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Abstract
Background  Insufficient T-cell infiltration in tumours causes immune checkpoint inhibitor (ICI) resistance in 
glioblastoma (GBM) patients. The aim of this study was to demonstrate a preferable way to facilitate T-cell infiltration 
and improve the therapeutic effects of ICIs in GBM.

Methods  Flow cytometry, western blot and immunofluorescence staining were used to detect the effects of ATP11B 
upregulation on S1PR1 expression and distribution, T-cell infiltration and differentiation. A coculture system and 
an intracranial GBM model were established to explore the anti-GBM potential of ATP11B/S1PR1 signaling through 
systemic administration of CD3-DSPE-PEG2K-NHS/ATP11B nanoparticles to specifically deliver ATP11B overexpressing 
plasmids to T cells.

Results  S1PR1 deficiency in T cells caused T-cell lymphopenia and systemic immunosuppression in GBM, whereas 
ATP11B overexpression induced the upregulation and externalization of S1PR1 on T-cell membranes, thus increasing 
the ability of T cells to eliminate GBM cells. In intracranial GBM models, an ATP11B overexpression plasmid was 
specifically delivered to T cells in the peripheral blood, bone marrow and spleen, then triggering the infiltration 
of T cells deeply into the GBM and reversing systemic immunosuppression, ultimately enhancing the therapeutic 
outcomes of ICIs.

Conclusions  The upregulation and externalization of S1PR1 on T cells mediated by ATP11B overexpression may be 
promising immunotherapeutic alternatives for GBM treatment.
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Background
T-cell lymphopenia and T-cell dysfunction, which facili-
tate resistance to immune checkpoint inhibitors (ICIs), 
are particularly severe in patients with glioblastoma 
(GBM) [1–3]. Previous studies have demonstrated that 
a large proportion of T cells are sequestered in the bone 
marrow of patients with GBM or brain metastases, which 
is accompanied by the tumour-imposed loss of sphingo-
sine 1-phosphate receptor-1 (S1PR1) from the surface of 
T cells and is reversible upon holding back S1PR1 inter-
nalization [2, 4]. Moreover, S1PR1 and its ligand sphin-
gosine-1-phosphate (S1P) facilitate T-cell differentiation 
into Th1/Th17 cells but not regulatory T cells (Tregs), 
and the S1P/S1PR1 pathway participates in modulating 
the activities of CD4+ and CD8+ T cells [5]. Therefore, 
upregulating S1PR1 expression and promoting the exter-
nalization of S1PR1 on T-cell membranes are expected to 
trigger T-cell infiltration into GBM lesions and elicit anti-
GBM immunity.

ATPase phospholipid transporting 11B (ATP11B), an 
ATP-dependent flippase belonging to the subfamily of 
type 4 P-type ATPases, is widely expressed on cell mem-
branes [6]. Previous studies have demonstrated that low 
ATP11B expression is associated with poor prognosis and 
enhanced metastasis in cancer patients [7], and ATP11B 
is heterogeneously expressed in various nerve cells in the 
brain [8], suggesting that ATP11B is closely related to the 
field of neurology or oncology, especially neurological 
oncology. In addition, the deletion of ATP11B which trig-
gers phosphatidylserine externalization induces a global 
immunosuppressive signal and mediates immune escape 
in cancers [9]. Consequently, we hypothesized that the 
overexpression of ATP11B could facilitate the extracel-
lular localization of the S1PR1 protein on the mem-
branes of T cells, thereby promoting the infiltration of T 
lymphocytes into GBM and improving the antitumour 
effects of ICIs.

To efficiently and specifically deliver the ATP11B 
overexpression (ATP11B-OE) plasmid into T cells, the 
ATP11B-OE plasmid must be encapsulated in a carrier 
system with T-cell-specific targeting that can protect the 
plasmid from degradation by nuclease activity. Among 
all vector systems, cationic liposome nanoparticles (NPs) 
represent the most advanced platform for drug delivery 
to the brain [10]. Furthermore, targeting T cells with a 
CD3-specific antibody provides a satisfactory approach 
for achieving specific T cell transfection [11–14]. In this 
study, cationic liposome NPs conjugated with a CD3 tar-
geting monoclonal antibody named CD3-DSPE-PEG2K-
NHS/ATP11B were synthesized to transfect ATP11B-OE 
plasmids into T cells. We found that ATP11B upregula-
tion significantly enhanced the expression and extracel-
lular localization of the S1PR1 protein on T cells, which 
then promoted T lymphocyte infiltration into GBM 

lesions, induced T cells to polarize towards anti-tumour 
phenotypes and reversed systemic immunosuppression. 
Encouragingly, the systemic administration of CD3-
DSPE-PEG2K-NHS/ATP11B NPs enhanced the thera-
peutic outcomes of radiotherapy (RT) combined with 
ICIs in murine models of intracranial GBM. Overall, the 
specific upregulation and externalization of the S1PR1 
protein on T-cell membranes mediated by ATP11B 
upregulation represents a promising immunotherapeutic 
adjunct for GBM treatment.

Methods
Cell lines
The GBM cell lines GL261 and G422, the T-cell line Jur-
kat, and microglia BV2 were obtained from the Cell Bank, 
Chinese Academy of Sciences (Shanghai, China). GL261, 
G422 and BV2 cells were cultured in Dulbecco’s modified 
Eagle’s medium (HyClone, Logan, USA), and Jurkat cells 
were cultured in Roswell Park Memorial Institute-1640 
medium (HyClone, Logan, USA). The culture medium 
was supplemented with 10% foetal bovine serum (FBS; 
HyClone, Logan, USA). The cells were grown in humidity 
with 5% CO2 at 37 ℃.

