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Background: Glycolysis is crucial for tumor cell proliferation, supporting their energy needs and influencing the tumor microenvir-
onment (TME). On one hand, increased lactate levels produced by glycolysis acidifies the TME, inhibiting T cell activity. On the other
hand, glycolysis promotes the expression of PD-L1 through various mechanisms, facilitating immune evasion. Therefore, controlled
modulation of glycolysis in tumor cells to subsequently improve the immune tumor microenvironment holds significant implications
for clinical cancer treatment and immune regulation.

Methods: To reverse the immunosuppressive microenvironment caused by tumor glycolysis and reduce tumor immune escape, we
developed a photo-thermal-controlled precision drug delivery platform to regulate tumor metabolism and aid in the activation of
T cells, thereby enhancing immunotherapy. First, hollow mesoporous Prussian blue (HPB) was prepared, and the glycolysis inhibitor
3-bromopyruvate (3-BrPA) was encapsulated within HPB using the phase-change material 1-tetradecanol, resulting in B/T-H. This
product was then modified with tumor cell membranes to obtain a photo-thermal controllable regulator (B/T-H@Membrane, B/T-HM).
Results: Due to the excellent drug loading and photo-thermal properties of HPB, upon reaching the tumor, B/T-HM can rapidly heat
under 808 nm irradiation, causing the 1-tetradecanol to transition to a liquid phase and release 3-BrPA, which effectively inhibits
tumor glycolysis through the HK2 pathway, thereby reducing tumor cell proliferation, decreasing lactate production, and down-
regulating tumor PD-L1 expression. In synergy with photo-thermal and aPD-1, this photo-thermally controllable metabolic-immune
therapy effectively activates T cells to eliminate tumor.

Conclusion: In response to the changes in immune microenvironment caused by tumor metabolism, a photo-thermal precision-
controlled drug delivery platform was successfully developed. This platform reshapes the tumor immunosuppressive microenviron-
ment, providing a new approach for T cell-based tumor immunotherapy. It also opens new avenues for photo-thermal controllable
metabolic-immune therapy.
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Introduction

Cancer immunotherapy marks a transformative progress in oncology, principally focusing on activating or rejuvenating
the patient’s immune system to detect and eradicate tumor cells.' > However, various immunosuppressive mechanisms
within the tumor microenvironment (TME), including local immune suppression and impaired immune cell function,
pose significant challenges to the efficacy of immunotherapy.*® This indicates that a deep understanding and resolution

of immune escape within the TME are crucial for the effectiveness of cancer immunotherapy.

International Journal of Nanomedicine 2024:19 |1181-11194 11181
Received: 22 June 2024 © 2024 Ma et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 21 October 2024 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 3 November 2024


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Ma et al Dove

Glycolysis, as a key metabolic pathway for the rapid proliferation of tumor cells, not only satisfies their demands for
energy and biosynthetic precursors, but also profoundly influences the TME.” '* The increase of lactate, the metabolic
end-product of glycolysis, within tumor leads to the acidification of the TME."''* This not only boosts the invasiveness
and survival of tumor cells but also markedly inhibits the function of anti-tumor immune cells, including T cells, further
encouraging the proliferation and persistence of tumor cells.'*"'” Moreover, the activity of key enzymes in the glycolysis
process, such as hexokinase 2 (HK?2), is associated with an increased expression of programmed death-ligand 1 (PD-L1)
on tumor cells."®2° HK2 accelerates the glycolysis process, helping tumor cells rapidly utilize glucose, thereby
supporting their energy needs and rapid proliferation.?’** Simultaneously, the enhanced expression of PD-L1 not only
inhibits the attack by the immune system but also promotes tumor resistance to treatment.>>> ¢ Therefore, by precisely
targeting key enzymes in the glycolytic metabolic pathway, such as HK2, it is possible to not only weaken the metabolic
capacity of tumor cells but also enhance the activity of immune cells by modulating the TME.?”"% This in turn boosts the
efficacy of immunotherapeutic drugs, including immune checkpoint inhibitors, and their combination therapies.

Hollow mesoporous Prussian blue (HPB), due to its excellent photo-thermal conversion and drug loading capabilities,
has shown great potential in cancer treatment and imaging.>*>® Due to its unique hollow and mesoporous structure, HPB
can efficiently encapsulate drugs and release them.>’ *° Furthermore, its inherent photo-thermal properties enable the
conversion of near-infrared light into heat, thereby generating photo-thermal therapy (PTT) and inducing immunogenic
cell death (ICD) in tumor cells.*'** 1-Tetradecanol is widely used in the biomedical field due to its good biocompat-
ibility. It is a phase-change material exhibiting a phase transition temperature of 38°C, a characteristic that makes it
highly suitable for precise control of drug release.*>*® Therefore, constructing a photo-thermally controlled drug delivery
platform based on HPB and 1-tetradecanol may enable precise targeting and modulation of tumor cells.

