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Abstract

Blocking programmed cell death ligand 1 (PD-L1) in tumor cells is an effective
therapy strategy to achieve immune system activation for tumor therapy, however only
a few patients can benefit from it. Development of synergistic therapy with checkpoint
PD-L1 blockade immunotherapy is beneficial to enhance antitumor effect. Herein, we
constructed a carrier-free system EH@Ag2S co-assembled by peptide nanofiber and
Ag>S nsanoparticles to achieve a superadditive (1 + 1 > 2) antitumor effect. EH
nanofiber can block PD-L1, and Ag:S can produce reactive oxygen species (ROS)
under ultrasound irradiation and induce cell apoptosis. Further, in vivo mice experiment
also confirmed the high efficiency of this carrier-free co-assembled system in
successfully inducing anti-tumor response while inhibiting tumor growth. We believe
that this highly bioavailable and multifunctional therapeutic system may become a

promising nanoplatform for tumor therapy.
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1. Introduction

Traditional treatment methods, including chemotherapy and radiotherapy, have
limited therapeutic effects, and the side effects may cause unexpected damage to
patient's normal tissues, which may accelerate the deterioration of the patient's
condition or even threaten life[1]. Therefore, new therapeutic methods need to be
developed to improve the tumor therapeutic effects. Immune checkpoint blockade (ICB)
immunotherapy has achieved remarkable tumor inhibitory effects by activating
endogenous anti-tumor T cells to kill cancer cells. Among multiple checkpoint
inhibitors, programmed death 1 (PD-1) and its predominant ligand, programmed death
ligand 1 (PD-L1) are key immune checkpoint molecules, which are closely related to
immune resistance[2]. Blocking the PD-1/PD-L1 pathway is expected to rejuvenate
exhausted CD8" T cells to boost anti-tumor immune responses[3, 4]. Currently, most
checkpoint inhibitors targeting the PD-1/PD-L1 are monoclonal antibodies[5].
Although antibodies have demonstrated a durable tumor regression, the large size of
antibodies causes poor deep penetration for solid tumor, and the excessive half-life may
cause immune-related adverse events.

Targeting peptides have%a standard synthetic protocol, can be artificially designed
and modified with satisfactory biocompatibility[6, 7]. They have become potent
inhibitors of ICB. Through rational design, peptide-based PD-L1 inhibitors can form
supramolecular assemblies, which enhance their stability in blood circulation and
resistance to enzymatic hydrolysis[8]. Moreover, their activities can be further
improved by self-assembly due to the increased local density of the peptide[9]. In
addition, based on the ‘customizable assembly’ of peptides, researchers have also
combined self-assembling peptides with nanomaterials to develop multifunctional
antitumor systems. Most of these systems connect peptides and nanomaterials through
covalent bonds[ 10, 11]. However, the covalent synthesis reaction steps are cumbersome,
and may involve a large number of separation and purification processes. Moreover,
coupling peptides to liposome[12]or polymer micelles[13, 14], etc., have been explored

as co-delivery carriers to physically package nanomaterials. In terms of structures and
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functions of these additional introduced carrier are relatively fixed, they are not
dynamic enough to respond flexibly to various stimuli. Due to flexible control and easy
operation of non-covalent interactions, peptide also can bind to nanomaterials through
non-covalent interactions to construct multifunctional structures. And those strategies
are mainly including hydrogen bonding[15, 16], electrostatic interaction[17, 18],
hydrophobic interaction[19-21] and n-m interaction[22, 23]. Based on the above, we
assume that peptide-based PD-L1 inhibitors interact with therapeutic nanomaterials
through non-covalent interactions, an intelligent carrier-free antitumor system may be
engineered to enhance tumor therapy effect and reduce the potential toxicity of
nanomaterials.

Although ICB has significant tumor suppressor efficacy in the tumor treatments, only
a few patients benefit from it[24-26]. A critical reason for this phenomenon is that the
insufficient infiltration of T cells into tumors causing poor immune response[25-28]. In
recent years, novel approaches to boost the antitumor immune response, such as
photothermal therapy (PPT), photodynamic therapy (PDT), sonodynamic therapy (SDT)
and etc., have recently gained increased interest. SDT, as a non-invasive therapy, hold
the advantages of strong tissue penetration and little damage to normal tissues.
Sonodynamic therapy can induce highly toxic reactive oxygen species (ROS) in tumor
to kill tumor cells in the presence of sonosensitizers and low-intensity ultrasound-
induced sonosensitizers[29-31]. SDT complements the lack of patient response to
immunotherapy by increasing the infiltration of CD8" T cells[32, 33]. Clinical animal
experiments have shown that tumor cell fragments produced by SDT can be considered
as tumor antigens to trigger host anti-tumor immune response[34]. Therefore, we
envision that integrating ICB immunotherapy and SDT may provide an advanced
nanoplatform for effective tumor treatment. Combination of checkpoint inhibition
through anti-PD-L1 antibody and SDT was also recently reported for treatment of
metastatic breast tumor and showed exciting effect[35].

