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KEY WORDS Abstract Immunogenic cell death (ICD) plays a major role in cancer immunotherapy by stimulating spe-
cific T cell responses and restoring the antitumor immune system. However, effective type II ICD inducers
without biotoxicity are still very limited. Herein, a tentative drug- or photosensitizer-free strategy was devel-
oped by employing enzymatic self-assembly of the peptide F-pY-T to induce mitochondrial oxidative stress in
cancer cells. Upon dephosphorylation catalyzed by alkaline phosphatase overexpressed on cancer cells, the
peptide F-pY-T self-assembled to form nanoparticles, which were subsequently internalized. These affected
the morphology of mitochondria and induced serious reactive oxygen species production, causing the ICD
characterized by the release of danger-associated molecular patterns (DAMPs). DAMPs enhanced specific im-
mune responses by promoting the maturation of DCs and the intratumoral infiltration of tumor-specific T cells
to eradicate tumor cells. The dramatic immunotherapeutic capacity could be enhanced further by combination
therapy of F-pY-T and anti-PD-L1 agents without visible biotoxicity in the main organs. Thus, our results re-
vealed an alternative strategy to induce efficient ICD by physically promoting mitochondrial oxidative stress.
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1. Introduction

Immunotherapy has been broadly considered a promising thera-
peutic modality for cancer treatment. Immune checkpoint
blockade (ICB) therapy exhibited enormous potential for the
treatment of malignant tumors'. However, tumor cells inherently
have resistance to cell death and the ability to escape immune
eradication, resulting to less than 20% to 40% of patients
benefiting from ICB therapy” *. Therefore, activating the
dysfunctional antitumor immune system and reconstructing a
robust antitumor response to tumor cells create strategies for
therapeutic success’. Currently, a novel strategy has been devel-
oped that causes a kind of apoptosis known as immunogenic cell
death (ICD), a process that can inform the immune system of the
existence of dying cancer cells’ '". ICD releases or expresses a
set of dead cell-derived antigens, including adenosine triphosphate
(ATP), calreticulin (CRT), heat-shock proteins (HSPs), high
mobility group box 1 (HMGBI1), ANXAI'""", and binding of
these danger-associated molecular patterns (DAMPs) eventually
results in a T cell-mediated immune response and uniquely killing
cancer cells'*"'°. The stimulation of ICD is regarded as stressor-
dependent induced by endoplasmic reticulum (ER) stress or
reactive oxygen species (ROS)'”'®. Based on these views, the
majority of ICD inducers are identified and divided into two
groups: type I and type II ICD inducers. Chemotherapeutic drugs,
such as anthracyclines (idarubicin and doxorubicin)'() , cardiac
glycosides (digoxin and ouabain)”’, and oxaliplatin®', which
target subcellular components such as plasma membrane proteins,
cytosolic proteins, or DNA, resulting in indirect ER stress-induced
apoptosis, belong to type I ICD inducers”**>. The physical mo-
dality of type II ICD inducers has been rarely reported. Photo-
dynamic therapy (PDT) has been confirmed to produce ROS
within cancer cells and most probably cause the dysfunction of ER
directly®*°. Of note, physical ICD inducers show more advan-
tages than chemotherapeutic drugs, owing to the severe side ef-
fects of chemotherapy added to patient suffering. Thus, the
creation of de novo physical ICD inducers to expand the type II
method will be an urgent, but outstanding strategy for effective
cancer treatment.

Here, we focused on developing an alternative physical type 11
ICD inducer from enzyme-instructed and mitochondria-targeting
peptide self-assembly. Our starting point is based on the mecha-
nism of the “ROS-induced ROS release (RIRR)” phenomenonm,
where oxidative stress induced by external stimuli causes the
collapse of the mitochondrial membrane potential, resulting in the
release of more ROS and injury to neighboring mitochondria in a
positive feedback loop®'. Of the available approaches producing
cell stresses, the self-assembly peptides have shown unique
properties for generating endogenous or exogenous stresses to-
ward cancer cells without affecting normal tissues’> . There-
fore, we combined these strategies to design a mitochondria-
targeting self-assembling peptide (F-pY-T) as an ICD inducer by
integrating triphenylphosphonium (TPP)***' with the peptide (F-
pY), as shown in Fig. 1A. In addition, liver accumulation is a
limitation for directly delivering nanosized structures compared to
monomers, which have poor retention time at the tumor site,
although they show better penetration. Therefore, we employed
the concept of enzyme-instructed self-assembly (EISA) in our
design and conjugated flufenbuprofen (Fbp), an anti-inflammatory
drug, as an aromatic capping group, with the phosphorylated p-
tyrosine (p"Y)-containing pentapeptide to improve solubility,
among which the sequence GPFPFPY has been proven to

