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Dual-Responsive Nanoreactor Initiates In Situ Generation of
Copper Complex for Paraptosis-Mediated Tumor
Chemo-Immunotherapy

Mei-Ting Niu, Qian-Ru Li, Qian-Xiao Huang, Lin-Meng Liu, You-Teng Qin, Chao-Yan Wu,
Si-Xue Cheng, and Xian-Zheng Zhang*

- . . 1. Introduction
Paraptosis is a non-apoptotic and caspase-independent programmed cell

death that can trigger immunogenic cell death (ICD) in tumor cells,
representing a potent tactic to overcome immune tolerance to apoptosis.

Immunotherapy offers promising alterna-
tives or complementary options to tradi-
tional chemotherapy. However, chemother-

Here, this study demonstrates the construction of a dual-responsive
nanoreactor (MCGDH) to achieve paraptosis-mediated ICD for
chemo-immunotherapy. Specifically, by doping Cu?* into glutathione
(GSH)-responsive dendritic mesoporous silica nanoparticles, the platform
(CGDMSN) is endowed with partial acid-sensitivity. After loaded with
8-hydroxyquinoline (8-HQ), cell membrane fragments are coated onto the
ammoniated CGDMSN surface to construct MCGDH. Upon internalization by
tumor cells, the release of Cu?* and 8-HQ from MCGDH in response to the
acidic pH and high concentration of GSH in the tumor microenvironment
stimulates in situ generation of Cu(8-HQ),, inducing tumor cells paraptosis at
a low copper dose. Moreover, MCGDH-mediated paraptosis amplifies the

apy continues to be the first-line treatment
for the most malignant tumors in clinical
practice.l'l Unfortunately, the mechanism
of routine chemotherapeutics often in-
volves apoptotic pathway, which commonly
leads to immune tolerance in tumor cells,?]
thus limiting the further development of
anti-tumor chemo-immunotherapy. In
recent years, researchers have increasingly
focused on non-apoptotic regulated cell
deaths, which may be a key manager to
improve the immunogenicity of tumor

immunogenicity of tumor cells, facilitating antigen presentation to dendritic
cells and activating CD8* /CD4" T cells immune responses. Furthermore, the
combination of MCGDH and anti-PD-1 antibodies (aPD-1) promotes the
systemic anti-tumor immune responses and long-term immunological effect
to vastly inhibit the primary/distant tumor growth and prevent tumor
metastasis. This GSH/pH dual-responsive nanoreactor serves as a selective
platform for accelerating the development of chemo-immunotherapy.
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cells for amplified immune responses.!?>>!
Paraptosis is a type of non-apoptotic and
caspase-independent programmed cell
death, whose morphological features are
extensive cytoplasmic vacuolation and
mitochondrial/endoplasmic reticulum
(ER) swelling.[*l 1t relies on de novo pro-
tein synthesis and is characterized by
ER stress and reactive oxygen species
(ROS) production,®! which are the crucial
approaches for the induction of immuno-
genic cell death (ICD),[® reasoning that
paraptosis-triggered ICD could serve as
an effective anti-tumor immunotherapy booster.’”] More impor-
tantly, the immune responsiveness of T cells mediated by ICD en-
hances the clinical response rate effectiveness of immune check-
point blockade (ICB) therapy.[®] Recently, some metal-based com-
plexes, such as iridium (Ir)-/ruthenium (Ru)-/copper (Cu)-based
complexes have been reported to eliminate tumor cells through
the paraptosis pathway.°]

Cu is a vital trace element for all living organisms, and par-
ticipates in various biological pathways.l'% It has been utilized
to inhibit tumor growth via cell apoptosis, cuproptosis or para-
ptosis by disrupting Cu homeostasis in tumor cells.*>!] How-
ever, the development of Cu-based metallodrugs is significantly
hindered by the systemic toxicity caused by excessive exogenous
copper.l'?] Therefore, it is imperative to investigate the utiliza-
tion of low-dose copper for achieving potent eradication of tumor
cells. As a promising novel drug candidate for anti-tumor therapy,
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Scheme 1. Schematic illustration of MCGDH-mediated paraptosis for chemo-immunotherapy. a) Preparation process of MCGDH. b) Mechanism of
immunogenic cells death via paraptosis pathway caused by MCGDH and subsequent series of active immune responses.

8-Hydroxyquinoline (8-HQ) exhibits a strong affinity for Cu?*,
and can form the complex Cu(8-HQ),, which has been shown
to induce tumor cell death through the paraptosis pathway.!!3]
Besides, Cu(8-HQ), exhibits a superior cytotoxic effect against
various tumor cells (Figure S1, Supporting Information), indi-
cating the remarkable efficacy of lower-dose copper in eradi-
cating tumor cells. However, the further application of Cu(8-
HQ), has been restricted due to its low target selectivity to tu-
mor cells during administration. Fortunately, the employment of
nanomedicine for in situ synthesis of Cu(8-HQ), in the tumor
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microenvironment (IME) holds great promise for precise anti-
tumor therapy.['*]