In this study, to reverse the tumor metabolism-mediated immunosuppressive microenvironment, reduce tumor
immune escape, and activate T cell function to promote immunotherapy, we encapsulated the glycolysis inhibitor
3-BrPA into HPB using 1-tetradecanol and performed cell membrane modification (B/T-HM), constructing a precision
drug delivery platform controlled by photo-thermal therapy to regulate tumor metabolism and assist in T cell activation to
enhance immunotherapy (Scheme 1). In vitro, B/T-HM exhibited excellent photo-thermal performance and drug
encapsulation capabilities, effectively raising the temperature and precisely releasing 3-BrPA under 808 nm light
exposure. At the cellular level, B/T-HM was efficiently internalized by tumor cells, and post-illumination, it reduced
HK2 expression and activity levels through glycolysis inhibition, decreased lactate production, and degraded tumor PD-
L1, effectively killing tumor cells and releasing tumor-associated antigen (TAA) after combined photo-thermal therapy.
In vivo, B/T-HM targetedly accumulated in tumors and significantly inhibited tumor proliferation and immunogenic
death under controlled photo-thermal synergy. Importantly, the reduction in tumor PD-L1 and decreased lactate produc-
tion created a favorable immune microenvironment for T cell infiltration and activation. With further enhancement of
T cells by aPD-1, the B/T-HM-mediated photo-thermally controllable metabolic-immune therapy effectively eradicated
tumors. Overall, this study precisely regulated tumor metabolism through photo-thermal therapy, reshaped the tumor
immunosuppressive microenvironment, and opened new avenues for integrating photo-thermal, metabolic regulation, and

immunotherapy.

Materials and Methods

Materials and Characterization

3-Bromopyruvic acid (3BrPA), 1-Tetradecanol, Potassium ferricyanide (K3;FeC4Ng), polyvinylpyrrolidone K30 (PVP
K-30) and hydrogen chloride (HCI) were obtained from Sigma-Aldrich. FITC and fluorescent reagents were obtained
from Shandong Sparkjade Biotechnology Co., Ltd. The antibodies (HSP 70, HSP 90, CRT, PD-L1, HK2,) for Western
blot and immunofluorescence staining were obtained from CST and Zen-bio. All additional reagents were sourced from
local vendors and utilized without any subsequent purification. Morphological characterization was performed using
a JEM-1011 transmission electron microscope. In vitro and in vivo analyses were performed using a flow cytometer (BD
Accuri®C6), scanning confocal laser microscope (LSM900, Zeiss) and IVIS imaging system (Perkin Elmer).
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Scheme | Schematic diagram of photo-thermally controllable tumor metabolic modulation to assist T cell activation for boosting immunotherapy.

Cell Lines and Animals

CT26 colorectal cells, sourced from the Cell Source Center at the Chinese Academy of Science in Shanghai, China, were cultured
under standard laboratory conditions. Female BALB/c mice (6-8 w) were procured from the Beijing Vital River Laboratory
Animal Technology Co., Ltd. All animal experiments adhered to the ethical standards established by the Laboratory Animal
Center at Nanjing Medical University. To establish a subcutaneous tumor model, mice were injected subcutaneously with 2%10°
CT26 cells suspended in approximately 25 pL of PBS on their dorsum. Tumor sizes were determined using the equation: Tumor
volume=0.5*length*width?.

Synthesis of B/T-HM
Hollow mesoporous Prussian blue nanoparticles (HPB) were produced using a standard procedure. Initially, to create Prussian
blue nanoparticles (PB), K3[Fe(CN)g (260 mg) and PVP K-30 (6 g) were dissolved in a 0.01 M HCl solution (60 mL). This
mixture was then heated for 24 h in a reaction vessel. In the next step, the obtained PB nanoparticles (25 mg) were combined
with additional PVP K-30 (75 mg) and dissolved in a stronger HCI solution (1 M, 20 mL). This mixture was left to etch in the
reaction vessel at 140 °C for 2 h. Finally, the resulting product was washed with water and centrifuged to isolate the HPB.
To load 3BrPA and 1-Tetradecanol into HPB, 100 mg of 3BrPA is mixed with 100 mg of 1-Tetradecanol and heated to 85 °C
to transform it from solid to liquid. Afterwards, 50 mg of HPB (dispersed in methanol) is added and mixed evenly under heated
stirring conditions. Methanol is removed by evaporation, followed by the addition of 10 mL of hot deionized water (85 °C) to
the suspension. The HPB loaded with 3BrPA and 1-Tetradecanol is collected by centrifugation (14000 rpm). Meanwhile, it is
washed with room temperature deionized water (25 °C) to solidify 1-Tetradecanol, obtaining HPB encapsulated with 3BrPA and
1-Tetradecanol (B/T-HPB), yield 26.4+1.95%. Finally, B/T-HPB (0.5 mg/mL, 2 mL) is mixed with tumor cell membranes
(1 mg/mL, 1 mL) and processed using a liposome extruder with an extrusion pore size of 400 nm to obtain B/T-HM.***’

In vitro Controlled Release of 3BrPA from B/T-HM
The B/T-HM obtained was redispersed into dialysis bags (MWCO 8~14k Da) containing PBS (100 pg/mL, 5 parallel
samples), which were then maintained at 37 °C with shaking for 5 minutes. Following this, the solutions underwent
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irradiation with 808 nm NIR for 5 minutes (0.5 W/cm?). At predetermined time intervals, the external solution was
collected and lyophilized. The cumulative release of 3BrPA was quantified using HPLC.

