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Background

Photodynamic therapy (PDT) involves the administration of a photosensitizing agent and irradiation of light at an excitation wavelength that damages tumor cells without causing significant damage to normal tissue. We developed indocyanine green (ICG)-modified liposomes in which paclitaxel (PTX) was encapsulated (ICG-Lipo-PTX). ICG-Lipo-PTX accumulates specifically in tumors due to the characteristics of the liposomes. The thermal and photodynamic effects of ICG and the local release of PTX by irradiation are expected to induce not only antitumor effects but also cancer immunity. In this study, we investigated the antitumor effects of ICG-Lipo-PTX in breast cancer.





Methods

The antitumor effects of ICG-Lipo-PTX were examined in xenograft model mice subcutaneously implanted with KPL-1 human breast cancer cells. ICG-Lipo-PTX, ICG-Lipo, or saline was administered intraperitoneally, and the fluorescence intensity was measured with a fluorescence imaging system (IVIS). Intratumor temperature, tumor volume, and necrotic area of tumor tissue were also compared. Next, we investigated the induction of cancer immunity in an allogeneic transplantation model in which BALB-MC mouse breast cancer cells were transplanted subcutaneously in the bilateral inguinal region. ICG-Lipo-PTX was administered intraperitoneally, and PDT was performed on only one side. The fluorescence intensity measured by IVIS and the bilateral tumor volumes were compared. Cytokine secretory capacity was also evaluated by ELISPOT assay using splenocytes.





Results

In the xenograft model, the fluorescence intensity and temperature during PDT were significantly higher with ICG-Lipo-PTX and ICG-Lipo in tumor areas than in nontumor areas. The fluorescence intensity in the tumor area was reduced to the same level as that in the nonirradiated area after two times of irradiation. Tumor growth was significantly reduced and the percentage of necrotic area in the tumor was higher after PDT in the ICG-Lipo-PTX group than in the other groups. In the allograft model, tumor growth on day 14 in the ICG-Lipo-PTX group was significantly suppressed not only on the PDT side but also on the non-PDT side. In addition, the secretion of interferon-γ and interleukin-2 was enhanced, whereas that of interleukin-10 was suppressed, in the ICG-Lipo-PTX group.





Conclusion

The PDT therapy with ICG-Lipo-PTX may be an effective treatment for breast cancer.
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1 Introduction

Breast cancer is the most common malignant disease in women, and its incidence and mortality rates are increasing worldwide (1, 2). About 75% of breast cancers are hormone receptor positive, and endocrine therapy has been used alone or in combination with surgical treatment, chemotherapy, molecular targeted therapy, and radiation therapy. The combination of endocrine therapy with CDK4/6 inhibitors significantly prolongs progression-free survival for hormone receptor-positive, human epidermal growth factor type 2-negative metastatic or recurrent breast cancer (3, 4). However, hormone receptor-positive breast cancer patients still face many challenges, including acquisition of treatment resistance and late recurrence. The combination of a taxane and an anthracycline is widely used as an adjuvant or neoadjuvant chemotherapy for breast cancer. Paclitaxel (PTX) is a taxane and has long been used to treat many cancers. The main mechanism of action of PTX involves its binding to microtubules, thereby contributing to microtubule stabilization and inhibiting cell division. In addition to its superior antitumor effects, PTX has been shown to reactivate the immune response against cancer by acting on tumor-associated macrophages (5). However, there are several side effects, including nausea and peripheral neuropathy, and it is also difficult to use PTX to safely treat patients with deteriorating health.

Photodynamic therapy (PDT) is a minimally invasive therapy that is used to selectively treat cancerous lesions with low energy, using a photochemical reaction between a photosensitive substance that accumulates in the tumor and laser light irradiation. In contrast to chemotherapy and irradiation therapy, which induce apoptosis via cell cycle checkpoint and p53 activation due to DNA damage, PDT induces an acute stress response, including mitochondrial damage and cytochrome c release (6). PDT does not cause cumulative toxicity and can be administered repeatedly to the same tumor if it responds (7). Photoimmunotherapy is an approach that combines PDT and immunotherapy to induce an antitumor immune response by inducing cytotoxic T cells (CTLs) to target neoantigens released from cancer tissue (8).

Near-infrared photoimmunotherapy (NIR-PIT) is a recently developed targeted molecular cancer therapy that combines a target-specific photosensitizer based on the infrared phthalocyanine dye IR700 with a monoclonal antibody against epidermal growth factor receptor (EGFR) (9). NIR-PIT has been shown to activate a systemic immune response against the target tumor through induction of immunogenic cell death (ICD) and to exert antitumor effects not only in primary tumors but also in distant metastases (10, 11). NIR-PIT is also known to further enhance the permeability and retention of tumor blood vessels (the enhanced permeability and retention [EPR] effect), a phenomenon called super-enhanced permeable retention (SUPR) (12, 13). Indocyanine green (ICG) reacts to near-infrared rays of around 800 nm in wavelength to generate heat (14, 15) and reacts to near-infrared rays of 600–800 nm to generate singlet oxygen (16, 17). ICG-modified liposomes (ICG-Lipo), in which the photosensitizing agent ICG is modified on the surface of liposomes with a particle size that accumulates tumor-specifically via the EPR effect, may represent a novel type of photoimmunotherapy. Based on these properties, it was shown that irradiation of ICG with near-infrared light at approximately 800 nm produces thermal and photodynamic effects that inhibit tumor growth more effectively compared with hyperthermia alone (18). The antitumor effect of ICG-Lipo against spontaneous tumors in animals has already been reported (19, 20). ICG-Lipo can also be used as a carrier for multiple drugs (21). We have developed ICG-Lipo-PTX, in which PTX is encapsulated inside ICG-Lipo (Figure 1). In addition to the aforementioned thermal and photodynamic effects of ICG-Lipo-PTX, the structural change in ICG disrupts the lipid bilayer of liposomes and releases the encapsulated PTX into the tumor region.