Establishment of intracranial GBM models and 
subcutaneous GBM models
Male C57BL/6J mice, aged 6 to 8 weeks, were purchased 
from GemPharmatech (Nanjing, China) and acclimated 
in a specific pathogen-free environment for at least one 
week before in vivo experiments were conducted.

For subcutaneous implantation, 1 × 107 GBM cells 
per mouse were delivered in a total volume of 100 µL 
of phosphate-buffered saline (PBS) into the subcutane-
ous dorsal region of each mouse, and the tumour size 
and body weight were recorded every 3 days. The rodent 
health endpoints were determined by the rupture of 
subcutaneous tumours, 20% weight loss, a tumour size 
exceeding 20 mm or the appearance of abnormal central 
neurological symptoms.

For intracranial implantation, 8 × 105 luciferase-labelled 
GBM cells per mouse were delivered in a total volume of 
5 µL of PBS into the brain via a stereotactic frame, and 
the implant site was located 2  mm to the right of the 
bregma and 3  mm below the surface of the skull at the 
coronal suture. Seven days after implantation, the intra-
cranial tumours were detected via a small animal live 
imaging system, and the rodent health endpoints were 
natural death, 20% weight loss or the appearance of 
abnormal central neurological symptoms.

Cell phenotype detection by flow cytometry
After being euthanized with excess carbon dioxide, the 
peripheral blood of the mice was collected, the bone 
marrow was gently extracted, and the spleen tissues 
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were ground. Red blood cells were then removed with 
BD Pharm Lyse™ lysis buffer (BD Biosciences, New Jer-
sey, USA). After counting the abovementioned cell sus-
pensions and Jurkat cells cultured in vitro, the same 
number of single cells were then fixed and permeabi-
lized according to the manufacturer’s protocol for the 
BD Cytofix/Cytoperm™ fixation/permeabilization kit 
(BD Biosciences, New Jersey, USA). The cells were sub-
sequently incubated with the following corresponding 
antibodies conjugated with different fluorochromes: 
S1PR1 polyclonal antibody + Alex Fluor 488-conjugated 
anti-rabbit IgG(H + L), APC-conjugated anti-human 
CD3 (OKT3), FITC-conjugated anti-mouse CD3 (17A2), 
FITC-conjugated anti-human CD4 (OKT4), APC-con-
jugated anti-human CD4 (OKT4), APC-conjugated 
anti-mouse CD4 (GK1.5), APC-conjugated anti-mouse 
CD8a (53-6.7), APC-conjugated anti-human CD8a 
(RPA-T8), T-bet polyclonal antibody + Texas red-con-
jugated anti-rabbit IgG(H + L) or Alex Fluor 488-con-
jugated anti-rabbit IgG(H + L), GATA3 monoclonal 
antibody + PE-conjugated anti-mouse IgG(H + L), FOXP3 
polyclonal antibody + Alex Fluor 488-conjugated anti-
rabbit IgG(H + L) or PE-conjugated anti-rabbit IgG(H + L) 
(1:300; Protein Technology, Wuhan, China) for 30  min 
at 4 ℃ in the dark. The cells were washed with PBS by 
centrifugation at 500×g for 5 min, resuspended in stain-
ing buffer, and then analysed via a flow cytometer (BD 
Biosciences, New Jersey, USA). The populations of Th1 
cells, Th2 cells and Tregs were defined among the CD4+ 
T cells. The experiment was independently repeated at 
least three times.

Cell transfection assay
The ATP11B-OE plasmid and negative control (NC) 
plasmid were synthesized by Miaoling Biology Co.Ltd. 
(Hubei, China). Three ATP11B-targeting small inter-
fering RNAs (siATP11B) and NC siRNA were obtained 
from Sangon Biotech Co., Ltd. (Shanghai, China), and 
their sequences are shown in Table 1. Cell transfection 
was conducted with Lipo6000™ transfection reagent 
(Beyotime, Shanghai, China) following the manufactur-
er’s protocol.

Cell counting Kit-8 (CCK-8) assay
The cells were incubated at a suitable density in 96-well 
plates and cultured for 12 h. Then, the cells were trans-
fected with the ATP11B-OE plasmid or the NC plas-
mid. After being cultured for another 24  h, 48 h, or 
72  h, CCK-8 solution was added, and the mixture was 
incubated for 2 h. The optical density (OD) values were 
measured at 450 nm via a microplate reader (BioTek, Ver-
mont, USA). The experiment was independently repeated 
three times.

Western blot
Total cellular proteins were extracted via RIPA lysis buf-
fer (Beyotime, Shanghai, China) and separated via 10% 
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (New Cell & Molecular Biotech, Suzhou, China). 
The isolated proteins were transferred to polyvinylidene 
difluoride membranes (Millipore, Boston, USA) and 
blocked with 5% skim milk (VICMED, Xuzhou, China) 
for 1 h at room temperature. The membranes were sub-
sequently incubated with anti-ATP11B, anti-S1PR1, anti-
CD68, anti-CD80, anti-CD206, anti-γ-H2AX, anti-β-actin 
or anti-GAPDH antibodies (1:1000; Protein Technology, 
Wuhan, China) overnight at 4  °C. The membranes were 
then incubated with horseradish peroxidase-labelled sec-
ondary antibodies corresponding to the primary antibody 
species for 45 min at room temperature. After washing, 
the protein bands were visualized via an enhanced che-
miluminescence (ECL) kit (New Cell & Molecular Bio-
tech, Suzhou, China) and chemiluminescence imaging 
system (Tanon, Shanghai, China). The experiment was 
independently repeated at least three times.

Cell apoptosis assay
Jurkat cells were transfected with ATP11B-OE or NC 
plasmid, and 24 h later, the transfected Jurkat cells were 
cocultured with GL261 or G422 cells, respectively, for 
another 6 h or 24 h. Then the suspended Jurkat cells were 
removed by washing, and the GL261 and G422 cells were 
collected and analysed for apoptosis via flow cytometry 
(BD Biosciences, New Jersey, USA) with an Annexin 
V-FITC/PI apoptosis detection kit (KEYGEN Biotech, 
Nanjing, China). The experiment was independently 
repeated three times.

