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Mitochondria-targeting polymer cLipG/CuET
activates the cGAS/STING pathway to enhance
cholangiocarcinoma immunotherapy
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Abstract

Background The remodeling of extracellular matrix often fails chemotherapeutic agents to fight intrahepatic
cholangiocarcinoma (ICC). The cGAS/STING pathway can trigger the innate immune response to obtain better
immunotherapeutic outcomes.

Results A cLipG/CUET nanocomposite was designed and synthesized based on glycyrrhizic acid (GA) and copper
diethyldithiocarbamate (CukT). GA can open mitochondrial permeability transition pores (MPTPs), allowing Cu

(I to interrupt mitochondrial function through copper toxicity. By activating the cGAS-STING signaling pathway

in macrophages, this mitochondrial-targeting polymer (cLipG/CuET) significantly boosted the production of
mitochondrial reactive oxygen species (mtROS), and promoted the escape of damaged mitochondrial DNA (mtDNA)
from ICC cells. Consequently, M1 polarization of cancer-associated macrophages enhanced the immune response
against ICC. In the mouse model, the intravenous administration of cLipG/CUuET transformed the ICC from “cold”into
"hot”.

Conclusions With a high biosafety, cLipG/CUET exerted a synergistic effect on the immune checkpoint inhibitor
aCTLA-4 against ICC, and their combination provided a new therapeutic strategy.
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Background

Intrahepatic cholangiocarcinoma (ICC) is a rare but
highly invasive malignancy, with a poor prognosis and
an incidence ever-increasing annually [1, 2]. ICC is struc-
turally characterized by a fibrogenic extracellular matrix
and a hypovascular stroma, containing a mixture of non-
immune and immune cells, such as cancer-associated
fibroblasts and tumor-associated macrophages [3]. This
structure does not favor therapeutic agents to exhaust
their therapeutic potentials. Studies have shown that
CTLA-4-positive lymphocytes are more enriched in
ICC tissues than in peritumoral liver tissues. The acti-
vation of PD-1/PD-L1 and CTLA-4 signals is correlated
with a poor prognosis of ICC, suggesting a therapeutic
potential in CTLA-4-targeting agents. CTLA-4 blockade
protects against cancers by initiating anti-tumor immu-
nity and expanding the pool of infiltrating CD8" T cells
[4]. Currently, surgical resection is recommended as the
mainstay treatment for early-stage ICC, and gemcitabine
combined with cisplatin for unresectable or metastatic
ICC. Alternative strategies, such as locoregional ther-
apy, targeted therapy, and immunotherapy [5], have also
shown their pros and cons. Nevertheless, more effective

treatment arsenals need to be developed to improve the
prognosis of ICC patients.

The cGAS (cyclic GMP-AMP synthase)/STING (stimu-
lator of interferon genes) signaling pathway, for its cru-
cial role in the immunomodulation of cancer cells, has
garnered researchers’ attention [6]. After tumor-derived
double-stranded DNA (dsDNA) leaks into the cytoplasm,
its accumulation hijacks the cytosolic DNA sensor cGAS
to catalyze the synthesis of cyclic GMP-AMP (cGAMP)
and thus activates the adaptor protein STING [7]. More-
over, a series of mitochondrial dysfunction events, such as
loss of apoptotic caspases, defects in mitochondrial DNA
(mtDNA) condensation, and impairment in mitophagy,
can also trigger the activation of the cGAS/STING sig-
naling pathway [8]. The release of damaged mtDNA is
broadly involved in the initiation of cGAS responses in
various diseases, like COVID-19 and amyotrophic lateral
sclerosis (ALS) [9, 10]. STING first induces the produc-
tion of type I interferons (IFN-I), which in turn enhances
antigen presentation and activates CD8" cytotoxic T lym-
phocytes (CTLs) to combat cancer cells [11]. Then, the
interplay between cancer cells and immune cells further
drives the release of immunogenic factors (e.g., mtDNA)
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from tumor cells, thereby activating the cGAS/STING
signaling pathway in antigen-presenting cells to enhance
the host’s immune response [12].

Cuproptosis is a newly discovered form of regulated
cell death uniquely associated with copper-induced
mitochondrial dysfunction. An intracellular accumula-
tion of copper evokes the aggregation of mitochondrial
lipoylated proteins and destabilization of Fe-S cluster
proteins, providing a new clue to design mitochondria-
targeted therapies against ICC [13]. However, anti-cancer
properties of copper ions rely on a maintenance of cop-
per homeostasis and an interaction with other proteins.
For instance, the copper chaperone for superoxide dis-
mutase (CCS) can transfer copper ions to the enzymes by
directly interacting with superoxide dismutase 1 (SOD1)
that plays a critical role in maintaining the intracellular
homeostasis of reactive oxygen species (ROS) [14]. How-
ever, copper ions are difficult to be introduced into mito-
chondria, thus necessitating the design of precise drug
delivery systems.

The mitochondrial permeability transition pore
(MPTP), a significant channel in the inner mitochondrial
membrane, opens under conditions of high matrix Ca?*
and oxidative stress [15]. Frequent and persistent MPTP
opening can increase ROS production, electron leakage,
and decrease mitochondrial membrane potential (MMP),
thus promoting cell apoptosis [16]. 18p3-Glycyrrhetinic
acid (GA), an active component derived from the tradi-
tional Chinese medicine (TCM) herbal Licorice (Glycyr-
rhiza uralensis) [17], can cause mitochondrial damages
by opening the MPTP [18]. GA induces oxidative stress
by interacting with the Fe-S clusters in mitochondrial
Complex I of the electron transport chain. This interac-
tion leads to the generation of hydrogen peroxide (H,O,)
[19], which subsequently oxidizes critical thiol groups
and endogenous pyridine nucleotides. These oxidative
modifications ultimately trigger the opening of the MPTP
[20]. Therefore, we propose that GA in conjunction with
other drugs can enhance the efficiency of drug delivery
by opening MPTP.

In the present study, a novel drug delivery system was
designed and synthesized utilizing phospholipids as
nanocarriers to activate the cGAS/STING signaling path-
way within cancer cells. First, a hydrophobic lipophilic
compound (CTPP-ODA) was synthesized by conjugat-
ing (4-carboxybutyl) triphenylphosphonium bromide
(CTPP) with octadecylamine (ODA) under the catalysis
of catalyst. CTPDP, as a cation with sufficient lipophilicity
and delocalized positive charge, allows an effective accu-
mulation in mitochondria by reducing the free energy
change responsible for the transfer from an aqueous to
a hydrophobic environment [21], thus increasing the
efficiency of transmembrane transport and targeting in
tumor cells with high membrane potential [22, 23]. Third,
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the cLipo was modified with disulfiram copper (CuET)
to form nanoparticles (Lipo@CuET, cLipo/CuET) with a
stronger anti-cancer efficacy.

