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Abstract The underlying cause of low response rates to existing immunotherapies is that tumor cells

dominate tumor immune escape through surface antigen deficiency and inducing tumor immunosuppres-

sive microenvironment (TIME). Here, we proposed an in situ tumor cell engineering strategy to disrupt

tumor immune escape at the root by restoring tumor cell MHC-I/tumor-specific antigen complex (MHC-I/

TSA) expression to promote T-cell recognition and by silencing tumor cell CD55 to increase the ICOSLþ

B-cell proportion and reverse the TIME. A doxorubicin (DOX) and dual-gene plasmid (MAC pDNA, en-

coding both MHC-I/ASMTNMELM and CD55-shRNA) coloaded drug delivery system (LCPN@ACD)

with tumor targeting and charge/size dualeconversion properties was prepared. LCPN@ACD-induced

ICD promoted DC maturation and enhanced T-cell activation and infiltration. LCPN@ACD enabled

effective expression of MHC-I/TSA on tumor cells, increasing the ability of tumor cell recognition

and killing. LCPN@ACD downregulated tumor cell CD55 expression, increased the proportion of

ICOSLþ B cells and CTLs, and reversed the TIME, thus greatly improving the efficacy of aPD-1 and

CAR-T therapies. The application of this in situ tumor cell engineering strategy eliminated the source

of tumor immune escape, providing new ideas for solving the challenges of clinical immunotherapy.

*Corresponding authors.

E-mail addresses: zhangzipeng@sdfmu.edu.cn (Zipeng Zhang), zhangnancy9@sdu.edu.cn (Na Zhang).
yThese authors made equal contributions to this work.

Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2024.08.028

2211-3835 ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.e lsev ier.com/ loca te /apsb
www.sc iencedi rec t .com

Acta Pharmaceutica Sinica B 2025;15(1):627e641



ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Immunotherapy has sparked a revolutionary shift in tumor treat-
ment, in which immune checkpoint inhibitors and chimeric anti-
gen receptor T-cell (CAR-T) therapies have achieved remarkable
clinical success1,2. Nevertheless, tumor immunotherapy still falls
far short of expectations, especially in the treatment of solid tu-
mors. For example, very few patients show a complete response to
immune checkpoint inhibitors3,4, and CAR-T therapies are
currently available only for hematologic tumors and remain sub-
optimal in solid tumors5-7. These problems are mainly attributed
to tumor immune escape through tumor cell surface antigen
deficiency and overexpression of certain cytokines/receptors,
regulating the tumor immunosuppressive microenvironment
(TIME). Although many studies have been performed to over-
come tumor immune escape by focusing on regulating immuno-
suppressive cells or editing T cells, however, it is the tumor cell
that is the root who dominates the occurrence of immune escape.
Tumor cells can change and maintain the microenvironment to
promote their survival and development, regulate immune cells to
an immunosuppressive subtype, and restrict immune cell infiltra-
tion, thus promoting tumor growth and development8,9. Therefore,
the direct engineering of tumor cells is expected to cut off the
source of immune escape and achieve multifaceted promotion of
T-cell-based immune responses.

Tumor cells exhibit insufficient antigen expression and pre-
sentation, which hinders T-cell activation and recognition, making
it difficult for T cells to achieve the desired therapeutic effect10,11.
Previous studies have focused on this issue, for example, by
restoring the surface level of MHC-I to improve antigen presen-
tation and increase tumor sensitivity to immunotherapy12-14 or by
constructing dual (multi)-target CAR-T cells to expand CAR-T-
cell recognition exploiting the complementary nature of
different antigens15. Tumors are deficient in expressing both an-
tigens and MHC-I, which may prevent existing strategies from
achieving the desired therapeutic effect. Therefore, there is an
urgent need to simultaneously increase the expression of MHC-I/
antigen complex (express only antigen for CAR-T therapy) to tag
tumor cells and restore T cell recognition.

The tumor cells induced TIME is another major obstacle to
immunotherapy16,17. Numerous studies have confirmed that tumor
cells dominate the interaction between tumor cells and immune cells
in the TIME. For example, tumor cells can regulate the phenotype of
tumor-associated macrophages (TAMs) through lactate secretion,
and regulate T-cell status through TGF-b18. TAMs, T cells, and B
cells are the main immune cells in TIME19-21. A growing number of
studies highlight the importance of B cells in TIME formation22-24.
As reported, B cells in the TIME promote M2 macrophage differ-
entiation and inhibit effector T-cell function by GABA secretion.
Tumor cells induce B cells to adopt the tumor-promoting phenotype
(Breg) to strengthen Treg- and MDSC-mediated immune suppres-
sion25. Previously, our group relieved the TIME by whole tumor-
infiltrating B-cell depletion26. However, B-cell function is hetero-
geneous, and modulating specific B-cell subtypes may lead to new
advances in immunotherapy. The ICOSL-positive subtype of B cells

in TIME is considered to be tumor suppressive, which improves
tumor-specific T cell responses through ICOSL/ICOS engagement,
limits IL-10 production, and reduces regulatory T cells (Tregs).
However, tumor CD55, a complement inhibitory protein expressed
on the tumor cell membrane, significantly hindered the generation of
ICOSLþ B cells by inactivating complement C3 convertase22,27.
Therefore, downregulating tumor cell CD55 to increase the pro-
portion of ICOSLþ B cells is expected to reverse the TIME. In
addition, it is worthmentioning that some chemotherapy drugs, such
as doxorubicin (DOX), oxaliplatin, and paclitaxel, have a positive
effect on immunotherapy. It has been demonstrated that a low dose of
DOX can induce immunogenic cell death (ICD) to regulate the im-
mune microenvironment and promote the activation of T cells28.

In this study, we reformed tumor cells with an in situ tumor cell
engineering strategy to restore T-cell recognition by over-
expressing the MHC-I/tumor-specific antigen complex (MHC-I/
TSA) on tumor cell surface, to increase the proportion of
ICOSLþ B cells and ameliorate the TIME by downregulating
tumor cell CD55 expression (Fig. 1). A dual-gene plasmid (MAC
pDNA) was constructed to express MHC-I/ASMTNMELM
(ASMTNMELM is a valid peptide in ADPGK (TSA of colon
cancer) that binds to MHC-I18) and to transcribe CD55-shRNA for
CD55 silencing. Cationic liposomes loaded with MAC pDNA and
DOX were prepared (LNP@ACD) by the thin film dispersion
method. CMCS-PEG-NGR was assembled with LNP@ACD to
form LCPN@ACD, which featured tumor targeting and charge/
size dual conversion to achieve tumor accumulation and deep
penetration. LNP@ACD was released from LCPN@ACD in a
slightly acidic TIME, readily initialized by tumor cells. MAC
pDNA expressed MCH-I/TSA, which could be located on the
surface of tumor cells, promoting the recognition of effector T
cells. Moreover, MAC pDNA transcribed CD55 shRNA to silence
tumor cell CD55, which in turn promoted ICOSLþ B-cell pro-
duction and reversed the TIME. A low dose of DOX could induce
ICD, thus promoting DC maturation, T-cell activation, and T-cell
infiltration. In summary, the tumor immune escape was thoroughly
reversed, which greatly enhanced the immunotherapeutic effect of
aPD-1 and CAR-T cells. The therapeutic strategy proposed in this
study is universal and theoretically applicable to most of the T
cells involving immunotherapies (including immune blockade
therapy, adoptive cell therapy, tumor vaccines, etc.), and may
provide new inspiration for immunotherapy.

