 2.84% respectively, while CD4" T cells (CD3"
CD4") in the LC and LCM groups increased by 1.17% and 2.01%, respectively. Moreover, the proportion of CD8" cells
in abscopal tumors (Figure 6E) in the LC and LCM groups increased by 3.53% and 4.14%, respectively, compared to that
of the saline group (1.76%).

Conclusion

In summary, LCM was tailormade to function as a phototherapy-nanosystem nanoplatform. Met enabled the inhibition
of mitochondrial respiration, which considerably economized intratumoral O, and further mitigated tumor hypoxia,
providing more oxygen for Cyl. The excellent phototherapy properties of Cyl not only kill local tumors, induce
inflammatory cell infiltration, and improve antitumor immune efficiency but also significantly inhibit the growth of
abscopal tumors. The nanoplatform effectively modified the hypoxic tumor microenvironment (TME) to be conducive
to the occurrence of ICD and immune cell infiltration, while the recruitment of immunosuppressive cells was
significantly affected, thus greatly destroying the immunosuppressive function of the TME. As a result, the systemic
immune response was significantly enhanced, resulting in ablation of the primary tumor and obvious control of tumor
metastasis.
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