CuET is a novel copper ethylthiocarbamate complex
formed by the drug disulfiram (DSF), primarily used
for treating alcohol addiction in combination with cop-
per [24]. Due to the presence of copper, CuET greatly
enhances the anti-cancer property of DSE. However,
CuET has a poor solubility and a limited permeability.
To overcome these drawbacks, we finally synthesized
nanoparticles (Lipo-GA@CTPP-ODA@CuET, cLipG/
CuET) by encapsulating GA into cLipo. Overall, the
cLipG/CuET exerted potent anti-cancer properties,
in which GA targeted to open the MPTP and pro-
moted mitochondrial delivery of CuET, and CuET fur-
ther undertook the duty of killing tumor cells. Notably,
delivered Cu** can effectively induce copper-dependent
mitochondrial damage and mediate the release of dam-
aged mitochondrial DNA fragments, eventually acti-
vating the cGAS/STING signaling pathway to initiate
innate immunity. The cLipG/CuET also assisted in the
efficacy of immune checkpoint inhibitors by reprogram-
ing tumor-associated macrophages (TAMs). In summary,
the cLipG/CuET nanoparticles may bring new benefits to
ICC patients by improving cancer immunogenicity.

Results

Preparation and characterization of the cLipG/CuET

The triphenylphosphonium cation (CTPP*) is the most
widely used mitochondrial- targeting carrier, owing to its
high targeting efficiency and relative stability in biological
systems [25]. Catalyzed by N-hydroxysuccinimide (NHS)
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), CTPP was conjugated with ODA to synthesize a
hydrophobic-lipophilic compound CTPP-ODA (Fig. 1A).
In the CTPP-ODA spectrum, the characteristic peak of
the -CH3 group of ODA was observed at approximately
1.3 ppm, and the distinctive peak of CTPP was shifted to
around 7.3 ppm (Fig. 1B), suggesting a successful synthe-
sis of CTPP-ODA.

CTPP-ODA was used to modify liposomes and encap-
sulate GA, followed by a further modification with the
CuET (cLipG/CuET). CTPP-modified GA or CuET
liposomes (controls) were compared with cLipG/CuET
(Fig. 1C). Transmission electron microscopy (TEM)
images confirmed the nanoscale structure of the lipo-
somes, showing uniform spherical shapes and deep
dispersion (Fig. 1D). Additionally, TEM-EDS elemen-
tal mapping analysis verified the existence of Cu in the
cLipG/CuET composite (Fig. 1E). Dynamic light scat-
tering (DLS) measurements further indicated an average
diameter of 105.7 nm for cLipG, 110.17 nm for cLipo/
CuET, and 123.05 nm for cLipG/CuET (Fig. 1F). The Zeta
potentials of cLipG, cLipo/CuET, and cLipG/CuET were
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Fig. 1 Preparation and Characterization of the cLipG/CUET. A Synthesis of CTPP-ODA. B'H-NMR analysis of CTPP, ODA and CTPP-ODA. C The scheme
of cLipG/CUET synthesis. D Morphological characteristics of cLipG, cLipo/CuET, and cLipG/CUET examined by TEM, scale bar =50 pym. E The elemental
distribution map of cLipG/CuET examined by TEM-EDS, scale bar =50 pm. F DLS measurements of the cLipG, cLipo/CuET, and cLipG/CuET in water. G
Zeta potential measurements of surface charge of cLipG, cLipo/CuET, and cLipG/CUET in the water. H, | Evaluation of cumulative drug release rates from

the carriers at pH 7.4

measured at -10.17 +£2.455 mV, -8.50+3.018 mV, and
-8.12+3.018 mV, respectively (Fig. 1G).

We measured the kinetics in the release of phosphate
buffer saline (PBS) at a neutral pH, and plotted drug
release curves. Cumulative amounts of GA and CuET
released from cLipG/CuET were measured at predeter-
mined intervals, and compared with those in the free
and single-loaded groups. A slower drug release was
observed in both the single-loaded and dual-loaded
groups, compared to the free group, although it was com-
parable between the former two groups (Fig. 1H and I).
Collectively, the cLipG/CuET nanoparticles were small in
size, and possessed negative charges. Additionally, their
ability to slow down payload release in neutral solutions
suggested a prolonged circulation time.

Cellular uptake and mitochondria-targeting effect of cLipG
To investigate the cellular uptake and intracellular release
of modified liposomes in tumor cells, the cholangiocar-
cinoma cell line HuCCT1 was incubated with the cLipG
loaded with Coumarin 6 (green fluorescence) (cLipG/C6)

for 6 h. Under the fluorescence microscope, cLipG/C6
exhibited the strongest fluorescence signal in HuCCT1
cells than the Lipo/C6 and cLipo/C6 (Fig. 2A, B). Fluo-
rescence was barely seen in the free C6 group. The fluo-
rescence was significantly more evident in the Lipo/C6
and cLipo/C6 groups than in the free C6 group, and the
most pronounced in the cLipG/C6. Flow cytometry data
also confirmed that CTPP and GA modifications in the
liposomes significantly elevated cellular uptake (Fig. S1A,
Fig. 2C).

To validate the mitochondrial delivery of the fluores-
cent probe (C6) as a substitute for CuET, we isolated
mitochondria from HuCCT1 cells and performed flow
cytometry. The efficiency of mitochondrial isolation
was confirmed by Western blot analysis using TOM20
as a mitochondrial marker (Fig. S1C). Flow cytometric
results demonstrated a significantly higher fluorescence
intensity in the mitochondria of cLipG/C6-treated tumor
cells (Fig. S1B, Fig. 2D), confirming the high efficiency of
cLipG-mediated mitochondrial delivery.
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Fig. 2 Cellular Uptake and Mitochondrial-Targeting Effect of cLipG. A Cellular uptake of C6 in the free C6, Lipo/C6, cLipo/C6, and cLipG/C6 by HUCCT1
cells shown by confocal microscopy, scale bar =50 um. B A semi-quantitative analysis of the fluorescence intensity of C6. C Flow cytometry of cellular
uptake of free C6, Lipo/C6, cLipo/C6, and cLipG/C6 by HUCCT1 cells. D Flow cytometry of the uptake of free C6, Lipo/C6, cLipo/C6, and cLipG/C6 in
HUCCT1 cell mitochondria. E Fluorescence staining of C6 (green) and TOM20 (red) in free C6, Lipo/C6, cLipo/C6, and cLipG/C6 by HUCCT1 cells, scale bar
=50 um. F Quantitative analysis of the Pearson’s correlation coefficient for the colocalization of lipid carriers and mitochondria. G The relative contents
of Cu™ in HUCCT1 cells incubated with PBS, cLipG, cLipo/CuET, and cLipG/CuET, respectively. H The relative contents of Cu® in mitochondria incubated
with PBS, cLipG, cLipo/CuET, and cLipG/CUET, respectively. 1 The relative contents of Cu* in cytoplasm incubated with PBS, cLipG, cLipo/CuET, and cLipG/
CUET, respectively. J The Cu™ ratio between mitochondria and cytoplasm. One-way ANOVA was conducted (SD, n=3). *P< 0.05, **P<0.01, **P<0.001