Figure 1 | Schematic of the ICG-Lipo-PTX preparation. Indocyanine green (ICG) is bound to the surface of 200-nm-diameter liposomes via their C18 chains. Near-infrared irradiation at 810 nm produces heat and singlet oxygen species due to the thermal and photodynamic effects of ICG. The structural change in ICG causes disruption of the lipid bilayer of the liposome and local release of the encapsulated paclitaxel.



In this study, we investigated the antitumor effects of ICG-Lipo-PTX in human breast cancer. We also evaluated whether ICG-Lipo-PTX can induce cancer immunity using an allogeneic transplantation model.




2 Materials and methods



2.1 Cell lines

KPL-1 human breast cancer cells, which were established from the carcinomatous effusion of a postmenopausal patient with breast cancer who had become resistant to hormone therapy (22), were purchased from Kawasaki Medical School (Okayama, Japan) and maintained in Dulbecco’s modified Eagle’s medium (Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (BioWest, Logan, UT, USA) and 1% penicillin-streptomycin solution (Cosmo Bio Company, Tokyo, Japan). BALB-MC mouse breast cancer cells, which were established from a spontaneous mammary tumor in a 17-month-old female BALB/c mouse (23), were purchased from the Japanese Collection of Research BioResources (Osaka, Japan) and maintained in Eagle’s minimum essential medium (Wako) supplemented with 10% fetal bovine serum (BioWest) and 1% penicillin-streptomycin solution (Cosmo Bio Company).




2.2 Animals

Four-week-old female BALB/c nude mice or BALB/c mice were purchased from Oriental Bio Service (Kyoto, Japan) and used in experiments at 5 weeks of age. The mice were housed at 22°C under a 12-h/12-h light/dark cycle with free access to food and water. All animal care and experiments were performed according to ARRIVE and PREPARE guidelines (24, 25) and were approved by the Ethics Committee for Animal Experiments of Kansai Medical University (approval no. 20-111, 21-012).




2.3 Preparation of ICG-Lipo and ICG-Lipo-PTX

ICG-Lipo and ICG-Lipo-PTX were prepared in four synthetic stages. (i) ICG derivatives, serving as a near-infrared fluorescent probe (ICG-C18), were prepared as described previously (26). (ii) ICG-C18 was mixed with 1,2-dioleoyl-sn-glycero-3-phosphocholine and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [azido(polyethylene glycol)-5000] and then dissolved in a mixed organic solvent of CH3OH/CHCl3 (volume ratio: 1/9). A thin lipid film was formed by removing the solvent under reduced pressure. (iii) An aqueous buffered solution (phosphate-buffered saline) was added to a thin lipid film for ICG-Lipo dispersion, and phosphate-buffered saline with PTX (0.4 mg/mL) was added for ICG-Lipo-PTX dispersion. (iv) To confirm the standard for the EPR effect, the liposome dispersions were filtered 11 times through a 0.1-mm pore polycarbonate filter attached to the LiposoFast-Stabilizer (Avestin Inc., Ottawa, Canada) at room temperature.




2.4 Animal models

In the human breast cancer model, KPL-1 cells (5 × 106) were transplanted under the right dorsal skin of BALB/c nude mice. When tumors reached 5–7 mm in diameter, animals were randomly assigned to one of the following six groups: ICG-Lipo-PTX group with or without PDT (ICG-Lipo-PTX+PDT, ICG-Lipo-PTX), ICG-Lipo group with or without PDT (ICG-Lipo-PTX+PDT, ICG-Lipo-PTX), or saline group with or without PDT (PDT-only, control). For each group, 100 μL ICG-Lipo (20 mg/mL ICG) was administered intraperitoneally on the first day of treatment.

In the mouse breast cancer model, BALB-MC cells (5 × 106) were transplanted subcutaneously in the bilateral inguinal region of BALB/c mice. When tumors reached 5–7 mm in diameter, animals were randomly assigned to two groups: ICG-Lipo-PTX+PDT group and PDT-only group. Animals in the ICG-Lipo-PTX group were administered 100 µL ICG-Lipo-PTX intraperitoneally on the first and seventh days of treatment. Animals in the PDT-only group were administered 100 µL saline intraperitoneally.

In animal experiments, the observation period after drug administration was 14–21 days, and sufficient care was taken not to cause pain during operations, including imaging using the IVIS equipment and drug administration by inhalation or intraperitoneal injection of a triad of anesthetics. If the maximum diameter of the tumor exceeded 20 mm (27, 28), or if the animal lost 25% or more of body weight during the 7-day period, the animal was euthanized using anesthetics.




2.5 Fluorescence imaging and PDT

After 100 μL ICG-Lipo-PTX containing 0.2 mg/mL ICG was administered intraperitoneally to model mice anesthetized with isoflurane, the fluorescence intensity of ICG was compared between tumor and nontumor (contralateral subcutaneous) areas using an IVIS system (PerkinElmer, Waltham, MA, USA) to confirm drug localization. The fluorescence intensity was measured using 780-nm excitation light and an 845-nm filter. Fluorescence imaging was also performed with IVIS as needed for 14 days after administration to examine changes in localization with PDT and time course.

The protocol for PDT in the human breast cancer model was as follows. At 48 h after administration of saline, ICG-Lipo, or ICG-Lipo-PTX, model mice were anesthetized with a triad of anesthetics (0.3 mg/kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol) and irradiated with an LED light source (ASAHI SPECTRA, Tokyo, Japan). Irradiation was performed at a wavelength of 810 nm at a distance of 1 cm from the tumor (the fluence rate was 100 mW/cm2, and the irradiation time was 10 min). Three days after irradiation, a second irradiation was performed under the same conditions.

For PDT in the mouse breast cancer model, the following protocol was used. Model mice were administered saline or ICG-Lipo-PTX, and PDT was performed under the same conditions as described above from days 3 to 7. For tumors in the bilateral inguinal region, two courses of five irradiations on days 3–7 were performed on the left side of the tumor, and no light irradiation was performed on the right side. Tumor volume was then measured up to 14 days after treatment. The tumor volume was calculated using the following formula: (long axis × short axis2)/2.




2.6 Measurement of the temperature inside the tumor

Intratumor temperature was measured using a thermologger (AM800; ANRITSU METER Co., Tokyo, Japan). A 20-gauge needle was inserted into the tumor, and the measuring terminal was inserted into the tumor through the lumen of the needle.




