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Purpose: Photodynamic therapy (PDT) induces anti-tumor immune responses by triggering immunogenic cell death in tumor cells.
Previously, we demonstrated that novel QDs-RGD nanoparticles exhibited high efficiency as photosensitizers in the treatment of
pancreatic cancer. However, the underlying mechanism of the anti-tumor immune effects induced by the photosensitizer remains
unknown. This study assessed the anticancer immune effect of QDs-RGD, as well as the conventional photosensitizer chlorine
derivative, YLG-1, for comparison, against pancreatic cancer in support of superior therapeutic efficacy.

Methods: The pancreatic cancer cell line, Panc02, was used for in vitro studies. C57BL/6 mice bearing pancreatic cancer cell-derived
xenografts were generated for in vivo studies to assess the anti-tumor effects of QDs-RGD-PDT and YLG-1-PDT. The immunosti-
mulatory ability of both photosensitizers was examined by measuring the expression of damage-associated molecular patterns
(DAMP), such as calreticulin (CRT), assessing dendritic cell (DC) maturation, and analyzing cytokine expression. The specific
immunity of QDs-RGD and YLG-1-PDT on distant tumor were determined by combining PDT with anti-CTLA-4 antibody.
Results: QDs-RGD-PDT and YLG-1-PDT significantly inhibited pancreatic cancer cell growth in a dose- and time-dependent manner.
While both photosensitizers significantly promoted CRT release, DC maturation, and interferon y (IFN-y) and tumor necrosis factor a
(TNF-a) expression, QDs-RGD exerted a stronger immunostimulatory effect than YLG-1. Combination treatment with QDs-RGD and
CTLA-4 blockade was able to significantly inhibit the growth of distant tumors.

Conclusion: QDs-RGD is a novel and effective PDT strategy for treating pancreatic tumors by inducing anti-tumor immune
responses.
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Introduction
Pancreatic cancer is among the most lethal malignancies worldwide, with a 5-year overall survival (OS) rate of ~10%.'
Postoperative adjuvant chemotherapy (eg, modified FOLFIRINOX) can prolong the postoperative survival of pancreatic
cancer patients, however, high-dose chemotherapy is associated with common and serious side effects.*” Thus, there is an
urgent need for the development of novel neoadjuvant therapies with high efficacy and specificity and low systemic toxicity.
In recent years, photodynamic therapy (PDT) has emerged as a new cancer treatment modality and attracted increasing
attention from researchers.® '® Recently, we synthesized quantum dots conjugated with arginine-glycine-aspartic acid (QDs-
RGD). QDs are nanocrystals consisting of elements belonging to group II-VI or group III-V with a 2-10 nm diameter. They
have a large absorption spectrum, narrow emission bands, and a high molar extinction coefficient, suggesting that they can
serve as potential photosensitizers in PDT.'' ' Furthermore, the RGD peptide sequence is an integrin antagonist that can link
to integrin avp3, playing a critical role in regulating tumor growth, metastasis, and angiogenesis.'*'® Our previous studies
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demonstrated the potential applications of QDs-RGD as photosensitizers in the PDT of pancreatic cancer cells in vitro and
in vivo, which exhibited high selectivity and efficiency against pancreatic cancer.'”"' However, the phototherapeutic effects
of these nanocrystals on pancreatic cancer and the underlying mechanisms for these effects remain unexplored.

Research has shown that reactive oxygen species (ROS) generated by PDT can drive immunogenic cell death (ICD) in
tumor cells and boost antineoplastic immune responses.®**>* Tumor cells undergoing ICD exhibit superior immunogenic
potential through the expression and release of damage-associated molecular patterns (DAMP), including calreticulin (CRT),
high-mobility group box 1 (HMGBI1) protein, and adenosine triphosphate (ATP).'**** ICD stimulates multiple alterations in
dying tumor cells, with CRT exposure serving as an “eat me” signal, HMGB1 efflux serving as a “danger” signal and ATP
functioning as a “find me” signal, attracting and activating antigen-presenting cells and inducing an adaptive immune
response.”*?® An assessment of dendritic cell (DC) maturation using flow cytometry has illustrated how QDs-RGD-
mediated PDT induces the immune response. DCs are one of the most important antigen-presenting cell types, playing an
important role in both innate and adaptive immune processes.”*~” Once exposed to antigens, immature DCs engulf and
process antigens into peptides to exert immune response functions in adjacent lymph nodes.*'** The secretion of DC-specific
cytokines, such as interferon y (IFN-y) and tumor necrosis factor a (TNF-0), is also an indicator of immune activation.***

In in vivo experiments, cytotoxic CTLA-4 blockade is shown to inhibit the immune-suppressive effect of regulatory
T cells (Treg). Anti-CTLA-4 antibodies bind with high affinity to the CTLA-4 molecule, altering the composition of
immune cells in the tumor microenvironment, ultimately enhancing the immune response against cancer.>> !