Cell migration assay
A cell migration assay was conducted using a Transwell 
chamber with a 5  μm pore size (Corning, New York, 
USA). First, Jurkat cells were transfected with ATP11B-
OE or NC plasmid for 48 h and labelled with a DiI cell 
membrane staining kit (Beyotime, Shanghai, China). 
Jurkat cells were subsequently seeded in the upper 
chamber, and green fluorescent protein (GFP)-labelled 
GL261 or G422 cells were seeded in the lower chamber. 

Table 1  The sequences of siATP11B and siNC
Gene 
name

Sense (5′-3′) Antisense (5′-3′)

siATP11B#1 CGUAGGAGAAUGAGUGUAAUUTT AAUUACACUCAUU-
CUCCUACGTT

siATP11B#2 GCCAACUUGGACAGUCUCAUATT UAUGAGACUGUC-
CAAGUUGGCTT

siATP11B#3 GCUGCAAGAAACAGUGACUAUTT AUAGUCACU-
GUUUCUUGCAGCTT

NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUC-
GGAGAATT
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After coculture for 6 h or 24 h, fluorescence images were 
captured and quantified via a fluorescence microscope 
(Olympus, Tokyo, Japan). The experiment was indepen-
dently repeated three times.

Construction and characterization of CD3-DSPE-PEG2K-
NHS/ATP11B NPs
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
polyethylene glycol 2000-N-hydroxysuccinimide (DSPE-
PEG2K-NHS) (Ruixi Biological Technology, Xi’an, 
China) was solubilized in absolute ethanol (Sinopharm 
Chemical Reagent, Shanghai, China), and a CD3 mono-
clonal antibody (MedChemExpress, New Jersey, USA) 
was conjugated with DSPE-PEG2K-NHS according to 
the instructions provided by the phospholipid conjuga-
tion kit (Ruixi Biological Technology, Xi’an, China) at a 
molar ratio of 1:1. Absolute ethanol-dissolved 1,2-dio-
leoyl-3-trimethylammonium propane (DOTAP), dio-
leoylphosphatidylethanolamine (DOPC) and cholesterol 
(Chol) were then mixed with CD3-DSPE-PEG2K-NHS at 
a molar ratio of 4:1:4:1. The mixture was vortexed con-
tinuously for 5 min at room temperature, and dialyzed in 
diethylpyrocarbonate-treated distilled water for 3 h in a 
dialysis bag (Solarbio, Beijing, China) to remove impuri-
ties. The compound in the dialysis bag was recovered as 
the synthesized CD3-DSPE-PEG2K-NHS cationic lipo-
somes and stored at room temperature.

According to the different N/P molar ratios, appropri-
ate amounts of ATP11B-OE plasmid solution were gently 
added to the CD3-DSPE-PEG2K-NHS cationic liposomes 
solution. After gentle mixing, the mixture was incubated 
at room temperature for 15 min to construct CD3-DSPE-
PEG2K-NHS/ATP11B. The optimal N/P ratio was then 
selected via agarose gel electrophoresis. Briefly, a 2% 
agarose gel was prepared and samples of the ATP11B-
OE plasmid and CD3-DSPE-PEG2K-NHS/ATP11B were 
separately added to the bottom of the wells. After elec-
trophoresis for 15 min at 120 V, the DNA fragments were 
visualized via an ultraviolet gel image analysis system 
(Tanon, Shanghai, China).

The particle size and zeta potential of CD3-DSPE-
PEG2K-NHS cationic liposomes and CD3-DSPE-
PEG2K-NHS/ATP11B were determined via dynamic 
light scattering via a Malvern Zetasizer (Worcestershire, 
United Kingdom) at 25 ℃.

Therapeutic regimen for intracranial GBM models
For detection of therapeutic effects in vivo, when an 
intracranial tumour fluorescence signal appeared, 
the mice were randomly divided into the follow-
ing eight groups (eight mice per group): the control 
group, PD-1 inhibitor group, CD3-DSPE-PEG2K-NHS/
ATP11B group, RT group, RT + PD-1 inhibitor group, 
RT + CD3-DSPE-PEG2K-NHS/ATP11B group, PD-1 

inhibitor + CD3-DSPE-PEG2K-NHS/ATP11B group, and 
RT + PD-1 inhibitor + CD3-DSPE-PEG2K-NHS/ATP11B 
group. Whole-brain RT (3  Gy/fraction/day×3 days) was 
used with the remaining parts of the body shielded with 
lead blocks; PBS, PD-1 inhibitor (200  µg/mouse/day×3 
days) and CD3-DSPE-PEG2K-NHS/ATP11B (ATP11B 
plasmid: 1  µg/g body weight/day×1  day) were adminis-
tered through the tail vein. On days 5 and 10, the ortho-
topic GBM-bearing mice were fluorescently imaged 
again. Three mice per group were selected for the col-
lection of peripheral blood, brain tissue and other nor-
mal organ tissues including heart, liver, spleen, lung, and 
kidney, while another five mice per group were observed 
to record overall survival (OS) times, after which Kaplan-
Meier survival curves were plotted.