stimulate immune responses as an immune adjuvant’”. Phos-
phorylated p-tyrosine (p°Y) is the substrate of alkaline phospha-
tase (ALP) overexpressed in cancer cells***. Therefore, we
hypothesized that monomers of the peptide F-pY-T accumulate in
the tumor site and that the dephosphorylation of phosphorylated p-
tyrosine by ALP triggers self-assembly and forces the formation
of nanostructures. These nanostructures have to face the fate of
lockdown within lysosomes similar to other nanomaterials after
internalization into cancer cells; therefore, the TPP-modified
lysine residue head plays an important role in the proton sponge
effect to help escape from lysosomes. Finally, F-Y-T nano-
structures target mitochondria, cause oxidative stress, and induce
immunogenic cell death in vitro and in vivo.

2. Materials and methods
2.1.  Materials

2-Chlorotrityl chloride resin (1.2 mmol/g) was purchased from
Nankai University resin Co., Ltd. Fmoc-amino acids were ob-
tained from GL Biochem (Shanghai, China). Cy5.5 NHS ester
(non-sulfonated) purchased from APEXBIO. Alkali phosphatase
(30 U/uL) was obtained from Takara (D2250, Dalian, China) Bio.
Inc. Enhanced ATP Assay Kit (S0027) purchased from Beyotime.
Both of anti-HMGB1 antibody (ab79823) and anti-carlreticulin
antibody (ab92516) were purchased from Abcam. Calreticulin
Rabbit mAb (Alexa Fluor 488 conjugate, #62304) was obtained
from Cell Signaling Technology. HMGB1 ELISA Kit
(OKEH00424) was purchased from AVIVA systems biology.
InvivoMADb antimouse PD-L1 (B7-H1) was obtained from Bio-
Xcell. APC anti-mouse CD3 antibody (100235), FITC anti-mouse
CD8a antibody (100705), APC anti-mouse IFN-y (505810), PE
anti-mouse CD80 (104707), FITC anti-mouse CD86 (105005),
Alexa Fluor 647 anti-mouse CDl11c (117314), ELISA MAX™
Deluxe Mouse IFN-v, ELISA MAX™ Deluxe Mouse TNF-« and
ELISA MAX™ Deluxe Mouse IL-6 were purchased from Bio-
legend. Collagenase IV and DNase I were both purchased from
Solarbio. Commercially available reagents and solvents were used
without further purification, unless noted otherwise.

2.2.  TPP-modified peptide derivatives synthesis

We prepared the peptide derivatives by solid phase peptide syn-
thesis (SPPS). 2-Chlorotrityl chloride resin and the corresponding
N-Fmoc protected amino acids with side chains properly protected
by a tert-butyl group (rBu) or di-tert-butyl pyrocarbonate (Boc)
was used in SPPS. HBTU was used as the coupling reagent. We
used 95% of trifluoroacetic acid with 2.5% of TIS and 2.5% of
H,O to cleave peptide derivatives from resin and protection group
from side chain for 60 min. The crude product (F-pY or F-Y)
directly reacted with TPP-NHS, then reaction solution was puri-
fied by high performance liquid chromatography (HPLC) and then
lyophilized to obtain pure products.

2.3.  EISA convertion ratio of F-pY-T

The concentration of the work solution was 600 umol/L. Na,CO3
(1 mol/L) was added to the above solution to adjust the final pH to
7.4. The solution was incubated at 37 °C for 5 min before adding
alkali phosphatase (ALP, 0.1 U/mL) to the solution. 50 pL sample
solution was added into 150 pulL methanol solvent and then
detected by LC—MS at different time point.
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Figure 1

(A) Chemical structure of EISA mitochondria-targeting peptide conjugates F-pY-T; (B) TEM image of F-pY-T in solution (600 pmol/L)

without adding ALP; (C) TEM image of F-pY-T (600 pmol/L) with ALP (0.1 U/mL) after 6 h incubation.