2. Materials and methods

2.1. Materials

Doxorubicin hydrochloride (DOX) was obtained from Meilunbio
(Dalian, China). Multi-genotype plasmids were purchased from
VectorBuilder Inc. (Guangzhou, China). Carboxymethyl chitosan
(CMCS) was from Macklin Inc. (Shanghai, China). NHS-
PEG2000-MAL was obtained from AVT Pharmaceutical Co., Ltd.
(Shanghai, China). Hoechst 33342 was purchased from Shandong
Sparkjade Biotechnology Co., Ltd. (Jinan, China). ICD antibodies
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were purchased from Beijing Biosynthesis Biotechnology Co.,
Ltd. (Beijing, China). Mouse HMGB1 ELISA Kit was purchased
from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). ELISA kits were purchased from Dakewe Biotech Co.,
Ltd. (Beijing, China). BioLegend (San Diego, USA) supplies all
mouse antibodies for cytometry.

2.2. Cell lines and animals

Human umbilical vein endothelial cells (HUVEC) and Mouse
colon cancer cells (MC-38) were obtained from Immocell (Xia-
men, China) and cultured in RPMI 1640 cell culture medium
containing 10% fetal bovine serum and 1% penicillin-
streptomycin at 37 �C and 5% CO2. C57BL/6 mice are bought
from SPF Biotechnology Co., Ltd. All experimental procedures
were executed according to the protocols approved by the Shan-
dong University Animal Care and Use Committee (No. 19031).

2.3. Preparation and characterization of LCPN@ACD

Dlin-MC3-DMA, DSPC, DOTAP, cholesterol, and DOX
(32:8:1:5:2) were dissolved in methanol/trichloromethane (1:5)

solvent and desalted by adding three equivalents of triethylamine.
The lipid-drug solution was transferred into a round bottom flask
and evaporated under reduced pressure. The lipid film was hy-
drated with 1 mL of distilled water containing MAC pDNA for
30 min and sequentially passed through a 0.22 mm filter membrane
and 100 and 50 nm liposome extruders to obtain LNP@ACD.
LNP@ACD was added to an equal volume of CMCS-PEG2000-
NGR (2 mg/mL) under stirring to obtain LCPN@ACD.

2.4. In vitro tumor microenvironment-sensitive charge and size
dual response performance of LCPN@ACD

One hundred microliters of LCPN@ACD was dispersed in 900 mL
of PBS at different pH values. After incubation, the size and zeta
potential were measured to verify its responsive depolymerization
character in TME, and the experiment was repeated three times.

2.5. Investigation of the in vitro release behavior of
LCPN@ACD

DOX solution was used as the control. One milliliter of DOX
solution, LCPN@ACD, was placed in a dialysis bath to simulate

Figure 1 Schematic illustration of LCPN@ACD fabrication and tumor cells editing to improve the effect of immunotherapy. (A) LCPN@ACD

is prepared as coreeshell nanoparticles, targeting tumor tissue by NGR and disassembling in the acidic TME. (B) In situ tumor cell engineering

strategy reversed immune escape by restore T-cell recognition and relieve immunosuppressive TME. LNP@ACD is readily initialized by tumor

cells and releases MAC pDNA and DOX in the process of lysosome escape. MAC pDNA is translated to MCH-I/TSA, which is located on the

surface of tumor cells, thus promoting the activation of the immune response and recognition of effector T cells. MAC pDNA is transcribed to

CD55 shRNA to reduce tumor cell CD55 expression, which increases ICOSLþ B-cell proportion and reverses the immunosuppressive micro-

environment. DOX induces ICD and promotes DC maturation, further enhancing the antitumor immune response. The tumor dominated immune

escape was reversed, which greatly enhanced the immunotherapeutic effect of aPD-1 and CAR-T therapies. This figure was created with

BioRender.com.
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the release behavior in blood circulation. DOX was detected by
using a UV spectrophotometer.

2.6. Active targeting and tumor accumulation study of
LCPN@ACD

HUVECs were implanted on a 12-well plate for 12 h, and then the
medium was refreshed with LNP@ACD-, LCPN@ACD-, and
DOX (80 ng/mL)econtaining medium. The CD13 endocytosis
receptor on HUVECs was blocked by NGR for competitive in-
hibition experiments. HUVECs were imaged by inverted fluores-
cence microscopy. Cellular uptake of DOX in HUVECs was
measured by C6 flow cytometry.

To evaluate the tumor accumulation ability, IR780 instead of
DOX was selected to prepare LCPN. MC38 cells (1 � 106) were
subcutaneously implanted. When the tumors grew to a suitable
volume, 0.1 mL of IR780 solution, LNP@IR780, and
LCPN@IR780 were injected intravenously. Then, the mice were
anesthetized and visualized at time points. Twenty-four hours
later, the main organs and tumors were collected and
photographed.

2.7. Investigation of tumor microenvironment-sensitive cellular
uptake behavior

In a 12-well disc, MC38 cells were inoculated overnight at a
density of 1.0 � 105 cells/disc. Free DOX, LCPN@ACD (pH 7.4,
6.5), or LNP@ACD (80 ng/mL DOX) were supplemented. The
nuclei were labeled with DAPI before imaging and flow cytometry
assays.

2.8. Deep tumor penetration ability of LCPN@ACD

The MC38 cell suspension (20 mL/drop, dispersed in 0.24%
methylcellulose medium) was incubated on the lid of the cell
culture dish in an inverted position. Tumor spheres were bathed in
a medium containing LNP@ACD and LCPN@ACD (pH 7.4 or
6.5) to allow DOX penetration. After 4 h of incubation, the tumor
spheres were imaged by laser confocal microscopy.

