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KEY WORDS Abstract The prospect of employing chemoimmunotherapy targeted towards the endoplasmic
reticulum (ER) presents an opportunity to amplify the synergistic effects of chemotherapy and
immunotherapy. In this study, we initially validated celastrol (CEL) as an inducer of immunogenic cell
death (ICD) by promoting ER stress and autophagy in colorectal cancer (CRC) cells. Subsequently, an
ER-targeted strategy was posited, involving the codelivery of CEL with PD-L1 small interfering RNAs

Chemoimmunotherapy;
Targeted drug delivery;
Endoplasmic reticulum;
Endoplasmic reticulum

stress; (siRNA) using KDEL peptide-modified exosomes derived from milk (KME), to enhance
Immunogenic cell death; chemoimmunotherapy outcomes. Our findings demonstrate the efficient transportation of KME to the
siRNA; ER via the Golgi-to-ER pathway. Compared to their non-targeting counterparts, KME exhibited a
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Exosomes;
Colorectal cancer

significant augmentation of the CEL-induced ICD effect. Additionally, it facilitated the release of danger
signaling molecules (DAMPs), thereby stimulating the antigen-presenting function of dendritic cells and

promoting the infiltration of T cells into the tumor. Concurrently, the ER-targeted delivery of PD-L1
siRNA resulted in the downregulation of both intracellular and membrane PD-L1 protein expression,
consequently fostering the proliferation and activity of CD8" T cells. Ultimately, the ER-targeted
formulation exhibited enhanced anti-tumor efficacy and provoked anti-tumor immune responses against
orthotopic colorectal tumors in vivo. Collectively, a robust ER-targeted delivery strategy provides an
encouraging approach for achieving potent cancer chemoimmunotherapy.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chemoimmunotherapy has emerged as a groundbreaking approach
in cancer treatment, combining traditional chemotherapy with
immunotherapy to enhance the body’s natural immune response
against cancer cells' . One notable advancement in this field involves
the integration of chemotherapeutics with programmed death-ligand
1 small interfering RNA (PD-L1 siRNA)”®. Chemotherapy works by
directly targeting and killing rapidly dividing cancer cells, while PD-
L1 siRNA addresses the immune evasion mechanism employed by
tumors. By suppressing both the cell membrane and intracellular PD-
L1 expression, the treatment enhances the immune system’s ability to
recognize and attack cancer cells’'. This combined strategy not only
delivers a direct assault on tumor cells but also potentiates the
intrinsic defense mechanisms of the body, resulting in a more
comprehensive and synergistic therapeutic effect with the potential to
enhance treatment efficacy''. Currently, numerous systems have
been devised to enhance the therapeutic efficacy of chemo-
immunotherapy and minimize adverse effects through tumor-
targeted delivery. However, given that the targets of these therapeu-
tics are typically intracellular, the optimization of chemo-
immunotherapy necessitates addressing pertinent challenges,
particularly the precise intracellular targeting of both chemothera-
peutics and PD-L1 siRNA. The efficient and targeted delivery of
therapeutic agents into intracellular targets remains a formidable
obstacle, and the potential compromise of therapeutic efficacy due to
nonspecific intracellular distribution underscores the critical impor-
tance of addressing this limitation.

The endoplasmic reticulum (ER) assumes a pivotal intracellular
role in the context of chemoimmunotherapy due to its central
involvement in cellular processes and its capacity to induce immu-
nogenic cell death (ICD)'*'*. ER stress, precipitated by diverse
cellular perturbations, activates pathways leading to ICD, an immu-
nostimulatory form of cell death eliciting an immune response against
cancer cells'””. The ICD-inducing approach not only promotes the
release of damage-associated molecular patterns (DAMPs) but also
augments the tumor infiltration of T cells, countering the immune-
suppressive tactics employed by tumors'®'”. Crucially, the ER
serves as a central nucleation site of siRNA-mediated RNA
silencing”, and the synthesis site for proteins such as PD-L1, a pivotal
immune checkpoint molecule®’. Targeting the ER in chemo-
immunotherapy provides a dual advantage, wherein chemothera-
peutics induce ER stress, promoting ICD and facilitating the release
of tumor-associated antigens. Concurrently, inhibition of PD-L1
synthesis within the ER disrupts tumor immune evasion

mechanisms. This integrative approach capitalizes on the inter-
connected nature of ER stress, ICD, and PD-L1 synthesis, potentially
amplifying the overall anti-cancer immune response. Thus, the
exploration of ER-targeting in chemoimmunotherapy holds promise
for maximizing therapeutic benefits, an avenue that has been rela-
tively underexplored in current research endeavors.

In this study, colorectal cancer was chosen as the disease
model due to its high incidence and mortality, as well as the
resistance of colorectal cancer to immunotherapy. We first verified
the capacity of celastrol (CEL) to induce ICD by promoting ER
stress and autophagy in CRC cells. We then proposed an ER-
targeted strategy, delivering CEL with PD-L1 siRNA using KDEL
peptide-modified exosomes derived from milk (KME), to boost
chemoimmunotherapy. Compared to non-targeting counterparts,
KME exhibited superior cellular uptake, intracellular trafficking,
and distribution, particularly in the ER. CEL-loaded KME then
contributed to an amplified ICD effect, resulting in increased
cytotoxicity, apoptosis, the release of DAMPs, and the maturation
of dendritic cells (DCs). Meanwhile, siRNA released in the ER
would substantially down-regulate both intracellular and mem-
brane PD-L1 protein expression. Accordingly, the combination of
CEL and PD-L1 siRNA within KME (KME@CEL+siPD-L1)
synergistically promotes T cell proliferation and cytotoxic activity,
significantly surpassing the mono drug group. In an orthotopic
CRC mouse model, orally administrated KME@CEL+siPD-L1
demonstrated a significant reduction in tumor growth, prolonged
overall survival, and minimal systemic toxicity compared with the
non-targeting group. Notably, KME@CEL+siPD-L1 induced a
robust immunological response, characterized by increased
exposure of calreticulin (CRT), downregulation of PD-L1, matu-
ration of dendritic cells (DCs), and enhanced infiltration of CD8"
T cells into the tumor microenvironment. In conclusion, this study
introduces an innovative chemoimmunotherapeutic approach for
CRC, leveraging the synergistic effects of CEL-induced ICD and
PD-L1 siRNA-mediated immune modulation. The use of ER-
targeted exosomes enhances the delivery and effectiveness of
this combination strategy, offering a promising avenue for
advancing cancer treatment strategies.

2. Materials and methods
2.1.  Materials

Fresh bovine milk was purchased from Bright Dairy & Food Co.,
Ltd. KDEL peptide was obtained from Hefei Sen’er Biotechnology
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Co., Ltd. (Hefei, China). Negative siRNA, Cy3-labeled siRNA, and
PD-L1 siRNA were purchased from Shanghai GenePharma Co.,
Ltd. (Shanghai, China). Celastrol, Lipofectamine 2000 (Lip0o2000),
fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium
(DMEM) were bought from Thermo Fisher Scientific Inc. (Wal-
tham, USA). Simulated gastric fluid (SGF), simulated intestinal
fluid (SIF), and simulated colonic fluid (SCF) were bought from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). The
fluorescent dyes of 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocar-
bocyanine perchlorate (Dil), carbocyanine (DiD) and 2-(4-
aminophenyl)-6-indolecarbamidine dihydrochloride (DAPI), the
radioimmunoprecipitation assay (RIPA) buffer, protease inhibitor
cocktail, Lyso-Tracker Green, p-luciferin potassium and bicincho-
ninic acid (BCA) protein assay kit were obtained from Dalian
Meilun Biotechnology Co., Ltd. (Dalian, China). Annexin V-FITC/
PI apoptosis detection kit and Alexa Fluor 647 labeled goat anti-
mouse secondary antibody were purchased from Yeasen Biotech-
nology Co., Ltd. (Shanghai, China). ER-Tracker Green and Golgi-
Tracker Green were obtained from Beyotime Inc. (Shanghai,
China). APC anti-CD11c, PE anti-CD86, FITC anti-CD80, APC
anti-CD3, FITC anti-CD4, PE anti-CDS8, and PE anti-CD274 were
purchased from BioLegend Inc. (San Diego, USA). Mouse TNF-«
and IL-6 ELISA kits were purchased from Shanghai Jingkang
Bioengineering Co., Ltd. (Shanghai, China). All other reagents were
bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China).

