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Monitoring ROS Responsive Fe;0,-based Nanoparticle Mediated
Ferroptosis&Immunotherapy via '”Xe MRI

Lei Zhang', Maosong Qiu’, Ruifang Wang, Sha Li, Xiaoxun Liu, Qiuyi Xu, Long Xiao,
Zhong-Xing Jiang, Xin Zhou,* and Shizhen Chen*

Abstract: The immune checkpoint blockade strategy has
improved the survival rate of late-stage lung cancer
patients. However, the low immune response rate limits
the immunotherapy efficiency. Here, we report a ROS-
responsive Fe;O,-based nanoparticle that undergoes
charge reversal and disassembly in the tumor micro-
environment, enhancing the uptake of Fe;O, by tumor
cells and triggering a more severe ferroptosis. In the
tumor microenvironment, the nanoparticle rapidly dis-
assembles and releases the loaded GOx and the
immune-activating peptide Tuftsin under overexpressed
H,0,. GOx can consume the glucose of tumor cells and
generate more H,O,, promoting the disassembly of the
nanoparticle and drug release, thereby enhancing the
therapeutic effect of ferroptosis. Combined with Tuftsin,
it can more effectively reverse the immune-suppressive
microenvironment and promote the recruitment of
effector T cells in tumor tissues. Ultimately, in combina-
tion with a-PD-L1, there is significant inhibition of the
growth of lung metastases. Additionally, the hyper-
polarized '¥Xe method has been used to evaluate the
Fe;O, nanoparticle-mediated immunotherapy, where
the ventilation defects in lung metastases have been
significantly improved with complete lung structure and
function recovered. The ferroptosis-enhanced immuno-
therapy combined with non-radiation evaluation meth-
odology paves a new way for designing novel theranostic

agents for cancer therapy. )
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Introduction

Lung cancer is the malignant tumor with the highest global
incidence and mortality rates, causing nearly a million
deaths annually, with a five-year survival rate of less than
20 %." Immunotherapy based on immune checkpoint block-
ade (ICB) strategies has brought revolutionary changes to
the treatment of malignant tumors, showing certain efficacy
in eradicating lung cancer.”? However, ICB immunotherapy
relies on a healthy immune system, and currently, lung
cancer patients have a response rate of only 15-20 % to PD-
1/PD-L1 immune checkpoint inhibitors.”! One important
reason is the immune-suppressive microenvironment of
tumors. Overcoming the immune suppression microenviron-
ment of tumor tissues, improving the efficiency of tumor
antigen presentation, and enhancing immune responses are
key challenges in improving the effectiveness of immuno-
therapy for lung cancer patients.! Combining PD-1/PD-L1
immune checkpoint inhibitors with other treatments de-
signed to reverse the immune-suppressive microenviron-
ment of tumor tissues shows great potential in increasing the
effectiveness of immunotherapy for lung cancer."!
Ferroptosis, as an iron-dependent programmed cell
death, is driven by the accumulation of reactive oxygen
species, lipid peroxidation, and the downregulation of
glutathione peroxidase 4 (GPX4)."! Recent research has
confirmed the excellent inhibitory effect of ferroptosis
therapy on tumor growth,””! especially in tumor cells with a
high stromal phenotype that heavily depends on GPX4 to
reverse lipid peroxidation for survival.®! Importantly, ferrop-
tosis has been identified as a form of immunogenic cell
death (ICD), as tumor cells undergoing ferroptosis early on
release damage-associated molecular patterns (DAMPs) to
promote antigen presentation cell maturation and activation
of effector T cells, resulting in infiltration in tumor tissues."
This has significant prospects for overcoming resistance
issues in tumor treatment and enhancing immune responses
in anti-tumor immunotherapy. Fe;O, nanomaterials have
been widely applied in tumor magnetic resonance imaging
(MRI) and ferroptosis therapy,'” possessing enhanced
immunotherapeutic capabilities when combined with ICB
strategies.""! However, Fe;O,-mediated highly efficient fer-
roptosis in tumor cells remains a great challenge. The Fe;O,-
based nanoparticle that incorporated CB-839 drugs to
inhibit glutathione synthesis was developed, thereby reduc-
ing ROS quenching and improving ferroptosis therapy
efficacy."”” Apart from addressing the negative effects of
GSH and increasing H,0, levels, strategies to enhance the
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utilization of Fe;O, nanomaterials by tumor cells have been
explored. Researchers have created self-aggregating Fe;O,
nanomaterials within tumor cells, prolonging the residence
time to enhance ROS production and achieve a better
ferroptosis therapy effect.’”! The scarcity of Fe;O, nano-
materials reported in the literature to enhance tumor cell
ferroptosis efficacy necessitates the development of new
strategies for Fe;O, nanomaterials to achieve a higher
degree of ferroptosis therapy enhancement, combining it
with immunotherapy for more efficient tumor growth
suppression.