The current study investigated the effects of QDs-RGD-PDT on pancreatic cancer, including whether this involved
eliciting an effective anti-tumor immune response in a highly metastatic tumor mouse model. Group administered with
anti-CTLA-4 antibodies exhibited a significant enhancement in immunotherapy, and it did not cause any harmful effects
to the mice themselves. The conventional photosensitizer chlorine derivative, (17R, 18R) —2- (1-hydroxyethyl) —2-divi-
nyl chloride E6 trisodium salt (YLG-1), which is a dihydroporphyrin monomer derivative extracted from Spirulina
platensis, was used as a comparison, for the reason that it previously exhibited high efficiency as photosensitizer in
treatment of pancreatic cancer.*** The findings illustrated that the synergistic photodynamic-immunologic effects of
QDs-RGD-PDT could serve as a basis for future research on the mechanism of immune regulation.

Materials and Methods

Materials
QD705 consisting of cadmium selenide cores with a zinc sulfide shell and carboxylate-derivatized outer coating was
purchased from Invitrogen (Carlsbad, CA, USA). Cyclic RGD peptide was obtained from GL Biochem (Shanghai,
China). QD705 and RGD were conjugated to prepare QDs-RGD using the Qdot® Antibody Conjugation kit (Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. QDs705 and RGD were conjugated to
prepare QDs-RGD according to the Qdot®™ Antibody Conjugation kit (Life Technologies, Carlsbad, CA, USA) manu-
facturer’s instructions. The detailed operational steps were reported previously.'”'®

The 650-nm laser PDT instrument was provided by Guilin Xingda Photoelectric Medical Equipment Co., Ltd (Guilin,
China). YLG-1 was provided by Guilin Huiang Biochemistry Pharmaceutical Co., Ltd (Guilin, China), dissolved in
phosphate buffer solution (PBS; Solarbio, China) to obtain a 10 mg/mL solution, and stored at 4 °C.

Characterization of QDs-RGD Particles

The optical absorption spectra of QDs-RGD nanoparticles were recorded using ultraviolet-visible (UV-Vis; UV-2550;
Shimadzu, Kyoto, Japan) and fluorescence spectrophotometers (LS-55; PerkinElmer, Waltham, MA, USA). The size and
morphology of nanoparticles were measured using transmission electron microscopy (H-600; Hitachi Tokyo, Japan).

Cell Culture

The murine pancreatic cancer cell line, Panc02, was purchased from the cell bank of the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). Panc02 cells were cultivated in DMEM media (GIBCO, Life
Technologies, USA) supplemented with 10% FBS (GIBCO), and 1% Penicillin-Streptomycin at 37°C and 5% COs,.
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In vitro PDT and Cell Counting Kit-8 Assay to Assess Cell Viability

Panc02 cells were inoculated on 96-well plates and incubated for 24 h before treatment. The cells were incubated with
different concentrations of QDs-RGD (0-2.5 pmol/L) or YLG-1 (0-1 pg/mL) for 3 h at 37°C and then washed
thoroughly with cell culture media to remove the unbound photosensitizers. The cells were then incubated with 2.0
pmol/L QDs-RGD or 0.5pug/mL YLG-1 without irradiation for different time periods. In a separate experiment, the cells
were incubated with the indicated dose of QDs-RGD or YLG-1 for a specified time and irradiated at 5 to 30 J/cm? using
ZF-20D Ultraviolet Analyzing Equipment at a wavelength of 365 nm and power of 20-60 mW/cm?. The Cell Counting
Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) was used to assess cell viability. In brief, after the cells were incubated with
QDs-RGD and light stimulation, 10 pL. CCK-8 was added to each well of the 96-well plates, and the absorbance at 450
nm was recorded using a Thermo-max microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

Determination of Immunogenic Cell Death in vitro

Cells were seeded on 24-well plates at a density of 5x10° cells/well and cultured for 24 h. The cells were then incubated
with 2.0 pmol/L QDs-RGD for 3 h and irradiated at 650 nm (20 J/em?). To detect surface CRT expression, the cells were
incubated with anti-CRT primary antibody for 30 min and stained with Alexa 488-conjugated monoclonal secondary
antibody for an additional 30 min in the dark. The cells were then analyzed by flow cytometry. To visualize surface CRT
by immunofluorescent staining, the cells were inoculated onto 24-well plates with prepared slides under the same
experimental conditions. The adherent cells were washed twice with PBS and fixed with 4% paraformaldehyde for 20
min. CRT staining was processed as described above. After staining with DAPI for 5 min, the cells were examined by
confocal laser scanning microscopy (CLSM) (Leica, Germany).

