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Background: Breast cancer has become the most common cancer in women. Compare with other subtypes of breast cancer, triple-
negative breast cancer (TNBC) is more likely to relapse and metastasize. Highly effective therapeutic strategies are desperately needed
to be explored. In this study, a multifunctional nanoplatform is expected to mediate chemo-photothermal therapy, which can combine
immunogenic cell death with checkpoint blockade to combat TNBC and distant metastasis.

Methods: Poly (lactic acid-glycolic acid)-Poly (ethylene glycol) (PLGA-PEG) nanoparticles (NPs), a type of polymeric NPs, loaded
with IR780, a near-infrared (NIR) dye, and doxorubicin (DOX) as the chemotherapeutic drug, were assembled by an improved double
emulsification method (designated as IDNPs). The characterization, intracellular uptake, biosafety, photoacoustic (PA) imaging
performance, and biodistribution of IDNPs were studied. Chemo-photothermal therapeutic effect and immunogenic cell death (ICD)
were evaluated both in vitro and in vivo. The potency of chemo-photothermal therapy-triggered ICD in combination with anti-PD-1
immune checkpoint blockade (ICB) immunotherapy in eliciting immune response and treating distant tumors was further investigated.
Results: IR780 and DOX were successfully loaded into PLGA-PEG to form the IDNPs, with size of 243.87nm and Zeta potential of
—6.25mV. The encapsulation efficiency of IR780 and DOX was 83.44% and 5.98%, respectively. IDNPs demonstrated remarkable on-
site accumulation and PA imaging capability toward 4T1 TNBC models. Chemo-photothermal therapy demonstrated satisfactory
therapeutic effects both in vitro and in vivo, and triggered ICD efficiently. ICD, in combination with anti-PD-1, provoked a systemic
antitumor immune response against distant tumors.

Conclusion: Multifunctional IDNPs were successfully synthesized to mediate chemo-photothermal therapy, which combines immu-
nogenic cell death with checkpoint blockade to combat TNBC and distant metastasis, showing great promise preclinically and
clinically.
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Introduction

According to the International Agency for Research on Cancer, breast cancer has overtaken lung cancer to become the
most common cancer among women.' Compare to other subtypes of breast cancer, triple-negative breast cancer (TNBC)
is more likely to relapse and metastasize.”* Current mainstream treatments include surgery removal, radiotherapy,

chemotherapy, and endocrine therapy.” ' However, the inhibitory effects of monotherapy on TNBC are limited."
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Among emerging therapeutic modalities, photothermal therapy (PTT), as a minimally invasive therapeutic strategy, has
been extensively explored to treat breast cancer, which presented fairly high effectiveness.'>'® Typically, PTT is achieved
by local hyperthermia caused by the thermal energy from the photosensitizer’s conversion of a near-infrared (NIR) light
energy, inducing damage to tumor cells.”"'*"'® Nevertheless, in the consideration of the limited tissue penetration of NIR
light, inevitably, not all tumor cells can be irradiated in a relatively large tumor mass, resulting in recurrence after PTT. It
has been reported that chemotherapy can compensate for the shortcomings of PTT and inhibit local recurrence.'’
Although chemo-photothermal therapy can seemingly maximize the inhibition of tumor recurrence in situ, while facing
distant metastasis, it can still fail to induce a prolonged anti-tumor effect, thus less effective to prevent metastasis.
Fortunately, it was observed that the activities of various immune cells, their functions, and relevant pathways were

significantly increased in TNBC patients,*'®!?

along with more tumor-infiltrating lymphocytes and a higher positive rate
of programmed death ligand-1 (PD-L1), suggesting that immune checkpoint blockade (ICB) would potentially promote
anti-tumor therapy and prevent metastasis.”> 2> ICB therapy uses anti-programmed cell death 1 (PD-1) and its ligand
(PD-L1) antibodies to block the immune escape of cancer cells, ultimately inhibiting tumor metastasis and improving
anti-tumor efficacy.”> >> Although promising, ICB alone presents a low objective response due to the inherent low
immunogenicity.?®

When tumor cells die after undergoing certain therapeutics (eg, chemotherapy, PTT, radiotherapy), the accompanying
transformation from non-immunogenic to immunogenic and mediating anti-tumor immune response is called immuno-
genic cell death (ICD).?’ During the ICD, the dying tumor cells produce a series of signaling molecules called damage-
associated molecular patterns (DAMPs), mainly including the transfer of calreticulin (CRT) from the endoplasmic
reticulum (ER) to the cell membrane surface, the release of high mobility group box 1 (HMGBI1) protein from the
nucleus, and the exocrine of adenosine triphosphate (ATP).***’ These DAMPs will enhance the immunogenicity of
cancer cells, initiating a series of cytological reactions, and ultimately activating innate and adaptive immune
responses.’’ > Therefore, chemo-photothermal therapy is expected to trigger ICD,** and transfer the immunologically
cold tumor to hot.* In combination with anti-PD-1 /PD-L1, tumor-infiltrating T cells can be significantly increased, thus
achieving a lasting clinical response.'>>%>%

