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Photodynamic immunotherapy, which combines photodynamic therapy (PDT) with immunotherapy, has
become animportant and effective treatment for cancer. However, most photodynamic immunotherapy
systems for cancer do not allow for the precise release of immunomodulators, leading to systemic side
effects and poor patient prognosis. This study reports a dual-activatable nanoimmunomodulator (CPPM),
whose photodynamic effect and agonist release are both activated in response to specific stimuli, which
can be used for precise photodynamic immunotherapy of cancer. CPPM has a half-life of 119 min in
circulation and accumulates in tumor tissue 4 h after injection (23.8%). In addition, CPPM is able to
achieve tumor localization of nanomedicines through PD-L1-targeting peptides, blocking the specific
binding of PD-L1 to PD-1, exposing tumor surface antigens, and reinvigorating the activity of T cells in
combination with macitentan to promote T-cell proliferation. Meanwhile, under laser irradiation, CPPM
was able to increase intracellular oxidative stress, inhibit cell proliferation through PDT, and trigger
immunogenic cell death, further enhancing tumor immunogenicity through synergistic treatment.
Ultimately, CPPM enhanced the immunotherapeutic efficiency against tumors by improving the tumor
immunosuppressive microenvironment, synergistically inhibiting the growth of primary and distant
tumors while activating systemic antitumor immunity to eliminate lung metastases without obvious side
effects. This study presents an uncomplicated and multifunctional strategy for the precise modulation
of tumor photodynamic immunotherapy with a dual-activatable smart nanoimmunomodulator that can
improve the efficacy of PDT, enhance systemic antitumor immunity, and potentially extend it to a wide
range of cancers.
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Introduction

Cancer is one of the leading causes of death globally, with nearly
20 million new cancer cases and about 9.7 million deaths in
2022 worldwide [1]. Currently, there are also more and more
treatments for cancer, but traditional antitumor drugs have low
drug utilization, poor biocompatibility, and high side effects,
and antitumor therapy is facing great challenges [2]. The rise
of nanomedicines optimizes the structure of antitumor drugs,
improves drug retention in the tumor, and promotes antitumor
therapy [3-5]. In addition, nanotechnology combined with
immunotherapy, etc., to form new nanomedicines, producing
synergistic antitumor effects, will become a new strategy for
tumor treatment [3-5]. Currently, a variety of small-molecule
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immunosuppressants have been approved by the Food and
Drug Administration for clinical use, but due to factors such
as drug metabolism and body drug clearance, fewer molecular
inhibitors reach the tumor site, which makes immunotherapy
ineffective [6,7]. Therefore, more efforts should be made to
develop novel nanocarriers for safer and more effective cancer
immunotherapy.

In recent years, photodynamic therapy (PDT) has gained
increasing attention due to its noninvasive and controllable
nature [8,9]. PDT is a local tumor therapy that first delivers
photosensitizers, such as protoporphyrin IX (PIX), to the tumor
site and then undergoes irradiation with specific wavelengths
of infrared light to generate reactive oxygen species (ROS) and
cause endoplasmic reticulum stress, which ultimately leads to
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the immunogenic cell death (ICD) of the tumor cells, and is
one of the modalities for inducing tumor immunotherapy
[8,9]. PDT, due to its noninvasive nature, is often used in syn-
ergistic antitumor therapy with immunotherapy and molecu-
larly targeted therapies under nanocarriers [10,11]. PDT can
induce ICD; however, ICD-induced CD8+ T cells result in
limited antitumor immunity due to immune escape from
immune checkpoints such as PD-1/PD-L1 and CTLA4 on the
surface of tumor cells [12]. Therefore, it is necessary to com-
bine PDT with immunotherapy in order to further improve
antitumor capacity effectively. In recent years, although studies
have reported that the combination of nanocarriers and PDT
can enhance the efficacy of immunotherapy [13-18], there are
still some problems to be solved to fabricate more desirable
nanocarrier systems. For example, because cancer cells often
establish an immunosuppressive tumor microenvironment
(TME)), this results in effector T cells remaining ineffective at
killing tumors [13,19]. In addition, small-molecule peptide
nanomedicines are susceptible to degradation and rapid clear-
ance upon entry into the blood circulatory system, which usu-
ally limits the therapeutic efficacy of peptide nanomedicines
[20,21]. Therefore, there is a need to further improve the effi-
ciency of effector T cells, prolong the circulation time of pep-
tide nanomedicines in vivo, and improve stability.

Macitentan (MAC) is a T-cell agonist with the ability to regu-
late T-cell subsets to promote TME remodeling, which can
stimulate CD8+ T-cell activity and promote CD8+ T-cell pro-
liferation, thus enhancing the antitumor immunotherapy effect
[22,23]. Therefore, for the first time, we combined MAC with a
PD-L1-targeting peptide to coblock the immune checkpoint
PD-L1/PD-L1 and enhance the effect of T-cell action. It was
shown that polyethylene glycol (PEG) modification was able to
evade reticuloendothelial system clearance and reduce the sys-
temic toxicity of the drug by enriching the tumor site through
enhanced permeability and retention (EPR) effects [24-28]. In
addition, PEG can prolong the drug half-life so that the drug
has more than sufficient time to reach the target site and increase
the drug concentration locally in the tumor. Therefore, in order
to improve its stability in blood circulation and protect the pep-
tide from enzymatic degradation, we innovatively introduced
PEG to combine with CVRARTR-PIX (CP) to form CPP. With
this structure, CPP remains stable during blood circulation,
while upon entering tumor tissues, it can detach from the PEG
canopy for stronger tumor accumulation and cellular internal-
ization [24,25].