2.7 Histological examination

In the human breast cancer model, on day 14 of treatment, subcutaneous tumors were removed from 4–5 mice in each group, fixed in formalin, embedded in paraffin, and sectioned using standard protocols. Sections were stained with hematoxylin-eosin (HE), and the necrotic area was measured. The necrotic area was defined as the sum of areas showing nuclear enrichment, anucleation, cytoplasmic cleavage, and eosinophilia and was expressed as a percentage of the total tumor area. Measurements were performed using a BX-43 microscope (Olympus, Tokyo, Japan) and a cell calculator MODEL F410N (ERMA, Tokyo, Japan).

In the mouse breast cancer model, tumor tissue was removed on day 14 of treatment, fixed in formalin, and embedded in paraffin using standard protocols to prepare sections for immunostaining. Immunohistochemistry was performed using rat anti-CD4 antibodies or rat anti-CD8 antibodies (BD Pharmingen, San Diego, CA, USA). The number of CD4- or CD8-positive cells per square millimeter was counted in 10 randomly selected fields of view, excluding obvious necrotic areas, and the average was used.




2.8 Enzyme-linked immunospot assay

In the mouse breast cancer model, ICG-Lipo-PTX or saline was administered intraperitoneally, and PDT was performed only on the left-sided tumor according to the PDT protocol described above. After 14 days of treatment, mice were euthanized, and splenocytes were collected. ELISPOT assays were then used to detect interferon (IFN)-γ, interleukin (IL)-4, IL-2, and IL-10 in order to determine whether coculture with BALB-MC cells caused cytokine secretion to vary between the ICG-Lipo-PTX group and PDT-only group. Splenocytes (6.0 × 105) and BALB-MC cells (6.0 × 105) were added to the plates, and the plates were placed in an incubator containing 5% CO2 for 24 h at 37°C. An Immunospot S6 Analyzer (Cellular Technology Limited, Cleveland, OH, USA) was used to automatically count the number of spots.




2.9 Statistical analysis

Data are expressed as means ± standard errors (SEs). The tumor necrosis area was analyzed by one-way analysis of variance followed by multiple comparisons using the Tukey-Kramer test. Fluorescence intensity and ELISPOT assay results were analyzed using the Wilcoxon rank sum test, and tumor volume trends were analyzed using Steel’s multiple comparison test. Results with P values less than 0.05 were considered statistically significant.





3 Results



3.1 Fluorescence imaging in the human breast cancer model

The fluorescence intensity in ICG-Lipo-PTX-treated mice was measured by IVIS, and images of the tumor area before and after PDT are shown (Figure 2). The images revealed strong fluorescence in the tumors derived from tumor cells transplanted under the right dorsal skin in the mice on day 2, and the first PDT course resulted in a tendency for fluorescence weakening in the tumor area. Then, strong fluorescence was again observed in the tumor area on day 4; however, the fluorescence almost disappeared after the second PDT course. Forty-eight hours after ICG-Lipo-PTX administration, the fluorescence intensity in the tumor area was significantly higher than that in the nontumor area (contralateral back, P < 0.05). In the ICG-Lipo-PTX+PDT group, the fluorescence intensity of the tumor area quickly decreased immediately after irradiation but then increased again; after the second irradiation on day 4, the fluorescence intensity decreased again and remained low thereafter. By contrast, in the ICG-Lipo-PTX group, the fluorescence intensity of the tumor remained significantly higher than that of the nontumor area during the 14-day observation period. The fluorescence intensity in the ICG-Lipo group was also evaluated using the IVIS system and was similar to that in the ICG-Lipo-PTX group (data not shown).




Figure 2 | Fluorescence imaging in mouse models of subcutaneous tumors. Fluorescence intensity trends in subcutaneous tumors in the ICG-Lipo-PTX+PDT and ICG-Lipo-PTX groups and IVIS imaging of the tumors in the ICG-Lipo-PTX+PDT group are shown. Fluorescence imaging was performed using an IVIS system in ICG-Lipo-PTX treated mice. After administration ICG-Lipo-PTX, the brightness of the tumor was measured at the indicated times (ICG-Lipo-PTX+PDT: ▲, ICG-Lipo-PTX: △, non-tumor areas: ○). On days 2 and 4 of administration, PDT (810 nm, 10 min) was performed in the ICG-Lipo-PTX group. *P < 0.05 between the tumor and nontumor areas. Data are presented as means ± SEs (n = 5 mice/group).






3.2 Temperature trends inside the tumor

The intratumor temperature during 10 min of PDT was measured using a thermologger (Figure 3). After the start of irradiation, the temperature in tumors from the ICG-Lipo group rose quickly, exceeding 40°C in about 3 min. The temperature continued to rise and reached 42°C in about 5 min after the start of irradiation, which was expected to induce a thermal effect. During the 10-min irradiation, the maximum intratumor temperatures were 43.0°C in the ICG-Lipo-PTX+PDT group and 43.1°C in the ICG-Lipo+PDT group; however, no burns or other side effects were observed on the skin at the irradiated area.




Figure 3 | Temperature trends inside the tumor after PDT. Two days after administration of ICG-Lipo, PDT (810 nm, 10 min) was performed with PDT-only (dotted line), ICG-Lipo+PDT (dashed line), or ICG-Lipo-PTX+PDT (solid line). The temperature trends inside the tumor were measured continuously during the 10-min PDT. Three independent experiments were performed, and representative results are shown.






3.3 Antitumor effects of ICG-Lipo-PTX in human breast cancer

The antitumor effects of ICG-Lipo-PTX in KPL-1 human breast cancer cells were examined in nude mice. BALB/c nude mice transplanted with KPL-1 cells subcutaneously in the back were assigned to six groups (n = 8 per group): ICG-Lipo-PTX+PDT, ICG-Lipo-PTX, ICG-Lipo+PDT, ICG-Lipo, PDT-only, and control. Tumor volume was then evaluated (Figure 4). PDT was performed twice in each group. On day 14 of treatment, the tumor volume (± SE) in the ICG-Lipo-PTX+PDT group was 132.4 ± 9.7 mm3, which was significantly smaller than those in the other groups (ICG-Lipo-PTX: 337.7 ± 31.2 mm3, ICG-Lipo+PDT: 338.7 ± 27.9 mm3, ICG-Lipo: 425.5 ± 36.8 mm3, PDT-only: 413.9 ± 50.2 mm3, control: 447.4 ± 47.1 mm3; P < 0.05). No adverse events, such as weight loss, were observed in any of the six groups of mice (Supplementary Figure 1).