2.9. Evaluation of lysosomal escape ability

The lysosomal escape of LCPN@ACD in MC38 cells was verified
using AF488-DNA to replace MAC pDNA. First, MC38 cells
were inoculated in confocal dishes (cell density 1.0 � 105 cells/
well). After the cells were attached, 1 mL culture medium
(pH Z 6.5) containing 1 mg/mL AF488-DNA or LCPN@AF488-
DNA was added and incubated for 2 or 5 h. The lysosomes were
stained with LysoTracker red, and the nuclei were labeled with
Hoechst 33342. The lysosomal escape ability of LCPN@ACD
was visualized and analyzed with laser confocal microscopy.

2.10. In vitro cytotoxicity evaluation

MC38 cells (5 � 103) were seeded in each 96-well Plate 12 h
before. Different preparations containing a series of DOX con-
centrations (0.0125, 0.05, 0.2, 0.8, and 3.2 mg/mL) were added.
After 48 h of incubation, each well was treated with 20 mL of
MTT (5 mg/mL) for 4 h. The supernatant was then replaced with
DMSO for absorbance detection.

2.11. In vitro immunogenic cell death

MC38 cells were seeded at a density of 5 � 104 per well in 24-
well discs. After incubation with saline, free DOX, LNP@ACD,
and LCPN@ACD for 12 h (DOX concentration Z 80 ng/mL), the
cells were permeabilized (only for HMGB1 staining) and stained
with CRT/HMGB1 antibody and AF488-conjugated secondary
antibody, visualized under an inverted fluorescence microscope,
and quantitatively analyzed by flow cytometry and ELISA. The
secretion of ATP was determined with an ATP measurement kit.

2.12. Evaluation of transfection efficacy

MC38 cells (2 � 105) were seeded into each well. The experi-
ments were grouped according to 1) naked MAC pDNA; 2)
LNP@ACD; 3) LCPN@ACD (pH 7.4); and 4) LCPN@ACD (pH
6.5) (MAC pDNA Z 1 mg/mL). Serum-free DMEM diluted for-
mulations were incubated with MC38 cells for 8 h followed by
complete medium replacement. After 48 h of transfection, the
transfection efficiency was observed with fluorescence micro-
scopy and quantified with flow cytometry.

A short peptide of OVA (SIINFEKL) was used to replace
ASMTNMEL. After treating the cells as described above, the
transfected and cell membrane-anchored MHC-I/SIINFEKL was
labeled using an anti-mouse H-2Kb bound to SIINFEKL antibody.
Anti-CD55 monoclonal antibody and AF594 secondary antibody
were used for CD55 staining. Furthermore, the silencing efficacy
of CD55 was detected through immunohistochemistry.

2.13. Preliminary study on the antitumor effect of LCPN@OCD

Four-to six-week-old C57BL/6 mice were used, with 1 � 106 cells
injected subcutaneously. The groups were divided as follows: 1)
saline, 2) free OVA pDNA, 3) LCPN@O, 4) LCPN@OD, 5)
LCPN@OCD, and 6) LCPN@OCD þ aPD-1. Formulations
(2.5 mg/kg DOX and 2 mg/kg MOC pDNA) were intravenously
administered every 3 days. Mice were sacrificed on the 14th day,
and tissues were isolated for analysis. Three tumors from each
group were excised to prepare a single-cell suspension for flow
cytometry, and then 1000 mL of erythrocyte lysate was added to
each tube to break up the erythrocytes. The ICOSLþ B cells
(stained with CD19-APC and CD275-PE) in the TME and OVA-
specific CTLs (stained with SIINFEKL-H2Kb PE and CD8a-
APC) in the spleen were determined by flow cytometry.

2.14. Enhanced antitumor effect of aPD-1 combined with
LCPN@ACD

C57BL/6 mouse model subcutaneously carrying MC38 tumors
(left side) was established. The groups were divided as follows: 1)
saline; 2) blank LCPN; 3) DOX; 4) LCPN@D; 5) LCPN@AC; 6)
LCPN@ACD; 7) LNP@ACD; 8) aPD-1; and 9)
LCPN@ACD þ PD-1mAb. Different formulations (2.5 mg/kg
DOX, 2 mg/kg MOC pDNA, and 5 mg/kg PD-1 monoclonal
antibody) were administered intravenously for 3 days. On Day 14,
the model animals were killed, and the tumors were collected for
weighing, photographing, and staining with H&E, Ki67, and
TUNEL.
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2.15. In vivo immune cell assay

Lymphocytes were extracted from the tumor and labeled with
appropriate anti-mouse antibodies against DCs (CD11c, CD80,
CD86), CTLs (CD3, CD8, IFN-g), B cells (CD19 and CD275),
and OVA-specific T cells (CD8 and SIINFEKL-H2Kb).
Lymphocyte proportions were measured by flow cytometry.

2.16. Rechallenge study of LCPN@ACD in combination with
aPD-1

Fourteen days after the first tumor incubation, 1 � 106 MC38 cells
were implanted on the opposite side (right side). The mice were
killed 28 days after the first tumor incubation. The tumors were
collected, weighed, and photographed. TEM cells (CD3, CD8,
CD44, CD62L) in the spleen were detected to evaluate the im-
mune memory effect of LCPN@ACD.

2.17. Antitumor effect study of LCPN@CCD combined with
CAR-T cells

The MC38 tumor model was established as described previously.
The mice were divided into 6 groups: 1) saline; 2) LCPN@D; 3)
LCPN@CD; 4) LCPN@CCD; 5) CAR-T; and 6)
LCPN@CCD þ CAR-T. The formulations were administered at
doses of 2.5 mg/kg DOX and 2 mg/kg MAC-pDNA. CAR-T cells
were injected at 105 cells per mouse per injection. The animals
were sacrificed on Day 14 and the tumors were separated,
weighed, and photographed.

2.18. Rechallenge study of LCPN@CCD in combination with
CAR-T cells

The experimental method was the same as in the “Rechallenge
study of LCPN@ACD in combination with aPD-1” section.

2.19. Statistical analysis

All data are presented as the mean � SD. The significance be-
tween two samples was analyzed by t-test and by one-way
ANOVA in multiple samples. The significance and P-value were
analyzed using GraphPad Prism8.0 software, *P < 0.05,
**P < 0.01, and ***P < 0.001.