To achieve chemo-photothermal therapy, effective delivery of chemotherapeutic drugs and photothermal conversion
agents to the tumor area is a prerequisite. Nanodrug delivery systems can improve the pharmacokinetics of drugs,
enhance the ability of targeted delivery to tumors, accurately release drugs at the target site, and achieve better
therapeutic effect while reducing side effects.>”*° Nanodrug delivery systems, such as liposomes, polymeric micelles,
nanogels and biomimetic nanoparticles, have been widely used in the research of cancer therapy.>**' As a typical
representative of them, poly (lactic-co-glycolic acid) (PLGA) is one of the most successfully developed biocompatible
and biodegradable polymers, and approved by US FDA.** PLGA nanoparticles (NPs) are usually modified with poly
ethylene glycol (PEG) for long blood circulation. The PEGylated PLGA polymer has been used as a carrier to
encapsulate various small molecular drugs either hydrophobic or hydrophilic, large molecular proteins and enzymes,
which can achieve the purpose of tumor combination therapy by loading different drugs.**** Given the limited inhibition
of TNBC by monotherapy, combination therapy with multiple agents is essential. Therefore, PEGylated PLGA is
a suitable drug delivery system candidate to achieve highly efficient TNBC therapy.

Herein, we constructed a multifunctional nanoplatform by loading photosensitizers IR780 and a first-line chemother-
apeutic drug DOX on PLGA-PEG NPs (designated as IDNPs), which can achieve chemo-photothermal therapy to
eliminate a primary tumor (Scheme 1). IR780 is a fluorescent dye with great photothermal conversion capability and
photoacoustic (PA)/fluorescence imaging performance, which can be utilized to induce PTT, as well as monitor the
distribution of nanoplatforms and determine the optimal treatment time window. Assisted by IR780, these IDNPs could
preferentially accumulate into 4T1 TNBC cells without additional other conjunctions and potentiate the therapeutic
efficacy. ICD triggered by chemo-photothermal therapy will combine with ICB antibodies to efficiently inhibit the
growth of distant tumors. This study provided an effective therapeutic modality to combat TNBC and distant metastasis,
showing great promise.
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Scheme | Scheme of the therapeutic mechanism. Guided by PA and fluorescence imaging, IDNPs accumulate in the tumor site and achieve chemo-photothermal therapy to
eliminate a primary tumor upon laser irradiation. ICD triggered by chemo-photothermal therapy will combine with ICB antibodies to efficiently inhibit the growth of distant
tumors.

Materials and Methods

Materials

PLGA (MW:20000, 50:50)-PEG (MW: 2000) was purchased from Xi’an Ruixi Biotechnology Co., Ltd (Xi’an, China). IR780
iodide and Poly (vinyl alcohol) (PVA) were obtained from Sigma-Aldrich (USA). Doxorubicin hydrochloride (DOX-HCI)
was produced by Dalian Meilun Biotechnology Co., Ltd (Dalian, China). Dichloromethane (CH,Cl,) and isopropanol were
purchased from Chongqging Chuandong Chemical Co., Ltd (Chongqing, China). Cell Counting Kit-8 (CCK-8), Calcein AM,
and propidium iodide (PI) were purchased from Dojindo (Japan). HMGBI antibody, CRT antibody, and FITC-conjugated
secondary antibody were obtained from Proteintech Group, Inc. (Wuhan, China). ATP-enhanced kit was obtained from
Beyotime Biotechnology Co., Ltd. (Shanghai, China). HMGBI, IFN-y, and TNF-o ELISA Kits were purchased from JingMei
Biotechnology Co., Ltd (Shenzhen, China). All chemical agents were used without further purification.

Fabrication of IDNPs
IDNPs were fabricated by a modified double emulsification method.** First, 50 mg of PLGA-PEG and 2 mg of IR780
were dissolved into 2 mL CH,Cl,. Then, 10 mg DOX-HCI (dissolved in 200 uL deionized water) was added to the same
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CH,Cl, solution. The above mixture was subjected to a probe ultrasound sonication (75 W, 3 min). After that, 5% PVA
salt solution was added to the emulsion. Afterward, lower ultrasonic power (60 W, 2.5 min) was applied to obtain the
double emulsion. The prepared double emulsion was then mixed with 1% PVA salt solution followed by stirring for 4
h. After centrifugation (5000 rpm/min and 11,000 rpm/min for 10 min, respectively), the slurry was obtained. PLGA-
IR780 (INPs) and PLGA-DOX (DNPs) were prepared following same procedures by removing DOX or IR780.