Although a variety of nanocarriers have been used for
in vivo drug delivery and a variety of peptide nanodrugs
for synergistic photodynamic immunotherapy have been
reported, multifunctional carriers that can deliver drugs
safely and efliciently to specific sites of action have rarely
been reported and have failed to achieve clinical translation
and application. Therefore, for the first time, we designed
a novel multifunctional peptide nanocarrier, CPP, to form
a new peptide nanomedicine (CPPM) after wrapping the
T-cell agonist MAC. The aim of this study is to develop a
dual-activatable nanoimmunomodulator that can be used
in cancer therapy, with a view that the nanomedicine can
efficiently activate T cells to synergistically enhance the
effect of tumor PDT and at the same time solve the prob-
lems of drug cycling stability, tumor immune escape, and
insufficient immune activation and ultimately achieve safe
and efficient synergistic antitumor ability.
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Materials and Methods

Material reagents

Mouse lung epithelial cells (MLE12, BNCC337698), mouse
breast cancer cells (4T1, BNCC338397), human breast cancer
cells (MCF-7, BNCC100137), and mouse colon cancer cells
(CT26, BNCC342605) were purchased from BeiNaChuanglian
Biotechnology Co. BALB/c female mice of 4 to 6 weeks of age
were purchased from Shanghai Slaughter Laboratory Animal
Co. Dulbecco’s modified Eagle medium, fetal bovine serum,
Hoechst 33342, and 4',6-diamidino-2-phenylindole (DAPI)
were purchased from Thermo Fisher Scientific Inc. Reactive
Oxygen Detection Kit, MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) Assay Kit, and a calcein-
AM/propidium iodide (PI) double-staining kit were purchased
from FANDER (Beijing) Biotechnology Co. PIX was purchased
from Yuanye Biotechnology Co. MAC was purchased from
MedChemExpress LLC. N,N'-Diisopropylcarbodiimide (DIC)
and 4-dimethylaminopyridine (DMAP) were purchased from
Beijing Huamaike Biotechnology Co. N-Formyldimethylamine
(DMF) was purchased from Shanghai Yubo Biotechnology Co.
1-Hydroxybenzotriazole (HOBT) was purchased from Beijing
Biolabs Technology Co. Piperidine (Pip) was purchased from
Beijing Bailing Wei Technology Co. O-Benzotriazol-1-yl-
tetramethyluronium (HBTU) was purchased from Shanghai
Covalent Chemical Technology Co. 4-Methylmorpholine (NMM)
and trifluoroacetic acid (TFA) were purchased from Shanghai
Aladdin Biochemical Technology Co. Hydrazine hydrate, N-(9-
fluorenylmethoxycarbonyloxy)succinimide (Fmoc-Osu), Wang
resin, and Fmoc-Arg (Pbf)-OH were purchased from Merck. N,N-
Diisopropylethylamine (DIPEA) was purchased from Shanghai
Weinie Chemical Technology Co. PEG;,-Mal was purchased
from Hangzhou Allpeptide Biotechnology Co. Anti-calreticulin
(anti-CRT) and anti-high mobility group protein Bl (anti-
HMGBI1) were purchased from Abbott Antibodies (Shanghai)
Trading Co. Alanine transaminase, blood urea nitrogen, uric
acid, and aspartate aminotransferase kits were purchased from
Elabscience Biotechnology Co. Other commonly used reagents
were purchased from Sinopharm Chemical Reagent Co.

Synthesis of CPPM

Wang resin and Fmoc-Arg (Pbf)-OH were weighed and added
into the reactor, and appropriate amounts of DIC, DMAP, and
DCM were successively added to dissolve and react to obtain
Fmoc-Arg (Pbf)-Wang resin. H,N-Arg (Pbf)-Wang resin was
obtained by adding 20% Pip/DMF solution to Fmoc-Arg (Pbf)-
Wang resin, reacting with nitrogen gas for 30 min, and washing
with DMF solution. Fmoc-Thr (tBu)-OH was taken and added
to H,N-Arg (Pbf)-Wang resin, and appropriate amounts of
DME, DIC, and HOBT were added and reacted for 30 min to
obtain Fmoc-Thr (tBu)-Arg (Pbf)-Wang resin. H,N-Thr (tBu)-
Arg (Pbf)-Wang resin was obtained by adding 20% Pip/DMF
solution to Fmoc-Thr (tBu)-Arg (Pbf)-Wang resin, reacting
with nitrogen gas for 30 min, and then washing with DMF
solution. Repeating the above steps, Fmoc-Arg (Pbf)-OH, Fmoc-
Ala-OH, Fmoc-Arg (Pbf)-OH, Fmoc-Val-OH, and Fmoc-Cys
(Trt)-OH were successively added to obtain H,N-Cys (Trt)-
Val-Arg (Pbf)-Ala-Arg (Pbf)-Thr (tBu)-Arg (Pbf)-Wang resin.
Then, Dde-Lys (Fmoc)-OH, DME DIC, and HOBT were added
for the reaction, which was washed after 30 min to obtain Dde-
Lys (Fmoc)-Cys (Trt)-Val-Arg (Pbf)-Ala-Arg (Pbf)-Thr (tBu)-
Arg (Pbf)-Wang resin. Then, 20% Pip/DMF solution was
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added and the reaction was carried out for 30 min to obtain
Dde-Lys-Cys (Trt)-Val-Arg (Pbf)-Ala-Arg (Pbf)-Thr (tBu)-Arg
(Pbf)-Wang resin. PIX, DME HBTU, and NMM were added to
the above resins for reaction, respectively, and cut with the addi-
tion of 4% hydrazine hydrate/DMF solution to obtain H,N-Lys
(PIX)-Cys (Trt)-Val-Arg (Pbf)-Ala-Arg (Pbf)-Thr (tBu)-Arg
(Pbf)-Wang resin. Fmoc-Lys (PIX)-Cys (Trt)-Val-Arg (Pbf)-
Ala-Arg (Pbf)-Thr (tBu)-Arg (Pbf)-Wang resin was obtained
by further addition of Fmoc-Osu and reaction with DIPEA.
Further addition of cutting fluid (TFA) for cutting yielded
Fmoc-Lys (PIX)-Cys-Val-Arg-Ala-Arg-Thr-Arg-OH, which can
be purified to yield the new photosensitizer bonding compound
CVRARTR-PIX (CP) (Fig. S1). The synthesis of CP was analyzed
by high-performance liquid chromatography (HPLC) and mass
spectrometry (chromatographic column model: COSMOSIL
5C18-MS-II 4.6 ID*250 mm; liquid phase model: Waters 2695
Separations Module-Waters 2996 Photodiode Array Detector;
test wavelength: 220.0 nm). Finally, CP was cut off from the
resin with TFA/triisopropylsilane/H,0O (95%/2.5%/2.5%), and
PEG;y,-Mal was added to assemble with CP to form C (PEGs,-
Mal)-VRARTR-PIX (CPP). CPP was concentrated and dried in a
vacuum drying oven and stored in a drying tower. The synthesized
CPP was configured into a solution of 100 mg/ml and MACinto a
solution of 10 mg/ml, and after mixing the 2 at a ratio of 10:3, the
2 were ultrasonicated in 1 ml of water for 10 min, and the obtained
solution was dialyzed for 2 h in a 1,000-D dialysis bag, and CPP
wrapped around MAC to form stable polypeptide nanomedicines
(CPPM) through self-assembly effects (Fig. 1A) [13-15,24,25].