In vitro Cellular Experiments

For uptake experiments, FITC-labeled B/T-HM nanoparticles (100 pg/mL) were co-incubated with CT26 cells for
various durations, followed by fixation and staining with DAPI. Subsequently, results were acquired through scanning
confocal laser microscope (LSM900, Zeiss).

To evaluate the biosafety of T-HM, HUVEC cells were pre-seeded in a 96-well plate (5000 cells/well). After 12 h, different
concentrations of T-HM (0~200 pg/mL) were introduced and co-incubated for 24 h and then assessed using the CCK-8 assay kit.

To evaluate the cytotoxicity of B/T-HM on tumor cells under NIR control, CT26 cells were pre-seeded in a 96-well
plate at a density of 5000 cells per well. After 12 h, the cells were treated with various conditions: Ctrl, NIR, B/T-HM,
T-HM+NIR, and B/T-HM+NIR (B/T-HM at 100 pg/mL, 3BrPA at 25 pg/mL, NIR at 0.5 W/cm?). The cells were then
incubated for an additional 24 h. Cell viability was assessed by CCK-8 assay kit.

For Western blot (WB) analysis, CT26 cells pre-seeded in 6-well plates (2*10° cells/well) were treated with Ctrl, NIR,
B/T-HM, T-HM+NIR, and B/T-HM+NIR (B/T-HM: 100 pg/mL, 3BrPA: 25 pg/mL, NIR: 0.5 w/cm?). Subsequently, cells
within 6-well plates underwent lysis at 0 °C with lysis buffer for protein extraction and sample preparation. Protein
alterations, specifically in HK2, PD-L1, HSP70, and HSP90, were then discerned via gel electrophoresis and subsequent
antibody identification, culminating in a process for visualizing the proteins.

To detect ATP content ion, CT26 cells, pre-seeded in 6-well plates at a density of 5*10° cells/well, were subjected to
treatments with Ctrl, NIR, B/T-HM, T-HM+NIR, and B/T-HM+NIR (B/T-HM: 100 pg/mL, 3BrPA: 25 pg/mL, NIR: 0.5 w/cm?).
Subsequently, the cell culture medium was extracted and analyzed for ATP content using an ATP assay kit.

In vivo Experiments

For IVIS imaging, CT26 tumor-bearing BALB/c mice were intravenously (i.v.) injected with DiD-labeled B/T-HM
(250 pL, 2 mg/mL, 3-BrPA: 0.5 mg/mL). Subsequently, fluorescence imaging was conducted at various time intervals
through IVIS imaging system. After the imaging sessions, the mice were euthanized to harvest organs and tumors, which
were then subjected to digestion using aqua regia. Finally, the content of B/T-HM in the organs and tumor was quantified
using ICP-OES to assess its bio-distribution.

To acquire photo-thermal imaging, CT26 tumor-bearing BALB/c mice were i.v. injected with B/T-HM (250 pL, 2 mg/mL,
3BrPA: 0.5 mg/mL), which were then irradiated with NIR (0.5 w/cm?), and photo-thermal images were captured at various time
points using a thermal camera.

For the study of photo-thermal-metabolic therapy, CT26 tumor-bearing BALB/c mice were allocated into 5 groups: Ctrl,
NIR, B/T-HM, T-HM+NIR, and B/T-HM+NIR (with each mouse receiving B/T-HM: 250 pL, 2 mg/mL, 3BrPA: 0.5 mg/mL,
and subjected to NIR irradiation: 0.5 w/cm?® for 5 min) once tumors reached a volume of 80 mm®. Following this, mice
received 7.v. injections of the specified treatments, with NIR exposure occurring 48 h later. Tumor volume were monitored and
recorded bi-daily. In the investigation of photothermal-metabolic immunotherapy, tumors bearing mice were systematically
grouped into 4 groups (Gl: Ctrl, G2: B/T-HM+oPD-1, G3: T-HM+NIR+aPD-1, G4: B/T-HM+NIR+aPD-1, with the
treatment formulation being B/T-HM: 250 L, 2 mg/mL, 3BrPA: 0.5 mg/mL, NIR: 0.5 w/cm? for 5 min, and aPD-1: 20 pg
per mouse) when tumor size achieved 80 mm?>. Subsequently, these mice were i.v. administered the respective compounds,
followed by NIR irradiation after 48 h. Measurements of tumor growth were conducted every other day to evaluate the effects.