3. Results and discussion

3.1. LCPN@ACD was successfully prepared with charge/size
dual-conversion capacity

Specific binding of NGR and CD13 on tumor vascular endothelial
cells, CMCS-PEG-NGR (CPN), was synthesized for active tar-
geting. The NHS group of Mal-PEG2000-NHS was attached to the
amino group of carboxymethyl chitosan (CMCS) by the amide
reaction, and then the maleimide end and the sulfhydryl end of the
NGR peptide were reacted to finally produce CPN. The product
was structurally confirmed by 1H-NMR (Supporting Information
Figs. S1 and S2). The characteristic peaks appeared in the prod-
uct spectra, indicating the successful synthesis of CPN. Cationic
lipid nanoparticles loaded with MAC pDNA (Supporting
Information Fig. S3) and DOX (LNP@ACD) were prepared by
a thin film dispersion method. To achieve responsive

disintegration in TEM and enhance the accumulation in tumor
tissues, LCPN@ACD was constructed by wrapping CPN around
LNP@ACD using the electrostatic adsorption method. As shown
in Fig. 2A, the particle size of LNP@ACD was 42.02 � 2.17 nm,
and the zeta potential was 18.81 � 2.15 mV. As shown in Fig. 2B,
the particle size of LCPN@ACD was 162.33 � 9.59 nm, with a
potential of �32.67 � 1.75 mV, showing a sphere-like shape. The
changes in size and zeta potential indicated that LNP@ACD was
successfully wrapped by CPN. Information on the particle size,
potential, and drug loading of LNP@ACD and LCPN@ACD is
displayed in Supporting Information Tables S1 and S2. When
LCPN@ACD reached the TME, LCPN@ACD was charged
positively to decompose and release the small cationic liposomes
LNP@ACD. As shown in Fig. 2C and D, the size of LCPN@ACD
was 121.8 � 7.12 nm at pH 7.4, while the particle size shifted to
41.43 � 5.47 nm at pH 6.5. The zeta potential of LCPN@ACD
was �32.67 � 1.75 mV at pH 7.4, while the zeta potential flip-
ped to 9.33 � 1.94 mVat pH 6.5. In Fig. 2E, the cumulative DOX
release from LCPN@ACD was 40.32 � 1.53% at pH 7.4 for 48 h.
The cumulative DOX release was higher at pH 6.5
(61.88 � 1.53%, P < 0.05), indicating that LCPN@ACD could
undergo responsive decomposition in the acidic TME, thus pro-
moting DOX release. These results indicated that under a simu-
lated acidic TME, the shell CPN of LCPN@ACD underwent
protonation, and LCPN@ACD responsively depolymerized to
expose the cationic core LNP@ACD, which could achieve a dual
response transition in size and charge. LCPN@ACD was stable in
PBS at 4 �C and in plasma at 37 �C (Fig. 2F and Supporting
Information Fig. S4). More importantly, LCPN@ACD could
well protect pMAC from degradation in a plasma condition
(Supporting Information Fig. S5). In conclusion, the above results
indicated that LCPN@ACD was successfully prepared and had
good stability.

In addition, cellular uptake experiments (Fig. 2G‒I) indicated
that the fluorescence of LCPN@ACD was significantly stronger at
pH 6.5 than at pH 7.4 (P < 0.01, P < 0.001), which was due to
CPN-responsive shedding in the environment, exposing the
cationic core of LNP@ACD and thus enhancing its uptake by
tumor cells. These results showed that LCPN@ACD could un-
dergo charge and size double conversion in the TME and enhance
the uptake ability of tumor cells.

3.2. LCPN@ACD showed tumor tissue targeting, tumor
penetration, and lysosomal escape capabilities

The targeting performance of LCPN@ACD was investigated by
cell uptake assay and near-infrared fluorescence imaging. CD13-
positive HUVECs were employed to validate the targeting effect
of LCPN@ACD in vitro. The mean fluorescence intensity (MFI)
of LCPN@ACD was significantly higher than that of LCP@ACD
in HUVECs, which was corroborated by quantitative flow cyto-
metric analysis (P < 0.01) (Fig. 3A‒C). To verify NGR-mediated
cellular uptake, HUVECs were pretreated using free NGR and
then incubated using LCPN@ACD. The DOX fluorescence in
LCPN@ACD was brighter than that in LCPN@ACD þ free NGR
(P < 0.01) because CD13 on HUVECs was saturated by free
NGR, preventing it from interacting with NGR on LCPN@ACD.
The higher cellular uptake efficiency of LCPN@ACD than that of
LCP@ACD and NGR þ LCPN@ACD groups suggests that NGR-
mediated targeting can significantly improve cellular uptake effi-
ciency and is expected to increase the accumulation of nano-
medicines at the tumor site. In addition, NGR-mediated tumor
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accumulation capacity was investigated in MC38-bearing C57BL/
6 mice using near-infrared fluorescence imaging. IR780 was uti-
lized to replace DOX and prepare LCP@ACI and LCPN@ACI.
As shown in Fig. 3D, the tumor sites treated with LCPN@ACI
showed a higher MFI than the IR780 and LCP@ACI (without
NGR) groups. Ex vivo imaging (Fig. 3E and F) also demonstrated
that LCPN@ACI significantly increased the distribution in the
tumor, indicating NGR-mediated tumor targeting. Taken together,
the above results indicated that LCPN@ACI could achieve active
targeting of tumor tissue mediated by NGR.

Once the drug delivery system reaches the tumor site, it needs
to penetrate into the tumor tissue. However, it is difficult for
carriers to penetrate deeply into dense tumor tissue. It has been
shown that positively charged and small nanoparticles have
stronger tumor penetration ability29-30. LCPN@ACD, as a charge-
particle size reversible system, could achieve size and charge dual
reversal at pH 6.5 to release positively charged and small
LNP@ACD. To demonstrate that the charge and size dual

conversion property of LCPN@ACD could enable deep penetra-
tion in tumors, we investigated the deep tumor penetration of
LCPN@ACD in tumorspheres. As shown in Fig. 3G and H, sig-
nificant differences in fluorescence intensity were observed be-
tween the LNP@ACD, LCPN@ACD (pH Z 7.4), and
LCPN@ACD (pH Z 6.5) groups at 100 and 120 mm deep of the
tumor spheres. Among them, the fluorescence intensity of the
LCPN@ACD (pH Z 6.5) and LNP@ACD groups was signifi-
cantly stronger than the LCPN@ACD group, which indicated a
stronger deep penetration ability of LCPN@ACD (pH Z 6.5) and
LNP@ACD groups. The enhanced deep penetration of
LCPN@ACD is attributed to the release of LNP@ACD in the
acidic microenvironment and the small particle size and positive
charge of LNP@ACD.

pDNA degradation in lysosomes severely inhibited the
expression efficiency. Therefore, the lysosomal escape ability of
LCPN@ACD was investigated by confocal microscopy. The
intracellular fate of the plasmid was investigated by replacing the