DC Maturation

Bone marrow-derived monocytes were extracted from 6-8 weeks old C57BL/6 mice and cultured in complete RPMI
containing mouse recombinant GM-CSF (20 ng/mL) and IL-4 (20 ng/mL) for 6 days to promote differentiation into
CDl11ct+ BMDCs. The BMDCs were stimulated with treated tumor cells for 24 h and stained with fluorescence-labeled
antibodies against CD11¢c, CD80, and CD86. CD80/CD86 double-positive DCs gated by CD11c+ were recognized as
mature DCs.

Detection of Cytokines
Pro-inflammatory cytokines, including TNF-a (eBiosciences) and IFN-y (eBiosciences), were measured in serum and DC
medium supernatants using enzyme-linked immunosorbent assay (ELISA) kits following standard protocols.

Development of an in vivo Animal Model and Tumor-Specific Immunity
Female C57BL/6 mice (6—8 weeks) were purchased from the Shanghai Laboratory Animal Center of the Chinese Academy of
Sciences. The Ethics Committee of Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine approved
the in vivo experiments. All experiments were conducted using the institutional protocols set by the China Association of
Laboratory Animal Care. Panc02 cells (5 x 10°) in 200 pL phosphate-buffered saline (PBS) were injected subcutaneously into
the left backs of the mice. About 2 weeks after the tumor cell inoculation, when the tumors had reached a size of approximately
100 mm>, 5 pmol QDs-RGD nanoparticles were injected into the tumors of each mouse. After 2 h, the mice were irradiated
with a 650 nm laser at a power density of 100 mW/cm? for 30 min with a 1 min interval after every 2 min of light exposure.
To measure DC maturation in vivo, some of the mice in each group were sacrificed 3 days post-treatment. The lymph
nodes were harvested, ground into a single cell suspension, and stained with anti-CD11¢-FITC, anti-CD80-PE, and anti-
CD86-PE-Cy7. Flow cytometry was used to detect the presence of mature DCs (CD11c+CD80+CD86+). To assess long-
term tumor-specific immunity on distant tumor, 10 pg of anti-CTLA-4 antibody was intravenously injected into each
mouse. Once the tumors had disappeared, the mice were rechallenged by injecting Panc02 tumor cells into their untreated
flank. The tumor size of the mice was monitored daily. Tumor volume was calculated using the following formula:
width? x length x 0.5.
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Histopathology

The dissected organs of the mice in groups with anti-CTLA-4 antibody injection were fixed in 4% paraformaldehyde for
6 h, embedded in paraffin, and cut into 4 pum tissue sections. The slices were stained with hematoxylin-eosin (HE) and
examined under a light microscope (Leica DMI4000 B; Leica Microsystems, Wetzlar, Germany).

Statistical Analysis

All experiments were replicated at least three times. Data are presented as the mean =+ standard error of the mean (SEM).
A two-tailed Student’s #-test was used to test differences between two groups and a one or two-way ANOVA was used to
test differences among multiple groups. All analyses were performed using GraphPad Prism 6.0. A p-value <0.05 was

considered statistically significant.

Results

In vitro Phototoxicity Studies of QDs-RGD-PDT-Induced Pancreatic Cancer Cell Death
The PDT effect of QDs-RGD in vitro is shown in Figure 1. A representative transmission electron microscopy (TEM)
image of QDs-RGD shows a spherical shape with a particle diameter of about 10 nm (Figure 1A). The novel
nanoparticles dispersed well without agglomeration. The peaks of QDs-RGD in Figure 1B and C showed that the
absorbance of QDs-RGD was the highest in the UV part of the spectrum, and decreased exponentially when approaching
higher wavelengths. QDs-RGD had a luminescence emission peak at 700 nm. The CCK-8 assay was used to examine the
viability of Panc02 cells in response to different QDs-RGD concentrations, incubation times, and light intensities to
determine the most effective treatment regimen. To determine the best QDs-RGD concentration, the cells were treated
with 0, 0.5, 1.0, 1.5, 2.0, or 2.5 pmol/L QDs-RGD for 3 h in the absence of light (Figure 1D). The results indicate that
cell viability does not significantly decrease to a certain extent when the concentration of QDs-RGD increases. Obviously
when the concentration of QDs-RGD reached above 2.0umol/L, cell viability showed a greater reduction. It meant when
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Figure | In vitro phototoxicity studies of QDs-RGD-PDT-induced pancreatic cancer cell death.