2.2.  Cell culture

Mouse colon cancer cells (CT26 cells and CT26-Luc cells) and
human colorectal adenocarcinoma cells (Caco-2 cells) were
cultured in DMEM with 1% penicillin—streptomycin supple-
mentation and 10% FBS. Mucus-secreted human colorectal cells
(HT29-MTX cells) were cultured in McCOY’s SA medium with
1% penicillin—streptomycin supplementation and 10% FBS.
Human normal colonic epithelial cells (NCM460 cells) were
cultured in RPMI1640 medium with 1% penicillin—streptomycin
supplementation and 10% FBS.

Bone-marrow-derived dendritic cells (BMDCs) were harvested
from BALB/c mice. Bones were isolated and cut using needles to
flush out marrow cells with an isolation medium. The cells were
resuspended and cultured in a 6-well plate (2 x 10%well) with
2 mL of complete RPMI-1640 medium. Each well was supple-
mented with 20 ng/mL. GM-CSF and 10 ng/mL IL-4. Every 2
days, the supernatant was replaced with fresh medium containing
GM-CSF and IL-4. On Day 5, suspended and loosely adherent
cells were harvested as immature BMDCs for the following ex-
periments. Splenic lymphocytes were extracted from BALB/c
mice at 8§ weeks of age using Mouse 1 x Lymphocyte Separation
Medium (Dakewei Biotech Co., Ltd., Shanghai, China).

2.3.  Animals

Female BALB/c mice, aged 6 weeks and weighing between 18
and 22 g, were obtained from the Animal Experiment Center at
the Shanghai Institute of Materia Medica in China. The execution
of all animal experiments adhered strictly to the guidelines set
forth by the Institutional Animal Care, under the supervision of
the Animal Ethics Committee of SIMM (IACUC code: 2022-10-
GY-66).

2.4. Isolation of milk-derived exosomes

Fresh milk underwent centrifugation at 3000x g to separate cells
and cellular debris. The resulting defatted samples were then
mixed with 50 mmol/L EDTA at 37 °C to facilitate chelation of
the casein—calcium complex®>. Subsequently, the mixture under-
went sequential centrifugation at 2000xg and 12,000xg for 1 h,
respectively. The resulting supernatant was concentrated to a
reduced volume using a tangential flow device and subsequently
subjected to centrifugation at 160,000xg to precipitate milk-
derived exosomes (ME). Following this, the ME underwent a
purification regimen that capitalized on an iodixanol gradient of
differential concentrations to enhance the purification efficacy.
Fractions distinguished by iodixanol concentrations within the
20%—40% bracket were subsequently collected, diluted in
phosphate-buffered saline (PBS), and subjected to centrifugation,
culminating in the successful isolation of purified ME****, The
isolated ME was then preserved at —80 °C. The protein amount of
ME was measured via BCA Kkits.

2.5.  Synthesis of DSPE-KDEL

A cysteine residue of KDEL was covalently bound with the
maleimide group of DSPE-PEG,qy, through a Michael-type
addition reaction. In brief, DSPE-PEG,poo and KDEL peptide
were dissolved in 4 mL of N,N-dimethylformamide (DMF) and
stirred overnight. Subsequently, the resulting solution was purified
by dialysis (molecular weight cutoff: 10 kDa) against deionized
water and then lyophilized to yield the DSPE-PEG;q0,-KDEL.
Proton Nuclear Magnetic Resonance ('H NMR) and Fourier
Transform Infrared Spectrometer (FTIR) were used to confirm the
structure of DSPE-PEG,(0-KDEL.

2.6.  Preparation and characterization of KME

The ME and DSPE-KDEL were mixed at a weight ratio of 15:1
and incubated at 37 °C for 4 h. Subsequently, the mixture was
centrifuged to precipitate KME. The obtained KME pellet was
resuspended and stored at —80 °C. Exosome morphology was
observed by transmission electron microscopy (TEM, Tecnai G2
Spirit, FER, USA) with an acceleration voltage of 120 kV. The
size and zeta potential were measured using a Zetasizer (Nano ZS,
Malvern Instruments, UK). The fluorescence colocalization be-
tween FITC-labeled DSPE-KDEL and Dil-labeled exosomes was
visualized using stimulated emission depletion (STED) micro-
scopy. Additionally, the distinctive proteins inherent in exosomes
were identified through Western blot analysis, including TSG101,
CD63, and calnexin. For exosomes stability studies, exosomes
were mixed (1:10, v/v) and incubated with PBS for 2 h, simulated
gastric fluid (SGF) for 2 h, simulated intestinal fluid (SIF) for 4 h
and simulated colonic fluid (SCF) for 8 h. At the predetermined
time intervals, samples were taken out to measure the size and
polydispersity indexes (PDI) of the exosomes.

2.7.  Preparation and characterization of exosomes coloaded
with CEL and siRNA

The PD-L1 siRNA was introduced into exosomes (1:20, w/w) via
electroporation in a citric acid-based buffer (pH 4.4) using 2 mm
cuvettes with parameters set at 400 Vand 125 pF, which obtained PD-
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L1 siRNA-loaded exosomes (ME@siPD-L1 and KME@siPD-L1).
Subsequently, the exosomes were mixed with CEL (20:1, w/w) and
stirred at 4 °C for 24 h. The solution was centrifugated at 10,000x g
for 10 min to precipitate unencapsulated CEL, and further cen-
trifugated at 160,000x g to obtain CEL and siRNA coloaded exo-
somes (ME@CEL+siPD-L1 and KME@CEL+siPD-L1).

The encapsulation efficiency (EE%) and loading capacity (LC
%) of CEL were determined by high-performance liquid chro-
matography (HPLC). The EE (%) and LC (%) of siRNA were
assessed using a microplate reader, with an excitation wavelength
at 550 nm and an emission wavelength at 570 nm. Calculations for
both EE and LC were conducted as shown in Eqgs. (1) and (2):

__ Weight of encapsulated drug

EE (%
(%) Weight of added drug

x 100 )

LC (%) = . Weight of encapsulated drugs < 100
Weight of exosome and encapsulated drugs
(2)

The in vitro release of KME@CEL and ME@CEL was studied
using pH 6.8 PBS. First, KME@CEL and ME@CEL were placed
in PBS (pH = 6.8) for 144 h. During the process, 500 pL samples
were taken at 0, 1, 2, 4, 6, 8, 12, 24, 48, 72, 96, 120, and 144 h,
and 500 pL of the same medium was supplemented. The content
of CEL was determined by HPLC at 452 nm and the cumulative
CEL release was calculated.

To examine the resistance of siRNA-loaded exosomes against
nuclease-mediated degradation and acid environment of the
stomach, the siRNA NPs were incubated with RNase (50 U/mL)
or SGF at 37 °C for 0, 0.5, 1, and 2 h. At the predetermined time
intervals, the integrity of siRNA was examined by electrophoresis.
Free siRNA was used as a control.

2.8.  Induction of immunogenic cell death (ICD) by CEL and
amplification of ICD effect via ER target

The in vitro cytotoxicity of CEL, ME@CEL, and KME@CEL was
evaluated using a Cell Counting Kit-8 (CCK-8) cell proliferation
assay, following a modified manufacturer’s protocol. CT26 cells were
cultured in 96-well plates for 24 h, and the subsequent treatments at
predetermined concentrations were added. After an additional 24-h
incubation, the culture medium was replaced with 10% CCK-8 re-
agent, and plates were incubated at 37 °C for 15 min. Absorbance at
450 nm was measured with each sample concentration tested in
triplicate, and three independent experiments were conducted.

The in vitro apoptosis was assessed using flow cytometry
(Becton Dickinson, Fortessa, NJ, USA). CT26 cells were plated in
24-well plates and allowed to incubate for 24 h. Subsequently,
CEL, ME@CEL, and KME@CEL were added and incubated with
CT26 cells for an additional 24 h. After incubation, apoptosis
analysis was executed using an Annexin V-FITC/PI apoptosis
detection kit in conjunction with flow cytometry. Data analysis
was carried out using Flow Jo (version 10).

The activity of protein kinase RNA-like endoplasmic reticulum
kinase (PERK) signaling pathways was examined using a Western
blotting assay. CT26 cells were cultured in 12-well plates for 24 h,
treated with CEL, ME@CEL, and KME@CEL at their specific
concentrations, and incubated for an additional 24 h. The total
protein content was quantified using the BCA Protein Assay kit
and then separated by a 4%—20% SDS-PAGE gel. The samples
were subsequently transferred to a PVDF membrane through

electrophoretic blotting. The PVDF membranes were blocked and
incubated with antibodies against anti-PERK, anti-p-PERK, anti-
Caspase-3, anti-c-Caspase-3, anti-c-Caspase-9, anti-LC3-I, anti-
LC3-11, and anti-GAPDH (Wanleibio Co., Ltd., Shenyang, China).
The horseradish peroxidase (HRP)-conjugated goat anti-rabbit
antibodies served as the secondary antibody, and the analysis was
performed using an automatic chemiluminescence imaging sys-
tem. Meanwhile, the quantitative analysis of the LC3-II/LC3-I
ratio according to Western blot bands was conducted by Imagel.

