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Cell membrane-specific self-assembly of peptide
nanomedicine induces tumor immunogenic death
to enhance cancer therapy†

Pengsheng Fan,‡ab Yinghua Guan,‡ab Xiaoying Zhang,b Jiaqi Wang,b Yinsheng Xu,b

Benli Song,b Suling Zhang,b Hao Wang, b Ya Liu *a and Zeng-Ying Qiao *b

Immunogenic cell death (ICD), as an unusual cell death pattern,

mediates cancer cells to release a series of damage-associated

molecular patterns (DAMPs), and is widely used in the field of

cancer immunotherapy. Injuring the cell membrane can serve as a

novel ICD initiation strategy. In this study, a peptide nanomedicine

(PNpC) is designed using the fragment CM11 of cecropin, which is

effective in disrupting cell membranes because of its a-helical

structure. PNpC self-assembles in situ in the presence of high levels

of alkaline phosphatase (ALP) on the tumor cell membrane, transform-

ing from nanoparticles to nanofibers, which reduces the cellular

internalization of the nanomedicine and increases the interaction

between CM11 and tumor cell membranes. Both in vitro and in vivo

results indicate that PNpC plays a significant role in killing tumor cells

by triggering ICD. The ICD induced by the destruction of the cancer

cell membrane is accompanied by the release of DAMPs, which

promotes the maturation of DCs and facilitates the presentation of

tumor-associated antigens (TAA), resulting in the infiltration of CD8+ T

cells. We believe that PNpC can trigger ICD while killing cancer cells,

providing a new reference for cancer immunotherapy.

Introduction

Immunogenic cell death (ICD)1–4 is a special style of cell
apoptosis, which releases danger-associated molecular patterns
(DAMPs)5,6 and tumor-associated antigens (TAAs).7 DAMPs
mainly include calreticulin (CALR),8 high mobility group B1
(HMGB1)9 and adenosine triphosphate (ATP),10 and the release
of these three substances represents different ‘‘signals’’. First,

the release of ATP generates a ‘‘seeking’’ signal that induces
dendritic cells (DCs) to reach the tumor site.11 Second, CALR
migrates from the cytoplasm to the tumor cell membrane,
releasing a ‘‘phagocytosis’’ signal that attracts DCs to phago-
cytose tumor cells.12 Third, HMGB1 is released from the
nucleus after tumor cell death, inducing the maturation of
DCs,13 so that DCs can present tumor-associated antigens to T
cells, promoting T cell activation and differentiation to enhance
the tumor immune effect.

As a superior ICD inducer, doxorubicin (Dox) is usually used
to induce ICD in cancer cells.14 For example, Dox-loaded
mesoporous silicon nanoparticles (MSNs) precisely released
Dox into the intracellular endo/lysosomal compartment, indu-
cing ICD to promote T cell infiltration.14 A carrier-free nano
assembled acid-activated PEG@D:siRNA encompassing the Dox
prodrug and small interfering RNA (siRNA) was reported for the
combinatorial induction of ICD. PEG@D:siRNA boosted the
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New concepts
Immunogenic cell death (ICD) is widely used in the field of cancer
immunotherapy, and the cell membrane disruption can serve as a novel
ICD initiation strategy. However, there is a lack of a powerful strategy to
crumble the tumor cell membrane effectively. Developing cell membrane-
specific self-assembly of penetrating peptides is expected to improve the
effect of cell membrane disruption. In this study, a peptide nanomedicine
(PNpC) with a penetrating peptide (CM11), an assembled peptide and a
responsive group is developed. PNpC self-assembles in situ in the
presence of high levels of alkaline phosphatase (ALP) on the tumor cell
membrane, transforming from nanoparticles to nanofibers, which
reduces the cellular internalization of nanomedicine and increases the
interaction between CM11 and tumor cell membranes. Both in vitro and
in vivo results indicate that PNpC plays a significant role in killing tumor
cells by triggering ICD. The ICD induced by the destruction of the cancer
cell membrane is accompanied by the release of DAMPs, which promotes
the maturation of DCs and facilitates the presentation of tumor-
associated antigens (TAA), resulting in the infiltration of CD8+ T cells.
We believe that PNpC can trigger ICD while killing cancer cells, providing
a new reference for cancer immunotherapy.
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ICD effect of DOX prodrugs, thereby enhancing anticancer
immune responses to inhibit tumor growth.15 The fluorinated
mitochondrial disrupting helix polypeptides (MDHPs) initiated the
elicitation of ICD mediated by endoplasmic reticulum (ER)
stress,16,17 which provided a high helical structure and powerful
anti-cancer ability. The helical polypeptide destroyed the stability
of the outer mitochondrial membrane, triggering cell apoptosis.