Notes: (A) TEM images of QDs-RGD, scale bar: left, 100nm; right 50nm; (B) Absorption spectra of QDs-RGD; (C) Fluorescence emission spectra of QDs-RGD; (D-F) Cell
apoptosis assay of different concentration (D), incubation time (E) and light dose (F) measured by CCK-8. Data are expressed as means * SEM (n = 3). **P < 0.01, ns, not significant.
Abbreviations: QDs-RGD, quantum dots conjugated with arginine-glycine-aspartic acid peptide sequence; PDT, photodynamic therapy; TEM, transmission electron
microscopy; CCK-8, cell counting kit-8; SEM, standard error of the mean.
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the concentration of QDs-RGD reached or even exceeded a certain concentration, the toxicity of QDs-RGD would
directly damage and influence Panc02 cells, which might cause the increased insecurity and uncertainty. To define the
best incubation time, the cells were incubated with 2.0 umol/L QDs-RGD for 0, 3, 6, 9 or 12 h without illumination.
Longer incubation times were associated with lower viability (Figure 1E). Thus, 3 hours would be the best incubation
time for the less reduction of cell viability of Panc02 cells. To assess the impact of light, the Panc02 cells were incubated
with 2.0 pmol/L QDs-RGD for 3 h and illuminated with different light doses (0, 10, 20, or 30 J/cmz). The illumination
procedure was conducted by the ZF-20D Ultraviolet Analyzing Equipment at a wavelength of 365 nm and power of 20—
60 mW/cm?. More cell damage was observed at higher light doses. Illumination alone (10, 20, and 30 J/cm?) without
QDs-RGD had a limited impact on the Panc02 cells (Figure 1F), suggesting that QDs-RGD with illumination induced
more cytotoxicity than illumination alone. Thus, 2.0 pmol/L QD-RGD at a light intensity of 20 J/cm® was used in
subsequent in vitro experiments. It can generate effective PDT treatment without excessively affecting cell viability due
to the toxicity of quantum dots themselves, which is a suitable prerequisite for subsequent ICD induction experiments.

The effect of QDs-RGD was next compared with that of the conventional photosensitizer chlorine derivative, YLG-1.
The chemical structure, absorption and fluorescence emission spectra of YLG-1 is shown in Figure 2A—C. The same
methods were used to determine the best experimental conditions of YLG-1-PDT in vitro (Figure 2D—F). Based on the
results, 0.5 pg/mL YLG-1 at a light intensity of 10 J/cm® was used for subsequent experiments.

ICD Induction of QDs-RGD-PDT in vitro

After determining the best experimental conditions for QDs-RGD or YLG-1 treatment, the intracellular behavior and
immune-activating effect of Panc02 cells were evaluated after PDT treatment in vitro. CRT exposure was used to verify
the ICD of Panc02 cells. PDT-triggered ROS can induce the ICD of tumor cells that are under oxidative stress and

activate the adaptive antitumor immune response. Higher expression of CRT on Panc02 cells can serve as an important
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Figure 2 In vitro phototoxicity studies of YLG-I-PDT-induced pancreatic cancer cell death.

Notes: (A) Chemical structure of YLG-I; (B) Absorption spectra of YLG-I; (C) Fluorescence emission spectra of YLG-I; (D-F) Cell apoptosis assay of different
concentration (D), incubation time (E) and light dose (F) measured by CCK-8. Data are expressed as means * SEM (n = 3). *P < 0.05, **P < 0.0, ns, not significant.
Abbreviations: YLG-I, (I7R,18R)-2-(1-hexyloxyethyl)-2-devinyl chlorine E6 trisodium salt; PDT, photodynamic therapy; CCK-8, cell counting kit-8; SEM, standard error of

the mean.
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indicator of ICD in vitro. Confocal laser scanning microscopy (CLSM) images demonstrated elevated CRT expression on
the surface of Panc02 cells following 650 nm laser irradiation (Figure 3A). CRT exposing cell population was 5.2 and
4.1-fold higher in the QDs-RGD + Laser and YLG-1 + Laser treated groups in the PBS group, respectively, as shown by
flow cytometry (Figure 3B and C).

The enhanced immunogenicity of pancreatic cancer cells can be used to potentiate DC maturation. Bone marrow
(BM) cells were extracted from C57BL/6J mice, differentiated into BMDC, and coincubated with Panc02 cells for 24
h. The proportion of mature DCs (CD11¢, CD80, and CD86 positive cells) was determined using flow cytometry. The
PDT-treated QDs-RGD and YLG-1 groups induced 3.3- and 2.8-fold higher DC maturation than the PBS group,
respectively, suggesting that these cells could elicit antitumor immunity by presenting tumor-specific antigens to
T cells (Figure 4A and B). Consistent with the prior DC maturation results, significantly higher IFN-y and TNF-a
production was observed using QDs-RGD and YLG-1 treatment with illumination (Figure 4C), demonstrating that
photosensitizers can enhance the immune response. These findings indicated that PDT treatment effectively enhanced the
immune response and induced DC maturation. While both QDs-RGD and YLG-1 significantly promoted in vitro DC
maturation, QDs-RGD promoted higher ICD than YLG-1.