Physical and chemical characterization tests

The synthesized nanodrugs were diluted and tested for particle
size and zeta potential by a Malvern particle sizer and tested
for stability over a period of 7 d. The nanodrugs were lyophi-
lized and added to agate mortar along with potassium bromide
powder, ground well, and pressed into tablets and scanned
using a Fourier transform infrared spectrometer (FTIR). Electron
microscopy samples were prepared by diluting the nanodrugs,
and the morphology and distribution of the samples were
observed by transmission electron microscopy.

Testing of drug content and its release properties
CPP and CPPM were diluted to 1 mg/ml each. MAC was quan-
tified by HPLC with a mobile phase A of water (0.2% TFA), a
mobile phase B of acetonitrile, a flow rate of 1 ml/min, and a
gradient elution of 10% to 100% B. The peak area of different
concentrations of MAC was tested at 277 nm out, and the stan-
dard curve was plotted and the drug concentration was tested.
PIX was quantified by ultraviolet-visible absorption spectrom-
etry (UV-Vis), and the absorption values of different concentra-
tions of PIX were determined at 630 nm, and the standard curve
was plotted and the concentration of PIX was tested. Subsequently,
the drug release profiles were determined by HPLC in release
media at potential of hydrogen (pH) 5.3 and 7.4.

CPPM targeting tumor cell PD-L1 ability and

cellular uptake assay

MLE12, 4T1, MCF-7, and CT26 cells were seeded into cell cul-
ture dishes, respectively, and incubated with normal medium
and medium containing interferon y (IFN-y) (25 ng/ml) for 48 h,
respectively, and then incubated with the addition of CPPM
(PIX of 6 pg/ml) for 6 h, and then the intracellular distribution
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of CPPM was observed under the microscope. To explore the
uptake behavior of CPPM in tumor cells with high PD-L1
expression, CT26 cells were seeded into cell culture dishes, and
CPPM with PIX concentrations of 6, 12, and 18 pg/ml was
added, and the medium was discarded after 6 h of incubation.
Alternatively, CPPM with a PIX concentration of 12 pg/ml was
added and incubated for 2, 4, and 8 h, respectively. Subsequently,
fresh medium containing Hoechst 33342 was added and incu-
bated for 20 min before observation by microscopy.

Intracellular ROS detection

The CT26 cells were incubated for 6 h with the addition of MAC,
CPP, and CPPM materials, respectively, after wall culture.
Subsequently, a 2,7-dichlorodihydrofluorescein diacetate probe
was added to stain the cells for 30 min, and the CPP light group
and CPPM light group were illuminated for 3 min, and the cells
were observed and analyzed by microscopy. The experimental
groupings were (the same groupings as below): blank group
(blank), MAC group (MAC), CPP group (CPP), CPP light
exposure group (CPP+), CPPM group (CPPM), and CPPM
light exposure group (CPPM+). The concentration of PIX in
CPP was 6 pg/l. The concentrations of PIX and MAC in CPPM
were 6 and 6.72 pg/l, respectively.

In vitro 0, assay

To further explore the ROS-producing behavior of CPPM,
MAC, CPP, and CPPM were prepared into 1-ml solutions with
phosphate-buffered saline, and 10 pl of reactive oxygen Singlet
Oxygen Sensor Green probe was added to each set of solu-
tions. The resulting fluorescence intensity was measured as
FO0 in an F-302 model fluorescence spectrophotometer (excita-
tion wavelength of 488.0 nm, wavelength range of 500.0 to
550.0 nm), and the fluorescence intensity was measured as Ft
under 630-nm laser irradiation every 15 s. The concentration
of PIX in CPP was 3 pg/l. The concentrations of PIX and MAC
in CPPM were 3 and 3.3 pg/l, respectively.

Cytotoxicity test by the MTT method

CT26 cells were seeded into 96-well plates, and materials with
different concentration gradients were prepared. Different materi-
als were added into 96-well plates at 100 pl per well according to
the concentration gradient, respectively. The highest concentra-
tion of PIX in CPP was 6 pg/ml. The highest concentrations of
PIX and MAC in CPPM were 6 and 6.72 pg/ml, respectively. After
6 h of incubation, the CPP light group and CPPM light group were
irradiated using infrared light for 3 min, and after 24 h, 20 pl of
MTT reagent was added, and the absorbance was detected by an
enzyme meter (570 nm) and the cell viability was calculated.

Live/dead cell double-staining assay

MAC, CPP, and CPPM were added to CT26 cells, and the light
group was incubated for 6 h followed by light for 5 min. After
washing, the cells were stained with an annexin V-fluorescein
isothiocyanate (FITC)/PI kit and 2 pg/ml CAM to stain the
live cells and 6 pg/ml PI to stain the dead cells, and the cells
were observed and analyzed by microscopy after 30 min of
staining. The concentrations of PIX and MAC in CPPM were
3 and 3.3 pg/l, respectively.

Flow cytometric apoptosis assay
After the CT26 cells were cultured on the wall, MAC, CPP, and
CPPM were added and incubated for 6 h, and the light group


https://doi.org/10.34133/bmr.0214

Biomaterials Research

CVRARTR-PIX (CP)

Q0

2900

c...
o'’

PEG CprpP

“ N
: . YA
\\ <€ 0 \ _j Lymph nodes

Macitentan CPPM

I

Effector T cell T

T cell activation

Treg inhibition

he-
':\Qg

Mature DCs

Immature DCs

Fig. 1. Schematic diagram of the synthesis process and action of CPPM for photodynamic therapy (PDT) and tumor immunotherapy. (A) Flowchart of CPPM synthesis.
(B) Diagram of the invivo mechanism of action of CPPM. CPPM selectively aggregates at the tumor site where PD-L1 is overexpressed, blocks the binding of PD1 on the
surface of T cells to the surface of PD-L1 on the surface of the tumor cells, and revitalizes T-cell activity. Meanwhile, the T-cell agonist macitentan (MAC) can synergistically
block the immune checkpoint PD-L1/PD-L1 and enhance the effect of T-cell action. Under specific light irradiation, CPPM generates reactive oxygen species (ROS),
induces endoplasmic reticulum stress in tumor cells, exposes calreticulin (CRT) in the immunogenic cell death (ICD) cascade response, releases HMGBI extracellularly,
promotes the maturation of dendritic cells (DCs) and presents antigens to reach the lymph node site, activates effector T cells, and further enhances the antitumor
immune response. PIX, protoporphyrin IX; PEG, polyethylene glycol; ER, endoplasmic reticulum; Treg, regulatory T cell.

