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Abstract There is a close connection between epigenetic regulation, cancer metabolism, and immu-

nology. The combination of epigenetic therapy and immunotherapy provides a promising avenue for can-

cer management. As an epigenetic regulator of histone acetylation, panobinostat can induce histone

acetylation and inhibit tumor cell proliferation, as well as regulate aerobic glycolysis and reprogram in-

tratumoral immune cells. JQ1 is a BRD4 inhibitor that can suppress PD-L1 expression. Herein, we pro-

posed a chemo-free, epigenetic-based combination therapy of panobinostat/JQ1 for metastatic colorectal

cancer. A novel targeted binary-drug liposome was developed based on lactoferrin-mediated binding with

the LRP-1 receptor. It was found that the tumor-targeted delivery was further enhanced by in situ
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Panobinostat;

JQ1;

Liposome
formation of albumin corona. The lactoferrin modification and endogenous albumin adsorption contribute

a dual-targeting effect on the receptors of both LRP-1 and SPARC that were overexpressed in tumor cells

and immune cells (e.g., tumor-associated macrophages). The targeted liposomal therapy was effective to

suppress the crosstalk between tumor metabolism and immune evasion via glycolysis inhibition and im-

mune normalization. Consequently, lactic acid production was reduced and angiogenesis inhibited; TAM

switched to an anti-tumor phenotype, and the anti-tumor function of the effector CD8þ T cells was re-

inforced. The strategy provides a potential method for remodeling the tumor immune microenvironment

(TIME).

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Colorectal cancer (CRC) is the third most common cancer, and
metastasis is the main cause that contributes to CRC-associated
death1. Notably, the 5-year survival rate of CRC patients is less
than 10%2. Although several molecularly targeted drugs (e.g.,
EGFR mAbs and BRAF tyrosine kinase inhibitors) have been
studied in clinical trials, the regimen of a single-target drug shows
little benefit to CRC patients3. Generally, CRC can be considered
as a “cold” tumor and the majority of CRC patients are poorly
immune responsive; merely 15% of CRCs are dMMReMSI-H
(mismatch-repair-deficient and microsatellite instability-high),
which is a positive prognosis biomarker for immunotherapy4.

The occurrence and development of cancers are the results of
genetic mutations and epigenetic changes. The structural changes of
transcription factors and DNA-binding proteins can regulate the
expression of the oncogene5. For instance, histone deacetylase in-
hibitors (HDACi) are a class of histone epigenetic modification
regulators that make histone H3 and H4 highly acetylated by
inhibiting the activity of histone deacetylase, and acetylation pro-
motes the depolymerization of chromatin and the consequent in-
hibition of transcription of the oncogenes and DNA repair genes6.

HDACi have been clinically used as an effective treatment for
blood cancer7, which can induce tumor cell apoptosis, cell cycle
arrest, autophagy, and anti-angiogenesis8. However, there is very
limited clinical success in solid tumors with HDACi; combination
therapy is considered to be a potential solution to this issue9. Apart
from restoring acetylation homeostasis in cancer cells, HDACi can
also trigger tumor immunity; for example, they can “re-educate”
the M2-like tumor-associated macrophages (TAM) to the anti-
tumor M1 phenotype10, promote dendritic cell (DC) matura-
tion11, activate the effector cells such as NK and T cells, and
inhibit Treg cells5,6. Moreover, HDACi can regulate tumor
metabolism by inhibiting the key enzymes or transporters of
aerobic glycolysis12. Panobinostat (Pano) is an HDACi approved
by the US Food and Drug Administration (FDA) in 2015. Pano
can activate antigen-specific T cells13, but the effect on regulating
TAM and tumor immune microenvironment (TIME) is barely
explored.

Bromodomain and extraterminal (BET) proteins (e.g., BRD4)
are epigenetic readers for regulating gene transcription. As a case
in point, BRD4 occupies the PD-L1 transcriptional start site and
controls PD-L1 expression, and thereby BRD4 inhibitors (e.g.,
JQ1) have been often explored in PD-1/PD-L1 immune check-
point blockade (ICB) treatment14,15. For example, combining
BRD4 inhibitors and ICB drugs can activate T cells and induce
durable anti-tumor responses in lung adenocarcinoma16. We pre-
viously demonstrated that JQ1 cooperated with irinotecan to elicit
antitumor immunity in colorectal cancer through inducing im-
mune cell death and suppressing the PD-1/PD-L1 pathway17.

Epigenetic regulation can enhance the effectiveness of ICB
treatment, and epigenetic therapy for anticancer immunity repre-
sents a potential avenue18. In this work, we thus proposed an
epigenetics-based, chemo-free combination therapy using a lipo-
somal targeting codelivery of Pano/JQ1 to improve treatment effi-
cacy in colon cancer via epigenetic regulation. It was expected that
the combination of HDAC and BRD4 inhibitors could simulta-
neously repolarize TAM and induce ICB, thus remodeling TIME.

A biomimetic targeted delivery strategy was developed by
using lactoferrin (LF) to modify the liposomal co-delivery system
to treat an immune-inactive CT26 colorectal tumor, which is
characterized by its microsatellite stability (MSS) and poor
response to PD-1/PD-L1 immunotherapy19,20. LF is often used as
a targeting ligand in cancer nanomedicine21. Both CT26 cancer
cells and TAM highly express low-density lipoprotein receptor-
associated protein 1 (LRP-1) that possesses a high binding affin-
ity to LF22. Therefore, LF-mediated delivery provides a unique
benefit of simultaneously targeting cancer cells and TAM, thus
facilitating the action of remodeling TIME by reprograming the
immunosuppressive cells23.

Notably, in vivo formation of protein corona could influence
the biofate of nanomedicine24. In this work, the in situ formed
albumin corona was investigated for the synergistic effect on
mediating tumor delivery.