Anti-Tumor Performance and Immunity Induced by QDs-RGD-Mediated PDT in vivo
After the Panc02 tumors grown on C57BL/6J mice had reached ~100 mm?>, the photosensitizers (5 pmol QDs-RGD or
5 mg YLG-1) were injected intratumorally. After 2 h, the mice were exposed to 650 nm light at a power density of 100
mW/cm?. The tumor area was treated with irradiation twice on days 4 and 7. Tumor growth in different groups was
measured using a caliper every 3 days (Figure 5A). Both the QDs-RGD and YLG-1-mediated PDT efficiently suppressed
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Figure 3 Expression of CRT on pancreatic cancer cell in vitro.

Notes: (A) CLSM image of the groups with different treatments. Blue, DAPI for nucleic acid staining. Green, CRT as specific marker of DAMP. Scale bars: 100 um. (B) The
flow cytometric analysis of PDT-induced CRT exposure of pancreatic cancer cells. (C) CRT exposing cell population of different groups measured by flow cytometry. Data
are expressed as means + SEM (n = 3). **P < 0.0, ns, not significant.

Abbreviations: QDs-RGD, quantum dots conjugated with arginine-glycine-aspartic acid peptide sequence; YLG-I, (17R,18R)-2-(1-hexyloxyethyl)-2-devinyl chlorine E6é
trisodium salt; PBS, phosphate-buffered saline; CLSM, confocal laser scanning microscopy; CRT, calreticulin; DAMP, damage-associated molecular pattern; SEM, standard
error of the mean.
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Figure 5 Anti-tumor performance and immunity induced by PDT in vivo.

Notes: (A) Schematic illustration of the experiment; (B) and (C) Growth curves for pancreatic tumors (B) and survival rate (C) on mice after various treatments indicated;
(D-F) ICD induction of various treatments in vivo, including DC maturation (D), secretion of IFN-y (E) and TNF-a (F). Data are expressed as means + SEM (n = 5). *P <
0.05, *P < 0.01, **P < 0.001, ns, not significant.

Abbreviations: QDs-RGD, quantum dots conjugated with arginine-glycine-aspartic acid peptide sequence; YLG-1, (17R,18R)-2-(I-hexyloxyethyl)-2-devinyl chlorine E6
trisodium salt; PBS, phosphate-buffered saline; PDT, photodynamic therapy; DC, dendritic cell; ICD, immunogenic cell death; SEM, standard error of the mean.
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the tumors and prolonged the survival time of mice (Figure 5B and C). To further assess the anti-tumor immune effects,
the mice were sacrificed 3 days after PDT and the draining lymph nodes were removed to measure the degree of DC
maturation using flow cytometry (Figure 5D). QDs-RGD-based PDT promoted a relatively higher level of DC maturation
than YLG-1 with light exposure or QDs-RGD and YLG-1 injection in the absence of light. IFN-y and TNF-a production
were also significantly upregulated in mice after QDs-RGD-PDT (Figure 5E and F), suggesting that cellular immunity
was successfully induced by this treatment protocol.

Photoimmunotherapeutic Effect of QDs-RGD-PDT in Combination with CTLA-4

Checkpoint Blockade on Distant Tumors

We next assessed whether the robust immunological responses triggered by PDT with QDs-RGD could inhibit the growth
of tumor cells that remained at distant sites after treatment. QDs-RGD-PDT was combined with CTLA-4 blockade
therapy for in vivo cancer treatment. Panc02 tumor cells were subcutaneously inoculated into the left flanks of C57BL/6J
mice. After 2 weeks, the tumors had reached ~100 mm?® and the mice were divided into the following eight groups: (1)
PBS, (2) anti-CTLA-4 antibody, (3) surgery alone, (4) surgery plus anti-CTLA-4 antibody, (5) QDs-RGD with irradia-
tion, (6) QDs-RGD with irradiation plus anti-CTLA-4 antibody, (7) YLG-1 with irradiation, and (8) YLG-1 with
irradiation plus anti-CTLA-4 antibody. QDs-RGD (5 pmol) was intratumorally injected into each tumor on the left
flank of the mice in groups 5 and 6 and YLG-1 (5 mg) was intratumorally injected into the left flank of each mouse in
groups 7 and 8. Two hours after the injection, the treated tumors in groups 5—8 were exposed to light exposure as
described previously. The irradiation was repeated on days 1, 4, and 7. After irradiation (on days 2, 5, and 8), 10 ug anti-
CTLA-4 (clone 9H10) antibody was intravenously injected into the mice in groups 2, 4, 6 and 8 (Figure 6A). The
antibody dose was lower than that used in previous studies of checkpoint blockade therapy to avoid the inhibitory effect
of this treatment. At day 9, after three times of irradiation and anti-CTLA-4 antibody treatment, Panc02 tumor cells were
subcutaneously inoculated into the right flanks of the C57BL/6J mice for long-term observation, which were designed
without direct treatment as an artificial model of abscopal tumors.