Herein, we describe a carrier-free co-assembled system of dual therapeutic agents

that combines immunotherapy and sonodynamic therapy to enhance antitumor therapy
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(Scheme 1). Firstly, we obtained an ion complementary peptide compound EH
(sequence: EYNFDFKFNYH) that can target PD-L1 through the peptide library
construction and screening strategy previously developed in our group[36-38].
Secondly, the EH can self-assemble into nanofibers, the charged residues D, E, K and
H in EH can stack into B-sheets through electrostatic interactions and endue the EH
‘pH-responsive switch’[39].The introduction of nonpolar residues Y and F further can
stabilize the supramolecular structure through hydrophobic interactions[38]. Thirdly,
the EH can co-assembly with the negatively charged Ag>S via electrostatic interactions
(EH@Ag2S) at pH>6.0. The formation of the EH@Ag:S co-assembly plays a better
role in encapsulating Ag>S, solving Ag>S inability to target and specifically recognize
tumor cells. In addition, due to AgzS small size, they usually identified as a foreign
body by the reticuloendothelial system[40]. The co-assembled system we constructed
effectively avoids itself easy to be metabolic excreted during blood circulation and
insufficient tumor accumulation[41, 42]. For in vivo, EH can programmatically
recognize and block PD-L1, after entering the cell then release Ag:S owing to pH
transformation changes the EH surface charge makes the electrostatic interaction
between EH and Ag>S disappear. Ag2S can induce cell apoptosis through generating
highly toxic ROS under the activation of US irradiation, which synergistically promotes
the tumor immune microenvironment improvement. Overall, co-assembled system
EH@Ag:S may serve as potential candidates for antibody-free immune checkpoint
inhibition, and SDT provides an alternative strategy for amplifying ICB

immunotherapy to achieve a remarkable superadditive (1 + 1 > 2) antitumor effect.
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Scheme 1. Schematic illustration of the carrier-free co-assembled system for PD-L1
blockade and sonodynamic therapy.

2. Materials and methods

2.1 Peptide EH synthesis and EH@AGg;S synthesis

The sequence of the peptide was expressed as EYNFDFKFNYH. The peptides were
synthesized by the general solid-phase peptide synthesis (Fmoc-SPPS) methodology on
Wang resin. Then, the peptide EH was obtained and purified by high performance liquid
chromatography (HPLC). Next, 50 uL of AgzS solution (2 mg mL™!) was mixed with
950 uL of EH solution (2 mg mL™") and uniformly dispersed by ultrasonic. Then, the
pH value of the above mixed solution was adjusted to 7.4 with 1 mM NaOH solution.
After aging for 72 h, excess EH was removed by dialysis using the dialysis bag with a
molecular weight cut-off of 1,600. EH@Ag2S solution was obtained.

2.2 Cell-level validation of peptide targeting

The mouse colorectal cancer cells MC38 and the human embryonic kidney cells HEK-
293T were seeded in 35-mm confocal dishes at a concentration of 1x10°> mL! and
cultured overnight for cell adherence. FITC-labeled EH (FITC-EH) was dissolved in

cold PBS at a concentration of 0.5 mg mL"'. The cells were then washed three times
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with cold PBS and incubated with Hoechst 33342 (10 pg mL™!, 200 uL) at 4 °C for 15
min. Then, the cells were washed three times with cold PBS, and incubated with the
prepared FITC-EH solution (0.5 mg mL!, 200 pL) at 4 °C for 15 min. Finally, the cells
were washed three times with cold PBS. All the above operations were performed in
the dark. Confocal fluorescence imaging was performed on confocal laser scanning
microscope (CLSM).

2.3 Reactive oxygen species generation.

1,3-Diphenylisobenzofuran (DPBF) was employed as a chemical probe to evaluate the
ROS generation production. 10 mg DPBF was dissolved in 1 mL DMSO to form a
stable solution (37 mmol L). An amount of EH@Ag>S (50ug mL") was dispersed
evenly in a quartz cell, and then 50 puL DPBF-DMSO solution was added. After
continuous US irradiation (1.0 W c¢cm?, 1.0 MHz, 50% duty free), the absorbance
changes of DPBF at 424 nm were recorded to quantify the ROS generation rate.