was light-exposed for 5 min, respectively. After the cells were
washed, 1X annexin V-FITC (195 pul), annexin V-FITC (5 pl),
and PI staining solution (10 ul) were added, respectively, and
the reaction was detected by flow cytometry after 10 to 15 min.
The concentrations of PIX and MAC in CPPM were 3 mg/l and
3.3 pg/l, respectively.
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ICD immunofluorescence assay

MAC, CPP, and CPPM were added to CT26 cells, and the light
group was incubated for 6 h and then irradiated with light-
emitting diode light (630 nm, 29.8 mW cm™) for 10 min. After
continuing incubation for 4 h, paraformaldehyde (4%) and 0.1%
Triton X-100 were added for fixation and permeabilization of
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cells, respectively. Subsequently, the cells were incubated with
CRT or HMGBI fluorescent primary antibody overnight
(500:1), secondary antibody for 1 h, and DAPI for 20 min and
then observed by microscopy. The PIX concentration was 6 pg/
ml, and the MAC concentration was 6.72 pg/ml.

Western blot measurement

Protein samples were added to the gel spiking wells, and the
proteins were separated and transferred to polyvinylidene fluo-
ride membranes, which were closed, and then incubated with
primary (1:1,000) and secondary (1:3,000) antibodies, respec-
tively. Enhanced chemiluminescence color development solution
was added under light-avoiding conditions and photographed in
a dark room. Finally, analysis was performed using the Image]
software.

Pharmacokinetics

Twelve healthy BALB/c female mice were randomly divided
into 2 groups and injected via the tail vein with CPM (without
PEG) and CPPM, respectively, with a PIX content of 1.8 mg/
kg PIX. Then, blood was collected at 0, 0.5, 1, 2, 4, and 6 h after
drug administration and centrifuged at 3,000 rpm for 3 min to
obtain plasma samples. Absorbance was measured at 630 nm
for quantitative analysis of PIX in plasma samples.

In vivo drug distribution and imaging analysis

CT26 cells were inoculated in the axilla of BALB/c female mice
to establish a mouse loaded tumor model. After the volume
of the loaded tumor reached 100 mm’, CPPM was injected
through the tail vein. The levels of PIX and MAC were 1.8 and
2.0 mg/kg, respectively. After injection for 0.5, 1, 3, and 6 h,
respectively, the fluorescence distribution was examined using
a small animal in vivo imager. In addition, 9 h after tail vein
administration, mice were euthanized and heart, liver, spleen,
lung, kidney, and tumor tissues were removed for quantitative
analysis of fluorescence distribution using a fluorescence imager.
After tissue homogenization, PIX in tissue samples was quanti-
fied by measuring the absorbance at 630 nm.

Tumor growth inhibition and biosafety assays

CT26 cells were inoculated on the back of BALB/c female mice
to construct a subcutaneous tumor model (Fig. S2A). The
groups were treated as follows (the same groupings as below):
MAC (2.0 mg/kg), CPP (PIX content of 1.8 mg/kg), and CPPM
(PIX and MAC contents of 1.8 and 2.0 mg/kg, respectively)
were injected separately through the tail vein, and the light
group was irradiated using a laser for 6 h after drug administra-
tion for 10 min (intensity of 50% and power of 0.68 W). The
mice were treated every 2 d for a total of 5 treatments, and
tumor volume and body weight were measured every other
day. On day 18, the mice were executed by cervical dislocation,
and their blood was removed and dissected. The spleens of the
mice were weighed, and the mouse tumor tissues were stained
for Ki67, terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL), and CD3/CD8. Different concentrations of
CPPM solutions were prepared with saline; 100 pl of CPPM
solution was added into 2 ml of mouse blood and mixed well
and incubated in a 37 °C water bath for 1 h. After centrifuga-
tion, 100 pl of the supernatant was taken into a 96-well plate,
and the absorbance value was measured by an enzyme-labeling
instrument at a wavelength of 540 nm and the hemolysis rate
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was calculated. In addition, blood biochemistry and blood rou-
tine indexes were analyzed [29,30], and hematoxylin-eosin
(H&E) staining was performed on tumor tissues and major
organs.

Intratumor immune cell analysis assay

CT26 cells were inoculated in the back of BALB/c female mice
after the tumor volume reached 100 mm”. The treatment was
performed every 2 d for 3 treatments (Fig. S2B). After the
completion of treatment, the subcutaneous tumors of mice
were removed, and the tumor tissues were clipped and digested
using tissue digestive solution for 1 h. The digested murky sus-
pension was collected, and the cells were resuspended after
washing with phosphate-buffered saline. Dyes corresponding
to regulatory T (Treg) cells, CD3+ CD4+4 CD8+ T cells, and
dendritic cells (DCs) were added, respectively, and the corre-
sponding proportions of the stained cells were detected by flow
cytometry. The spleens of mice in each group were removed,
ground and added to erythrocyte lysate, and lysed for 20 min
to wash and collect spleen cells; the dye corresponding to CD3+
CD4+ CD8+ T cells was added; and the proportion of CD3+
CD4+ CD8+ T cells was detected by flow cytometry.

In vivo antitumor metastasis studies

The mouse lung metastasis model was established by inoculat-
ing CT26 cells on the back of BALB/c female mice and injecting
2 x 10° CT26 cells labeled using green fluorescent protein
through the tail vein when the tumor volume of the loaded
mice reached 100 mm?® (Fig. S2C). The groups were treated in
the same manner as those in the immune response study. The
mice were executed after 10 d of treatment, and the lung tissues
of the mice were excised and photographed, and the metastatic
lung nodules were quantified and H&E-stained for further
examination of the extent of lung metastasis.