Real-time monitoring of immunotherapy for tumors
through imaging methods is clinically significant for
promptly understanding the effectiveness of immunotherapy
and optimizing treatment plans as early as possible. For
example, combining PET and CT imaging technologies can
predict the expression of PD-1/PD-L1 in tumors based on
differences in glucose metabolism, monitor early metabolic
changes in primary tumors, and assess immune-related
adverse events caused by excessive activation of the immune
system, providing important value for evaluating short-term
efficacy and long-term prognosis of immunotherapy.'!
However, repeated exposure of lung cancer patients to
ionizing radiation significantly increases the risk of hemato-
logical tumors.™ Additionally, optical methods are often
hindered by limited penetration depth.!'*!

In contrast, MRI has the advantage of non-ionizing
radiation, along with high spatial resolution and good soft
tissue contrast, making it widely used in clinical disease
detection.!"”! The mainstream MRI is based on imaging using
water protons, but the lung is a cavity structure with low
water proton density, severely limiting the monitoring
capabilities of '"H MRI in the process of lung cancer
immunotherapy. Fortunately, the emerging technology of
hyperpolarized '®Xe MRI, with its ultra-high sensitivity, is
particularly suitable for detecting lung diseases™ and has
played a crucial role in assessing lung function in COVID-19
patients.™ It is noteworthy that the current use of *Xe
MRI for real-time monitoring of lung cancer immunother-
apy progress is a blank area that deserves further explora-
tion of the value of '’Xe MRI in lung cancer immunother-
apy. In addition to the benefit of conducting multiple
examinations within a short period, '“Xe MRI offers the
advantage of providing more detailed information about
pulmonary microstructure and function. This includes data
that cannot be obtained using traditional MRI methods."”

To achieve a significant ferroptosis effect on lung cancer
cells, induce a stronger immune response in tumors, and
thereby enhance the immunotherapeutic efficacy via ferrop-
tosis in lung cancer, we constructed a self-supplying H,O,-
responsive Fe;O, nanoparticle loaded with glucose oxidase
(GOx) and immune-activating peptide Tuftsin and modified
with lipids (FGTL) (Scheme 1). When FGTL reaches the
tumor region, overexpressed H,O, causes the disassembly of
FGTL and the release of loaded drugs. The release of
loaded GOx could catalyze glucose in tumor cells to produce
more H,0,, accelerating the Fenton reaction in the tumor
region, achieving an enhanced ferroptosis effect, and
promoting the activation and infiltration of T lymphocytes
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(CTL) in tumor tissues. Ultimately, good immunotherapeu-
tic effects for lung metastatic cancer can be achieved. Also,
the non-ionizing radiation super-sensitive ’Xe MRI method
was used to monitor the enhanced ferroptosis and immuno-
therapeutic effects on lung metastatic cancer. The results
showed significant differences in lung ventilation defects and
1Xe blood residence time in mice between the treatment
group and the control group, indicating that this method
may become a potential means for real-time monitoring of
lung metastatic cancer immunotherapeutic efficacy in the
future.