2. Materials and methods

2.1. Materials

Panobinostat and JQ1 (CSNpharm, Chicago, IL, USA). Egg yolk
lecithin (PC-98T), soy lecithin, cholesterol, DSPE-PEG2000, and
DSPE-PEG2000-NHS (Advanced Vehicle Technology Co., Ltd.,
Shanghai, China). Lactoferrin (Nanjing Shengsai Chemical Co.,
Ltd., Nanjing, China). Bovine serum albumin (BSA) (Amresco,
Houston, TX, USA). D-Luciferin potassium salt (PerkinElmer,
Waltham, MA, USA). The apoptosis kit, 5-FITC, DiD, and DiR
iodide (Meilun Biotechnology, Dalian, China). gH2AX (ABclonal
Technology, Wuhan, China). Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), antibodies of Tubulin, BRD4, HIF-1a, C-
MYC, HDAC2, CD31, BCL-XL, caspase3, p-STAT6, and iNOS
(PE conjugate) (Cell Signaling Technology, Boston, MA, USA).
Anti-b-Actin (SigmaeAldrich, St. Louis, MI, USA). Anti-VEGF

http://creativecommons.org/licenses/by-nc-nd/4.0/
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(R&D Systems, Minneapolis, MN, USA). Antibodies of mannose
receptor (CD206), PKM2, PD-L1, LRP-1, VEGFR2, Gr-1, and
TGF-b1 (Abcam, Cambridge, UK). The anti-SPARC antibody and
anti-iNOS antibody (Absin, Shanghai, China). The horseradish
peroxidase (HRP)-conjugated goat anti-rabbit/mouse, donkey
anti-goat IgG secondary antibody, and Alexa Fluor� 488 Affini-
Pure goat anti-rabbit IgG (H þ L) (Beyotime, Shanghai, China).
Hyaluronidase and collagenase (YEASEN, Shanghai, China).
Murine M-CSF, IL-4, and IFN-g (Peprotech, Rocky Hill, NJ,
USA). Lipopolysaccharide (LPS) (SigmaeAldrich, St. Louis, MI,
USA). Purified rat anti-mouse CD16/CD32 (mouse BD Fc block),
FITC rat anti-mouse CD49b, APC rat anti-mouse NK1.1, PE rat
anti-mouse Ly6G-Ly6C, BB700 rat anti-mouse CD11b, PerCP
hamster anti-mouse CD3ε, APC rat anti-mouse CD8a, APC rat
anti-mouse PD-L1, PE rat anti-mouse TGF-b, and APC-Cy7 rat
anti-mouse IFN-g (BD Pharmingen, Franklin Lakes, NJ, USA).
FITC rat anti-mouse CD45, FITC rat anti-mouse F4/80, APC rat
anti-mouse CD206, and PE-Cy7 rat anti-mouse CD206 (Bio-
legend, San Diego, CA, USA). PE anti-mouse granzyme B
(Invitrogen, Carlsbad, CA, USA). InVivoMab anti-mouse PD-1
(BioXcell, Lebanon, NH, USA). Mouse lymphocyte separation
medium (Dakewe Biotech Co., Ltd., Shenzhen, China). All other
reagents were of analytical grade (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China).

2.2. Cell lines

The murine colorectal cancer cell (CT26) and human umbilical
vein endothelial cell (HUVEC) were obtained from the Shanghai
Cell Bank of Chinese Academy of Sciences (Shanghai, China).
CT26 and CT26-Luc were cultured in RPMI-1640 medium with
10% FBS (Gemini Bio, West Sacramento, CA, USA) and 1%
penicillin-streptomycin (Beyotime, Shanghai, China). HUVEC
was cultured in Dulbecco’s modified Eagle media (DMEM) with
10% FBS and 1% penicillin-streptomycin. All cells were main-
tained at a humidified 5% CO2 incubator at 37

�C.

2.3. Animals

Female BALB/c mice (18e22 g) (Shanghai Laboratory Animal
Center Co., Ltd., Shanghai, China), were housed at the specific
pathogen-free (SPF) care facility. All experimental procedures
were executed according to the protocols approved by the Insti-
tutional Animal Care and Use Committee (IACUC), Shanghai
Institute of Materia Medica (SIMM), Chinese Academy of Sci-
ences, China.

2.4. Collection and polarization of bone marrow-derived
macrophage (BMDM, MF)

The BALB/c mice were humanely sacrificed and the BMDMs
were obtained by using a standard protocol as described in a
previous report10. The cells were cultured in DMEM with 20%
FBS, 1% penicillin-streptomycin, and 20 ng/mL M-CSF at 37 �C
for three days. The BMDMs were induced for M1 polarization
with 100 ng/mL LPS and 20 ng/mL IFN-g, or for M2 polarization
with 40 ng/mL IL-4.

2.5. In vitro cell viability assay

The CT26 cells or BMDMs were seeded in a 96-well plate at a
density of 5 � 103 cells/well. After incubation at 37 �C for 24 h,
the cells were treated with free Pano, free JQ1, combined Pano
and JQ1 (termed as Pano þ JQ1), Lipo, or LF-Lipo, respectively,
for 24 or 48 h. Then a standard MTT method was conducted to
measure cell viability. The synergy of Pano and JQ1 was evaluated
by calculating the combination index (CI).

2.6. Lactic acid secretion assay

The concentration of lactic acid in the CT26 cell culture medium
or the tumor tissues was detected by a lactic acid assay kit
(Jiancheng Bioengineering Co., Ltd., Nanjing, China).

2.7. Co-culture system of CT26 tumor cells and MF

The co-culture system was utilized to mimic the physiological or
pathological conditions. In the study of the effect of CT26 on MF,
MF were seeded in a 12-well transwell plate at a density of
1 � 105 cells/well, while the CT26 tumor cells were seeded in an
upper chamber with a polyester membrane (0.4 mm pore, Corning,
Corning, NY, USA) at the same density. After incubation for a
specified time, both cells were treated with an equivalent drug
dose. In the study of the effect of MF on CT26 tumor cells, the
MF were seeded in the upper while the CT26 cells in the lower
chambers and other conditions remained the same.

2.8. In vitro M2F re-education study

For a mono-culture system, MF were seeded in a 12-well plate at
a density of 1 � 105 cells/well and cultured for 24 h. The cells
were treated with Pano (0.2 mmol/L), JQ1 (0.4 mmol/L), or Pano
(0.2 mmol/L) þ JQ1 (0.4 mmol/L), respectively, for 24 h.

For a co-culture system, MF were seeded in a lower chamber
and CT26 cells were seeded in an upper chamber. After 12 h in-
cubation, both cells were treated with Pano (0.2 mmol/L), JQ1
(0.4 mmol/L), or Pano (0.2 mmol/L) þ JQ1 (0.4 mmol/L),
respectively, for 24 h. After treatment, the MF were collected and
then subjected to a standard Western blot assay or a standard flow
cytometry analysis.

2.9. Preparation of LF-Lipo

In order to evaluate the feasibility of chemical conjugation be-
tween LF and DSPE-PEG-NHS, the amidation reaction was
examined (Supporting Information Fig. S1). Briefly, 10 mg LF and
1 mg DSPE-PEG-NHS were dissolved in phosphate buffer saline
(PBS). The reaction system was incubated at 4 �C for 12 h. Small
molecule compounds in the system were removed by dialysis
(MWCO 14,000 Da). The LF and DSPE-PEG-LF were freeze-
dried and characterized by MALDI-TOF, 1H NMR, and 13C NMR.

