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In situ editing of tumour cell membranes
induces aggregation and capture of PD-L1
membrane proteins for enhanced cancer
immunotherapy

Chunping Mao1,2,3,4,5,7, Fuan Deng2,7, Wanning Zhu 1,4, Leiming Xie2,
Yijun Wang2, Guoyin Li6, Xingke Huang1,4, Jiahui Wang2, Yue Song2, Ping Zeng2,
Zhenpeng He2, Jingnan Guo2, Yao Suo2, Yujing Liu2, Zhuo Chen2, Mingxi Yao2,
Lu Zhang 2 & Jun Shen 1,4,5

Immune checkpoint blockade (ICB) therapy has emerged as a new therapeutic
paradigm for a variety of advanced cancers, but wide clinical application is
hindered by low response rate. Here we use a peptide-based, biomimetic, self-
assembly strategy to generate a nanoparticle, TPM1, for binding PD-L1 on
tumour cell surface. Upon binding with PD-L1, TPM1 transforms into fibrillar
networks in situ to facilitate the aggregation of both bound and unbound PD-
L1, thereby resulting in the blockade of the PD-1/PD-L1 pathway. Character-
izations of TPM1manifest a prolonged retention in tumour ( > 7 days) and anti-
cancer effects associated with reinvigorating CD8+ T cells in multiple mice
tumour models. Our results thus hint TPM1 as a potential strategy for enhan-
cing the ICB efficacy.

Immunotherapy based on blocking programmed cell death protein 1
(PD-1) and programmed cell death ligand 1 (PD-L1) with immune
checkpoint inhibitors (ICIs) has emerged as a new strategy for cancer
therapy. This immunotherapeutic strategy has revolutionized the
therapeutic paradigm in a variety of advanced cancers1. The use of ICIs
to block the PD-1/PD-L1 pathway is designed to activate the host
immune system to reverse immunosuppression, which is character-
ized by the up-regulated expression of PD-1 proteins in activated T
cells, a relatively high level of PD-1 proteins on the membrane of
depleted T cells, and highly expressed PD-L1 on the tumour cells
membrane in the tumour immunosuppressive microenvironment2–5.
The activation of the PD-1/PD-L1 pathway suppresses T cell prolifera-
tion and differentiation, leading to a decrease in the secretion of

immune effector cytokines or cytotoxins6,7. In contrast, blocking PD-L1
engagement with its receptor PD-1 can effectively reverse the immu-
nosuppression in cancers8 or autoimmune diseases9.

Clinically, anti-PD-1 and anti-PD-L1 monoclonal antibodies (mAbs)
have already been approved as ICIs in the treatment of some types of
advanced cancers, such as malignant melanoma, non-small cell lung
cancer, renal cell cancer, bladder cancer, and colorectal cancer, and
breast cancer10–14. However, the low response rate (as low as 25% or
less)15, toxicity side effects (immune-related adverse events and car-
diac toxicity)16,17, drug resistance18 and high cost19 remain major hur-
dles for the clinical applicationof the ICIs. Theseobstaclesmight result
from the long circulation lifetime20, low tissue penetration, and
degradation after endocytosis in the lysosome-associated with anti-
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PD-1 and anti-PD-L1mAbs21. More importantly, thesemAbs fail to block
themajority of PD-L1 proteins effectively due to insufficient occupancy
rate22 and are unable to cope with newly produced PD-L1 that could be
induced by cytokines such as IFN-γ23.

Unlike mAbs, peptides have the advantages of low molecular
weight, high specificity of receptor-ligand interaction, weak immuno-
genicity, good biocompatibility, and easy quality control in cancer
immunotherapy24,25. To date, several anti-PD-L1 peptides, such as
SGQYASYHCWCWRDPGRSGGSK26, NYSKPTDRQYHF27 and CVRARTR28,
have been reported previously to have a capacity of suppressing the
function of PD-L1 proteins via blocking the PD-1/PD-L1 pathway.
Whereas, peptides suffer from some inherent deficiencies in the phy-
siological environment in vivo, such as easy hydrolyzation by enzymes
and a short plasma half-life time29–32. To address this problem, peptides
were often delivered via nanoparticles to enhance their targeting
capacity and in vivo stability. However, the peptides against PD-L1
delivered by conventionally designed nanoparticles cannot block the
PD-1/PD-L1 pathway in an efficient and sustainable way33–35.

In situ, a biomimetic self-assembly strategy has been used to
enhance drug delivery of peptide-based nanoparticles for cancer
therapy36,37, which involves two important processes. First, the peptide
monomer molecules can self-assemble to form nanoparticles via
interaction between hydrophilic peptide motifs and hydrophobic
molecules. Second, the nanoparticles can be stimulated via biochem-
ical interactions such as hydrogen bonds and π–π stacking to trans-
form into organized nanostructures (e.g., fibrillar networks or J-
aggregates) in vivo by energy input from different stimuli, including
endogenous stimuli (e.g., membrane ligand or receptor protein, and
enzymes) and exogenous stimuli (e.g., light and magnetic fields)36–39.
The thermodynamical state of self-assembly is also capable of dynamic
switching between stable and substable by endogenous or exogenous
stimuli40. Noticeably, in vivo, editing of cell membranes can be
achieved by the in situ self-assembly of peptide nanoparticles if
membrane proteins were used as endogenous stimuli.

Previously, the in situ biomimetic self-assembly strategy has been
successfully used to regulate receptor-ligand interactions on cell mem-
branes via in vivo editing of cell membranes through the formation of
fibrillar networks. For instance,Wang et al. designed a bispecific peptide-
based peptide nanoparticle based on in situ self-assembly strategy to
enhance cancer immunotherapy, which was shown to be able to target
the CD3 receptor on T cells and induce T cell-mediated cytolysis against
tumour cells overexpressing integrin αvβ3 via fibrillar transformation38.
Recently, we successfully synthesized several types of fibrillar-
transformable peptide-based nanoparticles, which were demonstrated
to be able to arrest HER2 orα3β1 integrin heterodimeric transmembrane
receptors via in situ formation of fibrillar networks on the surface of cell
membranes induced by these transmembrane receptors41,42. However,
whether the transformable peptide-based in situ biomimetic assembly
strategy can be used to block the PD-1/PD-L1 pathway to enhance
immune checkpoint blockade (ICB) therapy by capturing and aggre-
gating PD-L1 proteins on cell membranes remains unknown.

In this work, we develop a fibrillar-transformable peptide mono-
mer (TPM)-based nanoparticle, for cancer immunotherapy upon
in vivo biomimetic assembly strategy (Supplementary Fig. 1), which
enables effective blocking of the function of PD-L1 proteins, even
newly generated unbound PD-L1 proteins on tumour cell membranes
via transformation into nanofibers in situ. The TPM nanoparticles
accumulate at the tumour site for a prolonged time and exert
remarkable anti-cancer effects inmicemodels of 4T1breast cancer and
Lewis lung carcinoma (LLC) pulmonary cancer by reinvigorating CD8+

T cells in the tumour microenvironment. We anticipate that the
development of a fibrillar-transformable peptide-based in vivo biomi-
metic assembly strategy may be used to enhance the therapeutic
efficacy of ICIs andmay be adopted as a highly generalizable approach
for cancer immunotherapy in a wide variety of solid tumours.

Results
Synthesis and characterization of peptide nanoparticles
A PD-L1-targeted peptide (SGQYASYHCWCWRDPGRSGGSK) was con-
jugated with a β‐sheet and hydrogen-bonding peptide (FFVLK) deco-
rated with a fluorescent motif chlorin e6 (Ce6) to produce the TPM
(Ac-K(Ce6)-FFVLK-SGQYASYHCWCWRDPGRSGGSK, TPM1 herein).
Non-transformable peptide monomers, Ac-K(Ce6)-GGAAK-SGQYA-
SYHCWCWRDPGRSGGSK (TPM2) in which GGAAK was used as a non-
β-sheet unit substitution, and Ac-K(Ce6)-FFVLK-SGQGYRWD-
SYRWHPSCACGGSK (TPM3) inwhich SGQGYRWDSYRWHPSCACGGSK
was used a scramble PD-L1-targeted peptide substitution, were used as
controls. TPM1, TPM2 and TPM3 were synthesized using the solid-
phase synthesis method as previously described43. Matrix-assisted
laser desorption ionization-time of light mass spectrometry (MALDI-
TOF MS) showed that the mass of TPM1, TPM2, and TPM3 were
3871.4 g/mol, 3621.0 g/mol, and 3871.4 g/mol, respectively (Supple-
mentary Fig. 2), which were consistent with their exact masses deter-
mined by theoretical calculation (Supplementary Fig. 3). Proton
nuclear magnetic resonance (1H NMR) spectrum confirm the chemical
structure of TPM1 (Supplementary Fig. 4). Due to the presence of
hydrophilic PD-L1-targeted peptide motif and hydrophobic Ce6
molecules, TPM1 can self-assemble into core-shell structured micelles
in vitro, and due to the presence of PD-L1-targeted peptide and β-
sheet-forming peptide, TPM1 nanoparticles can transform into nano-
fibers after incubation with PD-L1 recombinant protein. The schematic
illustration of self-assembly and in situ structural transformation of
TPM1 is shown in Fig. 1a. Ce6 dye molecules have the property of
aggregation-induced quenching (ACQ). Thus, the ultraviolet-visible
(UV-vis) spectrophotometry and fluorescence spectra were per-
formed to validate the self-assembly of TPM1 in aqueous solution. As
shown in Fig. 1b, c, the absorption peak and fluorescence peak of
TPM1 were respectively at 260–320 nm and 670 nm and 740 nm in
the 50μM TPM1 solvent (water/DMSO), which gradually declined
with the increasing of the proportion of water in the solvent. These
results confirmed the aggregation of Ce6 dye molecules, indicating
the self-assembly formation of TMP1 from monomers to nano-
particles. Due to the presence of hydrophilic PD-L1-targeted peptide
motif or non-PD-L1-targeted scramble peptide motif and hydro-
phobic Ce6 molecules, TPM2 and TPM3 also can self-assemble into
nanoparticles. Dynamic light scattering (DLS) showed that TPM1,
TPM2, and TPM3 nanoparticles had a diameter of ~24 nm,
~19 nm, and ~21 nm respectively in aqueous solution (Supplementary
Fig. 5a). As shown in Fig. 1f and Supplementary Fig. 5b, transmission
electron microscopy (TEM) revealed that TPM1, TPM2, and TPM3
nanoparticles all had a spherical structure. As shown in Supplemen-
tary Fig. 6, the critical aggregation concentration (CAC) of TPM1,
TPM2, and TPM3 nanoparticles measured by ultraviolet spectro-
photometer was 7.8μM, 9.8 μM, and 5.5μM, respectively, further
confirming the self-assemble formation of TPM1, TPM2, and TPM3
nanoparticles.