Characterization of IDNPs

The morphology of IDNPs were observed by transmission electron microscopy (TEM) and scanning electron microscopy
(SEM). The size distribution and zeta potential were measured by a Malvern Mastersizer analyzer (Malvern Instruments Ltd.,
Malvern, UK). Ultraviolet—Visible (UV—vis) absorption spectra of PLGA, DNPs, INPs, IDNPs, different concentration of free
DOX and free IR780 were obtained on an UV—vis spectrophotometer (SHIMADZU UV-2550, Japan). IDNPs were diluted to
an appropriate concentration to measure their absorption for calculating the entrapment efficiency of DOX and IR780 in
IDNPs, respectively. To assess the photothermal conversion performance, different concentrations (IR780 concentration: 0,
0.04,0.08,0.12, 0.16 and 0.20 mg/mL) of IDNPs suspension were added into the 96-well plate and irradiated with a NIR laser
with an intensity of 1.5 W/cm? for 5 min. The temperature changes were recorded by an infrared imager.

Cell Culture and Animal Models

Murine breast cancer 4T1 cell lines were purchased from Wuhan Procell Life Technology Co., Ltd (Wuhan, China).
Female Balb/c mice (6—8 weeks) were purchased from Hunan STA Laboratory Animal Co., Ltd, and raised in the
Experimental Animal Center of Chongqing Medical University. Murine breast cancer 4T1 cells a logarithmic growth
phase (1x10° cells) dispersed in PBS were injected into the breast pad on the left and right sides of each mouse to
simulate the primary and distant tumors on days 10 and 7 before the treatment, respectively. Tumor volume was
calculated as 7/6 x length x width?. All the animal experiments were approved by the Animal Ethics Committee of
the First Affiliated Hospital of Chongqging Medical University (No. 2021-716). All procedures were conducted in
accordance with the Institutional Animal Care and Use Committee of Chongqing Medical University.

Intracellular Uptake of IDNPs and in vitro Chemo-Photothermal Therapy

To determine the uptake of IDNPs by 4T1 cells, the cells were seeded on cell climbing slices for fluorescence
microscopic observation or in 6-well plates for flow cytometry analysis, with a seeding density of 2x10* cells per
slice and 1x10* cells per well, respectively. After overnight, DNPs and IDNPs suspensions (PLGA concentration:
0.15 mg/mL) were added. After 1, 2, 3, 4, 5, and 6 h of coincubation, the cells were observed by fluorescence microscopy
(excitation wavelength: 561 nm) or analyzed by flow cytometry (excitation wavelength: 565 nm).

To investigate in vitro chemo-photothermal therapeutic efficacy, cells were divided into 6 groups, including the
control group, laser group, DNPs group, IDNPs group, INPs + laser group, and IDNPs + laser group. Cells were seeded
in 96-well plates with a density of 10* per well in 100 pL complete culture medium. After overnight culture, 100 uL of
the above NPs were added to the corresponding wells. After 6 h of incubation, groups with laser irradiation were
subjected to NIR laser irradiation (808 nm, 1.5 W/cm?, 5 min). After another 1 h of incubation, the cell viability was
measured by a CCK-8 assay. In addition, cells cultured in confocal dishes after various treatments were stained with
Calcein-AM/PI to distinguish the living (red fluorescence) dead (green fluorescence) cells in the dish, and observed by
confocal laser scanning microscopy (CLSM).

Biosafety Assay, PA Imaging, and Biodistribution of IDNPs
Healthy Balb/c mice (n = 5) were randomly divided into 5 groups (Control, 1st day, 3rd day, 7th day and 14th day), and
intravenously injected with IDNPs suspension (10 mg/mL, 200 pL). Mice without any treatments were set as the control.
After 1, 3, 7 and 14 days of the injection, the blood routine of those mice were tested, the serum in each group was
collected for liver and kidney function examination, and major organs were collected for H&E staining.

In vitro and in vivo PA imaging of IDNPs were performed on a Vevo LAZR Photoacoustic Imaging System (Visual
Sonics Inc., Canada). PA images of IDNPs at different concentrations (PLGA concentration: 2, 4, 6, 8, 10 mg/mL) were
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obtained and the corresponding PA intensities were measured. Tumor-bearing mice were injected intravenously with
IDNPs (PLGA concentration: 5 mg/mL, 200 pL), and PA images of the tumors were acquired at different time points
(before the injection, and 1, 2, 4, 6, 24 and 48 h after the injection). The PA intensities were also measured. The
biodistribution of IDNPs was tested by fluorescence imaging with In Vivo Imaging System and Living Image software
(NightOWL 1II LB983, Berthold Technologies GmbH & Co0.KG, Germany). Fluorescence images were obtained at
different time points, which were consistent with that of PA imaging. After 48 h of the administration, tumors and major
organs, including heart, liver, spleen, lung, and kidney, were excised for ex vivo fluorescence imaging to further monitor
the distribution of IDNPs.