2.4 In vitro ROS generation on cellular level.

MC38 cells were seeded in 6-well plates at a concentration of 1x10°mL™ and cultured
overnight for cell adherence. Eight groups (1) PBS +US, (2) EH +US, (3) Ag:S +US,
(4) EH@wAg:S +US, (5) PBS -US, (6) EH -US, (7) Ag2S -US, and (8) EH@Ag:S -US
were set to explore the potential of EH@ Agz2S in producing ROS upon exposure to US
irradiation. In brief, MC38 cells were incubated with EH@Ag2S (50 ug mL™") at 37 °C
for 4 h. After incubation, the cells were irradiated with/without US irradiation (1.0 W
cm?, 1.0 MHz, 50% duty free, 5 min). Immediately, DCFH-DA was added to each plate
for 30 min in the dark. Finally, the cells were washed with PBS three times and then
observed by CLSM.

2.5 Live/Dead staining

MC38 cells were seeded into 35-mm confocal dishes at a concentration of 1x10° mL!
and cultured overnight for cell adherence. To verify the treatment effect on cell level,
the cells were divided into eight groups and cultured with PBS, EH, Ag:S, and
EH@AgS for 8 h, respectively: (1) PBS + US, (2) EH + US, (3) Ag.S + US, (4)
EH@Ag:S + US, (5) PBS - US, (6) EH - US, (7) Ag2S - US, and (8) EH@Ag:S - US.
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After the cells were treated as mentioned above (with or without US Irradiation) and
then incubated for another 16 h. Then the cells were successively stained with 200 pL
annexin Calcein-AM (2 uM) and PI (4.5 uM) for 20 min. Finally, the cells were washed
three times with cold 1xAssay Buffer. All the above operations were performed in the
dark. Confocal fluorescence imaging was performed to observe the live and dead cells
distribution through the fluorescence distribution of Calcein-AM and PI.

2.6 In vivo therapy assay in mice model

Female C57BL/6N mice (6-8-week-old) with weighing approximately 18-20 g were
selected. The MC38 tumor models were successfully established by subcutaneous
injection of 4x10° cells suspended in 100 uL of PBS into the right lower limb below
the skin of each mouse. After the tumors developed to approximately 50 mm?, in vivo
tumor suppression studies were carried out. The tumor-bearing mice were randomly
divided into six groups (n = 6, each group), and treated with (1) PBS, (2) US irradiation,
(3) AgeS under US laser irradiation, (4) PD-L1 antibody, (5) EH and (6) EH@Ag2S
under US laser irradiation, respectively. All animal studies were conducted in
accordance with the guidelines of the National Regulation of China for Care and Use
of Laboratory Animals. Nanomaterials were injected through the tail vein, and each
injection was 200 pL. For group (2), (3) and (6), the tumors were exposed to US
irradiation (1.0 W cm™, 1.0 MHz, 50% duty free) for 3 min after the injection for 6 h
and 9 h. Mice were treated three times and observed for 10 days after treatment. The
body weight and tumor volume of each mouse were monitored every two days, and
after 14 days treatment, the tumors were dissected and weighed to evaluate the
therapeutic efficacy. All mice were kept and treated according to protocols approved by
the Institutional Animal Care and Use Committee at the Ethics Committee of Animal
Experiment Center, Beijing Institute of Technology. Approval number: 2016-0006-M-
2020013.

2.7 Histopathological and immunohistochemical staining analysis of treatment
effects

After treatment, the main internal organs and tumor tissues were removed for
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hematoxylin and eosin (H&E) staining to observe cell morphology,
Terminal dUTP Nick End Labeling (TUNEL) staining to evaluate cell apoptosis and
collagen deposition, CD8" T staining to determine whether inhibiting
immunosuppressive cells leads to enhanced T cell response and interleukin-2 (IL-2)
staining to check the activities of the tumor-associated immune
microenvironment, interferon-y (IFN-y)  staining to verify anti-tumor and
immunoregulatory effects, calreticulin (CRT) staining to evaluate the degree of
immunogenic death of tumor cells.

2.8 Statistical analysis

All data were reported as the mean + standard deviation (SD) unless otherwise stated.
The level of statistical significance (* P<0.05, ** P<0.01, *** P<0.00I, n =6) was
defined by one-way analysis of variance (ANOVA) using OriginPro (Ver. 9.0). All
graphs were drawn by Origin 2021.