Here, a Cu-based nanoreactor has been developed to induce
tumor cell paraptosis, which is promising to trigger superior im-
munogenic cell death (ICD) and anti-tumor immune response
(Scheme 1). Cu** is doped into dendritic glutathione (GSH)-
responsive dendritic mesoporous silica nanoparticles (desig-
nated as CGDMSN) via Cu—O bond, preventing Cu?* leak-
age during delivery and endowing the nanoparticle with partial
acid-sensitivity to expedite the biodegradation of the -Si-O-Si-
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framework under acidic condition.[**] Besides, the disintegration
process consumes antioxidative GSH to some extent, which has
been reported to contribute to improve anti-tumor effect.!'®] After
loaded with 8-HQ, the nanoplatform is coated with 4T1 tumor
cell membrane fragments (CMs) to obtain the dual-responsive
Cu-based nanoreactor (designated as MCGDH) for fantastic tu-
mor homologous targeting ability and biocompatibility.'”] When
internalized by 4T1 tumor cells, Cu?* and 8-HQ will be released
with MCGDH decomposition, and then a preferential coordina-
tion reaction of them is performed for in situ production of para-
ptosis inducer Cu(8-HQ),."8! Subsequently, paraptosis-mediated
ICD releases abundant molecular patterns (DAMPs) and tumor
associated antigens (TAAs) to promote the maturation of den-
dritic cells (DCs) and the activation of the CD8"/CD4* T cells.[*"!
Furthermore, the in vivo studies validated that the combination
of MCGDH and immune checkpoint inhibitor anti-PD-1 anti-
bodies (¢PD-1) encouraged the systemic anti-tumor immune re-
sponses and long-term immunological effects to inhibit the pri-
mary/distant tumors and avoid tumor metastasis. In summary,
this dual-responsive nanoreactor provides a promising strat-
egy for accelerating the development of chemo-immunotherapy
through paraptosis pathways.

2. Results and Discussion

2.1. Synthesis and Characterization of Nanoparticles

The synthesis process of MCGDH is presented in Scheme 1a.
CGDMSN was prepared by a modified hydrothermal synthesis
approach.?%! The nitrogen adsorption/desorption isotherm and
corresponding pore size distribution verified the large specific
surface area and mesoporous size (477.6 m* g~!, 6.6 nm) of
CGDMSN (Figure S2, Supporting Information), validating its po-
tential as an excellent drug carrier. Then the amino groups on
the surface of CGDMSN were modified through NH,-PEG,,-
Silane (designated as CGDMSN-NH,) to facilitate the camou-
flage of CMs. After surface amination, 8-HQ was loaded into
CGDMSN-NH, to obtain CGDH-NH,. And MCGDH was syn-
thesized by coating CMs onto CGDMSN-NH, through electro-
static interactions and physical extrusion. The loading of 8-HQ
into CGDMSN was denoted as CGDH, with the 8-HQ loading
amounts in CGDH and MCGDH being ~12.81 + 1.06% and
9.98 + 1.32%, respectively (Figure S3, Supporting Information).
Transmission electron microscopy (TEM) images depicted the
dendritic and spherical morphology of CGDH, with a diameter
of ~#105 nm. Upon assembly into MCGDH, the size kept almost
the same, but the dendritic morphology became obscured due to
the coating of CMs on the surface (Figure 1a,b). The hydrody-
namic diameters of CGDMSN, CGDH-NH, and MCGDH were
found to be roughly 234.7, 292.2, 293.6 nm with the polydisper-
sity index (PDI) of 0.115, 0.144, 0.139, respectively, based on the
dynamic light scattering (DLS) data. This was caused by the ex-
tended PEG chains on the surface of CGDH-NH, and the pres-
ence of CMs coating on MCGDH (Figure 1c). The zeta potential
changed from —36.5 to + 9.7 to —22.7 mV, indicating the success-
ful modification of amino groups on CGDMSN and the coating
of CMs (Figure 1d). Data of hydrodynamic diameter, PDI and zeta
potential were monitored within 7 days, which verified the stabil-
ity of MCGDH (Figure 1i; Figure S4, Supporting Information).
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The energy dispersive X-ray (EDX) spectra exhibited the pres-
ence of Si, O, S, Cu in CGDH and Si, O, S, Cu, P in MCGDH
(Figure 1le,f). Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) demonstrated that the CMs proteins
were intactly remained in MCGDH (Figure 1g). Confocal laser
scanning microscopy (CLSM) images demonstrated a complete
overlap of the green fluorescence labeled on CMs (designated
as CMs-FITC) and the red fluorescence linked to CGDMSN-
NH, (designated as CGD-CyS5.5) outside the cell nuclei, revealing
MCGDH could maintain integrated structure after being inter-
nalized by 4T1 cells (Figure 1h). Subsequently, the biodegrada-
tion of MCGDH by GSH and acid in vitro was studied. As shown
in Figure 1j, after 72 h, the morphology of MCGDH was essen-
tially intact at pH 7.4 without GSH but was partially damaged
in the presence of 10 mm GSH or under acidic environment
(pH 5.5). While the morphology of MCGDH was nearly com-
pletely disintegrated in the imitative intracellular microenviron-
ment (GSH 10 mum, pH 5.5). In addition, the released behavior of
Cu?* (Figure S5, Supporting Information) and 8-HQ (Figure 1k)
from MCGDH were consistent with the degradation behavior of
MCGDH.