Figure 2 LCPN@ACD was successfully prepared with charge/size dual-conversion capacity. Zeta potential, particle size and morphology of

LNP@ACD (A) and LCPN@ACD (B), scale bar Z 200 nm. (C, D) Size and zeta potential of LCPN@ACD at different pH values. (E) Cu-

mulative release curves of DOX at different pH condition within 48 h. (F) The particle size and zeta potential stability of LCPN@ACD at 4 �C for

14 days. (G) Cellular uptake of LCPN@D on MC38 cells at different pH condition, scale bar Z 100 mm. Representative flow diagram (H) and

fluorescent intensity (I) of MC38 cells (n Z 3). Data are presented as mean � SD. *P < 0.05, **P < 0.01 and ***P < 0.001.
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MAC pDNA with AF488-DNA (green fluorescence). In Fig. 3I
and J, after 2 h of incubation with MC38 cells, LCPN AF488-
pDNA (pH Z 6.5) showed less overlap between AF488-pDNA
and lysosomes, greater AF488-pDNA distribution in the cyto-
plasm, when compared with free AF488-pDNA group. At the time
point of 5 h, the green fluorescence of AF488-pDNA in the free
group overlapped mostly with the lysosome, while the green
fluorescence of LCPN AF488-pDNA (pH Z 6.5) overlapped less
with the red fluorescence of the lysosomes (Fig. 3K and L). The
Pearson’s R-value of LCPN AF488 (pH Z 6.5) was lower than
that of AF488-pDNA at both 2 and 5 h, and the difference in
Pearson’s R-value between the two groups was further increased at
5 h (Pearson’s R-value of AF488-pDNA at 2 h was 0.88; Pear-
son’s-R value of LCPN AF488 (pH Z 6.5) at 2 h was 0.72.
Pearson’s R-value of AF488-pDNA at 5 h was 0.89; Pearson’s-R
value of LCPN AF488 (pH Z 6.5) at 5 h was 0.63), which in-
dicates that LCPN AF488 (pH Z 6.5) has lower overlap with
lysosomes compared to AF488-pDNA, i.e., LCPN AF488
(pH Z 6.5) has stronger lysosomal escape ability (Supporting
Information Fig. S6). The above results suggested that

LCPN@ACD could promote the escape of the plasmid from ly-
sosomes to the cytoplasm, which could prevent its degradation by
lysosomes.

3.3. LCPN@ACD edited tumor cells to be featured in high
MHC-I/TSA expression, low CD55 expression, and immunogenetic
cell death

T-cell recognition and killing of tumors is severely limited by low
levels of antigen expression. Here, we hypothesized that T-cell
recognition and killing could be restored by artificially upregu-
lating MHC-I/TSA expression. The working mechanism of
LCPN@ACD in vivo and in vitro was verified. First, the trans-
fection efficiency of LCPN@ACD was investigated, and fluores-
cence images and flow cytometry quantification of MC38 tumor
cells in vitro showed that higher transfection efficiency was
reached in the LNP@AC and LCPN@AC (pH 6.5) groups
(Fig. 4A‒C). In Supporting Information Fig. S7, the Western blot
result verified the overexpression of MHC-I on MC38 cells. The
in vivo results showed that LCPN@ACD exhibited higher

Figure 3 LCPN@ACD showed tumor targeting, tumor penetration and lysosomal escape capabilities. Representative images (A), flow diagram

(B) and quantified data (C) of cellular uptake on HUVECs, scale bar Z 200 mm. Fluorescent images of mice administered with IR780-containing

formulations (D). The ex vivo imaging (E) and total fluorescence intensity (F) of major organs 24 h after IR780-containg formulations admin-

istrated intravenously. (G) Images of MC38 tumor spheroids after incubation with DOX-containing formulations for 5 h, scale barZ 200 mm. (H)

Quantified fluorescence intensity of tumor sphere slices. Representative image and fluorescence distribution of AF488-pDNA and lysosome in

MC38 cells after incubated with AF488-pDNA and LCPN-AF488 (pH Z 6.5) for 2 h (I and J) and 5 h (K and L), scale bar Z 30 mm. Lysosome

was labeled in red, AF488-pDNAwas in green. Line in red represent the fluorescent intensity of lysosome, line in green represent the fluorescent

intensity of AF488-pDNA. LNP@ACD represents drug loaded inner lipid nanoparticle; LCP@ACD represents CMCS-PEG modified

LNP@ACD; LCPN@ACD represents CMCS-PEG-NGR modified LNP@ACD; LCPN@ACI represents LCPN@ACD after the replacement of

DOX by IR780. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01 and ***P < 0.001.
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transfection efficiency in the tumor tissues of MC38-bearing mice
(Fig. 4D). In conclusion, these results suggested that
LCPN@ACD could achieve effective transfection of tumor cells.

Increasing the expression level of MHC-I in tumors is an
important means to improve antitumor immunity12,14. However,
the lack of tumor antigens (especially TSA) is an important
problem facing immunotherapy at present. Therefore, this study
integrated the genes of MHC-I and ASMTNMELM into one
plasmid. The plasmid simultaneously translated MHC-I and
ASMTNMELM, which rapidly bound to the MHC-I/
ASMTNMELM complex without further processing and then
transferred onto the tumor cell surface. The MHCeI binding
peptide (SIINFEKL) of ovalbumin (OVA) was used to prepare

LCPN@OCD, which was applied to substitute ASMTNMELM,
thus evaluating antigen-specific T cells. In Fig. 4E, the
LCPN@OCD and LNP@OCD groups had significantly higher
fluorescence intensity than the free pDNA group, indicating that
LCPN@OCD could effectively express MHC-I/OVA on tumor
cells. Moreover, mice were immunized with OVA-specific antigen
peptides after replacing ASMTNMELM to investigate the infil-
tration of antigen-specific T-cell responses. OVA-specific T cells
were tested in spleens isolated from the mice (Fig. 4F and G). No
significant increase was shown in OVA-specific T cells in the
saline, free OVA-treated group, while the ratio of OVA-specific T
cells was increased to different degrees in the LCPN@O,
LCPN@OD, LCPN@OCD and LCPN@OCD þ aPD-1 groups,

Figure 4 LCPN@ACD upregulate tumor MHC-I/TSA, downregulate tumor CD55 and induce ICD effect. Fluorescence microscope images

(A), flow diagram (B) and fluorescent intensity (C) of MC38 cells 48 h after incubated with LCPN@ACD in vitro (n Z 3), scale bar Z 200 mm.