3. Results and discussion

3.1 Design, preparation, and affinity validation of EH

To obtain a carrier-free co-assembled system, the “one-bead-one-compound
(OBOC)” combinatorial chemistry approach was used to construct a PD-L1-targeting
peptide library with a diversity of 10°. The OBOC peptide library with a NHa-
EX10XoXsX7X6X5X4X3X2X1-COOH motif was designed and synthesized. In this
library, the Xi1X3XsX7Xo position were diversified with hydrophilic and electric
residues including T, D, K, H, E, S, N and Q. The X>X4XsXsX10 position were
diversified with hydrophobic residues including F, Y, W, I, V, A and Y. Through our
previous screening protocols[36, 37], a PD-L1 targeting ion-complementary peptide
EH (sequence: EYNFDFKFNYH) was selected. The molecular structure of EH was
shown in Fig. 1A. EH was synthesized by Fmoc solid-phase synthesis, and the chemical
structure and purity of EH was confirmed by MALDI-TOF-MS and high performance
liquid chromatography (HPLC) (Fig. S1, Fig. S2). Furthermore, the binding behavior

was monitored through surface plasmon resonance imaging (SPRi) to understand the
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interaction of EH and PD-L1 protein. The dissociation constants Kp of EH was
calculated as 7.79 x10”7 M (Fig. 1B), indicating satisfactory affinity toward PD-L1.
And the value also demonstrated higher binding ability than the intrinsic receptor PD-
1[43]. Next, molecular docking simulations were performed between EH and PD-L1
protein to predict the detail binding sites. As shown in Fig. 1C, the intermolecular forces
between EH and PD-L1 protein were dominated by n-m interaction and hydrogen bonds.
The docking region was located in the hot spot of PD-L1[44]. EH formed hydrogen
bond interactions with residues Arg125 and n-n interaction with residues Tyr123 of PD-
L1. Cellular level experiments further verified the specificity of EH towards PD-L1.
The PD-L1 over-expressed mouse colorectal cancer cell line MC38 was served as a
PD-L1" cell model. The human embryonic kidney cell line HEK-293T with low PD-L1
expression was selected as a PD-L1" cell model. Fluorescein isothiocyanate (FITC)-
labeled EH (FITC-EH) was synthesized and the molecular weight of FITC-EH was
confirmed by MALDI-TOF-MS (Fig. S3). Confocal laser scanning microscope (CLSM)
results showed that FITC-EH could bind to PD-L1" cells specifically with a high affinity,
showing a bright fluorescent signal (Fig. 1D and Fig. 1E). The specificity of EH was
also evaluated on gene silencing cell models. As shown in Fig. 1F, for PD-L1-siRNA-
transfected MC38, the FITC-EH binding signal was decreased compared with untreated
cells. All these above results indicated that EH could target PD-L1 with high affinity

and specificity.
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Fig.1 Specificity confirmation of the EH toward PD-L1. (A) Molecular formula of EH.
(B) Binding affinity of EH toward PD-L1 by surface plasmon resonance imaging (SPR1i)
detection. (C) Molecular docking for EH toward PD-L1. And the main binding sites
between EH and PD-L1. (D) Confocal images of targeting ability of FITC-EH to MC38
cells. (E) Confocal images of targeting ability of FITC-EH to HEK-293T cells. (F)
Confocal images of PD-L1-siRNA-transfected MC38 cells incubated with FITC-EH.

3.2 Preparation and characterization of EH and EH@Ag:S

Different from the ‘building block’ (recognition unit, signal unit, self-assembly unit,
etc.) construction mode of most existing peptide systems[45, 46]. When constructing
the peptide library, the synergistic effect of peptide structure and function was fully
considered. Alternating charge (or polarity) and hydrophobic amino acids were used to
construct peptide library to obtain the peptides with the property of target recognition
and self-assembly. Therefore, in the following experiments, the self-assembly

performance of EH was verified. Atomic force microscope (AFM) and Transmission
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electron microscope (TEM) micrographs of Fig. 2D, Fig. 2G showed the morphology
of self-assembled EH. The EH could self-assemble into nanofibers with average
diameters of 6.6 nm. The secondary structure formed by EH self-assembly was verified
by circular dichroism (CD). As shown in Fig. 2J, the CD spectrum of EH had a positive
peak at around 195 nm and a negative peak at around 215 nm, indicating the formation
of a B-sheet structure.