To determine in vitro fibrillar transformation of the nanoparticles
mediated by ligand-receptor interaction, human or mouse PD-L1
recombinant proteins were incubated with TPM1 nanoparticles at
varying molar ratios and for different incubation times. As shown in
Fig. 1f and Supplementary Fig. 7a, theminimummolar ratiowas 1/1000
(mol/mol) for maximum nanofiber formation, which is consistent with
previous studies41,42. In addition, the ACQ fluorescent property of Ce6
dye molecules was used again to validate the transformation of TPM1.
As shown in Fig. 1d, thefluorescence intensity at 670 nmand 740 nmof
Ce6 dyemolecules in TPM1 nanoparticles gradually declined over time
after adding PD-L1 protein and eventually decreased ~63% by 24 h
incubation. TEM showed that the spherical TPM1 nanoparticles gra-
dually changed in morphology between 0.5 h and 4 h after incubation
with PD-L1 protein and eventually transformed into a nanofiber
structure with a width of ~10 nm 24 h after incubation (Fig. 1g and
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Supplementary Fig. 7b). No fibrillar transformation was observed for
TPM1 nanoparticles in the absence of PD-L1 protein after 24 h incu-
bation (Supplementary Fig. 8). The fibrillar transformation from
spherical nanoparticles to nanofibers was also confirmed by DLS. As
shown in Fig. 1e, the diameter of TPM1 changed to 2831 nm from20nm
after incubation with human PD-L1 protein for 24 h. Similarly, the

fibrillar transformation of TPM1 nanoparticles can also be induced by
mouse PD-L1 protein (Supplementary Fig. 7c). In contrast, both TPM2
and TPM3 nanoparticles showed no noticeable change inmorphology
after 24 h incubation with PD-L1 proteins (Supplementary Fig. 9),
indicating the non-transformational ability of TPM2 and TPM3
nanoparticles.
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Circular dichroism (CD) spectrum can be used to analyze the
secondary structure of the peptide or protein44. CD spectrum of β-
sheet structure has a negative peak at ~218 nm and a positive peak at
~195 nm, which is distinctly different from that of the random curl that
has a negative peak at ~200nm44. As shown in Fig. 1h and Supple-
mentaryFig. 7d, CD spectroscopic analysis showed the appearanceof a
negative signal at ~215 nm and a positive signal at ~195 nm after TPM1
nanoparticles were incubated with human or mouse PD-L1 protein for
24 h, which are characteristic peaks of the β-sheet structure. No such
change was observed for the CD signals of TPM2 and TPM3 nano-
particles after incubation with human PD-L1 protein for 24 h (Supple-
mentary Fig. 10). In addition, Fourier transform infrared spectroscopy
(FTIR) showed that the stretching vibration of C=O of TPM1 nano-
particles shifted from 1665 to 1641 cm−1 after TPM1 nanoparticles were
incubated with human ormouse PD-L1 proteins for 24 h (Fig. 1i), which
further indicates the formation of β-sheet structures. DLS analysis
showed that the zeta potential of TPM1, TPM2, and TPM3 nano-
particles was +28.9mV, +19.6mV, and +28mV, respectively (Supple-
mentary Fig. 11a). The zeta potential of TPM1 decreased to +4mV from
+27mV when the fibrillar transformation was achieved (Supplemen-
tary Fig. 11b), which might be resulted from the binding of PD-L1 pro-
teins or the change in the morphology41. The size of TPM1
nanoparticles remained ~31 nm up to 7 days after addition to the
serum, indicating the stability of TPM1 nanoparticles in the serum
(Supplementary Fig. 12).

All-atommolecular dynamics simulation of in situ self-assembly
of TPM1
The in situ assembly of peptide-based nanoparticles relies on hydro-
gen bonds and π–π stacking interactions between adjacent peptide
molecules45. Due to the presence of two phenylalanine (Phe) residuals
in a single TPM1 monomer, hydrogen bonds and π–π stacking could
form between Phe and Phe residuals of TPM1 molecules41,42. The all-
atom molecular dynamics simulation can provide insight into mole-
cule interactions during the self-assembly of peptide-based
nanomedicine45.

To analyze the self-assembly of TPM1 nanoparticles in aqueous
solution, the binding sites between TPM1 nanoparticle and PD-L1
protein, and the binding kinetics between TPM1 nanoparticle and PD-
L1 proteinwithmolecular dynamics simulation, the simplifiedmodel of
the TPM1 molecule was first constructed by Gaussian software to
visualize the three-dimensional structure of TPM1 (Supplementary
Fig. 13). Hybrid density functional B3LYP optimized with the DFT-D3
(BJ) dispersion correction with the 6–31G (d) basis set of the whole
atom was used to analyze the interaction between molecules that
occurred during quantum simulation. Twenty molecular models of
TPM1 were randomly immersed in a water box, and the distance from

the water box edge to any atoms of TPM1 molecules was at least
1.0 nm. As shown in Fig. 1j, 5–7 TPM1 molecules could rapidly self-
assemble into a nanocomplex (i.e., TPM1 nanoparticles) with a
hydrophobic core of Ce6 molecules within 20 ns. The solvent-
accessible surface area (SASA) can reflect the hydrophobic interac-
tions betweenmolecules. As shown in Supplementary Fig. 14, the SASA
of TPM1molecules decreased with the gradual aggregation of TPM1 to
form nanoparticles, which indicates that Ce6 molecules and FFVLK of
TPM1 are encapsulated into the core through hydrophobic interac-
tions. In addition, Ce6 molecules took a specific spiral arrangement
with a tilt angle in the chain direction, and the inter-molecular distance
between two Ce6 molecules was measured to be 3.6 Å for the titled
arrangement.

Moreover, the bindingmodels of PD-1 to PD-L1 and TPM1 to PD-L1
were analyzed using molecular docking software. As shown in Fig. 1k
and Supplementary Fig. 15, the binding sites between TPM1 and PD-L1
and between PD-1 and PD-L1 were similar. This indicates that TPM1
holds the potential to competitively block the PD-1/PD-L1 pathway. As
shown in Fig. 1l, Ce6 molecules and FFVLK of TPM1 were able to form
ordered aggregation of nanofibers through π–π stacking and hydro-
gen bonds when induced by PD-L1 protein. During the formation of
nanofibers, the number of hydrogen bonds of TPM1molecules steadily
fluctuated within a specific range when the simulation ran to 1 nm and
increased with the increasing time series (Supplementary Fig. 16),
which would be favourable for the protein-induced self-assembly of
TMP1 nanoparticles on the cell membrane in situ.

Fibrillar transformation of TPM1 nanoparticles on cell mem-
brane induced by PD-L1
PD-L1 is expressedon a variety of cells includingbreast cancer cells and
other tumour cells, as well as dendritic cells (DCs) and vascular
endothelial cells2–5. To observe the fibrillar transformation of TPM1 on
themembrane of tumour cells, the expression level of PD-L1 protein in
breast cancer cells including SKBR-3, MCF7, MDA-MB-231, and
4T1 cells, SKHep-1 hepatocellular cancer cells, SKOV-3 ovarian cancer
cells, LLC pulmonary cancer cells, human foreskin fibroblast (HFF),
human umbilical vein endothelial (HUVEC), and DC2.4 cells were
assessed by western blot or flow cytometry analyses. Western blot
analysis showed both SKBR-3 and 4T1 cells expressed higher levels of
PD-L1 protein compared with HFF cells (Fig. 2a, b). Flow cytometry
analysis showed that the surface expression of PD-L1 on 4T1 cells was
the highest and was the lowest on HFF cells among the three types of
cells (Fig. 2c), which is consistent with the results of the western blot
assay. Confocal laser scanning microscopy (CLSM) showed strong red
fluorescence signals fromCe6mainlyon the cellmembranes of SKBR-3
and 4T1 cells, while in the cytoplasm of HFF cells after incubation with
TPM1 nanoparticles for 4 h (Fig. 2d). This suggests the binding of TPM1

Fig. 1 | Assembly andfibrillar transformationofTPM1 andmolecule simulation.
a Schematic illustration of self-assembly of TPM1 and structural transformation
after incubation with PD-L1 protein. b, c UV-vis absorption (b) and fluorescence
intensity (c) of Ce6 following the gradual addition of water (from0 to 99.5%) to the
DMSO solution of TPM1 nanoparticles. Each experiment was independently repe-
ated three times with similar results. excitation wavelength, 405 nm. a.u., arbitrary
units. d Fluorescence (FL) intensity of Ce6 from TPM1 nanoparticles at different
time points. Experiment was independently repeated three times with similar
results. a.u., arbitrary units. e The size distribution of the initial TPM1 nanoparticles
and TPM1 nanoparticles incubated with human PD-L1 protein at the molar ratio of
human PD-L1 protein/TPM1 of 1/1000 after 24 h. Experiment was independently
repeated three times with similar results. f TEM images of the initial TPM1 nano-
particles and nanofibers transformed from TPM1 nanoparticles after incubation
with humanPD-L1 protein (MW≈26.8 kDa) at differentmolar ratios. Experimentwas
independently repeated three times with similar results. Scale bars, 100nm. g TEM
images of the initial TPM1 nanoparticles and nanofibers transformed from TPM1
nanoparticles after incubation with human PD-L1 protein (MW≈26.8 kDa) at

different time points. The molar ratio of human PD-L1 protein/TPM1 was approxi-
mately 1/1000. Experiment was independently repeated three times with similar
results. Scale bars, 100 nm. h CD spectra of initial TPM1 nanoparticles and TPM1
nanoparticles incubation with human PD-L1 protein for 24h at the molar ratio of
human PD-L1 protein/TPM1 of 1/1000. mdeg, millidegrees. Experiment was inde-
pendently repeated three times with similar results. i FTIR spectra of initial TPM1
nanoparticles and TMP1 nanoparticles incubated with human or mouse PD-L1
protein for 24 h at themolar ratio of PD-L1 protein/TPM1 of 1/1000. Experimentwas
independently repeated three times with similar results. j Molecular simulation of
transformation of TPM1 into complex (i.e., TPM1 nanoparticles) in water box based
on hydrophobic core through hydrophobic interaction and π–π stacking of Ce6
molecules along with hydrophilic corona formed by PD-L1-targeted ligands.
k Molecular docking simulation for TPM1 and PD-L1 (light green, PDB ID: 3BIS).
Rectangle: the possible binding sites between TPM1 and PD-L1. l Molecular
dynamics simulation of fibrillar transformation of TPM1 generated at t = 20 ns after
interaction with PD-L1. Rectangle: the interaction forces of Ce6-Ce6 and Phe-Phe.
Source data for (b–e, h, i) are provided as a Source Data file.
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with the PD-L1 protein on the cell membrane in cells with the high
expression level of PD-L1. CLSM further showed that cellular uptake of
TPM1 by HFF cells was inhibited by β-CD, amiloride, and hypertonic
sucrose (Supplementary Fig. 17). This indicates that TPM1 might be
internalized into the cells expressing low level of PD-L1 via clathrin-,
caveolae- or macropinocytosis-dependent endocytosis.

Flow cytometry analysis showed a low expression level of PD-L1
protein in DC2.4 and HUVEC cells and CLSM also revealed the cytosol
distribution of TPM1 in these cells (Supplementary Fig. 18). Western
blot analysis showed that PD-L1 was highly expressed in other breast
cancer cells including MCF7 and MDA-MB-231 cells, flow cytometry
further showed a higher expression of PD-L1 in MDA-MB-231 than
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MCF7 cells (Supplementary Fig. 19). Western blot or flow cytometry
analyses showed that PD-L1 was highly expressed in SKHep-1, SKOV-3
and LLC cells, and CLSM also confirmed the binding of TPM1 with PD-
L1 protein on the cell membranes of these cells (Supplementary
Figs. 20 and 21). In contrast, the red fluorescence signals from Ce6
were found inside cells rather than on the cell membranes of SKBR-3
and 4T1 cells after incubation with TPM2 and TPM3 nanoparticles
(Fig. 2e). This indicates the internalization of TPM2 and TPM3 nano-
particles into SKBR-3 and 4T1 cells. Moreover, most of the internalized
TPM2 and TPM3 nanoparticles were predominately degraded in lyso-
somes (Supplementary Figs. 22 and 23).

Scanning electron microscopy (SEM) confirmed the presence of
fibrillar network structures on the cell membranes of both SKBR-3 and
4T1 cells after incubation with TPM1 nanoparticles for 4 h. In contrast,
no such fibrillar network structures were detected on the cell mem-
brane of SKBR-3 and 4T1 cells treated with TPM2 and TPM3 nano-
particles (Fig. 2f). SEM also confirmed the presence of nanofibers on
the cell membrane of LLC cells, and no obvious nanofibers on the cell
membrane of HUVEC and DC2.4 cells (Supplementary Fig. 24). More-
over, TEM showed abundant bundles of nanofibers on the surface of
SKBR-3 cells and between individual SKBR-3 cells after incubation
with TPM1 nanoparticles for 24 h; no such nanofibers were detected
on the surface of the untreated SKBR-3 cells (Fig. 2g). These results
suggest that TPM1 nanoparticles could bind to PD-L1 on cell
membrane of a variety of living tumour cells with high expression of
PD-L1 and then transform into fibrillar networks in situ induced by PD-
L1 binding.