In vivo Chemo-Photothermal Therapy

For in vivo chemo-photothermal therapy, thirty Balb/c tumor-bearing mice were randomly divided into six groups (n
=5), including control group, laser group, DNPs group, IDNPs group, INPs + laser group, and IDNPs + laser group. The
mice were intravenously injected with the corresponding NPs every three days (PLGA concentration: 5 mg/mL, 200 pL).
After 24 h of the injection, all the groups with laser irradiation were subjected to NIR laser irradiation (808 nm, 1.5 W/
cm?, 10 min). The temperature changes in the tumor tissues were recorded by an infrared thermal imager. To understand
the tumor growth inhibition of each treatment, after 7 days, tumors were collected for hematoxylin-eosin (H&E) staining,
proliferating cell nuclear antigen (PCNA) and terminal deoxynucleotidyl transferase dUTP Nick-End Labeling (TUNEL)
fluorescence staining. The morphological changes and proliferation status of mouse breast cancer cells after treatment
were recorded. We also observed the long-term survival conditions of each mouse, which are presented by tumor size.

ICD Examination

To evaluate the capability of ICD triggered by chemo-photothermal therapy, characteristics of DAMPs presented by
dying cells, including the exposure of CRT, the release of HMGBI1 from the nucleus, and exocrine ATP, were tested. For
in vitro ICD examination, cells were seeded in 48-well plates, divided into six groups, and received various treatments as
mentioned in Intracellular Uptake of IDNPs and in vitro Chemo-Photothermal Therapy. Then, the culture media
supernatants were collected for HMGB1 and ATP release detection by HMGBI1 ELISA kit, ATP assay kit and BCA
protein concentration assay kit, respectively. The adherent cells were then stained with HMGB1 antibody, CRT antibody,
and the corresponding secondary antibodies for fluorescence microscope and CLSM observation. For in vivo ICD test,
tumor-bearing mice were divided and received the corresponding treatments same as mentioned in In vivo Chemo-
Photothermal Therapy. After 7 days of the first treatments, the serum of the mouse was taken for HMGB1 ELISA
detection, and the tumor tissues (5 in each group) of the mice were dissected for CRT and HMGB1 immunofiuorescence
staining, and the determination of ATP concentration.

Combination of Chemo-Photothermal Therapy-Triggered ICD and Anti-PD-| for

Enhanced Immunotherapy

To evaluate the therapeutic effect of chemo-photothermal therapy-triggered ICD and anti-PD-1, mice with bilateral
tumors were randomly divided into control group, anti-PD-1 group, IDNPs + laser group, and IDNPs + laser + anti-PD-1
group. NPs were intravenously injected every three days (PLGA concentration: 5 mg/mL, 200 uL). NIR laser were
performed on the first tumors 24 h after the injection of the NPs. Anti-PD-1 were intravenously injected 48 h after the
injection of the NPs. Part of the mice in different groups were euthanized after 1 day and 7 days of the treatments, and the
serum of mice were collected to determine tumor necrosis factor-o. (TNF-a)) and interferon-y (IFN-y) by the correspond-
ing ELISA kits. The distant tumors were dissected to prepare single cell suspensions, and stained with APC-CD3, FITC-
CD45, and PE-CD8a for flow cytometry analysis. The tumors, body weights and survival status of mice were monitored.

Statistical Analysis
All data in this study was expressed as the mean + standard error. Statistical analysis was performed using the OriginPro
2022 software (OriginLab Corporation, Northampton, Massachusetts, USA). One-way analysis of variance (ANOVA)
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followed by a least significant difference multiple comparison test was used to determine the statistical significance for
multiple comparisons, and Student’s 7-test was used for the comparisons of two groups. P < 0.05 was considered as
statistically significant. The standard symbols were presented as *p < 0.05, **p < 0.01 and ***p < 0.001.

Results and Discussion

Synthesis and Characterization of IDNPs

PLGA, an FDA-approved biodegradable polymer, was used to encapsulate two cargoes, a NIR dye IR780 and a first-line
chemotherapeutic drug DOX, by an optimized double emulsification method (Figure 1a).** As revealed by the TEM
(Figure 1b) and SEM image (Figure lc), the obtained IDNPs presented a well-defined spherical structure and homo-
genous sizes. The size distribution and zeta potential of the NPs play an important role in their interaction with cancer
cells, and their accumulation in the tumor during the blood circulation.** In this study, PEGylated PLGA was used for
more drug delivery efficiency according to previous reports.***® The average hydrodynamic diameter as measured by
DLS was approximately 243.87 nm (Figure 1d), which renders these IDNPs more likely to pass through the tumor leaky
blood vessels and accumulate in tumor tissue, relying on the well-known enhanced permeation and retention (EPR)
effect.*” The negative zeta potential of —6.25 mV of IDNPs (Figure le) would also be beneficial for the accumulation, as
negatively charged NPs are known to be more stable during blood circulation.***’ By recording the adsorption spectrum
of IR780, DOX and drugs-loaded PLGA NPs, (Figure 1f-h) respectively, it is seen that IDNPs exhibited obvious peaks
both near 780 nm and 480 nm, which could be corrected to IR780 and DOX, respectively, demonstrating the successful
encapsulation of the two cargoes. By recording the absorbance of IR780 and DOX (Figure S1), the loading efficacies of
IR780 and DOX were calculated to be 83.44% and 5.98%, respectively. IR780, a typical NIR dye, has been reported to
be an effective photothermal conversion reagent.’® In this study, IR780-encapsulated IDNPs are expected to mediate