The specific targeting ability of cLipG in mitochon-
dria was then explored. Besides the significantly stronger
green signal in the cLipG/C6 group, the overlap with the
mitochondrial marker TOM20 (red) was also more pro-
nounced than that in other groups (Fig. 2E). Then, Pear-
son’s correlation coefficient of the cLipG/C6 was closer to
1, indicating a colocalization in the mitochondria [26, 27]
(Fig. 2F). To further verify the role of cLipG in deliver-
ing CuET into cells and even mitochondria, we quanti-
tatively measured Cu®* concentrations in whole cells,
mitochondrial fractions, and cytoplasmic compartments.
(Fig. 2G, H, I). Cu® levels increased in both whole cells
and subcellular fractions, with the most pronounced
accumulation in the cLipG/CuET treatment group.
Notably, mitochondrial Cu® content was substan-
tially higher than that in the cytoplasmic compartment

(Fig. 2J). Taken together, cLipG/CuET had a strong ability
to increase cellular uptake and target mitochondria.

Cytotoxicity and cell apoptosis analysis of cLipG/CuET
We initially evaluated the cytotoxicity of free GA and
CuET in HuCCT1 cholangiocarcinoma cells using the
CCK8 assay (Fig. S1D, Fig. 3A), which revealed a low
cytotoxicity of free CuET on HuCCT1 cells, possibly due
to its poor cellular and mitochondria uptake. Liposomes
and CTPP-ODA significantly enhanced the in vitro anti-
tumor efficacy of CuET. Their combination, especially
cLipG/CuET with GA@CTPP in a ratio of 2:4, exhibited
a significantly stronger anti-tumor effect on HuCCT1
cells than cLipo/CuET and cLipG alone (Fig. 3A).

The Zero interaction potency (ZIP) model was created
to capture the dose-response curves of cLipG combined
with cLipo/CuET (Fig. 3B). Generally, synergy scores
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Fig. 3 Cytotoxicity of the cLipG/CuET and its Pro-apoptotic Ability in ICC. A CCK-8 assay of the cytotoxicity of cLipo/CuET and cLipG/CuET against
HUCCT1 cells. B Dose-response matrices of cLipG combined with cLipo/CuET. C A heatmap visualizing the combination responses of cLipG and cLipo/
CUET, and corresponding synergy scores. D Annexin V/PI staining combined with flow cytometry of cell apoptosis. E A semi-quantitative analysis of cell
apoptosis. F Representative images of the colony formation assay. G A semi-quantitative analysis of colony formation rates. H Protein expressions of Cas-
pase 3, cleaved Caspase 3 (C-Caspase 3), BCL,, and BAX in HUCCT1 cells. One-way ANOVA was conducted (SD, n=3). *P<0.05, **P<0.01, and ***P<0.001

below - 10, between - 10 and 10, and above 10 indicate
antagonism, additivity, and synergy, respectively [28,
29]. The synergy map of cLipG and cLipo/CuET showed
that in HuCCT1 cells, the mean (and maximum) com-
bination index for the anti-tumor response due to drug
interactions was 9.569 (29.13). The synergy plot of cLipG
and cLipo/CuET revealed that the mean (and maxi-
mum) combination index for drug interaction-induced
antitumor response in HuCCT1 cells was 9.569 (29.13).
This indicated an overall additive effect (-10<ZIP syn-
ergy score<10) between cLipo/CuET and cLipG in sup-
pressing tumor proliferation. The combination of 2.8 uM
cLipG and 0.5 uM cLipo/CuET demonstrated remark-
able synergistic effects, with a combination index (CI)
of 29.13. Therefore, this concentration ratio with a pen-
tagram (%) in the figure was adopted in the following
experiments (Fig. 3C).

To further investigate the impact of cLipG/CuET on
the apoptosis of HuCCT1 cells, Annexin V/PI analysis
staining combined with flow cytometry was performed.
Compared to the control group, inductions with cLipG
and cLipo/CuET showed limited pro-apoptotic effects on
HuCCT1 cells, whereas the cLipG/CuET treatment sig-
nificantly stimulated the apoptosis in 74.2% of HuCCT1
cells (Fig. 3D, E). Colony formation assay revealed a sig-
nificantly decreased colony formation rate in HuCCT1
cells induced with cLipo/CuET and cLipG/CuET by 50%
and 70%, respectively (Fig. 3F, G). Additionally, the pro-
apoptotic proteins Cleaved-Caspase3 and BAX were

significantly upregulated, while the anti-apoptotic pro-
tein BCL, was significantly downregulated in HuCCT1
cells induced with cLipG/CuET (Fig. 3H). These results
suggested that cLipG/CuET exerted a promising thera-
peutic effect against ICC by activating apoptosis and
inhibiting colony formation.

cLipG/CuET mediated opening of the MPTP

Considering the mitochondria-targeting and pro-
apoptotic properties of cLipG/CuET, as well as the role
of GA in promoting the opening of the MPTP [18], we
hypothesized that MPTP facilitates the entry of cLipG/
CuET into mitochondria via CTPP attachment on the
mitochondrial surface, thereby inducing mitochondrial
changes and apoptosis in cancer cells. To evaluate the
impact of cLipG/CuET on MPTP opening, the cells were
loaded with the fluorescent probe Calcein that distributes
throughout the cytosol and mitochondria, and treated
with CoCl, to quench the fluorescence of Calcein. Once
the MPTP opened, CoCl, entered the mitochondria to
extinguish the fluorescence signal of Calcein (Fig. 4A).
Here, the treatment with cLipG/CuET resulted in a sig-
nificant reduction in Calcein fluorescence, indicating the
ability of cLipG/CuET in triggering the opening of MPTP
(Fig. 4B, C).