2.4. Bio-TEM

1 x 10° of CT26 cells were seeded in culture dish. After adher-
ence, the cells were incubated with F-pY-T (600 umol/L) for 6 h.
Then, the medium was removed the cells were washed with cold
PBS. Cell scraper was used to collect the cells and the medium
containing cells was centrifuged at 1000 rpm for 3 min. The cells
were rapidly placed into 2.5% glutaraldehyde overnight. Finally,
the samples were observed under TEM by standard procedure.

2.5.  ROS detection

1 x 10° of CT26 cells were seeded in CLSM culture dish. After
adherence and removing the medium, cells were incubated with
different compound solution including F-pY-T, F-Y-T, F-pY, and
F-Y at concentration of 600 pumol/L for 24 h. Then the medium
were removed the cells were washed with PBS for three times.
After incubating with H2DCFDA for 30 min at 37 °C in the dark,
the cells were washed with PBS three times. The fluorescence of
FDA (oxidation of H2DCFDA) was detected by CLSM
(Aexe = 488 nm, A, = 510—570 nm).

2.6. Apoptosis detection

1 x 10° CT26 cells were seeded in 12-well culture dish. After
adherence and removing the medium, cells were incubated with
different compound solution including F-pY-T, F-Y-T, F-pY, and F-
Y at concentration of 600 pmol/L for 24 h.Then, the medium was
removed and the dish was washed with cold PBS for three times.
The cells were trypsinized, centrifuged, resuspended in culture
medium and stabilized in the cell incubator for 0.5 h. Finally, ex-
amination was performed under the manufacturer’s instructions.

2.7.  Detection of ecto-CRT expression

1 x 10° CT26 cells were seeded in CLSM culture dish. After
adherence, cells were incubated with different compound including

F-pY-T (600 umol/L), F-Y-T (600 umol/L), F-pY (600 pmol/L), F-
Y (600 pmol/L), oxaliplatin (10 pmol/L) and control group for
24 h. Then, the medium was removed and the dish was washed with
cold PBS for three times. For CLSM detection, the cells were first
fixed with 4% paraformaldehyde for 15 min, then washed with PBS
for three times and blocked with 10% goat serum PBST solution for
1 h. The fixed cells were incubated with anti-calreticulin antibody
(1:500, 1% BSA PBST solution) overnight at 4 °C. After washed
with PBST for three times, the cells were further incubated with
Alexa Fluor 633 conjugated goat secondary antibody to Rabbit IgG
(1:500) at room temperature for 1 h. Nuclear DNA was labelled in
blue with DAPI. CLSM was used to check the expression of ecto-
CRT. (DAPL: A, = 405 nm, A,, = 430—490 nm ecto-CRT:
Aex = 633 nm, A.,, = 650—750 nm).

For flow cytometer, 2 x 10° CT26 cells were seeded in 6-well
culture dish and incubated with different compound for 24 h at
concentration of 600 pmol/L. After removing the medium and
washing dish with cold PBS for three times. The cells were
trypsinized and centrifuged. The cells were then incubated with
Calreticulin Rabbit mAb (Alexa Fluor 488 conjugate, #62304,
1:200, 1% BSA PBS solution) at 4 °C for 30 min and washed with
PBS for three times. Flow cytometer was used to test the ecto-
CRT expression.

2.8.  Detection of ATP secretion and ecto-HMGBI

The CT26 cells were seeded into 12-well plate at the density of
1 x 10° cells and incubated with F-pY-T (600 pmol/L), F-Y-T
(600 pmol/L), F-pY (600 pmol/L), F-Y (600 pmol/L), oxaliplatin
(10 pmol/L) and control group for 36 h, respectively. Next, the
cell medium was collected and conducted with centrifugation
(1200 rpm for 5 min at 4 °C). Then, the collected supernatants
were centrifuged (12,000 rpm for 10 min at 4 °C). Finally, the
ATP levels were immediately determined by ATP Bioluminescent
assay kit according to manufacturer’s instruction. The extracel-
lular HMGB1 was analyzed by ELISA assay kit according to
manufacturer’s instruction.
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2.9.  Living animal image

All animal procedures were approved by the Centre of Tianjin
Animal Experiment Ethics Committee. The accreditation number
of the laboratory is SYXK (Jin) 2019—0003 promulgated by
Tianjin Science and Technology Commission.