Statistical Analysis
In this study, all data are presented as mean+standard deviation (SD). Differences among groups were evaluated using
both Analysis of Variance (ANOVA) and Student’s -test. Statistical analyses were performed using Graph Pad Prism

version 9.5 and Excel 2016. A P-value less than 0.05 was deemed statistically significant.
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Results and Discussion

Construction and Evaluation of Photo-Thermally Controllable Drug Delivery Platform
To precisely regulate tumor cell metabolism and reshape the tumor immune microenvironment to enhance tumor immunotherapy,
we have developed a photo-thermally controllable drug delivery platform based on HPB and 1-tetradecanol, which has a phase
transition temperature of 38°C. As depicted in Figure 1a, we initially synthesized Prussian Blue via a hydrothermal method, followed
by etching with 0.01 M HCl to obtain HPB. Subsequently, at 85°C, 3-BrPA and 1-tetradecanol were mixed uniformly with HPB and
then rinsed with deionized water to cool 25°C. The temperature change facilitated the transition of 1-tetradecanol from liquid to solid,
encapsulating 3-BrPA within HPB to form B/T-HPB. Theoretically, HPB possesses excellent photo-thermal properties, allowing
controlled release of 3-BrPA upon irradiate to an 808 nm laser when the temperature of B/T-HPB exceeds 38°C. Transmission
electron microscopy (TEM) in Figure S1 reveals that the synthesized Prussian Blue had an initial size of approximately 180 nm,
which slightly reduced to about 120 nm after HCI etching (Figure 1b). Further, the characteristic absorption peak of 3-BrPA in B/
T-HPB was identified using a UV spectrophotometer, indicating successful encapsulation of 3-BrPA by 1-tetradecanol within HPB
(Figure 1c). The element mapping and energy spectrum of B/T-HM also support the aforementioned conclusions (Figure S2). To
enhance the in vivo circulation and tumor targeting of B/T-HPB, tumor cell membranes were used to physically extrude and modify
it, resulting in B/T-HM as demonstrated by SDS-PAGE in Figure S3, confirming successful membrane modification on B/T-HPB.
After membrane modification, the zeta potential of B/T-HM became more negative, which could favor its circulation and drug
delivery in vivo (Figure 1d). Dynamic light scattering (DLS) further analyzed the hydrodynamic radius of PB, HPB, B/T-HPB, and
B/T-HM, correlating with TEM results, showing that drug loading and membrane modification had minimal impact on their sizes
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Figure | (a) The schematic diagram of the preparation of Hollow Prussian Blue (HPB) encapsulating 3-bromopyruvate (3BrPA) with phase change |-tetramanol (B/T-HPB)
and the principle of photothermal controlled release. (b) TEM image of B/T-HPB. (c) The UV spectra of 3BrPA, T-HPB, and B/T-HPB. (d) Zeta potential of PB, HPB, B/T-HPB
and tumor cell membrane modified B/T-HPB (B/T-HM). (e) DLS of PB, HPB, B/T-HPB and B/T-HM. (f) Temperature changes of B/T-HM at different concentrations (HPB:
6.25~100 pg/mL) under 808 nm near-infrared (NIR) light irradiation (with a light power density of 0.5 W/cm?). (g) Temperature change curves of B/T-HM (1.0 mL, HPB:
100 pg/mL) under NIR light irradiation at different power density. (h) Photothermal conversion efficiency (1) of B/T-HM (HPB: 100 pg/mL). (i) Temperature evolution of B/
T-HM over 4 LASER ON/OFF cycles of 808 nm NIR laser irradiation (0.5 W/cm?). (j) 3BrPA controlled release curves in B/T-HM with or without 808 nm NIR irradiation (0.5
Wicm?, 5 min). Error bars represent mean * s.d. (n=3).
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(Figure 1e). Following this, to clarify the drug release capability of B/T-HPB under 808 nm light, we first evaluated the photo-thermal
performance of B/T-HM. As shown in Figure 1f, under 0.5 W/cm? of 808 nm light for 5 minutes, the temperature of the solution
increased more as the HPB content increased (6.25~100 pg/mL), exceeding 20°C when the HPB concentration reached 100 pg/mL,
which was also indicated by the photothermal photos of B/T-HM (Figure S4). Additionally, under varying irradiation powers, B/
T-HM still demonstrated good photo-thermal performance, achieving a photo-thermal conversion efficiency of 75.7%
(Figure 1g and h). Notably, the photo-thermal performance of B/T-HM showed no significant loss even under repeated on/off
cycles of irradiation (Figure 1i). Finally, the cumulative drug release curve confirmed that approximately 70.3+2.73% of 3-BrPA
could be released from B/T-HM under 0.5 W/ecm? of 808 nm light after 5 min of irradiation. Without irradiation, the cumulative
release of 3BrPA from B/T-HM was only 12.9+1.65% (Figure 1j). These results illustrate the successful construction of a photo-
thermally controllable drug delivery platform encapsulating 3-BrPA, capable of specifically releasing the drug under light conditions
of 0.5 W/ecm? at 808 nm, providing a solid theoretical and experimental foundation for subsequent cellular level and in vivo tumor
treatment, and precise regulation of tumor cell metabolism to reshape the tumor immune microenvironment.