Figure 4 | Antitumor effects of ICG-Lipo in the subcutaneous tumor model inoculated with KPL-1 cells. In this model, 5 × 106 KPL-1 cells were transplanted subcutaneously into BALB/c nude mice. Mice were randomly assigned to six groups: no treatment (○), PDT-only (●), ICG-Lipo (□), ICG-Lipo+PDT (■), ICG-Lipo-PTX (△), and ICG-Lipo-PTX+PDT (▲). Tumor volume trends were observed from the day of ICG-Lipo administration to day 14. PDT was performed 2 and 4 days after ICG-Lipo administration. Data are expressed as means ± SEs (n = 8 mice/group). *P < 0.005 between the ICG-Lipo-PTX+PDT and other groups.






3.4 Histological examination

Subcutaneous tumors in the six groups (n = 4 in each group) were removed on day 14 of treatment, and the necrotic areas were evaluated by HE staining. The average of the percentage of necrotic area in the tumors of each group and a representative HE-stained image of the six groups are shown. (Figure 5). In the Lipo-PTX+PDT group, the necrotic area encircled by the dashed line accounted for 8.69 ± 2.34% of the total tumor tissue; this was significantly greater than those of the other groups (ICG-Lipo-PTX: 1.35% ± 0.51%, P < 0.05; ICG-Lipo+PDT: 1.78% ± 0.86%, P < 0.05; ICG-Lipo: 0.01% ± 0.01%, P < 0.001; PDT-only: 0.31% ± 0.21%, P < 0.001; control: 0.19% ± 0.18%, P < 0.001).




Figure 5 | Pathological examination of subcutaneous tumors. On day 14 of ICG-Lipo administration, subcutaneous tumors in mice were excised and stained with HE. The percentage of necrotic area within the tumor, along with HE-stained images, are shown. Data are expressed as means ± SE (n = 4–5 mice/group). The necrotic areas are indicated by dashed lines in the HE-stained images. **P < 0.01 between the ICG-Lipo-PTX+PDT group and the ICG-Lipo, PDT-only, and control groups; *P < 0.05 between the ICG-Lipo-PTX+PDT group and the ICG-Lipo-PTX and ICG-Lipo.






3.5 Fluorescence imaging in the mouse breast cancer model

To examine the pharmacokinetics of ICG-Lipo-PTX in mouse breast cancer tumor tissue, the fluorescence intensity trends of the ICG-Lipo-PTX group were measured by IVIS, similar to the approach in the human breast cancer model (Figure 6). Images taken by IVIS showed that the fluorescence intensity of ICG-Lipo-PTX +PDT group mice showed a progressive decrease in fluorescence accumulated in the tumor in the left inguinal region with each successive PDT. As in the human breast cancer model, tumor-specific accumulation of ICG-Lipo-PTX and a decrease in accumulation due to irradiation were observed. Although re-accumulation was observed in the tumor area after the first PDT, there was no re-accumulation after the second irradiation, and the fluorescence intensity in the tumor area decreased with the number of irradiations. Five irradiations were required for the fluorescence intensity in the tumor area to equal that in the nontumor area. The fluorescence intensity in the nonirradiated group remained high during the observation period up to day 14.




Figure 6 | Fluorescence imaging in BALB/c mouse models of subcutaneous tumors. Fluorescence intensity trends in subcutaneous tumors in the ICG-Lipo-PTX+PDT and ICG-Lipo-PTX groups and IVIS imaging of tumors in the ICG-Lipo-PTX+PDT group are shown. (ICG-Lipo-PTX+PDT: ▲, ICG-Lipo-PTX: △, nontumor areas: ○). After the first irradiation, re-accumulation was observed in the tumor area. However, after the second irradiation (PDT2), no recovery of fluorescence intensity was observed.






3.6 Antitumor effects of ICG-Lipo-PTX in mouse breast cancer

In the mouse model in which BALB-MC cells were transplanted into the bilateral inguinal region, ICG-Lipo-PTX or saline was administered, and two courses of five irradiations on days 3–7 were then performed on the left side only. On day 14, the tumor volumes on the left side treated with PDT were 158.6 ± 24.2 mm3 in the ICG-Lipo-PTX group and 809.9 ± 149.9 mm3 in the PDT-only group (P < 0.001; Figure 7A). The tumor volumes on the right side on day 14 were 178.9 ± 18.3 mm3 in the ICG-Lipo-PTX group and 642.4 ± 118.5 mm3 in the PDT-only group (P < 0.001; Figure 7B). Tumor growth was significantly suppressed in the ICG-Lipo-PTX group on both sides.




Figure 7 | Antitumor effects of ICG-Lipo in the bilateral subcutaneous tumor model. In this model, 5 × 106 BALB-MC cells were transplanted subcutaneously in the bilateral inguinal region of BALB/c mice. Tumor volume was observed from the day of the first administration of ICG-Lipo until day 14. PDT was performed only on tumors in the left inguinal region on days 3–5 after the day of ICG-Lipo administration (days 0 and 7). The tumor volume was evaluated on the (A) left side treated with PDT and (B) right side treated with no irradiation. Data are expressed as means ± SEs (n = 8 mice/group). *P < 0.005 between the ICG-Lipo-PTX and PDT-only groups.






3.7 T-cell immune responses in antitumor immunity

In the mouse breast cancer model, splenocytes were isolated from mouse spleens, and the secretory levels of cytokines were compared between the ICG-Lipo-PTX and PDT-only groups (Figure 8). On day 14, the ICG-Lipo-PTX group showed significantly higher levels of IFN-γ and IL-2 than the PDT-only group, and IL-10 secretion was significantly suppressed in the ICG-Lipo-PTX group (n = 6; P < 0.05). Although IL-4 secretion levels were enhanced in the ICG-Lipo-PTX group, they were not significantly different from those in the PDT-only group (data not shown).