The exposure of CRT was detected using an immunofluor-
escent staining assay. CT26 cells were seeded onto cell-attached
slides in a 24-well plate and treated with CEL, ME@CEL, and
KME@CEL for 4 h. Cells were fixed in 4% paraformaldehyde,
blocked, incubated with mouse anti-CRT antibody (Santa Cruz
Biotechnology, Inc., Dallas, USA) overnight, and exposed to
Alexa Fluor 647 label-goat anti-mouse secondary antibody. After
stained with DAPI, cells were analyzed using confocal laser
scanning microscopy (CLSM).

The secretion of adenosine triphosphate (ATP) and release of
HMGBI1 were assessed using bioluminescent and enzyme-linked
immunosorbent assay (ELISA) assays. CT26 cells were seeded in a 6-
well plate and treated with CEL, ME@CEL, and KME@CEL at
specified concentrations for 12 and 24 h, respectively. The ATP
content in the supernatant was determined using an ATP assay kit
(Shanghai Xuyu Biotechnology Co., Ltd.) following the provided
instructions, and the level of HMGBI in the supernatant was quan-
tified withan HMGB1 ELISA kit (Shanghai Acmec Biochemical Co.,
Ltd.).

The maturation of BMDCs was determined using flow
cytometry (Becton Dickinson). BMDCs and CT26 cells were
separately seeded in 12-well plates. CT26 cells were treated with
CEL, ME@CEL, and KME@CEL (with CEL concentration of
2.5 wmol/L) for 24 h. The resulting supernatant medium, con-
taining tumor-released antigens such as HMGB1 and ATP, was
collected and exposed to BMDCs for 48 h. Cells were stained with
anti-CD86 (PE), anti-CD11c (APC), and anti-CD80 (FITC) anti-
bodies, and then analyzed using flow cytometry and Flow Jo.

The in vivo vaccination assay was performed as previously
described®. Briefly, 3 x 10° CT26 cells, severally treated with
PBS, free CEL, ME@CEL, and KME@CEL for 12 h, were s.c.
implanted into the right flank of BALB/c mice (» = 8 mice per
group). One week later, 3 x 10° CT26 cells were s.c. implanted
into the left flank. Tumor development in the left flank was
monitored to determine tumor-free mice.

2.9.  Cellular uptake

CT26 cells (1 x 10° per well) were seeded onto cell-attached
slides in a 24-well plate and incubated with Dil-labeled exo-
somes (ME and KME with protein concentration of 100 pg/mL),
Cy3-labeled siRNA-loaded formulations (Free Cy3 siRNA,
ME@Cy3 siRNA, KME@Cy3 siRNA, and Lipo2000@Cy3
siRNA with an siRNA concentration of 150 nmol/L), respec-
tively. After a 2-h incubation, the cells were fixed and stained for
CLSM analysis.

The quantification of cellular uptake of exosomes and siRNA-
loaded formulations was performed using flow cytometry. CT26
cells were seeded in a 24-well plate and incubated for 24 h, fol-
lowed by a 2-h incubation with the formulations above. After three
washes with PBS, the fluorescent intensity was quantified using
flow cytometry. Data analysis was conducted using Flow Jo
(version 10).
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2.10.  Intracellular trafficking pathways

To investigate intracellular trafficking pathways, CT26 cells were
exposed to Dil-labeled exosomes or Cy3 siRNA-loaded formula-
tions and incubated for 4 h. Subsequently, the cells were stained
with Hoechst 33342 and specific organelle dyes (Lyso-Tracker
Green, ER-Tracker Green or Golgi-Tracker Green). Colocaliza-
tion signals of exosomes or Cy3 siRNA with organelles were
visualized using CLSM. Similar experiments were conducted
when CT26 cells were pre-treated with the Golgi inhibitor Gol-
gicide A (GCA, 10 pmol/L) to explore the role of coat protein
complex I (COPI) vesicles in the transport pathway of KME. The
degree of colocalization was analyzed using ImagelJ software.

Furthermore, CT26 cells (1 x 10° per well) were incubated
with Dil-labeled ME and KME. Following a 4-h incubation, the
cells were fixed in 4% paraformaldehyde, blocked, and incubated
overnight with rabbit anti-COPI antibody (ABclonal Biotech Co.,
Ltd., Wuhan, China). Subsequently, an Alexa Fluor 647 label-goat
anti-rabbit secondary antibody was applied, and the cells were
imaged using CLSM after being stained with DAPL

2.11. Invitro gene silencing effects

To assess the relative expression level of PD-L1 mRNA, the cells
treated with different formulations were analyzed by real-time quan-
titative polymerase chain reaction (RT-qPCR) assay. CT26 cells
(2 x 10° cells per well) were seeded into 12-well plates. After 24-h
proliferation, various formulations (CEL+siPD-L1, KME@CEL,
KME@siPD-L1, ME@CEL+siPD-L1, and KME@CEL+siPD-L1)
were incubated with CT26 cells for 48 h, with a final concentration
of PD-L1 siRNA at 150 nmol/L and CEL at 2.5 pmol/L. Total RNAs
from the treated CT26 cells were extracted using the Trizol Reagent
Kit. Reverse transcription of mRNA and RT-qPCR experiments were
conducted using the PrimeScript™ RT reagent Kit with gDNA Eraser
and TB Green™ Premix Ex Taq™, respectively. The mRNA
expression levels were quantified using the Applied Biosystems 7500
Fast Real-Time PCR System (ABI, USA) and calculated using the
27 A5C (threshold cycle) method. For PD-L1, the forward primer was
designed as 5'-GCTCCAAAGGACTTGTACGTG-3’ and the reverse
primer was designed as 5-TGATCTGAAGGGCAGCATTTC-3'; for
GAPDH, the forward primer was designed as 5-TCAA-
CAGCAACTCCCACTCTTCCA-3' and the reverse primer was
designed as 5'-ACCCTGTTGCTGTAGCCGTATTCA-3'.

For flow cytometry investigation of PD-L1 protein expression
levels, CT26 cells were seeded into 12-well plates and incubated
with the aforementioned formulations. After 48 h of incubation,
CT26 cells were stained with PE anti-CD274 and analyzed using
flow cytometry.

For Western blotting analysis of PD-L1 protein expression
levels, similar cell cultures and treatments were performed as
described above. After 48 h of incubation, the cells were washed
with pre-cooled PBS and then re-suspended in 100 pL. RIPA lysis
buffer supplemented with a 1% proteinase inhibitor cocktail. The
total protein concentration was determined with the BCA Protein
Assay Kit. Total protein (30 pg) was loaded on a 12% SDS-
polyacrylamide gel and electrophoresed for 1 h. The proteins were
then transferred to PVDF membranes at 400 mA for 20 min and
blocked with 5% skimmed milk for 1 h. The membranes were
incubated with the anti-PD-L1 monoclonal antibody (Wanleibio
Co., Ltd., Shenyang, China) overnight at 4 °C followed by the
incubation with HRP-conjugated goat anti-rabbit antibodies at
room temperature. Finally, the membranes were exposed using a

Bio-rad ChemiDoc XRS System, with GAPDH utilized as an
endogenous control.

For the immunofluorescent staining assay of PD-L1 protein
expression levels, similar cell cultures and treatments were per-
formed as described above. After 48 h of incubation, the cells
were fixed in 4% paraformaldehyde, blocked, and incubated with
rabbit anti-PD-L1 antibody overnight and Alexa Fluor 647 label-
goat anti-rabbit secondary antibody. After being stained with
DAPI, cells were imaged using CLSM. The degree of colocali-
zation was analyzed using Image] software.

2.12.  Invitro T cell proliferation

CT26 cells (4 x 10* cells per well) were seeded in 6-well plates.
Various formulations were added and incubated with CT26 cells
for 24 h. Subsequently, BMDCs (2 x 10° cells per well) were
introduced and cocultured with CT26 cells for another 24 h. The
spleen lymphocytes were isolated from BALB/c mice through
density gradient centrifugation and added to the pre-treated mixed
cells at 8 x 10* cells per well to construct a tumor-BMDCs-T cell
coculture system. Three days later, T cells in the medium were
collected, stained with APC anti-CD3 and PE anti-CDS§ anti-
bodies, and then analyzed by flow cytometry.

