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The development of immune checkpoint inhibitors (ICIs) revolutionizes cancer

treatment, which has been applied in the treatment of several kinds of

malignancies in the clinic. Due to their specific affinity and controllable cost,

the emerging peptide-based ICI therapeutics have attracted great attention.

However, peptide-based drugs generally show poor bioavailability and a short

in vivo half-life. Peptide-based nanomedicine is a promising approach to

increase the efficacy of therapeutic peptides. In this work, an amphiphilic

peptide based on the reported D-peptide for ICIs has been developed. The

constructed amphiphilic peptide can self-assemble into a stable nanostructure

(noted as CD-NPs). The prepared CD-NPs have a spherical shape with a

hydrodynamic size of about 35 nm. In vivo studies show that the prepared

nanomedicine can effectively inhibit tumor growth in 4T1 tumor-bearing mice.

Moreover, we found that the CD-NPs increase the infiltration of effector T cells

and natural killer cells as well as the immune cytokines in the tumor tissues,

implying that they activated the immune response for antitumor activity. Finally,

no obvious changes in the major organs, tissues, or the body weight caused by

the nanomedicine can be observed, demonstrating their good biocompatibility.

Taken together, this study provides a basic idea for designing a novel peptide-

based nanomedicine for enhanced antitumor efficacy by enhancing the

blockade of ICIs and activating the immune response.
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Introduction

Checkpoint blockade-based immunotherapy that evokes the

host immunity to fight against cancers has resulted in

unprecedented rates of effective responses in increasing kinds of

malignancies (such as colon cancer and breast cancer) (Marin-

Acevedo et al., 2018; Robert, 2020; Singh et al., 2020). Immune

checkpoint inhibitors (ICIs) mainly suppressed the activity of

negative regulatory molecules of immunity (such as cytotoxic

T-lymphocyte-associated protein 4) or blocked the interactions

between the checkpoint molecules (e.g., programmed cell death 1

(PD-1) or programmed cell death 1 ligand 1 (PD-L1)) and their

corresponding ligands (Mahoney et al., 2015; Meng et al., 2015;

Rezvani et al., 2017; Gong et al., 2021; Hu et al., 2021). Upon the

checkpoint being blocked, the immune recognition and cancer

surveillance of host immunity will be restored (Chen and

Mellman, 2013; Dempke et al., 2017; Darvin et al., 2018). Among

these ICI-based therapeutic drugs, PD-1 or PD-L1 antibodies have

themost outstanding clinical treatment achievements (Acurcio et al.,

2018; Li et al., 2020; Li et al., 2022). Despite encouraging clinical

efficacy, the non-negligible safety risk caused by immune-related

adverse events and high costs limited the population of patients who

benefited from these therapeutics.

By virtue of the flexibility of sequence design, controllable

preparation cost, and high affinity to specific biomarkers, peptides

have plenteous application potential in mimicking antibodies in the

clinic (Cui et al., 2010; Gautam et al., 2014; Delfi et al., 2021; Gong

et al., 2021). Numerous efforts have been devoted to developing ICI-

based peptides. With the effective phase display technology, Gao and

coworkers screened a DPPA-1 peptide, which can competitively bind

to PD-L1 and consequently block the PD-1/PD-L1 axis to restore the

recognition and killing ability of immunity to cancer cells (Blank and

Mackensen, 2007; Chang et al., 2015; Sun et al., 2018). However,

facing the challenge in the pharmacokinetics of free peptides, such as

short half-life time and vulnerability to serum peptidase in vivo, the

developed DPPA-1 must be administered intratumorally, which

limited its translational potential in the clinic.