As the outermost barrier of cells, the cell membrane plays an
irreplaceable role in protecting cells. It ensures the relative
stability of the intracellular environment and enables various
biochemical reactions to proceed in an orderly manner, so the
destruction of the cell membrane can directly induce the
release of DAMPs and resultant ICD. The process includes the
colocalization of ICD biomarkers CALR to the cell surface and
the rapid release of immunogenic signals including ATP and
HMGB1.18,19 Exploiting ultrasonic treatment, reactive oxygen
species (ROS) and penetrating peptides,20–22 the cell membrane
can be crumbled effectively.23–25 Penetrating peptides are inde-
pendent of energy and mainly attack cell membranes through
the ‘‘carpet model’’.26 Due to the mutual attraction between the
positive charge of the peptide and the negative charge of
the phospholipid membrane, the penetrating peptide covers
the outer surface of the cell membrane, and then the inter-
action between the hydrophobic amino acid of the penetrating
peptide and the hydrophobic core of the cell membrane leads
to the destruction of the cell membrane. However, studies on
the induction of ICD by using penetrating peptides have not
been reported.

Penetrating peptides are easily decomposed by lysosomal
hydrolase, resulting in a low concentration on the cell membrane
surface and a short residence time, which cannot effectively
crumble the tumor cell membrane. Our previous research revealed
that nanofibers designed in an in vivo self-assembly strategy27–32

could significantly elevate the effective concentration and reten-
tion time of ‘‘functional peptides’’.31 Developing cell membrane-
specific self-assembly of penetrating peptides to achieve its enrich-
ment and retention is expected to improve the effect of cell
membrane disruption.

Herein, we design an enzyme-responsive polymer–peptide
conjugate (PPC) to damage cancer cell membranes through
in situ assembly, triggering ICD and improving cancer therapeu-
tics. We used the peptides CM1133 and NapFFYpC, which were
conjugated to poly(vinyl alcohol) (PVA), constructing alkaline
phosphatase (ALP)-responsive PPCs as a tumor-suppressing drug
named PNpC (Scheme 1A). PNpC nanoparticles initially accumu-
lated at the tumor site by the enhanced permeability and reten-
tion (EPR)34,35 effect through intravenous injection. Owing to the
presence of specific and highly expressed ALP4,36,37 on the
membrane of cancer cells, the morphology changed from nano-
particles to fibrous structures. The exposed CM11 peptide on
nanofibers could insert into the cell membrane effectively
through the multisite interaction, which destroyed the structure
of the cancer cell membrane and triggered the ICD of the tumor
cells. The transition from non-immunogenic cell death to immu-
nogenic cell death in cancer cells accelerated the release of
DAMPs and further facilitated the activation of DCs in the

tumor microenvironment (Scheme 1B). The maturation of DCs
enhances the phagocytosis and presentation of tumor-related
antigens, promotes the activation and differentiation of effector
T cells, improves the efficacy of tumor immunity,38–41 and
achieves efficient killing and removal of cancer cells.