Downregulation of ferredoxin-1 (FDX1) and dihy-
drolipoamide S-acetyltransferase (DLAT), and lipoic
acid synthase (LIAS) confirmed the role of cLipG/
CuET in disrupting mitochondrial energy metabolism
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to effectively induce copper-dependent cell death
(Fig. 4D). TEM visualized severe mitochondrial damage
after a cellular uptake of cLipG/CuET, characterized by
mitochondrial shrinkage, membrane high-density, and
the reduction or disappearance of mitochondrial cris-
tae (Fig. 4E). Consequently, the intracellular ATP level,
generated via mitochondrial activity, also significantly
decreased (Fig. 4F). JC-1 staining showed that cLipG/
CuET-induced HuCCT1 cells exhibited a larger loss
of mitochondrial membrane potential (Ay) than other
groups (Fig. 4G, H).

The increased copper content in tumor cells leads to
a significant depletion of glutathione (GSH), arousing
Fenton-like reactions to produce a large amount of ROS
[30]. Eventually, accumulated ROS further induces oxi-
dative stress and mitochondrial damage. In our study,
the intracellular ROS level was significantly higher
in cLipG/CuET-induced HuCCT1 cells than in other
groups (Fig. 41, J). Cytochrome C is an integral compo-
nent of the mitochondrial respiratory chain and typically
tightly bound to the inner mitochondrial membrane [31].
The opening of MPTP, or the hyperpermeability of the
outer mitochondrial membrane, results in the release of

cytochrome C from the mitochondria into the cytosol
[32]. A decrease in mitochondrial cytochrome C and an
increase in cytosolic cytochrome C following the treat-
ment with cLipG/CuET further indicated the opening of
the MPTP (Fig. 4K).

cLipG/CuET enhances the immune response in vitro
Mitochondrial damage and mtDNA release following
MPTP channel opening can directly activate the cGAS-
STING pathway to enhance the immune response [10].
We purified DNA from cytosolic extracts of HuCCT1
cells for qPCR analysis and found enriched mtDNA in
the cytosol of cLipG/CuET-treated tumor cells (Fig. 5A).
Immunofluorescence imaging showed a significant
reduction in the overlap of the red fluorescence from
mitochondrial transcription factor A (TFAM)-bound
mtDNA with the green fluorescence from the mito-
chondrial marker mitochondrial translocation enzyme
20 (TOM20) (Fig. 5B), indicating an increased release of
mtDNA from mitochondria.

To elucidate the immunostimulatory effect of cLipG/
CuET on immune cells, the macrophage cell line
THP-1 was co-cultured with the supernatant of cLipG/
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and ***P<0.001

CuET-treated HUCCT]1 cells in a Transwell co-culture
system (Fig. 5C). Interestingly, the mtDNA from cLipG/
CuET-treated HUCCT1 cells was transferred to macro-
phages in the TME, thereafter activating cGAS to syn-
thesize cGAMP (Fig. 5F). Protein expressions of key
molecules associated with the cGAS/STING pathway in
macrophages were detected by Western blotting. Com-
pared to other groups, the cLipG/CuET group showed
higher phosphorylation levels of STING, IRF3, and
TBK1 (Fig. 5D). Furthermore, treatment with the STING

inhibitor C-176 significantly reduced the phosphoryla-
tion levels of key pathway components (Fig. 5E), suggest-
ing that mitochondrial damage triggered by cLipG/CuET
promoted the activation of the cGAS-STING pathway.
Additionally, we detected the release of high mobil-
ity group protein 1 (HMGB1) using a luciferase reporter
assay. Treatment with cLipG/CuET increased HMGB1
production in the cell supernatant (Fig. 5G). Based
on our findings that cLipG/CuET activates the cGAS/
STING pathway in macrophages, we hypothesized that
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these liposomes may promote the polarization of tumor-
associated macrophages (TAMs) preferably towards the
M1 phenotype. After an incubation with the supernatant
of cLipG/CuET-pretreated HuCCT1 cells, a significant
upregulation of M1 markers and a downregulation of M2
markers were observed in macrophages (Fig. 5H). Flow
cytometry consistently showed a higher proportion of
M1 macrophages and a lower of M2 macrophages in the
cLipG/CuET group, compared to other groups (Fig. 5L, J).

Taken together, cLipG/CuET repolarized TAMs
towards the M1 phenotype by activating the cGAS/
STING signaling pathway, thus enhancing the immune
response in ICC in vitro.

In vivo distribution of cLipG

In vivo pharmacokinetics of cLipG/CuET was examined
in a KRASS'?P/P19 plasmid-induced primary cholan-
giocarcinoma (CCA) mouse model, where cLipG was
labeled with IR780 instead of CuET. IR780 is a near-
infrared fluorescent dye with an emission wavelength
in the near-infrared region (around 830 nm) [33]. IR780
labelling avoided the interference of autofluorescence
from other substances within biological tissues, thereby
achieving clearer and more accurate imaging results in
mouse models.

An in vivo imaging system was used to analyze the bio-
distribution of free IR780 solution, Lipo/IR780, cLipo/
IR780, and cLipG/IR780 in CCA mice at post-tail-injec-
tion 1, 4, 8, and 24 h (Fig. 6A). Accumulation of cLipG/
IR780 at the tumor site started at 1 h and peaked at 8 h.
In contrast, accumulations of free IR780, Lipo/IR780, and
cLipo/IR780 declined after 24 h (Fig. 6B, C). This indi-
cated that cLipG prolonged the retention of the payload
at the tumor site and reduced drug release rate. Tumor-
bearing mouse livers exhibited the most intense fluores-
cence (Fig. 6D, E), indicating that cLipG demonstrated
an excellent tumor-targeting ability in vivo. To verify the
targeted delivery of fluorescent probes to hepatic tumor
sites, we performed in vivo fluorescence tracking stud-
ies using C6-loaded liposomal formulations (including
cLipG/C6) administered intravenously via tail vein injec-
tion in an orthotopic liver tumor mouse model. Confocal
laser scanning microscopy demonstrated specific accu-
mulation of green signals in tumor-bearing liver tissues
(Fig. 6F), showing a statistically significant enhancement
in fluorescence intensity (p <0.001) for the cLipG/C6 for-
mulation compared to control groups (Fig. 6G), thereby
confirming the effective tumor-targeting capability of the
cLipG delivery system.