(D) Tumor slice analysis of EGFP expression at the tumor site. Scale bar Z 50 mm. (E) Confocal microscopy image of MHC-I/SIINFEKL

expression on MC38 cells, scale bar Z 10 mm. (F, G) Flow cytometry of OVA-specific T cells in spleens (n Z 3) after the administration of

LCPN@OCD. (H) In vitro flow cytometry analysis of CD55 expression after incubated with LCPN@ACD (n Z 3). (I) Immunofluorescence

staining of CD55 in tumor tissues after administration of LCPN@ACD, scale barZ 100 mm. (J, K) Flow cytometry analysis of ICOSLþ B cells in

tumor tissue after administration of LCPN@OCD (n Z 3). Fluorescence microscope images (L) and quantitative analysis (M) of CRT exposure

tumor cells and HMGB1 released tumor cells (N and O) after treated with DOX-containing formulations, scale bar Z 100 mm. ELISA analysis of

ATP (P) released from MC38 cells. (Q) In vitro cell viability of MC38 cells treated with different formulations (n Z 3). The O in LCPN@OCD

expressed OVA, and the A in LCPN@ACD expressed ADPGK. Data are presented as mean � SD. *P < 0.05, **P < 0.01 and ***P < 0.001.
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with the highest in the LCPN@OCD þ aPD-1 group, which was 6
times higher than that in the Free-OVA group, indicating that
LCPN@OCD could induce the production of antigen-specific
CD8þ T in the body more effectively. These results confirmed
that LCPN@OCD could induce tumor MHC-I/OVA expression to
boost the generation of CD8þ T cells.

B cells are important components in the TME24. Previously, we
slightly alleviated the immunosuppressive TME by a B-cell
depletion strategy; however, B-cell subtypes play different roles
in antitumor immunity, and targeted regulation of specific B-cell
subtypes may overcome the deficiency of whole B-cell depletion
to promote antitumor immunity. Effective inhibition of CD55
protein is essential to achieve B-cell subtype conversion after
DOX-induced chemotherapeutic effects. As shown in Fig. 4H, I
and Fig. S7, after incubation with different groups, the groups
containing the CD55-interfering gene (LCPN@C, LCPN@CD
and LCPN@ACD) exhibited weaker fluorescence intensity, and
CD55 expression in the saline group was 1.8 times greater than
that in the LCPN@ACD group (P < 0.001), demonstrating that
LCPN@ACD could effectively interfere with CD55 expression.
Next, we further explored the expression kinetics of
LCPN@ACD. CD55 and MHC-I expression were detected over 3
generations after MC38 cells were administrated with
LCPN@ACD (Supporting Information Fig. S8). It can be implied
that LCPN@ACD maintains expression no more than 3 genera-
tions, and the mouse should better be administrated within 3 days
between each time. Analysis of intra-tumoral B cells (Fig. 4J and
K) showed that the group containing the CD55-interfering gene
had more ICOSLþ B cells than the group without the CD55-
interfering gene. In summary, LCPN@ACD efficiently inhibited
the expression of CD55 to promote the generation of ICOSLþ B
cells.

Antigen presentation and activation of T cells by DCs is a key
factor affecting the antitumor efficacy of T cells31,32. Enhance-
ment of DC infiltration and maturation in tumor tissue, such as
ICD, is necessary to trigger antitumor immunity. DOX can induce
ICD effects after being taken up into tumor cells. Fluorescence
microscopy (Fig. 4L) and quantitative analysis (Fig. 4M) indicated
that the CRT-positive rate was increased after incubation with free
DOX, LNP@D, and LCPN@D (P < 0.001). Investigation of
HMGB1 release demonstrated that free DOX, LNP@D, and
LCPN@D could induce more HMGB1 release than the control,
i.e., more HMGB1 was present in the culture medium (Fig. 4N)
and less HMGB1 in tumor cells (Fig. 4O). By assessing ATP
secretion, we found that incubation with free DOX, LNP@D, and
LCPN@D significantly induced more ATP secretion (P < 0.001,
Fig. 4P). The results demonstrated that the groups containing
DOX (including LCPN@D) could effectively induce ICD.
Moreover, LCPN@ACD shows the same ICD induction ability as
LCPN@D, which implies that the presence of MAC pDNA does
not affect the ICD induction ability of LCPN@D. As a traditional
chemotherapeutic agent, DOX can kill tumor cells in tumor tis-
sues, reduce tumor density, and enhance immune cell infiltra-
tion33,34. The cytotoxicity of LCPN@OCD was investigated. In
Fig. 4Q, blank LCPN had no significant cytotoxicity in the set
concentration range, and the nanoparticles had a better safety
profile. Although the cytotoxicity of DOX, LNP@D, and
LCPN@D was concentration-dependent, tumor cells maintained
good cell viability at the DOX concentration (80 ng/mL) used in
this study to induce tumor ICD, which made a guarantee for the
efficiency of pMAC drug.

3.4. LCPN@OCD enhances aPD-1 effect and activated
antitumor immune response

A preliminary evaluation of the efficacy of LCPN@OCD was
performed in MC38 tumor-bearing mice. Fig. 5A and B showed
the schedule of administration and group setting. In Fig. 5C, tumor
growth in the LCPN@OCD and LCPN@OCD þ aPD-1 groups
were obviously inhibited, and tumor growth was slowest in the
LCPN@OCD þ aPD-1 group. Tumor weights, tumor photo and
tumor inhibition rate (Fig. 5D, Supporting Information Fig. S9 and
Table S3) also showed that the LCPN@OCD group and the
LCPN@OCD þ aPD-1 group had excellent antitumor effects, and
the LCPN@OCD þ aPD-1 group had the best antitumor effect. In
Fig. 5E, no significant difference was shown in mouse weight,
indicating that the formulations had less systemic toxicity. In
brief, LCPN@OCD had an excellent antitumor effect, which was
further enhanced with the addition of aPD-1. Several key immune
cells in the TME were assayed for a preliminary evaluation of the
immunomodulatory function of LCPN@OCD. As shown in
Fig. 5F and G, both the LCPN@OCD and LCPN@OCD þ aPD-1
groups significantly promoted DC maturation, with the highest
percentage of mature DCs measured in the LCPN@OCD þ aPD-1
group (P < 0.001). In Fig. 5H and I, the proportions of CD8þ T
cells and CD4þ T cells in the LCPN@OCD þ aPD-1 group were
the highest at 20.8 � 3.08% and 30.73 � 2.31%, respectively.
These results preliminarily confirmed that LCPN@OCD had a
regulatory effect on the tumor immune microenvironment and a
boosting effect on aPD-1. The above results verified that
LCPN@OCD could achieve tumor MHC-I/OVA expression to
promote CD8þ T-cell function, inhibit the expression of CD55 to
boost the generation of ICOSLþ B cells, have an excellent ICD
effect, and effectively inhibit the development of tumor cells.
Furthermore, in a preliminary antitumor effect study,
LCPN@OCD showed excellent antitumor effects and immune cell
regulatory functions and enhanced the therapeutic effect of aPD-1.