Results and Discussion

The preparation and characterization of FGTL nanopar-
ticles were illustrated in Scheme 1 and Supporting Informa-
tion. Firstly, the ROS-responsive Fe;O, nanoparticles were
prepared according to the solvothermal approach reported
in the literature.”” The spherical morphology of Fe;O,
nanoparticles with a homogeneous size of about 129 nm was
observed from transmission electron microscopy (TEM)
results (Figure 1a). With the decoration of lipids, the
average hydrodynamic diameter of nanoparticles was in-
creased from 164 nm to 202 nm and the surface of FGTL
nanoparticles became smooth relatively (Figure 1b and S1).
Simultaneously, the positive charge of Fe;O, nanoparticles
was converted to negative (Figure S2), which could reduce
the uptake rate of the reticuloendothelial system (RES).[*!
The ligand 3,3’-(Propane-2,2-diylbis(sulfanediyl)) dipro-
pionic acid endows nanoparticles with the capability of
ROS-responsive disassembly. The collapse behavior of
FGTL nanoparticles incubated with H,0, at different times
was monitored by TEM. With the duration of reaction time,
FGTL nanoparticles gradually collapsed into smaller Fe;O,
nanoparticles and formed agglomerates (Figure 1c and S4),
along with the charge of FGTL nanoparticles converted
from negative to positive (Figure S2), which may promote
the uptake of nanoparticles by the tumor cells and thereby
increase the ferroptosis efficacy. FGTL nanoparticles dis-
played a valid biostability, as evidenced by the size retention
after incubation with PBS, 10 % fetal bovine serum-contain-
ing PBS, and DMEM environment for one week (Fig-
ure S5), respectively, facilitating drug-efficient delivery in vi-
vo.

The elemental mapping of the FGTL nanoparticles
confirmed the presence of O, S, and Fe elements (Fig-
ure 1d), further evidenced by the XPS analysis (Figure 1e).
The characteristic peaks at 711 and 725 eV of Fe 2p;, and
Fe 2p,, for Fe;O, were observed and the existence of Fe*"
(7102 and 723.5eV) and Fe’' (711.8 and 725.4eV) was
affirmed by the XPS analysis of FGTL nanoparticles (Fig-
ure 1f).”*! The as-prepared ROS-responsive Fe;O, nano-
particles possessed the same diffraction peaks as Fe;O,
nanoparticles reported in the literature (Figure 1g).*" The
HRTEM image displayed the highly single-crystallinity of
the Fe;O, nanoparticles and the interplanar distance
determined from the adjacent lattice fringes is about
0.253 nm, corresponding to [311] planes of the Fe;O, single-
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Scheme 1. Schematic illustration of the ROS-responsive FGTL-mediated ferroptosis enhanced immunotherapy of lung metastasis by reversing the
immunosuppressive TME and the evaluation of immunotherapy efficacy via hyperpolarized '*Xe MRI. After accumulating in the tumor region, the
enhancement of ferroptosis efficiency was achieved upon the degradation of FGTL under abundant H,O, conditions, reversing the
immunosuppressive TME for boosting immunotherapy based on the ICB strategy. Finally, the ferroptosis-enhanced immunotherapy efficacy of lung
metastasis was monitored by the ultrasensitive '*Xe MRI without ionizing radiation.

crystal, which is consistent with the aforementioned XRD
outcome (Figure S6).! The XRD characteristic peaks of
ROS-responsive Fe;O, nanoparticles were not changed
obviously by reacting with 1 mM H,O, for 4 h (Figure S7).
After co-loading with GOx and immune-activating peptide
Tuftsin in virtue of the presence of multi-pore in Fe;O,
(Figure S8) and further functionalization with lipids, the
obtained Fe;0,@GOx@Tuftsin@Lipids (denoted as FGTL)
showed an analogous morphology with the Fe;O, nano-
particles (Figure la and 1b). The loading rates of GOx and
Tuftsin were calculated to be about 9.3% and 12.7 %,
respectively (Figure S9 and S10).

The UV-vis spectrum of FGTL demonstrated that the
characteristic peak intensity of GOx (276 nm) increased
upon elevating H,O, concentration, suggesting the ROS-
responsiveness triggers the release of loaded drug (Fig-
ure 1h). With the increase of H,0, concentration and the
presence of glucose, the drug release rate gradually
increases. Upon treatment with 1 mM H,0,, the release
efficiency of GOx and Tuftsin in FGTL was determined as
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~80.5% and ~85.6 %, respectively, while they declined to
~15.1% and 16.7 %, respectively. In addition, the presence
of 5mM glucose would accelerate drug release, further
demonstrating the self-generation of ROS and the self-
enhanced drug release capacity of FGTL nanoparticles
(Figure S11 and S12). This performance can potentially
conquer the limitations of incomplete drug release caused
by an inadequate concentration of endogenous ROS, which
could be used as a ROS-responsive drug delivery system for
on-demand drug release.