Synergistic effects of cLipG/CuET and aCTLA-4 against
ICCin vivo

Recent studies have shown that the activated STING
signaling pathway accounts for the anti-tumor effects
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of immune checkpoint blockades (ICBs) [34], including
antibodies against PD-L1, PD-1, and CTLA-4. Conse-
quently, anti-tumor immunotherapy can be considered a
vehicle for driving innate immunity [35]. Given the role of
cLipG/CuET in enhancing the immune response in vitro,
we hypothesized that cLipG/CuET in combination with
CTLA-4 blockade (¢xCTLA-4) could provide a synergistic
effect on ICC. An orthotopic CCA model was created by
injecting the KRAS S'?P/P19 plasmid via the tail vein at
14 days prior to the first intravenous injection of cLipG/
CuET (day - 14). Mice were then randomly divided into
four groups: PBS, cLipG/CuET, aCTLA-4, and cLipG/
CuET + aCTLA-4. Intravenous injection of cLipG/CuET
was conducted every other day from day 0, and intraperi-
toneal injection of xCTLA-4 started from day 1 and with
three times per week. Mice were finally sacrificed at day
21 (Fig. 7A). During the experimental period, the body
weight of each mouse maintained stable (Fig. 7C), indi-
cating a good biosafety of the dosage. At day 21, a combi-
nation of cLipG/CuET with aCTLA-4 outperformed the
single treatment in inhibiting tumor growth and reducing
liver weight (Fig. 7B, D).

Hematoxylin and Eosin (H&E) staining consistently
offered histopathological evidence that the combination
of cLipG/CuET with aCTLA-4 protected the liver tis-
sue in CCA mice more effectively than the monother-
apy. Immunohistochemistry (IHC) staining for Ki67 and
immunofluorescence staining for TUNEL-positive and
CK19 (a CCA marker) indicated that alongside «CTLA-
4, cLipG/CuET synergistically inhibited the proliferation
promoted the apoptosis of tumor cell in vivo. The anti-
tumor effects were further enhanced when cLipG/CuET
was combined with «CTLA-4 (Fig. 7E, F). Moreover, it
had no significant impact on various biochemical indica-
tors and the morphology of major organs in mice, dem-
onstrating potential therapeutic safety (Fig. S1E, F).

Next, we investigated whether a combination therapy
of cLipG/CuET and «CTLA-4 could activate the immune
response in CCA mice. The infiltration and activation of
antigen-specific CD8* T cells and CD4" T cells within
the TME are well known for promoting tumor suppres-
sion by inducing intercellular immune responses [36].
To further validate the role of cLipG/CuET in amplify-
ing the anti-tumor immunity, T cell infiltration in mouse
tumor tissue was detected by flow cytometry. The com-
bination of cLipG/CuET and oCTLA-4 significantly
increased the infiltration rate of CD8" T cells (Fig. 7G)
and the proportion of CD86* M1-TAMs, concomitant
with a marked decrease in CD206* M2-TAMs, compared
to other treatment modalities (Fig. 7H, I). Immunofluo-
rescence staining of tumor tissue consistently revealed
an increased proportion of M1 cell markers (CD86, red)
and a decreased proportion of M2 cell markers (CD206,
green) in CCA mice co-treated with cLipG/CuET and
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Fig. 7 In vivo Anti-tumor Effects of cLipG/CUET in Combination with aCTLA-4. A A scheme of CCA mice with the treatment strategy. B Representative
liver sections of CCA mice, scale bar =100 um. C Changes in mouse body weight during the experiment period. D Measurement and analysis of the liver-
to-body weight ratio. E Representative H&E, Ki67, TUNEL, and CK19 staining images of mouse liver sections, scale bar =100 pm. F A semi-quantitative
analysis of the fluorescence intensities of TUNEL-positive and CK19-positive areas. G Measurements of CD8* T cells (CD45*CD4*CD8") in tumor samples
from treated mice by flow cytometry. H Measurements of M1-TAMs (F4/80*CD86") in tumor samples from treated mice by flow cytometry. I Flow cy-
tometry was employed to analyze M2-TAMs (F4/807CD206%) in tumor samples from treated mice by flow cytometry. J Fluorescence images of M1-TAMs
(F4/807CD86") and M2-TAMs (F4/80*CD206") in treated mouse tumor samples. K Measurements of cDC cells (CD11c"MHC-II*) in tumor samples from
treated mice by flow cytometry. L Measurements of TH1 cells (CD4*IFN-y*) in tumor samples from treated mice by flow cytometry. M Detection of IFN-{,
IL-6, TNF-a levels released from mouse serum by ELISA. One-way ANOVA was conducted (SD, n=3). *P<0.05, **P<0.01, and ***P < 0.001
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aCTLA-4 (Fig. 7]). Additionally, we performed flow
cytometry analysis on tumor tissues from STING knock-
out (KO) mice. The results demonstrated no significant
differences in the infiltration of M1-TAMs, M2-TAMs,
CD4" T cells, or CD8* T cells between STING KO mice
and PBS-treated controls following drug administration
(Fig. S1G, H, I). These findings further validate the con-
sistency of our experimental data.

Moreover, cLipG/CuET + aCTLA-4 combination ther-
apy significantly enhanced the abundances of T helper 1
(TH1) cells (cDCs) (Fig. 7K) and conventional dendritic
cells (Fig. 7L), while concurrently elevating the serum lev-
els of key pro-inflammatory cytokines, including IFN-,
IL-6, and TNF-a in treated mice (Fig. 7M). In summary,
these findings strongly support the potent protective
effect of cLipG/CuET against the progression of ICC by
reshaping the immunosuppressive TME.

Discussion

ICC has an incidence that has kept rising annually, and
few patients can survive for more than 12 months [37].
Additionally, ICC is marked by a fibrous extracellular
matrix and a hypovascular stroma, encompassing both
non-immune cells, such as cancer-associated fibroblasts
and tumor-associated macrophages, alongside immune
cells [3]. These structural characteristics refrain thera-
peutic agents from reaping optimal outcomes. Research
has indicated that the progression of cholangiocarcinoma
is linked to mitochondrial dysfunction [38]. Here, we
provided a new composite that can target mitochondria
to trigger the cGAS/STING pathway, thereby enhancing
the innate immune response to improve the outcome of
immunotherapy.