2.13.  In vitro biocompatibility of KME@ CEL~+siPD-LI on
normal cells

NCM460 cells were cultured in 96-well plates for 24 h, and the
subsequent treatments at predetermined concentrations of CEL,
ME@CEL, and KME@CEL were added. After an additional 24-h
incubation, the culture medium was replaced with 10% CCK-8
reagent, and plates were incubated at 37 °C for 15 min. Absor-
bance at 450 nm was measured with each sample concentration
tested in triplicate, and three independent experiments were
conducted.

The quantification of cellular uptake of KME was performed
using flow cytometry. CT26 cells and NCM460 cells were seeded
in a 24-well plate and incubated for 24 h, followed by a 2-h in-
cubation with the high (100 pg/mL) and low (40 pg/mL) con-
centration of Dil-labeled KME. After three washes with PBS, the
fluorescent intensity was quantified using flow cytometry. Data
analysis was conducted using Flow Jo (version 10).

2.14.  Absorption studies across the mucus and epithelium

The experiment was conducted as published procedures with
slight modifications”®. To observe mucus penetration in three di-
mensions, the mouse colon was ligated with medical sutures. After
staining the mucus with Alexa Fluor 488-conjugated-wheat germ
agglutinin (WGA) for 10 min, 100 pL of Dil-labeled ME and
KME were slowly injected and incubated for an additional 30 min,
respectively. The intestinal segment was then excised, and a
z-stack model was employed to visualize the mucus penetration
property in a 3D pattern.

The transepithelial transport of exosomes was studied using a
Caco-2 cell monolayer on a Transwell chamber. Inserts with
transepithelial electrical resistance (TEER) values ranging from
1000 to 1200 Q x cm?* were selected for the subsequent experi-
ments. The transepithelial efficiency was assessed by introducing
Dil-labeled ME, KME, and PEGylated liposomes into the apical
chamber, while the basolateral chamber contained an HBSS so-
Iution. At different time points (0, 1, 2, 3, 4, 6, and 8 h), the
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medium from the basolateral chamber was collected for fluores-
cent intensity measurement, with an equal volume of fresh me-
dium simultaneously added.

To explore the integrity of exosomes transported across Caco-
2 cells, the double fluorophores-labeled nanoparticles (FAM-labeled
siRNA-loaded Dil-labeled ME and KME) were prepared through
electroporation and introduced into the apical chamber of the
Transwell system. After 8-h incubation, the basolateral medium was
collected, and Forster resonance energy transfer (FRET) emission
was measured on a microplate reader with excitation at 450 nm.

To explore the transepithelial transport mechanism, the Caco-
2 cell monolayer preincubated with Dil-labeled ME, KME, and
PEGylated liposomes were labeled with the neonatal Fc receptor
(FcRn) mouse monoclonal antibody (Santa Cruz Biotechnology,
Inc., Dallas, USA) and anti-mouse IgG Alexa Fluor 647 secondary
antibody. The colocalization results were captured by CLSM, and
the quantitative analysis was performed using Image] software.

For assessing the anticancer effect after transepithelial trans-
port, mixed Caco-2 and HT29-MTX (7:3) cells were seeded in a
Transwell apical chamber (24-well, 0.4 pm; Corning). When the
TEER value exceeded 300 Q/cm?, CT26 cells were seeded in the
basal chamber and incubated for 12 h. Free CEL and PD-L1
siRNA, ME@CEL+siPD-L1, and KME@CEL+siPD-L1, with
CEL and PD-L1 siRNA concentrations of 2.5 pumol/L and
150 nmol/L, respectively, were added into the apical chamber and
incubated for 30 h. Subsequently, CT26 cells were stained using
an Annexin V-FITC/PI apoptosis detection kit, and the cells were
analyzed by CLSM.

2.15.  Mouse orthotopic colorectal cancer model

BALB/c mice were secured in the supine position and anes-
thetized. The cecum was carefully exteriorized, and approxi-
mately 1 x 10° CT26-Luc cells were administrated to the cecal
wall using an insulin-gauge syringe. After tumor inoculation (Day
0), mice received intraperitoneal injections (i.p.) of 100 pL
luciferin (30 mg/mL; Pierce), and tumor development was
consistently monitored using an IVIS Kinetics Optical System
(PerkinElmer). Tissue distribution and pharmacodynamics studies
were performed when luminescence intensities reached approxi-
mately 1 x 10° photons (p)/s/cm®/sr on Day 10.

2.16.  Tumor accumulation studies

The tumor-bearing mice were orally administered with free DiR
dye and DiR-labeled ME and KME. At the time points of 2, 6, and
12 h, the living images were obtained using an IVIS in vivo system
(748/780 nm) to capture the exosome distribution in the intestine.
After 12 h, the mice were sacrificed, and the colon along with
major organs (heart, liver, spleen, lungs, and kidneys) were har-
vested. The fluorescence intensity of DiR in the organs was
assessed after rinsing with PBS.

2.17.  Colocalization with organelles in tumor tissues

To measure the intracellular locations of KME and ME in vivo, the
tumor tissues were obtained from the mice at 12 h postinjection after
intragastric administrating the DiD-labeled ME and KME to mice,
and then sliced and observed by immunofluorescence staining. The
tumor sections were fixed, blocked, and incubated with LAMP1
rabbit mAb, Golgin-97 (CDF4) mouse mAb, or calregulin mouse
mAb (Abcam Co., Cambridge, UK) overnight and corresponding

secondary antibody to label lysosome, Golgi, and ER. After stained
nuclei with DAPI, images were captured using CLSM.

2.18.  Invivo antitumor efficacy

The tumor-bearing mice were randomly divided into five
groups (n = 5) and received intragastric administration of
saline, KME@siPD-L1, KME@CEL, ME@ CEL+siPD-L1, and
KME@CEL+-siPD-L1 at siRNA dose of 0.1 mg/kg and CEL dose of
3 mg/kg every 2 days for 3 weeks. The body weight of the mice was
recorded every 5 days. Furthermore, the mice in each group received
intraperitoneal injections of D-luciferin (150 mg/kg) every 7 days;
then, the mice were anesthetized and imaged to monitor the tumor
bioluminescence following our previously reported method”’. At the
end of the treatment, the mice were euthanized, and their tumors,
intestines, and major organs (heart, liver, spleen, lung, and kidneys)
were collected for histological examination. The blood samples were
collected and analyzed for the serum cytokines of alanine trans-
aminase (ALT) and aspartate transaminase (AST), blood urea nitro-
gen (BUN), and creatinine (CRE). And tumor necrosis factor-alpha
(TNF-o) and interleukin-6 (IL-6), were measured using the corre-
sponding ELISA kits according to the manufacturer’s protocols.

2.19.  In vivo antitumor immunity

To investigate the antitumor immune function within tumor tis-
sues, the tumors were isolated and sectioned following different
treatments. Subsequently, the tumor tissues were incubated with
an anti-CRT antibody or anti-PD-L1 antibody and stained with
DAPI. After sealing, the fluorescence images were captured using
CLSM.

Furthermore, the spleens, mesenteric lymph nodes, and tumors
were isolated. Organs were finely minced using surgical scissors
and then passed through a 70 pum filter. After the majority of red
blood cells were lysed, the cells were collected as single-cell
suspensions. The spleen cells and tumor cells were stained with
fluorescence-labeled antibodies CD3, CD4, and CDS8, while the
lymphocytes were stained with fluorescence-labeled antibodies
CDl1lc, CD80, and CD86 for 20 min. All samples were evaluated
by flow cytometry and analyzed with FlowJo software.

2.20. Statistical analysis

All the experimental data were collected in triplicate, unless
explicitly stated otherwise, and were presented as the
mean =+ standard deviation (SD). One-way analysis of variance
(ANOVA) was employed for comparisons among multiple groups,
while Student’s z-test was utilized for comparisons between two
groups. Significance levels were determined based on P values
(*P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001).