Statistical analyses

The GraphPad Prism 8.0.2 software was used for statistical analy-
sis, and data are expressed as mean + SD. Significance levels are
expressed as P < 0.05 (*), P < 0.01 (**),and P < 0.001 (***).

Results

Physical and chemical characterization tests

The HPLC plot of CP shows that the purity of the target product
was 97.78% during the run from 40% to 100% in 20 min (Fig.
S3). The target product was analyzed by mass spectrometry
(Fig. S4), and the value of [M + 4H] was 440.12, that of [M +
3H] was 586.46, and that of [M + 2H] was 879.45, and the
calculations gave the molecular weights of the target product
as 1,756.48, 1,756.38, and 1,756.9, respectively, whereas the
theoretical molecular weight of the target product was 1,756.11;
the molecular weight size was within the error, indicating that
the target product CP was synthesized successfully.

The particle size and potential of CPPM were (186.42 +
6.80) nm and (23.58 + 1.32) mV, respectively, and the poly-
dispersity index (PDI) in solution was (0.176 + 0.012) (Fig.
2A and B). After the introduction of PEG into CP, the particle
size of CPP increased, and with the increase in MAC content,
the particle size gradually increased, and the optimal wrap-
ping state was reached when the ratio of CPP to MAC was
10:3 (Fig. 2C). In addition, the PDI of CP was larger, and
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after the introduction of PEG, the PDI of CPP decreased, and
with the increase in MAC content, the PDI increased slowly,
and when the ratio of CPP to MAC was more than 10:3, the
PDI increased (Fig. 2D), and the nanomedicine always
remained positively charged (Fig. 2E). Therefore, the ratio
of 10:3 was chosen for the subsequent study, which not only
could encapsulate more MAC but also had the advantages of
good dispersion and uniform particle size distribution. Both
the particle size and PDI values of CPPM did not change
substantially within 7 d, indicating good stability (Fig. 2F
and G). Subsequently, the FTIR spectra of PIX, MAC, CPP,
and CPPM were scanned (Fig. 2H), and the characteristic
peaks of PIX could be observed in CPP, and those of CPP
and MAC in CPPM, indicating the successful construction
of the photosensitizer-containing peptide nanomedicine.
Transmission electron microscopy showed that both CP and
CPP had irregular morphology and agglomeration of CP
occurred, and CPPM after encapsulation of the MAC drug
was a nanovesicle with regular morphology (Fig. 2I to K).
In order to study the contents of PIX and MAC in nano-
medicines, PIX was quantitatively tested by UV-Vis, and the

standard curve of PIX was plotted (Fig. S5A), and the concen-
tration of PIX in CPP was finally measured to be 120.91 pug/ml,
and the concentration of PIX in CPPM was 96.37 pg/ml (Fig.
S6). The loading efficiency of PIX in CPP was 12.09%, and that
of PIX in CPPM was 9.64% (Fig. S7). MAC was quantitatively
tested by HPLC, and the standard curve was plotted (Fig. S5B),
and the final concentration of MAC in CPPM was measured
to be 103.53 pg/ml (Fig. S6). The loading efficiency of MAC in
CPPM was 10.35% (Fig. S7). Subsequently, we evaluated the
drug release behavior of CPPM at different pH levels and found
that MAC was released more rapidly under acidic conditions
(Fig. S8), suggesting that CPPM prefers to release drugs in the
acidic TME, enabling effective delivery of MAC and thus
enhancing antitumor immunotherapy.

Targeted uptake of CPPM by tumor cells and

photodynamic performance testing

In the normal medium incubation group, CPPM-targeted
attachment was higher on the cell membrane surface of CT26
and 4T1 cells with high PD-L1 expression than on that of
normal cells MLE12, while no CPPM-targeted attachment
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was seen on the surface of MCF-7 with low PD-L1 expres-
sion (Fig. 3A). After the medium was treated with IFN-y,
the targeting effect of CPPM on the cell membranes of CT26
and 4T1 was more pronounced as IFN-y could stimulate to
increase the level of PD-L1 expression on the surface of the
cancer cells, suggesting that CPPM could target PD-L1 on
the membranes of tumor cells (Fig. 3B). For MLE12 and
MCE-7 cells, which did not express or lowly expressed
PD-L1, no obvious expression of CPPM was seen on the cell
membrane after IFN-y incubation, indicating that the level
of PD-L1 expression on the membranes of these 2 types of
cells was extremely low and was not affected by IFN-y. The
fluorescence intensity of PIX in CT26 cells by CPPM showed
that the higher the concentration of CPPM, the stronger the

fluorescence intensity of PIX in CT26 at the same time (Fig.
3C and F). The longer the CT26 uptake time at the same
concentration, the stronger the fluorescence intensity of PIX
in CT26 (Fig. 3D and G). This indicated that the behavior of
CPPM uptake by CT26 cells was concentration dependent
and time dependent. The results of photodynamic experi-
ments showed that no green fluorescence was seen in the
dark treatment of the CPP and CPPM groups, indicating that
the CPP and CPPM groups did not produce ROS and were
not dark toxic under no-light conditions. Both the CPP and
CPPM light groups showed green fluorescence, suggesting
that CT26 cells could produce ROS under light conditions
and that the CPPM was more capable of producing ROS (Fig.
3E and H), which might be related to the relatively large

A Blank B IFN-y C
MLE12 MCF-7 471 CT26 MLE12 MCF-7  4T1 6 pg/ml 12 pg/ml 18 pg/ml
= z b
=9
& = &
] @] &)
a a a
y
e = o
D E
2h 4h 8h
<
:
o =
&) &)
=
_ - \'. S
s 5 0
> > 5
S S AN
} o B
> - 7
o - o = t2%4

m
y @

= o

Z 20

~

N

Arithmetic mean intensity
. = :
Arithmetic mean intensity

wn

0
6 12 18 2 + 8

Concentration (mg/l) Time (h)

z 10
z —~ CPPM+
5 —— CPP+
= = 8{— CPPM
£ O -= CPP
= 4 MAC
g S 61—+ Blank
=] =
g :
= a2,
=
T
<0 W O 9% o 0¥ X 0
. N ‘
Q,\‘"\ oy (ﬂ(‘ﬂ?\ CQQQ?\\\ 0 30 .60 9 120
C Time (s)

Fig. 3. Targeted uptake of CPPM by tumor cells and its detection of ROS generation inside and outside the cell. (A) Targeted attachment of CPPM in cell lines with different
PD-L1 expression levels (scale bar: 10 um). (B) Targeted attachment of CPPM in cell lines with different PD-L1 expression levels after addition of interferon y (IFN-y; scale bar:
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specific surface area of CPPM. In addition, both CPP and
CPPM could produce 'O, under light conditions, and the
fluorescence was enhanced with the increase in time (Fig.
3I), which indicated that both CPP and CPPM had good
photodynamic properties and CPPM was more capable of
generating ROS under light conditions, which could better
exert its antitumor therapeutic effect.