Each BALB/c mouse was subcutaneously injected with
2 x 10° CT26 cells on the right flank. When the tumor volume
reached 200 mm?, the mice were then intravenously injected with
200 pL of Cy5.5-pY-T at an identical Cyanine 5.5 dose of 0.1 mg
per mouse (n = 3). Fluorescence imaging was performed using a
IVIS Lumina II imaging (PerkinElmer, USA) at different time
point postinjection. Mice were sacrificed after 72 h post-injection
for fluorescence imaging of the major organs (i.e., heart, liver,
spleen, lung and kidney) and tumors ex-vivo.

2.10. ICD induction in vivo

BALB/c mice were injected with 1 x 10° CT26 cells on the right
flank (sc). When tumor volume reached to ~70 mm?, the mice
were randomly divided into 3 groups. Then the mouse was treated
with PBS, 10 and 30 mg/kg F-pY-T via tail intravenous injection
for three times every three days. On Day 8, the mice were sacri-
ficed and tumor tissues were collected to detect the levels of ecto-
CRT via standard tissue immunofluorescence staining.

2.11.  Tumor treatment

‘When CT26 tumor volume reached to ~70 mm3, the mice were
randomly divided into 4 groups (n = 8) and accepted the treat-
ment. The tumor volume and body weight was monitored for
every 2 days and the tumor volume calculated by Eq. (1):

V=LxWxW/2 (1)

where L represents the longest dimension, W represents the
shortest dimension.

2.12.  DC maturation

CT26-tumor bearing BALB/c mice were treated with various
formulations. The inguinal lymph nodes (LNs) were harvested on
Day 9. The ratio of DC maturation in the LNs was then examined
by flow cytometry after immunofluorescence staining with anti-
CD11c-AF647, anti-CD80-PE and anti-CD86-FITC antibodies.
Meanwhile, blood biochemistry and blood hematology was also
carried out. Five major organs (heart, liver, spleen, lung, and
kidney) were harvested to detect the tissue damage by H&E
staining.

2.13. T lymphocytes infiltration

Mice bearing CT26 tumors (approximately 70 mm?®) were injected
with PBS (iv), anti-PD-L1 (ip), F-pY-T (iv) and F-pY-T (iv) plus
anti-PD-L1 (ip) every 3 days for 3 times, respectively. After
treatment and monitoring (15th day), the mouse was sacrificed and
the tumor tissue was harvested. The harvested tumors were cut
into small pieces and immersed in the solution of 1.0 mg/mL
collagenase IV and 0.4 mg/mL DNase I for 60 min at 37 °C to
obtain a single cell suspension. CD8" T cells were stained with
anti-CD3-APC, anti-CD8a-FITC antibody. IFN-y*CD8" T lym-
phocytes were stained with anti-CD8a-FITC and anti- IFN-y-APC
antibodies before flow cytometry.

2.14.  Cytokine secretion

The mice bearing CT26 tumor (about 100 mm?>) were injected
with PBS (iv), anti-PD-L1 (ip), F-pY-T (iv) and F-pY-T (iv) plus
anti-PD-L1 (ip) at first day, separately. Then, the mice were
sacrificed to harvest the tumor tissue on Days 1 (before injection),
3 and 7, respectively. The tumor tissue was weighed, cut into
pieces and homogenized, added with protease inhibitors and
DNase I and ultrasonically broken. Finally, IFN-vy, IL-6 and TNF-
a were measured by ELISA kit according to the manufacturer’s
instructions.

2.15.  Statistical analysis

Data were analysed by Prism 8 (GraphPad Software). Multiple
comparisons were described in the figure captions.

3. Results and discussions

3.1.  Design and synthesis of peptide molecules

Our designed peptide, Fbp-GPFPFpPYK-TPP (F-pY-T, Fig. 1A),
underwent a simple and straightforward synthetic process (Sup-
porting Information Fig. S1). First, the Fbp-G°FPFp°YK
sequence was synthesized through standard solid phase peptide
synthesis. The N-hydroxysuccinimide (NHS)-activated TPP de-
rivative was coupled with the e-amino group of the lysine residue,
resulting in the target compound. We also obtained control com-
pounds via a similar route, including Fbp-GP°FPFPYK-TPP (F-Y-T,
without phosphorylation), Fbp-G°FPFp°YK (F-pY, without TPP
moiety), and Fbp-GPFPFPY (E-Y). All the compounds were pu-
rified using high performance liquid chromatography (HPLC) and
identified using high resolution mass spectrometry (HR-MS,
Supporting Information Figs. S2-S5).