3. Results and discussion

3.1. CEL-induced ICD in CRC cells by promoting ER stress and
autophagy

Celastrol (CEL), derived from Tripterygium wilfordii roots, is
acknowledged for its potential to induce ICD by promoting ER
stress and autophagy”*~". Despite its recognized potential, CEL’s
specific ICD-inducing capability in CRC cells remains elusive.
Using the CT26 cell model, we first revealed that CEL induced
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CT26 cell apoptosis in a concentration-dependent manner, with an
ICso value of 2.5 umol/L (Supporting Information Fig. STA-
S1C). Further investigations into CEL’s potential as an ICD
inducer demonstrated its ability to activate the PKR-like ER ki-
nase (PERK) pathway. Specifically, CEL induced PERK phos-
phorylation (p-PERK) while decreasing PERK expression
(Fig. SID), concurrently upregulating downstream proteins
c-caspase 9 and c-caspase 3 (Fig. S1D), indicative of ER stress.
The transition from light chain 3-I (LC3-I) to light chain 3-II
(LC3-1I), a crucial marker for autophagy, was substantially
increased post-treatment, as evidenced by a heightened LC3-1I/
LC3-I ratio (Fig. S1D). Additionally, CEL induced characteristic
DAMPs®', including increased calreticulin (CRT) exposure,
extracellular ATP, and high mobility group box 1 (HMGBI1)
release in CT26 cells (Fig. SIE-S1G). This evidence demon-
strated that CEL effectively triggered both ER stress and auto-
phagy, facilitating ICD.

It is reported that the released DAMPs play a crucial role in
antigen-presenting cells (APCs) recognition’”. The in vitro anal-
ysis by counting mature BMDCs (CD11c*CD86%, mDCs)
showed that CEL-induced mDCs significantly increased, reaching
39.0%, as opposed to the control’s 1.1% (Fig. S1H and S1I).
Altogether, these findings underscored CEL’s potential not only in
inducing ER stress and autophagy-associated ICD in CRC cells
but also in promoting DCs maturation, highlighting CEL as a
promising ICD inducer against CRC.

3.2.  Preparation and characterization of ER-targeted exosomes

Milk-derived exosomes (ME) have been widely accepted as
promising carriers to transport diverse biomolecules and chemo-
therapeutic agents™ >, with good stability and low immunoge-
nicity, showing excellent cross-species tolerance®. Herein, we
used ME to fabricate the ER-targeted drug delivery system. The
incorporation of peptides possessing KDEL sequences at their
terminals, known to bind with the KDEL receptor present in the
Golgi and ER, facilitates ER retention’®”’. To confer ER-
targeting ability onto ME, DSPE-PEG;yy-KDEL was synthe-
sized by utilizing the cysteine residue on KDEL peptide to link
DSPE-PEGjgg0-Mal. Successful synthesis was confirmed through
the disappearance of the double bond hydrogen signal at 6.6 ppm
in the nuclear magnetic hydrogen spectrum (‘H NMR) and the
appearance of the thioether bond at 1200 cm™' in the infrared
spectrum (Supporting Information Fig. S2). Subsequently, 50 mg
purified ME was yielded from 1 L of fresh milk®®, which was
further modified with DSPE-PEG,n00-KDEL using the post-
insertion technique to obtain ER-targeted ME (KME).

The morphological characteristics of ME and KME were
elucidated through transmission electron microscopy (TEM),
revealing a distinct cup-shaped morphology (Fig. 1A). Dynamic
light scattering (DLS) measurements indicated sizes of approxi-
mately 148.6 nm for ME and 155.7 nm for KME, with zeta po-
tentials around —10 mV (Fig. 1C). Fluorescent labeling of ME
with Dil dye (red) and DSPE-PEG;q0o-KDEL with FITC (green)
demonstrated a high degree of colocalization (Fig. 1B), confirm-
ing the successful insertion of KDEL peptide into exosome
membrane. Western blotting assay further verified the retention of
key protein components from the ME, particularly TSG101, and
CD63%°, within KME (Supporting Information Fig. $3), indicating
the successful fabrication of KDEL-modified ME.

High entrapment efficiency and loading capacity of exosomes
for CEL and siRNA were achieved. As shown in Supporting

Information Table S1, CEL was efficiently loaded into ME and
KME, with EE of approximately 80.2% and 86.8%, and LC of
approximately 3.9% and 4.2%. The EE of siRNA loaded in ME
and KME was 78.7% and 79.5%, respectively, with an LC of
approximately 3.8%. The stability of exosomes in various physi-
ological environments, including PBS, simulated gastric fluid
(SGF), simulated intestinal fluid (SIF), and simulated colonic fluid
(SCF), were then established, as evidenced by minimal changes in
particle size and polydispersity index (PDI) of ME and KME
(Supporting Information Fig. S4).

In vitro, the release behavior of CEL was explored in a PBS
solution with pH 6.8. The cumulative CEL release in ME and
KME was 23.4% and 19.0% at 24 h, and 53.1% and 43.3% at
144 h, respectively (Supporting Information Fig. S5). Moreover,
ME and KME exhibited notable protection of siRNA against
RNase degradation and the acid environment of the stomach in
comparison to free siRNA, as confirmed by agarose gel electro-
phoresis (Supporting Information Figs. S6 and S7).

3.3.  Cellular uptake, intracellular trafficking and distribution of
KME

Next, we proceeded to investigate the potential of KDEL modi-
fication in effective ER-targeting of KME. After KDEL modifi-
cation, the cellular uptake of KME was a little more than that of
ME (Supporting Information Fig. S8), probably attributed to
reduced lysosomal degradation. The CLSM images revealed that
KME had superior colocalization with the ER and Golgi apparatus
in comparison to ME (Fig. 1D). The colocalization coefficients of
KME with the Golgi apparatus, ER, and lysosomes were deter-
mined to be 0.7, 0.8, and 0.2 (Fig. 1E), respectively. The note-
worthy enhancement in ER retention behavior could be attributed
to the KDEL decoration, recognized by KDEL receptors specif-
ically distributed in the Golgi and ER*®. Importantly, the lower
colocalization ratio of KME with lysosomes (~22.0%) indicated
KME’s effective avoidance of lysosomal degradation.

It has been reported that the COPI-coated vesicles allow the
precise sorting of cargo between the Golgi apparatus and retrieval
from the Golgi to the ER*’. To further explore the ER-targeted
trafficking mechanism of KME, GCA, a specific inhibitor inhib-
iting the assembly of COPI-coated vesicles*’, was utilized. After
being pre-treated with GCA, the colocalization ratio of KME in
the ER significantly decreased from 0.8 (without GCA) to 0.2
(with GCA), whereas the colocalization ratio in Golgi increased
(Fig. 1E). This indicated KME’s ER-targeting via the Golgi-ER
pathway. Additionally, KME exhibited high fluorescence coloc-
alization (~75.0%) with COPI-coated vesicles (Fig. 1F), showing
COPI-coated vesicles-mediated transportation of KME from Golgi
to ER (Fig. 1G). These findings underscored that KDEL modifi-
cation endowed KME with an effective ER-targeting capacity.

3.4.  Amplification of the ICD effect by KME@CEL

To elucidate the impact of ER-targeted delivery of CEL on
inducing the ICD effect, CEL-loaded ME and KME (denoted as
ME@CEL and KME@CEL, respectively) were incubated with
CT26 cells for 24 h. The cytotoxicity assessed through CCK-8
assay revealed increased cell death in both ME@CEL and
KME@CEL groups compared to free CEL (Fig. 2A), with cor-
responding ICsy values of 1.9 and 1.7 pmol/L, respectively
(Supporting Information Fig. S9). Flow cytometry analysis of
apoptosis rates at a CEL concentration of 2.5 uM demonstrated
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Figure 1

Preparation and characterization of ER-targeted exosomes. (A) TEM images of ME and KME. Scale bar = 100 nm. (B) Fluorescent

colocalization analysis of KDEL peptide and ME. Red: ME; Green: DSPE-PEG,p-KDEL. Scale bar = 500 and 200 nm (enlarged). (C) Particle
size and zeta potential of ME and KME. (D) The CLSM images of ME or KME interacting with the Golgi apparatus, ER, and lysosomes (Ly)
without GCA inhibition (left) and with GCA inhibition (right). Red: ME or KME; Green: organelles (Golgi apparatus, ER, and lysosomes); Blue:

cell nucleus. Scale bar = 10 pm. (E) Pearson’s correlation coefficient of ME, KME and the Golgi apparatus, ER, and lysosomes with or without
GCA inhibition (n = 3). (F) CLSM colocalization images of ME and KME with COPI vesicles. Scale bar = 10 um. (G) Schematic diagram of
the KME intracellular trafficking pathways. Data are presented as mean + SD; ***P < 0.001.

substantial increases in apoptotic potential for both ME@CEL
(47.8%) and KME@CEL (64.6%), outperforming free CEL
(7.5%) (Fig. 2B and C). Importantly, KME@CEL exhibited su-
perior cytotoxicity and enhanced apoptosis compared to
ME@CEL, potentially attributed to the ER-targeted delivery of
CEL by KME, leading to intensified ER stress and autophagy.
To assess the enhanced ICD effect, the expression of proteins
associated with ER stress and autophagy was investigated. CT26
cells treated with KME@CEL exhibited a significant increase in
p-PERK expression, leading to a noteworthy enhancement in the
p-PERK to total PERK protein ratio (Fig. 2D). Additionally,
KME@CEL led to a decrease in caspase 3 expression, accom-
panied by a significant upregulation of c-caspase 9 and c-caspase 3
expression (Fig. 2D). KME@CEL increased the LC3-II/LC3-I

ratio to 59.7%, significantly higher than that of the ME@CEL
group and CEL group (Supporting Information Fig. S10). This
indicated that KME@CEL could induce stronger autophagy.