3.5. LCPN@ACD leads to excellent antitumor effects and
enhanced aPD-1 effect

LCPN@ACD in vivo antitumor assays were performed on MC38
tumor-bearing mice. The administration profile and group setting
are shown in Fig. 6A and B. Compared with the other groups,
tumor growth was slower in the LCPN@ACD group and
LCPN@ACD þ aPD-1 group, the slowest tumor growth rate was
observed in the LCPN@ACD þ aPD-1 group (P < 0.001,
compared with LCPN@ACD) (Fig. 6C and Supporting
Information Fig. S10), indicating that LCPN@ACD had an
excellent antitumor effect and further improved the antitumor
effect after combination with aPD-1. Tumor weights and tumor
photos also showed (Fig. 6D and Fig. S10) that the LCPN@ACD
group and the LCPN@ACD þ aPD-1 group had excellent anti-
tumor effects compared with the other groups, and the antitumor
effect of the LCPN@ACD þ aPD-1 group was better. To detect
the effect of LCPN@ACD and its enhancement on aPD-1, an
immunohistochemical experiment of tumor tissue was performed,
as shown in Fig. 6E. The necrotic area of tumor cells in the
LCPN@ACD þ aPD-1 group was the largest, and the necrotic
area of tumor cells by H&E staining in the LCPN@ACD and
LCPN@ACD þ aPD-1 groups was significantly higher than that
in the other groups. Ki67 in brown‒yellow positive cells (prolif-
erating cells) were significantly decreased in both the

In situ tumor cell engineering enhance immunotherapy 635



LCPN@ACD group and the LCPN@ACD þ aPD-1 group, and
the brown-yellow positive cells in the LCPN@ACD þ aPD-1
group were the least, which indicated that the
LCPN@ACD þ aPD-1 group had the strongest inhibitory effect
on tumors. TUNEL assays showed that tumor cell apoptosis was
obviously increased in the LCPN@ACD and
LCPN@ACD þ aPD-1 groups (green fluorescence), and the
LCPN@ACD þ aPD-1 group had the most apoptosis, which
indicated that the LCPN@ACD þ aPD-1 group had the highest
apoptosis rate. Taken together, these results indicated that
LCPN@ACD had a great antitumor effect and could strengthen
the therapeutic effect of aPD-1.

Furthermore, the long-term antitumor effect was evaluated
through a rechallenge experiment. As shown in Fig. 6F and G and
Supporting Information Fig. S11, tumor growth after the rechal-
lenge experiment was inhibited in the LCPN@ACD and
LCPN@ACD þ aPD-1 groups compared with the control group
(P < 0.001). Furthermore, after the rechallenge study, the CD4þ

TEM and CD8þ TEM percentages in the LCPN@ACD group and
the LCPN@ACD þ aPD-1 group were greater than those in the
control group (P < 0.001), confirming long-term immune memory
in the LCPN@ACD and LCPN@ACD þ aPD-1 treatment groups
(Fig. 6H‒K). Together, these results demonstrated that mice

treated with LCPN@ACD or LCPN@ACD þ aPD-1 have long-
term antitumor effects.

In addition, the safety of LCPN@ACD was preliminarily
evaluated through a hemolysis test and histopathological analysis
of the major organs. The weight changes of mice during treatment
(Supporting Information Fig. S12) also suggested that
LCPN@ACD had some systemic safety. In Supporting
Information Fig. S13, no significant tissue damage was
observed, indicating that LCPN@ACD was safe for major organs.
The safety of injection was investigated by a hemolysis experi-
ment (Supporting Information Fig. S14), and the results showed
no obvious hemolysis phenomenon in the experimental concen-
tration range (5e80 mg/mL), and the hemolysis rate was less than
5%. The hemolysis results demonstrated that LCPN@ACD had
less interaction with erythrocytes and was suitable for intravenous
injection. Overall, these results indicated that LCPN@ACD had
excellent biocompatibility and safety.

3.6. LCPN@ACD could effectively reverse the TIME and
further enhance the antitumor immune responses

The TIME remodeling effect of LCPN@ACD was investigated by
measuring the number of immune cells and the level of cytokines,

Figure 5 Preliminary antitumor effect and immune stimulation ability of LCPN@OCD. (A) Schedule of administration. (B) Groups of the

antitumor experiment for Fig. 5C-I. (C) Tumor growth curves in different formulation-treated mice (n Z 6). (D) The tumor weights on Day 14

(nZ 6). (E) Body weights recorded every 2 days within 14 days (nZ 6). (F, G) Flow cytometry analysis of mature DCs in tumors (nZ 3). (H, I)

Flow cytometric analysis of CD4þ and CD8þ T cells in tumors (n Z 3). Data are presented as mean � SD. *P < 0.05, **P < 0.01 and

***P < 0.001.
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groups were set as Fig. 7A. As shown in Fig. 7B and C, ICOSLþ B
cells in LCPN@ACD and LCPN@ACD þ aPD-1 had higher
positive rates than the others. Notably, ICOSLþ B cells in the
LCPN@ACD group were significantly higher than those in the
LCPN@AC and LCPN@D groups (P < 0.001) due to the com-
bination of chemotherapy induction and CD55 inhibition. In
Fig. 7D and E, the proportion of DC maturation was increased in
the treatment groups containing DOX, which could be attributed
to the ICD effect of DOX. LCPN@ACD and
LCPN@ACD þ aPD-1 maximized the T-cell proportion in the
TIME (vs. saline, P < 0.001) (Fig. 7F and G), indicating that
LCPN@ACD could effectively promote the intratumor invasion of
lymphocytes. CTLs were evaluated in Fig. 7H and I. In compar-
ison with the others, the proportion of CTLs was higher in the
LCPN@ACD and LCPN@ACD þ aPD-1 groups, indicating that
LCPN@ACD could enhance the tumor infiltration of CTLs. In
addition, the LCPN@ACD group and the LCPN@ACD þ aPD-1
group had lower levels of Tregs and higher CD8þ T-cell/Treg
ratios than the other groups (Fig. 7J‒L). For the determination
of immune cytokines (Fig. 7M and Supporting Information
Fig. S15), the LCPN@ACD group and the

LCPN@ACD þ aPD-1 group induced more immune-activating
cytokines (IL-6, IFN-g, and IL-12) and less immunosuppressive
cytokines (TGF-b and IL-10). In summary, LCPN@ACD
could effectively reverse the TIME, which would benefit aPD-1
therapy.