The binary-drug LF-modified liposomes (termed LF-Lipo)
were prepared by a thin-film dispersion method. Lecithin,
cholesterol, DSPE-PEG2000, DSPE-PEG-NHS, panobinostat, and
JQ1 were dissolved at a mass ratio of 30:1:1:1:1:2 in 9 mL
dichloromethane/methanol (2:1, v/v), and the mass of lecithin was
30 mg. The organic solvents were removed by rotary evaporation
under vacuum until the thin film of lipid was formed. The thin film
was hydrated by 1 mL PBS to form an aqueous suspension, which
was then extruded through 0.4 and 0.2 mm polycarbonate mem-
branes with an extruder (Avanti Polar Lipids, Alabaster, AL,
USA). 10 mg LF (LF/DSPE-PEG-NHS, 10:1, w/w) was added into
the liposome suspension for incubation at 4 �C for 12 h, thus
forming the LF-Lip. The unreacted LF was removed by 4500 rpm



2060 Yang He et al.
centrifugation (ThermoFisher Scientific, Waltham, MA, USA) for
1 h using an Amico filter device (100 K). Non-modified liposome
was prepared in the same manner (termed as Lipo). Both the Lipo
and LF-Lipo were purified by a Sephadex G-50 column (GE
Healthcare, Boston, MA, USA) to get rid of unencapsulated drugs.

2.10. Characterization of LF-Lipo

The modification efficiency of LF on LF-Lipo was determined by
SDS-PAGE and quantitatively analyzed by ImageJ software
(National Institutes of Health, Bethesda, MD, USA). The particle
size, polydisperse index (PDI), and zeta potential of Lipo and LF-
Lipo were measured by a Zeta Sizer Nanoparticle Analyzer
(Malvern Panalytical, Malvern, UK). The morphological obser-
vation of the liposomes was performed using transmission elec-
tron microscopy (TEM). The drug encapsulation efficiency (EE%)
and drug-loading capacity (DL%) of the liposomes were deter-
mined by high-performance liquid chromatography (HPLC) (1260
Infinity, Agilent technologies, Santa Clara, CA, USA) equipped
with Diamonsil-C18 (5 mm, 250 mm � 4.6 mm, Dikma, Beijing,
China). The chromatographic conditions are listed in Supporting
Information Tables S1 and S2.

2.11. Stability and in vitro release

The stability was detected by suspending the liposomes in PBS
containing 10% FBS and shaking the suspension (150 rpm) at
37 �C. Particle size change of the liposomes was measured by a
Zeta Sizer Nanoparticle Analyzer at a specified time interval. The
in vitro drug release was performed by placing liposomes in
dialysis bags (MWCO 14,000 Da) in PBS (pH 7.4) containing 1%
(w/v) SDS with gently shaking (150 rpm) at 37 �C. A portion of
the release medium (1 mL) was sampled for HPLC analysis and
an equivalent volume of fresh medium was replenished at the pre-
set time course.

2.12. Cellular uptake assay

The CT26 cells were seeded in a 12-well plate at a density of
1 � 105 cells/well and cultured for 24 h. The cells were treated
with equivalent 5-FITC dye-encapsulated Lipo or LF-Lipo (5-
FITC/lecithin, 1 mg/30 mg) for 2 h under 37 �C. Afterward, the
cells were washed with PBS three times, fixed in 4% para-
formaldehyde (PFA) for 20 min, and stained with DAPI. Fluo-
rescent images were obtained by the inverted fluorescence
microscope (CARL ZEISS, Oberkochen, Germany).

Besides, the CT26 cells or BMDMs were seeded in a 12-well
plate at a density of 1 � 105 cells/well and cultured for 24 h,
respectively. The cells were then treated with equivalent 5-FITC
dye-encapsulated Lipo or LF-Lipo (5-FITC/lecithin, 1 mg/
30 mg) for 2 h incubation at 37 �C. The cells were washed with
PBS three times and collected. The quantitative cellular uptake
efficiency was detected by a standard flow cytometry analysis.

2.13. Penetration of tumor spheroid

The 60 mL 1% (w/v) agarose gel was pre-covered in the 96-well
plates. The CT26 cells were seeded at a density of
5 � 103 cells/well and cultured at 37 �C for 7 days. When the cell
cluster formed tumor spheroids, they were treated with equivalent
Cy5 dye-encapsulated Lipo or LF-Lipo (Cy5/lecithin, 0.25 mg/
30 mg) for 6 h. The tumor spheroids were collected and rinsed by
PBS three times, and then subjected to confocal laser scanning
microscope (CLSM) Z-stack (TCS-SP8, Leica, Wetzlar,
Germany).

Besides, to investigate the permeability-promoting ability of
protein corona, the tumor spheroids were preincubated with
serum-free cell culture medium for 12 h and then were treated
with equivalent DiD dye-encapsulated LF-Lipo (DiD/lecithin,
0.25 mg/30 mg) or the FBS-containing medium-preincubated LF-
Lipo for 4 h. The tumor spheroids were collected and rinsed by
PBS three times, and then subjected to CLSM (Leica).

2.14. Characterization of BSA protein corona

The 100 mL liposomes were incubated with the FBS-containing
culture medium (1:4, v/v) or plasma (1:1, v/v) for 1 h under 37 �C.
The suspension was then diluted with PBS and centrifuged using
an Amico filter device (100 K) to remove free proteins. The pellet
was rinsed with PBS twice. The adsorption efficiency of albumin
on liposomes was determined by a standard SDS-PAGE assay and
quantitatively analyzed by ImageJ software. An equivalent cell
culture medium aliquot without centrifugation was set as the
control.

2.15. Preparation of empty BSA NP

The empty BSA NP was prepared through a homogenization-
evaporation method. Briefly, 50 mg soy lecithin was dissolved in
1 mL oil phase (alcohol/chloroform Z 2:1, v/v) and 50 mg BSA
was dissolved in 4 mL aqueous phase. The primary emulsion was
obtained by adding the oil phase to the aqueous phase dropwise
under the ultrasonic process. Subsequently, the primary emulsion
was subjected to a high-pressure homogenizer (EmulsiFlex-B15,
Avestin Inc., Ottawa, Canada) for 10 cycles of homogenization.
Alcohol and chloroform were then removed by rotary evaporation.
The BSA NP was collected by centrifugation and free BSA was
removed.

2.16. Cell apoptosis assay

The CT26 tumor cells were seeded in a 12-well plate at a density of
1� 105 cells/well and cultured for 24 h. The cells were treated with
Pano (0.1 mmol/L), JQ1 (0.2 mmol/L), Pano (0.1 mmol/L) þ JQ1
(0.2mmol/L), Lipo, or LF-Lipo respectively, for 24 h. The cells were
then collected and subjected to a standard Western blot assay or a
standard flow cytometry analysis using Annexin V-FITC/PI
staining.