Furthermore, the levels of three ICD effect markers, DAMPs
including CRT, ATP, and HMGBI1, were assessed. KME@CEL
significantly increased CRT exposure and enhanced ATP and
HMGBI release (Fig. 2E—G). KME@CEL demonstrated sub-
stantial enhancements in ATP release (a 10.8-fold increase
compared to PBS) and HMGBI1 release (a 7.6-fold increase
compared to PBS). These results indicated that ER-target exo-
somes markedly enhanced CEL’s ability to induce immunogenic
apoptosis of tumor cells.

DAMPs play a pivotal role in stimulating the transformation of
immature DCs into mature phenotypes. The proportion of mature
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Figure 2

ER-targeted exosomes enhanced the ICD induction of CEL. (A) The cytotoxicity analysis of CEL, ME@CEL, and KME@CEL. (B,

C) Flow cytometry evaluation and quantitative analysis of the apoptotic CT26 cells. CT26 cells were pre-treated with PBS, CEL, ME@CEL, and
KME@CEL (n = 3). CEL dose, 2.5 umol/L. (D) Western blot analysis of ER stress and autophagy-related proteins expression in CT26 cells pre-

treated as indicated in (B, C) for 24 h. (E) CLSM images of the CRT exposure (green). Blue: cell nucleus. Scale bar =

10 um. (F, G) Quantitative

analysis of ATP secretion into the medium and the nuclear HMGBI release (n = 3). BMDCs maturation determined by (H) flow cytometry and
(T) quantification of the mature BMDCs (CD11c¢*CD86™). CT26 cells were pre-treated as indicated in (B, C) for 24 h; they were coincubated with
BMDC:s for another 48 h. (J) In vivo vaccination experiment using BALB/c mice (n = 8 mice per group). Data are presented as mean £ SD; ns.

not significance; *P < 0.05, ***P < 0.001.

DCs, as measured by flow cytometry, was significantly higher in
the KME@CEL group (75.4%) compared to the free CEL (39.9%)
and ME@CEL (71.6%) groups (Fig. 2H and I), confirming that
the enhanced ICD induction by KME@CEL contributed to the
promotion of DCs maturation.

To further validate the amplified ICD-inducing effect by ER-
targeting, a gold-standard method of ICD detection, a vaccine
experiment, was performed. Before the homogenous tumor chal-
lenge on Day 7, mice were inoculated with dying CT26 cells that
had been treated with CEL, ME@CEL, or KME@CEL on Day

0 to induce T cell-mediated antitumor immunity against living
cancer cells of the same kind in vivo’. The results demonstrated
that vaccination with free CEL- or ME@CEL-treated cells
resulted in a limited protective effect against tumor occurrence
and growth (Fig. 2J). Of note, vaccination with KME@CEL-
treated cells significantly retarded and suppressed subsequent
tumor growth. In conclusion, ER-targeted delivery not only
enhanced CEL-induced ICD in CRC cells but also more efficiently
promoted the maturation of DCs and facilitated the development
of robust anti-tumor immunity in mice.
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3.5.  Enhanced efficiency of gene silencing by KME@siPD-L1

Previous reports have revealed that delivering siRNA to ER could
boost its gene silencing effects*'*>. We then evaluated the gene
silencing efficacy of siRNA-loaded KME. CLSM and flow cy-
tometer results demonstrated that KME significantly enhanced the
uptake of Cy3-labeled siRNA, surpassing the uptake in ME and
free siRNA groups, and approaching the level of the positive
control Lipo2000 group (Fig. 3A—C). Specifically, the KME
group exhibited a 7.7- and 2.3-fold enhancement compared to free
siRNA and ME, respectively. This enhancement could be attrib-
uted to KDEL modification, improving the targeting of siRNA to
the ER and consequently reducing lysosomal degradation.

To delineate the intracellular trafficking pathway of siRNA after
endocytosis, CLSM images of corresponding organelles were
captured (Fig. 3D), and the fluorescence colocalization ratios were
calculated based on Pearson’s correlation coefficient. The colocal-
ization coefficients of KME @Cy3 siRNA with Golgi apparatus, ER,
and lysosome were 0.6, 0.7, and 0.2, respectively (Fig. 3E—G). Cy3
siRNA loaded in KME exhibited significant colocalization effects
with ER and Golgi, but not lysosomes, whereas the fluorescence
colocalization ratios of Cy3 siRNA from ME and Lipo2000 in ly-
sosomes were approximately 69.2% and 53.1%. These findings
indicated that KME was proficient in targeting siRNA to the ER, an
optimal site for siRNA to exert its effects.

Effective downregulation of programmed death-ligand 1 (PD-
L1) is crucial for cancer immunotherapy. We next explored
whether the delivery of PD-L1 siRNA to the ER is more effective
in promoting intracellular PD-L1 gene silencing. The distinct
groups (PBS, free siPD-L1, ME@siPD-L1, KME@siPD-L1, and
Lipo2000@siPD-L1) were incubated with CT26 cells, and West-
ern blotting results demonstrated a significant reduction to 51.7%
in the overall PD-L1 protein expression in the KME@siPD-L1
group (Fig. 3H). Specifically, KME@siPD-L1 exhibited a 1.9-,
1.8-, 1.4-, and 1.1-fold reduction compared to PBS, free siPD-L1,
ME@siPD-L1, and Lipo2000@siPD-L1, respectively. By PE-
CD274 antibody labeling, flow cytometry results further indi-
cated that KME@siPD-L1 markedly suppressed the PD-L1 pro-
tein level of approximately 54.8% on the cell membrane (Fig. 31
and J). This outcome suggested that the reduction in intracellular
PD-L1 protein abundance translates into a decrease in PD-L1
proteins on the cell membrane. KME@siPD-L1 demonstrated
similar downregulation of PD-L1 protein with Lipo2000@siPD-
L1 (52.6%). These comprehensive findings suggested that KME
delivering PD-L1 siRNA to the ER significantly diminished PD-
L1 protein expression on the cell membrane by downregulating
overall PD-L1 protein expression. Therefore, the enhanced gene
silencing effects of KME@siPD-L1 could be attributed to the
improved uptake and the alteration in the intracellular trafficking
pathway of siRNA.

3.6.  Invitro immunological assessment of CEL/siRNA-coloaded
Sformulation

Having established the enhanced ICD effectinduced by CEL and the
improved gene silencing efficiency of PD-L1 siRNA, we proceeded
to evaluate the in vitro immunological effects of CEL and PD-L1
siRNA-coloaded KME. Six different formulations (G1: PBS; G2:
Free CEL+siPD-L1; G3: KME@CEL; G4: KME@siPD-L1; G5:
ME@CEL+siPD-L1; G6: KME@CEL+-siPD-L1) were prepared
and incubated with CT26 cells. The impact of the CEL/siRNA-
coloaded formulation on improving PD-L1 gene silencing was

assessed by quantifying PD-L1 mRNA levels through RT-qPCR.
The results indicated that the KME@CEL+-siPD-L1 group, attrib-
uted to the ER-targeting advantage, showed 74.5% downregulation
of PD-L1 mRNA, which exhibited approximately a 2.1-fold higher
downregulation compared to ME@CEL+siPD-L1 (Fig. 4A). This
reduction in PD-L1 mRNA levels corresponded to a decrease in PD-
L1 protein expression. Immunofluorescence staining and flow
cytometry were employed to examine total PD-L1 protein levels and
PD-L1 protein on the cell membrane, respectively. The
KME@CEL+-siPD-L1 group demonstrated a 4.1-, 2.3-, 2.5-, 2.1-,
and 1.3-fold reduction in the levels of PD-L1 protein on the cell
membrane compared to PBS, CEL+siPD-L1, KME@CEL,
KME@siPD-L1, and ME@CEL+siPD-L1, respectively (Fig. 4B
and C). Consistently, the KME@CEL+siPD-L1 group demon-
strated an obvious reduction in total PD-L1 protein expression
compared to the single drug-loaded group and non-targeting group
(Fig. 4D and E). These findings demonstrated that
KME@CEL+siPD-L1 displayed significantly higher gene
silencing effects than KME@CEL and KME @siPD-L1, suggesting
apotential synergistic effect between CEL and PD-L1 siRNA in PD-
L1 suppression.