Since EH system contained labile protons, we envisioned that regulating the pH of
the system may alter the charge state of the EH, which may further affect the interaction
with the Ag2S[47]. Firstly, the zeta potential of EH and AgzS at different pH were
measured. As shown in Fig. 2A and Fig. 2B, it was found that the EH supramolecular
assembly were positively charged in normal physiological conditions (pH 7.4), and the
Ag>S were negatively charged whether in normal physiological conditions (pH 7.4) or
tumor slightly acidic conditions (pH 6.0). Therefore, we envisaged that EH and Ag>S
could co-assemble to form supramolecular structures through electrostatic adsorption
interaction at pH 7.4. By adjusting the mass ratio of EH and Ag>S (Fig. S4), we tried to
make AgzS adsorb on the EH fiber surface without affecting the formation process of
EH fibers. Through our experiments, when EH was mixed with the Ag>S at mass ratios
of 4:1, Ag>S and EH scattered on the surface of mica slices. We speculated that the high
content of Ag>S affected the longitudinal growth of EH fibers. When the mass ratio was
adjusted to 5:1, EH nanofiber could be observed to start growing. When the mass ratio
was adjusted to 10:1, stable short fibers of EH could be observed. However, the
distribution of Ag>S on EH was not enough. When the mass ratio was 20:1, Ag2S could
be uniformly distributed on the nanofibers to construct EH@Ag:S co-assembly. The
morphology of EH@Ag>S was observed by AFM and TEM. It was found in Fig. 2E
and Fig. 2H that Ag>S could be uniformly distributed on the nanofibers. The sizes of
the EH@Ag:S were measured by dynamic light scattering (DLS). DLS showed two
peaks, i.e., 30 and 3100 nm, which indicated the diameter and the length of the
EH@Ag:S (Fig. S5). The formation of co-assembled system EH@Ag:S was also

confirmed by energy dispersive spectroscopy (EDS) mapping with the distribution of
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C, N, O, Ag and S. Through experiments, it was found that large amounts of Ag>S were
dispersed on the surface of nanofibers. C, N, O, Ag, and S exhibited the high uniformity
of each element distribution (Fig. 2L). In addition, to verify whether the co-assembly
affects the affinity of EH for PD-L1, we determined the binding affinity of the
EH@Ag:S co-assemblies using SPRi. The results showed that the Kp of EH@AgS for
PD-L1 was 6.67 x 10”7 M (Fig. 2K), similar to the affinity of EH for PD-L1 (Kp=7.79
x 107 M). In subsequent experiments, we adjusted the pH of the system to less than 6.0
and found that decreased pH led to charge reversal of EH supramolecular assembly. At
shown in Fig. 2C, the surface charge of EH supramolecular assembly and Ag>S was
negatively charged, leading to the electrostatic attraction between the Ag>S and EH
disappeared. This result was also confirmed by AFM and TEM image in Fig. 2F and
Fig. 21, co-assembled system EH@Ag>S could not be observed when the pH changed
to less than 6.0. EH and the Ag:S were randomly scattered on the substrate. We
speculated that Ag>S could be released from the co-assembled system EH@Ag:S as the
pH decreased less than 6.0. Overall, it could be concluded that electrostatic attraction

was the main factor driving the formation of EH@AgS.
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Fig. 2 Characterization of EH and EH @Ag:S co-assembled structures. (A), (B) and
(C) The zeta potential of the EH, Ag>S and EH@Ag:S at pH 7.4, 6.0 and<6.0. (D)
Atomic force microscope (AFM) image of EH assembly morphology. (E) AFM image
of EH@Ag:S co-assembly morphology (pH 7.4). (F) AFM image of EH and Ag:S
(pH<6.0). (G) Transmission electron microscopy (TEM) image of EH assembly
morphology. (H) TEM image of EH@Ag:S co-assembly morphology (pH 7.4). The
yellow arrows indicated Ag>S. (I) TEM image of EH and Ag>S (pH<6.0). The yellow
arrows indicated Ag>S. (J) Circular dichroism (CD) spectra of EH. (K) Binding affinity
of EH@Ag:S toward PD-L1 by SPRi detection. (L) Element mappings of EH@Ag:S.
Data were shown as mean = SD (n = 3).

3.3 SDT efficacy of EH@AGg:S against cancer cells in vitro
Based on the fact that US irradiation can promote Ag>S to generate ROS (Fig.
S6)[48], the sonodynamic performance of the EH@AgS was further evaluated. To
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evaluate the ROS generation ability of EH@Ag:S under US irradiation, 1,3-
diphenylisobenzofuran (DPBF) was utilized to indicate the ability of ROS production
outside the cell. As shown in Fig. 3A, under prolonged US irradiation (1.0 W cm™, 1.0
MHz, 50% duty free), the characteristic absorption peak of DPBF decreased
significantly. Moreover, the variation of DPBF absorbance peak value at 424 nm
relative to the initial value were recorded for different US irradiation time. As shown in
Fig. 3B and Fig. S6, the DPBF concentration of Ag>S group and EH@Ag:S group
decreased with 60.9% and 53.9% after 6min, respectively. However, after prolonged
US irradiation, the characteristic peak of H2O group decreased was not obvious (Fig.
S7). EH@Ag:S almost had no effect on the ROS generation ability of Ag>S, and follow-
up experiments could be carried out.

