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Anti-PD-L1 mediating tumor-targeted codelivery of liposomal
irinotecan/JQ1 for chemo-immunotherapy
Zhi-di He1,2, Meng Zhang1, Yong-hui Wang1,2, Yang He1,2, Hai-rui Wang1,3, Bin-fan Chen1,2, Bin Tu1,2, Si-qi Zhu1,4 and
Yong-zhuo Huang1,2,5,6

Immune checkpoint blockade therapy has become a first-line treatment in various cancers. But there are only a small percent of
colorectal patients responding to PD-1/PD-L1 blockage immunotherapy. How to increase their treatment efficacy is an urgent and
clinically unmet need. It is acknowledged that immunogenic cell death (ICD) induced by some specific chemotherapy can enhance
antitumor immunity. Chemo-based combination therapy can yield improved outcomes by activating the immune system to
eliminate the tumor, compared with monotherapy. Here, we develop a PD-L1-targeting immune liposome (P-Lipo) for co-delivering
irinotecan (IRI) and JQ1, and this system can successfully elicit antitumor immunity in colorectal cancer through inducing ICD
by IRI and interfering in the immunosuppressive PD-1/PD-L1 pathway by JQ1. P-Lipo increases intratumoral drug accumulation
and promotes DC maturation, and thereby facilitates adaptive immune responses against tumor growth. The remodeling tumor
immune microenvironment was reflected by the increased amount of CD8+ T cells and the release of IFN-γ, and the reduced
CD4+Foxp3+ regulatory T cells (Tregs). Collectively, the P-Lipo codelivery system provides a chemo-immunotherapy strategy
that can effectively remodel the tumor immune microenvironment and activate the host immune system and arrest tumor growth.
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INTRODUCTION
The programmed cell death (PD) pathway induces an immuno-
suppressive state that inhibits T-cell activation and facilitates the
tumors to escape immunosurveillance [1]. PD-pathway blockade
has become the most important target of cancer immunother-
apy, and the PD-1/PD-L1 immune checkpoint inhibitors have
attained groundbreaking advances in a broad spectrum of
human malignancies, such as melanoma, renal cell carcinoma,
and non-small cell lung cancer with microsatellite instability-
high (MSI-H) or mismatch repair deficiency (dMMR) [2, 3]. Yet,
the low response rate still remains the primary challenge. For
example, only 5% of colorectal cancer patients have dMMR or
MSI-H [4], and the majority of patients do not benefit from
immunotherapy.
In combination with conventional therapy (e.g., chemother-

apeutics and radiotherapeutics), the response rate of immune
checkpoint therapy could be improved through modulating
tumor immune microenvironment (TIME) [5, 6]. Interestingly,
some chemotherapeutics may augment the tumor immunogeni-
city via immunogenic cell death (ICD) of tumor cells and reduce
immunosuppression [7]. ICD can promote the release of tumor
antigens that sensitize the antigen-presenting cells (i.e., dendritic
cells (DCs) and macrophages) in the tumor microenvironment

(TME). Indeed, anti-PD therapy plus chemotherapy in clinical
studies showed improved survival [8].
Irinotecan (IRI), a derivative of camptothecin, is a first-line

chemo drug in colorectal cancer, which can inhibit the DNA strand
religation via acting on topoisomerase I-DNA complex and
thereby induce double-strand DNA breakage and cell death [9].
IRI can induce ICD, upregulate tumor-specific antigens [10, 11], or
increase the danger-associated molecular patterns [12].
JQ1 is a small molecule inhibitor of the bromodomain and

extraterminal (BET) proteins that regulate the expression of critical
oncogenes in a variety of cancers. In specific, JQ1 can intensify the
DNA damage responses by lifting the BET protein-mediating
inhibition of DNA damage [13]. Of note, JQ1 has been widely used
as a small-molecular PD-L1 suppressor to activate anticancer
immunity [14, 15].
It was expected that JQ1 could yield a synergistic effect with IRI

to augment DNA damage to elicit apoptosis, as well as trigger
antitumor immune responses via ICD effect and PD-L1 down-
regulation. Therefore, we proposed a liposomal codelivery system
for IRI/JQ1 combination therapy. This system was characterized by
anti-PD-L1 modification for targeting the PD-L1 overexpressing
cancer cells. IRI plays a dual role of chemotherapy and ICD
induction. Its DNA damage and antitumor immune responses
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would be boosted by JQ1 that can reduce the DNA repair and
downregulate PD-L1.