Considering the weakness of free therapeutic peptides, chemical

modifying of the hydrophilic peptide to be amphiphilic and

consequently self-assembling into stable nanomicelles under

physiological conditions are a practicable strategy (Zhao et al.,

2014; Cheng et al., 2018; Du et al., 2018; Yu et al., 2021). By

virtue of the advantage of nanosize, the self-assembled

nanomicelles can accumulate in the tumor tissue by enhanced

permeability and retention effect (Eskandari et al., 2017; Robert,

2020; Taleb et al., 2021). In this work, DPPA-1 was covalently

SCHEME 1
Schematic illustration of the preparation of CD-NPs and the antitumor mechanism of CD-NP-mediated cancer immunotherapy.
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modified with hydrophobic octadecanoic acid, and an amphiphilic

peptide C18-DPPA-1 was obtained. As shown in Scheme 1A, the

prepared C18-DPPA-1 can self-assemble into a stable spherical

nanomicelle (noted as CD-NPs) with a hydrodynamic size of

about 35 nm. After intravenously administered into 4T1 tumor-

bearing mice, the CD-NPs can effectively suppress the growth of the

tumor. Further research revealed that the CD-NPs can activate the

host immunity of mice, including improving the infiltration of T

lymphocytes (T cells) and natural killer (NK) cells in tumor tissues,

along with increasing the level of antitumor immune cytokines, such

as interferon-γ (IFN-γ) and interleukin 2 (IL-2) Scheme 1B. In

addition, there is no obvious body weight loss in mice during the

treatment period, and negligible changes in serum biochemical

analysis and histopathological analysis of major organs can be

observed. Taken together, this work developed a practical peptide-

based nanomedicine for ICIs, which has an effective antitumor

ability, as well as satisfying biocompatibility.

Materials and methods

Materials and reagents

Sterile PBS, RPMI-1640 cell culture media, and tissue-

fixing buffer were purchased from Servicebio (Wuhan, China).

The DPPA-1 and C18-DPPA-1 peptides were purchased from

Anhui Guoping Pharmaceutical Co., Ltd. (Hefei, China).

Trypsin and pentobarbital sodium were purchased from

FIGURE 1
Characterization of the peptide self-assembled nanomedicine. (A) TEM images of prepared CD-NPs. (B)Hydrodynamic size distribution and (C)
zeta potential of CD-NPs in PBS measured by DLS. (D) Changes in hydrodynamic size and (E) zeta potential of CD-NPs incubated in PBS for 5 days.
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Solarbio Science & Technology Co., Ltd. (Beijing, China). The

matrix gel was purchased from Corning (United States).

Heparin sodium was purchased from Yuanye Bio-

Technology Co., Ltd. (Shanghai). The fixation buffer, perm/

wash, PE anti-mouse CD8α antibody, FITC anti-mouse

CD3 antibody, PE/Cyanine7 anti-mouse IFN-γ antibody,

Alexa Fluor® 488 anti-mouse CD49b antibody, and Alexa

Fluor® 647 anti-mouse CD69 antibody were purchased from

BioLegend (United States), and fetal bovine serum was

purchased from Biological Industries. IFN-γ and IL-2

ELISA kits were purchased from Pengpai Bio-Technology

Co., Ltd. (Shanghai).

Equipment

A 0–150 mm caliper (DeguoMNT), 5810R ultra-speed

centrifuge (Eppendorf, German), DV215CD digital balance

FIGURE 2
Pharmacokinetics and antitumor effects of CD-NPs in vivo. (A) Fluorescence images and (B) semi-quantitative analysis of blood collected at
indicated time points from 4T1-luci tumor-bearing mice injected with CY5-labeled DPPA-1 or CD-NPs (n = 3). (C) Bioluminescence images and (D)
corresponding semi-quantitative analysis of 4T1-luci tumor-bearingmice at indicated time points after treatment with different formulations (n = 3).
(E) Growth curves of tumors from mice treated with various formulations. (F) Tumor weights of mice treated with various formulations (n = 5).
*p < 0.05.
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(OHAUS, United States), IVIS (PerkinElmer, United States),

inverse microscope (Olympus, Japan), and digital sonicator

(Jiekang, Dongguan) were used for this experiment.

Animals

BALB/c mice weighing 18–22 g (female, 6–8 weeks old) were

purchased from the Animal Center of Zhengzhou University

(Henan, China).

Preparation of self-assembled peptide
nanomedicine

A measure of 1 mg of C18-DPPA-1 peptide was dissolved

in 10 µL DMSO. Subsequently, the peptide was slowly

distributed into 1 ml of PBS using a 1-ml syringe, followed

by sonication for 15 min. Then, the mixture was placed at

room temperature for 1–2 h to form peptide self-assembled

nanomedicine.