In addition, we also examined the in vitro biocompatibility of
KME@CEL+siPD-L1 on normal cells. NCM640 cells, a human
normal intestinal epithelial cell line, were chosen as the cell
model. The CCK-8 analysis results indicated that the ICsq values
of KME@CEL and KME@CEL+siPD-L1 in NCM460 cells
exceeded our therapeutic doses, demonstrating good biocompati-
bility with normal cells (Supporting Information Fig. SI1).
Furthermore, the flow cytometry results demonstrated that the
uptake efficiency of CT26 cells for KME was notably higher than
that of NCM460 cells at carrier concentrations of 40 pg/mL and
100 pg/mL, possibly due to the heightened demand for nutrients
by tumor cells (Supporting Information Fig. S12).

CEL-induced ICD and the release of DAMPS and promoted
tumor antigen presentation by DCs. Simultaneously, the PD-1/PD-
L1 axis serves as a negative modulatory signaling pathway that
triggers immunosuppressive effects, including T cell anergy”; thus,
blocking PD-1 or PD-L1 using antibodies**** or downregulating
PD-L1 expression®*® was shown to promote the functions and
proliferation of T cells. To investigate the effects of different agent
groups on T cell activation, spleen lymphocytes (SPLCs) were
separated from BALB/c mice and utilized to construct a CT26-
BMDCs-T cell coculture model (Fig. 4F). T cells consist of helper
T cells, cytotoxic T cells, regulatory T cells, and memory T cells,
among which cytotoxic T cells play a crucial role in recognizing and
eliminating infected or abnormal cells'®*’. The proliferation and
activation of T cells were examined by measuring the number of
CDS8" T cells via flow cytometry. In the KME@CEL+siPD-L1
group, the proportion of cytotoxic T cells was 10.5%, significantly
surpassing the rates of 5.2% in the PBS group, 6.2% in the Free
CEL+siPD-L1 group, 6.5% in the KME@CEL group, 7.4% in the
KME@siPD-L1 group, and 8.4% in the ME@CEL+-siPD-L1 group
(Fig. 4G and H). Overall, tumor cells treated with ER-targeting
KME@CEL+-siPD-L1 efficiently induced T cell activation, espe-
cially CD8" T cells. These findings highlight the potential of the
KME@CEL+siPD-L1 to promote a robust immunological
response against cancer cells.

3.7.  Colon targeting and tumor accumulation capabilities

The oral route is preferred for CRC patients, and milk-derived
exosomes have emerged as promising vehicles for oral drug
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free siRNA, ME@siRNA, KME@siRNA, and Lipo2000@siRNA. The siRNA was labeled with Cy3 (red), and the cell nuclei were stained with
DAPI (blue). Scale bar = 10 pm. (B, C) The quantitative analysis of Cy3 siRNA uptake efficiency by flow cytometry (n = 3). (D, G) CLSM
images (D) and Pearson’s correlation coefficient of siRNA interacting with the Golgi apparatus (E), ER (F), and lysosomes (G) (n = 3). Red: Cy3-
labeled siRNA; Green: organelles (Golgi apparatus, ER, and lysosomes); Blue: cell nucleus. Scale bar = 25 num. (H) Western blotting analysis
and quantitative analysis the expression of overall PD-L1 protein in CT26 cells pre-treated with PBS, free siPD-L1, ME@siPD-L1, KME@siPD-
L1, and Lipo2000@siPD-L1 for 48 h. (I, J) Flow cytometry evaluation and quantitative analysis of the expression of membrane PD-L1 protein.
Data are presented as mean =+ SD; ns, not significance; *P < 0.05, ***P < 0.001.

delivery®**®, Meanwhile, oral administration of siRNAs repre-
sents a breakthrough approach in the field of nucleic acid ther-
apy, offering several advantages over traditional delivery
methods. By bypassing invasive procedures such as intravenous
injections, oral delivery provides a non-invasive and patient-

friendly approach®. Additionally, oral administration of
siRNA enables targeted delivery in the gastrointestinal tract,
leading to more precise and effective treatment of localized
diseases such as colorectal cancer’”. Direct targeting of tumor
cells in the colon through oral administration is anticipated to
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Figure 4  The immune responses activated by CEL/siRNA-coloaded formulation in vitro. (A) RT-qPCR examination of PD-L1 mRNA expression

levels (n = 3). G1: PBS; G2: CEL+siPD-L1; G3: KME@CEL; G4: KME@siPD-L1; G5: ME@ CEL+siPD-L1; G6: KME@CEL+siPD-L1. (B, C)
Flow cytometry and quantitative analysis of the expression of PD-L1 protein on the cell membrane (n = 3). (D, E) Immunofluorescence staining and
quantitative analysis of the expression of PD-L1 protein throughout the cells (n = 3). Scale bar = 25 pm. (F) Schematic diagram of the CT26-
BMDCs-T cell coculture model. (G, H) Flow cytometry examination and quantitative analysis of cytotoxic T cells during the coculture experi-
ment (n = 3). Data are mean £ SD; ns, not significance; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

enhance
toxicity”’.

Despite the advantages of oral formulations, they encounter
physiological barriers such as colonic mucus penetration and
epithelial cell transport’ 2. To address these challenges, we
explored the potential of KME as an oral drug delivery system,
specifically investigating their ability to overcome colonic mucus
and epithelial cell transport barriers. By fluorescently labeling the
mucus with Alexa Fluor 488-conjugated WGA, we uncovered that
Dil-labeled ME and KME efficiently penetrated the colonic
mucus, facilitating absorption by colonic epithelial cells (Fig. 5A).

therapeutic efficacy while minimizing systemic

To further examine the transepithelial pathway and efficiency of
exosomes, Caco-2 cell monolayers in Transwell models were
established referenced our previous study’”. The results showed
that both ME and KME exhibited superior transepithelial effi-
ciency (approximately 23.4% and 29.0%) than PEGylated lipo-
somes (8.8%) (Fig. 5B) after incubation for 8 h.

FcRn is a receptor expressed in the intestines of both humans
and mice’*>>, ME and KME were found to largely colocalize with
FcRn receptors in Caco-2 cell monolayers (Fig. 5C), confirming
the FcRn-mediated transepithelial trafficking mechanism’®.

Utilizing double fluorophores-labeled ME@FAM-siRNA and



Endoplasmic reticulum-targeted drug delivery for CRC therapy

3655

KME@FAM-siRNA, we observed an intense FRET spectrum in
the basolateral medium, verifying the transepithelial transport of
intact exosomes (Fig. 5D). The anti-tumor effect was evaluated
post-transportation across the mucus and cell monolayer. In the
basolateral chamber, CT26 cells were inoculated, and images
revealed that both KME@CEL+siPD-L1 and ME@CEL+siPD-
L1 effectively induced cancer cell apoptosis after crossing the
intestinal epithelial cells (Fig. 5E). These results collectively
highlighted the potential of milk-derived exosomes to overcome
colonic physiological barriers, making them promising oral drug
delivery systems for CRC therapy.

Using the CT26-Luc-derived orthotopic CRC mouse model,
we then assessed the tissue distribution and tumor accumulation of

administration of DiR-labeled exosomes, mice, and excised major
tissues and intestines were imaged using the IVIS Kinetics Optical
System. Simultaneously, orthotopic colorectal tumors of mice
were also imaged by luciferin (i.p.). The results indicated that both
ME and KME achieved significantly high retention in tumors
(Fig. 5F, Supporting Information Figs. S13 and S14). This could
be attributed to the efficient mucus permeation and frans-epithelial
cell uptake by milk exosomes. In contrast, the free DiR dye group
exhibited minimal accumulation in CRC (Fig. S8). Additionally,
the ER-targeted capacity of KME in vivo was evaluated through
immunofluorescence staining. Consistent with the in vitro coloc-
alization results, KME exhibited significant colocalization signals
with ER and Golgi (Fig. 5G). The colocalization coefficients of
KME with Golgi apparatus, ER, and lysosome were 0.8, 0.7, and

milk-derived exosomes in vivo. Twelve hours post oral
A
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(B) The transepithelial efficiency of KME, ME, and liposome across the epithelial cells (n = 3). (C) Immunofluorescence staining analysis of
FcRn-mediated transcytosis pathway of KME and ME. Scale bar = 20 pm. (D) Emission spectra of siRNA-loaded ME and KME with excitation
at 450 nm. (E) Tumor cell apoptosis after transcytosis for KME@CEL+siPD-L1, ME@CEL+siPD-L1, and Free CEL+siPD-L1. Scale
bar = 20 pm. (F) In vivo imaging of the colon-targeting and tumor accumulation of KME and ME at 12 h following oral administration. (G, H)
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0.3, respectively (Fig. 5H). These results emphasized that the
KDEL modification on KME maintained its ER-targeting function
in vivo, which could facilitate the effective delivery of drugs to the
ER in tumor tissues and augment anti-tumor treatment.