Immunofluorescence staining
Freshly collected brain tissues were fixed with 4% para-
formaldehyde for 48 h to prepare frozen sections (thick-
ness = 5 μm). After recovering to room temperature, the 
sections were boiled in 0.01  M citrate buffer (pH = 6.0; 
Servicebio, Wuhan, China), covered with 3% hydrogen 
peroxide solution (Caoshanhu, Nanchang, China) and 
permeabilized with 0.5% Triton X-100 (Thermo Scien-
tific, Massachusetts, USA). The sections were subse-
quently blocked with 10% bovine serum albumin solution 
(Vicmed, Xuzhou, China) for 45  min and stained with 
anti-CD3, anti-CD4, anti-CD8 or anti-FOXP3 antibod-
ies (Protein Technology, Wuhan, China) at a dilution of 
1:500 overnight at 4 ℃. After being washed with PBS, the 
sections were then stained with CoraLite488-conjugated 
goat anti-rabbit IgG or Alexa Fluor555-conjugated goat 
anti-mouse IgG (Proteintech, Wuhan, China) at a dilu-
tion of 1:500 at room temperature for 40 min in the dark. 
Finally, the sections were washed with PBS, followed by 
staining with 4’,6-diamidino-2-phenylindole dihydrochlo-
ride for 5  min at room temperature in the dark. Fluo-
rescence images were captured using an Olympus BX53 
fluorescence microscope (Tokyo, Japan).

Hematoxylin-eosin (H&E) staining assay
Paraffin sections of heart, liver, spleen, lung, and kid-
ney tissues were prepared and deparaffinized via xylene 
(Sinopharm Chemical Reagent, Shanghai, China) and 
hydrated with gradient alcohol (Sinopharm Chemical 
Reagent, Shanghai, China) and double distilled water. The 
sections were subsequently stained with hematoxylin, 
differentiated with differentiation solution and stained 
with eosin according to the instructions provided with 
the H&E staining kit (Solarbio, Beijing, China). The tis-
sue sections were sealed with neutral balsam (Vicmed, 
Xuzhou, China) and scanned via slide scanning micros-
copy (Olympus, Tokyo, Japan).
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Statistical analysis
Statistical analysis was performed with GraphPad Prism 
8.0 (San Diego, USA), and the data are presented as the 
means ± standard deviations. Two-tailed Student’s t tests 
were used to analyse the significant differences between 
two groups, and survival analysis was performed via 
Kaplan-Meier survival curves and the log-rank test. 
*P < 0.05, **P < 0.01, and ***P < 0.001.

Results
Loss of S1PR1 on T cells caused CD4+ and CD8+ T-cell 
lymphopenia in GBM
To investigate the effects of intracranial tumours on the 
systemic immune microenvironment, we established 
two murine GBM models: an intracranial GBM model in 
which luciferase-labelled GL261 cells were injected into 
the specific brains of C57BL/6J mice and a subcutaneous 
GBM model in which GL261 cells were injected into the 
dorsal region of C57BL/6J mice. Twenty days later, the 
peripheral blood of the tumour-bearing mice was col-
lected and analysed. Compared with the subcutaneous 
GBM model, the intracranial GBM model exhibited sig-
nificant CD4+ T-cell lymphopenia and CD8+ T-cell lym-
phopenia (all P < 0.001), and the expression level of T-bet 
(a marker for Th1 cells) also decreased but did not reach 
statistical significance (Fig. 1A and B). Furthermore, the 

expression levels of GATA-3 (a marker for Th2 cells) and 
FOXP3 (a marker for Tregs) were significantly increased 
(all P < 0.001) in the mice bearing intracranial tumours 
(Fig.  1A and B). These results suggest that intracranial 
tumours cause stronger systemic immunosuppression.

A previous study revealed that T cells are sequestrated 
in the bone marrow in the setting of GBM, which is asso-
ciated with the loss of surface S1PR1 expression [2]. We 
subsequently detected the surface S1PR1 levels on T 
cells in the peripheral blood of intracranial GBM-bearing 
mice via flow cytometry. The results revealed markedly 
lower levels of surface S1PR1 on T cells in the intracra-
nial GBM model than in the subcutaneous GBM model 
(Fig. 1C and D). Therefore, increasing the surface S1PR1 
level on T cells is expected to reverse the systemic immu-
nosuppression of GBM.

ATP11B overexpression induced the upregulation and 
membrane externalization of the S1PR1 protein
To externalize the membrane-expressed S1PR1 pro-
tein, we overexpressed the flippase ATP11B protein. 
The ATP11B-OE plasmid was transferred into GBM cell 
lines (GL261 and G422) and Jurkat cells, and the results 
revealed that, compared with those in the NC group, the 
expression levels of the ATP11B and S1PR1 proteins in 
the ATP11B-OE group were significantly increased 48 h 

Fig. 1  Loss of S1PR1 on T cells caused systemic immunosuppression in murine intracranial GBM model. Two murine GBM models were established 
through the intracranial or subcutaneous injection of luciferase-labelled GL261 cells. Twenty days later, peripheral blood samples were collected to 
detect the T-lymphocyte subsets (including CD4+ T cells, CD8+ T cells, Th1 cells, Th2 cells and Tregs) (A) and the levels of surface S1PR1 protein on T cell 
membranes (C) via flow cytometry, and the results are presented in the corresponding representative experiment. The statistical analysis of three inde-
pendently duplicated datasets derived from A and C is presented in (B) and (D), respectively
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after transfection (Fig.  2A to C), whereas the ATP11B 
and S1PR1 proteins exhibited synchronous decreases 
following interference with ATP11B protein expres-
sion (Fig.  2D). Additionally, the membrane externaliza-
tion level of the S1PR1 protein markedly increased at 
48  h after ATP11B-OE plasmid transfection (Fig.  2E). 
These findings indicate that the upregulation of ATP11B 
has dual effects, promoting both S1PR1 expression and 
S1PR1 membrane externalization.