Sufficient H,O, in the tumor regions generated by the
natural enzyme activity of GOx can be catalyzed to «OH by
FGTL nanoparticles owing to the peroxidase (POD)-like
nanoenzyme activity of Fe;0,, thus enhancing the ferrop-
tosis efficiency in tumor cells. Even if the FGTL was stored
at 4°C for 14 days, the outstanding GOx enzyme activity
was maintained by monitoring the H,O, production via the
hydrogen peroxide Assay Kit (Figure S14). Therefore, the
POD-like activity of FGTL was evaluated using methylene
blue (MB) that was degraded by «OH. Not surprisingly, the
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Figure 1. Characterization of the FGTL. (a-c) TEM images of (a) Fe;O,, (b) FGTL, and (c) FGTL treated with 1 mM H,0, for 4 h. (d) STEM and
elemental mapping of FGTL. (e) XPS spectrum and (f) Fe2p XPS analysis of Fe;O,. (g) XRD spectra of Fe;O,. (h) The UV-vis absorption spectra of
Fe,O,@Lipids and FGTL treated with H,0, (Glu: glucose). (i) The UV-vis absorption spectra of MB treated with FGTL under various conditions.
(i) "H Tp-weighted MRI of various concentrations of FGTL with or without treatment of 1 mM H,0, and the corresponding r, values.

FGTL combined MB exhibited similar UV-vis—NIR absorp-
tion with free MB solution. Upon exposure to the H,O,, the
obvious attenuation of UV-vis—NIR absorption intensity of
MB was observed in the FGTL plus 1 mM H,0, (pH 6.5)
and FGTL plus glucose (5 mM) groups, indicating the
generation of e¢OH via the FGTL-mediated Fenton-like
reaction (Figure 1i). The produced ¢«OH was further authen-
ticated by the ESR technique with a featured spectrum of
1:2:2:1 (Figure S15).”” Notably, the ignorable reduction of
MB UV-vis-NIR absorption was observed after treatment
with FGTL plus 1mM H,0, (pH7.4), suggesting the
biosafety of in vivo application.

Next, the MRI experiments of FGTL were performed.
The T)-weighted MRI of FGTL with various concentrations
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treated with H,O, or not showed implicit signal changes and
relatively low longitudinal relaxivity (r;) values (0.68 and
0.23 mM 's™) (Figure S17),® denying its application in 'H
T, contrast agent. In contrast, the 'H T,-weighted MRI
signals of those samples exhibited significant enhancement
with increasing concentration. The corresponding transverse
relaxivity (r,) values of FGTL and FGTL+H,O, were
determined as 29.88 mM's™' and 101.38 mM's™' (Fig-
ure 1j), respectively, suggesting the great potential applica-
tion of FGTL in cancer diagnosis.

Based on the eOH-generating capacity of FGTL, the
ferroptosis efficacy of LLC cells was first evaluated.
Confocal laser scanning microscope (CLSM) images and
flow cytometry (FCM) analysis of LLC cells incubated with
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FITC-labelled FGTL (FITC@QFGTL) revealed the successful
endocytosis of FITC@QFGTL (Figure S18). Moreover, the
decoration of lipids endows FGTL with the ability of low
phagocytosis by macrophages for further advancement to
in vivo applications (Figure S19). To determine the tumor
penetration capacity of FGTL, the CLSM images of LLC
cell-based multicellular spheroids (MCSs) were performed.
As expected, the MCSs incubated with FITC@FGTL
exhibited relatively stronger fluorescence intensity and
deeper penetration based on the 2D and 3D images
compared with those treated with FITC@QFTL (without
GOx). This was attributed to the H,O, generating capacity
of FGTL, leading to the collapse and the charge conversion
of FGTL. Moreover, the enhanced infiltration of FGTL
post-treatment with additional H,O, (1 mM) was achieved,
as indicated via the conspicuous green fluorescence exten-
sively dispersed over the whole MCSs (Figure S20). These
results collectively suggested that the FGTL is a promising
nanoparticle for overcoming the biobarriers and enhancing
drug delivery efficiency by H,O,-mediated size reduction
and charge conversion of FGTL in the tumor region,
pursuing the high-efficiency ferroptosis of tumor cells.