3.2.  Enzyme instructed self-assembly

Direct dissolution of F-pY-T in phosphate-buffered saline (PBS,
pH = 7.4) at a concentration of 600 umol/L yielded a clear so-
lution compared to the unphosphorylated F-Y-T, which was
slightly soluble in PBS under the same conditions (Supporting
Information Fig. S6). Transmission electron microscopy (TEM)
images revealed the existence of nanofibril-like structures with a
diameter of 15—20 nm in F-pY-T solution (600 pmol/L, Fig. 1B).
After adding ALP (0.1 U/mL) into the F-pY-T solution and
incubating at 37 °C for 6 h, the solution turned opalescent, and
nanoparticles roughly 100—150 nm in diameter, instead of nano-
fibrils, were observed under TEM (Fig. 1C and Supporting In-
formation Fig. S7). The Zeta potential of F-pY-T solution, as
shown in Supporting Information Fig. S8, was also changed from
electronegativity to neutrality due to the enzymatic dephosphor-
ylation. The LC-MS trace further demonstrated that over 93% of
F-pY-T was converted to F-Y-T after incubation with ALP within
12 h (Supporting Information Fig. S10).

3.3.  Mitochondrial targeting peptides regulate CT26 cell fate

To investigate the cellular response and oxidative stress induced by
the test compounds, intracellular ROS levels of mouse colon car-
cinoma CT26 cells cultured with different compounds (F-Y, F-pY,
F-Y-T, and F-pY-T) were detected using 2.7'-
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dichlorodihydrofluorescein diacetate (H2DCFDA) as an indicator
and untreated CT26 cells were used as a control. As shown in
Fig. 2B, bright green fluorescence was observed in the CT26 cells
treated with F-pY-T for 24 h through confocal laser scanning mi-
croscopy (CLSM), in stark contrast to the extremely weak green
fluorescence appearing in other groups. The semi-quantitative
analysis of fluorescence intensity from CLSM images (Fig. 2D)
also demonstrated the strong ability of F-pY-T to promote ROS
production compared to the other three compounds. The introduc-
tion of the TPP moiety into the peptide sequence was an essential
prerequisite for the observed ROS production when comparing F-
pY-T and F-Y-T with F-Y and F-pY. Bio-TEM image indeed pro-
vides a critical explanation for the remarkable ROS production
following F-pY-T treatment, as shown in Supporting Information
Figs. S11 and S12. Compared to the untreated CT26 cells, F-pY-T
nanoparticles were visible within the mitochondria of the cells after
treatment, along with a significant change in mitochondrial
morphology, which was thought to produce serious oxidative stress.
Additionally, we thought that F-Y-T showing much weaker ability
to induce ROS than F-pY-T might originate from the structure size
of pre-synthesized F-Y-T, which is much larger and more difficult to
internalize by the cells than that of the slow self-assembly of
enzymatically hydrolyzed production of F-Y-T from F-pY-T. Flow
cytometry was used to determine the apoptotic status of the cells
after ROS production was confirmed. As shown in Fig. 2C and E,
approximately 65.1% of the CT26 cells treated with F-pY-T were in
the early apoptotic state (Annexin*/PI"), while the majority of cells

Incubating cell with
peptide conjugation

Seed cell in culture dish

treated with other compounds remained normal, indicating that F-
pY-T might be able to trigger the ICD procedure.