CLSM and SEM were used to determine the retention of the
nanofiber networks on themembrane. CLSM showed red fluorescence
signals of TPM1 nanoparticles on the surfaces of SKBR-3 and 4T1 cells
(Fig. 2h) and SEM confirmed the presence of fibrillar networks on the
surfaces of SKBR-3 and 4T1 cells 24 h after TPM1 treatment (Supple-
mentary Fig. 25). In contrast, the red fluorescence signals of TPM1
nanoparticles inside HFF cells almost disappeared 24 h after TPM1
treatment, and only a few red fluorescence signals remained on cell
membrane (Fig. 2h). The retention of anti-PD-L1 antibody was also
assessed by CLSM. CLSM demonstrated that most fluorescein iso-
thiocyanate (FITC)-labelled anti-PD-L1 antibodies (275 nM; Abmart,
M033179S) were endocytosed by SKBR-3 cells and a fraction of anti-
PD-L1 antibodies were internalized into lysosomes and obviously
degraded at 8 h after incubation (Supplementary Fig. 26). Compared
with anti-PD-L1 antibody, the fibrillar-transformable networks formed
from TPM1 nanoparticles could retain on the membrane of tumour
cells for a longer time.

Flow cytometry analysis showed no significant changes in PD-L1
expression levels in SKBR-3 and 4T1 cells before and after incubation
with TPM1, TPM2 and TPM3 nanoparticles as well as with anti-PD-L1
antibodies (Supplementary Fig. 27). Thus, the internalization of the
TPM1, TPM2 and TPM3 nanoparticles and anti-PD-L1 antibody likely
did not downregulate the PD-L1 levels on the surface of SKBR-3 and

4T1 cells. To confirm the co-location of TPM1 nanoparticles and PD-L1
protein after binding on the cell membrane, immunofluorescent
staining against PD-L1 was used to detect PD-L1 (green fluorescence)
on the membrane of TPM1-treated SKBR-3 cells. CLSM showed that
yellow fluorescence signals as an overlap of red (Ce6 of TPM1) and
green (PD-L1) fluorescence signals were found on the membrane of
SKBR-3 cells (Fig. 2i), which indicates the co-localization of PD-L1 and
TPM1 nanoparticles. Quantification of the co-localization showed that
TPM1 nanoparticles were indeed bound to PD-L1 protein on the cell
membrane (Supplementary Fig. 28). No apparent co-localization of
fluorescence signals was observed in TPM2- and TPM3-treated SKBR-3
cells (Supplementary Fig. 29).

Biologic effects of fibrillar-transformable TPM1 nanoparticles
in vitro
Fibrillar transformation of peptide-based nanoparticles via in situ self-
assembly on cell membrane could affect cell fate by editing the cell
membrane37,46,47. To determine whether in vivo editing cell membrane
of TPM1 nanoparticles can be affected by the presence of PD-1 pro-
teins, an in vitro competition assay of SKBR-3cellswith theuseofAlexa
FluorTM 488-labelled PD-1 protein (green fluorescence) was performed
to assess the impact of PD-1 on the binding between TPM1 and PD-L1.
CLSM showed that PD-1 protein bound to the PD-L1 ligand on the cell
membrane 4 h after SKBR-3 cells were incubated with PD-1 protein.
When TPM1 nanoparticles were added, red fluorescence signals from
TPM1 appeared on the cell membranewhile green fluorescence signals
from PD-1 protein declined. In contrast, the addition of TPM2 and
TPM3 nanoparticles did not cause obvious changes in green fluores-
cence signals from PD-1 protein (Fig. 3a). These results indicate that
TPM1 nanoparticles could competitively prevent the binding between
PD-L1 ligand on the tumour cell membrane and PD-1 receptor on the
membrane of immunosuppressive T cells.

As shown in Supplementary Fig. 30, western blot and flow cyto-
metry analyses confirmed the increased PD-L1 expression in SKBR-3
and 4T1 cells after being treated with IFN-γ for 24 h, compared with
SKBR-3 and 4T1 cells without IFN-γ treatment. This suggests that IFN-γ
treatment induced the generation of PD-L1 proteins in SKBR-3 and
4T1 cells. The newly generated PD-L1 proteins is considered a promi-
nent determinant of failure of immunotherapy, which cannot be
effectively overcome by conventional ICIs, such as anti-PD-L1
antibodies21,23. As shown in Fig. 3b and Supplementary Fig. 31, CLSM
showed that more prominent red fluorescence signals of TPM1 nano-
particles were observed on the surface of TPM1-treated SKBR-3 and
4T1 cells after induced by IFN-γ, compared with TPM1-treated SKBR-3
and 4T1 cells without IFN-γ induction. SEM confirmed the presence of
more fibrillar networks on the membranes of TPM1-treated SKBR-3
after being induced by IFN-γ (Fig. 3c). These results suggest that TPM1
can capture the newly generated PD-L1 proteins. A similar finding was
also observed in HFF cells after induced by IFN-γ (Supplemen-
tary Fig. 32).

Fig. 2 | Fibrillar transformation of TPM1 on the cell membrane of PD-L1+

tumour cells. aRepresentative western blots of PD-L1 inHFF, SKBR-3, and 4T1 cells
(n = 3 independent experiments). bQuantitation of relative expression level of PD-
L1 in HFF, SKBR-3, and 4T1 cells. Data are presented as mean± SD (n = 3 indepen-
dent experiment). Statistical analysis was performed using one-way ANOVA with a
Tukey post hoc test. c Flow cytometry analysis of the surface expression of the PD-
L1 on HFF, SKBR-3, and 4T1 cells. Experiment was independently repeated three
times with similar results. d CLSM images of TPM1 nanoparticles (red) after inter-
action with SKBR-3, 4T1, and HFF cells for 4 h. Experiment was independently
repeated three times with similar results. Scale bars, 20μm. e CLSM images of
TPM2 and TPM3 nanoparticles (red) after interaction with SKBR-3 and 4T1 cells.
Each experimentwas independently repeated three timeswith similar results. Scale
bar, 20μm. f SEM images of SKBR-3, 4T1, andHFF cells before (Untreated) and after
TPM1 (TPM1 4 h), TPM2 (TPM2 4 h) and TPM3 (TPM3 4 h) treatments for 4 h.

Rectangle: magnified insert. Experiment was independently repeated three times
with similar results. g TEM images of untreated SKBR-3 cells (Untreated SKBR-3)
and SKBR-3 cells treated with TPM1 nanoparticles (SKBR-3 + TPM1 24h) for 24 h.
Red arrows indicate the nanofibrillar networks. Experiment was independently
repeated three times with similar results. Scale bar, 500 nm. h CLSM images of
SKBR-3, 4T1, and HFF cells after incubation with TPM1 nanoparticles (red) for 24h.
Experimentwas independently repeated three timeswith similar results. Scale bars,
20μm. i CLSM images of SKBR-3 cells after incubation with TPM1 nanoparticles
(red) followed by incubation with FITC-labelled anti-PD-L1 antibody (PD-L1 Ab,
green). Experiment was independently repeated three times with similar results.
FITC-labelled anti-PD-L1 antibodywasused to detect PD-L1 on the cellmembrane of
the SKBR-3 cell. The overlap picture was drawn using MATLAB. Scale bars, 20μm.
Source data for (a, b) are provided as a Source Data file.
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In situ, fibrillar-transformational self-assembly of peptide-based
nanoparticles can aggregate the receptor proteins on the cell
membrane38. As shown in Fig. 3d, fluorescence signals of PD-L1 proteins
(green fluorescence) were evenly distributed on cell membranes of
SKBR-3 cells when transfected with a plasmid encoding PD-L1 and
enhanced green fluorescent protein (EGFP). After these SKBR-3 cells

were treatedwith TPM1 nanoparticles, the fluorescence signals of PD-L1
proteins (green fluorescence) on cell membranes gradually increased
in a focal pattern over time, accompanied by a gradual decline of the
fluorescence signals of PD-L1 proteins exclusively in other regions of
the cell membrane. These results suggest that TPM1 can aggregate the
newly generated, unbounded PD-L1 proteins on the cell membrane.
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Notably, one cell membrane proteinmight interact with the other
membrane proteins to execute the biological functions48. For example,
PD-L1 can bind to progesterone receptor component 1 (PGRMC1) on
cell membranes in mammalian cells49. As shown in Supplementary
Fig. 33a, CLSM showed that PGRMC1 could be encapsulated into the
TPM1 nanofiber networks on the surface of SKBR-3 cells. However,
western blot analysis showed no change in PGRMC1 expression level in
SKBR-3 cells after 24 h incubationwith TPM1 comparedwith untreated
SKBR-3 cells (Supplementary Fig. 33b, c).

The effect of the PD-L1 expression level on the TPM1 fibrillar for-
mation on the cell membrane was assessed by changing the PD-L1
density per unit cell membrane area via cytomechanics assay. Y-27632,
a Rho-Kinase inhibitor, can inhibit actomyosin contraction to enhance
cell extension50, while RhoA V14 plasmid transfection can enhance cell
contractility51. Thus, SKBR-3 cells were incubated with Y-27632 and
transfected with RhoA V14 plasmid to decrease and increase the PD-L1
density per unit cell membrane area, respectively. As shown in Fig. 3e,
f, red fluorescent signals of TMP1 decreased per unit cell membrane
area in the Y-27632-treated SKBR-3 cells after the addition of TPM1
nanoparticles, compared with TPM1-treated SKBR-3 cells without
Y-27632 treatment. In contrast, red fluorescent signals of TMP1
increased per unit cell membrane area in RhoA V14 plasmid-
transfected SKBR-3 cells after the addition of TPM1 nanoparticles.
Similar changes in red fluorescent signals of TPM1 nanoparticles were
also observed in 4T1 cells (Supplementary Fig. 34). These results sug-
gest that the fibrillar formation of TPM1 is closely related to the
expression level of PD-L1 per unit cell membrane area.

To assess whether the fibrillar networks formed on themembrane
affect cellular mechanical characteristics, the movement and defor-
mation of SKBR-3 cells were detected using nanopillar arrays traction
force microscopy52 (Fig. 3g). Compared with untreated SKBR-3 cell,
cellular strength of TPM1-treated SKBR-3 cells exhibited transient
oscillation (Fig. 3h). This indicates that the presence of nanofiber
networks on the cell membrane might cause alteration in the
cytoskeleton.

Immunotherapeutic effects of TPM1 nanoparticles on 4T1 cells
in vitro
The cytotoxicity of TPM1, TPM2 and TPM3 nanoparticles was eval-
uated using a cell counting kit-8 (CCK-8) assay after HFF cells were
incubated with these nanoparticles for 24 h. The CCK-8 assay showed
that TPM1, TPM2, and TPM3 nanoparticles exhibited no apparent
cytotoxicity at the concentrations of 1μM, 10μM, 50μM, 100μM, and
200μM(Supplementary Fig. 35a). These nanoparticles also showed no
cytotoxicity on DC2.4 and HUVEC cells with low expression of PD-L1
(Supplementary Fig. 35b, c). ForSKBR-3 and4T1 breast cancer cells and
LLC pulmonary cancer cells, mild cytotoxicity was detected at the
concentration of 100μM or 200μM of TPM1 nanoparticles. No cyto-
toxicity was detected at the concentrations of 1μM, 10μM, 50μM,
100μM and 200μM for TPM2 and TPM3 nanoparticles (Supplemen-
tary Fig. 35d, e, f).