Then, CMs-coated dendritic mesoporous silica loaded with
8-HQ (abbreviated as MDH) and CMs-coated and glutathione-
depleted dendritic mesoporous silica loaded with 8-HQ (abbre-
viated as MGDH) were synthesized as control groups for subse-
quent studies. In contrast with the dark green color of CGDMSN,
dendritic mesoporous silica (abbreviated as DMSN) nanoparti-
cles and glutathione-depleted dendritic mesoporous silica (abbre-
viated as GDMSN) nanoparticles appeared as milk-white when
dispersed in water (Figure S6, Supporting Information). TEM
images showed both DMSN and GDMSN exhibited a dendritic
and spherical morphology, with diameters of ~#200 and 115 nm,
respectively (Figure S7a,b, Supporting Information). The Si, O
elements of DMSN and Si, O and S of GDMSN were verified
by EDX spectrum (Figure S7c,d, Supporting Information). No-
tably, the dendritic morphology of CGDMSN was somewhat de-
ficient as compared with DMSN or GDMSNN as shown in TEM
images (Figure 1a; Figure S7a,b, Supporting Information). Com-
pared with CGDMSN (477.6 m? g1, 6.6 nm), the nitrogen ad-
sorption/desorption isotherm and corresponding pore size distri-
bution of DMSN (436.6 m? g~!, 15.0 nm) and GDMSN (428.8 m?
g1, 15.3 nm) exhibited smaller specific surface areas and larger
pore sizes (Figure S2, Supporting Information). X-ray powder
diffraction (XRD) patterns exhibited that the amorphous struc-
ture of DMSN and GDMSN was the same as that of CGDMSN
(Figure S8, Supporting Information). The hydrodynamic diame-
ters of DMSN, ammoniated dendritic mesoporous silica (DMSN-
NH,), MDH were measured to be ~281.0, 331.8, 336.6 nm, with
PDI of 0.080, 0.173, 0.102, respectively (Figure S9a, Support-
ing Information). For GDMSN, ammoniated and glutathione-
depleted dendritic mesoporous silica GDMSN-NH,, MGDH, the
hydrodynamic diameters were x225.4, 297.0, 300.7 nm, with
PDIs of 0.081, 0.117, 0.167, respectively (Figure S9c, Support-
ing Information). The zeta potentials of DMSN, DMSN-NH,,
MDH were —24.2, + 7.45 and —13.2 mV, respectively (Figure S9b,
Supporting Information), and the zeta potentials of GDMSN,
GDMSN-NH,, MGDH were —30.4, + 14.0, —17.6 mV, respec-
tively (Figure S9d, Supporting Information), indicating the suc-
cessful preparation of MDH and MGDH. The 8-HQ loading
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Figure 1. Characterization of CGDH and MCGDH. The TEM images of a) CGDH and b) MCGDH. Scale bar: 100 nm. c) The hydrodynamic diameters
and d) the zeta potentials of CGDH, CGDH-NH,, and MCGDH (n = 3). The EDX spectra of e) CGDH and f) MCGDH. g) SDS-PAGE protein assay
of MCGDH, CMs and CGDH. h) CLSM images of colocalization of MCGDH in 4T1 cells. Cell nucleus, CMs and CGDMSN-NH, were labeled with
Hoechst33342 (blue), DiO (green), and Cy5.5 (red), respectively. Scale bar 10 um. i) Evaluation of stability regarding hydrodynamic diameters and PDI.

j) The representative TEM images of MCGDH in different conditions. Scale bar: 100 nm. k) Cumulative release of 8-HQ from MCGDH incubated under
different conditions (n = 3). Data are represented as mean values + SD.
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amounts of MDH and MGDH were ~8.58 + 1.39% and 7.49 +
1.73%, respectively (Figure S3, Supporting Information).

2.2. In Vitro Validation of the Mechanism of MCGDH-Mediated
4T1 Tumor Cells Paraptosis

The uptake of MCGGH by 4T1 tumor cell were evaluated
by CLSM and flow cytometry (FCM) analysis. The green flu-
orescence intensity of fluoresceinisothiocyanate (FITC)-labeled
MCGDH was observably stronger than that of FITC-labeled
CGDH (Figure 2a—), displaying the enhanced endocytosis effi-
ciency due to the homologous targeting abilities of CMs. Since
the cleavage of S—S bond involves complex reactions associated
with GSH, the content of intracellular GSH was evaluated.?!]
Compared with 4T1 cells that treated with PBS or DMSN, the
GSH level in 4T1 cells decreased in a time-dependent manner af-
ter treatment with GDMSN or CGDMSN (Figure 2d). Afterwards,
the cytotoxicity of different nanoparticles in 4T1 tumor cells was
determined by MTT assay. DMSN showed negligible cytotoxic-
ity, while GDMSN and CGDMSN exhibited only 90% and 80%
cytotoxicity even at a concentration of 108 pg mL™!, respectively
(Figure 2e), suggesting that the sole depletion of intracellular
GSH Dby the oxidation of tetrasulfide bond and the incorporation
of Cu?* (16.0 um) in CGDMSN (108 pug mL™') were insufficient
to induce obvious tumor cell death. By the way, the content of
Cu’* in CGDMSN was determined based on the results obtained
from ICP-MS analysis (Table S1, Supporting Information). After
loaded with 8-HQ), the cytotoxicity of CGDH and MCGDH to 4T1
cells increased significantly with the increase of concentration,
but MDH and MGDH did not demonstrate the same cytotoxic
effect (Figure 2f), suggesting that the sole release of 8-HQ was
insufficient to induce effective cytotoxicity, while the simultane-
ous release of Cu’* and 8-HQ could trigger rapid cell death. To
verify whether the cytotoxicity of MCGDH to 4T1 cells was indeed
attributed to the in situ formation of Cu(8-HQ),, the cytotoxicity
of free Cu?* (equal to the copper content in MCGDH), MDH +
Cu?*, MGDH, CGDH and MCGDH was evaluated. As depicted
in Figure 2g, free Cu?* and MGDH did not demonstrate remark-
able cytotoxic effect, while the cytotoxicity of MDH + Cu®* to 4T1
cells increased significantly, though not as that pronounced as
CGDH and MCGDH, confirming that MCGDH, acting as a dual-
responsive nanoreactor, exerted a substantial cytotoxic effect on
4T1 cells at the low-dose of copper and 8-HQ through chelation
reactions. All these results collectively indicated that MCGDH
served as an effective platform for the eradication of tumor cells.