Figure 8 | Changes in IFN-γ, IL-2, and IL-10 levels in the splenocytes in the treatment group. BALB/c mice transplanted with 5 × 106 BALB-MC cells in the bilateral inguinal region were treated with PDT only or ICG-Lipo-PTX+PDT. PDT was performed on days 3–7. The second ICG-Lipo-PTX administration was on day 7, and PDT was performed on days 10–14. On day 14, ELISPOT assays for (A) IFN-γ, (B) IL-2, and (C) IL-10 were performed with splenocytes from each group. Data are expressed as means ± SEs (n = 6 mice/group). *P < 0.05 between the ICG-Lipo-PTX group and the PDT-only group.



In further experiments, we evaluated the numbers of immune cells in tumor tissues in the ICG-Lipo-PTX group using immunohistochemistry. Bilateral subcutaneous tumor tissues were removed on day 14 of treatment, and immunohistochemistry for CD-4 and CD-8 was performed to compare the number of positive cells per unit area between the ICG-Lipo-PTX and PDT-only groups on the PDT and non-PDT sides (n = 4 per group). The number of CD-4- and CD-8 positive cells was increased in the ICG-Lipo-PTX group but was not significantly different from that in the PDT-only group (Supplementary Figure 2).





4 Discussion

In this study, we demonstrated that ICG-Lipo-PTX accumulated in a tumor-specific manner and that PDT to the tumor site produced an antitumor effect. Although the fluorescence intensity was decreased by PDT, re-accumulation was observed at 24–48 h after irradiation, and the intensity was greater than the peak of the first accumulation (Figure 2). We suggest that the first irradiation damaged the tumor cells and enhanced the local inflammatory response and that systemic circulating ICG-Lipo-PTX accumulated again in the tumor area due to the SUPR effect. Thus, ICG-Lipo-PTX had the thermal and photodynamic effects of ICG as well as the EPR effects of liposomes to deliver the encapsulated drug locally to the tumor. In the allograft model, however, the SUPR effect was not observed (Figure 6). We also examined the antitumor effect of two times of irradiations per ICG-Lipo-PTX administration in the allograft model. The results showed that the fluorescence intensity in the tumor area did not decrease to the same degree as that in the non-tumor area after only two times of irradiations, and the tumor suppressive effect was not significantly different between the groups (data not shown). In the allograft model, the dose of ICG-Lipo-PTX used in this study was rather low, and it is possible that the first irradiation did not induce enough damage; thus, more frequent irradiation was required to obtain an antitumor effect. Nanomicellar PTX effectively reaches the tumor and shows antitumor effects with as little as 20% of the normal dose, and no systemic toxicity has been reported, even after an overdose (29). ICG-Lipo provides an excellent drug delivery system and has the potential to provide antitumor effects with the minimum amount of drug required. Previously, we succeeded in reducing the amount of drug contained in ICG-Lipo to about 10% of the normal dose in companion animals (21). To reduce side effects and to take advantage of the fact that PDT does not cause cumulative toxicity, it is important to minimize the amount of drug in ICG-Lipo. A characteristic side effect of PTX is peripheral neuropathy, which increases in frequency in a volume-dependent manner (30). We suggest that reductions in the PTX dose and total dose through the efficient drug delivery system of ICG-Lipo-PTX are essential for the management of side effects and the completion of chemotherapy in the future clinical trials.

Cancer cell death pathways induced by PDT include apoptosis (31, 32), necroptosis (31, 33), and ferroptosis (34, 35). The main mechanism of PDT-induced cancer cell death is apoptosis stimulated by intracellular production of reactive oxygen species (32). Notably, the light dose of PDT can induce both apoptosis and necrosis (36). PDT itself has also been reported to induce ICD (11, 37). ICD is distinct from noninflammatory cell death mechanisms, including the elimination of senescent cells; the release of danger-associated molecular patterns (DAMPs) from dying tumor cells undergoing specific treatment, which results in immune cell infiltration and sustained local inflammation (38); and the release of DAMPs following ICD, which stimulates antigen-presenting cells and activates tumor-specific cytotoxic T cells (38–41). However, in this study, we found increases in the necrotic area (Figure 5) and in IFN-γ secretion (Figure 8) in the treated group. ICD is also known to increase IFN-γ secretion, reflecting T-cell activation (37). A tumor-suppressive effect equivalent to that observed on the left side treated with PDT was also observed on the right side (Figure 6), suggesting that DAMPs were released after cancer cell death on the PDT side, and that T-cell activation occurred, as reflected by increased IFN-γ secretion. As a result of the systemic induction of cancer immunity, tumor tissue on the non-PDT side may be attacked by cytotoxic T cells due to the induction of cancer immunity, resulting in an antitumor effect.

There were some limitations to this study. For example, there was no direct proof of induction of cancer immunity. There were more tumor-infiltrating CD4- and CD8-positive cells in the ICG-Lipo-PTX group on the PDT and non-PDT sides than in the control group, although the difference was not significant (Supplementary Figure 2). Some studies have reported that compared with NIR-PIT alone, more CD8-positive cells infiltrate tumors when the therapy is combined with anti-programmed death-1 antibodies, IL-15, and CTLA4 (42–44). Thus, PDT alone may inhibit the induction of immune cells into tumors owing to its tumor vascular-blocking effect (45). In addition to PTX, ICG-Lipo may potently induce immune cells to become tumors via their encapsulation of immune checkpoint inhibitors and other drugs. Furthermore, a recent study in the field of photoimmunotherapy described the development of an approach in which NIR-PIT targeted EGFR and human EGFR2 expressed in tumor tissues as well as cytotoxic T cells and regulatory T cells (9). Moreover, an approach in which multiple drugs with different mechanisms of action were encapsulated inside ICG-Lipo was shown to produce more potent antitumor effects (21). In the future, it may be possible to develop ICG-Lipo to simultaneously encapsulate multiple anticancer drugs, antihormonal drugs, and molecular-targeted drugs. Light irradiation can be used easily in breast cancer because of the proximity of the tumor to the body surface, and unlike radiotherapy, PDT itself has no cumulative toxicity; therefore, it can be safely performed for treatment of local recurrence or chest wall recurrence.