Results and discussion
Characterization of PPCs

The structure of acryl-PVA was analyzed using 1H NMR spectra,
and the modification ratio of the acrylate was 18% (Fig. S1, ESI†).
The peptides of CM11 (MW = 1633, Fig. S2, ESI†) and NapFFYpC
(MW = 826, Fig. S3, ESI†) were also synthesized successfully. In
order to study the ALP-responsive properties, the 31P spectra of the
NapFFYpC before and after ALP treatment were first characterized
using a 400 MHz NMR spectrometer. The position of the 31P peak at
�6 ppm of NapFFYpC shifted to 0 ppm after ALP treatment
(Fig. 1A), which proved that NapFFYpC could be dephosphorylated
in the presence of ALP. The 1H NMR spectra of PNpC showed that
the characteristic peaks of the acrylate double bond around d =
6.0 ppm disappeared, and the characteristic peaks of the peptides at
d = 7.0–8.0 ppm appeared, which demonstrated that PNpC was
successfully synthesized (Fig. S4, ESI†). As a control PPC, PC without

Scheme 1 (A) Schematic diagram of the enzymatic-responsive assembly
of PNpC. Dephosphorylation of the assembled peptide NapFFYpC induced
by ALP drives PNpC morphological changes. (B) The morphology of PNpC
changes from granular to fibrous in the cancer cell membrane, damaging
the cell membrane under the action of CM11 and inducing the ICD of
cancer cells. ICD leads to the release of DAMPs from cancer cells, which in
turn promotes the maturation of DCs and facilitates the differentiation and
infiltration of CD8+ T cells.
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the functional peptide of NapFFYpC could not realize ALP-
responsive transformation.

ALP-responsive assembly of PNpC

PNpC could self-assemble into nanoparticles due to the hydro-
philic/hydrophobic balance in aqueous solution with a CMC of
6.54 mM (Fig. S5, ESI†). Measured by DLS, the average particle
sizes of PNpC and PC (Fig. 1B) were around 136 � 60 nm and
355 � 55 nm, respectively. PNpC solution was added to ALP
(2 U mL�1) and incubated at 37 1C for 24 h to generate PNC. And
the particle size of PNC was larger than that of PNpC, proving that
the PNpC treated with ALP underwent a morphology change.
Compared with PC and PNC, PNpC had a smaller size, which was
more favorable for circulation in the blood. The zeta potential
after ALP treatment of PNpC was negatively charged (Fig. 1C). In
contrast, PC was positively charged, because there was no func-
tional peptide of negative NapFFYpC in PC.

Furthermore, the morphological images of PNpC and PC under
TEM were observed at a higher concentration than the CMC, and
the morphological changes of PNpC were observed after adding
ALP. The morphology of PNpC changed after ALP incubation, and
it was a relatively uniform particle size (Fig. 1D). After adding ALP,
the phosphate group was degraded from the Yp in PNpC, and the
transformation changed from granular PNpC to fibrous PNC. A
mixture of nanoparticles and nanofibers was produced after 12 h
of treatment. After adding ALP for 24 h, it was found that all the
nanoparticles were transformed into nanofibers.

Cell membrane-specific self-assembly and cytotoxic effect

After literature survey and topography analysis, we predicted
the schematic diagram of CM11, PC and PNpC on the cell

membrane (Fig. 2A). The role of CM11, PC and PNpC in the
process of injuring cancer cells was explored through co-
localization with the cell membrane (Fig. 2B and S6, ESI†). By
analyzing the fluorescence intensity (FITC) of cell sections,
there was no difference in the distribution of CM11 and PC
on the cell membrane and in the cell, while PNpC was almost
all distributed on the cell membrane.

The SEM images further proved the assembly morphology
change of PNpC (Fig. 2C). For the PNpC group, obvious fibrous
structures were observed on the surface of the tumor cell
membrane, which were in accordance with the results of fluores-
cence images. In the presence of ALP on the tumor cell membrane,
PNpC nanoparticles transformed into nanofibers, which bound
onto the membrane. In contrast, no obvious structures were
discovered on the cell membrane treated by PC, because the
non-responsive PC nanoparticles were more easily taken up by
tumor cells than nanofibers. On the other hand, CM11 peptides
might attach onto the tumor cell membrane, but this could not be
observed due to the lack of assembly properties.