To evaluate the FGTL-mediated ferroptosis efficiency at
the cellular level, the generation of intracellular ROS
(indicated by DCFH-DA) and lipid peroxidation (indicated
by BODIPY—C11) were determined by CLSM after various
treatments. The cellular ROS level was elevated in FGTL-
treated LLC cells compared with other groups. Notably, the
introduction of ferrostatin-1 (Fer-1) significantly downregu-
lated the cellular ROS level in FGTL-treated cells (Fig-
ure 2a and 2d), indicating ferroptosis occurred in FGTL-
treated cells. Moreover, the cellular lipid peroxidation level,
one critical characteristic in ferroptosis, displayed a similar
tendency of change with ROS, further verifying the excellent
FGTL-mediated ferroptosis of LLC cells (Figure 2b and 2d).
Mitochondrial dysfunction is one of the key indicators of
ferroptosis, thus the mitochondrial membrane potential
(MMP) was measured by using fluorescence probe JC-1,
which fluoresces red in intact mitochondria or green in
depolarised mitochondria. As expected, a significant MMP
loss was observed in the FGTL-treated group that displayed
apparent green fluorescence in LLC cells (Figure 2c and 2d).
For the visualization of mitochondrial shrinkage in tumor
cells, the TEM experiments of LLC cells treated with FGTL
and PBS were carried out, respectively. Compared with the
PBS group, FGTL-treated LLC cells exhibited obvious
mitochondrial damage characterized by smaller mitochon-
dria, the disappearance of mitochondrial cristae, rupture of
the outer mitochondrial membrane, and condensed mito-
chondrial membrane densities (Figure 2¢).””’ Glutathione
peroxidase 4 (GPX4) plays a dominant role in blocking
ferroptosis by catalyzing the reduction of lipid peroxides.’
Therefore, the western blot experiments were performed to
evaluate the GPX4 expression. The western blot results
showed that the level of GPX4 expression in LLC cells was
significantly down-regulated upon treatment with FGTL
compared with those treated with PBS, GOx, and
Fe;0,@Tuftsin@Lips (denoted as FTL). Notably, this down-
regulation was reversed upon the addition of Fer-1, illustrat-
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ing the FGTL-treated LLC cells were involved in ferroptosis
(Figure 2f). These outcomes collectively demonstrated
FGTL-mediated enhancement of LLC cell ferroptosis by
self-generating H,0O,-catalyzed «OH generation.

Subsequently, the in vitro FGTL-mediated ferroptosis
therapeutic efficacy of tumor cells was evaluated by the
CCKS assay and the live/dead cell staining with Calcein-
AM/PL. The cytotoxicity of 4T1 cells, A549 cells, BI6F10
cells, and LLC cells was significantly elevated along with the
FGTL-incubated concentration increased, while the low
cytotoxicity of MRC-5 cells was found (Figure S22). Upon
treatment with Fer-1, the tumor cell viability was improved
(Figure 2g). The intracellular green fluorescence (indicating
live cells) was dominant in the PBS, GOx, and FTL
treatment groups. In contrast, the distinct red fluorescence
(indicating dead cells) was observed in FGTL-treated LLC
cells, while it was inversed by the addition of Fer-1
(Figure S23). In addition, the FCM of Annexin V-FITC/PI
staining in LLC cells was performed for the further
quantification of the invitro FGTL-induced ferroptosis
therapeutic efficacy. The cell necrosis rates in PBS, GOx,
FTL, FGTL, and FGTL plus Fer-1 groups were 6.7 %,
19.1 %, 40.0%, 81.5%, and 21.0%, respectively, further
confirming the accuracy of CCK8 and CSLM results (Fig-
ure 2h). The cellular therapeutic efficacy outcomes indicated
that FGTL-induced enhancement of ferroptosis was
achieved, possessing great promise for the inhibition of lung
cancer growth in vivo.