Further, the antitumor effect of EH@Ag:S was evaluated in vitro. EH@Ag:S
cytotoxicity was investigated by standard cell counting kit-8 (CCK-8) assay. The
toxicity of nano-system was first investigated, for MC38 cells and HEK-293T cells,
EH@Ag>S had no obvious toxicity in the absence of US irradiation for a further 24 h
incubation (Fig. 3C). In the presence of US irradiation with a power density of 1.0 W
cm™, the increase of EH@Ag2S concentration produced more significant toxicity to
MC38 cells. When the concentration of EH@Ag2S was 50 ug mL™!, nearly 83% of the
MC38 cells were dead (Fig. 3D). Further, eight controls were established: (1) PBS +US,
(2) EH +US, (3) Ag2S +US, (4) EH@Ag:S +US, (5) PBS -US, (6) EH -US, (7) Ag:S -
US, and (8) EH@Ag:S -US to validate the degree of ROS production at the cellular
level. 2,7-dichloro-dihydro-fluorescein diacetate (DCFH-DA) probe was used to detect
intracellular ROS production. As shown in Fig. 3E, in the absence of US irradiation,
no fluorescence was observed in any group. In the presence of US irradiation with a
power density of 1.0 W cm™, the green fluorescence appeared in Ag2S and EH@Ag2S
group, suggesting that different levels of ROS production were seen in these groups.
The fluorescence intensity of the EH@Ag:S group was higher than Ag:S group,
indicating the strongest ROS production level. While, in the PBS and EH group, no

obvious fluorescence was observed, indicating that the US stimulation had no effect on
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the ROS production by cells. Furthermore, the cell-killing effect on MC38 cells was
verified after different treatments: (1) PBS +US, (2) EH +US, (3) Ag:S +US, (4)
EH@Ag:S +US, (5) PBS -US, (6) EH -US, (7) Agz2S -US, and (8) EH@Ag:S -US by
live/dead staining (calcein AM/PI) experiments. It had been found that the introduction
of EH@Ag2S combined with US stimulation (1.0 W cm™, 1.0 MHz, 50% duty free)
significantly induced MC38 cells death, and treatment effect was consistent with the
ROS production (Fig. 3F).% hese results indicated that EH@Ag:S co-assembly could
generate a large number of ROS, and the ROS generation could be further enhanced
compared with AgsS at the cellular level, which might be relevant to the targeting effect
of EH that enhanced the cell uptake of EH@AgS.

Furthermore, to test whether co-assembly affect the PD-L1 blocking ability of EH at
the cellular level, a competition experiment between EH monomer, EH assembly,
EH@Ag:S and the natural ligand PD-1 was performed to verify the checkpoint
blocking ability. As shown in Fig. 3G, when PD-1 was incubated with MC38 cells, a
large amount of PD-1 was distributed on the cell membrane. However, when PD-1 was
co-incubated with EH monomer, EH assembly, and EH@Ag:S with cells, respectively,
the localization of PD-1 on cell membrane was disturbed, suggesting that different
forms of EH did not affect the PD-L1 blocking ability of EH itself. In addition, to study
the tumor inhibition effect, tumor cells were co-incubated with T cells after incubation
with the EH, antibody and EH@Ag>S, respectively (Fig. 3I). As shown in Fig. 3H, a
growing number of T cells surrounded the cancer cells with increasing incubation time.
And the cancer cells viability was investigated by CCK-8 assay. As shown in Fig. 3J,
the viability of the EH@Ag»S-treated group was evidently decrease compared with the
PBS-treated group even stronger than the antibody-treated group. The results indicated
that EH@Ag2S restored the T cell antitumor response. In general, all the results
demonstrated that EH@Ag2S could provide robust tumor inhibition and achieve tumor