To evaluate the in vitro killing effect of CD8+ T cells on TPM1-
treated 4T1 cells, CD8+ T cells were isolated from mice spleens and
then were proliferated by IL-2 induction and activated by using the
Dynabeads Mouse T-Activator CD3/CD28 for activation of mouse
T cells. Activated CD8+ T cells were co-cultured with TPM1-treated
4T1 cells at the cell number ratio of 10:1 (Fig. 4a). As shown in Fig. 4b,
SEM showed that the activated CD8+ T cells recognized TPM1-treated
4T1 cells even in presence of nanofiber networks formed on the cell
membrane. ELISA assays showed that the levels of IFN-γ, granzyme B
(GZMB), IL-2 and TNF were higher in activated CD8+ T cells co-
culturing with TPM1-treated 4T1 cells than those co-culturing
with PD-L1-targeted peptide-treated 4T1 cells, with anti-PD-L1
antibody-treated 4T1 cells, with TPM2-treated 4T1 cells, and with
TPM3-treated 4T1 cells (Fig. 4c, d, Supplementary Fig. 36). These
results suggest that the secretions of these cytokines of activated
CD8+ T cells were inhibited by 4T1 cells, while TPM1 nanoparticles
could restore the secretion of cytokines of activated CD8+ T cells. The
CCK-8 and calcein acetoxymethyl ester (Calcein-AM) staining assays
were further performed to assess the killing effect of CD8+ T cells on
4T1 cells. As shown in Fig. 4e, f, in the presence of activated CD8+

T cells, the cell viability of TPM1-treated 4T1 cells was the lowest
compared with untreated 4T1 cells, PD-L1-targeted peptide-treated
4T1 cells, anti-PD-L1 antibody-treated 4T1 cells, TPM2-treated
4T1 cells, and TPM3-treated 4T1 cells. These results suggest that
TPM1 nanoparticles can effectively elicit the killing effect of activated
CD8+ T cells, which is assumed to be the blocking of PD-1/PD-L1
pathway between 4T1 and activated CD8+ T cells via the nanofiber
networks formed on themembranes of 4T1 cells. Interestingly, TPM2
nanoparticles had no effect on T cell activity. In addition, the
expression level of PD-L1 on the tumour cell surface was not sig-
nificantly changed after incubation with TPM2 nanoparticles (Sup-
plementary Fig. 27).

Pharmacokinetics and bio-distribution of TPM1 nanoparticles
in vivo
The pharmacokinetics and bio-distribution of TPM1 in vivo were
determined after a single injection of TPM1 nanoparticles via the tail
vein in mice. The pharmacokinetics of TPM1 were assessed by mea-
suring the concentration of Ce6 in plasma using a fluorescence
spectrometer in mice without bearing tumours. As shown in Fig. 5a,
the T-half (α) and T-half (β) of TPM1 were 2.54 h and 22.17 h,
respectively. This indicates a prolonged circulation time of TPM1
nanoparticles. The bio-distribution of TPM1 nanoparticles was
assessed using ex vivo fluorescence imaging. The tumours and main
organs in mice bearing 4T1 tumours were harvested for fluorescence
imaging at 2, 4, 6, 8, 10, 24, 48, 72, and 168 h after the injection. The
fluorescent signals of TPM1 showed strong liver accumulation at
early time points (2–8 h) post-injection, peaked in intensity in the
liver at 6 h post-injection, and then gradually weakened from 8 h
post-injection (Supplementary Fig. 37a), which was consistent with
previous studies53,54. The fluorescent signals of TPM1 nanoparticles

Fig. 3 | Biologic effects of the fibrillar-transformable TPM1 in vitro. a CLSM
image of SKBR-3 cells after incubation with TPM1 nanoparticles (red) and biotiny-
lated PD-1 protein (green). Biotinylated PD-1 was labelled with Alexa Fluor™ 488-
conjugated streptavidin. Experiment was independently repeated three times with
similar results. Scale bar, 20μm. b CLSM images of SKBR-3 cells incubated with
TPM1 nanoparticles (red) for 4 h after treatment with or without IFN-γ (100ng/mL)
for 24h. Experiment was independently repeated three times with similar results.
Scale bars, 20μm. c SEM images of SKBR-3 cells incubatedwith TPM1 nanoparticles
(red) for 4 h after treatment with or without IFN-γ (100ng/mL) for 24h. Experiment
was independently repeated three times with similar results. Rectangle: magnified
insert. d CLSM images of SKBR-3 cells transfected with pGIPZ-PD-L1-EGFP plasmid
(green) after treatment with TPM1 nanoparticles at different times. Experiment was
independently repeated three times with similar results. White arrows indicate

aggregation of PD-L1 protein. Scale bars, 5μm. e CLSM images of SKBR-3 cells,
SKBR-3 cells treatedwith Y-27632, and SKBR-3 cells expressing constitutively active
RhoA V14 mutant after incubation with TPM1 nanoparticles (red) for 4 h. Experi-
ment was independently repeated three times with similar results. Scale bars,
20μm. f Quantitative analysis of relative fluorescence (FL) density of SKBR-3 cells,
SKBR-3 cells treatedwith Y-27632, and SKBR-3 cells expressing constitutively active
RhoA V14 mutant after incubation with TPM1 nanoparticles for 4 h. Data are pre-
sented as mean± SD (n = 13 independent experiments). Statistical analysis was
performed using one-way ANOVA with a Tukey post hoc test. g Schematic of the
procedure for nanopillar cellular traction forcemeasurement bymicroscopy.hThe
cellular force (F) of SKBR-3 cells with or without treatment of TPM1 nanoparticles.
Experiment was independently repeated three times with similar results. Source
data for (f, h) are provided as a Source Data file.
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reached a peak in intensity in the tumour site at 24 h post-injection
and remained until 168 h (7 d) post-injection (Fig. 5b, c), which
indicates an obviously prolonged retention of TPM1 in the tumour
tissue. The bio-distribution of TPM2 and TPM3 nanoparticles was
also assessed in mice bearing 4T1 tumours (Supplementary
Figs. 37c–f, and 38). The fluorescent signals of TPM2 and TPM3
nanoparticles in the tumour reached a peak in intensity at 24 h post-
injection and persisted to 48 h post-injection. The peak value of the
fluorescent signal intensity of the tumours treated with TPM1 nano-
particles was about twice as much as that of those treated with TPM2
and TPM3 nanoparticles. Comparatively, TPM1 nanoparticles showed
a more prolonged retention at the tumour site.

Immunotherapeutic effects of TPM1 nanoparticles in vivo
The immunotherapeutic effects of TPM1 were assessed on the mice
models of 4T1 breast cancer and LLC pulmonary tumour. The ther-
apeutic schedules are illustrated in Figs. 5d and 6a. The mice were
injectedwith PBS (200μL per injection; via tail vein injection), anti-PD-
L1 antibody (5mg/kg per injection; Selleck, A2004; via intraperitoneal
injection), and TPM1 (13mg/kg per injection, via tail vein injection),
TPM2 (13mg/kg per injection, via tail vein injection) and TPM3 nano-
particles (13mg/kg per injection, via tail vein injection) every two days
for nine days, the tumour size and body weight of mice were recorded
every other day for 21 days. The blood, tumours andmain organs were
collected at the end of treatment. As shown in Figs. 5e and 6b, the
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tumour growth was inhibited in TPM1-treated mice bearing 4T1 breast
cancer and mice bearing LLC pulmonary tumour compared with their
counterparts treated with PBS, TPM2 nanoparticles, TPM3 nano-
particles and anti-PD-L1 antibody. This suggests thatTPM1 hadobvious
therapeutic efficacy on tumour growth, which is further evidenced by
the changing pattern of tumour size measured on 21 d after treat-
ment (Fig. 5f).

The structural features of the spleen are closely related to its
immune function, and the altered structural features in an enlarged
spleen may impair immune function such as immune activation and
tumour eradication55,56. The spleen weight in TPM1-treated mice was
closest to normal levels comparedwithmice treatedwith PBS, anti-PD-
L1 antibody, TPM2 or TPM3 nanoparticles (Fig. 5g and Supplementary
Fig. 39), indicating amore intact immune function of the spleenmight
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have remained in TPM1-treated mice. The survival curves showed that
TPM1-treatedmice had better survival, which is in linewith the tumour
growth and spleen weight results (Fig. 5h).

Amongmice treatedwith PBS, anti-PD-L1 antibody, TPM2orTPM3
nanoparticles, histological analyses of hematoxylin and eosin (HE)
staining, Ki67 staining, and terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end-labeling (TUNEL) staining showed that
TPM1-treated 4T1 tumours and LLC pulmonary tumours had the most
severe tissue damage, the lowest proliferation rate, and the highest
apoptosis rate (Fig. 5i and Supplementary Fig. 40).

No obvious body weight loss was found in mice bearing 4T1
tumour and LLC pulmonary tumour after treatment with PBS, anti-PD-
L1 antibody, TPM1, TPM2, and TPM3 nanoparticles (Figs. 5j and 6c). HE
staining showed no obvious pathologic change in the heart, liver,
spleen, lung, and kidney (Supplementary Figs. 41 and 42). Blood tests
showed no abnormal results (Supplementary Figs. 43 and 44). Serum
markers of liver function such as alanine aminotransferase (ALT) and
aspartate transaminase (AST), and renal function such as blood urea
nitrogen (BUN), creatinine (CR), and uric acid (UA) were all at normal
limits (Supplementary Figs. 45 and 46). These results suggest that
TPM1 has no obvious toxic side effect on the major organs of mice.

To assess the effect of TPM1 on inflammation, core pro-
inflammatory cytokines such as TNF, IL-6, and IL-1β were measured
in serumby ELISA. As shown in Fig. 5k–m, no significant difference was
found between mice treated with TPM1, TPM2, and TPM3 nano-
particles, anti-PD-L1 antibody and PBS within 3 weeks post-injection.

CD4+ and CD8+ T cells, in particular CD8+ T cells, play an essential
role in anti-tumour immunotherapy by producing cytokines or cyto-
toxins such as IFN-γ, IL-2, and GZMB7,57,58. To determine whether TPM1
nanoparticles exert an anti-cancer effect via reinvigorating anti-
tumour activity of CD8+ T cells, the infiltration of CD4+ and CD8+

T cells in 4T1 tumour tissues were assessed using immunohistological
and flow cytometric analyses (Supplementary Fig. 47). The immuno-
histochemistry and immunofluorescent staining analyses showed
prominent infiltration of CD8+ T cells in tumour tissues in TPM1-
treated tumours compared with PBS-, TPM2-, TPM3- and anti-PD-L1
antibody-treated tumours (Fig. 7a). Flow cytometry analysis showed
that the percentage of CD8+ T cells was significantly higher in TPM1-
treated tumours than those in PBS-, TPM2-, TPM3- and anti-PD-L1
antibody-treated tumours (Fig. 7b and Supplementary Fig. 48a).
Foxp3+ T reg cells are a unique subset of CD4+ T cells that better
represents immune-suppressive population of T cells than CD4+

T cells59. The percentage of Foxp3+ T cells was lower in TPM1-treated
tumours than those in PBS-, TPM2-, TPM3- and anti-PD-L1 antibody-

treated tumours (Fig. 7c and Supplementary Fig. 48b). The immuno-
histochemistry analyses showed higher expression of GZMB, IFN-γ, IL-
2, and TNF in TPM1-treated tumours compared with PBS-, TPM2-,
TPM3- and anti-PD-L1 antibody-treated tumours (Supplementary
Fig. 49). Flow cytometry analysis showed that the percentages of
GZMB, IFN-γ, IL-2, and TNF were significantly higher in TPM1-treated
tumours than those in PBS-, TPM2-, TPM3- and anti-PD-L1 antibody-
treated tumours (Fig. 7d and Supplementary Fig. 50). In addition,
relative mRNA expression of GZMB, IFN-γ, IL-2, and TNF from TPM1-
treated tumours were significantly higher than those in PBS-, TPM2-,
TPM3- and anti-PD-L1 antibody-treated tumours (Supplementary
Fig. 51). The results of immunohistochemistry and immunofluorescent
staining (Supplementary Fig. 52), and flow cytometry analyses (Sup-
plementary Fig. 53 and Fig. 6d–i) together with the relative mRNA
expression of cytokines or cytotoxins (Fig. 6j) in the LLC tumour-
bearingmicemodel,were consistentwith thoseobserved in themouse
model of 4T1 breast cancer. These results suggest that the increased
infiltration of CD8+ T cells and their reinvigoration likely result in the
remarkable anti-tumour effect of the TPM1 nanoparticles.