In order to characterize the enhanced killing effect of
membrane-specific self-assembly on tumor cells, HeLa and
4T1 cells were incubated, and the cell viability was measured
after 24 h using a CCK-8 kit to reflect the cytotoxicity of peptide
nanomedicine. As shown in Fig. 2D and E, PNpC showed an

Fig. 1 ALP-responsive assembly properties of PNpC. (A) 31P NMR spec-
trum of the peptide NapFFYpC before and after treatment with ALP for 24
h, dissolved in DMSO-d6. (B) Size distribution of PNpC, PC, and PNpC+

ALP. (C) Zeta potential of PNpC, PC and PNC. (D) TEM images after adding
ALP to PNpC and PC from 0 h to 24 h. The concentration of PPCs was 1
mg mL�1.

Fig. 2 Cell membrane-specific self-assembly and resultant cytotoxic
effect. (A) Schematic representation of CM11, PC and PNpC damage to
cancer cells. (B) Localization of nanomedicine in tumor cells. FITC-labeled
PNpC exhibit green fluorescence, while Dil-labeled cell membranes exhi-
bit red fluorescence. (C) SEM of PNpC on the cell membrane. 4T1 cells
were incubated with PPCs (5 mM) at 37 1C in a constant temperature
incubator with a CO2 concentration of 5% for 24 h. Cytotoxic effect of
HeLa (D) and 4T1 (E) by PNpC. Data are presented as the mean � SD,
*p o 0.05, ** p o 0.01, *** p o 0.001.
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excellent ability in killing tumor cells, and the IC50 for both
cells was around 5 mM. The tumor toxicity of the PNpC came
from the CM11 peptide, which could easily form holes in the
tumor cell membrane, due to the presence of the amphiphilic
N-terminus and the secondary structure of the a-helix. How-
ever, a higher concentration was required for single molecule
CM11 to kill cells, showing an IC50 higher than 80 mM. PC
nanoparticles also had lower tumor-killing abilities, which
might be attributed to the fact that spherical PC was easier to
be endocytosed into tumor cells than fibrous PNpC, reducing
the toxicity to tumor cells. Therefore, we could conclude that
the dephosphorylation of the assembled peptide NapFFYpC in
the presence of ALP abundantly expressed in HeLa and 4T1
cells drove the spherical PNpC to undergo morphological
transformation, improving the toxicity to tumor cells through
enhanced interaction with the cell membrane.

Cancer cells were incubated with PNpC, CM11 and PC for
24 h and then detected by flow cytometry to analyze the cell death
pathways. CM11 induced late apoptosis in 2.97% of HeLa cells
and early apoptosis in 2.19% of cells (Fig. S7A, ESI†). PC could
cause late apoptosis in 21.7%, early apoptosis in 1.43%, and
necrosis in 13.3% of tumor cells. PNpC could cause necrosis in
up to 56.9% of cells. The death pathway of 4T1 cells was different
from that of HeLa cells (Fig. S7B, ESI†). 95.5% of cells treated
with PNpC showed late apoptosis. The ability of PNpC to induce
apoptosis and necrosis of both tumor cells was stronger than that
of CM11 and PC, which also proved that the killing effect of PPC
nanomedicines on tumor cells could be significantly improved
through the fibroblast pathway.

Detection of ICD and maturation of DCs in vitro

The three indicators were applied to detect the level of ICD,
including the migration of CALR to the cell membrane, the
release of HMGB1 and ATP (Fig. 3A). As shown in Fig. 3B, tumor
cell membranes showed different levels of CALR expression after
treatment with PNpC, PC and CM11. Tumor cells treated with
PBS were used as negative controls. Through confocal microscopy
observation, it could be found that the surface of tumor cells
treated with PNpC exhibited the highest CALR content, because
the transformable PNpC had a stronger ability to induce ICD in
cancer cells than CM11 and PC. Measured by flow cytometry, the
expression level of CALR on tumor cell membranes after incuba-
tion with PNpC reached 16.1%, which was significantly higher
than 8.97% in the PC group and 4.89% in the CM11 group
(Fig. S8, ESI†). The above results verified that PNpC had a
stronger ability to induce ICD. When cancer cells developed
ICD, the HMGB1 would be released from the nucleus, inducing
the decreased amount in the nucleus and increased amount in
the cytoplasm and outside the cell. Compared with the PBS
group, after PNpC, PC and CM11 treatment, the content of
HMGB1 in the nucleus of cancer cells was reduced, and HMGB1
protein also appeared in the cytoplasm to different degrees
(Fig. 3C). The green fluorescence intensity in the nucleus of cells
treated by PNpC was the lowest compared with the PC and CM11
groups, and a stronger green fluorescence also appeared in the
cytoplasm. Furthermore, the ELISA test results showed that the