In conclusion, we demonstrated the antitumor effects of ICG-Lipo-PTX in human and mouse breast cancer cells. Necrotic cell death was observed in post-treatment tumor tissues, accompanied by increased secretion of IFN-γ and IL-2. We speculated that antitumor effects were obtained not only on the PDT side but also on the non-PDT side by induction of systemic cancer immunity.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. The animal study was approved by Ethics Committee for Animal Experiments of Kansai Medical University Tomoyuki Nakamura. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

MI: Writing – original draft. MK: Writing – original draft, Writing – review & editing. FS: Project administration, Writing – review & editing. YO: Methodology, Project administration, Resources, Writing – review & editing. AS: Methodology, Project administration, Resources, Writing – review & editing. YT: Methodology, Project administration, Resources, Writing – review & editing. KY: Formal analysis, Writing – review & editing. TS: Writing – review & editing. MS: Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by JSPS KAKENHI (grant number JP22K08860).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1365305/full#supplementary-material




References

1. Heer, E, Harper, A, Escandor, N, Sung, H, McCormack, V, and Fidler-Benaoudia, MM. Global burden and trends in premenopausal and postmenopausal breast cancer: a population-based study. Lancet Glob Health. (2020) 8:e1027–37. doi: 10.1016/S2214-109X(20)30215-1

2. Azamiaj, N, Soltan-Zadeh, Y, and Zayeri, F. Global trend of breast cancer mortality rate: a 25-year study. Asian Pac J Cancer Prev. (2019) 20:2015–20. doi: 10.31557/APJCP.2019.20.7.2015

3. Tripathy, D, Im, SA, Colleoni, M, Franke, F, Bardia, A, Harbeck, N, et al. Ribociclib plus endocrine therapy for premenopausal women with hormone-receptor-positive, advanced breast cancer (MONALEESA-7): a randomized phase 3 trial. Lancet Oncol. (2018) 19:904–15. doi: 10.1016/S1470-2045(18)30292-4

4. Rugo, HS, Finn, RS, Diéras, V, Ettl, J, Lipatov, O, Joy, AA, et al. Palbociclib plus letrozole as first-line therapy in estrogen receptor-positive/human epidermal growth factor receptor 2-negative advanced breast cancer with extended follow-up. Breast Cancer Res Treat. (2019) 174:719–29. doi: 10.1007/s10549-018-05125-4

5. Wanderley, CW, Colón, DF, Luiz, JPM, Oliveira, FF, Viacava, PR, Leite, CA, et al. Paclitaxel reduces tumor growth by reprogramming tumor-associated macrophages to an M1 profile in a TLR4-dependent manner. Cancer Res. (2018) 78:5891–900. doi: 10.1158/0008-5472.CAN-17-3480

6. Castano, AP, Demidova, TN, and Hamblin, MR. Mechanisms in photodynamic therapy: part two-cellular signaling, cell metabolism and modes of cell death. Photodiagnosis Photodyn Ther. (2005) 2:1–23. doi: 10.1016/S1572-1000(05)00030-X

7. Agostinis, P, Berg, K, Cengel, KA, Foster, TH, Girotti, AW, Gollnick, SO, et al. Photodynamic therapy of cancer: an update. CA Cancer J Clin. (2011) 61:250–81. doi: 10.3322/caac.20114

8. Mohiuddin, TM, Zhang, C, Sheng, W, Al-Rawe, M, Zeppernick, F, Meinhold-Heerlein, I, et al. Near infrared photoimmunotherapy: a review of recent progress and their target molecules for cancer therapy. Int J Mol Sci. (2023) 24:2655. doi: 10.3390/ijms24032655

9. Kobayashi, H, and Choyke, PL. Near-infrared photoimmunotherapy of cancer. Acc Chem Res. (2019) 52:2332–9. doi: 10.1021/acs.accounts.9b00273

10. Nakajima, T, Sato, K, Hanaoka, H, Watanabe, R, Harada, T, Choyke, PL, et al. The effects of conjugate and light dose on photo-immunotherapy induced cytotoxicity. BMC Cancer. (2014) 14:389. doi: 10.1186/1471-2407-14-389

11. Ogawa, M, Tomita, Y, Nakamura, Y, Lee, MJ, Lee, S, Tomita, S, et al. Immunogenic cancer cell death selectively induced by near infrared photoimmunotherapy initiates host tumor immunity. Oncotarget. (2017) 8:10425–436. doi: 10.18632/oncotarget.14425

12. Kobayashi, H, and Choyke, PL. Super enhanced permeability and retention (SUPR) effects in tumors following near infrared photoimmunotherapy. Nanoscale. (2016) 8:12504–9. doi: 10.1039/C5NR05552K

13. Sano, K, Nakajima, T, Choyke, PL, and Kobayashi, H. The effect of photoimmunotherapy followed by liposomal daunorubicin in a mixed tumor model: a demonstration of the super-enhanced permeability and retention effect after photoimmunotherapy. Mol Cancer Ther. (2014) 13:426–32. doi: 10.1158/1535-7163.MCT-13-0633

14. Chen, WR, Adams, RL, Bartels, KE, and Nordquist, RE. Chromophore-enhanced in vivo tumor cell destruction using an 808-nm diode laser. Cancer Lett. (1995) 94:125–31. doi: 10.1016/0304-3835(95)03837-M

15. Liu, VG, Cowan, TM, Jeong, SW, Jacques, SL, Lemley, EC, and Chen, WR. Selective photothermal interaction using an 805-nm diode laser and indocyanine green in gel phantom and chicken breast tissue. Lasers Med Sci. (2002) 17:272–9. doi: 10.1007/s101030200040

16. Bäumler, W, Abels, C, Karrer, S, Weiss, T, Messmann, H, Landthaler, M, et al. Photo-oxidative killing of human colonic cancer cells using indocyanine green and infrared light. Br J Cancer. (1999) 80:360–3. doi: 10.1038/sj.bjc.6690363