Cellular-Level Regulation of Photo-Thermally Activated B/T-HM

After evaluating the excellent drug-loading and photo-thermal-controlled release capabilities of B/T-HM, we further verified its
regulatory effects and efficacy on tumor cells under light-controlled conditions at the cellular level. Initially, T-HM was co-
incubated with HUVEC cells and was found to exhibit no significant cytotoxicity even at concentrations exceeding 200 pg/mL
(Figure S5). Subsequently, B/T-HM was co-incubated with CT26 cells, where it was efficiently endocytosed. Confocal images
show significant intracellular FITC-B/T-HM signals at 6 hours, possibly due to the homotypic targeting of the tumor cell
membrane (Figure 2a). Notably, through lysosomal co-localization staining, as shown in Figure S6, B/T-HM can also escape from
lysosomes within the cells, setting the stage for intracellular release of 3-BrPA and its impact on tumor cell metabolism. 3-BrPA,
a hexokinase II (HK?2) inhibitor, primarily regulates tumor cell metabolism by inhibiting HK2 activity, hence the HK2 activity in
CT26 cells treated with B/T-HM and 808 nm NIR irradiation was measured using an HK2 activity assay kit. As shown in
Figure 2b, B/T-HM slightly inhibits HK2 activity, with significant inhibition observed upon release of 3-BrPA under 808 nm light
exposure. Additionally, the effective action of 3-BrPA also reduces the gene and protein expression levels of HK2 through its
inhibition of the glycolysis pathway (Figure 2c). Furthermore, high levels of glycolysis are also associated with increased PD-L1
expression on tumor cell surfaces, which promotes immune evasion. Theoretically, inhibiting tumor cell glycolysis could reduce
PD-L1 expression. Western blot analysis of tumor cells treated with B/T-HM, T-HM+NIR, and B/T-HM+NIR showed
a significant reduction in PD-L1 expression following B/T-HM+NIR treatment compared to B/T-HM and T-HM+NIR
(Figure 2d), benefiting subsequent T-cell-mediated anti-tumor immune responses. For another, as lactate, the final product of
glycolysis, further acidifies the tumor microenvironment, reducing T-cell activity, effective restriction of tumor cell glycolysis by
B/T-HM+NIR leads to decreased lactate production, providing a conducive environment for T-cell anti-tumor functions. To
confirm this, lactate levels in the culture medium of CT26 cells from the respective treatment groups were measured using a lactate
assay kit, revealing that photo-thermally promoted release of 3-BrPA by B/T-HM could reduce lactate content to 2.04+0.47%
(Figure 2e). Subsequently, the cytotoxicity of B/T-HM combined with photo-thermal therapy on tumor cells was assessed using
a CCK-8 assay kit. Compared to free 3-BrPA, B/T-HM enhanced the safety of 3-BrPA, possibly due to the drug encapsulation
capabilities of 1-tetradecanol. T-HM combined with 808 nm NIR irradiation killed over 50% of tumor cells, and encapsulation of
3-BrPA with B/T-HM+NIR led to the killing of about 90% of tumor cells (Figures 2f and S7). Finally, using Western blot, key
proteins related to ICD such as HSP70 and HSP90 were found to be significantly elevated in tumor cells treated with B/T-HM
+NIR, and an increase in ATP content was also detected in the medium by ATP assay kits (Figure 2g and h). These results indicate
that photo-thermally activated B/T-HM not only effectively inhibits tumor cell glycolysis via the HK2 pathway but also reduces
PD-L1 expression and lactate production. Simultaneously, the photo-thermal-mediated B/T-HM synergistic treatment effectively
kills tumor cells while inducing ICD, providing reliable cellular-level validation for the efficacy of subsequent T-cell function and
enhancement of immunotherapy.

In vivo Effects and Anti-Tumor Evaluation of Photothermally Controllable B/T-HM
After validating the cellular-level functions of the photo-thermally controllable B/T-HM, its behavior and effects in vivo were
further evaluated. Initially, DiD-labeled B/T-HM was administered intravenously into CT26 tumor-bearing mice, and the

11186 "= International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=483815.docx
https://www.dovepress.com/get_supplementary_file.php?f=483815.docx
https://www.dovepress.com/get_supplementary_file.php?f=483815.docx
https://www.dovepress.com/get_supplementary_file.php?f=483815.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Ma et al

= 1500- -
b = — & ‘x\x\“e
a 0Oh * %ok c 2
£ 1000- y r > & <
£ _;. (R 2R Q
2
§ > HK2 s e ——
a "—§ 500+
; m B-aCtin s sm— ——
: — T
g < T ed ) 0
O Ty
= “Bed | 4 3 —*
o P S 61 oo
e > Sowmacy = ° [
' . _ PR g °
° IR  PD-L1 o 4
= { ; ® 2-
s B-actin s s— — — - ¢
0 L] L] L) L)
Ao ¢
& o“&b\s“\@“
NG QX D
RN S S
Q 632‘ N <\>2‘ Q
s g < & < 9 h -
1204 — §.3-
) A HSP70 we =
E 100 !!l Y 'i| - = * %
= 80+ * _g 24 —
= —
| 601 HSPOD wee wee s WP o
> 40+ - E 4-
= ® =
= = —
O 20 I B-actin s wm— w—— o al| ﬂ
0 1 1 I I 1 < 0
S &N ¢
S E A TR
SRR QX R
X X D N