MATERIALS AND METHODS
Materials
Irinotecan hydrochloride (IRI) and coumarin 6 were purchased from
Meilun Company (Dalian, China). JQ1 was purchased from Selleck
(Houston, USA). Lecithin (PC), cholesterol, DSPE-PEG2000, and DSPE-
PEG2000-NHS were supplied by AVT Pharmaceutical Co. Ltd
(Shanghai, China). RPMI-1640 culture medium, Dulbecco’s Modified
Eagle’s Medium (DMEM) cell culture medium, fetal bovine serum
(FBS), and 0.25% trypsin-EDTA were purchased from ThermoFisher
(Gibco®, Waltham, USA). Recombinant murine granulocyte macro-
phage colony-stimulating factor (GM-CSF) was obtained from Novus
Biologicals (Centennial, USA). Murine interleukin (IL)-4 was pur-
chased from Peprotech (Rocky Hill, USA). Anti-mouse PD-L1 was
purchased from Bio X Cell (Lebanon, USA). The primary antibodies of
GAPDH and β-actin were from Sigma-Aldrich (St. Louis, USA). The
microBCA protein assay kit was from Beyotime Institute of
Biotechnology (Haimen, China). The Mouse Lymphocyte separation
medium was purchased from Tianjin Haoyang biology Technology
(Tianjin, China). Anti-TNF-α (tumor necrosis factor-alpha) and anti-
CRT antibodies were from Abcam (Cambridge, UK). Fixation/
permeabilization solution kit, anti-CD11c, anti-CD80, anti-CD86,
anti-CD3, anti-CD4, and anti-CD8 antibodies were purchased from
BD Biosciences (Oxford, UK). Foxp3 buffer set, anti-IFN-γ, and anti-
Foxp3 antibodies were purchased from BioLegend (San Diego, USA).
Anti-CD8 alpha antibody was obtained from Novus Biologicals
(Centennial, USA). Anti-IFN-γ antibody was from Absin Bioscience
Inc. (Shanghai, China). Anti-γH2AX antibody was from ABclonal
Technology (Wuhan, China). Anti-caspase 3 was purchased from Cell
Signaling Technology (Boston, USA). Mouse IFN-γ ELISA Kit was
purchased from Dakewe Biotech (Shanghai, China). Mouse HMGB1
ELISA Kit was purchased from Huzhen Biotech (Shanghai, China) and
ATP assay kit was from Promega (Madison, USA). DiR (1,1-
dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide) was pur-
chased AmyJet Scientific (Wuhan, China). The horseradish perox-
idase (HRP)-conjugated goat anti-rabbit/mouse IgG secondary
antibody was purchased from Beyotime (Shanghai, China). The
qPCR SYBR® Green Master Mix, cDNA synthesis SuperMix kit, and
TRIeasy™ Total RNA Extraction Reagent were from Yeasen Biotech
Co., Ltd (Shanghai, China). Primers of TNF-α for qPCR were
synthesized by Generay Biotech Co., Ltd (Shanghai, China). All other
reagents (analytical grade) were purchased from Sinopharm
Chemical Reagent (Shanghai, China).

Cell lines
Murine colon cancer cell line CT26 was obtained from Shanghai
Cell Bank of Chinese Academy of Sciences (Shanghai, China). The
cells were cultured in RPMI-1640 medium with 10% FBS and 1%
penicillin–streptomycin at a humidified 5% CO2 incubator at 37 °C.

Animals
Balb/c mice (female, 4–5 weeks) were supplied by Shanghai
Laboratory Animal Center (SLAC) Co., Ltd (Shanghai, China), and
housed at a standard SPF facility. All the animal experimental
procedures were approved by the Institutional Animal Care and
Use Committee, Shanghai Institute of Materia Medica, Chinese
Academy of Sciences.

Preparation of IRI hydrochloride–phospholipid complex (IRI–PC)
The IRI–PC complex was prepared by a solvent evaporation
method. Briefly, IRI and PC (1:5, w/w) were dissolved in 20mL
chloroform and the solution was agitated at 45 °C for 1.5 h. The
organic solvent was subsequently removed by rotary evaporation
in a vacuum, yielding a thin film on the wall of the flask. The IRI–PC
complex was thus used for liposome preparation.