Tsvetkov et al. revealed in 2022 that copper toxic-
ity disrupts specific mitochondrial metabolic enzymes,
leading to an atypical cell death termed cuproptosis
[13]. This mechanism has garnered significant inter-
est within the research community. Our prior studies
have demonstrated that copper ions can induce severe
mitochondrial damage within cholangiocarcinoma can-
cer cells [39]. Thus, in this study, we synthesized a novel
type of nanoliposome, namely cLipG/CuET, and vali-
dated its anti-cancer property against ICC by targeting
tumor mitochondria, promoting tumor cell apoptosis,
and enhancing immunotherapy through a mitochondrial
copper-dependent cell death process. In these nanolipo-
somes, CTPP successfully reaches the mitochondria of
ICC cells, and GA further causes mitochondrial dam-
age by inducing the opening of the MPTP, during which
mtDNA fragments are released to activate the cGAS/
STING signaling pathway in macrophages, enhance the
innate immunity and repolarize TAMs, thereby reversing
the immunosuppressive TME. In summary, cLipG/CuET
can activate systemic anti-tumor immunity in ICC both
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in vitro and in vivo. Strikingly, the combination of cLipG/
CuET significantly augmented the therapeutic efficacy
of aCTLA-4 against ICC, providing a new strategy for
implementing immunotherapy.

Materials and methods

Materials

18B-Glycyrrhetinic acid (GA), with a molecular weight
(MW) of 470.68Da, Copper (II) Diethyldithiocarbamate
(CuET), with a molecular weight (MW) of 360.07Da,
Ethyl-3-(3 -dimethylaminopropyl) carbodiimide (EDC),
1-Hydroxy-5-pyrrolidinedione  (NHS), octadecylam-
ine (ODA), and (4-Carboxybutyl) triphenylphospho-
nium bromide (CTPP) were all purchased from Aladdin
Reagent Database Inc (Shanghai, China). Dimethyl sulf-
oxide (DMSO) was purchased from Sigma Reagent. The
egg yolk lecithin was purchased from Avida (Shanghai)
Pharmaceutical Technology Co., Ltd. (Shanghai, China).

Cell lines and cell culture

HuCCT1 cells (JCRB, Osaka, Japan) were cultured in
RPMI-1640 (Invitrogen, Waltham, MA, USA) medium.
All cells were maintained under optimal conditions at
37 °C with 5% CO, and cultured in a medium supple-
mented with 10%-20% fetal bovine serum (FBS, Bio-
logical Industries, Cromwell, CT, USA), along with
antibiotics including 100 U/mL penicillin (Invitrogen)
and 100 U/mL streptomycin (Invitrogen).

Synthesis of CTPP-ODA

In this step, 0.100 g of CTPP (carboxylated tripoly-
phosphate), 0.080 mg of EDC (1-Ethyl-3-(3-dimeth-
ylaminopropyl) carbodiimide), 0.100 mg of NHS
(N-hydroxysuccinimide) and 0.053 g of ODA (octadecy-
lamine) were mixed with 20 mL of ethanol. The mixture
was then left to react overnight under reflux condensa-
tion at 60 °C, and then water dialysis for three days using
a dialysis bag (Mw=7 kDa, Shanghai Yuanye Biotechnol-
ogy Co., LTD.). The resulting solution was centrifuged
at 12,000 rpm for 30 min, followed by freeze-drying to
obtain CTPP-ODA. The structure of CTPP-ODA was
confirmed using a 'H NMR spectrometer (AC-80, Bruker
Biospin, Germany).

Preparation of cLipG/CuET

The nanoagent cLipG/CuET was fabricated utilizing an
ethanol injection method. Firstly, a lipid mixture con-
taining lecithin (10 mg), CTPP-ODA (0.5 mg), CuET
(0.5 mg), and GA (1.2 mg) was dissolved in 1 ml of anhy-
drous ethanol and sonicated for 10 min to ensure com-
plete dissolution. Subsequently, the ethanol mixture was
injected into 9 ml of rapidly stirring phosphate-buft-
ered saline (PBS) at a constant rate. The solution was
then centrifuged at 4000 rpm for 15 min to eliminate
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unencapsulated drugs or aggregated particles. The super-
natant was sterile-filtered (0.45 pm) for cellular and ani-
mal experiments and stored at 4 °C. cLipG, cLipo/CuET,
and fluorescently labeled nanoparticles were synthesized
using the same methodology.

Physicochemical characterization

After synthesis, the nano reagents were diluted 10 times
with either phosphate-buffered saline (PBS) or pure
water. Particle size and zeta potential were then measured
using dynamic light scattering (DLS) and electrophoretic
light scattering (ELS), respectively, with a Zetasizer Nano
instrument from Malvern Instruments, Malvern.

In vitro drug release

Using free GA or CuET as control groups, the release
of GA or CuET from the lipid-based nanocarriers was
investigated in PBS (pH 7.4, 37 °C) using an orbital
shaker. The nanomedicines were placed in dialysis bags
(Mw =14 kDa), which were then securely clamped and
incubated in 30 mL of PBS within 50 mL centrifuge tubes.
At various time intervals, 1 mL of aliquots of the solution
within the tubes was collected, replaced with fresh PBS,
and quantified using a UV-Vis spectrophotometer at spe-
cific wavelengths.

Cellular uptake

The nanoformulation cLipG/C6 was successfully pre-
pared using the ethanol injection method. A lipid mix-
ture containing lecithin (10 mg), CTPP-ODA (0.5 mg),
coumarin 6 (C6) (0.5 mg), and GA (1.2 mg) was dissolved
in 1 ml of absolute ethanol and sonicated for 10 min to
ensure complete dissolution. This ethanolic mixture was
then injected at a constant rate into 9 ml of rapidly stir-
ring PBS. The solution was centrifuged at 4000 rpm for
15 min to remove any unencapsulated drug or aggregated
particles, and the supernatant was collected. Using the
same method but without adding GA or CTPP-ODA,
the fluorescence intensity of the obtained liposomes was
measured using a microplate reader (Bio-Rad, Harkles,
CA, USA).