3.4.  The ability evaluation of ICD induced by different
compound in vitro

To further examine the ability of F-pY-T to induce immunogenic
cell death, DAMPs, including ecto-CRT, HMGBI release (ecto-
HMGB1), and ATP secretion were evaluated in the CT26 cell lines
treated with our synthetic compounds. Oxaliplatin was used as a
positive control in vitro. As an “eat me” signal*®, calreticulin (CRT)
exposure at the cell surface (ecto-CRT) is the gold standard for
judging ICD induction. The levels of ecto-CRT in CT26 cells
treated with different compounds were determined using immu-
nofluorescence (IF) staining. After incubation of the CT26 cells
with the test compounds for 24 h, the standard IF staining proced-
ures for CLSM detection were performed®. As shown in Fig. 3A
and Supporting Information Fig. S13, characteristic red-colored
surface patches from the Alexa Fluor 633-conjugated secondary
antibody were visualized in the F-pY-T group, indicating the
translocation of CRT from its orthotopic localization within the
Iumen of ER vesicles to the surface of tumor cells. Consistent with
the comparison of ROS production, F-Y-T could also induce ecto-
CRT against the CT26 cells, but the fluorescence intensity was
much weaker. In the other groups, ecto-CRT was barely exhibited,
even with oxaliplatin. The semi-quantitative analysis of fluores-
cence intensity from CLSM images (Supporting Information
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Fig. S14) and flow cytometry (Fig. 3B) also confirmed this obser-
vation. In addition, the induction of ecto-CRT by F-pY-T was dose-
dependent at concentrations below 300 pmol/L (Supporting Infor-
mation Fig. S15) and an obvious time-dependent increase was
observed from 12 to 18 or 24 h (Supporting Information Fig. S16).

In addition to checking the exposure of CRT on the cell sur-
face, two other typical hallmarks, the secretion of adenosine
triphosphate (ATP) and the release of high mobility group Bl
(HMGBI1), were also monitored. As shown in Fig. 3C, the ATP
concentration in the supernatant of the different treatment groups
was measured, and we found that F-pY-T significantly induced a
higher secretion of ATP than the other groups. The release of
HMGBI1 was determined by enzyme-linked immunosorbent assay
(ELISA) and IF staining. In Fig. 3E, we found out that HMGB1
was predominantly located in the nucleus of the untreated
CT26 cells while it was almost completely released from the
nucleus in the F-pY-T group, which was in accordance with the
ELISA results that F-pY-T promoted the most release of HMGB1
than the other compounds (Fig. 3D). Together, these data strongly
demonstrate that EISA-induced mitochondrial oxidative stress is a
promising modality to evoke massive ICD (Fig. 3F).

3.5.  Evaluation of accumulation and retention of EISA
mitochondrial targeting peptide in tumor sites

Next, the accumulation and retention at the tumor site of our
designed concept were investigated by changing the Fbp group to
cyanine-5.5, enabling the new synthetic model molecule (Cy5.5-

>

pY-T, Supporting Information Figs. S17 and S18) to be visualized
through in vivo imaging systems. We employed CT26 tumor-
bearing BALB/c mice to evaluate their accumulation and reten-
tion capacity in solid tumors after intravenous injection of Cy5.5-
pY-T (0.1 mg Cy5.5-equivalent dose per mouse, n = 3). As
shown in Fig. 4A and B, Cy5.5-pY-T was enriched at the tumor site
at 4 h after administration, and the quantitative fluorescence sta-
tistics showed that the fluorescence intensity reached a maximum at
this time point. The observation time was extended to investigate
the retention capacity of Cy5.5-pY-T. There was no significant
decrease in fluorescence intensity at the tumor site from 12 to 72 h,
which indicated that Cy5.5-pY-T had excellent accumulation and a
long retention capacity. The main organs and tumor tissues were
harvested 72 h after administration to further investigate the bio-
distribution of Cy5.5-pY-T in the body of the mouse ex vivo. The
fluorescence intensity of the tumor tissue was higher than that of
the other organs (Supporting Information Fig. S19), which was
consistent with the in vivo results. In addition, ex vivo images
exhibited a strong fluorescence intensity in the kidney, indicating
that Cy5.5-pY-T was mainly removed by renal clearance. Together,
these results showed that the EISA mitochondria-targeting com-
pound was capable of effectively accumulating and retaining in
tumor tissue, which was essential for inducing large-scale ICD.