Afterwards, to confirm whether MCGDH induced 4T1 tumor
cells death through paraptosis, the morphological characteristics
of 4T1 cells after different treatments were observed through Bio-
TEM images. As depict in Figure 2h, the cytoplasm, ER and mi-
tochondria of 4T1 cells showed more obviously typical vacuoliza-
tion in the MDH + Cu?*, CGDH and MCGDH groups than the
other three groups. CLSM images of Mito-Tracker Green and ER-
Tracker Red further verified the certain vacuolization of mito-
chondria and ER (Figure 2i,j). These results supported that the
biodegradation-mediated in situ intracellular generation of Cu(8-
HQ), induced a paraptosis-like cell death. Then, the intracellu-
lar ROS level in 4T1 cells was assessed by DCFH-DA. The flu-
orescence signal of ROS was quite weak in control, Cu?* and
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MCGH groups. While the increasing trend in fluorescence sig-
nal of ROS in MDH + Cu**, CGDH and MCGDH groups was
attributed to the higher endocytosis efficiency and in situ gener-
ation of cytotoxic Cu(8-HQ), (Figure 3a). The CLSM images and
FCM analysis revealed a substantial increase in JC-1 monomers
and decrease in JC-1 aggregates of the MDH + Cu?**, CGDH
and MCGDH groups (Figure 3b—f), indicating that Cu(8-HQ),-
mediated paraptosis induced a decline in mitochondrial mem-
brane potential. Previous research has reported that paraptosis is
associated with ER stress caused by ubiquitin—proteasome path-
way inhibition.**??] The expression of the ER stress markers,
CHOP and GRP78, was evidently elevated in the groups form-
ing Cu(8-HQ), (Figure 3g). Besides, a significant accumulation
of ubiquitinated (Ub) proteins occurred in MDH + Cu’**, CGDH
and MCGDH groups (Figure 3h). Furthermore, the pretreatment
with the de novo translation inhibitor cycloheximide (CHX) at-
tenuated the cytotoxicity of MCGDH to 4T1 cells. While apoptosis
inhibitors (Z-VAD-FMK) and necroptosis inhibitors (necrostatin-
1) could not weaken MCGDH-induced cell death (Figure S10,
Supporting Information). Western blot (WB) analysis displayed
that there was no obvious cleavage of apoptosis-related caspased-
3 and poly ADP-ribose polymerase (PARP1), nor increase in
necroptosis-related kinases receptor-interacting protein 1 (RIP1)
and RIP3 in the MDH + Cu?*, CGDH and MCGDH groups in
comparation with the control group (Figure S11, Supporting In-
formation), implying that MCGDH-induced cell death was inde-
pendent of apoptosis or necroptosis. Based on the above, it could
be confirmed that MCGDH induces paraptosis in cells through
in situ intracellular complexation of Cu(8-HQ),, which mediated
a grievous oxidative stress and an extensive unfolded protein re-
sponse, ultimately resulting in extensive vacuolation.