Preparation of P-Lipo
The P-Lipo was prepared via a thin film-hydration method. Briefly,
the IRI–PC complex was formed as abovementioned and
subsequently mixed with 5 mL of chloroform containing lecithin,
cholesterol, DSPE-PEG2000, and DSPE-PEG2000-NHS (20/2/1/0.05, w/
w/w/w), and the drug ratio of IRI and JQ1 was 1.7/0.9 (w/w). The
chloroform solution was then subjected to rotary evaporation to
form a thin film in a round flask. The thin film was hydrated by 5%
glucose solution, followed by ultrasonic treatment in water bath.
The thus-formed liposomes were extruded through 400- and 200-
nm polycarbonate membranes using Avanti Mini-Extruder (Avanti
Polar Lipids, Alabaster, USA). The un-encapsulated drugs were
removed using a Sephadex G-50 column (GE Healthcare, USA). The
P-Lipo was formed by adding anti-PD-L1 antibody (BE0101,
Biocell) to the liposomes (anti-PD-L1/DSPE-PEG2000-NHS= 1/100,
mol/mol) with reaction for 12 h. The size distribution of liposomes
was determined by a dynamic light scattering technique (Nano ZS
90, Malvern, UK).

Characterization of the P-Lipo
The drug encapsulation efficiency and drug-loading capacity were
measured using an HPLC system (Agilent 1200, USA) equipped
with a C18 column (5 μm, 4.6 × 250mm, Agilent, USA) with a
column temperature of 45 °C. Mobile phase was composed of
water and acetonitrile (25/75, v/v) containing 0.01% trimethyla-
mine at a flow rate of 1 mL/min. The detection wavelength was
254 nm. The calculation was as follows:
Drug encapsulation efficiency (%)=mass of encapsulated drug/

mass of drug added × 100%
Drug-loading capacity (%)=mass of encapsulated drug/mass of

liposomes × 100%
The storage stability of P-Lipo was investigated at 4 °C and the

particle size of P-Lipo was determined in 1 week. The in vitro
cumulative drug release of P-Lipo was measured using a dialysis
method, by which PBS (pH 7.4) containing 1% SDS was used as a
release medium. The P-Lipo suspension was placed into the
dialysis tubes (MWCO 10–12 kDa) in the release medium and
shaken at 150 rpm at 37 °C. The drug concentration in the release
medium was quantified.

CRT expression and HMGB1 and ATP release in the tumor cells
CT26 cells (1 × 105 cells/well) were seeded in the six-well plates
overnight. The cells were then treated with IRI at the indicated
concentrations for 12 h. The cells were washed using cold PBS and
then sequentially stained with a primary rabbit anti-CRT antibody
(ab196159, Abcam) for 30 min at 4 °C, and then stained with
propidium iodide (50 μg/mL) for flow cytometric assay (FACS, BD,
USA) to assess CRT expression. The data were expressed as fold-
increase calculated by mean fluorescence intensity compared to
the PBS control. HMGB1 expression was also determined in the
CT26 cells that were seeded on a live cell imaging glass-bottom
dish at a density of 1 × 104 cells/well overnight. After incubation
with 10 μM IRI for 12 h, the cells were washed three times and
fixed, and then stained with Alexa Fluor® 488-conjugated anti-
HMGB1 antibody (ab195010, Abcam) for 30 min and with DAPI.
The cells were examined by a confocal laser scanning microscope
(CLSM, TCS-SP8, Leica, Germany). Extracellular secretion of ATP
and HMGB1 was measured using an ATP assay kit and an HMGB1
ELISA assay kit, respectively, according to the manufacturers’
instructions. Briefly, CT26 cells were seeded in the 12-well plate at
a density of 1 × 105 cells/well overnight and then treated with 10
μM IRI. After treatment, supernatants were collected for ATP and
HMGB1 detection.

DNA damage assays
For immunofluorescence staining of γH2AX DNA damage foci, the
CT26 cells were seeded on a live cell imaging glass-bottom dish
with a density of 2 × 104 cells/well overnight and then treated with
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1 μM JQ1, 10 μM IRI, or the combo JQ1/IRI for 24 h. The cells were
then washed three times with PBS and fixed using 4%
paraformaldehyde for 20 min. The cells were blocked with goat
serum in Triton X-100 and PBS for 1 h and then incubated with
γH2AX antibody (AP0099, ABclonal) at 4 °C for 1 h, followed by co-
staining with the Alexa647-conjugated secondary antibody for
30min and with DAPI for CLSM imaging.