2.17. Anti-angiogenesis assay

The HUVECs were seeded in a 24-well Transwell plate at a
density of 2 � 105 cells/well pretreated with 100 mL matrigel
matrix (Corning), and M1F (or M2F) were seeded in an
upper chamber. Both the lower and upper chambers were
treated with equivalent Pano (1 mmol/L), JQ1 (2 mmol/L), Pano
(1 mmol/L) þ JQ1 (2 mmol/L), Lipo, or LF-Lipo respectively, for
12 h. The endothelial cell tube formation was observed by the
inverted microscope (ZEISS) in a bright field (10�).

Besides, the HUVECs were seeded in a lower chamber of a
Transwell plate, and M1F (or M2F) were seeded in an upper
chamber. Both the lower and upper chamber were treated with the
same drugs as mentioned above for 12 h. The HUVECs were then
washed, collected, and treated with RIPA lysate (Beyotime,



Epigenetic combination therapy remodels tumor immune microenvironment 2061
Shanghai, China). The expression level of VEGFR2 and C-MYC
was detected by a standard Western blot analysis.
2.18. Establishment of the CT26 subcutaneous and peritoneal
tumor animal models

The CT26 subcutaneous tumor animal models were established by
s.c. injection of the CT26 cells (3 � 105) into the back of BALB/c
female mice. The CT26 peritoneal metastasis animal models were
established by i.p. injection of CT26-Luc cells (3 � 105) into the
peritoneum of the BALB/c female mice. The development of
CT26 peritoneal tumors was monitored by bioluminescence im-
aging of IVIS (Caliper PerkinElmer, Waltham, MA, USA) after
intravenous injection of D-Luciferin potassium salt (150 mg/kg).
2.19. In vivo imaging and biodistribution

For both CT26 subcutaneous and peritoneal tumor animal models,
the BALB/c tumor-bearing mice (n Z 3) were given the equivalent
DiR dye-encapsulated Lipo or LF-Lipo via tail vein injection
(1.5 mg/kg). The in vivo imaging study was monitored using IVIS at
the pre-set time points. After 24 h, themicewere humanely sacrificed
and the tumors and major organs were collected for ex vivo imaging.

For the colocalization study, the isolated tumors were fixed
with 4% PFA for 48 h and then dehydrated in 30% sucrose so-
lution for the preparation of cryosection (CM1950, Leica, Weztlar,
Germany). The cryosection slides were incubated with the anti-
LRP-1 antibody at 4 �C overnight and subsequently labeled by an
Alexa Fluor� 488-conjugated secondary antibody and DAPI. The
slides were observed by CLSM.

Furthermore, for the quantitative assay of colocalization, the
CT26 subcutaneous tumor-bearing mice (n Z 3) were intrave-
nously injected with equivalent DiD dye-encapsulated Lipo or LF-
Lipo (1.5 mg/kg). At 24 h, the mice were humanely sacrificed, and
the tumors were collected and digested into individual single cells
with hyaluronidase and collagenase. These cells were then stained
with anti-LRP-1 antibody followed by Alexa Fluor� 488 fluo-
rescent antibody labeling. The quantitative analysis was conducted
using flow cytometry.
Figure 1 Anticancer effect of Pano and JQ1 in CT26 cells. (A)

Cytotoxicity test in CT26 cells. (B) Expression of gH2AX in

CT26 cells after treatment. (C) The reduced lactic acid production in

CT26 cells after treatment. (D) Expression of PKM2, BRD4, PD-L1,

and HDAC2 in CT26 cells after treatment. Data are presented as

mean � SD (n Z 3). *P < 0.05, ***P < 0.001.
2.20. In vivo anti-tumor therapy

For the CT26 subcutaneous tumor animal model, the tumor-bearing
mice were randomly divided into six groups (six mice per group).
On Day 6 post-inoculation, the mice were treated with PBS (con-
trol), Pano (5 mg/kg), JQ1 (10 mg/kg), Panoþ JQ1 (Pano 5 mg/kg,
JQ1 10 mg/kg), Lipo, or LF-Lipo (equal dose to the combo free
drugs), respectively, via tail vein injection every two days. The
tumor volume was calculated using the following Eq. (1):

Tumor volume (mm3) Z Length � Width2/2 (1)

At the endpoint of the therapy, the mice were humanely
sacrificed and the tumors and major organs were collected for
further study.

For the CT26 peritoneal metastasis animal model, the tumor-
bearing mice were randomly divided into six groups (five mice per
group). On Day 4 post-inoculation, the mice were treated as
described above. At the endpoint, the mice were humanely
sacrificed and the tumors were collected for further study.
For the CT26 subcutaneous tumor in situ recurrence model, the
tumor-bearing mice were randomly divided into five groups (five
mice per group). On Day 8 post-inoculation, the mice were treated
with PBS (control), aPD-1 (10 mg/kg), Panoþ JQ1 (Pano 5 mg/kg,
JQ1 10 mg/kg), LF-Lipo (equal dose to the combo free drugs), and
LF-Lipo þ aPD-1, respectively, via tail vein injection except for
aPD-1 (i.p. injection) every two days. At the therapeutic endpoint,
the tumorswere surgically removed from themice. The in situ tumor
recurrence was monitored to evaluate the treatment efficacy and
immune memory.

2.21. Statistical methods

Data were shown as mean � standard deviation (SD, n � 3). The
statistical analysis was performed by the t-test and one-way
ANOVA. Statistically, the significant difference was defined as
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, ns
means not significant.

3. Results

3.1. Synergistic anti-tumor effect of Pano/JQ1

The anti-proliferative activity of Pano and JQ1 in CT26 cells was
examined. Both the single drugs showed little cytotoxicity, but the
synergistic effect was remarkable (Fig. 1A). The combination
index (CI) revealed that the optimal ratio of Pano/JQ1 was 1:2
(Supporting Information Table S3), and this ratio was used for the
following studies. Both Pano and JQ1 are epigenetic drugs and
they can regulate the oncogene expression in an epigenetic way. In
addition, it was found that Pano/JQ1 could synergistically inhibit
the DNA damage repair process that is an essential survival
mechanism for the cancer cells, as shown by the upregulated
gH2AX (Fig. 1B), a biomarker of DNA damage, after drug
treatment. Therefore, the synergistic cytotoxicity of Pano/JQ1
might be attributed to the elevated DNA damage level.