3.8.  Invivo anti-tumor efficacy evaluation in orthotopic CRC
model

The therapeutic effects of KME@CEL+siPD-L1 were assessed in
BALB/c mice bearing CT-26-Luc colonic orthotopic xenografts. Ten
days after tumor inoculation (designated as Day 0), mice were ran-
domized into five groups: Saline, KME@CEL, KME@siPD-L1,
ME@CEL+siPD-L1, KME@CEL+siPD-L1 (n = 5 mice per
group). Treatments were administrated once every two days
(Fig. 6A). As CT26-Luc cells stably express the firefly luciferase

bioluminescence imaging with the IVIS Kinetics Optical System was
employed. Before living imaging, we confirmed the linear correlation
between the number of CT26-Luc cells and bioluminescence in-
tensity (Fig. 6B). The bioluminescence imaging results revealed
varying degrees of tumor suppression after the various treatments,
with the KME@CEL+siPD-L1 group consistently maintaining
tumor size at a low level (Fig. 6C). Importantly, the
KME@CEL+-siPD-L1 group exhibited a significantly stronger
tumor-suppressive effect than the ME@CEL+-siPD-L1 group, indi-
cating that codelivery of CEL and PD-L1 siRNA to the ER effectively
triggered endogenous anti-tumor responses, thus successfully inhib-
iting tumor growth (Fig. 6D). The hematoxylin—eosin (H&E) and the
deoxynucleotidyl transferase-mediated dUTP-biotin nick end label-
ing (TUNEL) staining results further demonstrated that the
KME@CEL+siPD-L1 group effectively promoted cancer cell

gene, allowing monitoring of tumor growth in sine’, apoptosis (Fig. 6F and G). Notably, the KME @CEL+siPD-L1 group
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Figure 6 In vivo tumor growth inhibition studies in an orthotopic CRC mice model. (A) Therapeutic schedule for in vivo combination

colorectal cancer. G1: Saline; G2: KME@CEL; G3: KME@siPD-L1; G4: ME@CEL+siPD-L1; G5: KME@CEL+siPD-L1 (n = 5). (B) Linear
correlation between the number of CT26-Luc cells and bioluminescence intensity. (C) In vivo imaging of tumor growth in G1-G5 groups after oral
administration at different times. (D) Quantitative analysis of bioluminescence intensity of tumor in G1-G5 groups (n = 5). (E) Body weights of
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Figure 7

In vivo anti-tumor immune responses of the CT26 tumor-bearing BALB/c mice. CRT exposure and PD-L1 expression in the tumors

by (A) immunostaining (green: CRT; red: PD-L1; blue: DAPI; scale bar = 100 pm) and the quantification of (B) CRT exposure and (C) PD-L1
expression by ImageJ. G1: saline; G2: KME@CEL; G3: KME@siPD-L1; G4: ME@CEL+siPD-L1; G5: KME@CEL+-siPD-L1. (D, G) Flow
cytometry analysis of the mature DCs in mesenteric lymph nodes of BALB/c mice: (D) the contour diagrams and (G) quantification; n = 3 mice.
(E, H) Flow cytometry analysis of cytotoxic T cells in the tumors of BALB/c mice: (E) the contour diagrams and (H) quantification; n = 3 mice.
(F, I) Flow cytometry analysis of cytotoxic T cells in the spleen of BALB/c mice: (F) the contour diagrams and (I) quantification; n = 3 mice.
Data are mean + SD; ns, not significance; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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displayed a prolonged overall survival time, maintaining an 80.0%
survival rate at the end of the experiment (Fig. 6H). This suggested
that the endogenous antitumor response induced by
KME@CEL+siPD-L1 could sustainably inhibit tumor growth,
making it an effective therapeutic strategy for CRC therapy.

Moreover, the CEL/PD-L1 siRNA-coloaded exosomes were
well-tolerated at the administrated doses, as evidenced by normal
body weight gains (Fig. 6E), normal histology of major organs
examined (Supporting Information Fig. S15), and minimal
changes in the serum levels of ALT, AST, BUN and CRE
(Supporting Information Fig. S16), suggesting the biosafety of
CEL/PD-L1 siRNA-coloaded KME in vivo.

3.9.  Invivo assessment of immune responses

The effectiveness of KME@CEL+siPD-L1 in inhibiting the
growth of orthotopic CRC in BALB/c mice prompted the explo-
ration of the in vivo immune responses. The immunofluorescence
staining of CRT protein and PD-L1 protein in tumor tissue sec-
tions unveiled an augmented exposure of CRT protein in the
KME@CEL+siPD-L1 group, exhibiting a 3.8-, 1.6-, 3.1-, and
1.2-fold higher fluorescence compared to saline, KME@CEL,
KME@ siPD-L1 and ME@CEL+-siPD-L1, respectively (Fig. 7A
and B). Simultaneously, the expression of PD-L1 protein in the
tumor tissues of the KME@CEL+-siPD-L1 group was signifi-
cantly downregulated, reaching only 18.6% of the saline group
(Fig. 7A and C).

CRT is indicative of the extent of ICD in tumor tissues. The
release of immunogenic factors post-ICD in tumors can stimulate
the maturation of DCs. Flow cytometry analysis of CD80" and
CD86™", biomarkers of mDCs”®, in DCs from mesenteric lymph
nodes revealed a remarkable increase in KME@CEL+siPD-L1,
with 55.8% CD80TCD86" mDCs, significantly surpassing those
of other groups (Fig. 7D and G).

The mDCs play a pivotal role in presenting antigens to T cells
and promoting the recruitment of T cells into tumors. Concur-
rently, the decreased expression of PD-L1 protein also fosters T
cell activation. Notably, KME@CEL~+siPD-L1 treatment
recruited 44.4% CD8" T cells into tumors, significantly higher
than the ME@CEL+siPD-L1 group (29.7%) (Fig. 7E and H).
Furthermore, analysis of lymphocytes from spleens demonstrated
a remarkable increase in the proportion of cytotoxic T cells in the
KME@CEL+siPD-L1 group (31.1%) compared to the other
groups (Fig. 7F and I). The low population of CD8" T cells in the
tumor and spleen with KME@siPD-L1 treatment was attributed to
inadequate tumor infiltration of T cells. These findings under-
scored the significant enhancement of endogenous antitumor re-
sponses by KME@CEL+-siPD-L1, promoting ICD and reducing
PD-L1 protein expression in tumor-bearing mice. As expected,
the mice in the KME@CEL+siPD-L1 group had significantly
higher levels of circulating cytokines, including TNF-c«, and IL-6
than mice in other groups (Supporting Information Fig. S17).
Therefore, the effectiveness of delivering CEL and PD-L1 siRNA
to the endoplasmic reticulum emerges as a potent strategy for
tumor chemoimmunotherapy.

4. Conclusions

In summary, our investigation into delivering ICD inducers and
PD-L1 siRNA to ER has unveiled a potent and synergistic

chemoimmunotherapeutic approach for CRC. The pivotal aspect
of our strategy involved achieving ER-targeted delivery through
the integration of KDEL peptide-modified milk-derived exosomes
(KME). This tailored delivery system facilitated the accumulation
of CEL, an ICD inducer, within the ER, thereby inducing robust
ER stress, autophagy, and ICD. This cascade of events further
promoted the maturation of DCs and significantly enhanced the
infiltration of CD8" T cells into the tumor microenvironment.
Concurrently, PD-L1 siRNA, guided to the ER, effectively
silenced both intracellular and membrane PD-L1 protein expres-
sion, thereby activating T-cell responses. Collectively, an
improved tumor suppression effect was achieved in orthotopic
CRC BALB/c mice models, accompanied by the activation of an
endogenous anti-tumor response. In light of the compelling effi-
cacy observed in this study, our ER-targeted approach holds
considerable promise for further efficacy testing in other highly
appealing tumor types. This combination of ICD inducers and
nucleic acid-based immunotherapy, orchestrated through ER-
targeted delivery, presents a novel and promising avenue for
advancing cancer treatment strategies.
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