Cellular uptake and tumor penetration of the P-Lipo in vitro
To examine the cellular uptake of the liposomes, the CT26 cells
were seeded in the 12-well plates at a density of 2 × 104 cells/well
overnight and then treated with the coumarin 6-labeled
liposomes. After 2-h incubation, the cells were stained with DAPI
for fluorescent imaging (CARL ZEISS, Germany). The quantitative
analysis of the cellular fluorescence intensity was examined by
using flow cytometric measurement. In parallel, in a control group,
the CT26 cells were pretreated with anti-PD-L1 antibody for 4 h
before treatment with the P-Lipo to investigate the competitive
blockage.

ICD-induced DC maturation
The bone marrow-derived dendritic cells (BMDCs) were obtained
following a standard protocol. In brief, the bone marrow monocytes
from the femurs and tibias of Balb/c mice (4–6 weeks old) were
collected using a standard procedure, and were cultured in DMEM
medium containing GM-CSF (20 ng/mL) and IL-4 (10 ng/mL). The
culture medium was entirely discarded at day 3 and replaced by a
fresh medium as described above. On day 7, the non-adherent cells
in the culture supernatant and loosely adherent proliferating DC
aggregates were harvested for further experiments. BMDCs were
incubated for 24 h with the drug-pretreated tumor cells in which ICD
was induced, and the percentage of the mature DCs (CD80+CD86+)
was examined using flow cytometry.

T-cell activation by the primed DCs
The responder T cells isolated from the spleens of the Balb/c mice
were cocultured with the primed BMDCs that were prepared as
above at a ratio of 5:1 (T/DC) for 5 days in the complete RPMI-
DMEM medium. The IFN-γ level in the supernatants was measured
using an ELISA kit according to the manufacturer’s instructions.

In vivo distribution
The CT26 cells (5 × 105) were subcutaneously injected into the
back of the Balb/c mice to develop a xenograft tumor model. The
DiR-labeled liposomes were injected to the mice via tail vein, and
the in vivo imaging study was conducted using an IVIS imaging
system (Caliper Life Science, Waltham, USA). After 24 h, the mice
were sacrificed and the organs were collected for ex vivo imaging.

In vivo antitumor efficacy
The CT26 tumor-bearing mice were randomly divided into six
groups (six mice per group) and intravenously treated with PBS,
IRI, JQ1, IRI-JQ1, Lipo, and P-Lipo at a dose of 45mg/kg IRI and
15mg/kg JQ1. When the tumor volume reached around 50mm3,
the drugs were given via tail vein injection once every 2 days. The
tumor volume was calculated by this formula:

Tumor volume (mm3)= length × width2/2

Mechanism studies
To elucidate the mechanisms underlying the superior antitumor
efficacy of P-Lipo, the CT26-tumor-bearing Balb/c mice were
treated by the same procedure as described above and the tumor
tissues were then harvested 1-day post the third treatment. The
P-Lipo-induced ICD was examined using immunofluorescence
staining of CRT. The draining lymph nodes (LNs) and spleens were
collected for flow cytometric analysis of the mature DCs and CD8+

T cells. The concentration of IFN-γ in the serum and tumor was

examined by an ELISA kit. The intratumoral infiltration of Tregs
(CD4+Foxp3+ T cells) and cytotoxic IFN-γ+CD8+ T cells was
evaluated by flow cytometry. PD-L1 expression in the tumor was
also examined through flow cytometry. The immunohistochemical
examination of the tissue sections was carried out by staining with
anti-cleaved caspase 3. The tissue slices were imaged using a
confocal laser scanning microscope. The expression of the TNF-α
in the CT26 tumor tissues after treatment was also detected using
a standard procedure of Western blotting. In addition, the mRNA
expression of TNF-α was measured by real-time quantitative
polymerase chain reaction (qPCR). Total RNA was isolated with the
TRIeasy™ Total RNA Extraction Reagent according to the
manufacturer’s instructions. Then, cDNAs were amplified using
SYBR Green PCR Master Mix with primers (forward: 5′-CGTCAGCCG
ATTTGCTATCT-3′, reverse: 5′-CGTCAGCCGATTTGCTATCT-3′) at a
final volume of 20 µL, and the samples were performed in
triplicate by the CFX384 Touch Detecting System (Bio-Red, USA).
The mRNA expression was normalized with GAPDH mRNA
content.