Fe;O,-based nanoparticles with effective tumor region
accumulation can benefit the enhancement of ferroptosis.
FGTL achieved an exceptional dual-modal imaging capa-
bility in both MR and fluorescence by incorporating IR820
(referred to as FGITL) (Figure 1j, S24, and S25). To assess
the in vivo enrichment of FGTL in the tumor region, the
subcutaneous LLC tumor-bearing mice model was first
performed for the whole body fluorescence imaging (FLI).
The fluorescence signal intensity of the tumor region
increased gradually and reached a peak at 24h post-
injection of FGITL (Figure S27a and S27c). The ex vivo FLI
of isolated tumor and main tissues including the heart, liver,
spleen, lung, and kidneys obtained at 36 h post-injection
revealed that the fluorescence signal of the tumor was 1.4-
and 2.0-fold higher than that of the liver and kidneys,
indicating the high-efficiency enrichment of FGITL in the
tumor region (Figure S27d and S28). Moreover, the 'H T)-
weighted MRI of subcutaneous LLC tumor-bearing mice
was performed. Similar to FLI, the tumor/muscle MR
contrast at 12 h post-injection enhanced by 14.1 % compared
with that of 0 h (Figure S27b and S27e). The above results of
fluorescence/MR dual-modal imaging confirmed that FGTL
was equipped with effective tumor accumulation capability,
guaranteeing the high-efficiency ferroptosis of tumor cells.

The immunogenic cell death of tumor cells can be
achieved by the nanoparticles-induced ferroptosis of tumor
cells, ultimately activating local immune responses in
tumors.”! The M2 macrophages are the dominant pheno-
type in the immunosuppressive TME. Reversing the immu-
nosuppressive TME by promoting the M2-to-M1 phenotype
switch is a practicable strategy. Thus, the RAW264.7 macro-
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Figure 2. In vitro mechanism of ferroptosis and cytotoxicity induced by FGTL. (a-c) CLSM images of LLC cells staining with (a) DCFH-DA (indicated

FGTL-induced ROS generation), (b) BODIPY—C11 (indicated FGTL-induced lipid peroxidation), and (c) JC-1 (JC-10n, and JC-1

age fluorescent

images showing mitochondria membrane potential (Ay,,) after different treatments and (d) the corresponding fluorescence intensity analysis

(mean+SD, n=3, *¥p <0.01, *

analysis of LLC cells and (g) cell V|ab|||ty of LLC cells after different treatments. (mean£SD, n=3, *p <0.05, *

cytometry quantification of LLC cell apoptosis after various treatments.

phages were cocultured with residues of LLC cells treated
with PBS, FGL, or FGTL in a transwell chamber system.
The corresponding proportion of M2 and M1 phenotype
macrophages was determined by the FCM after staining
with anti-F4/80, anti-CD86, and anti-CD206 antibodies (Fig-
ure S29). Compared with the PBS group, the proportion of
M2 macrophages (CD2067CD867) in the FGL and FGTL
groups declined obviously from 49.0 % to 35.4 % and 23.8 %,
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*%p < 0.001). (e) The TEM images of LLC cells treated with PBS and FGTL, respectively (f) The western blotting

w2p < 0,01, #¥¥p < 0.001). (h) Flow

respectively. Simultaneously, the proportion of M1 macro-
phages (CD206"CD86) elevated significantly from 44.0 %
to 53.3% and 65.8 %, respectively (Figure S30), confirming
the preeminent performance of FGTL-mediated M1 macro-
phage polarization and the further promoted polarization by
the loading of Tuftsin.