a
)
IR780
+ PVA
— N
-PEG Sonication Sonication
()
4o 500.-nm
d e f
18 5019 07 —
= —2.0 pg/mL - —10 pg/mL
1 40 3 0.6 —16 EglmL 3 1.00 —15 pg/mL
gM 2 8 0.5] — 12 pgimL 8 —20 pg/mL
£ 12 €. g 2] — 10 pgmL 2 0.75 .
2l 8 Ejos (o om g" — e
g 8 = 20 E 0.3{ o2 ﬂg/mL g 0.50 — 40 pg/mL
£ 2 2 02 2025
> 10 < 01 2
0 0 0.0 f 00
10 100 1000 10000 -30 20 10 0 10 20 30 600 650 700 750 800 850 900 400 450 500 550 600 650
Diameter (nm) Zeta Potential (mV) Wavelength (nm) Wavelength (nm)
h | j 0 30 60 90 120 150 180 210 240 270 300 time (s)
3.0 [-e-0.20 mg/mL 53 °C
=FHE corc R
325] s 5 so[ Ll mmE
3 — INP: s ety
R SRR T o oo
8 Free DOX 5
8 15]  Free R7a0 £ 40 0.08 mgImL.
Q2 3
s B g = 0.12 mgImL.
205 g 30
e fall v I L L L1
300 400 500 600 700 800 900 0 50 100150200 250300 .20 mg/mL .-.-nDDDDDD
Wavelength (nm) Time (s) 24°C

Figure | Characterization of IDNPs. (a) Schematic illustration of the synthesis of IDNPs. (b) TEM image of IDNPs. (c) SEM image of IDNPs. (d) Size distribution of IDNPs.
(e) Zeta potential of IDNPs. (f) UV—vis absorbance spectra of IR780 at elevated concentration. (g) UV-vis absorbance spectra of DOX at elevated concentration. (h)
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PTT. The photothermal performance of IDNPs was evaluated in vitro. IDNPs at varied IR780 concentrations were
exposed to an 808 nm laser. As shown in Figure li and j, the temperature of the suspension could exceed to 50 °C within
5 min irradiation at the IR780 concentration of 0.20 mg/mL, which preliminarily indicated that IDNPs could be
a prospective candidate for PTT against tumor cells/tissue.

Intracellular Uptake of IDNPs and in vitro Chemo-Photothermal Therapy

Efficient intracellular uptake is essential for both PTT and chemotherapy. Therefore, the uptake of IDNPs was assessed
by fluorescence microscope and quantified by flow cytometry. As shown in Figure 2a, red fluorescence in the images
increased with prolonged incubation time in both DNPs and IDNPs treated groups. The nanoscaled size, negative zeta
potential, and PEGylated may favor the cellular uptake.*’ However, cells internalized significantly more IDNPs than
DNPs. This difference could be ascribed to IR780 loading in IDNPs, which is in accordance with previous reports.>
Studies have demonstrated that IR780, a heptamethine indocyanine dye, could preferentially accumulate in certain types
of tumor cells and act as a potential drug delivery agent. Although the targeting mechanism of such action remains to be
elucidated, it may be related to organic anion transporter peptides (OATPs), which is known to mediate the transmem-
brane uptake of small molecule drugs and include structurally related fluorophores.”' > The intracellular uptake efficacy
of DNPs and IDNPs was compared by the fluorescence shift of DOX. From Figure 2b, we found that the fluorescence in
the IDNPs group is significantly enhanced compared with the DNPs group at the same time of incubation. The results of
flow cytometry for intracellular uptake were consistent with that of CLSM observation.

Motivated by the efficient intracellular uptake and satisfactory photothermal performance, in vitro therapeutic efficacy
of IDNPs was investigated next. Compared with the control group, chemotherapy with DOX-loaded DNPs presented
a certain degree of cell-killing effect, with 72.76% cell viability (Figure 2c). When IR780 was integrated, the cell
viability decreased to 51.84%, which should be ascribed to the efficient uptake mediated by IR780. Cells treated with
INPs + laser (PTT-treated group) showed apparent cytotoxicity with 23.99% cell viability. Notably, the treatment of
IDNPs + laser, the combination of PTT and chemotherapy, induced the strongest cytotoxicity, with significantly lower
viability than other groups. Without the addition of IDNPs, the laser only showed neglectable cell-killing ability due to
the lack of photothermal conversion agents. The combinational therapeutic effect of PTT and chemotherapy was also
analyzed by flow cytometry, the trend of which was consistent with that of the CCK-8 results (Figure 2¢). Additionally,
cells after various treatments were co-stained with CAM and PI to distinguish dead cells (red) and live cells (green). As
shown in Figure 2d, there were only few dead cells in the group of laser only, demonstrating the relative safety of laser
irradiation. In comparison, a substantial number of dead cells were observed in the IDNPs + laser treated group, which
was consistent with the results of CCK-8, further supporting the robust therapeutic efficacy.