Statistical methods
All data are mean ± SEM. The bar graphs show the results from
three independent experiments. Statistical analysis was calculated
by unpaired t-test and the therapeutic efficiency in animal study
was analyzed using one-way ANOVA. Statistical significance was
set at the value of P < 0.05. Multiple asterisks represent the
statistical significance as *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.

RESULTS AND DISCUSSION
Anticancer synergistic effect of IRI and JQ1 therapy
ICD is characterized by the exposure of calreticulin (CRT) on the
cancer cell surface and the release of ATP and HMGB1 during
apoptosis [16]. The ICD induction of IRI was investigated and the
results showed that exposure of CRT on the IRI-treated CT26 cells
was increased, with a dose-dependent pattern (Fig. 1a). The
exposed CRT on the cancer cell surface serves as an “eat-me”
signal to the antigen-presenting cells (e.g., DCs and macrophages)
and elicits antitumor immune responses. IRI also induced a
significant extracellular release of HMGB1 (Fig. 1b, c) and ATP
(Fig. S1).
To explore the combination therapy of IRI and JQ1, the γH2AX

DNA foci formation, as an indicator of DNA damage [17], was
monitored after treatment. The results showed that the DNA
damage foci in the CT26 cells were increased by the co-application
with IRI and JQ1 compared to the single treatments (Fig. 1d).
Importantly, the ICD effect was much stronger in the combined
treatment, reflected by a 50% increase in the exposure of CRT
compared to the IRI treatment group (Fig. 1e). Those results
revealed that the combination of IRI and JQ1 enhanced the DNA
damage and ICD effects. JQ1 has been often used as a small-
molecular suppressor of PD-L1 for triggering anticancer immunity,
because PD-L1 is a downstream effector of a BET protein–BRD4
[15]. Remarkable PD-L1 downregulation was observed in the CT26
cells treated with JQ1 (Fig. 1f).

Preparation and characterization of anti-PD-L1 modified liposomes
with co-encapsulation of IRI and JQ1
A PD-L1-targeting immunoliposome co-encapsulating IRI and JQ1
(termed P-Lipo) was prepared via a thin film-hydration method.
The P-Lipo was about 160 nm with uniform size distribution and
exhibited good serum stability and a sustained release pattern
(Fig. 2a, b, S2). The encapsulation efficiency was 71.7% for IRI and
45.8% for JQ1 in the P-Lipo.
The successful conjugation of anti-PD-L1 antibody with the non-

targeting liposomes (termed Lipo) was confirmed by SDS-PAGE
electrophoresis, demonstrated by the upper shift of the band due
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to the change in molecular weight (Fig. 2c). Protein smears
observed in the lane of P-Lipo was probably due to the lipid
content in the samples, which decreased the electrophoretic
mobility of antibody chains [18]. The P-Lipo displayed a
significantly increased uptake efficiency in the CT26 cells, 1.5-fold
higher than the Lipo (Fig. 2d, e). It was attributed to the
overexpressed PD-L1 in the CT26 cancer cells (Fig. S3), which thus
promoted PD-L1-mediated intracellular delivery.

The immune activity of P-Lipo
DCs play key roles in eliciting and regulating the innate and
adaptive immune response, which can thus yield a synergistic
action with the ICD effect [19, 20]. The ability of P-Lipo to induce
immunogenicity of the tumor cells with “danger signals” and
promote DC maturation was investigated [21, 22]. The P-Lipo-
pretreated tumor cells significantly promoted the maturation of
DCs (CD11c+CD80+CD86+) (Fig. 2f). Furthermore, these thus-
obtained matured DCs were able to stimulate the IFN-γ secretion
from the autologous T cells; the IFN-γ level was higher in the
P-Lipo than other groups (Fig. 2g). Those results suggested that
the P-Lipo efficiently induced the ICD effect in the CT26 cells that
subsequently promoted the antigen presentation by DCs and thus
activated T-cell immunity.