17. Bozkulak, O, Yamaci, RF, Tabakoglu, O, and Gulsoy, M. Photo-toxic effects of 809-nm diode laser and indocyanine green on MDA-MB231 breast cancer cells. Photodiagnosis Photodyn Ther. (2009) 6:117–21. doi: 10.1016/j.pdpdt.2009.07.001

18. Onoyama, M, Azuma, K, Tsuka, T, Imagawa, T, Osaki, T, Minami, S, et al. Effects of photodynamic hyperthermal therapy with indocyanine green on tumor growth in a colon 26 tumor-bearing mouse model. Oncol Lett. (2014) 7:1147–50. doi: 10.3892/ol.2014.1865

19. Yamashita, M, Mayama, M, Suganami, A, Azuma, K, Tsuka, T, Ito, N, et al. Photohyperthermal therapy using liposomally formulated indocyanine green for feline nasal lymphoma: A case report. Mol Clin Oncol. (2017) 13:37. doi: 10.3892/mco.2020.2107

20. Okamoto, Y, Yamashita, M, Osaki, T, Azuma, K, Ito, N, Muraharta, Y, et al. Outcome of photodynamic therapy with diode laser and indocyanine green modified liposome against animal. J Biomed Sci Res. (2022) 40:408–12. doi: 10.2530/jslsm.jslsm-40_0045

21. Okamoto, Y, Ishizuka, M, Sumiyama, F, Kosaka, H, Suganami, A, Tamura, Y, et al. Inhibitory effects and gene expression analysis of chemotherapeutic photodynamic therapy by using a liposomally formulated indocyanine green derivative. Photodiagnosis Photodyn Ther. (2022) 39:102961. doi: 10.1016/j.pdpdt.2022.102961

22. Kurebayashi, J, Kurosumi, M, and Sonoo, H. A new human breast cancer cell line, KPL-1 secretes tumour-associated antigens and grows rapidly in female athymic nude mice. Br J Cancer. (1995) 71:845–53. doi: 10.1038/bjc.1995.163

23. Morimoto, J, Imai, S, Taniguchi, Y, Tsubura, Y, and Hosick, HL. Establishment and characterization of a new murine mammary tumor cell line, BALB/c-MC. In Vitro Cell Dev Biol. (1987) 23:755–8. doi: 10.1007/BF02623676

24. Kilkenny, C, Browne, WJ, Cuthill, IC, Emerson, M, and Altman, DG. Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research. PloS Biol. (2010) 8:e1000412. doi: 10.1371/journal.pbio.1000412

25. Smith, AJ, Clutton, RE, Lilley, E, Hansen, KEA, and Brattelid, T. PREPARE: guidelines for planning animal research and testing. Lab Anim. (2018) 52:135–41. doi: 10.1177/0023677217724823

26. Toyota, T, Fujito, H, Suganami, A, Ouchi, T, Ooishi, A, Aoki, A, et al. Near-infrared-fluorescence imaging of lymph nodes by using liposomally formulated indocyanine green derivatives. Bioorg Med Chem. (2014) 22:721–7. doi: 10.1016/j.bmc.2013.12.026

27. Marky, P, Kathryn, B, Lynn, C. A, David, B. B, Molly, G, Harry, K, et al. Office of laboratory animal welfare national institures of health. ARENA/OLAW Institutional Animal Care and Use Committee Guidebook, 2nd ed (2002).

28. Marga, B, Davido, B. M, Eva, S, and William, S. S. OECD Environment Directorate Environment Health and Safety Division. OECD Guidance Document on the Recognition, Assessment, and Use of Clinical Signs as Humane Endpoints for Experimental Animals Used in Safety Evaluation (2000).

29. Lu, J, Huang, Y, Zhao, W, Marquez, RT, Meng, X, Li, J, et al. PEG-derivatized embelin as a nanomicellar carrier for delivery of paclitaxel to breast and prostate cancers. Biomaterials. (2013) 34:1591–600. doi: 10.1016/j.biomaterials.2012.10.073

30. Hilkens, PH, and ven den Bent, MJ. Chemotherapy-induced peripheral neuropathy. J Peripher Nerv Syst. (1997) 2:350–61.

31. Alzeibak, R, Mishchenko, TA, Shilyagina, NY, Balalaeva, IV, Vedunova, MV, and Krysko, DV. Targeting immunogenic cancer cell death by photodynamic therapy: past, present and future. J Immunother Cancer. (2021) 9:e001926. doi: 10.1136/jitc-2020-001926

32. Oleinick, NL, Morris, RL, and Belichenko, I. The role of apoptosis in response to photodynamic therapy: what, where, why, and how. Photochem Photobiol Sci. (2002) 1:1–21. doi: 10.1039/b108586g

33. Aaes, TL, Verschuere, H, Kaczmarek, A, Heyndrickx, L, Wiernicki, B, Delrue, I, et al. Immunodominant AH1 antigen-deficient necroptotic, but not apoptotic, murine cancer cells induce antitumor protection. J Immunol. (2020) 204:775–87. doi: 10.4049/jimmunol.1900072

34. Turubanova, VD, Balalaeva, IV, Mishchenko, TA, Catanzaro, E, Alzeibak, R, Peskova, NN, et al. Immunogenic cell death induced by a new photodynamic therapy based on photosens and photodithazine. J Immunother Cancer. (2019) 7:350. doi: 10.1186/s40425-019-0826-3

35. Meng, X, Deng, J, Liu, F, Guo, T, Liu, M, Dai, P, et al. Triggered all-active metal organic framework: ferroptosis machinery contributes to the apoptotic photodynamic antitumor therapy. Nano Lett. (2019) 19:7866–76. doi: 10.1021/acs.nanolett.9b02904

36. Plaetzer, K, Kiesslich, T, Krammer, B, and Hammerl, P. Characterization of the cell death modes and the associated changes in cellular energy supply in response to AlPcS4-PDT. Photochem Photobiol Sci. (2002) 1:172–7. doi: 10.1039/b108816e