Discussion
Biomimetic in situ self-assembly to form nanofibers based on peptide
nanoparticles is a promising strategy for in vivo editing cell mem-
branes to regulate receptor-ligand interactions on cell membranes.
Based on this in situ self-assembly strategy, several types of fibrillar-
transformable peptide nanoparticles were developed to induce T cell-
mediated cytolysis against tumour cells overexpressing αVβ3 receptor
on the membranes38, arrest HER2 and α3β1 integrin heterodimeric
transmembrane receptors on the surface of tumour cell
membranes41,42. In this work, we explored the in situ self-assembly
strategy based on fibrillar-transformable peptide nanoparticles in
blocking the PD-1/PD-L1pathway through in vivo editing of tumour cell
membranes. The designed TPM1 can specifically bind to the PD-L1
proteins on tumour cell membranes and transform into fibrillar net-
works in situ induced by PD-L1 on tumour cell membranes, resulting in
prolonged capturing and aggregating both bound and unbound PD-L1.

TPM1 consists of a PD-L1-targeted motif (SGQYA-
SYHCWCWRDPGRSGGSK), a β‐sheet and hydrogen-bonding peptide
motif (FFVLK) derived from a β-amyloid (Aβ) peptide60 and a fluor-
escent dye (Ce6). Ce6 was to promote the self-assembly of TPM1
in vitro and also used to monitor the spatiotemporal distribution of
TPM1 in vivo.Under the aqueous conditions, TPM1 could self-assemble
into spherical nanoparticles, in which Ce6 and FFVLK domains con-
stitute the hydrophobic core and SGQYASYHCWCWRDPGRSGGSK

Fig. 5 | Pharmacokinetics, bio-distribution and immunotherapeutic effect of
TPM1 nanoparticles in 4T1 mouse model of breast cancer. a In vivo blood
pharmacokinetics of TPM1. The C-max, AUC, and T1/2 (h) were calculated by
Kinetica 5.0. Data are mean± SD (n = 3 independent experiments). b Quantitative
analysis of ex vivo fluorescence images of tumour andmain organs including heart
(H), liver (Li), spleen (Sp), lung (Lu), kidney (K), intestine (I), andmuscle (M) at later
time points after intravenous injection of TPM1 nanoparticles in mice bearing 4T1
breast cancer. Data are presented as mean ± SD (n = 3 independent experiments).
cTime-dependent ex vivo fluorescence images of tumour (T) andmajor organs at a
later timepoint (10 h, 24 h, 48h, 72 h, and 168 h) after intravenous injection of TPM1
nanoparticles inmice bearing 4T1 breast cancer. Imageswere representative shown
out of 3 independent mice per group. d Schematic of tumour inoculation and
treatment protocol for 4T1 mouse model of breast cancer. After the establishment
of animal tumour model, mice bearing 4T1 breast cancer mice received five dif-
ferent treatments, including intravenous injection of PBS (200μL per injection),
intravenous injections of TPM1(13mg/kg per injection), TPM2 (13mg/kg per
injection) or TPM3 nanoparticles (13mg/kg per injection), or intraperitoneal
injection of anti-PD-L1 antibody (5mg/kg per injection; Selleck, A2004) every two
days for nine days. e Tumour growth curves of 4T1 tumour-bearing mice after the
five different treatments. Data are presented as mean± SD (n = 5 mice in five
independent groups). Statistical analysis was performed using two-way ANOVA

with a Tukey post hoc test. f Representative gross images of tumours excised from
4T1 tumour-bearing mice after the five different treatments (n = 5 independent
experiments). g Box plots of spleen weight excised from 4T1 tumour-bearing mice
after the five different treatments (n = 5 independent experiments). Central bands
denote medians. Boxes represent the interquartile range and whiskers represent
maxima and minima. Dots represent individual data points. Statistical analysis was
performed using one-way ANOVAwith a Tukey post hoc test.hCumulative survival
of mice bearing 4T1 tumours after the five different treatments (n = 8 independent
experiments). Statistical analysis of the survival curvewasperformedusing the Log-
rank test (Mantel-Cox). i Representative micrographs of hematoxylin-eosin (HE),
Ki67, and terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-
labelling (TUNEL) staining of tumour specimens from 4T1 tumour-bearing mice
after the five different treatments. Images were representative shown out of 5
independent mice per group. Scale bars, 50 μm. j Body weights of 4T1 tumour-
bearing mice after the five different treatments. Data are presented as mean ± SD
(n = 5 independent experiments). ns not significant (two-way ANOVA with a Tukey
post hoc test).k–m Pro-inflammatory cytokines including TNF (k), IL-6 (l), and IL-1β
(m) in the serummeasured after a singledoseoffivedifferent treatments at 21 days.
Data are presented as mean± SD (n = 5 independent experiments). ns not sig-
nificant (one-way ANOVA with a Tukey post hoc test). Source data for
(a, b, e, g, h, j–m) are provided as a Source Data file.
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domain constitutes the hydrophilic corona. The self-assembly of TMP1
presumably results from the interaction between the hydrophilic
peptide motif and the hydrophobic Ce6 dye molecules39. In the pre-
sence of humanormouse PD-L1 proteins, TPM1nanoparticles could be
induced to transform into nanofibers in vitro. However, TPM2 and
TPM3 nanoparticles had no such capacity of fibrillar transformation.
The reason is because the concurrent presence of two motifs, the PD-
L1-targeted peptide and β-sheet-forming peptide FFVLK, is needed for
the transformationmediated by ligand-receptor interaction42. Thiswas
consistent with the all-atom molecular dynamics simulation of in situ
self-assembly of TPM1, which demonstrated that 5–7 TPM1 molecules
could rapidly self-assemble into a complex in an aqueous solution and
can competitively bind to PD-L1 protein thereby transform into
nanofibers in interaction with PD-L1 protein.

In this study, we show that TPM1 nanoparticles could bind to the
PD-L1 on the cellmembrane of a variety of living tumour cells with high
expression of PD-L1 and then transform into fibrillar networks on cell

membranes induced by PD-L1 binding, such as breast cancer, hepa-
tocellular cancer and lung cancer cells. TPM1 nanoparticles exhibited a
prolonged retention on the cell membranes. The binding had no effect
on the expression of other membrane proteins such as PGRMC1. In
contrast, TPM1 nanoparticles were internalized in cells with low
expression of PD-L1 protein via clathrin-, caveolae- or
macropinocytosis-dependent endocytosis. TPM2 and TPM3 nano-
particles demonstrated similar internalization by tumour cells with
high expression of PD-L1 protein and then predominately degraded in
lysosomes. These findings indicate that the expression levels of PD-L1
on the tumour cell membrane determine the cellular distribution of
TMP1 nanoparticles and are associated with the subsequent nanofiber
network transformation of TMP1 on the tumour cell membrane. Fur-
ther cytomechanical analysis also confirms the close relation of the
fibrillar formation of TPM1 to the expression level of PD-L1 per unit cell
membrane area. Besides, the presence of nanofiber networks on the
cellmembrane could cause alteration in the cytoskeleton, whichmight
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Fig. 6 | Immunotherapeutic effect of TPM1 nanoparticles in mouse model of
LLC pulmonary cancer. a Schematic of tumour inoculation and treatment pro-
tocol for mice model of LLC pulmonary cancer. After the establishment of the
animal tumour model, mice bearing LLC pulmonary cancer received five different
treatments, including intravenous injection of PBS (200μL per injection), intrave-
nous injections of TPM1 (13mg/kg per injection), TPM2 (13mg/kg per injection) or
TPM3 nanoparticles (13mg/kg per injection), or intraperitoneal injection of anti-
PD-L1 antibody (5mg/kg per injection; Selleck, A2004) every two days for nine
days. b Tumour growth curves for LLC tumour-bearingmice after the five different
treatments. Data are presented as mean ± SD (n = 5 mice in five independent
groups). Statistical analysis was performed using two-way ANOVA calculated sta-
tistical significance with a Tukey post hoc test. c Body weights of LLC tumour-
bearing mice after the five different treatments. Data are presented as mean ± SD
(n = 5 independent experiments). Statistical significance was calculated using two-

way ANOVA with a Tukey post hoc test. ns not significant (two-way ANOVA with a
Tukey post hoc test).d–i Flowcytometry analysis of the ratio of CD8+ T cells (d) and
the ratio of Foxp3+ T cells (e) to CD45+CD3+CD4+ cells within LLC tumour tissues
after the five different treatments, and the ratios of GZMB+ T cells (f), IFN-γ+ T cells
(g), IL-2+ T cells (h), and TNF+ T cells (i) to CD8+ T cells within LLC tumour tissues
after the five different treatments (n = 6 in five independent groups). Data are
presented as mean± SD. Statistical analysis was performed using one-way ANOVA
with a Tukey post hoc test. ns not significant. j The relative mRNA expressions of
GZMB, IFN-γ, IL-2, and TNF genes in LLC tumour tissues in mice bearing LLC pul-
monary cancer after the five different treatments determined by quantitative real-
time reverse transcription PCR. Data are presented as mean± SD (n = 5 mice in five
independent groups). Statistical analysis was performed using one-way ANOVA
with a Tukey post hoc test. ns not significant. Source data for (b–j) are provided as a
Source Data file.
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be related to PD-L1-associated calciumchannels61, activation of RhoA62,
and polymerization of F-actin63.

Notably, anti-PD-L1 antibodieswere endocytosedby breast cancer
cells and rapidly degraded inside the cells. Comparatively, the fibrillar-
transformable networks formed from TPM1 nanoparticles retain on
themembrane of tumour cells for a prolonged time, whichmight offer

a persistent blocking effect on the functionality of the PD-L1 proteins
than anti-PD-L1 antibody does. Interestingly, the internalization of
TPM1, TPM2 and TPM3 nanoparticles and anti-PD-L1 antibodies do not
downregulate the PD-L1 levels on the surface of cancer cells. This
internalization may not affect the key players involved in the reg-
ulatory mechanism of PD-L1 membrane protein expression, such as
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CMTM6 (stabilization) protein on the cell membrane and Hsc70
(downregulation) molecular chaperone in the cytoplasm21,64.

IFN-γ is an essential cytokine of CD8+ T cells for their effector
function to eradicate tumour cells. However, the expressionof PD-L1 in
tumour cells can be up-regulated by IFN-γ, which might be a
mechanismof immune resistance of tumour cells to CD8+ T cells23,65. In
this study, we show that TPM1 nanoparticles not only can capture the
newly generated PD-L1 proteins on the cell membrane of breast cancer
cells induced by IFN-γ but also can aggregate these PD-L1 proteins on
the cell membrane. These findings demonstrate that TPM1 nano-
particles has the ability to aggregate unbound PD-L1 proteins. The
aggregation of the bound and unbound PD-L1 proteins based on in situ
self-assembly of fibrillar-transformational TPM1 would be highly
desirable for blocking the PD-1/PD-L1 pathway via in vivo editing of the
cell membrane to enhance cancer immunotherapy.

After systemic administration via intravenous injection, TPM1
nanoparticles show strong liver accumulation at early time points,
which may be attributed to that nanomedicines leaked from hepatic
vessels are easily captured and degraded by Kupfer cells at the early
stage of injection53,66. In addition, the expression of PD-L1 protein is
very low in the liver tissue67, thus, TPM1 nanoparticles could not
transform into fibrous structures and keep long-term retention on the
cell membranes in liver tissue. Notably, TPM1 nanoparticles demon-
strated a long-term retention of TPM1 (7 d) in the tumour tissue. Such
prolonged retention time might be primarily associated with the gra-
dual accumulation of TPM1 via enhanced penetration and retention
effect and subsequent fibrillar transformation on the tumour cell
membrane, which is different from the behaviour of TPM2 and TPM3
nanoparticles, that is, rapid degradation inside tumour cells after
endocytosis.