While QDs-RGD-PDT induced a strong immune response and partially delayed distant tumor growth, the tumor sizes
were not significantly different from those in the PBS complete control group. After the combined use of CTLA-4
blockers, the combination therapy based on QDs-RGD-PDT and CTLA-4 blockers can significantly inhibit the growth of
distant tumors (Figures 6B, C, S1 and S2). Furthermore, the growth of distant tumors was more significantly inhibited by
combination therapy with QDs-RGD-PDT and CTLA-4 blockers than with YLG-1-PDT and CTLA-4 blockers. Survival
analysis disclosed that the combination therapy of PDT and CTLA-4 blockade significantly prolonged the mice survival
time when compared with other control groups (Figures 6D and S3—S5). These findings indicated that the novel QDs-
RGD nanoparticles may serve as an effective adjuvant to boost anti-tumor immunity. QDs-RGD-PDT combined with
CTLA-4 blockade may offer a strong synergistic anti-tumor immunological effect that effectively suppresses the growth
of tumor cells, even for those without direct PDT.

All mice that received CTLA-4 antibodies (groups 2, 4, 6, and 8) were sacrificed to assess the effect of PDT, surgery,
and especially, the CTLA-4 blockade on major organs, including the heart, lung, liver, kidney and spleen. Histological
analysis indicated no signs of cell necrosis or organ damage, demonstrating that the treatments had a strong safety profile
(Figure 7). Furthermore, the biochemical indicators of mice showed that the main indexes of groups combined with
CTLA-4 blockage had no obvious changes compared with the PBS group. All values of each group were still in the
reference range (Table 1), suggesting that there was limited systemic toxicity after the CTLA-4 blockage treatment.

Discussion

Our prior studies found that QDs-RGD-PDT exerts a significantly efficient photodynamic effect on tumor cells and may
serve as a novel photosensitizer for the treatment of pancreatic cancer.'”'” However, the mechanisms involved have
remained unclear. In addition to its direct cytotoxic effects, PDT-mediated immunotherapeutic effects resulting from
changes in the immune microenvironment were thought to play an important role.***> The current study investigated the
potential immunotherapeutic effects of QDs-RGD and assessed the possible mechanisms.
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Figure 6 Photoimmunotherapeutic effect of PDT on distant tumors.

Notes: (A) Schematic illustration of the experiment; (B) Growth curves for the distant tumors on mice after various treatments indicated (n = 5 per group); (C) Individual
tumor growth curves during the treatment; (D) Survival rate on mice after various treatments indicated. Data are expressed as means * SEM (n = 5). *P < 0.05, **P < 0.01,
P < 0.001, ns, not significant.

Abbreviations: QDs-RGD, quantum dots conjugated with arginine-glycine-aspartic acid peptide sequence; YLG-I, (17R,18R)-2-(1-hexyloxyethyl)-2-devinyl chlorine E6é
trisodium salt; PBS, phosphate-buffered saline; PDT, photodynamic therapy; SEM, standard error of the mean; CTLA-4, cytotoxic T lymphocyte-associated antigen-4.
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Figure 7 HE staining micrograph of organs from sacrificed mice in combination with CTLA-4 checkpoint blockade.

Notes: HE micrograph of tumor slices from four groups that received CTLA-4 antibodies. No signs of cell necrosis or organ damage were indicated in major organs,
including the heart, lung, liver; kidney and spleen. Scale bar: 100um.

Abbreviations: HE, hematoxylin and eosin; QDs-RGD, quantum dots conjugated with arginine-glycine-aspartic acid peptide sequence; YLG-I, (17R,I8R)-2-(I-hexylox-
yethyl)-2-devinyl chlorine E6 trisodium salt; PBS, phosphate-buffered saline; PDT, photodynamic therapy; CTLA-4, cytotoxic T lymphocyte-associated antigen-4.