Encouraged by the appreciable amelioration of immuno-
suppressive TME at the cellular level, the immune-related
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cells including macrophages, dendritic cells (DCs), and T
cells in the tumor region were analyzed by using subcuta-
neous LLC tumor-bearing mice. The tumors were harvested
after i. v. injection of PBS, FGL, and FGTL for 7 days. Upon
digesting into a single-cell suspension and staining with
commercial antibodies, the infiltration of immune cells was
evaluated by FCM (n=3) (Figure 3a). The correspondingly
immune cells in FCM results were acquired through a gating
strategy (Figure S31 and S32). Encouragingly, both the
changing tendency of M2 (decreased from 49.0 % to 35.4 %
and 23.8 %) and M1 (increased from 49.0 %

Research Articles

An dte

Chemie

to 354% and 23.8%) phenotype macrophages were
similar to the cellular outcomes after treatment with PBS,
FGL, and FGTL, demonstrating that FGTL-mediated
ferroptosis was beneficial for the occurrence of inflamma-
tion in the tumor area (Figure 3b and 3g). The exposure of
tumor-associated ~ antigens  could  promote  DCs
maturation.” Compared with the PBS group, the propor-
tion of DCs maturation (CD80*CD86%) in the tumor
significantly increased from 49.30 % to 67.20 %, and 82.40 %
(Figure 3c and 3g). Beyond that, the DCs maturation could
accelerate the infiltration of cytotoxic T lymphocytes,
enhancing the immunotherapy efficiency based on ICB
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Figure 3. In vivo immune activated by FGTL. (a) Schedule for determination of in vivo immune-activated performances of FGTL by FCM quantitation
analysis of macrophages, DCs, and T cells in the tumor. (b-f) Representative FCM plots and (g) the corresponding quantitative analysis on the
proportion of tumor-infiltrating M2 phenotype and M1 phenotype macrophages, mature dendritic cells, CD4" CTL, CD8* CTL, and Treg cells in
the LLC tumor-bearing mice post i.v. injection of FGTL for 7 days (mean=+SD, n=3, *p <0.05, **p <0.01, and ***p < 0.001)
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strategies. As expected, the CD3*CD4* and CD3"CD8" T
cells (16.9% and 17.2%) in the PBS group were substan-
tially improved in the FGL (29.1 % and 23.9 %) and FGTL
(48.2% and 36.7%) groups (Figure 3d, 3e, and 3g). In
addition, abundant regulatory T (Treg) cells (CD25*
FOXP3") that play a negative immune regulatory role in the
PBS group (44.0%) were observed, while it was down-
regulated to 21.1 % and 7.0 % in the FGL and FGTL groups
(Figure 3f and 3g). Collectively, these outcomes indicated
that FGTL-mediated ferroptosis of tumor cells could
effectively reverse immunosuppressive TME to favorable
anti-tumor immunities by improving the proportion of M1
macrophages, DCs, CD4*, and CD8"* T cells and reducing
the proportion of M2 macrophages and Treg cells.
Invigorated by the FGTL-mediated high-efficiency fer-
roptosis-activated tumor local immune response, the sub-
cutaneous LLC tumor-bearing mice were applied to eval-
uate the invivo ferroptosis anti-tumor efficiency synergy
with ICB-based immunotherapy by a-PD-L1. The blood
glucose in FGTL-treated mice did not display a continuous
decrease compared with the pre-injection (Figure S33a),
proving the preeminent blood safety of FGTL. Due to the
explosive growth pattern of LLC cells, the various treat-
ments (I: PBS, II: o-PD-L1, IIL: FTL, IV: FGTL, V: FGTL +
a-PD-L1) of mice were performed on day 3 after being
subcutaneously injected with LLC cells on the leg (Fig-
ure S33b). Compared to the I-IIT groups with a 31.3-fold,
31.6-fold, and 22.6-fold relative tumor volume on day 14,
respectively, FGTL (12.4-fold) treatment revealed medium
anti-tumor efficiency. Significantly, the FGTL+ a-PD-L1
treatment group with a 3.9-fold relative tumor volume
showed prominent and potent anti-tumor efficiency by
FGTL-induced ferroptosis-enhanced immunotherapy (Fig-
ure S33c). The tumor growth inhibition rates of group II-V
were 2.4 %, 30.8%, 62.3%, and 88.2% (Figure S34). The
photograph of the tumor harvested on day 14 and the
relative tumor weight of groups I-IV (9.9-fold, 7.4-fold, 6.2-
fold, and 3.2-fold compared to group V) confirmed the
strongest therapeutic efficiency in the synergy therapy group
of ferroptosis&ICB immunotherapy (Figure S33d and S33e).
To evaluate the anti-tumor effect at the cellular level,
the tumor sections were imaged after H&E, TUNEL, and
Ki-67 straining, respectively. Reasonably, all of the tumor
slice images in the FGTL 4 a-PD-L1 group showed the most
severe damage to tumor cells (Figure S33f). For a better
understanding of the mechanism of ferroptosis-enhanced
immunotherapy, the tumor slices were strained by the ROS
staining solution, HMGB1, CD206/CD86, and CD4/CD8
antibodies. The ROS staining results displayed the most
eye-catching red fluorescence in the FGTL+a-PD-L1
group, leading to the serious immunogenic death of tumor
cells characterized by the remarkable HMGB1 protein
expression level. Ultimately, the immunosuppressive TME
was reversed as demonstrated by the up-regulation of M1
macrophage, down-regulation of M2 macrophage, and the
infiltration of abundant CD4* and CD8" T cells in the
tumor, achieving the FGTL-induced enhancement of ferrop-
tosis&immunotherapy therapeutic efficacy (Figure S35).
Throughout the therapy period, the body weight of mice in
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all groups was kept at a balanced level (Figure S36). The
results of H&E staining of main organs and blood
biochemical analysis reveal the good biosafety of FGTL
(Figure S37).