In this study, we show that TPM1 nanoparticles cloud restore the
secretion of cytokines of activated CD8+ T cells that were inhibited by
4T1 cells and effectively elicit the killing effect of activated CD8+ T cells
on 4T1 cells in vitro. TPM2 nanoparticles with the same PD-L1-targeted
peptide exhibited no effect on T cell activity. No killing effect of TPM2
nanoparticles might be associated with their rapid endocytosis and
intracellular degradation, as well as the recycling and repopulating of
the captured PD-L1 proteins to the cell surface21. In both mice models
of the 4T1 breast cancer and LLC pulmonary tumour, TPM1 nano-
particles exhibited remarkably inhibitory effects on the tumour
growths and better therapeutic efficacy in comparison to anti-PD-L1
antibodies as well as TPM2 and TPM3 nanoparticles. Evidently, this
remarkable anti-cancer effect results from the enhanced infiltration of
CD8+ T cells and reinvigorated CD8+ T cells in the tumour
microenvironment.

In conclusion, the designed transformational TPM1 nanoparticles
can specifically bind to PD-L1 proteins on the tumour cell membrane.
This binding results in the aggregation of bound or unbound PD-L1
proteins on the tumour cell membrane, which enables the suppression
of PD-L1 protein function. The TPM1 nanoparticles exhibit an effective
blocking of the PD-1/PD-L1 pathway via in situ editing of tumour cell
membranes in vitro. Featured by prolonged retention at the tumour
site, the TPM1 nanoparticles exert a remarkable anti-tumour effect in
mouse models of 4T1 breast cancer and LLC pulmonary cancer by
reinvigorating CD8+ T cells in the tumour microenvironment. This

in situ self-assembly strategy for in vivo editing of the tumour cell
membranes via PD-L1-targeted peptide and fibrillar-transformable
peptide holds great potential as a highly generalizable ICB approach
for cancer immunotherapy. In this study, we have changed the PD-L1
density per unit area of the cell membrane by cellularmechanic agents
for the first time to explore the relationship between fibrillar network
formation and PD-L1 expression level. Whereas it remains challenging
to determine the exact threshold surface levels of PD-L1 to achieve
fibrillar network formation because of the dynamic change and het-
erogeneous expression of PD-L1 in tumour cells as well as a lack of
quantitative regulation methods68.

Methods
Ethical statement
All the animal experiments were performed according to the guide-
lines and ethical regulations and approved by the Laboratory Animal
Welfare and Ethics Committee of Southern University of Science and
Technology (SUSTech-SL2022051501). Mice were maintained in a
specific pathogen-free (SPF) barrier environment with controlled
temperature (20–22 °C) and humidity (30–70%) under a 12 h light/12 h
dark cycle, food and sterile water were available ad libitum. When the
maximum diameter of the tumour was greater than 15mm, experi-
ments would be terminated, the mice were euthanized, and the sur-
vival rate was statistically calculated based on tumour size greater
than 15mm.

Cells
Human SKBR-3 (ATCC, HTB-30), humanMDA-MB-231 (ATCC, HTB-26),
human MCF7 (ATCC, HTB-22), human SKHep-1 (ATCC, HTB-52),
human SKOV-3 (ATCC, HTB-77), mouse 4T1 (ATCC, CRL-2539), mouse
DC2.4 (EK-bioscience, CC-Y2117), mouse LLC (ATCC, CRL-1642),
human HFF (ATCC, SCRC-1041), and human HUVEC cells (ATCC, CRL-
1730)werepurchased and culturedusingDMEM(Gibco, c11995500bt),
RPMI-1640 (Gibco, C11875500BT), or McCoy’s 5 A (EpiZyme, CB008)
medium containing 10% fetal bovine serum (FBS; Gibco, A3161001C)
and 1% penicillin/streptomycin (Beyotime, C0222), as appropriate, at
37 °C in a humidified atmosphere containing 5% CO2. No mycoplasma
contamination was detected in all cell lines by mycoplasma genus-
specific polymerase chain reaction (PCR) assay. Murine CD8+ T cells
were isolated from spleens of healthy female Balb/cmice andprepared
as a single-cell suspension.

Animals
Female Balb/cmice (aged 6–8weeks; weight, 18–22 g) were purchased
from Guangdong Vital River Laboratory Animal Technology Co., Ltd.
4T1 cells (1 × 106) and LLC cells (1 × 106) were subcutaneously inocu-
lated into the right flank of each mouse to establish subcutaneous
models of 4T1 breast cancer and LLC pulmonary cancer, respectively.
Generally, a subcutaneous tumourwas observed onday 5 after tumour
cell inoculation.

Synthesis and characterization of peptide monomers
Peptide nanoparticles were synthesized according to the standard
solid-phase peptide synthesis technique44. In brief, the amino protec-
tion group (Fmoc) of themain chain on Rink amine resin (GL Biochem,

Fig. 7 | Enhanced anti-cancer activity of TPM1 nanoparticles inmousemodel of
4T1 breast cancer via reinvigorating CD8+ T cells. a Representative micrographs
of immunohistochemistry and immunofluorescent staining of CD4 and CD8 in
tumour tissues from mice bearing 4T1 breast cancer after receiving five different
treatments including intravenous injection of PBS (200μL per injection), intrave-
nous injections of TPM1 (13mg/kg per injection), TPM2 (13mg/kg per injection) or
TPM3 nanoparticles (13mg/kg per injection), or intraperitoneal injection of anti-
PD-L1 antibody (5mg/kg per injection; Selleck, A2004) every two days for nine
days. Images were representative shown out of 5 independent mice per group.

Scale bars, 50 μm. b Flow cytometry analysis of the ratios of CD8+ T cells and CD4+

T cells to CD45+ CD3+ T cells in tumour tissues frommice bearing 4T1 breast cancer
after the five different treatments (n = 6 mice in five independent groups). c Flow
cytometry analysis of the ratio of Foxp3+ T cells to CD45+CD3+CD4+ T cells in
tumour tissues from mice bearing 4T1 breast cancer after the five different treat-
ments (n = 6 mice in five independent groups). d Flow cytometry analysis of the
ratios of GZMB-, IFN-γ-, IL-2-, and TNF-producing CD8+ T cells to CD45+ CD3+ T cells
in tumour tissues from mice bearing 4T1 breast cancer after the five different
treatments (n = 6 mice in five independent groups).
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49001-20g) was removed with 20% (v/v) piperidine/N,N-Dimethylfor-
mamide (DMF; Titan, 68-12-2) to expose the N-terminal amino acid,
which was then acetylated with acetic anhydride. Amino acid sequen-
ces of TPM1, TPM2, and TPM3 were synthesized via condensation
reaction. Afterwards, the amino protection group (Dde) of the last
lysine (K) of these peptides was deprotected by 2% hydrazine hydrate
for 20min and Ce6 (Macklin, 19660-77-6) was decorated to the
exposed side chains of the last lysine (K) of TPM1, TPM2 and TPM3
monomers. Finally, TPM1, TPM2 and TPM3 monomers were cleaved
from the resin by using the cocktail of trifluoroacetic acid (TFA;
Macklin, 76-05-1)/triethylsilane (Macklin, 6485-79-6)/H2O (95%/2.5%/
2.5%, V/V/V). The peptide mass was confirmed by MALDI-TOF MS
(Xevo G2-XS QTOF, Waters, USA). After 5mg peptide was dissolved in
500μL dimethyl sulfoxide (DMSO; Macklin, 67-68-5), its chemical
structure was analyzed by 1H NMR spectroscopy (AVANCE III 500M
with Prodigy Platform, Bruker, USA).

Synthesis and characterization of peptide nanoparticles
Rapid precipitation was used to assemble polypeptidemonomers into
spherical nanoparticles. In brief, TPM1, TPM2, and TPM3 monomers
were dissolved in DMSO and then rapidly added toMilliQwater to self-
assemble into peptide nanoparticles. Rapid ultrasound, oscillation,
and vortex are used to disperse the peptide nanoparticles evenly.

UV-vis absorption (Cary 60UV-Vis, Agilent, USA) and fluorescence
spectra (Infinite E Plex, TECAN, Switzerland)weremeasured to validate
the nanoparticle formation in the TPM1 solution with different water
content (20%, 40%, 60%, 80%, 90%, and 99.5%). The particle sizes and
zeta potentials of TPM1, TPM2 and TPM3 nanoparticles (200μM)were
monitored by DLS (Zetasizer Nano ZS90,Malvern, UK). A fluorescence
spectrophotometer (F-4600,HITACHI, Japan)was used tomeasure the
CACs using pyrene (Macklin, 129-00-0) as a hydrophobic probe.
Briefly, different concentrations (0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, and
50μM) of TPM1, TPM2 and TPM3 solutions were incubated with
0.1mM pyrene acetone solution at 37 °C for 2 h. The fluorescence
intensity of pyrene (excitation, 335 nm) was recorded, and the fluor-
escence intensity ratio (I1 (373 nm)/I3 (384 nm)) of pyrene was calcu-
lated to evaluate the CACs. TEMwas used to detect themorphology of
nanoparticles. Briefly, TPM1, TPM2 and TPM3 solutions (50μM) were
deposited on a holey carbon film on a 200-mesh copper grid, which
was then dyedwith 2% uranyl acetate (ACMEC, U25690) for 3min after
the droplet was completely dried. Then the samples were observed
under a TEM microscope (Talos L120C, Thermoscientific, USA) oper-
ated at 120 kV.

PD-L1-induced fibrillar transformation of peptide nanoparticles
in aqueous solution
The human (Sino Biological, 10084-H08H) andmouse (SinoBiological,
50010-M02H-100) PD-L1 recombination proteins were respectively
added to TPM1 solution (50μM) at different molar concentration
ratios of 1:100, 1:500, 1:1000, 1:2000 and 1:5000 and incubated for
0.5 h, 4 h, and 24 h. Samples were prepared for TEM to observe the
morphology transformation. CD spectroscopy (Chirascan, Applied
Photophysics, UK) and FTIR spectrometer (Bruker Vertex 70, Bruker,
Germany) were used to detect the formation of β-sheet after TPM1,
TPM2 and TPM3 nanoparticles incubated with or without human and
mouse PD-L1 recombinant protein. For CD spectroscopy, the peptide
nanoparticles (50μM) were incubated with human or mouse PD-L1 at
molar concentration ratios of 1000:1 for 24 h, then CD spectra were
recorded. For FTIR analysis, the mixture was lyophilized and mixed
with dehydrated KBr crystals for the measurement.

All-atom molecular dynamics simulation
The three-dimensional molecular model of the TPM1 monomer was
built by using Gaussian software (version A.03, https://gaussian.com/
gaussian16/). The molecular docking of TPM1 and PD-L1 was analyzed

using molecular operating environment (MOE) software (version
2020.09, https://www.chemcomp.com/). The PD-1/PD-L1 complex
derived from the Protein Data Bank (PDB) database (https://www.rcsb.
org/; PDB ID of the PD-1/PD-L1 complex: 3BIK) was used to analyze the
interaction between PD-1 and PD-L1 proteins. The binding sites between
TPM1 and PD-L1 protein (PDB ID: 3BIS) were predicted throughGromacs
software (version 2022.4, https://www.gromacs.org/). The dynamics of
the SASA and the number of hydrogen bonds in the binding model of
TPM1 and PD-L1 complex were evaluated by Gromacs software.

Western blot assay of cells
The expression level of PD-L1 protein in SKBR-3, MCF7, MDA-MB-231,
4T1, SKHep-1, SKOV-3, LLC, HFF, HUVEC and DC2.4 cells were analyzed.
Cells were collected and washed with PBS (biosharp, BL302A) three
times, then lysed by the radio immune precipitation assay lysis buffer
(EpiZyme, PC101) containing 1%protease inhibitor (YEASEN, 20124ES03)
on the ice, followed by 13523 × g centrifugation for 3min at 4 °C. Total
cellular proteins were estimated using BCA kit (Epizyme, ZJ101L). The
rest cell lysates were heated with sodium dodecyl sulphate-
polyacrylamide gel electrophoresis sample loading buffer (Beyotime,
P0287-10ml) for 10min at 100 °C and subjected to analysis. The PVDF
membranes were blocked in 5% (wt/v) non-fat dry milk (Epizyme,
PS112L) for 1 h at room temperature, and then incubated with primary
anti-PD-L1 antibody (1:1000, Abmart, M033179S) overnight at 4 °C. After
that, the PVDFmembranes were washed thrice with Tris-buffered saline
with tween buffer (Epizyme, PS103S) for 5min each, and then incubated
with secondary antibody (1:10,000, goat-anti-mouse, Abbkine, A21010)
for 1 h at room temperature. Lastly, the PVDF membranes were visua-
lized by chemiluminescence on imaging equipment (AniView SE, BLT,
China). The band density was analyzed and quantified by using Image J
software (https://imagej.en.softonic.com/).