Upregulation and externalization of the S1PR1 protein in 
T cells induced by ATP11B overexpression intensified the 
ability of T cells to eliminate GBM cells
Since S1PR1 is involved in the regulation of T-cell dif-
ferentiation, we subsequently examined the effect of 
ATP11B overexpression on T-cell differentiation. Flow 
cytometric analysis revealed that, after being trans-
fected with the ATP11B-OE plasmid for 48 h or 72  h, 
more CD4+ T-lymphocytes and less Tregs were existed 
in JurkatATP11B−OE cells than in JurkatNC cells (all P < 0.01, 
Fig.  3A and B). In addition, the expression level of 
Th1 cell marker T-bet increased to a certain extent, 
whereas the expression level of Th2 cell marker GATA-3 
decreased, although the degree of the above changes did 
not fully reach statistical significance (P < 0.001 only for 
GATA-3 at 72 h after transfection; Fig. 3A and B). These 
findings suggest that ATP11B overexpression promoted 

T lymphocyte differentiation towards antitumour 
phenotypes.

To directly assess the effect of Jurkat cells transfected 
with the ATP11B-OE plasmid on the proliferation of 
GBM cells, we established a coculture system involving 
Jurkat cells and GBM cells and then detected the chemo-
taxis of Jurkat cells to GBM cells and the apoptosis and 
DNA damage of GBM cells. The results indicated that 
Jurkat cells overexpressing ATP11B possessed enhanced 
homing ability towards GBM cells in the microenviron-
ment, which was supported by the evidence that, com-
pared with JurkatNC cells, JurkatATP11B−OE cells exhibited 
more significant localization around GL261 cells with a 
statistically significant increase in the number of Jur-
katATP11B-OE cells in the lower chamber after 1 h of cocul-
ture (Fig.  3C and E). Moreover, JurkatATP11B−OE cells 
induced greater apoptosis of cocultured GBM cells than 
JurkatNC cells did, with even more significant apoptosis 
observed after 24 h of coculture (P < 0.05, Fig. 3F and G). 
To detect the effect of T cells overexpressing ATP11B 
on DNA damage in cocultured GBM cells, total protein 
from GBM cells cocultured with JurkatATP11B−OE or Jur-
katNC cells for 24 h was extracted and then exposed to an 
anti-γ-H2AX antibody. As shown in Fig.  3H, compared 
with that in JurkatNC cells, the expression of γ-H2AX was 
significantly elevated in GL261 and G422 cells cocultured 
with JurkatATP11B−OE cells.

Fig. 2  ATP11B overexpression induced the upregulation and membrane externalization of the S1PR1 protein in cells. The ATP11B-OE plasmid was trans-
ferred into GBM cell lines (GL261 and G422) and Jurkat cells for 24 h and 48 h. The expression levels of ATP11B and S1PR1 in GL261 cells (A), G422 cells 
(B) and Jurkat cells (C) were detected via western blot, and their relative expression levels were analysed via three independent experiments. (D) The 
expression levels of ATP11B and S1PR1 in GL261 and G422 cells 48 h after ATP11B silencing were detected via western blot. (E) Representative flow cy-
tometry image of the surface S1PR1 protein on GL261, G422 and Jurkat cells transfected with the ATP11B-OE plasmid for 48 h, and the relative counts 
were analysed via three independent experiments
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Because tumour-associated macrophages represent the 
predominant immune cell type in the GBM microenvi-
ronment, constituting approximately 30-50% of tumour 
cellularity [15, 16], microglia can be classified into proin-
flammatory M1 and anti-inflammatory M2 phenotypes, 
and the two phenotypes play distinct roles in cancer pro-
gression and suppression [17–19]. Therefore, we detected 
the influence of ATP11B-overexpressing T cells on the 
phenotypic differentiation of cocultured BV2 microglia. 
The results presented in Fig. 3I demonstrated that, com-
pared with JurkatNC cells, JurkatATP11B−OE cells notably 

induced cocultured BV2 cells to differentiate into the M1 
phenotype while reducing M2 differentiation.

The above results reveal that the membrane external-
ization of the S1PR1 protein induced by ATP11B over-
expression distinctly intensified the ability of T cells to 
eliminate GBM cells.

Anti-CD3-conjugated NPs efficiently delivered the 
ATP11B-OE plasmid to T cells distributed in the peripheral 
blood, bone marrow and spleen
Owing to the susceptibility of plasmids to degradation by 
nucleases in vivo and the lack of specificity in targeting T 

Fig. 3  S1PR1 upregulation and externalization induced by ATP11B overexpression intensified T cells to eliminate GBM cells. (A) Representative flow cy-
tometry data of the subsets (including CD4+ T cells, Th1 cells, Th2 cells and Tregs) of Jurkat cells transfected with the ATP11B-OE plasmid for 48 h and 72 h. 
(B) Statistical analysis of three independently duplicated datasets derived from A. (C) Diagram of the coculture model of GBM cells and Jurkat cells. (D) 
The migration of Jurkat cells (red) to the GBM (green) microenvironment was observed under a fluorescence microscope (scale bar: 50 μm). (E) Statistical 
analysis of the numbers of Jurkat cells in the upper and lower chambers; the experiment was independently performed three times. (F) GL261 and G422 
cells were cocultured with ATP11B-overexpressing Jurkat cells for 6 h and 24 h, after which flow cytometry was used to detect the apoptosis of GL261 and 
G422 cells. (G) Statistical analysis of the apoptosis rates of cocultured GL261 and G422 cells based on three independent experiments. GL261, G422 and 
BV2 cells were cocultured with ATP11B-overexpressing Jurkat cells for 24 h, after which western blot was used to detect the expression levels of the DNA 
damage marker γ-H2AX (H) in GL261 and G422 cells, and the expression levels of CD206, CD80 and CD68 in BV2 cells (I). The expression levels of γ-H2AX, 
CD206, CD80 and CD68 were also semiquantitatively analysed in three independent experiments
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lymphocytes, it is imperative to utilize a vector that can 
accurately and efficiently deliver plasmids to T lympho-
cytes. Cationic liposomes are widely recognized for their 
excellent biocompatibility, stability, ease of modification, 
and straightforward loading, making them suitable for 
drug and gene delivery. Consequently, we developed and 
optimized cationic liposome NPs (CD3-DSPE-PEG2K-
NHS/ATP11B) conjugated with a CD3 monoclonal anti-
body to deliver the ATP11B-OE plasmid specifically to T 
cells.