In vivo studies of tumor-targeting delivery and treatment efficacy
The tumor-targeting delivery was investigated by using the DiR
dye-labeled liposomes via i.v. injection. The in vivo biodistribution
results in the CT26 tumor-bearing Balb/c mice showed that the
P-Lipo increased the intratumoral drug distribution and prolonged
intratumoral drug retainment compared to the Lipo (Fig. 3a). At
the endpoint, the ex vivo imaging of the dissected organs further

confirmed higher intratumoral accumulation in the P-Lipo-treated
group (Fig. 3b, c), showing the enhanced tumor distribution via
anti-PD-L1-mediated active targeting delivery.
Furthermore, the treatment efficacy of P-Lipo in the subcuta-

neous CT26 tumor mice was conducted at a dose of 45 mg/kg IRI
and 15mg/kg JQ1. The treatment with single IRI or JQ1 only
showed moderate tumor regression, while the comb IRI/JQ1 and
the liposomal formulations yielded the synergistic effect. Impor-
tantly, the P-Lipo showed the best therapeutic efficacy with a
remarkable inhibition of tumor growth and prolonged survival
time (Fig. 3d, e). The preliminary safety evaluation showed there
were no major pathological changes in the major organs (Fig. S4),
suggesting the biocompatibility.

Anticancer immunity activated by P-Lipo treatment
CT26 colon cancer is characterized by its microsatellite stability
and the consequent less-immunogenic nature [23, 24]. Therefore,
the P-Lipo-based chemo-immunotherapy strategy was investi-
gated in the CT26 tumor-bearing mice. The immunohistochemical
and immunofluorescence analysis in the tumor clearly showed
that the P-Lipo treatment yielded a high level of cleaved caspase 3
(Fig. 4a), which consequently induced irreversible cell apoptosis,
and induced the ICD effect as reflected by the CRT expression
(Fig. 4b).
It has been recognized that some specific chemotherapeutics

can induce ICD effect that triggers antitumor immune responses
and thus synergistically work with immunotherapy [25]. To
elucidate the anticancer immune responses elicited by the P-
Lipo, the immune cells were analyzed. The P-Lipo treatment
promoted the maturation of DCs (CD11c+CD80+CD86+) in the LN,
with a higher maturation percentage than other groups (Fig. 4c).

Fig. 1 ICD effect induced by IRI and synergistic effect of IRI/JQ1 in CT26 cancer cells. a IRI-induced CRT exposure. ELISA analysis (b) and
CSLM examination (c) of HMGB1 release of CT26 cells induced by IRI (Scale bar 20 μm); HMGB1 that is normally located at the nucleus was
released from the nucleus during immunogenic cell death, thus causing the diminished fluorescence signal in the nucleus. d Representative
immunofluorescence images of γH2AX DNA damage foci in CT26 cells treated with JQ1 and/or IRI (scale bar 50 μm). e IRI/JQ1 treatment
increased CRT exposure. f PD-L1 expression in CT26 cells reduced by JQ1 treatment. Mean ± SEM. ***P < 0.001.
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Fig. 3 Tumor-targeting delivery and in vivo therapy of the P-Lipo. aWhole body imaging. b Ex vivo imaging of the tumors. c Ex vivo radiant
efficiency in the tumors. d The tumor growth curves in the CT26 tumor-bearing mice following the indicated treatments. e The survival rate
after treatment. Mean ± SEM. *P < 0.05, ****P < 0.0001.

Fig. 2 Characterization of P-Lipo and immune priming effects. a Size distribution and TEM images of P-Lipo (scale bar 200 nm).
b Cumulative release of IRI and JQ1 from P-Lipo. c SDS-PAGE electrophoresis of anti-PD-L1, Lipo and P-Lipo. d Fluorescence images of CT26
cells after incubation with the coumarin 6-labeled liposomes (scale bar 100 μm). e Statistical analysis of uptake efficiency of P-Lipo with or
without pretreatment with anti-PD-L1 in CT26 cells. f Percentage of the mature DCs that were activated by the P-Lipo-treated CT26 cells. g IFN-
γ secretion from the T cells primed with the mature DCs. Mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
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Moreover, the splenic DCs in the P-Lipo treated mice also showed
a higher rate of maturation than other groups (Fig. 4d).
Mature DCs can initiate immune responses by expressing

lymphocyte co-stimulatory molecules and presenting antigens
[26]. The ratio of CD3+CD8+ cytotoxic T lymphocytes was
evaluated. The CD3+CD8+ cytotoxic T lymphocytes in the animals

treated with the P-Lipo were remarkably increased in the LN
(Fig. 4e) and spleen (Fig. 4f). The CD4+Foxp3+ Tregs are
responsible for immunologic tolerance and reduction of Tregs
can provoke cancer immunity [27]. Our results showed that The P-
Lipo treatment significantly decreased the amount of Tregs in the
spleen, compared to other groups (Fig. 4g).