2.3. In Vitro Evaluation of MCGDH-Mediated ICD and DCs
Maturation

To explored paraptosis-triggered ICD, the characteristic DAMPs,
including adenosine triphosphate (ATP) release, extracellular mi-
gration of high-mobility group box 1 protein (HMGB1) and sur-
face exposure of calreticulin (CRT), were detected. In detail, in
the MDH + Cu?*, CGDH, and MCGDH groups, the intracel-
lular ATP levels of 4T1 cells were decreased and the HMGB1
contents in the culture supernatant were increased significantly
(Figure 4a,b). FCM analysis and immunofluorescence staining
images demonstrated that exposure of CRT on cell membrane
surface was significantly higher in the MDH + Cu?*, CGDH,
and MCGDH groups compared to the other three groups, and
the CRT positive cells of the MCGDH group were 1.3-fold of
that of the MDH + Cu?* group (Figure 4c—e). These results
consistently suggested that MCGDH-mediated in situ intracellu-
lar generation of Cu(8-HQ), effectively induced the ICD in 4T1
cells. Subsequently, to mimic the in vivo effect of MCGDH on
DC maturation, bone-marrow-derived DCs (BMDCs) were co-
incubated with the treated 4T1 cells (Figure S12, Supporting In-
formation). The BMDCs without any treatment were used as
the blank group. The mature DCs (mDCs) in the control group
was 1.66-fold higher than the blank group. The percentages of
mDCs were 37.3%, 44.9%, 52.3%, 51.4%, and 57.3% in the Cu?*,
MGDH, MDH + Cu**, CGDH and MCGDH groups, respectively
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Figure 2. In vitro evaluation of MCGDH-mediated anti-tumor therapeutic effects and the morphological characteristics related to paraptosis. a) CLSM
images of 4T1 tumor cells treated with FITC labeled-CGDH and FITC labeled-MCGDH for different times. Scale bar: 20 um. b) Flow cytometry (FCM)
analysis of 4T1 tumor cells treated with FITC labeled-CGDH and FITC labeled-MCGDH for 4 h and c) the corresponding mean fluorescence intensity (n
=6). d) GSH content of 4T1 cells after incubation with DMSN, GDMSN and CGDMSN for 12 or 24 h (n = 3). e) Cell viability of 4T1 cells after treatment
with different concentrations of DMSN, GDMSN and CGDMSN for 24 h (n = 6). f) Cell viability of 4T1 cells after treatment with MDH, MGDH, CGDH
and MCGDH for 24 h (n = 6). g) Cell viability of 4T1 cells after treatment with Cu?*, MDH + Cu?**, MGDH, CGDH, and MCGDH for 24 h (n = 6).
The content of Cu?* in MDH + Cu?* group was equivalent to that in MCGDH, detected by ICP-MS. h) Bio-TEM images of the cross-section of 4T1
tumor cells after different treatments. Scale bar: 2 um (up), 0.8 um (down). CLSM images of 4T1 cells treated with virous treatments and subsequently
stained by i) Mito- Tracker Green and j) ER- Tracker Red. Scale bar: 5 um. Data are represented as mean values + SD. Significant difference was assessed
by one-way ANOVA. *p < 0.05, "p < 0.01, “*p < 0.001, “p < 0.0001, n.s. no significance.
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Figure 3. Study on MCGDH-mediated 4T1 tumor cells paraptosis. a) CLSM images of intracellular ROS levels after different treatments. Scale bar:
50 um b) Mitochondria membrane potential of 4T1 cells after different treatments, stained with JC-1. Scale bar: 50 um. c) Representative histograms
of J-monomer in 4T1 cells subjected to different treatments and d) corresponding quantitative fluorescence intensity analysis by FCM analysis (n =
3). e) Representative histograms of J-aggregates in 4T1 cells subjected to different treatments and f) corresponding quantitative fluorescence intensity
analysis by FCM analysis (n = 3). g) Western blotting analysis of the expression of CHOP, GRP78 and h) Ub proteins in 4T1 tumor cells following different
treatments. Data are represented as mean values + SD. Significant difference was assessed by one-way ANOVA. “p < 0.05, “p < 0.01, ““p < 0.001,
% p < 0.0001, n.s. no significance.
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Figure 4. Evaluation of paraptosis-evoked ICD and DCs maturation in vitro. a) Intracellular secretion of ATP and b) the release of HMGB1 from 4T1
cells after different treatments (n = 3). ) Quantitative analysis (n = 3) and d) corresponding representative flow cytometry plots of exposed CRT in 4T1
tumor cells. ) Immunofluorescence staining of CRT in 4T1 tumor cells subjected to various treatments. Scale bar: 200 um. f) Quantification of mature
DCs after various treatments (n = 3) and g) corresponding representative flow cytometry plots. Data are represented as mean values + SD. Significant
difference was assessed by one-way ANOVA. “p < 0.05, ““p < 0.01, “*p < 0.001, “*p < 0.0001, n.s. no significance.
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(Figure 4f,g), indicating that MCGDH effectively triggered ICD
and then enhanced the engulfment of TAAs by immature DCs
(imDCs). The function of mDCs was further evaluated via the de-
tection of cytokines in the supernatant of BMDCs after different
treatments. The level of interleukin 6 (IL-6), tumor necrosis factor
a (INF-a) and interferon-# (INF-p) in the MCGDH-treated group
increased significantly (Figure S13, Supporting Information), in-
dicating that MCGDH-mediated ICD effectively facilitated the
maturation of DCs, which thereby became a hopeful candidate
to provoke anti-tumor immune responses.

2.4. In Vivo Evaluation of MCGDH-Mediated Anti-Tumor Effects
and Immune Responses Mechanisms

To validate the potential of the dual-responsive nanoreactor in
vivo, the biocompatibility and biosafety of MCGDH were as-
sessed first. The hemolysis ratio of the MCGDH group was lower
than that of the CGDH group at the equivalent concentration
(Figure S14, Supporting Information), indicating that coating
CMs endowed these nanoreactors with enhanced blood compat-
ibility. Additionally, the blood biochemical and blood routine ex-
periments have verified that the peripheral blood cell indexes,
liver function-involved enzymes and kidney function-associated
biomarkers in each group were maintained in a stable range
(Figure S15, Supporting Information), proclaiming the thera-
peutic formulations had negligible acute systemic toxicity and
would not cause liver or renal function injury. Besides, H&E
staining assays revealed no significant morphological or patho-
logical changes in the main organs (heart, liver, spleen, lung,
and kidney) (Figure S16, Supporting Information), revealing low
side effects of these therapeutic formulations. As a consequence,
MCGDH can serves as a nanoplatform with friendly biosafety
and biocompatibility, providing possibility for subsequent in vivo
anti-tumor treatment.