extracellular HMGB1 induced by PNpC had a higher concen-
tration of 55.2 ng mL�1 than other groups (Fig. 3D), according to
the standard curve of HMGB1 (Fig. S9, ESI†). The amount of
HMGB1 released in the PNpC group was 2 times that of the CM11
group and 1.5 times that of the PC group. Therefore, it could be
speculated that PNpC with an enzyme-responsive transformable
ability had the strongest ICD-inducing ability. The release of ATP
from cancer cells was also measured in the extracellular micro-
environment. The PNpC treatment group showed the highest
extracellular ATP concentration, reaching 233.5 mM, which was
twice that of CM11 (Fig. 3E and S10, ESI†). All the results of
CALR, HMGB1 and ATP proved that peptide nanomedicine could
induce ICD in tumor cells to a certain extent, and PNpC with a
cell membrane-specific self-assembly capacity had the strongest
ability to induce ICD.

As mentioned above, the cancer cells treated by peptide
nanomedicines could release DAMPs due to the ICD effect,
which might cause the maturation of DCs. The supernatant of

Fig. 3 ICD triggered by disruption of cell membranes. (A) Schematic
illustration of ICD. (B) CALR exposure on the cell surface was observed
by CLSM after PNpC treatment. 4T1 cells were incubated with PPCs (5 mM)
for 24 h. The primary and secondary antibodies were anti-CALR and anti-
IgG-FITC, respectively. (C) CLSM of HMGB1 release from the nucleus. 4T1
cells were incubated with PPCs (5 mM) for 24 h. The primary and secondary
antibodies were anti-HMGB1 and anti-IgG-FITC, respectively. (D) Relative
released HMGB1 level measured by ELISA. (E) Relative released ATP level
measured by ELISA. (F) Schematics showing the experimental procedure of
stimulating DCs with cell lysates from cancer cells after being treated. (G)
Maturation of DCs was measured by flow cytometry. Data are presented as
the mean � SD, *p o 0.05, ** p o 0.01, *** p o 0.001.
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PNpC, PC and CM11 treated cancer cells was added into DC2.4
cells (Fig. 3F), and the maturation of DCs was detected by flow
cytometry (Fig. 3G). There were 41.8%, 18.2% and 34.2% CD80+

CD86+ cells in the PNpC group, CM11 group and PC group,
respectively. All three groups were higher than the PBS group.
The above results could prove that the DAMPs released from
cancer cells treated with PNpC, PC and CM11 could promote
the DC maturation that was positively correlated with the
ability to induce ICD. Therefore, the cell membrane-specific
self-assembly strategy was beneficial to the ICD of cancer cells
and resultant maturation of DCs.

Tumor accumulation and anti-tumor ability of PNpC in vivo

All animal experiments comply with the requirements of the
National Institutes of Health Laboratory Animal Protection Reg-
ulations and the National Center for Nanoscience and Technol-
ogy Laboratory Animal Care Committee. The distribution of
peptide nanomedicine in mice was analyzed to investigate the
targeted accumulation in the tumor site. CM11, PC and PNpC
were labeled by the NIR fluorescence probe Cy5 and then injected
into the mice through the tail vein, followed by NIR fluorescence
imaging in vivo (Fig. 4A and B). It was found that the PNpC
treatment group showed obvious fluorescence in the tumor site,
which was stronger than that of the PC and CM11 groups. After
24 hours, the organs and tumors were dissected out, and
quantitative analysis results of the fluorescence intensity of each
organ and tumor are shown in Fig. 4C. The fluorescence intensity
of the tumor in the PNpC-treated group was B1.5 times higher
than that in the CM11 and PC groups, indicating the enhanced
accumulation of PNpC in tumor sites. After PNpC reached the

tumor site through the blood circulation, the highly expressed
ALP on the cell membranes induced the morphology transforma-
tion of PNpC, and the resultant fibrous structure could be
enriched at the tumor site effectively.