We first optimized ATP11B-OE plasmid encapsula-
tion in CD3-DSPE-PEG2K-NHS/ATP11B. The results 
of agarose gel electrophoresis suggested that when N/P 
was greater than or equal to 30, CD3-DSPE-PEG2K-
NHS cationic liposome could completely encapsulate the 
ATP11B-OE plasmid (Fig.  4A); therefore, CD3-DSPE-
PEG2K-NHS/ATP11B was synthesized under the condi-
tion of N/P = 30 and used in subsequent experiments. The 
particle size distribution and zeta potential were narrow 

(PDI < 0.25) and unimodal, with an average diameter of 
265.60 ± 5.29 nm and a surface charge of -9.05 ± 0.26 mV 
at physiological pH (Fig. 4B).

To assess the targeting efficiency of CD3-DSPE-
PEG2K-NHS/ATP11B for T cells, Jurkat cells were 
exposed to PBS, FAM-siRNA, DSPE-PEG2K-NHS/FAM-
siRNA or CD3-DSPE-PEG2K-NHS/FAM-siRNA for 6 h 
or 24  h. As shown in Fig.  4C and D, Jurkat cells in the 
CD3-DSPE-PEG2K-NHS/FAM-siRNA group presented a 
significantly greater green fluorescence signal than those 
in the other three groups did at 6 h (P < 0.01), and the dif-
ference in green fluorescence intensity was even more 
pronounced at 24  h (P < 0.01), indicating that the CD3-
DSPE-PEG2K-NHS cationic liposomes had better T-cell 
targeting properties. Additionally, we further investigated 
whether CD3-DSPE-PEG2K-NHS/ATP11B was toxic to 
T cells, and the results suggested that, compared with the 
control and CD3-DSPE-PEG2K-NHS/NC, CD3-DSPE-
PEG2K-NHS/ATP11B not only was noncytotoxic to 

Fig. 4  CD3-DSPE-PEG2K-NHS/ATP11B NPs were successfully synthesized with superior targeting to T cells. (A) Agarose gel electrophoresis assay of the 
binding capacity of the ATP11B-OE plasmid to CD3-DSPE-PEG2K-NHS cationic liposome at various N/P ratios. (B) The particle size (left) and zeta-potential 
(right) of CD3-DSPE-PEG2K-NHS cationic liposome and CD3-DSPE-PEG2K-NHS/ATP11B were detected via dynamic light scattering. (C) Jurkat cells were 
exposed to PBS, FAM-siRNA, DSPE-PEG2K-NHS/FAM-siRNA or CD3-DSPE-PEG2K-NHS/FAM-siRNA for 6 h or 24 h, after which the intensity of green fluo-
rescence in the cells was measured via flow cytometry. (D) Statistical analysis of three independently duplicated datasets derived from C. (E) Jurkat cells 
were exposed to PBS, CD3-DSPE-PEG2K-NHS/NC or CD3-DSPE-PEG2K-NHS/ATP11B for 24 h, 48 h or 72 h. Then, the survival of Jurkat cells was detected 
by a CCK-8 assay, and the experiment was repeated independently three times. (F) The RhB-labelled ATP11B-OE plasmid was loaded on DSPE-PEG2K-NHS 
cationic liposome or CD3-DSPE-PEG2K-NHS cationic liposome and then injected into mice bearing intracranial GBM through the tail vein. 24 h later, T cells 
in the bone marrow, peripheral blood and spleen samples were collected and measured by flow cytometry to evaluate the red fluorescence intensity. (G) 
Statistical analysis of three independently duplicated datasets derived from F
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Jurkat cells but also significantly stimulated their prolif-
eration (P < 0.001, Fig. 4E).

To further investigate the targeting efficiency of CD3-
DSPE-PEG2K-NHS/ATP11B to T cells, red fluorescent 
rhodamine B (RhB)-labelled ATP11B-OE plasmids were 
loaded on CD3-DSPE-PEG2K-NHS cationic liposomes 
and DSPE-PEG2K-NHS cationic liposomes, and then 
PBS, DSPE-PEG2K-NHS/RhB-ATP11B and CD3-DSPE-
PEG2K-NHS/RhB-ATP11B were injected into the mice 
via the tail vein independently. 24  h later, T cells in the 
bone marrow, peripheral blood and spleen samples were 
collected, and the red fluorescence intensity in the T lym-
phocytes was detected via flow cytometry to assess the 
targeting efficiency of the NPs. Compared with those 
in both the PBS and DSPE-PEG2K-NHS/RhB-ATP11B 
groups, the red fluorescence intensities of T lympho-
cytes collected from the bone marrow, peripheral blood 
and spleen in the CD3-DSPE-PEG2K-NHS/RhB-ATP11B 
group were significantly greater (all P < 0.001, Fig. 4F and 
G). These findings demonstrate that the CD3-DSPE-
PEG2K-NHS/ATP11B NPs efficiently delivered the 
ATP11B-OE plasmid to T cells distributed in the periph-
eral blood, bone marrow and spleen in vivo.