3.6.  The evaluation of ICD inducing by F-pY-T in vivo

Having demonstrated the ICD induction property in vitro and the
accumulation and retention capacity of our design, we further
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investigated the induction of ICD in vivo and the antitumor effi-
cacy of F-pY-T in a BALB/c mouse model bearing CT26 tumors.
First, we chose three dosage groups of F-pY-T for ICD induction,
including O (control), 10, and 30 mg/kg, and the mice were treated
with F-pY-T via the tail vein every 3 days for three times totally.
The mice were sacrificed on Day 8 to harvest the tumor tissues.
The tumor tissues were then frozen, sectioned, and subjected to
standard IF staining to observe ecfo-CRT expression via CLSM.
As shown in Fig. 4C and Supporting Information Fig. S20, there
was almost no ecto-CRT exposure in the control group, but a
dramatically high expression was observed in the 10 or 30 mg/kg
dosage groups, indicating that F-pY-T could induce ICD in vivo.
3.7.  The anti-tumor efficacy assessment

We then checked the antitumor efficacy of F-pY-T in a tumor-
bearing BALB/c mouse model, accompanied with a combination
of immune checkpoint blockade (ICB) therapy using anti-PD-L1
agents. When the tumor volume reached approximately 70 mm®,
the mice were randomly divided into four groups and treated with

different drugs, including F-pY-T plus anti-PD-L1 (10 mg/kg F-
pY-T iv for 24 h, then 75 pg anti-PD-L1 per mouse ip once every
three days, n = 8), F-pY-T (10 mg/kg iv), anti-PD-L1 (75 pg anti-
PD-L1 per mouse ip), and PBS (control), as illustrated in Fig. 4D.
Compared with the control, anti-PD-L1 agents suppressed the
tumor to an extent, but the effect varied among individuals.
Impressively, F-pY-T exhibited a decent antitumor efficacy, and
this dramatic effect was further elevated with the combination of
F-pY-T and an anti-PD-L1 agent (Fig. 4E). Finally, the tumor
weight and volume were evaluated, and the results showed that
combination therapy significantly inhibited tumor growth (Fig. 4F
and G). All these findings demonstrated that F-pY-T-mediated
ICD not only suppressed tumor growth, but also effectively
boosted the therapeutic efficacy of ICB.

3.8.  The mechanism analysis of anti-tumor immunity

To ascertain the mechanism of antitumor immunity using F-pY-T
and combination therapy, we investigated the performance of the
F-pY-T activated immune response in vivo. Antigen-presenting
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Figure 4

(A) NIR fluorescence imaging of the biodistribution of Cy5.5-labeled peptide conjugates in CT26 tumor-bearing BALB/c mice

in vivo; (B) Quantitative fluorescence analyses of (A) at the corresponding time; (C) Immunofluorescence CLSM images of CRT induction by F-
pY-T in the CT26 tumor-bearing BALB/c mice in vivo. The scale bars represent 50 pm; (D) Schematic illustration of F-pY-T and anti-PD-L1
blockade-mediated combination therapy; (E) Single-component tumor growth curves (n = 8); (F) Tumor weight in the different groups. Two-
tailed r-test, ***P <0.001, **P < 0.01, *P < 0.05. n = 8; (G) Optical image of tumors (1: anti-PD-L1, 2: F-pY-T, and 3: F-pY-T plus anti-

PD-L1).
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cells, particularly dendritic cells (DCs), play a vital role in
activating and regulating the immune system®®. Moreover,
mature DCs present antigens to cytotoxic T lymphocytes (CTLs),
resulting in the reestablishment of immune surveillance and in-
duction of immune-mediated killing47. Therefore, we evaluated
DC maturation in the tumor-draining lymph nodes (LNs) using
flow cytometry and intratumoral infiltration of CTLs (CD3"/
CD8™) on Days 9 and 15, respectively. DC maturation (CD11c¢™/
CD80%/CD86™) percentage in the anti-PD-L1 and PBS groups
was approximately 29.7% and 21.6%, respectively, while that of
the F-pY-T group and F-pY-T plus anti-PD-L1 group was
dramatically increased to approximately 44.7% and 50.1%,
respectively (Fig. 5A and D), indicating that DAMPs from F-pY-
T-induced ICD could stimulate the maturation of DCs. Addi-
tionally, as shown in Fig. 5B and Supporting Information Fig.
S21, the intratumoral infiltrating CTLs F-pY-T plus anti-PD-
L1, F-pY-T, anti-PD-L1, and the control groups were approxi-
mately 42.63%, 33.3%, 25.1%, and 20.3%, respectively.
Furthermore, the ratio of interferon-y" (IFN-y™) effector CD8"
T cells in total tumor tissue was measured using flow cytometry,
and the results were shown in Fig. 5C and Supporting Informa-
tion Fig. S22. Here it was demonstrated that the combination
therapy could substantially enhance the ratio of IFN-y™ effector
CDS8™" T cells, which was 1.59-, 2.49-, and 3.99-fold higher than

that of F-pY-T, anti-PD-L1, and control groups, respectively.
Collectively, these findings indicated that the combination ther-
apy had the highest effectiveness in reestablishing immune re-
sponses by promoting the maturation of DCs and activating
CTLs in vivo.