The antitumor efficacy of peptide nanomedicines in vivo was
evaluated in the treatment of 4T1 tumors. The tumor inhibition
effect of PPCs was measured by adding a Dox treatment group,
which could also induce the ICD effect.15 Tumor-bearing mice
were treated by tail vein injection of CM11, PC, PNpC and Dox
(Fig. 4A). The tumor growth rate of the PBS group was signifi-
cantly faster than that of the other groups and reached more than
1400 mm3 on the 14th day after treatment (Fig. 4D and S11, ESI†).
However, the growth rate of tumors in the three groups treated by
drugs slowed down significantly, showing the excellent killing
effect on tumor cells. Among the three peptide nanomedicines,
the PNpC group finally suppressed the tumor volume below
350 mm3, comparable to the Dox group, which displayed a better
tumor inhibitory effect than the other two peptide nanomedi-
cines. In the tumor microenvironment, the ALP-responsive PNpC
reassembled into nanofibers on the cell membrane, and the
enhanced interaction with the cell membrane caused the effec-
tive destruction of tumor cells, inducing the ICD effect. The
subsequent maturation of distant DCs might increase the effi-
ciency of antigen presentation and promote the activation of
tumor immunity.

Detection of ICD and maturation of DCs in vivo

The levels of PNpC, PC and CM11 in inducing ICD of cancer
cells were explored in vivo. CALR and HMGB1 in tumor tissues
were labeled by immunofluorescence. The immunofluores-
cence of CALR, HMGB1 and CD 86 in tumor tissues of mice
treated with PNpC, PC, CM11 and Dox showed stronger fluores-
cence than that of the PBS group (Fig. 5A). It was worth noting
that the fluorescence intensity of the PNpC group, compared
with the DOX group, was B1.3 times and B2 times stronger
than that of the PC group and CM11 group, respectively
(Fig. 5B). After treatment with PNpC, PC, CM11 and Dox, it
was found that the content of HMGB1 in the nucleus of cancer
cells decreased for the Dox group and PNpC group. For the
CM11 group and the PC group, there was no obvious extra-
nuclear release of HMGB1 (Fig. 5B). All the phenomena were in
accordance with the results in the cell level, further confirming
that the transformable ability of PNpC not only significantly
improved the killing ability of cancer cells, but also induced
tumor cells to develop ICD in vivo.

It was verified that tumor cells treated with peptide nano-
medicines could significantly promote the maturation of DCs
in vitro, which were further investigated in vivo. The maturation
of DCs was measured by observing the level of CD86+ cells in
the tumor tissue by immunofluorescence. The fluorescence
intensity of labeled CD86+ cells in the tumor tissue treated
with PNpC and Dox was stronger than that in the CM11 group.
Flow cytometry analysis was also performed (Fig. 5C), and the
content of CD86+ cells in tumor sites of the PNpC group and
Dox group was 12.7% and 14.8%, respectively. The content of
mature DCs in the PNpC-treated group was significantly higher

Fig. 4 Tumor inhibition study of PNpC in vivo. (A) Tumor-bearing mouse
model establishment and dosing schedule. (B) In vivo distribution of Cy5-
labled CM11, PC and PNpC (left), and ex vivo distribution in organs and
tumors (right). (C) Quantitative analysis of the fluorescence intensity of
nanomedicine (n = 3 per group). (D) Average tumor growth curves of 4T1
bearing mice and tumor images after treatment with PNpC. The tumor
volume was measured every other day until the end of the study. (Group 1:
PBS, Group 2: CM11, Group 3: PC, Group 4: Dox, Group: 5 PNpC) (n = 5 per
group). Data are presented as the mean � SD, *p o 0.05, ** p o 0.01,
*** p o 0.001.
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than that in the Dox-treated group (Fig. 5B), which proved that
PNpC was more capable of triggering the ICD-induced matura-
tion of DCs. All the results proved that PNpC has great potential
in promoting the maturation of DCs, which could be attributed
to the cell membrane-specific self-assembly triggered ICD effect
and resultant release of immunogenic substances DAMPs.