Figure 2 Macrophage regulation of Pano and JQ1. (A) Expression of CD206, HDAC2, PD-L1, iNOS, and p-STAT6 in M1F/M2F after

treatment. (B) MF repolarization by Pano and JQ1 treatment. (C) Reduced BRD4 expression in M2F after treatment. (D) Illustration of the co-

culture system of BMDMs and CT26 cells. (E) Statistical analysis of CD206þ F4/80þ MF after treatment. (F) Statistical analysis of PD-L1þ F4/

80þ MF after treatment. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 3 Characterization of the codelivery liposomes. (A) The modification ratio of lactoferrin in LF-Lipo (M, marker). (B) Particle size

distribution and TEM image of LF-Lipo. (C) Zeta potential of Lipo and LF-Lipo. (D) Stability of Lipo and LF-Lipo in PBS containing 10% FBS.

(E) Cumulative release of Pano in Lipo and LF-Lipo. Data are presented as mean � SD (n Z 3).
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Histone deacetylation favors transcriptional repression of glu-
coneogenic enzymes and consequent activation of the glycolytic
pathway in cancer cells, leading to the Warburg effect25. There-
fore, HDAC inhibition serves as a promising therapeutic method
to suppress aerobic glycolysis in tumors26. The lactic acid in TME
is a product of aerobic glycolysis. Our results indicated that the
combination of Pano and JQ1 showed a lower level of lactic acid
in the CT26 cells compared with a single drug (Fig. 1C). The
intrinsic mechanism could be associated with the inhibition of
pyruvate kinase M2 (PKM2, Fig. 1D), which is a key metabolic
enzyme in aerobic glycolysis. Meanwhile, HDAC2 was down-
regulated in CT26 cells after treatment (Fig. 1D).

JQ1 is a BRD4 inhibitor. By inhibiting BRD4, JQ1 can
decrease BRD4 occupancy at the PD-L1 locus, resulting in the
transcriptional pausing and rapid loss of PD-L1 mRNA produc-
tion, and therefore, JQ1 can suppress PD-L1 expression via
BRD4-PD-L1 axis14,15. Our results revealed the downregulated
expression of PD-L1 in CT26 cells by JQ1 treatment (Fig. 1D).
Figure 4 Cellular uptake and tumor spheroid penetration of the lipos

bar Z 50 mm). (B) LRP-1 expression of HUVEC, CT26 cell, CT26 tumor,

pre-treatment in CT26 cells. (D) Statistical analysis of cellular uptake effici

the CT26 tumor spheroids (scale bar Z 100 mm). (F) Quantitative analy

presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001
3.2. MF regulation by Pano/JQ1

TAM is a major constituent and accounts for about 20% of the
composition in TIME27. The major subtypes of M1 and M2 play
the opposite roles in tumorigenesis and development28,29. It has
been demonstrated that HDACi suppressed the pro-tumor M2
phenotype of TAMs (TAM2) by repolarizing them toward an anti-
tumor M1 phenotype (TAM1)10,30. The bone marrow-derived
macrophages (BMDMs, MF) that differentiated into the M1 or
M2 subtype were treated with the drugs. M2F was characterized
by overexpressed CD206 while M1F was with overexpressed
iNOS. Intratumoral accumulation of lactic acid can suppress anti-
tumor immunity (both adaptive and innate immunity); for
example, lactic acid may induce M2F polarization22. We found
that Pano/JQ1 combination suppressed M2F polarization
(Fig. 2A). Lactic acid production was reduced in M2F and the
expression level of PKM2 was downregulated (Supporting
Information Fig. S2). Phosphorylated STAT6 is an intrinsic key
omes. (A) Fluorescence images of CT26 cells after treatment (scale

M1F, and M2F. (C) Cellular uptake of liposomes with or without LF

ency in (C). (E) CLSM images of the in vitro penetration of LF-Lipo in

sis of the penetration depth in the CT26 tumor spheroids. Data are

.



Figure 5 Albumin protein corona characterization of LF-Lipo. (A) The adsorption efficiency of albumin on Lipo and LF-Lipo. (a): cell culture

medium; (b): Lipo/cell culture medium; (c): LF-Lipo/cell culture medium. (B) The adsorption of serum proteins on Lipo and LF-Lipo. (C)

SPARC expression of HUVEC, CT26 cell, CT26 tumor, M1F, and M2F. (D) Statistical analysis of cellular uptake of liposomes with or without

BSA NP pre-treatment in CT26 cells. (E) CLSM images of the in vitro penetration of the liposomes in CT26 tumor spheroids with serum-free cell

culture medium pretreatment for 12 h (scale bar Z 100 mm). (d): LF-Lipo/serum-free cell culture medium; (e): LF-Lipo/cell culture medium. (F)

Quantitative analysis of the penetration depth in the CT26 tumor spheroids. Data are presented as mean � SD (n Z 3). **P < 0.01,

****P < 0.0001.
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signaling that drives M2F polarization31, and STAT6 was down-
stream of HDAC232. Pano reduced STAT6 phosphorylation by
inhibiting HDAC2 and thereby suppressed M2F polarization
(Fig. 2A). The Pano/JQ1 combo also exhibited the effect of
inducing M1 polarization (Fig. 2A and B). Also, the Pano/JQ1
group downregulated the BRD4 and PD-L1 expression in M2F,
suggesting the potential effect on attenuating the immunosup-
pression in TME (Fig. 2A and C).

In the TME, various types of cells interact, and to mimic the
TME, a transwell co-culture model of BMDMs/CT26 cells was used
(Fig. 2D). The flow cytometry results demonstrated that the amounts
of M2F and PD-L1þ MF were significantly reduced in the Pano/
JQ1 group compared to other treatments (Fig. 2E and F). The Pano/
JQ1 treatment repolarized M2F even in the presence of CT26 cells,
suggesting its effectiveness in TME. By using this experimental
model, it indicated the potential treatment efficacy in TME.

3.3. Synthesis and characterization of dual-drug liposomes

The in vitro results revealed the synergistic effect of the combi-
nation therapy of Pano/JQ1. Therefore, a co-delivery liposomal
system was developed for further enhancing the efficacy.

The LF-Lipo were prepared by a thin-film dispersion method
and the surface-modified lactoferrin can specifically bind with
the overexpressed LRP-1 in both the cancer cells and TAM. The
non-modified Lipo was used as a control. The lactoferrin/lipo-
some conjugation ratio was 0.16:1 (w/w), determined by SDS-
PAGE (Fig. 3A). The particle size, morphological characteriza-
tion, and zeta potential of LF-Lipo were shown in Fig. 3. LF-
Lipo exhibited a spheroidal shape and a positive charge
(Fig. 3B and C). Both liposomes remained stable at 37 �C in PBS
containing 10% fetal bovine serum (FBS) (Fig. 3D). The drug
encapsulation efficiency of LF-Lipo was 76.4% for Pano and
88.0% for JQ1, and the drug-loading efficiency was 1.8% and
4.2%, respectively. Both Lipo and LF-Lipo had a sustained-
release pattern (Fig. 3E).