CD3-DSPE-PEG2K-NHS/ATP11B NPs triggered deep 
infiltration of T cells into GBM lesions and reversed 
systemic immunosuppression
We then established an intracranial GBM model and 
injected CD3-DSPE-PEG2K-NHS/ATP11B NPs through 
the tail vein. Seven days later, brain tissues and peripheral 
blood samples were collected for subsequent analysis. 
After systemic administration of CD3-DSPE-PEG2K-
NHS/ATP11B NPs, the expression level of S1PR1 in 
GBM tissues clearly increased (Fig. 1A). Moreover, while 
the CD3-DSPE-PEG2K-NHS/NC NPs induced the dis-
tribution of most T cells around GBM lesions, the CD3-
DSPE-PEG2K-NHS/ATP11B NPs triggered more T 
cells to infiltrate deeply into the GBM lesions (Fig.  1B). 
In terms of T-cell phenotypes in the GBM microenvi-
ronment, we found that, compared with CD3-DSPE-
PEG2K-NHS/NC, CD3-DSPE-PEG2K-NHS/ATP11B 
NPs induced more CD4+ and CD8+ T cells to infiltrate 
the GBM region while reducing the infiltration of Tregs 
(all P < 0.05, Fig. 5C and D).

Moreover, flow cytometry of peripheral blood from 
orthotopic GBM-bearing mice (Fig.  5E and F) revealed 
that, compared with tail vein injection of CD3-DSPE-
PEG2K-NHS/NC, systemic administration of CD3-
DSPE-PEG2K-NHS/ATP11B NPs dramatically promoted 
the differentiation of T cells into CD4+ T cells (P < 0.01), 
CD8+ T cells (P < 0.05) and Th1 cells (P < 0.001), rather 
than into Th2 cells (P < 0.01) and Tregs (P < 0.001). These 
findings suggested that systemic administration of CD3-
DSPE-PEG2K-NHS/ATP11B NPs could increase the 

anti-GBM activity of immune cells and reverse systemic 
immunosuppression in GBM.

CD3-DSPE-PEG2K-NHS/ATP11B NPs enhanced the 
therapeutic outcomes of RT combined with ICIs in GBM
On the basis of the previously detected effects of CD3-
DSPE-PEG2K-NHS/ATP11B NPs on the number and 
phenotypes of T cells, we hypothesized that CD3-DSPE-
PEG2K-NHS/ATP11B NPs might improve the anti-GBM 
efficacy of RT combined with ICIs. In accordance with 
the flowchart shown in Fig. 6A, we established intracra-
nial GBM models and applied corresponding treatment 
measures. A small animal live imaging system was regu-
larly used to detect changes in intracranial tumours. The 
results revealed that systemic administration of CD3-
DSPE-PEG2K-NHS/ATP11B NPs restrained the growth 
of intracranial tumours to a certain extent. Compared 
with RT or PD-1 inhibitor treatment alone, the addi-
tion of CD3-DSPE-PEG2K-NHS/ATP11B NPs further 
promoted tumour regression; the combination treat-
ment strategy of CD3-DSPE-PEG2K-NHS/ATP11B 
NPs + RT + PD-1 inhibitor had the strongest anti-GBM 
effect (Fig. 6B).

After evaluating the treatment response rates, we 
found that the addition of CD3-DSPE-PEG2K-NHS/
ATP11B NPs to the PD-1 inhibitor increased the objec-
tive response rate [including the complete response 
(CR) and partial response (PR)] and disease control rate 
[including the CR, PR and stable disease (SD)] from 
20 to 60% and 40 to 100%, respectively. Moreover, the 
objective response rate of the CD3-DSPE-PEG2K-NHS/
ATP11B NPs + RT + PD-1 inhibitor group reached 100%, 
whereas the objective response rate of the RT + PD-1 
inhibitor group was only 40% (Fig.  6C). The results of 
the long-term curative effect analysis (Fig. 6D) indicated 
that the injection of CD3-DSPE-PEG2K-NHS/ATP11B 
NPs alone had little effect on the survival of intracra-
nial GBM-bearing mice (median survival time: control 
group vs. CD3-DSPE-PEG2K-NHS/ATP11B group, 19.00 
days vs. 23.00 days, P = 0.383); compared with the PD-1 
inhibitor group, the survival time of mice in the PD-1 
inhibitor + CD3-DSPE-PEG2K-NHS/ATP11B group 
was significantly prolonged (median survival time: PD-1 
inhibitor group vs. PD-1 inhibitor + CD3-DSPE-PEG2K-
NHS/ATP11B group, 22.00 days vs. 52.00 days, P = 0.007). 
Notably, among all treatment groups, the RT + PD-1 
inhibitor + CD3-DSPE-PEG2K-NHS/ATP11B group 
demonstrated the most prolonged survival (median 
survival time: RT + PD-1 inhibitor group vs. RT + PD-1 
inhibitor + CD3-DSPE-PEG2K-NHS/ATP11B group, 
42.00 days vs. 56.00 days, P = 0.047). Collectively, these 
results suggest that systemic administration of CD3-
DSPE-PEG2K-NHS/ATP11B NPs obviously enhances the 
therapeutic outcomes of RT combined with ICIs in GBM.
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With respect to toxic side effects, we collected sev-
eral normal organs from the GBM-bearing mice in each 
group, including the heart, liver, spleen, lung and kidney. 
The corresponding paraffin sections were prepared, and 
H&E staining was performed. As shown in Fig.  6E, no 
visible organ damage was observed in the above tissues, 
indicating that the CD3-DSPE-PEG2K-NHS/ATP11B 
NPs combined with the PD-1 inhibitor and RT had no 
obvious organ toxicity.