therapy synergistically.
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Fig. 3 In vitro SDT and immune checkpoint blockade therapeutic efficacy of EH@Ag»S.
(A) UV-vis absorption spectra of 1,3-diphenylisobenzofuran (DPBF) in the presence of
EH@Ag2S under prolonged US irradiation. (B) Comparison of the relative absorbance
of DCFH-DA at 424 nm by H20, Ag>S and EH@Ag2S under US irradiation. (C) Cell
viabilities of MC38 and HEK-293T cells after treatment with EH@Ag>S at varied
concentrations for the further 24 h incubation. (D) Cell viabilities of MC38 cancer cells
after treatment with EH@Ag:S at varied concentrations with/without US irradiation.
(E) and (F) Confocal images of DCFH-DA-stained and Calcein AM/PI-stained
contained MC38 cells after different treatments. (G) Confocal images of the
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competition binding between PD-1/EH monomer, PD-1/EH assembly, and PD-1/
EH@Ag2S, respectively. (H) Illustration of the immunotherapy effect through co-
culture experiment. (I) Schematic of the co-culture experiment of cancer cells and T
cells. (J) Cell viabilities of MC38 cells after treatment with PBS, PD-L1 antibody, EH,
and EH@Ag:S for 48 h co-culture with T cells. Data were shown as mean + SD (n =
3).

3.4 In vivo antitumor effects of combination therapy

To further observe the synergetic interaction of EH@Ag:S-mediated immune
checkpoint blockade therapy and sonodynamic therapy in vivo, MC38 tumor-bearing
mice models were employed to verify in vivo antitumor efficiency after receiving
different treatments. The schematic depicting the experimental procedures was shown
in Fig. 4A. In detail, treatment was initiated when the tumor volume reached ~50 mm?,
female C57BL/6N mice bearing MC38 subcutaneous xenograft tumors were randomly
divided into six groups: (1) PBS, (2) US, (3) Ag:S +US, (4) PD-L1 antibody (5) EH
and (6) EH@Ag2S+US. At 6 h and 9 h after i.v. injection, mice in groups 2, 3 and 6
were treated with US irradiation (1.0 W cm?, 1.0 MHz, 50% duty free) for 3 min.
During the treatment process, mice body weight and tumor volume in different
treatment groups were measured and recorded every other day. After treatment, tumor
photos of different groups were shown in Fig. 4B. Additionally, mice were imaged at
0, 7 and 14 days to monitor treatment effect (Fig. 4C). The tumor in EH@Ag:S +US
group were obviously smaller than in other treatment groups, and the tumor growth was
significantly inhibited. The EH@Ag2S +US group showed the most significant anti-
tumor treatment effect, and tumor growth inhibition (TGI) index reached 98.4%
compared with the PBS group as the grave and higher than the other groups (Fig. 4E).
Consistent with the tumor growth data, tumor weight measurements also confirmed the
tumor eradication effect of EH@Ag2S +US group in tumor-bearing mice models (Fig.
4E). In general, Hematoxylin and eosin (H&E) staining and Terminal dUTP Nick End
Labeling (TUNEL) staining were used to evaluate the pathological changes of tumor
tissue after different treatments (Fig. 4G). For H&E staining, EH@Ag:S +US group
exhibited much greater cell damage and resulted in the highest apoptosis degree.

Consistent with H&E staining results, TUNEL immunofluorescent staining also
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indicated the most severe tumor necrosis and damage caused by EH@Ag2S +US group,
as indicated by the broadest distribution of green fluorescence. To assess the immune
response after different treatments, the levels of tumor-infiltrating CD8" T cells was
examined in the tumor tissue by immunohistochemical (IHC) staining. As shown in
Fig. 4G, the EH@AgS +US-treated group obviously increased the CD8" T cells in
tumor, compared with other treatment groups indicating that ICB and SDT could
enhance the infiltration of CD8" T cells. In addition, interleukin-2 (IL-2) was detected
to further examine the activity of the tumor-associated immune microenvironment.
Comparing with other treatments, the expressions of T cells cytokines IL-2 increased
mostly in the EH@Ag:S +US-treated group. In order to further verify the
immunomodulatory effect in different groups, IFN-y and CRT were also detected. It is
well-known that the activated CD8" T cells can secrete immune cytokines like
interferon-y (IFN-y) to kill tumor cells. In addition, calreticulin (CRT) is an important
biomarker of ICD. The IHC staining results showed that EH@Ag>S +US-treated group
led to an increase in INF-y and CRT expression, suggesting that they had the potential
to induce an immune response through EH@Ag:S-mediated both the immune
checkpoint blockade therapy and sonodynamic therapy. These results suggested that the
synergistic therapy showed more effective cytotoxic T cell response.
3.5 In vivo biocompatibility assay of EH@Ag.S