3.4. Cellular uptake and in vitro penetration of LF-Lipo

After treatment with LF-Lipo, the CT26 cells were subjected to
fluorescence microscopic observation and flow cytometric assay.
The cellular uptake efficiency of LF-Lipo was higher than the non-
modified Lipo (Fig. 4A). It was accounted for the overexpressed
LRP-1 on the CT26 cells (Fig. 4B), which mediated intracellular
delivery of LF-Lipo. The flow cytometry results further confirmed
the superior LF-mediated delivery efficiency (Fig. 4C and D).
More importantly, LRP-1 was also overexpressed in M2F
(Fig. 4B). Similarly, the flow cytometry results also revealed that
the cellular uptake of LF-Lipo in M2F was significantly higher
than Lipo (Supporting Information Fig. S3A and B). The results
indicated the promise of LF-mediated dual-targeting the cancer
cells and TAMs via their overexpressed LRP-1 receptors.

The intratumoral penetration ability of LF-Lipo was evaluated
in a cultured tumor cell spheroid model. LF-Lipo exhibited an
enhanced penetration ability compared to Lipo, as demonstrated
by CLSM Z-stack images (Fig. 4E and F). It indicated that LF/
LRP-1-based effect could enhance the intratumor infiltration.

3.5. Albumin protein corona characterization of LF-Lipo

In the physiological environment, serum proteins were adsorbed on
the nanoparticles and formed protein corona, which could change



Figure 6 In vitro anti-tumor activity of LF-Lipo. (A) MTT assay of CT26 cells after treatment. (B) Apoptosis assay in CT26 cells via flow

cytometry. (C) Statistical analysis of total apoptosis rate after treatment. (D) Expression of BCL-XL, caspase 3, and cleaved caspase 3 in

CT26 cells after treatment. Data are presented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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the biofate of the nanoparticles33. Serum albumin is the most
abundant protein in the blood, accounting for 35e50 mg/mL. In
specific, the adsorption of serum albumin on the liposome surface
has been well acknowledged34. We found that the LF-Lipo adsor-
bed albumin that formed a protein corona on the surface and the
albumin/liposome adsorption ratio was 0.1:1, determined by SDS-
PAGE (Fig. 5A). Besides, the plasma/liposome co-incubation
showed that the primary composition of the protein corona on the
liposome was albumin (Fig. 5B).

The albumin-binding proteins (e.g., SPARC) are highly
expressed in tumors and responsible for the efficient uptake of
albumin as a source of energy and amino acids for tumor growth.
Therefore, albumin-based biomimetic drug delivery is a prom-
ising strategy for cancer therapy35. By taking advantage of the
overexpressed SPARC in both CT26 cells and M2F (Fig. 5C), LF-
Lipo exhibited a higher intracellular delivery efficiency than Lipo,
but the intracellular uptake of both LF-Lipo and Lipo was reduced
if the cells were pretreated with the empty BSA NP (Fig. 5D), due
to the competitive binding. The results were consistent with our
previous reports36,37. Different from free albumin, the liposome
with albumin corona or the albumin nanoparticles could serve as
multivalent binders with the membrane receptor albumin-binding
proteins for facilitating delivery. It was reported that the clustering
of the albumin-binding proteins on the cell surface can promote
albumin transport38,39.

The intratumoral penetration of LF-Lipo with albumin corona
was evaluated in a cultured tumor cell spheroid model. Compared
with LF-Lipo without albumin corona, LF-Lipo with albumin
corona exhibited an enhanced penetration ability, as demonstrated
by CLSM Z-stack images (Fig. 5E and F). It indicated that the
formation of albumin corona could enhance the intratumor infil-
tration of LF-Lipo.

3.6. In vitro anti-tumor activity of LF-Lipo

The IC50 of Lipo is 0.37 mmol/L, while LF-Lipo is 0.27 mmol/L,
indicating the higher anti-proliferation activity of LF-Lipo in the
CT26 cancer cells (Fig. 6A). Of note, BMDMs showed a
considerable tolerance to LF-Lipo compared to the CT26 cells
(Supporting Information Fig. S3C).

Furthermore, LF-Lipo showed superior ability to induce
apoptosis of CT26 cells (Fig. 6B and C), and the cleaved caspase 3
was upregulated while the anti-apoptosis protein BCL-XL was
downregulated after treatment of LF-Lipo (Fig. 6D).

3.7. Anti-angiogenesis by LF-Lipo

HIF-1a/VEGF is a driving molecular signal axis for aerobic
glycolysis and angiogenesis40. In the transwell co-culture system
of CT26/BMDMs (Fig. 7A), Pano/JQ1 combination and LF-Lipo
exhibited a potent ability to reverse M2 to M1 phenotype, evi-
denced by the downregulation of an M2-associated biomarker
CD206 (Fig. 7B). It is known that M2 can promote tumor
angiogenesis and aggravate hypoxia41. LF-Lipo significantly
downregulated the expression of HIF-1a, VEGF, and PD-L1 in
MF (Fig. 7B).



Figure 7 Anti-angiogenic effect of LF-Lipo. (A) Illustration of the co-culture system of CT26 cells and BMDMs. (B) Expression of CD206,

PD-L1, HIF-1a, and VEGF in BMDMs co-cultured with CT26 cells. (C) Illustration of the co-culture system of HUVEC and BMDMs. (D)

Endothelial cell tube formation (Red arrows) after drug treatment (scale bar Z 100 mm). (E) Reduced VEGFR2 and C-MYC expression in

HUVEC after treatment.
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Accordingly, in the HUVEC/M2F co-culture system, the
HUVEC tube formation was inhibited by LF-Lipo treatment
(Fig. 7C and D). The anti-angiogenesis was attributed to the
repolarization of M2F and the downregulation of HIF-1a and
VEGF. The result was further confirmed by the downregulation of
the crucial pro-angiogenic factors VEGFR2 and C-MYC in the
HUVEC (Fig. 7E).

3.8. In vivo imaging and biodistribution of LF-Lipo

The in vivo imaging results showed that there was higher intra-
tumoral accumulation in the LF-Lipo group than in the Lipo group
(Fig. 8A). The ex vivo imaging further revealed the higher tumor-
targeted efficiency of LF-Lipo (Fig. 8B and C).