Studies on the antitumor effects of CPPM invitro
The antitumor effects of CPPM were evaluated by the MTT
method, and no significant toxic effects were shown in the
MAC, CPP, and CPPM groups (Fig. S9A), while CPP+ and
CPPM+ showed stronger cytotoxicity, which was enhanced
with the concentration of the administered drug in a con-
centration-dependent manner (Fig. S9B). This indicated that
both CPP and CPPM were able to kill tumors in the presence
of light, and the ability of CPPM to kill tumors was stronger.
Subsequently, the flow apoptosis technique was used to detect
CT26 cell apoptosis, and the MAC, CPP, and CPPM groups
had lower apoptosis rates, and apoptosis was significantly
higher in the CPP+ and CPPM+ groups (Fig. S9C and D).
This indicated that MAC, CPP, and CPPM had very weak
dark toxicity and high biosafety. In the presence of light, CPP
and CPPM had strong phototoxicity, and CPPM had stronger
phototoxicity. Using the live/dead double-staining method
to observe the cell state directly under the microscope, both
CPP and CPPM had cell death after PDT, and CPPM had a
higher cell death rate after PDT (Fig. S9E). The above results
indicated that CPPM-mediated PDT treatment was more
effective and showed strong antitumor ability.

Study of the PDT mechanism of CPPM

It was found by immunofluorescence experiments that both
CPP and CPPM were able to increase the expression of CRT
on the cell membrane under PDT (Fig. S10A and B), while
HMGBI was significantly attenuated in tumor cells (Fig. S10C
and D). This indicated that ICD was induced by PDT treatment
with CPP and CPPM, and the effect of CPPM was more obvi-
ous. The results of protein expression assay showed that CRT
protein expression was elevated in the CPP and CPPM groups
after PDT, and the elevated CRT protein expression was more
obvious in the CPPM group (Fig. S10E and F). HMGBI protein
expression was decreased in the CPP and CPPM groups after
PDT, and HMGBI protein expression was decreased more
obviously in the CPPM group (Fig. S10E and G). The protein
expression results were consistent with the CRT and HMGB1
immunofluorescence of cells; CRT cell membrane exposure,
HMGBI extracellular release, and elevated CRT protein and
reduced HMGBI protein all confirmed the induction of ICD
by PDT.

Pharmacokinetics

The plasma concentration versus time curves after injection of
CPM or CPPM showed (Fig. S11) that the pharmacokinetic
profiles of both CPM and CPPM conformed to the one-
compartment model. The plasma half-lives (t,,,) of CPM and
CPPM were 53 and 119 min, respectively, compared with longer
half-life for CPPM, which was 2.25 times longer than that of
CPM. This showed that PEGylation of the nanocarriers could
significantly prolong their blood circulation time.
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In vivo antitumor efficacy and biosafety

evaluation of CPPM

Biodistribution experiments showed that CPPM preferentially
aggregated at the tumor site, with increasing drug retention in
the tumor with time, and after 6 h, drug retention in the tumor
site began to decrease (Fig. 4A). Tumors and organs were removed
from the mice after 9 h, and it was found that fluorescence
remained the strongest at the tumor site and that the drug could
be metabolized by the liver or kidneys (Fig. 4B). The data from
the quantitative analysis of the tissue samples were consistent
with the results of the fluorescent images, with a 23.8% accu-
mulation rate of the drug in tumor tissues after 6 h of injection
(Fig. S$12). In the in vivo antitumor experiments, the compara-
tive results of tumor size (Fig. 4C), tumor volume (Fig. 4D),
and tumor weight (Fig. 4E) in mice all showed that the MAC,
CPP, and CPPM groups exhibited low dark toxicity and low
antitumor properties, whereas the CPP+ and CPPM+ groups
were able to inhibit tumor growth, and the CPPM+ group dem-
onstrated a more potent antitumor effect. This indicates that
CPPM combined with PDT has superior tumor efficacy. Tumor
tissue staining revealed that the CPPM+ group had the stron-
gest TUNEL signal and the weakest Ki67 signal (Fig. SI3A and
B). This indicated that PDT of CPPM could inhibit tumor
growth and promote tumor cell apoptosis. In addition, there
was no significant difference in the comparison of mouse body
weight in each group of mice (Fig. S14), and the hemolysis rate
of different concentrations of CPPM was less than 2.0% (Fig.
4H), indicating that CPPM has good biocompatibility. Blood
was collected for biochemical and hematological tests, and no
obvious abnormalities were found in the liver function
indexes (Fig. S15A and B) and kidney function indexes (Fig.
S15C and D) of mice in all groups, indicating that CPPM
has little effect on liver or kidney function. The results of rou-
tine blood tests showed that all groups had an inflammatory
response (Table), but the indicators in the CPPM+ group were
relatively better, which implied that the inflammation was
improved. In the routine blood tests of the CPPM+ group, most
of the other indicators did not show abnormalities, which indi-
cated that CPPM was more compatible with blood. In addition,
the results of the H&E staining of the major organs of the mice
showed that the heart, liver, spleen, lungs, and kidneys did
not show obvious morphological abnormalities (Fig. S16). In
conclusion, CPPM has high biocompatibility and low toxicity,
with minimal toxic effects on normal tissues or organs.