Then, to explore the accumulation effect of MCGDH in tu-
mor sites, the fluorescence intensity was tracked after Cy5.5-
labeled M, CGD, Cy5.5-labeled M,,CGD and Cy5.5-labeled
CGDMSN (abbreviated as M,; CGD, Mp,CGD, CGD, respec-
tively) being intravenously injected into 4T1 tumor-bearing mice.
Small-animal living imaging and the corresponding quantita-
tive analysis revealed that the fluorescence intensity in the tu-
mor sites of the M,;;CGD group was higher than that of
the Mc,sCGD group and the CGD group at each time point
(Figure 5a,c), demonstrating the stronger accumulation effect of
M,1;CGD in 4T1 tumor-bearing mice. The ex vivo fluorescence
biodistribution of isolated tumors and the main organs further
demonstrated that M,; CGD had more dramatical accumulation
in tumor tissues than CGD or M1, CGD (Figure 5b; Figure S17,
Supporting Information). These results confirmed that the ho-
mologous targeting ability of MCGDH provided a driving force
for achieving accurate anti-tumor effects of the dual-responsive
nanoreactor.

Encouraged by the above research, the anti-tumor effect
evoked by MCGDH was assessed according to the timeline in
Figure 5d. Following the intravenous administration of these
therapeutic formulations, the mice were monitored for tumor
volume and body weight every other day. Compared with the con-
trol group, the tumor growth of the MDH + Cu?* group was
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suppressed barely, as the free copper ion failed to effectively tar-
get the tumor site. Whereas CGDH exhibited certain tumor sup-
pression, confirming in situ formation of Cu(8-HQ), triggered
the tumor cell death. Furthermore, MCGDH showed superior
anti-tumor efficacy compared to CGDH, attributed to the excel-
lent homologous targeting of the CMs on the surface of CGDH,
enabling a more efficient delivery of therapeutic agents to the
tumor tissue. (Figure 5e,f). Consistently, MCGDH substantially
extended the lifespan of tumor-bearing mice compared to the
other groups (Figure 5h). Moreover, H&E staining revealed no-
table nucleus condensation and necrotic damage in the MCGDH
group (Figure 5g). Besides, there was no significant change in
body weight observed in mice across all treatment groups (Figure
S18, Supporting Information), indicating that MCGDH did not
induce systemic toxicity during anti-tumor therapy.

Next, a series of experiments were implemented to revealed the
in vivo anti-tumor immune mechanism of the dual-responsive
nanoreactor. As depict in Figure 5i,j, the release of HMGB1 and
the surface exposure of CRT in tumor tissues of the MCGDH
group were more pronounced than the other groups, suggest-
ing that MCGDH-triggered paraptosis effectively induced the re-
lease of relevant DAMPs from 4T1 tumor cells in vivo. Addition-
ally, the level of mDCs clipped from tumor-draining lymph nodes
(TDLNs) in the MCGDH-treated group was ~2.18-fold, 1.46-fold,
1.64-fold, and 1.27-fold of control, MGDH, MDH + Cu’* and
CGDH groups, respectively, since DAMPs stimulated DCs to up-
take more antigen for the effective maturation (Figure 5k,m).
Subsequently, we verified the activation of tumor-infiltrating cy-
totoxic T lymphocytes (CTLs) (CD3*CD8" T cells) and helper T
cells (CD3*CD4" T cells) in the tumor tissues to evaluate the T
cells immune responses. FCM analysis revealed that the level of
CD3*CD8" T cells of the MCGDH group was 3.16-fold, 1.49-
fold, 1.81-fold, 1.26-fold of control, MGDH, MDH + Cu** and
CGDH groups, respectively. While the level of CD3*CD4* T cells
of MCGDH group was also apparently enhanced compared to the
other groups (Figure 51,n,p). To further evaluate the immune acti-
vation effect, cytokines like IL-6, TNF-a and interferon-y (INF-y)
in the serum of tumor-bearing mice following various treatments
were detected by the corresponding ELISA. Notably, the secretion
levels of IL-6 (Figure 50), TNF-a (Figure 5q) and INF-y (Figure 5t)
in the MCGDH group were the highest among all groups. These
encouraging results illustrated that MCGDH could evoke ICD to
promote the maturation of DCs and then stimulate T cell-related
immune responses for anti-tumor therapy.