To further demonstrate the LF-mediated targeting function, the
co-localization of LF-Lipo and LRP-1 in the tumor cryosections
was investigated by CLSM imaging. It showed that the DiR-
labeled LF-Lipo largely overlapped with LRP-1 (Fig. 8D).
Furthermore, the flow cytometry analysis also revealed that the
positive rate of DiDþ/LRP-1þ cells was higher in the LF-Lipo
group than the Lipo group (Fig. 8E and F); both liposomes were
labeled with DiD. It demonstrated that LF facilitated the uptake of
LF-Lipo in the LRP-1þ cells.
3.9. In vivo anti-tumor treatment of LF-Lipo in CT26
subcutaneous tumor model

The liposome-based delivery significantly enhanced the thera-
peutic efficacy; Lipo showed a tumor growth inhibition rate of
78.5% and LF-Lipo exhibited the highest efficacy of 95.3%
(Fig. 9AeI). By contrast, the tumor growth inhibition rate of Pano
was 50.7%, and that of the free combo drugs was 59.3%. More-
over, the H&E results indicated that LF-Lipo induced the highest
necrosis rate in the tumors among all groups (Fig. 9J). The for-
mation of central necrosis is associated with anti-angiogenesis by
ceasing the blood flow42.

A preliminary safety was evaluated by monitoring the body-
weight change and the organ coefficient, as well as by performing
the pathological examination. There were no obvious pathological
changes, and these results indicated the biosafety of LF-Lipo
treatment (Supporting Information Fig. S4).

3.10. Remodeling TME by LF-Lipo

The populations of the intratumor immune cells were determined.
The amounts of immunosuppressive myeloid-derived suppressor
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cells (MDSCs) and M2F were reduced after LF-Lipo treatment.
By contrast, the anti-tumor natural killer (NK) cells and granzyme
Bþ CD8þ T cells were increased (Fig. 10AeD, Supporting
Information Fig. S5). These results indicated that LF-Lipo treat-
ment meliorated the immunosuppressive TME.

TME is characterized by excessive secretion of lactic acid and
acidic conditions because of aerobic glycolysis43. In the LF-Lipo
group, the intratumor level of lactic acid was significantly
decreased compared to other groups (Fig. 10E). Moreover, an
M2F marker CD206, immune checkpoint molecule PD-L1, met-
astatic marker TGF-b1, and the pro-angiogenesis factors VEGF
and CD31 were downregulated while an M1F marker iNOS was
upregulated by LF-Lipo treatment (Fig. 10F and G). These results
demonstrated that the therapeutic mechanism of LF-Lipo was
associated with remodeling TME by repolarizing MF and regu-
lating tumor glycolysis and angiogenesis.

3.11. Anti-tumor treatment of LF-Lipo in CT26 peritoneal tumor
model

Peritoneal metastasis occurs frequently in colorectal cancer pa-
tients44, and there is a quarter incidence of peritoneal metastasis in
Figure 8 In vivo imaging and biodistribution of the liposomes in CT26 s

Ex vivo imaging of major organs and tumors. (C) Ex vivo radiant efficiency

encapsulated liposomes and LRP-1 in the CT26 tumors (scale bar Z 50

cytometry. (F) Statistical analysis of DiDþ LRP-1þ cells. Data are presen
the course of CRC45. Peritoneal metastasis is an indicator of poor
prognosis and end-stage condition46. The peritoneal metastasis
mouse model was developed by intraperitoneal injection of CT26-
Luc cells, and the peritoneal tumor formation was confirmed by
bioluminescence imaging (Supporting Information Fig. S6A and B).

The tumor-targeting ability of LF-Lipo was evaluated via
in vivo and ex vivo imaging after intravenous injection of the DiR-
labeled liposomes in the peritoneal tumor-bearing mice. LF-Lipo
exhibited a higher accumulation at the peritoneum than Lipo.
The ex vivo imaging also indicated a significantly higher accu-
mulation in the LF-Lipo group than the Lipo group (Supporting
Information Fig. S6CeF). It demonstrated that LF modification
enhanced the targeting efficiency of delivery to the CT26 perito-
neal tumor.

The therapeutic efficacy of LF-Lipo against peritoneal tumors
was evaluated. LF-Lipo efficiently arrested tumor growth, with the
highest inhibition rate (Fig. 11A and B). Besides, LF-Lipo
exhibited a potent ability to remodel TIME and activate anti-
tumor immunity. Specifically, M2F was reversed and MDSCs
were decreased, as evidenced by the downregulation of CD206
and Gr-1 (Fig. 11C, Supporting Information Fig. S7). The LF-
Lipo group also downregulated the intratumor level of lactic
ubcutaneous tumor model. (A) In vivo imaging from 0.5 h to 24 h. (B)

of the tumors. (D) Immunofluorescence colocalization of the DiR dye-

mm). (E) The population of DiDþ LRP-1þ cells in the tumor by flow

ted as mean � SD (n Z 3). *P < 0.05, **P < 0.01.
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acid significantly compared to other groups in the CT26 peritoneal
tumor model (Fig. 11D). The flow cytometry results revealed that
the amount of the TGF-bþ MF was reduced and the granzyme Bþ

CD8þ T cells and IFN-gþ CD8þ T cells were increased
(Fig. 11EeG, Supporting Information Fig. S8). The ICH staining
showed that PD-L1, CD31, TGF-b1, BRD4, and HDAC2 were
reduced, too, after LF-Lipo treatment (Fig. 11H, Supporting
Information Fig. S7). The inhibition of angiogenesis was
demonstrated by the downregulation of an angiogenesis-related
transcriptor HIF-1a, VEGF, and a tumor vessel marker CD31
(Fig. 11C and H).

3.12. Anti-tumor treatment of LF-Lipo þ aPD-1 in CT26
subcutaneous tumor in situ recurrence model

The therapeutic efficacy of LF-Lipo þ aPD-1 against the CT26
subcutaneous tumor recurrence model was evaluated. LF-
Lipo þ aPD-1 suppressed tumor growth effectively (Fig. 12AeI).
Besides, LF-Lipoþ aPD-1 also showed a potent ability to inhibit in
situ tumor recurrence (Fig. 12J). These results indicated that LF-
Figure 9 In vivo anti-tumor treatment in CT26 subcutaneous tumor mod

I) Individual tumor growth curves of control, Pano, JQ1, Pano þ JQ1, L

indicating the normal tumor tissues; pink, indicating the necrotic tumor ti

presented as mean � SD (n Z 6). **P < 0.01, ***P < 0.001, ****P <
Lipo þ aPD-1 combination therapy could not only activate anti-
tumor immune response but also maintain immune memory.

4. Discussion

Monotherapy hardly yields sustainable therapy outcomes because
of drug tolerance and compensatory activation47. Combination
therapy has become a regular regimen for complex diseases like
cancer. Yet, the conventional combination is based on a practice of
co-administration, instead of co-delivery. The co-administered
drugs generally displayed distinct PK profiles, thus leading to a
difficult prediction of synergistic effect. In 2017 the first dual-drug
encapsulating liposomal product (Vyxeos�) was approved by the
FDA for treating blood cancer. It represents a breakthrough in the
field of co-delivery technology for combination therapy. There-
fore, developing a co-delivery-based combination therapy strategy
is a promising method for cancer therapy.