Immune cell analysis

After immunotherapy, it was observed that the CPPM+ group
significantly ameliorated splenomegaly in mice (Fig. 4F and
G), which further supported the enhancement of systemic
immune response. Tumor tissues were taken for immunofluo-
rescence staining of CD3+ CD8+ T cells (Fig. 5A), and the
MAC group was able to increase the level of CD3+4 CD8+
T cells in the tumors, but fewer immune cells were activated,
and the tumor immunotherapy capacity was low. The CD3+
CD8+ T cells in the CPPM+ group were significantly higher
in number than those in the MAC group, and more immune
cells were induced than those in the CPP+ group. This indicated
that CPPM combined with PDT was more able to stimulate
CD3+ CD8+ T cells and enhance the antitumor immunotherapy
ability. From flow cytometric analysis, the highest percentage of
CD3+ CD8+ T cells and CD3+ CD4+ T cells were found in
CPPM+ group (Fig. 5B and C). Tumor tissues in the CPPM+
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Table. Blood routine examination (mean + SD)

Indicators Blank MAC CPP CPPM CPP+ CPPM+ Reference
WBC (10%1)  214.80+69.67 13248+3709 58.26+1314 10718+4511 2368+890 1501+8.88 0.80-6.80
HGB (g/1) 131.25+6.98 11511+15.08 12872+10.14 9971+1562 96.79+24.05 14116+1247 110.00-143.00
HCT (g/1) 38.13+264 3742 +273  4096+288 3265+360 4545+427 3778+266  34.60-44.60
Gran (10%/1)  190.87 +64.23 11623+3229 1046+367 7570+ 2151 774 + 3.52 3.86+1.28 0.10-1.80
RBC (10*/1) 766 + 049 782 +0.54 8.19+0.46 6.31+0.72 8.97+0.97 765+1.04 6.36-9.42
Lymph (10%/1)  51.38 + 21.07 2474 +526 4252 +1065  2712+6.74 1532 +6.86 6.34+226 0.70-5.70
Mon (10%/1) 11.05 + 3.25 5.54 +1.77 3.09 +0.98 5.85+2.09 1.03+£0.33 0.82+0.31 0.00-0.30
RDW (%) 15.77 + 047 1491 + 048 14.24 +0.37 15.27 + 0.37 1392 +054 1439+0.38  13.00-1700
MCH (pg) 18.39 +1.19 16.61 +1.12 1531+ 0.12 15.66 + 0.68 1561+025 1493+0.37 15.80-19.00
MCHC (g/1) 37150 +39.37 31878 +20.68 312.96+594 320.10+10.60 315.22+13.18 312.39+785 302.00-353.00
HCV (fl) 5140 + 2.19 52.75 +2.51 52.75+2.05 5109+206 5322+312 4827+093 48.20-58.30
PCT (%) 0.27 +0.09 0.21 + 0.06 0.19 + 0.05 0.12+0.04 0.12 +0.05 0.12 + 0.06 ND

PDW 1763 + 0.85 17.89 + 0.54 18.08 + 0.46 1745+ 0.24 1766 +0.58 1791+ 0.84 ND

WBC, white blood cells; HGB, hemoglobin; HCT, hematocrit; Gran, granulocytes; RBC, red blood cells; Lymph, lymphocytes; Mon, monocytes; RDW, red cell
distribution width; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; HCV, hepatitis C virus; PCT, plateletcrit;

PDW, platelet distribution width; ND, no data

group had the lowest percentage of CD3+ CD4+ Foxp3+ T cells
(Fig. 5D), and the ratios of CD3+ CD8+ T cells and CD3+
CD4+ T cells to CD3+ CD4+ Foxp3+ T cells were up to 5-fold
in the CPPM+ group (Fig. 5E and F). These results suggest that
PDT of CPPM can improve the immunosuppressive TME while
promoting antitumor immunotherapy.

Evaluation of the antitumor metastasis efficacy of
CPPM invivo

To further confirm the ability of nanomedicines to synergistically
enhance the efficacy of photodynamic immunotherapy, we con-
ducted in vivo antitumor metastasis studies. The results showed
that lung metastasis obviously occurred in the blank, MAC, CPP,
and CPPM groups; a few lung metastases were visible in the
CPP+ group; and no obvious lung metastases were seen in the
CPPM+ group, which indicated that the PDT of CPPM was more
resistant to tumor metastasis (Fig. 41 and J). In addition, the
microscopic observation results of the H&E staining of lung tis-
sue sections were consistent with the distribution of lung metas-
tases (Fig. 4K). These results indicated that CPPM could inhibit
tumor metastasis more efficiently under PDT.

Discussion

In this study, we developed a dual-activatable nanoimmunomod-
ulator that can be used in cancer therapy, which can efficiently
activate T cells to synergistically enhance the effect of tumor
PDT and at the same time address the problems of drug cycling
stability, tumor immune escape, and insufficient immune acti-
vation, and exhibit highly efficient antitumor capabilities without
causing any adverse side effects. This photodynamic immune syn-
ergistic therapeutic agent may provide an enhanced therapeutic
strategy with multiple synergistic mechanisms for the treatment
of advanced cancers. Meanwhile, this study provides a new strategy
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for developing the design of combination regimens of immune-
combination therapies against tumors. In addition, other kinds
of photosensitizers and T-cell agonists instead of PIX and MAC
can be encapsulated into nanoparticles to achieve better tumor
specificity and therapeutic efficacy.

Effective prevention and treatment of tumors is the key to
improving patients’ quality of life and prolonging survival
cycles [31,32]. Immune checkpoint blockade has become a
means of clinical tumor treatment, which can kill abnormally
proliferating tumor cells in the organism by boosting self-
protective immune response and reviving effector T cells
[33,34]. However, due to the loss of drug metabolism in the
body, the number of immune checkpoint inhibitors that can
reach the tumor site to play a role is limited, and at the same
time, the immunosuppressive microenvironment in the tumor
prevents the immune checkpoint blockade therapy from pro-
viding positive and long-lasting therapeutic effects [35,36].
Immunotherapy is a new direction in tumor treatment, and
immune checkpoint blockade is the main target of tumor
immunotherapy, while PD1/PD-L1 immune checkpoint block-
ade is a hot spot in immunotherapy research [37,38]. PD1/
PD-L1 small-molecule immunosuppressants have been widely
used in the clinic, and the role of immunosuppressant antitu-
mor therapy is greatly reduced due to the influence of the route
of administration, body metabolism, pharmacokinetics, and
other factors [39,40]. Tumor-targeted therapy can solve the
above problems; in particular, immune-checkpoint-targeted
therapy can improve the efficiency of tumor immunity [41,42].
Tumor-targeting peptides are accepted by most antitumor
strategies due to their high biocompatibility, low toxicity, and
high bioavailability. With the progress of nanomedicine, tumor-
targeting peptides are becoming more and more popular in
antitumor therapy. Meanwhile, tumor-targeting peptides can
also be used as nanocarriers loaded or coupled with antitumor

10


https://doi.org/10.34133/bmr.0214

Biomaterials Research

Nucleus CD8+/CD3+ CD8+T CD3+T

Overlay

O
m

B
CPPM+ 15

CPP+

CD3+ CD8+ T cells (%)

20

— —
= n

n

CD3+ CD4+ T cells (%)

=

S
PSS QD
A Mo &

seksk

ok
8

20 — 15
1 1 i .
$15 80 b
~ = 10
2 &
ERU =
+
2 B 2 s
= 5 = @)
+
e
s ¢ N KX S o NS
%xb\ @V’ (@ (}Q (} C’QQQ‘ Q;}‘ %\?.