Characterization of the peptide self-
assembled nanomedicine

The morphology of the peptide self-assembled

nanomedicine was characterized by transmission electron

microscopy (TEM) as follows: briefly, 10 µL of the

nanomedicine was dropped on the carbon-supported

copper grid and allowed to sit for 10–15 min for air-

drying. Then, 7 µl of uranyl acetate dihydrate was added

onto the sample for staining purpose. After 3 min, the

extra uranyl acetate dihydrate was absorbed gently using a

piece of filter paper. When the dye dried, the sample on the

copper grid was placed into the sample chamber of TEM for

morphological study.

Antitumor efficiency study

To investigate the antitumor efficiency by the

nanomedicine in vivo, the 4T1 tumor-bearing mouse

model was constructed. When the tumor volume reached

about 200 mm3, mice were separated into three groups

randomly (n = 5), which were treated with PBS, DPPA-1

peptide, or CD-NPs every other day within 2 weeks. Before

each injection of nanomedicine or controls, the body weights

of mice and the lengths (L) and widths (W) of tumors were

measured and recorded. The tumor volume was calculated

using the equation: (L × W2)/2. In addition, luciferase

substrate was intraperitoneally injected at days 7, 14, and

21 after tumor planting to monitor the tumor volume via the

IVIS imaging system. After therapy, mice were euthanized for

tumor weight and volume measurement.

Study of the population of T cells and NK
cells in the tumor

After the treatment, mice were sacrificed. Tumors were

harvested, and a small section of tumor in each group was lysed

with tissue lysis buffer containing collagenase, hyaluronidase, and 1%

trypsin at 37°C for 30 min, followed by termination of lysis with cell

culture media containing 2% FBS to obtain the cell mixture, which

was filtered through 70-µm mesh sieves for single-cell suspension.

The single-cell suspension was stored for the analysis of immune cell

populations. Briefly, a part of the single-cell suspensionwas incubated

with anti-CD3-FITC and anti-CD8α antibodies on ice in the dark for
40 min. Then, the cells were washed twice with FBS-free media and

permeabilized with 500 µL perm/wash buffer for 10 min. Cells were

pelleted by centrifugation at 2, 000 g for 5 min. Next, the anti-IFN-γ-
PE/Cy7 antibody was added according to the manufacturer’s

protocol and incubated for another 40 min in the dark.

Subsequently, the cells were washed twice and resuspended in

200 µl FBS-free media for the analysis of T-cell populations with

CD8α+ or IFN-γ expression via flow cytometry. Similarly, another

portion of the single-cell suspension was incubated with anti-mouse

CD69-Alexa Fluor 647 and anti-mouse CD49b-Alexa Fluor

488 antibodies for the analysis of the NK-cell population via flow

cytometry as mentioned previously.

Detection of immune cytokines in tumor

A small section of tumor tissue was lysed with highly efficient

lysis buffer supplemented with a proteinase inhibitor cocktail and

phosphatase inhibitor (10:1:1). After homogenization, the tissue

suspension was centrifuged at 12,000 g for 20 min. The

supernatant was reserved for ELISA assays to detect the

immune-related factors, including IFN-γ and IL-2, according

to the manufacturer’s protocol.

Assessment of the biosafety of CD-NPs

To evaluate the biosafety of CD-NPs, the body weights of

mice were recorded every other day during the treatment within

2 weeks, and a curve was generated to monitor the weight

changes. Moreover, murine blood was acquired before mice

were harvested for the hematological and histopathological

examination. Briefly, the blood was centrifuged at 4°C for

20 min, and plasma was reserved for blood biochemical

analysis, including alanine aminotransferase (ALT) and

aspartate aminotransferase (AST) as well as urea (UREA) and

creatinine (CREA). In addition, the tumor was fixed and
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embedded with paraffin, which was cut for hematoxylin and

eosin (H&E) staining to investigate histopathological changes at

the end of the therapy.

Data analysis and statistics

All experiments were performed with five parallel samples

unless elsewhere indicated, and the result was presented as the

mean ± standard deviation (SD). All results were analyzed using

GraphPad Prism 7, and Student’s t-test was used for statistical

analysis (*p < 0.05; **p < 0.01; and ***p < 0.001).