Biosafety Assay, PA Imaging, and Biodistribution of IDNPs

Before in vivo applications, the potential systemic toxicity of IDNPs was assessed after intravenous injection of IDNPs
into mice by collection of blood samples and major organs for hematological assessment and H&E staining, respectively.
The results of whole blood cell count, liver function indexes and kidney function indexes presents negligible differences
in different stages (0, 1, 3, 7, 14 day) (Figure 3a). Meanwhile, the H&E staining analysis also showed no obvious
physiological abnormality (Figure 3b). As a result, it is convinced the prepared-IDNPs showed prominent biosafety and
biocompatibility in vivo.

With the increasing demand for precise treatment, diverse therapeutic nanoagents which are integrated with imaging
capabilities to monitor the distribution of these nanoagents and determine the optimal therapeutic time-window, thereby
improving the therapeutic effect. The integration of IR780 endowed these IDNPs with PA and fluorescence imaging
performance. The PA imaging capability enhanced by IDNPs was evaluated. As shown in Figure 4a, PA signals enhanced
with the concentration of IDNPs. PA images were acquired after the administration of IDNPs in vivo. PA signals within
tumor regions gradually increased, peaked at 24 h post-injection, and then decreased (Figure 4b and c). Furthermore, the
biodistribution of IDNPs was assessed by fluorescence imaging. After intravenous administration of IDNPs, obvious
fluorescence signals were observed in the tumor tissues at 1 h post-injection (Figure 4d). The signals within tumors
gradually enhanced and peaked at 24 h post-injection (Figure 4e), which was consistent with the results of PA imaging.

International Journal of Nanomedicine 2023:18 hetps: 3115
Dove:


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

Zhu et al Dove

Q

DNPs

IDNPs

l S
0h I 0.10% | |on l 0.14% | > s80]°| ¢
1h | 0.48% 1h i 520% | 5 o]
2h ] 9.88% 2h . 72.9% | &

~ 401 Kk
3h 23.3% 3h | 79.9% | 3 S
4h . 28.4% 4h ' 86.9% | © 20
5h ' 38.1% 5h ' 90.6% 0l
6h 71.7% 93.1% o o o @‘f*»*’:ew’ee
\‘\? \0“?

d Control Laser DNPs IDNPs INPs + Laser IDNPs + Laser

e P Control INPs + Laser IDNPs + Laser
& J0.10 0.96 4.34 11.6 9.94| 10 33.0
o | ]
m
n' E
o
<
o
1.59 , 3.43 5.29 53.9

Annexin V APC-A

Figure 2 Intracellular uptake of IDNPs and in vitro chemo-photothermal therapy. (a) Intracellular uptake of DNPs and IDNPs as observed by fluorescence microscope after
various intervals of incubation. (b) Flow cytometry analysis of intracellular uptake of DNPs and IDNPs after various intervals of incubation. (c) Relative cell viability of cells
after different treatments (n = 5). (d) CLSM images of 4T | cells costained with CAM and Pl after various treatments. (e) Flow cytometry results for 4T| cells apoptosis after
various treatments. Data are represented as the mean + S.E.M. **P < 0.01; ¥**P < 0.001.

Abbreviation: NS, not significant.

In addition, tumors and major organs, including heart, liver, spleen, lung, and kidney, were excised for ex vivo
fluorescence imaging at 48 h post-injection. It was observed that fluorescence intensity of tumors was significantly
higher than that of other organs (Figure 4f and g), indicating the preferential accumulation of these IDNPs in tumor
tissues, which was beneficial for the following treatment. The satisfactory accumulation should also be associated with
the negative zeta potential, and PEGylated PLGA NPs.**
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Figure 4 PA imaging, and biodistribution of IDNPs. (a) In vitro PA images and PA intensity of IDNPs at different concentrations. (b and c) In vivo PA images and PA intensity
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In vivo Chemo-Photothermal Therapy
Encouraged by the highly efficient chemo-photothermal therapy against tumor cells and desirable tumor accumulation in
the aforementioned experiments, IDNPs were expected to demonstrate therapeutic efficacy in vivo. Tumor-bearing mice
were randomly divided into 6 groups (n = 5), including control group, laser group, DNPs group, IDNPs group, INPs +
laser group and IDNPs + laser group. According to the results of PA imaging and fluorescence imaging/ biodistribution,
where IDNPs peaked at 24 h post-injection, this time point was hence selected for laser irradiation. A schematic of these
treatment modalities was illustrated in Figure 5a. Upon laser irradiation, the temperature of the tumors in groups of INPs
and IDNPs containing IR780 increased rapidly and exceeded 50 °C, which was sufficient to ablate tumors (Figure Sb
and c).