Flow cytometry assay of cells
The surface levels of PD-L1 were analyzed. After cells were washed with
PBS three times, cells were incubatedwith BV421-labelled human (1:200,
BD Pharmingen, 563738) or mouse anti-PD-L1 antibodies (1:200, BD
Pharmingen, 564716) for 15min at 4 °C. Then cells werewashedwith PBS
for three times. The expression levels of PD-L1 on the cell membrane
were detected using a fluorescence-activated cell sorting (FACS) cyt-
ometer (BD Biosciences, USA). To determine the expression levels of
PD-L1 protein in SKBR-3 and 4T1 cells after incubation with peptide
nanoparticles (50μM) or anti-PD-L1 antibody (68nM; Selleck, A2004),
cells were washed with PBS to remove the complete culture medium
and then cultured using the culture mediumwithout FBS and penicillin/
streptomycin. After TPM1, TPM2 and TPM3nanoparticles and anti-PD-L1
antibodies were added and incubated for 4 h at 37 °C in a humidified
atmosphere containing 5% CO2, cells were incubated with BV421-
labelled anti-PD-L1 antibody for 15min at 4 °C. After that, cells were
analyzed using the FACS cytometer (BD Biosciences, USA).

Cellular distribution of peptide nanoparticles
To observe the cellular distribution, the peptide nanoparticles (50μM)
were incubatedwith the cells in 24-well plates (1 × 105 cells/well) for 4 h.
After the cells were fixed with 4% paraformaldehyde (biosharp,
BL539A) solution at room temperature for at least 15min and washed
thrice with PBS for 5min each, cells were incubated with 4′,6-diami-
dino-2-phenylindole (DAPI; Sigma-Aldrich, D9542-1MG) for 3min at
room temperature to stain cell nuclei, and thenwashed thricewith PBS
for 5min each. Cells were imaged using a CLSMmicroscope (LSM980,
ZEISS, Germany) with 63× oil immersion objective lens.

Endocytosis of peptide nanoparticles
Todetermine the endocytic pathwayof peptidenanoparticles, 5mMβ-
CD (Macklin, C6289-25g), 2mM amiloride (YUANYE, S82129-5mg), and
450mM hypertonic sucrosex (Macklin, S818046-500g) were added to
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cells to inhibit clathrin-, caveolae- or macropinocytosis-dependent
endocytosis. To determine the intracellular distribution pattern of
internalized TPM2 and TPM3 nanoparticles, cells were incubated with
the peptide nanoparticles for 4 h, 24 h and 48 h. To determine the
intracellular distribution pattern of internalized anti-PD-L1 antibodies,
cells were incubated with anti-PD-L1 antibodies (0.25mg/mL; Selleck,
A2004) for 1 h, 4 h and 8 h. LysoTracker Green probe (Solarbio, L7400)
was used to stain the lysosomes for 30min and Hoechst-33342
(Beyotime, C1028) was used to stain cell nuclei for 15min. Then, cells
were analyzed using a CLSM microscope (LSM 980, ZEISS, Germany).
405 nm laser was chosen to excite Ce6 and DAPI or Hoechst-33342 to
obtain red and blue fluorescence, respectively.

PD-L1-induced fibrillar transformation of TPM1 nanoparticles on
cell membrane
The fibrillar transformation of TPM1 nanoparticles on the cell mem-
brane induced by PD-L1 was detected by SEM and TEM assays. Cells
were incubated with TPM1 nanoparticles (50μM) for 4 h, and then
fixed with 2.5% glutaraldehyde (Macklin, BL539A) overnight at 4 °C.
After cell fixation, the specimens were dehydrated in a series of gra-
dient alcohol (Macklin, E821483-500ml) solutions (30%, 50%, 70%,
80%, 90%, and 99.5%), and then further washed in hexamethyldisila-
zane (Macklin, H810965-100ml) thrice for 1min each and finally kept in
a desiccator for drying. Before SEM observation, the cell specimens
attached to the double-sided conductive adhesive were coated with
gold at 15mA for 60 s and imaged using an SEMmicroscope (SU8100,
HITACHI, Japan). For TEM observation, samples of cells were pro-
cessed through multiple steps, including fixing, washing, dehydrating
in gradient alcohol, embedding, slicing, and dyeing. The sample was
observed under a TEM microscope (Talos L120C, Thermoscientific,
USA) operated at 120 kV. To determine the retention of the nanofiber
networks on the cell membrane, cells were incubated with TPM1
nanoparticles (50μM) for 4 h, then the supernatants containing the
TPM1 nanoparticles were discarded, and the fresh complete medium
was added to continually culture for 24 h. Cells were analyzed using an
SEM microscope (SU8100, HITACHI, Japan) and a CLSM microscope
(LSM 980, ZEISS, Germany).

Co-location of TPM1 nanoparticles and PD-L1 on cell membrane
The co-location of TPM1 nanoparticles and PD-L1 after their binding on
the cell membrane was detected by immunofluorescent staining
against PD-L1. Briefly, SKBR-3 cells were incubated with TPM1 nano-
particles for 4 h, then were fixed in 4% paraformaldehyde overnight at
4 °C. After the cells were blocked in 5% (wt/v) non-fat drymilk for 1 h at
room temperature, cells were incubated with primary anti-PD-L1 anti-
body (1:200, Abmart, M033179S) overnight at 4 °C. After that, the cells
were washed thrice with PBS for 5min each and incubated with FITC-
labelled secondary antibody (1:1000, goat-anti-mouse, Abbkine,
A23210) for 1 h at room temperature. Then, cell nuclei were stained
withDAPI andwere imagedusing aCLSMmicroscope (LSM980, ZEISS,
Germany). The co-localization was analyzed using MATLAB software
(version 9.6.0.1072779, MATLAB, MathWorks, USA, https://www.
mathworks.com).

Competitive binding of TPM1 nanoparticles and PD-1 with PD-L1
on cell membrane
Immunofluorescent staining was conducted to determine the com-
petitive binding of TPM1 nanoparticles and PD-1 with PD-L1. Briefly,
1 × 105 SKBR-3 cells were incubated with biotinylated PD-1 protein
(183 nM; novoprotein, CY18) alone or together with TPM1 nano-
particles for 4 h. Then, cells were fixed in 4% paraformaldehyde over-
night at 4 °Cand incubatedwith 488-conjugated streptavidin (YEASEN,
HB170614) for 1 h and stained with DAPI. After covering with an anti-
fade reagent (Invitrogen&trade, P36965), cells were analyzed by CLSM
microscope (LSM 980, ZEISS, Germany).

PD-L1 capture mediated by peptide nanoparticles
Western blot and flow cytometry assays were used to determine
whether TPM1 nanoparticles could bind to the newly generated PD-L1
proteins for overcoming immune resistance. In brief, human (100 ng/
mL; PeproTech, 315-05-20) or mouse IFN-γ (100 ng/mL; PeproTech,
300-02-100) was added to the complete culture medium of cells and
incubation for 24 h to upregulate PD-L1 expression. After that, western
blot and flow cytometry analyses were performed to assess the upre-
gulation of PD-L1 expression in cells induced by IFN-γ, as mentioned
above. To determine whether TPM1 could capture newly generated
PD-L1 proteins, supernatants of the cells after incubationwith IFN-γ for
24 h were discarded, and cells were continuously incubated with TPM1
nanoparticles (50μM) for 4 h. Then, cells were analyzed byCLSM (LSM
980, ZEISS, Germany).

PD-L1 aggregation mediated by peptide nanoparticles
To determine the ability of TPM1 nanoparticles to aggregate PD-L1
protein on the tumour cell membrane, SKBR-3 cells were transfected
with pGIPZ-PD-L1-EGFP plasmid (Addgene, 120933) to label newly
generated PD-L1 protein on the tumour cell membrane. In brief, 2μg
pGIPZ-PD-L1-EGFP plasmid was diluted with 200μL jetPRIME® buffer
(Polyplus Transfection, PT-114-07) and then incubated with 4μL jet-
PRIME® reagent (Polyplus Transfection, PT-114-07) for 10min at room
temperature. Afterwards, the pGIPZ-PD-L1-EGFP plasmid mixture was
added to SKBR-3 cells that were seeded in 6-well plates (2~4 × 105/well)
withMcCoy’s 5 A completemedium. After cells were incubated for 6 h,
the supernatants containing the pGIPZ-PD-L1-EGFP plasmid were dis-
carded and fresh McCoy’s 5 A complete medium was added to con-
tinual culture for 24 h. Then, cells were analyzed by CLSM (LSM 980,
ZEISS, Germany) at different time points.

Effect of fibrillar transformation of TPM1 nanoparticles
on PGRMC1
CLSM and western blot analyses were performed to determine whe-
ther PGRMC1 protein was encapsulated into TPM1 nanofiber networks
and whether its expression was affected on the tumour membrane,
respectively. For CLSM observation, SKBR-3 cells were incubated with
TPM1 nanoparticles for 4 h, then were fixed in 4% paraformaldehyde
overnight at 4 °C. After the cells were blocked in 5% (wt/v) non-fat dry
milk for 1 h at room temperature, cells were incubated with primary
anti-PGRMC1 antibody (1:500, Santa Cruz Biotechnology, sc-393015)
overnight at 4 °C. After that, the cells were washed thrice with PBS for
5min each and then incubated with FITC-labelled secondary antibody
(1:1000, goat-anti-mouse, Abbkine, A23210) for 1 h at room tempera-
ture. The cell nuclei were stained with DAPI. Then, cells were observed
on a CLSM microscope (LSM 980, ZEISS, Germany). For the western
blot assay, cells were incubated with TPM1 nanoparticles (50μM) for
4 h. After that, the sample was prepared and the PVDF membranes
were visualized by chemiluminescence on an imaging equipment
(AniView SE, BLT, China).

Effect of PD-L1 expression on fibrillar transformation of TPM1
nanoparticles
To determine the effect of the PD-L1 expression level on TPM1 fibrillar
formation on the cell membranes, the PD-L1 expression level was
decreased and increased by changing cell membrane tension via
cytomechanical agents. Cells were treated with Y-27632 (APE×BIO,
B1293) for 10min to decrease cell membrane tension. After the cells
were completely attached, the cells were incubated with TPM1 nano-
particles (50μM) and Y-27632 (50μM) together for 4 h. Cells were
transfected with RhoA V14 plasmid for 24 h by using JetOptimus che-
mical transfection reagent following the recommendations of manu-
facturer to increase cell membrane tension. Then cells were incubated
with TPM1 nanoparticles for 4 h and imaged using a CLSMmicroscope
(LSM 980, ZEISS, Germany).
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Effect of the fibrillar transformation of TPM1 nanoparticles on
cellular mechanics
Cellular mechanical characteristics were assessed using nanopillar
arrays traction force microscopy. In brief, nanopillars were cast in a
clean mould with a liquid adhesive (NOA73, Norland Products), the
main steps included degassing, UV cure, demolding, and sterilization.
To enable cell adhesion to the top of nanopillars, fibronectins (10μg/
mL; Roche, 11080938001) were applied to coat the nanopillar arrays at
room temperature for 2 h. Cells (7500 cells/cm2) were seeded on the
nanopillar arrays, whichwere allowed to adhere and spread at least for
2 h. Then, thenanopillarswereplacedunder amicroscope (EclipseTs2,
Nikon, Japan) to record the movements and forces of nanopillars
arrays until the cells completely spread. Subsequently, TPM1 nano-
particles (50μM)were added to treat the cells, and themovements and
forces on the nanopillars arrays continued to be recorded through
microscopy.