Results and discussion

The preparation and characterization of
CD-NPs

Aftermodifiedwith hydrophobic octadecanoic acid, the obtained

C18-DPPA-1 becomes amphiphilic. When interacted with water

molecules, the amphiphilic C18-DPPA-1 tends to expose its

hydrophilic segments on the periphery to form an interface with

water molecules, while keeps hydrophobic segments inward,

consequently assembling into nanostructures. The morphology of

the peptide self-assembled nanomedicine was characterized by TEM,

FIGURE 3
Evaluation of antitumor immune responses within tumor tissues. (A) Flow cytometry and (B) corresponding quantitative analysis of CD8α-
positive T cells in the tumor tissue with indicated treatments. (C) Flow cytometry and (D) corresponding quantitative analysis of IFN-γ-producing
CD8α-positive T cells in tumor tissue with indicated treatments. (E) Flow cytometry and (F) corresponding quantitative analysis of both CD69-
positive and CD49-positive NK cells in the tumor tissue with indicated treatments. Data are shown as the mean ± SD; *p < 0.05, **p < 0.01,
***p < 0.001.
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and the results showed that the C18-DPPA-1 peptide can form

homogenous nanoparticles with a spherical shape (Figure 1A).

Also, the hydrodynamic sizes of these nanoparticles were

measured with an average size of 35 nm (Figure 1B). The zeta

potential of CD-NPs was measured to be c.a. −12.9 ± 1.8 mV.

Furthermore, we evaluated the storage stability of CD-NPs. As

shown in Figures 1D,E, there are negligible changes in size and

zeta potential after incubation in PBS (pH 7.4) for 5 days, implying

the good storage stability of CD-NPs.

Evaluation of the antitumor efficacy of
CD-NPs in vivo

It is well known that the blood clearance time is critical for drugs

to work in vivo. Before evaluating the antitumor effect, we study the

pharmacokinetics of prepared CD-NPs. The CY5 fluorescence dye

was used to covalently label the DPPA-1 peptide and CD-NPs. After

being intravenously injected into mice, the CY5-labeled DPPA-1 was

quickly cleared (Figure 2A). Significantly, the prepared CD-NPs

prolonged the circulation time with a half-life time of 1.45 h

(CY5-CD-NPs) vs. 0.44 h (CY5-DPPA-1), which facilitates the

antitumor response in vivo (Figure 2B). To visually monitor the

antitumor effect, the bioluminescence images of mice were recorded

during the whole trials. As shown in Figure 2C, the tumors in each

group had similar size before the treatment and revealed distinct

growing rates during the treatment. In addition, the analysis of

bioluminescence signals demonstrated that the luciferase signal in the
DPPA-1 group was 1.3 times higher than that in the CD-NP group,

indicating that the DPPA-1 has the antitumor effect but not as good as

the CD-NPs, which only had about half of the luciferase signal of the

saline group with statistical significance in the tumor inhibition

(Figure 2D). According to the tumor growth curves, we found

that the tumor volumes in the group treated with saline reached

about 1000 mm3 at the end of therapy, while the tumor volumes in

the group treated with DPPA-1 were about 560mm3, showing a mild

tumor inhibition rate. In contrast, the tumor volumes of the group

treated with CD-NPs were only about 350 mm3 (Figure 2E), which

further demonstrated that the CD-NPs indeed had better antitumor

efficacy. Similar inhibition tendency was observed in the tumor

weight, as the results showing the average tumor weight in the

CD-NP groups was only 1/2 and 3/5 of that in the saline group and
DPPA-1 group, respectively (Figure 2F).

Evaluation of the antitumor immune
response of CD-NPs in vivo

Given that the antitumor effect of nanomedicine is closely

associated with the tumor-infiltrating immune cells in the tumor

tissues, we further analyzed the tumor-infiltrating immune cell

populations with flow cytometry to elucidate the mechanism of

the higher antitumor efficacy of CD-NPs than the DPPA1 peptide

FIGURE 4
Analysis of intratumor immune cytokines. (A) Relative levels of IFN-γ and (B) IL-2 in the tumor tissue from mice treated with different
formulations. Data are shown as the mean ± SD (n = 5); *p < 0.05, **p < 0.01.