3.7. LCPN@CCD restores T cell recognition and enhances the
effect of CAR-T therapy in a low antigen-expressing tumor model

Low expression or heterogeneity of tumor antigens leading to
difficulties in finding suitable targets and insufficient tumor
recognition are the key factors limiting CAR-T therapy for solid
tumors15. Exogenous expression of specific antigens can over-
come the problems of low antigen expression and heterogeneity
and improve the efficacy of CAR-T therapy. On the other hand, an
ameliorated tumor microenvironment can further contribute to
CAR-T-cell therapy.

CEA is highly expressed in human colorectal cancer patients
and has become an important target of tumor CAR-T therapy1,8.
To simulate the heterogeneous population with low levels of tumor
antigen, we chose mouse MC38 cells that do not express CEA as a

Figure 6 LCPN@ACD showed excellent antitumor effects and enhanced the therapeutic effect of aPD-1 in a subcutaneous tumor model and

rechallenge study. (A) Schedule of treatments on MC38 tumor-bearing mice. (B) Groups setting for Fig. 6B‒E. (C) Tumor growth curves within

14 days (n Z 6). (D) Tumor weights on day 14 were recorded (n Z 6). (E) H&E, Ki67 and TUNEL staining of tumor slices, scale bar Z 100 or

200 mm. (F) Tumor volume changes in the rechallenged tumors (nZ 6). (G) Tumor weight in different groups after the rechallenge study (nZ 6).

(H, I) Flow chart and quantitative analysis of CD4þ TEM cells proportion in spleen on Day 28 (nZ 3). (J, K) Flow chart and quantitative analysis of

CD8þ TEM cells proportion in spleen on Day 28 (n Z 3). The group setting for Fig. 6G-K are consistent with Fig. 6F. Data are presented as

mean � SD. *P < 0.05, **P < 0.01 and ***P < 0.001.
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model for subsequent studies. MHC-I is not required in the pro-
cess of CAR-T killing tumor cells, and we constructed a plasmid
encoding both CEA-GPI and CD55 (CGC pDNA) and prepared
LCPN@CCD. We exploited CEA CAR-T cells in MC38-bearing
mice to verify the combination effect of LCPN@CCD and
CAR-T-cell therapy. Fig. 8A shows a schematic diagram of the
dosing schedule, which was administered every 3 days. In Fig. 8B
and C and Supporting Information Fig. S16, the tumor growth

curves, tumor weights, and tumor photo demonstrated that the
antitumor effect of the LCPN@CCD þ CAR-T group was better
than that of the LCPN@CCD (P < 0.01) and CAR-T groups
(P < 0.001), indicating that the combination could boost the
antitumor effect. During administration, the weight of the mice
was measured every two days. In Fig. 8D, no significant change in
body weight was shown between groups, indicating that the
combination of LCPN@CCD with CAR-T cells did not increase

Figure 7 LCPN@ACD successfully reversed the TIME and further enhanced the immune response. (A) Groups. (B, C) Flow cytometry

analysis of ICOSLþ B cells in tumors (nZ 3). (D, E) Analysis of mature DCs in tumors (nZ 3). (F, G) Flow cytometry analysis of CD4þ T cells

and CD8þ T cells (n Z 3). (H, I) Analysis of tumor-infiltrating CTLs (n Z 3). (J, K) Analysis of tumor-infiltrating Treg cells (n Z 3). (L)

Quantitative analysis of CD8þ T/Tregs. (M) Heatmap of relative cytokine content in the TIME (n Z 3). Data are presented as mean � SD.

*P < 0.05, **P < 0.01 and ***P < 0.001.
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systemic toxicity. These results suggested that LCPN@CCD could
be combined with CAR-T to enhance its immunotherapy effect.

Furthermore, the long-term antitumor effect was evaluated, as
shown in Fig. 8EeJ. In Fig. 8E, it could be observed that rechal-
lenged tumor growth was significantly inhibited with LCPN@CCD
and LCPN@CCD þ CAR-T (P < 0.001). Weighing and photos of
the tumors after the rechallenge also confirmed this result (Fig. 8F
and Supporting Information Fig. S17). After the rechallenge
experiment, we found that the proportion of CD4þ TEM (Fig. 8G
and H) and CD8þ TEM (Fig. 8I and J) cells in the LCPN@CCD and
LCPN@CCD þ CAR-T groups was obviously greater than that in
the control group (P < 0.001), confirming that mice treated with
LCPN@CCD and LCPN@CCD þ CAR-T formed long-term im-
mune memory. Together, these results suggest that LCPN@CCD or
LCPN@CCD þ CAR-T cells have long-term antitumor effects on
mice and strong antitumor activity in vivo.

4. Conclusions

This study prepared LCPN@ACD can achieve effective expres-
sion of tumor antigen on the tumor cell membrane, downregulate
tumor cell CD55, and induce ICD effect. Both in vivo and in vitro
experiments have confirmed that LCPN@ACD restored tumor
MHC-I/antigen expression and T-cell recognition, silenced tumor
cell CD55 to increase the ICOSLþ B-cell proportion, and
enhanced T-cell activation through the ICD effect. The TIME after
LCPN@ACD treatment was greatly relieved, which in turn greatly
improved the immunotherapy effect of aPD-1 and CAR-T thera-
pies. In summary, we have started a new exploration that directly
edits tumor cells to reverse tumor immune escape at the root. It
can provide new inspiration for immunotherapy that involves T
cells, including immune checkpoint blockade therapy, adoptive
cell therapy, tumor vaccines, etc.

Figure 8 LCPN@CCD boosts the therapeutic effect of CAR-T cells on low antigen-expressing tumors. (A) Schematic illustration of

administration schedule. Tumor growth curves (B) and tumor weights (C) of mice during administration (n Z 6). (D) Body weights of mice

(n Z 6). (E) Tumor volume curves of rechallenged tumors (n Z 6). (F) Tumor weights of rechallenged tumors (n Z 6). (G, H) Proportion of

CD4þ TEM cells in the spleen after the rechallenge study (n Z 3). (I, J) Proportion of CD8þ TEM cells in the spleen after the rechallenge study

(n Z 3). Data are presented as mean � SD. *P < 0.05, **P < 0.01 and ***P < 0.001. Fig. 8B contains the group setting for Fig. 8B‒D; Fig. 8E
contains the group setting for Fig. 8E‒J.
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