In the groups of INPs + laser and IDNPs + laser, the tumors were ablated after twice of laser irradiation, and obvious
scabs were observed in the tumor regions 24 h after the treatments. Scabs gradually became smaller with prolonged
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observation time. However, recurrences were observed in 3 mice of the INPs + laser (PTT) group on the 12th, 16th, and
20th days, respectively (Figure 5d—f). Tumors treated by IDNPs + laser, which integrated both PTT and chemotherapy, were
completely ablated without visible recurrence, which should be ascribed to the chemotherapeutic effect. Consistent with the
results of the in vitro treatment, DNPs presented slight tumor inhibition (25.45-fold increase compared with the original
volume) in comparison with the control group (28.12-fold increase), and the IDNPs showed a much better inhibitory effect
(14.53-fold increase) than DNPs. While PTT may not completely ablate all tumor cells due to the limited penetration depth
of the laser, DOX could be a reinforcement to make up for the blind area of NIR laser irradiation, and effectively inhibit the
potential recurrence. In addition, only a negligible inhibitory effect was observed in the laser only-treated group, showing
that NIR laser irradiation would not influence tissues without nanoagents, which demonstrated the safety of laser irradiation.

To further evaluate the therapeutic outcome, tumors were dissected and sliced for pathological examination (Figure 5i).
H&E staining showed that the tumor nucleus had undergone nuclear lysis in the IDNPs + laser group, and the proportion of
nuclear lysis was significantly higher than that in the other groups, indicating that the IDNPs + laser group had the most
significant killing effect on tumor tissue. Similarly, in TUNEL (red fluorescence) fluorescence images, substantial necrosis
(red fluorescence) was observed in the IDNPs + laser group. The expression of PCNA (red fluorescence), a kind of DNA
polymerase accessory proteins, reflects the proliferation activity of cells. The tendency of red fluorescence in PCNA was
opposite to that in TUNEL, and the IDNPs + laser group presented a significantly lower rate of cell proliferation. The
results of the histological examination indicated an efficient therapeutic outcome of chemo-photothermal therapy.

ICD Examination

Although we have demonstrated that IDNPs-based chemo-photothermal therapy are highly efficient in combating
primary tumor without obvious recurrence, the distant metastases remain intractable. Fortunately, it has been extensively
reported that dying cancer cells induced by PTT or chemotherapy would release tumor antigens, and trigger systemic
immune responses to fight against distant metastases, which is known as ICD. To investigate the ICD potentially induced
by IDNP-based chemo-photothermal therapy, DAMPs-related biomarkers, including HMGB1, CRT, and ATP, were
systematically investigated both in vitro and in vivo.

For in vitro ICD examination, after various treatments as listed in Materials and Methods, cells were stained with
anti-CRT for immunofluorescence observation, and culture supernatant was collected to test the release of HMGB1 and
the section of ATP by the corresponding kits. CLSM observation in Figure 6a showed that IDNPs and IDNPs + laser
induced CRT on tumor cells. In comparison, the chemo-photothermal therapy, IDNPs + laser significantly promoted the
exposure of CRT, which act as a “eat me” signal and facilitate the uptake of apoptotic cells by phagocytes. HMGBI is
a highly conserved nuclear protein, which can be released specifically in response to certain cellular damages. As shown
in Figure 6b and c, both chemotherapy and PTT could trigger the release of HMGB1. The HMGBI levels increased by
1.43-fold, 1.54-fold and 1.59-fold, in IDNPs, INPs + laser group and IDNPs + laser groups, respectively, which was
consistent with the cell damage degree shown in Figure 2c. Dying cells also secret ATP, providing a “find me” signal to
recruit immune cells. The results (Figure 6d) showed ATP level increased by 4.39-fold after IDNPs treatment, by 8.72-
fold after INPs + laser treatment, and by 15.61-fold after IDNPs + laser treatment, respectively. In vivo ICD was also
investigated by measuring CRT exposure (Figure 6¢), the release of HMGB1 (Figure 6f and g), and the section of ATP
(Figure 6h) after 1 days of various treatments. The results were consistent with the in vitro results. Collectively, IDNPs
can successfully induce ICD after NIR irradiation, improve the immunogenicity of the tumor, and transform breast cancer
from “cold” to “hot” for activating antitumor immune response.

Combination of Chemo-Photothermal Therapy-Triggered ICD and Anti-PD-1 for

Enhanced Immunotherapy

To investigate the potent potency of chemo-photothermal therapy-triggered ICD in combination with anti-PD-1 ICB
immunotherapy in eliciting immune response and treating distant tumors, four groups of mice (n = 3) with bilateral
tumors were utilized and treated as follows: (i) control groups with saline injection; (ii) anti-PD-1 injection (intraper-
itoneal injection, i.p.); (iii) IDNPs + laser irradiation, chemo-photothermal therapy; (iv) IDNPs + laser + anti-PD-1,
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Figure 6 ICD examination. (a) The express of CRT in vitro after different treatments as observed by CLSM. (b) The release of HMGBI in vitro after different treatments
were observed by fluorescence microscope. (c) The release of HMGBI in vitro after different treatments as measured by ELISA (n = 5). (d) The release of ATP in vitro after
different treatments as measured by ELISA (n = 5). (e and f) The express of CRT and HMGBI in vivo after different treatments. (g and h) The release of HMGBI and ATP
in vivo after different treatments as measured by ELISA (n = 5). Data are represented as the mean * S.EM. *P < 0.05; **P < 0.01; ***P < 0.001.