Activation of the immune response by PNpC

The infiltration of CD8+ T cells and CD4+ T cells in tumor tissue
was analyzed by immunohistochemistry. As shown in Fig. 6A,
the infiltration degree of CD8+ T cells in the PNpC group was
significantly higher than that in other groups, while there was
no significant difference in CD4+ T cells. The content of CD8+ T
lymphocytes in the tumor tissue microenvironment after treat-
ment with different polypeptide nanomedicines and Dox
increased compared with the control group in the PBS-treated
group (Fig. 6B–D). Among them, the experimental group with the
highest content of CD8+ T cells in the tumor microenvironment
was the PNpC-treated group, with the content reaching 19%,
while the PBS-treated group was 3.5%, the CM11 group was 8.1%,
the PC group was 10.8%, and the Dox group was 12.6% (Fig. 6C).
This could be attributed to the fact that PNpC had the strongest
ability to induce ICD in tumor cells compared with CM11 and PC.
The abundance of immune cells, especially T cell subsets, played
a critical role in cancer immunology and therapy. The abundance
of T cells was obtained by superimposing the contents of CD8+ T
cells and CD4+ T cells (Fig. 6E). The abundance of T cells in the
PNpC group was significantly higher than that in the Dox group,
proving that the degree of T cell infiltration in the PNpC group

was more conducive to inhibiting tumor growth during the
treatment process. Compared with Dox, PNpC could promote
more T cell infiltration during cancer treatment, especially CD8+

T cells, which is of great significance in cancer treatment.
The tumor tissue microenvironment is an immunosuppres-

sive type, and one of the reasons for this phenomenon is the
existence of Tregs in the tumor tissue.42 In the process of tumor
immune escape, Tregs can secrete TGF-b, IL-10 and IL-35,
down-regulate anti-tumor immunity, and inhibit the antigen-
presenting ability of DCs and the differentiation of CD8+

T cells.42 To evaluate the level of immunosuppression at the
tumor site in each group after treatment, CD25+ Foxp3+ cells in
tumor tissue sections were labelled by immunofluorescence,
showing that the green fluorescence of peptide nanomedicine
was significantly lower than that of the PBS-treated group,
which proved that Tregs infiltration in the tumor tissue micro-
environment was reduced, and the effect on tumor immuno-
suppression was weakened (Fig. 7A). The content of Tregs in
the tumor microenvironment was assessed by flow cytometry
and immunofluorescence. It could be determined that the
content of Tregs in tumor tissue was significantly reduced after
treatment with peptide nanomedicine, and the PNpC group
exhibited the strongest weakening of immunosuppression
(Fig. 7B). Compared with that in the CM11 group, the Tregs
content was reduced from 14.3% to 6.1%, and the decrease in
the Tregs content could also provide auxiliary support for the
PNpC-treated group to inhibit tumor proliferation. Quantitative
analysis of the green fluorescence of labeled Tregs showed that
the Tregs content of the PNpC-treated group was slightly lower

Fig. 6 (A) Immunohistochemistry (IHC) staining of the tumor sections for
the detection of CD8+ T cells and CD4+ T cells. (B) FACS analysis for CD8+

T cell and CD4+ T cells. (C) Content of CD8+ T cells in 4T1 tumors.
Statistical analysis was performed on the flow cytometry results of CD8+ T
cell infiltration. (D) Content of CD4+ T cells in 4T1 tumors. Statistical
analysis was performed on the flow cytometry results of CD4+ T cell
infiltration. (E) Abundance of T cells. The abundance of T cells is obtained
by superimposing the contents of CD8+ T cells and CD4+ T cells. Data are
presented as the mean � SD, *p o 0.05, ** p o 0.01, *** p o 0.001.