It should be emphasized that the human pancreatic cancer cell line, SW1990 cells were mainly used in previous
experimen‘[s.17’19’42’43 Sometimes, we also used other human pancreatic cancer cells, such as Panc01, MIAPaCa-2, etc. We
designed detailed experiments to explore and study the distribution and toxicity of quantum dots, the effectiveness of PDT
treatment, and even the invasiveness of surviving cells after QDs-RGD-PDT. This time, we chose the mouse-derived
pancreatic cancer cell line Panc02 to avoid the potential rejection by the mouse immune system. This approach could
benefit the simulation of the immune microenvironment and aid in exploring the QDs-RGD-PDT mediated immunotherapy.

The photosensitizer QDs-RGD was synthesized by our research group according to the synthesis protocol included in
the instruction manual. While QDs, a semiconductor nanomaterial, are relatively easy to prepare and have minimal cell
toxicity under non-illuminated conditions, they can induce varying degrees of cell damage when exposed to light.*¢*

The RGD peptide sequence can bind to the integrin avp3 adhesion molecule, which is highly expressed on tumor cells

but not easily detected in most normal organ systems, allowing QDs-RGD to successfully track tumor cells in vivo.'>*’
Table | Some Biochemical Indicators of Mice at the End of Various Treatments
ALP ALT UREA CREA
PBS 88.3£18.5 41.6£5.9 7.4+0.7 32+6.4
PBS+anti-CTLA4 97+26.6 46.5+7.3 7.9+0.8 28+8.1
Surgery+ anti-CTLA4 82%19.5 50.1+9.7 8.2+I.1 43+8.8
QDs-RGD-PDT+ anti-CTLA4 | 122+30.7 55.6+8.7 9.1+0.8 36+10.4
YLG-1-PDT+ anti-CTLA4 112+£25.8 59.8+7.6 8.5+0.8 27+6.6
Reference range 60-210(U/L) | 30-135(U/L) | 6.5-10.5(mmol/L) | 20-75(umol/L)
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; UREA, blood urea; CREA, serum creatinine, PBS,
phosphate-buffered saline, CTLA-4, cytotoxic T lymphocyte-associated antigen-4, QDs-RGD, quantum dots conjugated with
arginine-glycine-aspartic acid peptide sequence, YLG-I, (17R,18R)-2-(|-hexyloxyethyl)-2-devinyl chlorine E6 trisodium salt,
PDT, photodynamic therapy.
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As a result, QDs-RGD has been increasingly used for cellular molecular tracking, in vivo tumor imaging, drug
monitoring, and photodynamic therapy (PDT).!7-18:50

Compared to traditional photosensitizers like verteporfin,”' quantum dots require higher light doses to achieve
effective cytotoxicity. However, the advantage of quantum dots is their ability to produce excellent excitation in the low-
frequency range of the spectrum, and only low-frequency spectra can penetrate tissues effectively.’>>* Despite the
benefits of precise and effective treatment, the application of PDT is limited to surface lesions due to the insufficient
penetration of light into biological tissues, preventing clinical treatment for deep abdominal tumors, particularly
pancreatic tumors. These properties ensured the novel nanomaterial QDs-RGD could achieve better PDT effects in
in vivo experiments.

Prior to initiating the in vitro experiments, we assessed the potential toxicity of the QDs and the cell necrosis caused
by illumination. Nanomaterial-related toxicity is thought to result from the accumulation of heavy metal ions released
from QD cores (such as Cd*").>>>® Lower QD doses can minimize the toxic effects. Thus, before investigating the
immunotherapeutic effects of QDs-RGD-PDT, three experiments were conducted to define the optimal conditions for
QDs-RGD-PDT, including QD concentration, coincubation time, and light intensity. These served as the foundation for
further investigation of the immunotherapeutic effects of PDT.

The optimal conditions were used for the in vitro QDs-RGD-PDT experiments. High levels of ROS generated during
PDT treatment can accumulate in pancreatic cancer cells and may lead to the release of DAMPs, and induce ICD.”" >’
This process, in turn, can promote DC recognition and maturation and trigger an anti-tumor immune response. Thus, we
assessed the immune expression of pancreatic cancer tumor cells after PDT. We specifically explored the increase in CRT
externalization, which can serve as a “danger” signal, attracting and activating antigen-presenting cells and initiating the
adaptive immune response. While the ICD effect was minimal in the control groups (including the blank and non-
illuminated groups), CRT externalization was significantly increased in the PDT group. This finding confirmed our
hypothesis from an in vitro perspective.