2.5. Evaluation of MCGDH-Mediated Systemic Anti-Tumor
Responses and Anti-Tumor Metastasis Effect

Given the the decent immune responses and therapeutic effect
provoked by the enhanced immunogenicity of tumor cells medi-
ated by MCGDH, we further determined the synergistic tumor
suppression effect of MCGDH and aPD-1 in the 4T1 bilateral tu-
mor model (Figure 6a). Excitingly, the combination of MCGDH
and aPD-1 exhibited a more distinguished inhibition effect on
primary and distant tumor growth to compared to MCGDH or
aPD-1alone (Figure 6b—e). Consistently, MCGDH + «PD-1 fur-
ther prolonged the survial time of mice (Figure S19, Support-
ing Information). H&E staining analysis of primary and distant
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Figure 5. Evaluation MCGDH-mediated anti-tumor chemo-immunotherapy effects in 4T1-tumor bearing mice. a) In vivo fluorescence imaging of 4T1
tumor-bearing mice after intravenous injection of the nanoparticles labeled by Cy5.5. b) Ex vivo fluorescence biodistribution in main organs and tumors
after intravenous injection of various nanoparticles labeled by Cy5.5 for 72 h. 1: heart, 2: liver, 3: spleen, 4: lung, 5: kidney, 6: tumor. c) Quantitative
fluorescence intensity analysis of tumor sites at different time points after intravenous injection of various nanoparticles labeled by Cy5.5 (n = 3). d)
Schematic timeline of the therapeutic schedule of 4T1-tumor bearing mice. ) Tumor growth curves and corresponding f) tumor growth curves of each
mouse after intravenous injection of various therapeutic formulations (n = 5). g) H&E staining images of tumor tissues after different treatments.
Scale bar:50 pm. h) Survival rates of 4T1-tumor bearing mice after different treatments (n = 6). i) Quantitative analysis of HMGB1 and CRT in tumor
tissues following various treatments (n = 4) and corresponding j) immunofluorescence staining images. Scale bar: 50 um. Quantitative analysis of k)
mature DCs in tumor-draining lymph nodes and ) CD3*CD8* T cells in tumor tissues of mice after different treatments by FCM analysis (n = 4).
m) Representative flow cytometry plots of mature DCs in tumor draining lymph nodes of mice after different treatments. n) Quantitative analysis of
CD3*CD4* T cells in tumor tissues of mice after different treatments (n = 4). o) The secretion levels of IL-6 in the serum of tumor-bearing mice after
different treatments (n = 4). p) Representative flow cytometry plots of CD3*CD8*CD4™" T cells in tumor tissues of mice after different treatments. The
secretion levels of q) TNF-a and r) INF-y in the serum of tumor-bearing mice after different treatments (n = 4). Data are represented as mean values +

SD. Significant difference was assessed by one-way ANOVA. “p < 0.05, “p < 0.01, “p < 0.001, “**p < 0.0001, n.s. no significance.
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Figure 6. Evaluation of the enhanced systemic anti-tumor effect of MCGDH combined with PD-1 in 4T1 bilateral tumor model. a) Schematic timeline

of in vivo therapeutic schedule of 4T1 bilateral tumor model. b) Tumor growth curves of primary tumors and c) corresponding individual growth curves

of each mouse after intravenous injection of various therapeutic formulations (n = 6). d) Tumor growth curves of distant tumors and e) corresponding
individual growth curves of each mouse (n = 6). Quantitative analysis of f) mature DCs in tumor-draining lymph nodes, g) CD3*CD8™ T cells in primary

tumor tissues, h) CD3*CD4™" T cells in primary tumor tissues, i) CD3*CD8* T cells in distant tumor tissues, j) CD3*CD4* T cells in distant tumor, k) Tgy,

(CD8+CD44"CD62L") cells and I) Ty (CD8+CD44TCD62L") cells in spleens after different treatments by FCM analysis (n = 4). The secretion levels of

m) IL-6, n) TNF-a and o) INF-y in the serum of 4T1 bilateral tumor-bearing mice after different treatments (n = 4). Representative flow cytometry plots
of p) mature DCs in tumor draining lymph nodes, g) CD3*CD8* T cells and CD3*CD4* T cells in primary and distant tumor tissues, r) Tcy and Tgy
cells in spleens after different treatments. Data are represented as mean values + SD. Significant difference was assessed by one-way ANOVA. “p < 0.05,

*p < 0.01, "*p < 0.001, "**p < 0.0001, n.s. no si
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Figure 7. Evaluation of the anti-metastasis effect of MCGDH combined with aPD-1. a) Schematic timeline of the therapeutic profile for the metastatic
4T1 tumor model. b) Tumor growth curves of subcutaneous tumors and c) survival rates of mice after different treatments (n = 6). d) Quantitative
counting of metastatic lung nodes. €) Bioluminescence images of mice after the injection of 4T1-luc tumor cells at different periods. f) Photographs and
H&E staining of lung tissues after various - treatments. ‘Down: scale bar: 200 um. Data are represented as mean values + SD. Significant difference was

assessed by one-way ANOVA. “p < 0.05, “p < 0.01, “*p < 0.007,

tumor tissues revealed the most substantially damaged and dead
tumor cells of MCGDH + aPD-1-treated mice (Figure S20, Sup-
porting Information). Meanwhile, negligible body weight change
of these four groups was detected during the treatment period
(Figure S21, Supporting Information), suggesting negligible sys-
temic toxicity of the synergistic treatment. All these results con-
firmed the synergistic action of MCGDH + aPD-1 for tumor sup-
pression.