Another representative hallmark of tumor cell apoptosis
during immune responses is the secretion of pro-inflammatory
cytokines*®. Therefore, the tumor tissues were harvested at
different time points and the relevant levels of interleukin-6 (IL-
6), interferon-y (IFN-v), and tumor necrosis factor-a (TNF-«)
were analyzed using an ELISA kit after the first administration in
the CT26 tumor-bearing mice. As shown in Fig. 5E, compared to
Day 1, the secretion levels of all three intratumoral cytokines
increased to a certain extent in the anti-PD-L1, F-pY-T, and F-
pY-T plus anti-PD-L1 groups on Day 3 (post-administration for
two days). In terms of IL-6, the value of the F-pY-T plus anti-PD-
L1 group was significantly higher than that of the other three
groups (1.16-, 1.61-, and 3.15-fold for F-pY-T, anti-PD-L1, and
control groups, respectively). The IFN-y levels in the F-pY-T
plus anti-PD-L1 group were 1.36-, 1.64-, and 2.74-fold higher
than those in the F-pY-T, anti-PD-L1, and control groups,
respectively. For the secretion of TNF-«, the F-pY-T plus anti-
PD-L1 group gave rise to a similar tendency, showing 1.12-,
2.5-, and 3.19-fold higher than that of the F-pY-T, anti-PD-L1,
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and PBS groups, respectively. All these data confirm that F-pY-
T-mediated ICD could result in a pro-inflammatory response.
Moreover, the concentration of these pro-inflammatory cytokines
gradually attenuated to basal levels on Day 7 (six days post-
administration), which confirmed the acute immune inflamma-
tory response caused by the treatment. Thus, it was reasonable to
conclude that F-pY-T and combination therapy could trigger
adaptive antitumor immunity in vivo (Fig. 6).

3.9.  The biosafety evaluation of all three therapeutic
Sformulations

Finally, the in vivo toxicity of all three therapeutic formulations
was evaluated (anti-PD-L1, F-pY-T, and F-pY-T plus anti-PD-L1).
As shown in Supporting Information Fig. S23, the mice in all the
groups did not show obvious bodyweight reduction during the
entire treatment period. Tissues from the heart, liver, spleen, lung,
and kidney in all the groups were analyzed using hematoxylin and
eosin (H&E) staining, and no obvious cell damage or histopath-
ological changes were observed compared to the control group
(Fig. 7A). The results of serum biochemistry and blood hema-
tology assays also indicated that the main detection values were all
within the reference range (Fig. 7B and C, and Supporting In-
formation Fig. S24), suggesting the good biosafety of our devel-
oped nanomedicines.

4. Conclusions

In this study, we successfully developed an alternative physical
type II ICD inducer by adopting an EISA and a mitochondrial-
targeting strategy, in which nanoparticles formed from the
enzyme-responsive peptide F-pY-T showed a specific ability to
induce focused mitochondrial oxidative stress in cancer cells. In
accordance with other ICD inducers, F-pY-T is expected to
induce the apoptosis of cancer cells, which, along with the
release of DAMPs, promotes the maturation of DCs and acti-
vates CTLs in vivo. The reestablished antitumor immunity not
only inhibits tumor growth but also enhances antitumor effi-
ciency in immune checkpoint blockade (ICB) therapy by
combining F-pY-T and anti-PD-L1. This study also reals the
advantage of our concept without using any chemotherapeutic
drugs as inducers, exhibiting specific bio-distribution and
invisible toxicity in vivo. This strategy of evoking ICD through
mitochondria-targeting oxidative stress induced by drug/
photosensitizer-free design provides a new viewpoint for can-
cer immunotherapy.
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