«Qé

Figure 2 (a) Confocal images of FITC labeled B/T-HM phagocytosed by CT26 tumor cells (scale bar: 10 um). (b) Hexokinase 2 (HK2) vitality in CT26 cells treated with B/T-HM,
T-HM+NIR and B/T-HM+NIR. (c) Western blot analysis of HK2 expression levels in CT26 cells treated with B/T-HM, T-HM+NIR and B/T-HM+NIR. (d) Western blot analysis of PD-
L1 expression on CT26 cells treated with B/T-HM, FTHM+NIR and B/T-HM+NIR. (e) Lactate content in the medium of CT26 cells treated with B/T-HM, THM+NIR, and B/T-HM
+NIR. (f) Cell viability of CT26 cells treated with B/T-HM, T-HM+NIR and B/T-HM+NIR. (g) Western blot analysis of HSP70 and HSP90 expression levels in CT26 cells treated with
B/T-HM, T-HM+NIR and B/T-HM+NIR. (h) ATP content in the medium of CT26 cells treated with B/T-HM, THM+NIR, and B/T-HM+NIR. (HPB: 100 pg/mL, 3BrPA: 25 pg/mL, NIR:
0.5 Wicm?, 5 min). Error bars represent mean #s.d. (n=3). P values in (c, d, f and h) were calculated by one-way ANOVA test. (¥P < 0.01, ¥*P <0.001).

distribution of DiD-B/T-HM within the body was tracked at different time points by the IVIS imaging system. As shown in
Figure 3a, over time, DiD-B/T-HM gradually accumulated at the tumor site, reaching peak levels between 24 and 48 h post-
injection. This indicates that the tumor cell membrane-modified B/T-HM could efficiently reach the tumor site through EPR
effect and homotypic targeting, laying a foundation for its functional deployment at the tumor site. Concurrently, the specific
distribution of B/T-HM in organs and tumors was analyzed by ICP by detecting Fe content; 24 h post-injection, the B/T-HM
content in the tumor reached 9.64+0.84% ID/g, and even higher at 12.44+1.99% ID/g after 48 h. These results are consistent with
those from the IVIS imaging, indicating a high tumor enrichment efficiency of B/T-HM, while its content in normal organs
gradually decreased due to metabolism (Figure 3b). Subsequently, the efficacy of B/T-HM in the tumor was assessed through

photo-thermal imaging 48 h post-injection. As illustrated in Figure 3¢, over the course of irradiation, relative to the PBS group, B/
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Figure 3 (a) IVIS fluorescence imaging of DiD labeled B/T-HM in CT26 tumor-bearing mice after iv. injection at different time points. (b) Biodistribution of B/T-HM at
different time points after iv. injection. Error bars represent mean * s.d. (n=3). (c) Photothermal imaging of CT26 tumor-bearing mice after different durations of 808 nm
NIR light irradiation after iv. injection with B/T-HM for 48 h (NIR: 0.5 W/cm?). (d) Blood biochemistry (ALT (U/L), AST (U/L), ALP (U/L), BUN (mmol/L)) and (e) blood
routine (WBC (10°/L), RBC (10'%L), HGB (g/L), HCT (%), MCV (fL), MCH (pg), MCHC (g/L), PLT(10°/L)) analysis of mice post 21 days iv. injection with B/T-HM. Error bars
represent mean * s.d. (n=3). (f) Inmunofluorescence images of HK2 expression in CT26 tumors treated with B/T-HM+NIR (green: HK2") (g) Immunofluorescence images
of PD-LI expression in CT26 tumors treated with B/T-HM+NIR (red: PD-LI™) (100 pL B/T-HM, 3BrPA: 6.25 mg/kg, NIR: 0.5 W/cm?, 5 min). P values in (d and e) were
calculated by Student’s t-test. (ns P> 0.05).

T-HM could raise the tumor tissue temperature to above 50°C within 6 minutes of 808 nm NIR irradiation, ensuring the in vivo
release of 3-BrPA and facilitating synergistic photo-thermal therapy of the tumor. Notably, the i.v. injection of B/T-HM appeared
to have no significant impact on the health of the mice, as evidenced by the blood biochemistry (ALT, AST, ALP, BUN) and
blood routine (WBC, RBC, HGB, HCT, MCV, MCH, MCHC, PLT) analyses 21 days post-injection (Figure 3d and e) and the
H&E staining of organs (Figure S8), which showed no significant differences compared to the control group. Following this,
tumor tissues from mice treated with B/T-HM+NIR underwent immunofluorescence histological analysis, demonstrating
significant reductions in the expression levels of HK2 (green fluorescence) and PD-L1 (red fluorescence) in tumor tissues,
indicating that the photo-thermally controllable B/T-HM can indeed regulate tumor metabolism in vivo (Figure 3f and g).