] D '
PITXHD
¢ QQQ & QQQV F

CD3+ CD8+ T/Treg cells
SN

¥ O K
S ]
& ©

S X X
> N \¢

Fig. 5. Intratumor immune cell analysis. (A) Tumor tissue sections subjected to immunofluorescence staining results for CD3+ CD8+ T cells (scale bar: 100 pm). (B) Percentage
of CD3+ CD8+ T cells within the tumor analyzed by flow cytometry (n = 3). (C) Flow cytometric analysis of the percentage of CD3+ CD4+ T cells within the tumor (n = 3).
(D) Flow cytometric analysis of the percentage of Treg cells within the tumor (n = 3). (E) CD3+ CD4+ T cells versus Treg cell percentage values (n = 3). (F) CD3+ CD8+

T cells versus Treg cell percentage values (n = 3).

drugs to form new nanomedicines, which can perform multiple
antitumor functions at the same time and achieve synergistic
antitumor effects [8-15].

The PD-L1 tumor-targeting peptide sequence CVRARTR in
this study is a functional peptide structure and a nanocarrier,
which can target competitively block PD1/PD-L1 binding, revital-
ize effector-T-cell activity, and have antitumor immunotherapy
effects [8-12]. However, the antitumor effect of a single tumor-
targeting gong peptide is far from the level of curing tumors and
generally needs to be combined with other therapeutic means in
order to work better [43]. For this reason, PD-L1 tumor-targeting
peptides work synergistically with other treatments against
tumors, often with unexpected results [44]. PDT is a localized
tumor treatment modality, which destroys local tumors through
light-activated ROS, leading to tumor necrosis. At the same time,
PDT can induce ICD cascade antitumor immune responses,
thereby increasing tumor sensitivity to immunotherapy [45,46].
The study showed that Lee etal. [47] developed a positively
charged, amphiphilic anti-PD-L1 peptide nanomedicine with
strong cellular and tissue permeability, capable of generating ROS
and inducing ICD under laser conditions while modulating the
tumor’s microenvironment, leading to antitumor immunotherapy.
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Zheng et al. [48] reported a drug-loaded microbubble delivery
system with enhanced effects on PD-L1 blockade immunotherapy
and ultimately antitumor immunotherapeutic effects. The present
study has some similarity with their research material design, but
the material structure and design concept are completely different.
Specifically, in this study, the PD-L1 tumor-targeting peptide was
first utilized to form CP by bonding with the photosensitizer PIX,
and in order to improve the cyclic stability and protect the peptide
from enzymatic degradation, we innovatively introduced PEG,
which was assembled with CP to form CPP. The results showed
that the introduction of PEG not only improved stability but also
prolonged the half-life, thereby increasing the blood circulation
time. CPP has both PD-L1I tumor targeting and can carry photo-
sensitizers required for PDT and can also be used as a nanocarrier
to encapsulate antitumor drugs. In order to improve antitumor
immune function, massive activation of effector T cells is required
to improve the tumor immunosuppressive microenvironment.
Therefore, we used MAC as a drug model for the first time to both
reverse the immunosuppressive TME and activate effector T cells
to amplify the antitumor immune efficacy [22,23]. The results
showed that CPPM could be safely and stably targeted to the
tumor site for a long time through the EPR effect, specifically bind
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to PD-L1 on the tumor surface, increase the accumulation
of the drug in the tumor cells, enhance the PDT to generate
ROS, induce endoplasmic reticulum stress in the tumor cells,
and combine with MAC to revitalize the activity of the T cells
and promote the proliferation of the T cells, which would
enhance the antitumor immune ability and ultimately kill
cancer cells (Fig. 1B).

The results of this study indicate that CPPM can amplify the
ability of nanomedicine to target tumors through the EPR
effect, promote the attachment and collection of CPPM at the
tumor site, and enhance the local tumor-killing effect of PDT
at the tumor site and, at the same time, be able to promote the
exposure of CRT at the cell membrane and the extracellular
release of HMGBI1 and induce cascading immune responses in
ICDs (Fig. 1B). In the ICD cascade, CRT can release “eat-me”
signals on tumor cell membranes, recruit immature DCs to
phagocytose tumor cell fragments, promote DCs to mature,
and present antigens to reach lymph nodes to activate effector
T cells (CD3+ CD8+ T cells), further enhancing the antitumor
immune response [49]. Meanwhile, CPPM can bind PD-L1
competitively with PD-1 and revitalize effector T cells. In addi-
tion, MAC released by CPPM in tumor cells can promote TME
remodeling by regulating T-cell subsets, reverse immunosup-
pressive TME, activate CD34 CD8+ T cells, and exert efficient
antitumor ability [22,23]. We constructed a CT26 tumor-loaded
tumor model subcutaneously in the hind legs of mice. The per-
centage of Treg cells in the CPPM group was significantly
higher than that in other groups as seen by immune cell analy-
sis, indicating that PM could reduce regulatory T lymphocytes
and increase the proportion of CD34+ CD4+ CD8+ T cells in
tumors. Regulating T-cell subsets through MAC promotes
TME remodeling, reduces Treg cell recruitment, activates effec-
tor T cells, safely and effectively inhibits tumor cell value addi-
tion and metastasis, induces ICD through PDT, presents
antigens, and activates immune responses. This indicates that
CPPM has a synergistic and long-lasting antitumor effect
through PDT activation of immunity with PD-L1 tumor target-
ing. This photodynamic immune synergistic therapeutic agent
may provide an enhanced therapeutic strategy with multiple
synergistic mechanisms for the treatment of advanced cancers.
It is believed that in the near future, it can be applied to cancer
patients through biotransformation to provide a more superior
therapeutic strategy for the treatment of cancer patients.
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