FIGURE 5
Body weight changes in mice treated with different
formulations.
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FIGURE 7
Representative images of H&E staining of hearts, livers, spleens, lungs, and kidneys of mice treated with different formulations. Scale bars,
200 μm.

FIGURE 6
Blood biochemical level analysis of mice after treatments. Levels of (A) alanine aminotransferase (ALT) and (B) aspartate aminotransferase (AST)
as well as (C) serum creatinine (CREA) and (D) urea (UREA) in blood frommice treated with different formulations. Data are shown as the mean ± SD
(n = 3).
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observed in vivo. As shown in the results, CD8α-positive (CD8α+)
T cells and IFN-γ-producing CD8α+ T-cell populations were

obviously elevated to a level of 17.64% and 20.08%, respectively,

which is approximately 4 times and 1.5 times of those in saline and
DPPA-1 groups (Figures 3A–D). The enhanced infiltration of tumor

immune cells could benefit from the unique characteristics of

nanomedicine that they can extend the half-life and the retention

in the tumor tissues. In addition, we observed a higher population of

NK cells (CD69+ CD49b+) in the CD-NP group, which is 2.6 times

and 1.8 times of that in the groups treated with saline and DPPA1,

respectively (Figures 3E,F). Taken together, the peptide self-

assembled nanomedicine could activate the immune response and

increase the effector T cells and NK cells in the tumor

microenvironment.

We further detected the intratumor immune-related cytokines

to reveal the antitumor immune response activation of

nanomedicine. The DPPA-1 was found to mildly increase the

levels of IFN-γ and IL-2, while CD-NPs caused significant

elevation in these cytokines (Figures 4A,B). This result

demonstrated that the peptide-based nanomedicine can block the

PD-1/PD-L1 interaction to enhance the antitumor effect by

activating the immune response and increasing the immune

cytokines in the tumor microenvironment.

Evaluation of the biosafety of CD-NPs in
vivo

To assess the biosafety of CD-NPs in vivo, the body weights

of mice in each group were recorded during the treatment, and

no obvious changes were found in any groups during the

treatment (Figure 5), indicating that CD-NPs barely impact

the normal growth of mice.

In addition, murine blood was collected for the hematological

and histopathological examination for monitoring the liver and

kidney function. We found that there were no obvious changes in

ALT and AST as well as the CREA and UREA levels (Figure 6),

implying that the liver and kidney function was not impacted by

CD-NPs. This result demonstrates that the CD-NPs do not cause

liver or kidney toxicity.

At the end of therapy, mice were sacrificed, and tissues including

the heart, liver, spleen, lung, and kidney were harvested for

hematoxylin and eosin (H&E) staining to investigate

histopathological changes. No obvious changes in the tissues

were observed (Figure 7), indicating that no harm to the major

tissues was caused byCD-NPs during the treatment. Taken together,

CD-NPs have good biocompatibility with minimal toxicity in vivo.

Conclusion

In summary, this work constructed an amphiphilic

peptide through a practical chemical modification based on

DPPA-1 peptide. The amphiphilic peptide can self-assemble

into a spherical nanomicelle (CD-NPs). The in vivo

antitumor study showed that the prepared CD-NPs can

effectively inhibit the growth of 4T1 tumors. Furthermore,

immuno-analysis revealed that CD-NPs can evoke the host

immunity through improving the infiltration of T cells and

NK cells and elevating the level of antitumor immune

cytokines in the tumor tissue. Moreover, good

biocompatibility of CD-NPs was further confirmed

through body weight monitoring, biochemical analysis,

and histopathological examination. Taken together, this

work developed practical peptide-based ICIs for tumor

immunotherapy. Owing to the superiority of controllable

cost, good storage stability, and significant antitumor

activity, the prepared CD-NPs host great potentials for

immunotherapy. However, the majority of tumor patients

do not benefit from ICI-based therapy because of the “cold”

tumor microenvironment and other tumor-associated

factors. The development of a synergistic strategy to

overcome the drawbacks of ICI-based therapy is of

significance in the clinic in the future.
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