To verify the photo-thermal-metabolic antitumor effects of photo-thermally controllable B/T-HM in vivo, a subcutaneous
CT26 tumor model in mice was established. Once the tumor volume approached ~80 mm?>, the mice were randomly assigned
to 5 different groups (Ctrl, NIR, B/T-HM, T-HM+NIR, and B/T-HM+NIR). On day 0, the respective formulations were
administered, followed by 808 nm NIR irradiation on day 2. The mice’s growth curves were monitored and analyzed
subsequently (Figure 4a). As illustrated in Figure 4b, compared to the Ctrl group, B/T-HM exhibited a mild therapeutic
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Figure 4 (a) Schematic diagram of controlled photothermal-metabolic therapy mediated by B/T-HM. (b) CT26 tumors growth curves after treated with NIR, B/T-HM, T-HM
+NIR and B/T-HM+NIR (100 uL B/T-HM, 3BrPA: 6.25 mg/kg, NIR: 0.5 W/cm?, 5 min) (n=5). (c) Confocal microscopy images of Ki67 (yellow) expression in tumor tissues
at day 7 post treatments. (d) Confocal microscopy images of TUNEL (brown) in tumor tissues at day 7 post treatments. (e) Confocal microscopy images of HSP70 (green)
expression in tumor tissues at day 7 post treatments. (f) Confocal microscopy images of CRT (red) expression in tumor tissues at day 7 post treatments.

effect, likely due to partial release of 3-BrPA at the tumor site. The T-HM+NIR group, benefiting from HPB’s excellent photo-
thermal properties, demonstrated a better photo-thermal therapeutic effect on tumors. Most notably, the photo-thermal-
metabolic antitumor effect of photo-thermally controllable B/T-HM (B/T-HM+NIR) effectively halted tumor growth and
prolonged the mice’s survival to beyond 30 days, all while being safe and effective, with no significant weight loss observed in
the mice (Figures S9 and S10). Since 3-BrPA can inhibit tumor proliferation by suppressing glycolysis in tumor cells, Ki67
immunofluorescence staining (yellow) was performed on tumor tissues on day 7 post-treatment to assess tumor cell
proliferation. The results showed a significant reduction in Ki67 fluorescence in the tumors treated with B/T-HM+NIR,
indicating a substantial suppression of tumor proliferation (Figure 4c). Furthermore, the photo-thermal-metabolic treatment
mediated by B/T-HM+NIR also induced more apoptosis in tumor cells (Figure 4d). It is worth mentioning that previous

International Journal of Nanomedicine 2024:19 hetps: 11189
ove!


https://www.dovepress.com/get_supplementary_file.php?f=483815.docx
https://www.dovepress.com/get_supplementary_file.php?f=483815.docx
https://www.dovepress.com
https://www.dovepress.com

Ma et al Dove

cellular-level validation showed that B/T-HM+NIR treatment led to the release of antigens associated with ICD in tumor cells.
Therefore, the same validation was conducted at the animal treatment level, as shown in Figure 4e and f, where tumor tissues
treated with B/T-HM+NIR exhibited increased expression and release of HSP70 and calreticulin (CRT). Meanwhile, another
key indicator of ICD, HMGBI, also showed significant release after the photothermal-metabolic therapy (Figure S11). These
results suggest that the photo-thermal-metabolic treatment mediated by B/T-HM+NIR not only effectively suppresses tumor
growth but also induces ICD in tumor cells, offering possibilities for subsequent combination with immunotherapy to

eradicate tumors.

Photo-Thermally Controllable B/T-HM Mediated Metabolic-lmmunotherapy

In previous experiments, B/T-HM under 808 nm NIR irradiation was not only demonstrated to generate effective photo-
thermal effects in vivo but also to efficiently inhibit glycolysis in tumor cells via the HK2 pathway, reduce lactate
production, and decrease tumor cell proliferation. Additionally, it degraded PD-L1 on tumors and, after combined tumor
cell eradication, facilitated the production of ICD. These findings reveal the potential of B/T-HM in reversing tumor
metabolism-mediated immunosuppressive microenvironments and promoting tumor immunotherapy. Reducing lactate
production and promoting tumor PD-L1 degradation may further enhance the efficacy of T cells in tumor immunotherapy.
To enhance its effectiveness, we combined B/T-HM+NIR with an anti-PD-1 antibody (aPD-1), which can block the PD-L1
/PD-1 pathway and further activate T cells, in a strategy termed photo-thermally controllable metabolic-immunotherapy to
potentially eradicate tumors. As shown in Figure 5a, a CT26 tumor-bearing mouse model was established, and once the
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Figure 5 (a) Schematic diagram of photo-thermally controllable tumor metabolic modulation to enhance immunotherapy. (b) CT26 tumors growth curves of mice post
controllable photothermal-metabolic immunotherapy (B/T-HM+aPD-1, T-HM+NIR+aPD-I and B/T-HM+NIR+aPD-1). (n=5). (c-e) The levels of TNF-a (c), IFN-y (d) and
IFN-B (e) in tumor bearing mice serum at day 5 post treatments detected by ELISA kit. Error bars represent mean #* s.d. (n=3). (f) Lactate content in CT26 tumor tissues