Fig. 4 P-Lipo-induced anticancer immunity. a Immunohistochemical staining of apoptotic protein (cleaved caspase 3, represented by brown
color) (scale bar 250 μm). b Immunofluorescence staining of CRT in the tumor (red color) (scale bar 50 μm). c Percentage of the mature DCs in
the draining LNs. d Percentage of the mature DCs in the spleen. e CD8+ T cells in the draining LNs. f CD8+ T cell in the spleen. g The frequency
of Tregs in the spleen. h Serum IFN-γ levels after treatment. Mean ± SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001.
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IFN-γ is an important antitumor effector that controls the
initiation, growth, and spread of tumors by mediating pleiotropic
effects in the innate and adaptive responses [28]. Serum IFN-γ
essentially reflects host antitumor immunity and can be a
prognostic factor of cancer treatment [29]. The serum IFN-γ level
in the P-Lipo group was remarkably elevated, with an increase of
2.4-, 1.5-, and 1.4-fold than that of the IRI, IRI-JQ1, and Lipo groups,
respectively (Fig. 4h).
These results were consistent with the in vitro results. The

superior efficacy of P-Lipo was related to enhanced targeting
delivery and the improved synergistic effect of chemo-
immunotherapy.

Remodeling TIME
IFN-γ is mainly produced by activated CD8+ cytotoxic T cells [30].
Figure 5a, b shows that the percentage of IFN-γ-positive cytotoxic
CD8+ T lymphocytes amounted to 13.6% in the tumor in the
P-Lipo group, higher than that treated with saline (1.1%), free IRI
(6.2%), JQ1 (3.6%), IRI-JQ1 (10.9%), or Lipo (12.6%). Accordingly,
the intratumoral IFN-γ level in the P-Lipo treatment was also the
maximal among all the groups (Fig. 5c). Besides, both the qPCR
and Western blotting results showed that the intratumoral TNF-α,
a cytokine mainly secreted from the antitumor phenotype
macrophages, was highly expressed after the P-Lipo treatment
(Fig. 5d, e).
Intratumoral Tregs play an essential role in controlling

immunosuppressive TME via regulating cytotoxic T cells, DCs,
and macrophages [31]. The ratio of tumor-infiltrating Tregs was
decreased to 6.8% in the P-Lipo group compared to 18.2% in the
saline control group (Fig. 5h, i). Chemotherapy often induces PD-
L1 expression and immunosuppression, which, however, can be
overcome through the selection of appropriate drug combinations
[32]. Our results showed that the chemotherapeutic IRI upregu-
lated PD-L1 expression in the tumor cells, but the level of PD-L1
was effectively decreased by combination treatment (Fig. 5f, g). It
should be mentioned that JQ1 was used to suppress PD-L1
expression, but anti-PD-L1 modified on the P-Lipo was not

designed to block the PD-1/PD-L1 pathway, because the amount
of anti-PD-L1 in the P-Lipo given to a mouse was less than 1/10 of
the effective therapeutic dose of anti-PD-L1.
These results revealed the remodeling and activation of the

TIME by the P-Lipo treatment.

CONCLUSIONS
In this work, a chemo-immunotherapy strategy was developed via
tumor-targeted codelivery of liposomal IRI and JQ1 for cytotoxi-
cally killing the cancer cells and induced ICD effect that promoted
antitumor immune responses and the JQ1-based anti-PD therapy.
The P-Lipo showed a synergistic effect on inducing ICD effect and
triggering potent antitumor immunity. P-Lipo treatment efficiently
inhibited the CT26 tumor growth. It was found that P-Lipo
promoted DC maturation and subsequently activated cytotoxic
CD8+ T cells, as well as suppressed Tregs via ICD induction and the
PD-pathway blockade. The P-Lipo provides a promising codelivery
and chemo-immunotherapy strategy for the less-immunogenic
colorectal cancer.
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Fig. 5 Remodeling tumor immune microenvironment. a Flow cytometric scatter-plot of IFN-γ+CD8+ T cells in the tumor. b The frequency of
IFN-γ+CD8+ T cells in the tumor. c Intratumoral IFN-γ levels. The mRNA (d) and protein levels of TNF-α (e) in the tumor after treatment.
f Expression of PD-L1 in the tumor cells after treatment. g The frequency of PD-L1+ cells. h The frequency of CD4+Foxp3+ Tregs in the tumor.
i Flow cytometric scatter-plot of CD4+Foxp3+ regulatory T cells in the tumor. Mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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