To evaluate the uptake of C6 by HuCCT1 cells, every
5x 10° cells were seeded per well in a 6-well plate (Corn-
ing, USA). After 24 h of incubation to allow cell attach-
ment, the cells were divided into four groups: C6, Lipo/
C6, cLipo/C6, and cLipG/C6 (with a drug concentration
of 2 pg/ml). After administration, the cells were incu-
bated for 6 h in the dark, and washed three times with
PBS. Fluorescence images were captured using a fluo-
rescence microscope. The fluorescence intensity was
quantitatively measured using a BD FACS Canto II flow
cytometer (BD Biosciences, CA).
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Mitochondrial colocalization

Cells were seeded on coverslips and allowed to adhere,
followed by treatment with C6-liposomes for 24 h. Sub-
sequently, the cells were fixed with 4% paraformalde-
hyde, permeabilized with 0.2% Triton X-100, and blocked
with 5% BSA for 30 min. After blocking, the cells were
incubated with a primary antibody against TOM20
(ABclonal, Shanghai, China), a mitochondrial marker, at
room temperature for 1 h, followed by three rounds of
washing with PBS. A red fluorescent dye-conjugated sec-
ondary antibody was then applied and incubated for one
additional hour. Nuclei were counterstained with DAPI
(Beyotime, China). Finally, samples were visualized under
a confocal microscope.

Copper uptake

HuCCT1 cells in the logarithmic growth phase were
seeded into a 6-well plate (Corning, USA) at a density of
1x10* cells per well. After 24 h of adherence, the cells
were treated with cLipG, cLipo/CuET, cLipG/CuET at
various concentrations, and PBS as a negative control
for 24 h. Subsequently, the copper content in the cells or
mitochondria isolated using a mitochondria isolation Kit
(Beyotime, Shanghai, China) was determined using a kit
from Solabio (Beijing, China). The data were then pre-
sented in a bar graph using GraphPad Prism 10.

CCKa8 viability assay

HuCCT1 cells in the logarithmic growth phase were
seeded onto 96-well plates (Corning, USA) at a density of
5x10° cells per well. After 24 h, the preparation at vary-
ing concentrations was added to the wells, and the cells
were further incubated for 24 h in a complete culture
medium supplemented with FBS. Culture medium was
then replaced with 10 pL of Cell Count Kit-8 (CCK 8,
Abbkine Scientific Co., Ltd, Wuhan, China) solution and
90 uL of 1640 basal culture medium. The plates were then
incubated for an additional two hours, and the optical
density (OD) value of each well was measured at 450 nm
using a microplate reader (Bio-Rad, Harkles, CA, USA).
Cell viability was calculated using the formula: Cell via-
bility (%) = (ODp - ODb)/(ODc - ODb) x 100%, where
ODp represents the OD of the experimental group, ODb
is the OD of the cell-free blank group, and ODc is the OD
of the group composed of cells treated with blank culture
medium. These procedures were repeated in triplicate,
and the results were analyzed using GraphPad Prism 10.

Colony formation assay

HuCCT1 cells were seeded into 6-well plates (Corning,
USA) at a density of 1x 10° cells per well. After 24 h, the
HuCCT1 cells were treated with different concentra-
tions of cLipG, cLipo/CuET, cLipG/CuET, and PBS (as a
negative control) for 24 h. Drug-free complete medium
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(containing 10% FBS) was replaced and allowed for an
additional eight days of cell culture. Photographs of the
colony formation assay were taken, and the number of
colonies within the field of view for each treatment group
was counted. The data were then presented in a bar graph
using GraphPad Prism 10.

Apoptosis assay

HuCCT1 cells were seeded into a 6-well plate (Corn-
ing, USA) at a density of 1 x 105 cells per well. Following
24 h of adherence, the cells were treated with liposomes
and PBS as a negative control for 24 h. After treat-
ment, cell apoptosis was conducted using the Annexin
V-FITC Apoptosis Detection Kit (Beyotime, Shanghai,
China). The culture medium was removed, and the cells
were washed with PBS, collected after trypsin digestion,
and centrifuged. Then, the Annexin V-FITC/PI mixture
(comprising of Annexin V (5 pL), Propidium lodide (PI)
(10 pL), and binding buffer (100 pL)) was added, and the
cells were incubated in the dark at 37°C for 15 min. The
cells were then filtered and analyzed using a BD FACS
Canto II Flow Cytometer (BD Biosciences, CA). The per-
centage of Annexin V-positive cells (early apoptosis) plus
Annexin V/PI double-positive cells (late apoptosis) was
calculated as the apoptosis rate. Bar graphs were gener-
ated using GraphPad Prism 10.

Western blotting

Tissues and cells were lysed in a complete lysis buffer
consisting of RIPA lysis buffer (Biosharp), a mixture of
protease and phosphatase inhibitors (Roche Diagnostics
GmbH, Mannheim, Germany), and phenylmethylsulfo-
nyl fluoride (PMSF) (Biosharp, Hefei, China), for 30 min
on ice. Subsequently, the protein content was quanti-
fied using a BCA Protein Assay Kit (Beyotime, Shanghai,
China).

Equal amounts of protein were loaded onto 10% or 12%
protein gels (TGX Stain-Free FastCast Acrylamide Kit,
Bio-Rad Laboratories) and separated by non-reducing
SDS-PAGE in Tris-Glycine SDS running buffer. The pro-
teins were transferred onto Immobilon-P PVDF mem-
branes (Millipore) via wet blotting. After incubation with
primary antibodies, the bands were detected using a che-
miluminescence imaging system (Tanon 5200).

Detection of ATP release

After the adherent cells were challenged with liposomes
for 24 h, the ATP concentration in the treated tumor
cells or the supernatant was measured according to the
method of the ATP Assay Kit (Beyotime, China).

Measurement of mitochondrial membrane potential
After the adherent cells were challenged with liposomes
for 24 h, the cells were collected and stained with the
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JC-1 fluorescent probe using the Enhanced Mitochon-
drial Membrane Potential Detection Kit (JC-1) (Beyo-
time, China) for 20 min. Subsequently, images were
captured using a fluorescence microscope, and the fluo-
rescence intensity of each sample was quantified via flow
cytometry.

MPTP opening assay

After the adherent cells were challenged with liposomes
for 24 h, the cells were collected, and the degree of MPTP
opening was evaluated using an MPTP Detection Kit
(Beyotime, China). The cells were then stained with Cal-
cein-AM and CoCl, solution for 40 min, and images were
captured using a fluorescence microscope.

Intracellular ROS measurement

After the adherent cells were challenged with liposomes
for 24 h, the cells were collected and stained with ROS
reactive agent (DCFH-DA, 10 puM) using the Reac-
tive Oxygen Species Assay Kit (Beyotime, China). Sub-
sequently, images were captured using a fluorescence
microscope, and the fluorescence intensity of each sam-
ple was quantified via flow cytometry.

qRT-PCR
RNA was extracted from the treated cells using TRIzol
(Invitrogen, America) and dissolved in RNase-free
ddH,O. RNA transcription was repeated using the Super-
Mix First-Strand Synthesis System (Vazyme, China). The
resulting cDNA was subjected to qRT-PCR using ChamQ
SYBR Color qPCR Master Mix (Vazyme, China). The lev-
els of obtained mRNAs were analyzed using the 27-AACt
method for data interpretation.