37. Showalter, A, Limaye, A, Oyer, JL, Igarashi, R, Kittipatarin, C, Copik, AJ, et al. Cytokines in immunogenic cell death: Applications for cancer immunotherapy. Cytokine. (2017) 97:123–32. doi: 10.1016/j.cyto.2017.05.024

38. Green, DR, Ferguson, T, Zitvogel, L, and Kroemer, G. Immunogenic and tolerogenic cell death. Nat Rev Immunol. (2009) 9:353. doi: 10.1038/nri2545

39. Clarke, C, and Smyth, MJ. Calreticulin exposure increases cancer immunogenicity. Nat Biotechnol. (2007) 25:192. doi: 10.1038/nbt0207-192

40. Krysko, DV, Agostinis, P, Krysko, O, Garg, AD, Bachert, C, Lambrecht, BN, et al. Emerging role of damage-associated molecular patterns derived from mitochondria in inflammation. Trends Immunol. (2011) 32:157–64. doi: 10.1016/j.it.2011.01.005

41. Krysko, DV, Garg, AD, Kaczmarek, A, Krysko, O, Agostinis, P, and Vandenabeele, P. Immunogenic cell death and DAMPs in cancer therapy. Nat Rev Cancer. (2012) 12:860. doi: 10.1038/nrc3380

42. Maruoka, Y, Furusawa, A, Okada, R, Inagaki, F, Wakiyama, H, Kato, T, et al. Interleukin-15 after near-infrared photoimmunotherapy (NIR-PIT) enhances T cell response against syngeneic mouse tumors. Cancers (Basel). (2020) 12:2575. doi: 10.3390/cancers12092575

43. Furusawa, A, Okada, R, Inagaki, F, Wakiyama, H, Kato, T, Furumoto, H, et al. CD29 targeted near-infrared photoimmunotherapy (NIR-PIT) in the treatment of a pigmented melanoma model. Oncoimmunology. (2022) 11:2019922. doi: 10.1080/2162402X2021.2019922

44. Correia, JH, Rodrigues, JA, Pimenta, A, Dong, T, and Yang, Z. Photodynamic therapy review: principles, photosensitizers, applications, and future directions. Pharmaceutics. (2021) 13:1332. doi: 10.3390/pharmaceutics13091332

45. Henderson, BW, and Dougherty, TJ. How dose photodynamic therapy work? Photochem Photobiol. (1992) 55:145–57. doi: 10.1111/j.1751-1097.1992.tb04222.x




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Ishizuka, Kaibori, Sumiyama, Okamoto, Suganami, Tamura, Yoshii, Sugie and Sekimoto. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-14-1365305-g006.jpg
PDT2

PDT3

PDT4

*

day3

o

Just after PDT1

Just after PDT5






OEBPS/Images/fonc-14-1365305-g001.jpg
Therm

al effect

Paclitaxel

Release of
Paclitaxel






OEBPS/Images/fonc-14-1365305-g004.jpg
Tumor volume (mm?)

600

500

*sQee control

- PDT

-0 10GLipo
—8 ICGLipo+ PDT
— »PTX
=t [CGLipo-PTX+ PDT

Days after treatment





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Photodynamic therapy with paclitaxel-encapsulated indocyanine green-modified liposomes for breast cancer

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell lines

          



          		

            2.2 Animals

          



          		

            2.3 Preparation of ICG-Lipo and ICG-Lipo-PTX

          



          		

            2.4 Animal models

          



          		

            2.5 Fluorescence imaging and PDT

          



          		

            2.6 Measurement of the temperature inside the tumor

          



          		

            2.7 Histological examination

          



          		

            2.8 Enzyme-linked immunospot assay

          



          		

            2.9 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Fluorescence imaging in the human breast cancer model

          



          		

            3.2 Temperature trends inside the tumor

          



          		

            3.3 Antitumor effects of ICG-Lipo-PTX in human breast cancer

          



          		

            3.4 Histological examination

          



          		

            3.5 Fluorescence imaging in the mouse breast cancer model

          



          		

            3.6 Antitumor effects of ICG-Lipo-PTX in mouse breast cancer

          



          		

            3.7 T-cell immune responses in antitumor immunity

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-14-1365305-g002.jpg
PDT1 PDT2

0.0002 ‘ ‘
000018

000016
— ————— —
— i S —

000014
000012

«a0-- Non-tumor arca
0.0001 s TV

— -1CG-Lipo-PTX
000008 —4—ICG-Lipo-PTX + PDT
000006
opows{ 2/ Bl NS e L B
000002 ...........................................

]
0 1 2 Jutafter 3 4 Justafter 5 3 7 s 9 10 1 12 13 14
PDTI PDT2

U1y lgl
éd
Em 1 [
day2 Just after PDT1 day4 Just after PDT2





OEBPS/Images/fonc-14-1365305-g007.jpg
Tumor volume (mm?)

900

800

700

600

500

400

300

200

100

-@= PDTonly

et [CG Lipo-PTX

Days after treatment

10

900

800

700

600

500

400

300

200

100

PDT only
e ICG LipoPTX

5 7

Days after treatment

10





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-14-1365305-g005.jpg
Necrosis area rate (%)

10

)

control

&

ICG-Lipo

1CY






OEBPS/Images/fonc-14-1365305-g003.jpg
Temperature (°C)

44

eseees PDTonly

== == [CG-Lipo +PDT
ICG-Lipo-PTX +PDT

42

X

40

38

ROTTLE L L L LN
-
e, geeees
36 O
.o
o
o

L eeeenaetena et

34

32

30

Time (s)





OEBPS/Images/fonc-14-1365305-g008.jpg
600

500

400

2 3

2
9
7

200

100

0
B

450

400

350

300

2 2
a

@' 2w

150

100

50

0
@
]
°
&
2

PDTonly

ICG Lipo-PTX

300

250

200

100

50

PDTonly

ICGLipo-PTX

PDTonly

ICGLipoPTX






OEBPS/Images/fonc.2024.1365305_cover.jpg
& frontiers | Frontiers in Oncology

Photodynamic therapy with
paclitaxel-encapsulated indocyanine
green-modified liposomes for breast cancer