Safety is also a top priority for the use of nanomedicines in vivo. Fig. 4F showed that
the mice body weight in all groups was essentially unchanged and showed some
increase during the treatment period, indicating the high biocompatibility and almost
no toxicity of this system. In addition, the main organs in PBS group and EH@Ag:S
+US group, including the lung, liver, spleen, kidney and heart, were subjected to H&E
staining after treatment. No significant necrosis or obvious organ damage was detected,
further demonstrating the high biocompatibility of this system (Fig. S8). Moreover, to
evaluate the long-term toxicity during the treatment period, blood routine and blood
biochemical analysis were performed on mice treated with PBS group and EH@Ag:S

+US group. Compared with the PBS group, the concentration of primary hepatic and
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renal function markers in EH@Ag:S +US group, were within the normal reference
ranges (Fig. S9, Fig. S10). These in vivo animal experiment results indicated that co-
assembled EH@Ag:S system with good biocompatibility had good antitumor effect

and could activate immunity after treatment.
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at 0, 7 and 14 days. The red circles represented the tumors. (D) Tumor growth curves of
different groups of mice after different treatments (*, P<0.05, **, P<0.01, ***, P<0.001).
(E) Tumor-weight curves of mice and tumor growth inhibition (TGI) index after
different treatments (*, P< 0.05, **, P< 0.01, *** P<0.001). (F) Body-weight curves
of mice after different treatments. (G) H&E and TUNEL staining, as well as CD8, IL-
2, IFN-y and CRT immunohistochemical (IHC) staining analysis of tumor tissue after
different treatments. Data were shown as mean = SD (n = 6).

3.6 Tumor genetic profile after tumor therapy

To deeply understand the antitumor mechanism of EH@Ag:S under US irradiation
and immunotherapy at the biomolecular level, RNA-sequencing (RNA-seq) technique
analysis of tumor tissues after treatment was performed. Tumors in the PBS group,
EH@Ag:S and EH@Ag:S +US were served as control. Key genes related to the PD-
1/PD-L1 pathway were analyzed. For the EH@Ag2S +US group, it down-regulated the
PDCDI gene, as well as other immune-related genes such as IDO1 and TP53, etc. (Fig.
5C). But for the EH@Ag:S group, these results were not very obvious, we inferred that
Ag>S could generate ROS under US irradiation, thereby regulating the immune
microenvironment, resulting in changes in the release of immune-related factors to
exert anti-tumor effects. Genes involved in oxidative stress (Fig. 5A), such as SESN2,
SLC7A1l, and PRDXI1, were significantly up-regulated by synergistic SDT and
immune checkpoint blockade treatment. For tumor suppression and immune response
processes, we mainly focused on genes related to tumor necrosis and apoptosis. The
genes associated with tumor necrosis and apoptosis were up-regulated in
EH@Ag:S +US groups, such as TNFSF4, TNFSF10 and PSMB2, etc. (Fig. 5B). Then,
to understand the molecular pathways affected by EH@Ag:S +US group, Gene
Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) were
performed to identify molecular pathways and describe biological processes in
transcriptional analysis data. As shown in Fig. SD and Fig. S5E, we can clearly observe
that the altered pathways are related with TNF signaling pathway, p53 signaling
pathway and chemical carcinogenesis-reactive oxygen species in EH@AgS +US
group. These are signals for tumor apoptosis. These results all indicated the potential of

the EH@Ag:S +US group in terms of immune activation and anti-tumor.
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Fig. 5 Mechanism of EH@Ag:S +US for combination therapy. (A), (B) and (C)
Heatmap of major genetic changes related to oxidative stress, tumor necrosis and
apoptosis factor and immune response. (D) GO analysis of significantly altered genes.

(E) KEGG analysis of significantly altered genes.
4. Conclusions

In summary, through rational design, we developed a peptide EH with both target
recognition and self-assembly properties, and its affinity for PD-L1 is higher than its
intrinsic receptor PD-1. EH can self-assembly into nanofibers, which enhanced the
targeting and encapsulation on the PD-L1 flat surface. The formation of supramolecular
assemblies ensures the stability of EH in the circulatory system. EH can exhibit
different surface charges under different pH conditions of tumor microenvironment and
tumor cells, ensuring the efficient co-assembly and spatiotemporal release of the
sonosensitizer AgzS. The sonosensitizer Ag>S can also generate a large amount of ROS
under US irradiation. /n vitro and animal experiments, the developed carrier-free co-
assembled system EH@Ag2S has showed satisfactory targeting, blocking ability and

the ability to locally generate a large amount of ROS in tumor cells. These results all
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demonstrated that the nano-sonosensitizer-enhanced SDT and PD-L1 checkpoint
blockade had inhibitory activity against tumor development. This immune checkpoint
blockade therapy combined with sonodynamic therapy model provides more possible

avenues for future clinical cancer treatment.
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