Quantification of MtDNA in cytosolic extracts

The processed cells were collected and divided into two
equal portions. One portion was resuspended in 500 pL
of 50 mM HEPES buffer (pH=7.4) containing 150 mM
NaCl and 20 pg/mL digitonin. This suspension was incu-
bated for 15 min to allow selective plasma membrane
permeabilization, followed by centrifugation at 17,000 g
for 10 min, yielding a cytoplasmic fraction devoid of
nuclei, mitochondria, and endoplasmic reticulum. The
second portion remained untreated.

DNA was extracted from both groups using the
TIANamp Genomic DNA Kit (TTANGEN, China). Sub-
sequently, qPCR was performed on whole-cell extracts
and the cytoplasmic fractions using nuclear DNA prim-
ers and mtDNA primers. The Ct value obtained for the
mtDNA abundance in the whole-cell extracts served as a
normalization control for the mtDNA values in the cyto-
plasmic fractions.
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Fluorescence image of MtDNA

Cells were seeded on coverslips and allowed to adhere
before being treated with liposomes for 24 h. Subse-
quently, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.2% Triton X-100, and blocked
with 5% BSA for 30 min. After blocking, the cells were
incubated with primary antibodies against TOM20 and
TFAM at room temperature for 1 h, followed by three
rounds of washing with PBS. Secondary antibodies con-
jugated with green and red fluorescent dyes were added
and incubated for one additional hour. Nuclei were coun-
terstained with DAPI (Beyotime, China). Finally, the sam-
ples were observed under a confocal microscope.

Activation of cGAS-STING signaling

After the tumor cells adhered to the wall, they were
treated with liposomes for 12 h. Subsequently, all treat-
ments were removed, and macrophages were added to
the upper chamber for co-incubation for 24 h. The mac-
rophage proteins were then extracted and analyzed using
Western blotting. The cell supernatants were collected
and subjected to an ELISA kit to detect the production
of cGAMP.

Polarization of macrophages

After the tumor cells have adhered to the substrate, they
are treated with liposomes for 12 h. Following this, all
treatments were removed, and macrophages were added
to the upper chamber for co-incubation for an additional
24 h. Subsequently, the macrophages were collected for
qRT-PCR analysis. The levels of obtained mRNAs were
then quantitatively analyzed using the 274" method.
Additionally, after staining the treated macrophages
with antibodies against CD86 and CD206, the polariza-
tion of M1 and M2 macrophages was assessed using flow
cytometry.

Detection of immunogenic cell death

The HMGB1 promoter fragment was amplified using
PCR, and after confirming its correct sequence, it is
cloned into the luciferase reporter gene expression vec-
tor pGL3. The resulting recombinant plasmid, pGL3-
HMGBI1P, was then transfected into tumor cells.
Following a 24-hour treatment with liposomes, the
supernatant was collected and combined with the lucif-
erin, and the bioluminescent signal was immediately
detected using a luminometer.

Animal models

Male C57BL/6] mice, weighing 20-22 g and aged 6-7
weeks (GemPharmatech, China), were maintained in a
specific pathogen-free (SPF) environment. Each mouse
was injected with 25 pg of KRASS'?P and 10 pg of sgP19
plasmids, along with Sleeping Beauty (SB) transposase,
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via hydrodynamic injection into the tail vein to establish
a CCA model.

In vivo distribution of cLipG

After establishing the CCA mouse model, Lipo, cLipo,
and cLipG were labeled with IR780. Subsequently, 200 pl
of IR780, Lipo/IR780, cLipo/IR780, and cLipG/IR780
solutions were injected into the mouse tail veins, respec-
tively. Using an in vivo imaging system (IVIS Lumina
XR, Caliper, USA), the mice were imaged at specific time
points to observe the drug distribution based on the
fluorescence intensity of IR780. At post-injection 24 h,
various organs of the mice were dissected and imaged to
visualize drug distribution.

In vivo anti-cancer efficacy

The CCA mouse model was employed to evaluate the
anti-cancer activity of cLipG/CuET and its synergistic
effect with aCTLA-4. The CCA model mice were ran-
domly divided into four groups: normal control (saline),
cLipG/CuET monotherapy, aCTLA-4 monotherapy, and
combined treatment with cLipG/CuET and oCTLA-
4. For the cLipG/CuET treatment, a tail vein injection
was administered every two days, while «CTLA-4 was
administered via intraperitoneal injection three times
per week. The mice’ body weights in each group were
recorded throughout the treatment period. After 21 days,
the mice were sacrificed, and their liver weights and anti-
tumor effects were observed. The excised tumor masses
were fixed in 4% paraformaldehyde solution for subse-
quent H&E staining and IHF staining analysis.

To assess the biosafety of cLipG/CuET, aCTLA-4, and
their combination, blood samples and vital organs (lung,
kidney, heart, and spleen) were collected from the mice
at 21 days after treatment. Serum biochemical analysis
was performed to evaluate potential systemic effects.
Additionally, the harvested organs were subjected to
H&E staining for histological examination to assess tissue
damage or abnormalities.

Anti-cancer immune responses

To assess the infiltration of immune cells, we collected
livers from mice in different groups at the observation
endpoint and cut them into small pieces. Subsequently,
these samples were incubated in 2 mL of solution con-
taining 500 pg/mL collagenase IV (Invitrogen), 100 pg/
mL hyaluronidase, and 20 U/mL DNase (Macklin) at
37 °C for 30 min. After filtration through a 100-mesh
sieve, single-cell suspension was prepared. Next, mac-
rophages were labeled using anti-mouse CD45, CD11b,
F4/80, CD86, and CD206 antibodies; CD8* T cells were
labeled with anti-mouse CD3, CD4, and CDS8 antibodies;
c¢DC cells were labeled with anti-mouse CD45, CD11b,
CD11c, and MHC-II antibodies; TH1 cells were labeled
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with anti-mouse CD45, CD3, CD4, and IFN-y antibodies
(BioLegend, USA). Following cell staining, we conducted
flow cytometry analysis.

Statistical analysis

Data were presented as mean + standard deviation (SD)
of data from at least three independent experiments.
Significant differences between means were assessed via
analysis of variance (ANOVA) using GraphPad Prism
Version 6. *P<0.05, **P<0.01, and ***P<0.001.
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