Cytotoxicity of peptide nanoparticles
CCK-8 colorimetric assaywas used to assess the in vitro cytotoxicity of
peptide nanoparticles. In brief, cells seeded in 96-well plates with
8 × 103 cells per well were incubated with different concentrations (1,
10, 50, 100, and 200μM) of TPM1, TPM2 and TPM3 nanoparticles in
DMEM, RPMI-1640, or McCoy’s 5 A complete medium. After 24 h
incubation, 10μL of CCK-8 solution (Abbine, BS350B) was added to
each well and incubated for another 2 h. The optical density (OD) 450
of treated wells (OD 450 treated), blank wells (OD 450 blank), and
control wells (OD 450 control) were measured by using a microplate
reader of a multi-wavelength measurement system (Infinite E Plex,
TECAN, Switzerland). Cell viability was calculated by measuring OD
450 of CCK-8 formazan, and the equation is as follows: cell viability
(%) = [(OD 450 treated - OD 450 blank)/(OD 450 control - OD 450
blank)] × 100.

In vitro immunotherapeutic effects of TPM1 on 4T1 cells
CCK-8 and calcein-AM staining assays were used to determine the
in vitro killing effect of CD8+ T cells on TPM1-treated 4T1 cells. Mouse
CD8+ T cells were isolated from spleens of female Balb/c mice aged
6–8 weeks (n = 6) using the MojoSort Mouse CD8+ T cell isolation kit
(Biolegend, 480007) and activated with the Dynabeads Mouse
T-Activator CD3/CD28 for activation of mouse T cells (Gibco, 11456D)
following the manufacturer’s recommendation. For the CCK-8 assay,
4T1 cells were seeded on 96-well plates with 6 × 103 cells per well.
Afterwards, 4T1 cells were treated with TPM1 nanoparticles, TPM2
nanoparticles, TPM3 nanoparticles, PD-L1-targeted peptides, or anti-
PD-L1 antibody (68 nM; Selleck, A2004) for 4 h, followed by washing
with PBS thrice, and finally co-cultured with activated CD8+ T cells at a
ratio of 1:10 for 24 h. After co-culture for 24 h, the supernatant was
removed and a fresh complete medium with CCK-8 assay was used to
determine the cell viability of 4T1 cells. For the calcein-AM staining
assay, 4T1 cells werefirstly seeded at a density of 2 × 104 cells perwell in
8-well plates for 24 h. Then, cells were respectively incubated with
TPM1 nanoparticles, TPM2 nanoparticles, TPM3 nanoparticles, PD-L1-
targeted peptides, and anti-PD-L1 antibodies (68 nM; Selleck, A2004)
for 4 h. Afterwards, 4T1 cells were co-incubated with activated CD8+

T cells for 24 h and 4T1 cells were co-incubated with only activated
CD8+ T cells for 24 h were used as controls. After discarding the
medium containing CD8+ T cells, 4T1 cells were stained with Calcein-
AM (YEASEN, 40747ES76) for 20min, then washed thrice with PBS.
Cells were imaged using a CLSM microscope (LSM 980, ZEISS, Ger-
many). 488 nm laser was chosen to obtain green fluorescence of
Calcein-AM.

ELISA assay
ELISA was performed to measure IFN-γ, IL-2, TNF, and GZMB contents
in the supernatant collected from the CCK-8 assay experiments by

using the IFN-γ (BIOESN, BES0211K), IL-2 (BIOESN, BES0032K), TNF
(BIOESN, BES0087K), and GZMB (BIOESN, BES1497K) ELISA Kits,
respectively. Before the tumour cell killing assay, the co-culture cell
samples were made and observed on an SEM microscope (SU8100,
HITACHI, Japan) to validate that CD8+ T cells could recognize tumour
cells after nanofiber network formation on cell membranes.

Plasma pharmacokinetics of peptide nanoparticles
To assess the plasma pharmacokinetics of TPM1, a single dose of TPM1
nanoparticles (13mg/kg) was intravenously injected into normal mice
via the tail vein (n = 3 for each time point, a total of 21). At a pre-
determined time, 20 uL of blood sample was collected and diluted 1:10
in PBS. To obtain the supernatant, the samples were centrifuged at
3378 × g for 5min. The concentration of Ce6 derived from TPM1 was
detected by a fluorescence spectrometer (excitation wave-
length: 405 nm).

In vivo inflammatory effect of peptide nanoparticles
To assess the effect of peptide nanoparticles on inflammation in vivo,
ELISAwasused todetermine thepro-inflammatory cytokines secretion
in serum of mice bearing 4T1 breast cancer. In brief, the serum of 4T1
tumour-bearing mice (n = 5 for each group, a total of 25) was collected
21 days after a single dose of PBS (200μL per injection via tail vein
injection), TPM1 nanoparticles (13mg/kg per injection via tail vein
injection), TPM2 nanoparticles (13mg/kg per injection via tail vein
injection), TPM3 nanoparticles (13mg/kg per injection via tail vein
injection) and anti-PD-L1 antibody (5mg/kg per injection; Selleck,
A2004; via intraperitoneal injection). Then, pro-inflammatory cyto-
kines including IL-6, TNF, and IL-1βwere detected in serumusing ELISA
kits for TNF (BIOESN, BES0087K), IL-6 (BIOESN, BES0086K), and IL-1β
(BIOESN, BES0085K) according to the manufacturer’s instructions.
Detection was measured by absorbance in an ELISA reader (Infinite E
Plex, TECAN, Switzerland).

Bio-distribution of peptide nanoparticles
Ex vivo fluorescence imagingwas used to assess the bio-distribution of
TPM1 nanoparticles. The mice bearing 4T1 tumour were randomly
divided into 3 groups (n = 3 for each group at each timepoint, a total of
75) to respectively receive intravenous injections of a single dose of
TPM1 (13mg/kg), TPM2 (13mg/kg) and TPM3 nanoparticles (13mg/kg)
via tail vein. After 2 h, 4 h, 6 h, 8 h, 10 h, 24 h, 48h, 72 h, and 168 h post-
injection, the tumour, heart, liver, spleen, lung, kidney, intestine, and
muscle were harvested for ex vivo imaging using a fluorescence ima-
ging system (AniView SE, BLT, China).

In vivo immunotherapeutic effects of peptide nanoparticles
To assess the immunotherapeutic effects of peptide nanoparticles, the
mice bearing 4T1 tumour or LLC pulmonary tumour were randomly
divided into 5 groups (n = 5 for each group, a total of 50) to respec-
tively receive intravenous injection of PBS (200μL per injection) via
tail vein, intravenous injection of TPM1 nanoparticles (13mg/kg per
injection) via tail vein, intravenous injection of TPM2 nanoparticles
(13mg/kgper injection) via tail vein, and intravenous injectionof TPM3
nanoparticles (13mg/kg per injection) via tail vein, and intraperitoneal
injectionof anti-PD-L1 antibody (5mg/kgper injection; Selleck, A2004)
every two days for nine days. During the treatment period, tumour
volumeandbodyweightweremeasuredwith a calliper every other day
for 21 days, and tumour volume was calculated by using the following
formula: 1/2 × length ×width2. On day 21 after treatments, mice were
euthanized by using isoflurane (RWD, R510-22-10) inhalation followed
by cervical dislocation, and then the tumour tissueswere harvested for
histologic examinations including HE staining, immunohistochemistry
analysis of Ki67 (1:200, Servicebio, GB111499-50), CD4 (1:200, Servi-
cebio, GB15064-50), CD8 (1:200, Servicebio, GB15068-50), GZMB
(1:200, Proteintech, 13588-1-AP), IFN-γ (1:200, BOSTER, A00393-3), IL-2
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(1:200, Servicebio, GB11114-50) and TNF (1:200, Servicebio, GB11188-
50), immunofluorescent staining for CD4 (1:200, Servicebio, GB15064-
50), CD8 (1:200, Servicebio, GB15068-50) and immunofluorescent
staining for TUNEL using Fluorescein (CF488) TUNEL Cell Apoptosis
Detection Kit (Servicebio, G1501-100T). The tumour tissues were also
processed for flow cytometry and real-time reverse transcription PCR
analysis to the underlying therapeutic mechanism of peptide nano-
particles. Major organs including the heart, liver, spleen, lung and
kidney were collected for HE staining, and whole blood was collected
for routine biochemistry examinations.

Survival analysis
Mice bearing 4T1 tumour were randomly divided into 5 groups (n = 8
for each group, a total of 40) to respectively receive intravenous
injection of PBS (200μL per injection) via tail vein injection, intrave-
nous injection of TPM1 nanoparticles (13mg/kg per injection) via tail
vein injection, intravenous injection of TPM2 nanoparticles (13mg/kg
per injection) via tail vein injection, and intravenous injection of TPM3
nanoparticles (13mg/kg per injection) via tail vein injection, and
intraperitoneal injection of anti-PD-L1 antibody (5mg/kg per injection;
Selleck, A2004) every two days for nine days. The survivals of mice
were observed up to 90days after thefive treatments. Survival analysis
was plotted using a Kaplan–Meier Curve.

Flow cytometry assays of tumour tissues
After the subcutaneous tumours were excised and cut into small pie-
ces, the tumour tissues were digested with the mixed solution (1mg/
mL) of collagenase I (Solarbio, C8140-100mg) and IV (Solarbio, C8160-
100mg) for 15min on constant temperature shaker (225 × g, 37 °C).
After digestion, the single-cell suspension was obtained by filtering
through 70μm cell strainers, followed by a staining procedure with
fluorescence-labelled antibodies. &&&In brief, the cells were stained
with anti-CD45 (1:200, BD, 557659), anti-CD3 (1:200, BD, 553061), anti-
CD8 (1:200, BD, 551162), anti-CD4 (1:200, BD, 553051), fixable viability
(1:200, BD, 564406), anti-Foxp3 (1:200, BD, 562996), anti-IFN-γ (1:200,
BD, 563376), anti-IL-2 (1:200, BD, 554429), anti-TNF (1:200, Biolegend,
506345), or anti-GZMB (1:200, Biolegend, 372207) antibodies. The
fluorescence of cells was quantitatively analyzed by FACS (BD Bios-
ciences, USA). All staining steps were protected from light. The data
was analyzed using the FlowJo software (FlowJo, USA).

Real-time reverse transcription PCR assay of tumour tissues
Total RNA was extracted from the 4T1 or LLC tumour tissues using
TRIzol reagent (Invitrogen, 15596026) according to themanufacturers’
instruction. Synthesis of cDNA was conducted according to the pro-
tocol of the RNA PCR kit (TaKaRa, RR024A). Then, cDNAs were used
for PCR (IFN-γ, IL-2, TNF, GZMB, andβ-actin)with SYBRGreen reagents
(Macklin, S917731-100μL) under the reaction conditions. The primer
sequences (fromSangonBiotech) are shown in Supplementary Table 1.
The relative value of mRNA expression was calculated by the com-
parative ΔΔCt method using β-actin as a reference gene.

Statistical analysis
All experiments were independently performed at least three times,
and a minimum five independent biological replications was con-
ducted for immunological assay. Data were expressed as mean ±
standard deviation (SD) or as median [interquartile range: IQR] when
appropriate.One-wayanalysis of variance (ANOVA) or two-wayANOVA
followed by Tukey’s post hoc analysis was used for multiple group
comparison. Log-rank test was used for testing statistical significance
in the survival assay. All statistical analyses were conducted using
GraphPad Prism (version 9, GraphPad Software, La Jolla, CA, USA,
https://www.graphpad.com/). P <0.05 was considered statistically
significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are included in the Supplementary Information or available
from the authors, as are unique reagents used in this Article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Source data are provided with this paper.

Code availability
A public code for Gromacs used for molecular dynamics simulation
analysis is available on https://www.gromacs.org/ and a custom code
for MATLAB used for co-location analysis is available on https://doi.
org/10.5281/zenodo.13635226.
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