To further demonstrate the immunotherapeutic impact of PDT on pancreatic cancer growth in vivo, we exposed tumor-
bearing mice to intratumoral irradiation. This method is widely accepted because it can achieve good therapeutic effects with
lower doses of photosensitizer compared to traditional systemic administration methods such as tail vein injection.®® ** Intra-
tumoral injection is particularly suitable for tumors with poor blood supply, such as pancreatic cancer.*> ** Willink® summarized
a systematic review about the clinical trials of advanced pancreatic cancer patients using intratumoral injection method. The
article pointed out that conventional administration methods like intravenous injection, could not accumulate well in tumors and
yield unsatisfactory results, while intratumoral injection significantly improved the outcomes, potentially eliciting immunother-
apy and prolonging the survival, making it a promising administration method. Although pancreatic cancer cells might have
spread to surrounding tissues and the local treatment had limited effectiveness, it could effectively alleviate local pain and
improve the quality of life, thus showing promise for future clinical applications. We would hypothesize that the photosensitizer
can be directly injected into pancreatic cancer tissue using endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) and
fiber optic insertion for illumination. This approach could increase the concentration of photosensitizer within a tumor and
provide a sufficient light dose, enhancing the efficacy of PDT for pancreatic cancer.

After in vivo PDT treatment, tumor tissues, lymph nodes, and other samples were collected from all mouse groups, and
immune-related tests were conducted. Mice treated with PDT showed significant tumor suppression and prolonged survival
and significant changes in their immune response. This included a marked increase in DC maturation and higher IFN-y and
TNF-a serum expression. Importantly, QDs-RGD-PDT induced a significantly higher immunotherapeutic effect than
YLG-1-PDT. This finding indicates that the novel QDs-RGD nanomaterial can more effectively activate the immune response
in vivo, enhancing the immunotherapeutic effect and providing strong evidence for its clinical application. To further study the
inhibitory effect of immunotherapy on pancreatic cancer, CTLA-4 checkpoint inhibitors were used in combination with PDT.

Cold cancers, characterized by low activity of suppressor immune cells, tend to respond less effectively to therapy
compared to tumors categorized under hot immunity.®>*® Cold immunity tumors include pancreatic cancer, colorectal
cancer, prostate cancer, ovarian cancer, and breast cancer. In contrast, hot immune tumors, such as gastric cancer, lung
cancer, cervical cancer, uterine cancer, melanoma, and bladder cancer, exhibit high levels of immune infiltration and are
more responsive to immunotherapy. Pancreatic ductal adenocarcinoma (PDAC) is a malignant tumor characterized by

9498 e International Journal of Nanomedicine 2024:19
Dove!


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

Dove Li et al

a highly fibrotic and immunosuppressive tumor microenvironment. This microenvironment, due to the presence of
desmoplastic stroma, makes it difficult for immune cells to effectively infiltrate the tumor, thereby limiting the
effectiveness of immunotherapy.®” "' Anti-CTLA-4 antibodies bind with high affinity to the CTLA-4 molecule, altering
the composition of immune cells in the tumor microenvironment. For example, increase the levels of CD80/CD86 on
antigen-presenting cells (APCs), enhancing T cell activation; directly induce toxicity in regulatory T cells (Tregs); and
promote the differentiation of CD4+ T cells into the Thl subset, enhancing T cell infiltration into the tumor through the
production of IFN-y by these Thl cells.”>’* These are the potential mechanisms by which CTLA-4 blockade works,
ultimately enhancing the immune response against cancer.

In our experiments, the group administered with anti-CTLA-4 antibodies exhibited a significant enhancement in
immunotherapy, and it did not cause any harmful effects to the mice themselves. This compelling outcome underscores
the potential of even a “cold” cancer like pancreatic cancer to elicit robust immune responses and ICD effects following
PDT. The subsequent administration of anti-CTLA-4 antibodies further amplifies the therapeutic efficacy, indicating
a synergistic relationship between PDT and immunotherapy. These findings provide valuable insights for the application
of novel nanomaterials QDs-RGD in enhancing immunotherapeutic strategies.As QDs-RGD is still in the nascent stages
of investigation, there remains a considerable period of exploration before its potential clinical applications can be
realized. We have committed to continuing our research with a focus on refining the experimental design and filling the
existing gaps in knowledge. Our team is dedicated to advancing the understanding of QDs-RGD and its immunother-
apeutic effects, with the ultimate goal of facilitating its clinical implications.

Conclusion

In summary, QDs-RGD-mediated PDT has an immunomodulatory effect on the growth of pancreatic tumors. This
treatment can significantly impact the survival of cancer cells by altering the immune microenvironment. Additional
studies are needed to further investigate the mechanisms underlying these immunomodulatory effects to better inform the
clinical application of QDs-RGD.

Abbreviations
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needle aspiration; HE, Hematoxylin-eosin; ICD, Immunogenic cell death; OS, Overall survival; PBS, Phosphate buffer
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