To evaluate the immune activation effect of MCGDH + aPD-
1, the immune-related indicators, including mDCs in TDLNs,
tumor-infiltraing CD3*CD8* T cells, CD3*CD4* T cells and ef-
fector memory T cells (Tg,) (CD8*CD44*CD62L") as well as cen-
tral memory T cells (T¢y) (CD8*CD44+CD62L*") were demon-
strated via FCM analysis. Specifically, the percentage of mDCs in
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p < 0.0001, n.s. no significance.

TDLNs was 40.6% in the MCGDH + aPD-1-treated group, which
was 1.60-fold, 2.48-fold, 4.17-fold of MCGDH (25.4%), aPD-1
(16.4%) and control (9.73%) groups, respectively (Figure 6f,p), in-
dicating that MCGDH + aPD-1 promoted the effective DC mat-
uration. Furthermore, the percentages of CD3*CD8* T cells and
CD3*CD4* T cells were 16.5% and 18.2% in the primary tu-
mor, 15.3% and 10.3% in the distant tumor, which were higher
than those of the other groups (Figure 6g—j,q). Consistent results
from the immuno-histochemical images showed that MCGDH
+ aPD-1 effectively increased the activation of CTLs to secrete
granzyme B in distant tumors (Figure S22, Supporting Infor-
mation), since the robust systemic immune responses of the
combination therapy excited the infiltration of CTLs. In addi-
tion, the percentages of Tg, cells and T, cells in the spleens

© 2024 Wiley-VCH GmbH
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of the MCGDH + aPD-1 group were 47.0% and 13.1%, respec-
tively, which was significantly higher than that of the MCGDH
group (43.7% and 11.0%), aPD-1 group (36.2% and 2.38%) and
control groups (30.7% and 1.70%) (Figure 6k 1,r), indicating that
MCGDH + aPD-1 effectively activated long-term immunological
effects to inhibit the progression of distant tumors. Notably, the
levels of cytokines including IL-6, TNF-a and INF-y in the serum
of the MCGDH + aPD-1-treated group were also remarkably el-
evated than the other three groups (Figure 6m—o), which further
verified the synergistic treatment with MCGDH and aPD-1 could
induce vigorous systemic immune responses to efficiently elim-
inate bilateral tumor cells.

The systemic immune responses induced by the combina-
tion of MCGDH and aPD-1 encouraged us to further evaluate
its effects on inhibiting tumor metastasis. The tumor metastasis
model was established as depicted in Figure 7a. Consistent with
the aforementioned results, MCGDH + aPD-1 amplified the
the therapeutic effect against subcutaneous tumors (Figure 7b;
Figure S23, Supporting Information). The metastatic dissemina-
tion of luciferase-4T1 (4T1-luc) tumor cells was monitored by a
bioluminescence imaging system. As illustrated in Figure 7e, the
luminous sites in the lung tissues of the control group mice ap-
peared the earliest, with these mice experiencing the fastest mor-
tality, indicating severe metastases. In comparison, the metasta-
sis of aPD-1-treated mice was slightly delayed, while MCGDH-
treated mice exhibited significant inhibition of metastasis. En-
couragingly, the anti-metastasis effect of MCGDH + aPD-1 was
superior to that of MCGDH alone. The representative photos
and H&E straning revealed that the absence of metastatic tu-
mor nodules in the lung tissues of the MCGDH + aPD-1 group,
while sporadic metastatic lesions were observed in the lung tis-
sues of MCGDH-treated mice. In contrast, the lung tissues of
the control group and aPD-1 group showed plenteous metastatic
lesions (Figure 7d,f). Comfortingly, the survival rate of mice of
the MCGDH + aPD-1 group was signally prolonged, with a me-
dian survial time of 53 d, which was 1.38-fold, 1.77-fold, 1.83-fold
longer than that of the MCGDH (38.5 d), aPD-1 (30 d) and contorl
groups (29 d), respectively (Figure 7c). These consistent results
confirmed that ICB therapy effectively enhanced the efficacy of
MCGDH-mediated anti-tumor metastasis.

3. Conclusion

In summary, a GSH/pH dual-responsive nanoreactor (MCGDH)
was constructed for in situ synthesis of anti-tumor activity Cu(8-
HQ),. The homologous targeting ability of CMs promoted more
efficient endocytosis of MCGDH by 4T1 cells. Subsequently, the
acidic condition and high concentration of GSH in the tumor mi-
croenvironment triggered the release of Cu?* and 8-HQ from
MCGDH, leading to in situ formation of Cu(8-HQ), and ini-
tiating tumor cell paraptosis. The paraptosis process amplified
the immunogenicity of tumor cells by inducing ER stress and
ROS production, which resulted in potent anti-tumor immune
responses. Furthermore, in vivo studies validated that the combi-
nation of MCGDH and aPD-1 could synergistically enhance the
systemic anti-tumor immune responses and provide long-term
immunological effects, inhibiting the growth of distant tumors
and preventing tumor metastasis. With the flexibility to substi-
tute doped metal ions and loaded drugs in MCGDH, this dual-
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responsive nanoreactor serves as a versatile platform for chemo-
immunotherapy, promising to enhance the therapeutic efficacy
of ICB therapy.

4. Experimental Section

Methods and any associated references are available in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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