post treatments. P values in c—f were calculated by one-way ANOVA test. (**P <0.01, **P <0.001).
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tumor volume approached ~80 mm?>, the mice were randomly assigned to 4 different groups (Ctrl, B/T-HM+oPD-1, T-HM
+NIR+aPD-1, and B/T-HM+NIR+aPD-1), and treated accordingly. Compared to the groups not combined with aPD-1 for
immunotherapy, the B/T-HM-+NIR+aPD-1 group could nearly completely eliminate the tumors (Figure 5b). After the
photo-thermally controllable metabolic-immunotherapy, 80% of the mice survived more than 60 days without significant
impact on their health (Figures S12 and S13). To assess the mechanism of action of this treatment, we first evaluated anti-
tumor related cytokines such as TNF-o, IFN-y, and IFN-B in the serum of mice using an ELISA kit on day five post-
treatment. As Figure Sc—e show, compared to the Ctrl, B/T-HM+aPD-1, and T-HM+NIR+aPD-1 groups, the concentrations
of these cytokines were markedly elevated in the B/T-HM+NIR+aPD-1 group, with the rise in IFN-f suggesting possible
activation of NK cells. Further, before assessing changes in T cell phenotypes and proportions within the tumor micro-
environment, the lactate content in the tumor tissues of each group was measured using a lactate assay kit. Results indicated
a slight reduction in the B/T-HM+aPD-1 group and a significant reduction in the B/T-HM+NIR+aPD-1 group, which would
be more conducive to subsequent T cell infiltration and activation (Figure 5f). Subsequently, through flow cytometry, we
assessed the maturity ratio of dendritic cells (DCs) in lymph nodes, a crucial step for activating tumor-specific T cells. The
metabolic-immunotherapy mediated by B/T-HM+NIR+oPD-1 also aided in the activation of DC cells, elevating the
CD11¢'CD80'CD86" DC cell maturity ratio from 14.99+5.64% in the control group to 37.97+1.50% (Figure 6a and b).
Concurrently, the proportion of infiltrating CD3"CD8" T cells in the tumor increased to 42.4+1.66%, while the CD3"CD4"
T cell ratio showed no significant change (Figure 6¢ and d). To further refine the CD8" T cell phenotype, flow cytometry
characterization revealed that the majority of the increased CD3"CD8" T cells were IFN-y" CDS8 T cells and Granzyme B*
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Figure 6 (a and b) Representative FACS plots (a) and statistical analysis (b) of DC maturation at day 5 post treatments. Error bars represent mean * s.d. (n=3). (c and d)
Statistical analysis (c) and representative FACS plots (d) of T cells at day 5 post treatments. Error bars represent mean * s.d. (n=3). (e-h) FACS statistical analysis and
representative FACS plots of IFN-y"CD8" T cells (e and g) and Granzyme B*CD8" T cells (fand h) infiltrate in CT26 tumors post treatments. Error bars represent mean
s.d. (n=3). (i) Confocal microscopy images of NK cells (red) infiltrate in tumor tissues at day 5 post treatments. P values in (b, c, e and f) were calculated by one-way
ANOVA test. (*P <0.05, **P <0.01, **P <0.001).
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CDS8 T cells, the two main anti-tumor CD8" T cell phenotypes (Figure 6e-h). Notably, immuno-fluorescent staining of the
tumor tissues also found an increase in infiltrating NK cells with the progression of treatment, consistent with the earlier rise
in IFN-B (Figure 61). Thus, B/T-HM under 808 nm NIR irradiation combined with aPD-1 can effectively reverse the tumor
metabolism-mediated immunosuppressive environment and activate the immune cycle, promoting tumor metabolic-
immunotherapy to eliminate the tumor.

Conclusion

This study aims to address the changes in the TME caused by the unique metabolic ways of tumor cells, which limit the
effectiveness of tumor immunotherapy, particularly the function of T cells. To reverse the immunosuppressive microenvironment
caused by tumor cell glycolysis and to promote metabolic-immune therapy for cancer, we have designed and developed a novel
photo-thermally controllable drug delivery platform (B/T-HM). This platform consists of hollow mesoporous Prussian blue
nanoparticles, whose surface is modified with tumor cell membranes and encapsulates a drug known as 3-BrPA. It can achieve
photo-thermally controllable release and delivery through a phase change material, 1-tetradecanol, thus precisely regulating tumor
cell glycolysis metabolism, and is expected to boost the effectiveness of tumor immunotherapy. In vitro, B/T-HM demonstrated
excellent photo-thermal performance and drug encapsulation ability, precisely releasing 3-BrPA under 808 nm NIR irradiation.
After being internalized by tumor cells, B/T-HM can inhibit tumor cell glycolysis and proliferation through the HK2 pathway
under NIR irradiation, reduce lactate production and PD-L1 expression, effectively kill tumor cells and release TAA after
synergistic photo-thermal therapy. In vivo, B/T-HM can target and accumulate in tumors, significantly inhibit tumor proliferation
and ICD under photo-thermal synergistic control, while reversing the immune-suppressive microenvironment caused by tumor
metabolism-induced PD-L1 upregulation and acid production, providing a conducive immune microenvironment for T cell
infiltration and activation. When combined with oPD-1, B/T-HM-mediated photo-thermally controllable metabolic-immune
therapy can effectively eradicate tumors. Overall, our study utilizes photo-thermal therapy to precisely regulate tumor cell
metabolism, further improving the tumor immune-suppressive microenvironment. This strategy provides a novel perspective for
effectively combining photo-thermal therapy, metabolic regulation, and immunotherapy, opening new avenues for cancer
treatment research.
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