Discussion
Among solid malignancies, GBM is highly resistant to 
ICIs because the particular tumour microenvironment 
disables the antitumour immune response, and T-cell 
dysfunction and T-cell lymphopenia are paramount bar-
riers [2, 20, 21]. The main causes of T-cell lymphopenia 
include excessive death, decreased regeneration, and 
sequestration in other organs [2, 22, 23]. Chongsathidkiet 
P et al. reported that the sequestration of T cells in the 
bone marrow is mediated by the deficiency of external-
ized S1PR1 on T-cell membranes in patients with brain 

Fig. 5  CD3-DSPE-PEG2K-NHS/ATP11B NPs triggered T cells to infiltrate to GBM and to differentiate towards anti-tumor phenotypes. CD3-DSPE-PEG2K-
NHS/ATP11B NPs were injected into intracranial GBM models through the tail vein, and seven days later, brain tissues and peripheral blood samples were 
collected for detection. (A) Immunofluorescence staining of S1PR1 (green) in frozen sections of brain tissues; scale bar: 100 μm. (B) The distribution of T 
cells (CD3+ and green) in frozen brain tissue samples were detected via an immunofluorescence assay. The red dotted line represents the dividing line 
between normal brain tissue and GBM tissue; blue: cell nucleus; scale bar: 200 μm. (C) The infiltration of CD4+ T cells (red), CD8+ T cells (red), and Tregs 
(FOXP3+, red) in frozen sections of brain tissues was detected via an immunofluorescence assay; blue: cell nucleus; scale bar: 100 μm. (D) Statistical 
analysis of three independently repeated datasets derived from C. (E) Representative flow cytometry data of CD8+ T cells, CD4+ T cells, Th1 cells (T-bet+), 
Th2 cells (GATA-3+), and Tregs (FOXP3+) in peripheral blood samples. (F) Statistical analysis of three independently duplicated datasets derived from E
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tumours [2]. Moreover, S1PR1 inhibition participates 
in limiting T-cell migration and inducing proapoptotic 
signaling [4]. Hence, increasing S1PR1 expression and 
inducing S1PR1 externalization on T cells could enable T 
cells to egress from the bone marrow and support T-cell 
survival.

Given that no pharmacologic methods exist for stabi-
lizing or externalizing S1PR1 on the T-cell surface, we 
attempted to flip internalized S1PR1 to the outside of 
T-cell membranes with the help of the flippase ATP11B 
protein. In vitro, we demonstrated that overexpression of 
the ATP11B protein significantly increased the expres-
sion and externalization of S1PR1 on T cells (Fig.  2). 
More importantly, ATP11B overexpression promoted T 
lymphocyte differentiation towards antitumour pheno-
types and strengthened the ability of T cells to kill GBM 
cells (Fig.  3), which was consistent with the findings of 
Chakraborty P et al. [24]. However, many previous stud-
ies have shown that highly expressed S1PR1 and ATP11B 
on cancer cells are involved in inducing cancer progres-
sion and treatment resistance [25–30], so artificially 
overexpressing ATP11B only on T cells, which can be 

achieved by specific targeted NPs, is necessary. Here, we 
synthesized and systemically administered the cationic 
liposome NPs named CD3-DSPE-PEG2K-NHS/ATP11B 
into mice bearing intracranial tumours to improve the 
anti-GBM effects of RT combined with ICIs. Encourag-
ingly, the CD3-DSPE-PEG2K-NHS/ATP11B NPs not 
only facilitated the egress of T cells into the circulation 
and home to the GBM but also motivated them to invade 
the centre of the GBM lesion instead of being distributed 
around the tumour (Fig. 5B), thereby enhancing the ther-
apeutic outcomes of ICIs alone or in combination with 
RT in intractable GBM models (Fig. 6).

Notably, the CD3-DSPE-PEG2K-NHS/ATP11B NPs 
did not have positive effects on RT, either in terms of 
short-term or long-term efficacy (Fig.  6C and D). We 
speculate that this may be related to several factors, 
including the dose and fractionation of RT and the time 
window for the combination of the CD3-DSPE-PEG2K-
NHS/ATP11B NPs and RT. Studies have shown that, 
compared with conventional fraction schemes which are 
disadvantageous for RT-induced antitumour immune 
responses, RT with high-dose per fraction is considered 

Fig. 6  CD3-DSPE-PEG2K-NHS/ATP11B NPs efficiently enhanced the therapeutic outcomes of RT and ICI with good safety. (A) Schematic illustration of 
the in vivo experimental workflow. (B) In vivo bioluminescence imaging of mice bearing intracranial luciferase-labelled GL261 tumours. (C) Short-term 
efficacy evaluation of orthotopic luciferase-labelled GL261-bearing mice in all groups, n = 5. (D) Kaplan − Meier survival curves of orthotopic luciferase-
labelled GL261-bearing mice in all groups, n = 5. (E) H&E staining of paraffin sections of heart, kidney, liver, lung, and spleen samples to evaluate the toxic-
ity of CD3-DSPE-PEG2K-NHS/ATP11B NPs combined with a PD-1 inhibitor and RT, n = 3
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a preferable therapeutic protocol for enhancing antitu-
mour immune responses through accelerating the release 
of tumour antigens from cancer cells and enhancing 
immune presentation [31–34]. To date, the time window 
between RT and immunotherapy significantly affects 
therapeutic antitumour responses; however, the optimal 
schedule has not yet reached consensus, and the adminis-
tration of immunotherapy initiated before or concurrent 
with RT may be preferred [35]. In addition, no study has 
clearly elucidated the specific mechanisms of the inter-
nalization of S1PR1 on T cell membranes in populations 
with primary brain tumours or brain metastases. Previ-
ous studies suggested that, compared with normal brain 
tissue, CD69 expression is increased in GBM tissue [36], 
the upregulated CD69 can bind to S1PR1 and form the 
CD69-S1PR1 complex, thereby mediating the internaliza-
tion of S1PR1 [37]. However, there has been no relevant 
report on the regulation of S1PR1 expression and mem-
brane localization by ATP11B, although we confirmed 
that ATP11B promoted the expression and externaliza-
tion of S1PR1, the molecular mechanisms involved is still 
unclear now.

In conclusion, the upregulation and externalization of 
S1PR1 on T cells mediated by targeted overexpression of 
ATP11B represents a promising therapeutic strategy to 
ameliorate the immunosuppressive microenvironment 
and further improve the outcomes of immunotherapies 
including ICIs in patients with GBM.
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