Fig. 5 (A) Immunofluorescence staining of CALR, HMGB1 and CD86
exposure in 4T1 tumors. (B) FACS analysis for mature DCs in 4T1 tumors.
(C) Quantifications of CALR exposure in 4T1 tumors. (D) Quantification of
HMGB1 in the nucleus of 4T1 tumors. (E) Content of mature DCs. (Group 1:
PBS, Group 2: CM11, Group 3: PC, Group 4: Dox, Group: 5 PNpC). Data are
presented as the mean � SD, *p o 0.05, ** p o 0.01, *** p o 0.001.
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than that of the Dox-treated group, and was significantly lower
than that of the CM11-treated group (Fig. 7C). PNpC could
significantly reduce the content of Tregs in tumor tissue during
cancer treatment, and the effect was superior to Dox. Tregs/
CD8+ ratio is an important parameter to evaluate the effect of
immunotherapy. The lower the ratio the better the immu-
notherapy effect. The Tregs/CD8+ ratio in the PNpC treatment
group was lower than that in the Dox treatment group, proving
that PNpC has greater potential than Dox in the application of
immune management (Fig. 7D).

T lymphocytes can kill tumor cells by releasing anti-tumor
cytokines TNF-a and IFN-g in serum, so the level of TNF-a and
IFN-g can reflect the anti-tumor immune effect of the body. The
levels of TNF-a and IFN-g in the serum of mice in different
treatment groups were measured using ELISA (Fig. 7E and F).
All the CM11, PC, PNpC and Dox treatment groups showed
higher levels of TNF-a and IFN-g than the PBS group. The level
of IFN-g was higher for PNpC and Dox groups. It was worth
noting that the serum of the PNpC-treated group showed
comparable levels of tumor necrosis factor and interferon to
the anticancer drug Dox, which could also explain that the
tumor-suppressive effect was significantly stronger than that of
the CM11-treated group.

Toxicity profile

For in vivo application, the stability profiles of PNpC and PC in
PBS were determined (Fig. S12, ESI†), and the size remained

stable in 7 days. Owing to its amphipathic N-terminal and
a-helix secondary structure, pure CM11 could easily lead to red
blood cell membrane disruption and hemolysis (Fig. S13, ESI†).
However, PNpC and PC showed a very low hemolysis rate
(o5%), even if the concentration reached 1 mg mL�1, which
could be attributed to the better hemocompatibility of PNpC
and PC after assembly into nanoparticles compared with the
fully exposed peptide CM11 (Fig. S14, ESI†). PNpC and PC
showed negligible cytotoxicity toward L929 cells in vitro, imply-
ing their good biocompatibility (Fig. S15, ESI†). In order to
evaluate the biosafety of nanodrugs, the body weight of the
tumor-bearing mice was recorded (Fig. S16, ESI†), and the mice
treated with Dox showed a slight decrease in body weight on
day 8 and began to recover slowly on day 14. Moreover, the
levels of blood urea nitrogen (BUN), bilirubin, aspartate amino-
transferase (AST), and alanine aminotransferase43 in all indivi-
duals were within the normal range (Fig. S17, ESI†).

Furthermore, the H&E histopathological staining results of
the main organs of tumor-bearing mice, including the heart,
liver, spleen, lungs, and kidneys, showed that there was no
significant difference in the organs of the CM11, PC, and PNpC-
treated groups compared with the PBS-treated group (Fig. S18,
ESI†). Therefore, the peptide nanomedicine did not cause
systemic toxicity in mice.

Conclusions

PNpC can be converted from nanoparticles to nanofibers in the
presence of ALP, which enhances its tumor cytotoxicity, ICD
initiation efficiency, and its enrichment ability in tumor tissue.
The self-assembly strategy can increase the release of DAMPs,
thereby promoting the maturation of DCs. PNpC exhibited a
stronger ICD-inducing ability and tumor-suppressing ability
than other experimental groups in vivo, which could increase
the content of effector T cells and mature DCs in tumor tissue,
and did not increase the content of Tregs, enhancing the tumor
immune effect. Therefore, the cell membrane-specific self-
assembly strategy shows great potential for developing novel
peptide nanomedicine to enhance cancer immunotherapy.
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