In this work, we proposed a strategy for epigenetic combination
therapy for epigenetic modulation, through which the TIME was
remodeled. It has been reported that the insensitivity of solid tumor
el. (A) Tumor growth curve. (B) Tumor weight. (C) Tumor tissues. (D‒

ipo, and LF-Lipo groups. (J) Histological examination (purple color,

ssues) of CT26 subcutaneous tumors (scale bar Z 200 mm). Data are

0.0001. ns, not significant.
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cells to HDACi was associated with transcriptional activation of
LIFR-JAK1-STAT3 signaling, and BRD4 inhibition augmented the
efficacy of HDACi48. Other than acting on the intrinsic mechanism
inside the cancer cells, this work revealed that TIME could also be a
target for enhancing HDACi treatment efficacy. The effects of
panobinostat on TAMs and TIME were reflected by the aspects as
follows. Panobinostat downregulated PKM2, an essential metabolic
enzyme of glycolysis in cancer cells, and thus reduced the pro-
duction of lactic acid that is an immunosuppressor and contributes
to unfavorable TIME. In addition, lactic acid can promote M2F
polarization. Therefore, the reduced lactic acid was favorable for
the suppression of M2F polarization. The ability to repolarize the
TAM phenotype by panobinostat was related to the inhibition of
STAT6 phosphorylation.

PD-L1 is an immune checkpoint molecule that is highly
expressed on the tumor cells. It can bind to the PD-1 on the
effector T cells or monocytes to suppress the anti-tumor immunity,
thereby promoting tumor growth49. JQ1 is a small-molecular in-
hibitor of the BET family. It suppresses the transcriptional activity
of PD-L1 and downregulates PD-L1 level by inhibiting the oc-
cupancy rate of BRD4 on the PD-L1 locus, thus activating the
Figure 10 TME remodeling by the liposomes. The intratumoral percent

granzyme Bþ T cells (D) after treatment. (E) The reduced lactic acid pro

VEGF in the tumors after treatment. (G) Immunohistochemical staining

TGF-b1 in CT26 subcutaneous tumors (scale bar Z 100 mm). Data are pre
specific anti-tumor immune response15. Besides, JQ1 can signifi-
cantly reduce the proportion of tumor-infiltrating Treg cells16, and
inhibit the secretion of lactic acid of tumor cells22. Our work
demonstrated that the combination therapy of the targeting lipo-
somal Pano/JQ1 exhibited a synergistic effect on anti-tumor im-
munity and efficiently remodeled TIME as well as the tumor
metabolism.

The interaction of cancer cells and immune cells facilitates the
formation of the suppressive TIME by secreting cytokines and
regulating metabolism. For example, tumor cells produce a large
amount of lactic acid through aerobic glycolysis, making the
microenvironment acidic50, as well as inhibiting the DC matura-
tion and the functions of effector T cells, impairing the adaptive
immune responses51. Besides, lactic acid can promote the polar-
ization of TAM to M2 and contribute to tumor immunosuppres-
sion by increasing the secretion of anti-inflammatory factors such
as IL-10 and TGF-b45. Lactic acid can also induce VEGF
expression by stabilizing the structure of HIF-1a, thus promot-
ing tumor proliferation and migration41. Our results revealed that
the liposomal Pano/JQ1 promoted immunity and vascular
normalization.
age of MDSCs (A), M2F cells (B), CD49bþ NK1.1þ cells (C), CD8þ

duction in the tumors after treatment. (F) Expression of CD206 and

(brown color) of iNOS, CD206, HDAC2, BRD4, PD-L1, CD31, and

sented as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Another interesting finding of this work was the demon-
stration of the in situ formation of albumin corona further
promoting the targeting delivery efficiency. Protein corona
formation on the surface of liposomes has attracted great
attention for the effect on modulating biofate of the lipo-
somes34. The albumin-mediated biomimetic delivery strategy
has been widely applied via a mechanism of targeting the
overexpressed albumin-binding proteins on the tumor cells and
TAMs36,37,52. It was reported that the induction of clusters of the
receptors (e.g., albumin-binding proteins) on the cells facilitated
the albumin transport53. Therefore, the albumin-decorated
nanoparticles could act as a recruiter for clustering the
albumin-binding receptors because the nanoparticles can
simultaneously bind with multiple receptors and thus induce
clustering. Our work revealed that the LF-modified liposomes
actually processed the dual-targeting function. The in situ-
Figure 11 In vivo anti-tumor treatment of the liposomes in CT26 periton

Tumor images. (C) Expression of HIF-1a, VEGF, and CD206 in CT26 perit

CT26 peritoneal tumors after treatment. The percentage of TGF-bþ MF (E

peritoneal tumors after treatment. (H) TUNEL assay of apoptosis and immu

in CT26 peritoneal tumors after treatment (scale bar Z 100 mm). Data are

**P < 0.01.
formation of albumin corona in cancer drug delivery is worthy
of further investigation.

5. Conclusions

In this work, we developed the chemo-free binary-drug liposomes
with in situ-formed albumin corona for remodeling the tumor
microenvironment via epigenetic-based therapy. LRP-1 and
SPARC overexpressed on the colorectal tumor cells and TAMs
could serve as the co-delivery targets for LF-Lipo. Moreover, by
activating the anti-tumor immunity responses, inhibiting lactic
acid secretion, and limiting angiogenesis, LF-Lipo suppressed
tumor growth and metastasis. This liposome-based synergistic
therapy provides a useful avenue for overcoming the “cold” tumor
and offers a promising combination of epigenetic drugs for trig-
gering immune responses.
eal tumor model. (A) Tumor weight at the experimental endpoint. (B)

oneal tumors after treatment. (D) The reduced lactic acid production in

), CD8þ granzyme Bþ T cells (F), CD8þ IFN-gþ T cells (G) in CT26

nohistochemical staining (brown color) of PD-L1, CD31, and TGF-b1

presented as mean � SD (A, B, n Z 5; D, E, F, G, n Z 3). *P < 0.05,



Figure 12 In vivo anti-tumor treatment of LF-Lipo þ aPD-1 in CT26 subcutaneous tumor in situ recurrence model. (A) Therapeutic schedule.

(B) Tumor growth curve. (C) Tumor weight of the primary tumor. (D) Tumor tissues. (E‒I) Individual tumor growth curves of control, aPD-1,

Pano þ JQ1, LF-Lipo, and LF-Lipo þ aPD-1 groups. (J) Tumor weight of the recurrent tumor after surgical removal of the primary tumors. Data

are presented as mean � SD (n Z 6). *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.
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