Abbreviation: NS, not significant.

chemo-photothermal therapy + ICB. A schematic was illustrated in Figure 7a. CD8" T lymphocytes, the main effector
cells, play a dominant role in cancer immunotherapy, and can attack cancer cells by releasing perforin and other effector
molecules. On the 7th day after various treatments, distant tumors were dissected, and made into single-cell suspensions
were prepared to analyze the population of tumor-infiltrating CD8" T cells. As shown in Figure 7b and ¢, the combination
of chemo-photothermal therapy and anti-PD-1 ICB therapy could significantly improve the proportion of CDS" T cells
(CD45"CD3"CDS8") in distant tumors, with a ratio of 8.65 + 1.26%, respectively. However, anti-PD-1 ICB monotherapy
and chemo-photothermal therapy-triggered ICD slightly elevated the proportion of CD8" T cells in distant tumors. In
addition to intratumoral CD8" T cells analysis, serum cytokines including IFN-y and TNF-a, which are biomarkers
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Figure 7 Combination of chemo-photothermal therapy-triggered ICD and Anti-PD-| for enhanced immunotherapy. (a) Schematic diagram of combining IDNPs with anti-
PD-1 strategy for inhibiting distant tumors. (b and c) Flow cytometry analysis of CD8" T cells in distant tumors after various treatments (n = 3). (d and e) IFN-y in serum at
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mice in each group(n = 5). Data are represented as the mean + S.E.M. *P < 0.05; **P < 0.01; ***P < 0.001.

released by immune cells, were also evaluated at 1 day and 7 days after various treatments (Figure 7d—g). ELISA results
showed that 1 day after the treatments, the content of IFN-y in mice treated with ICD + anti-PD-1 (625.93 + 63.82 pg/
mL) was significantly higher than those mice treated with anti-PD-1 only (324.16 = 56.17 pg/mL). Consistent with IFN-y
results, 1 day after different treatments, it was found that the secretion of TNF-a in mice treated with ICD + anti-PD-1
(467.72+ 64.24pg/mL) was also higher than in mice that received the anti-PD-1 injection (230.30 + 31.31 pg/mL).
Additionally, the secretion of both INF-y and TNF-a showed the same tendency at 7 days post various treatments. The
combination of ICD and anti-PD-1 showed the highest serum INF-y and TNF-a content, and the difference was

statistically significant compared with other groups. Together, these results suggested IDNPs-mediated chemo-
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photothermal immunotherapy synergized the vaccination effect with the ICD triggered by chemo-photothermal therapy,
stimulating superior systemic immune responses over mono-treatment.

Based on the potent systemic immune response, we next evaluated the tumor inhibitory effect of the combination of
ICD and anti-PD-1 on both primary and distant tumors. As expected, chemo-photothermal therapy indeed suppressed the
growth of distant primary tumors, but the inhibitory effects on were not desirable. And mono anti-PD-1 ICB therapy only
slightly inhibit the tumor growth whether primary tumor or distant tumors, which contributed to poor tumor immuno-
genicity. When combined with chemo-photothermal therapy-triggered ICD, the distant tumors were significantly
inhibited as compared to the mono anti-PD-1 ICB therapy and ICD (Figure 7h and i). It is noteworthy that the median
survival time of mice with combinational treatment was determined to be 48 days, significantly longer than 27 and 28
days for mice treated with anti-PD-1 and chemo-photothermal therapy, respectively (Figure 7j). These findings demon-
strated that antitumor immunotherapy was remarkably strengthened in combination with ICD and anti-PD-1 ICB therapy.
In addition, negligible fluctuation in the body weight of mice in various groups was observed during the observation
period, indicating the safety of these interventions (Figure S2).

Conclusion

In summary, multifunctional IDNPs were successfully synthesized to mediate chemo-photothermal therapy to combat
primary TNBC and trigger ICD, eventually inhibiting the growth of distant tumors in combination with ICB antibodies.
Characterization results indicated a successful loading of both IR780 and DOX, with loading efficiencies of 83.44% and
5.98%, respectively. Efficient intracellular uptake and tumoral accumulation of IDNPs have been demonstrated, which
would essentially be contributing to the remarkable therapeutic effect. In the presence of laser irradiation, cell viability
dropped to 2.53% compared with the control group. Biodistribution and efficient tumoral accumulation of IDNPs were
monitored by PA/fluorescence imaging. In vivo evaluation suggested that upon NIR laser irradiation, IDNPs induced
highly efficient chemo-photothermal therapeutic effect against primary tumors. More importantly, chemo-photothermal
therapy triggered ICD, which combined with anti-PD-1 provoked a systemic antitumor immune response against distant
tumors. This study provided valuable information both preclinically and clinically.
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