Furthermore, a lung metastasis model was established to
assess the inhibitory effect of FGTL (Figure 4a). Exceeding
the expected inhibitory effect was observed in the mice
injected with FGTL and o-PD-L1, as evidenced by the
smallest number and volume of pulmonary nodules shown
in the CT images and anatomical photographs of the lungs
compared to the other groups (Figure 4b and 4c). Both the
H&E staining and weight analysis of the isolated lungs
further authenticate the aforementioned results (Figure 4d
and S38). In groups I-II with severe lung metastasis, the
mice gradually weakened and showed a trend of body
weight loss (Figure S39). Meanwhile, mice treated with
FGTL and o-PD-L1 displayed a noticeable prolonged
survival time compared to groups I-III (Figure S40). In
addition, the proportion of the effector memory T cells
(Tgwm, CD62 L-CD44 ™) at day 22 was conspicuously elevated
in group IV, while the proportion of central memory T cells
(Tey, CD62 L7CD44%) diminished correspondingly (Fig-
ure 4e and 4f), suggesting the long-term immune response
effect. All of the above outcomes confirmed that FGTL
nanoplatform could inhibit lung cancer metastasis by the
united superiority of the enhancement of ferroptosis via the
H,0O,-mediated size reduction and charge conversion of
FGTL, FGTL-induced reversion of tumor immunosuppres-
sive microenvironment and o-PD-L1-blockade immune
escape suppression.

Real-time monitoring of immunotherapy therapeutic
efficacy accelerates understanding of the therapeutic sched-
ule and cancer progression, which is crucial to the timely
optimization of the therapy strategy. Radiation-based diag-
nosis protocols including PET and CT imaging are exten-
sively used for the diagnosis of lung diseases, but they are
not suitable for multiple lung scans in a short period due to
the radiation exposure. In virtue of the non-ionizing
radiation and high sensitivity of hyperpolarized '*Xe MRI,
the lung '®Xe ventilation image and gas exchange efficiency
in the blood plasma of the lung can be obtained,” providing
information on lung structure and function concurrently. To
evaluate the immunotherapy efficacy in real-time, the '*Xe
ventilation MRI and chemical shift saturation recovery
(CSSR) experiments of the lung were performed. Conspicu-
ously, the '¥Xe ventilation MRI exhibited a complete shape
of the lung in the FGTL plus o-PD-L1 group and healthy
mice while obvious ventilation deficiency was observed in
the other groups (Figure 5a and S41), attributed to the
occupation of lung metastatic cancer cells in the lungs. This
was authenticated by the images and H&E staining of the
isolated lung (Figure 5b), further illustrating the reliability
of FGTL-mediated ferroptosis-enhanced immunotherapy
efficacy. To gain a better understanding of the therapeutic
efficacy of lung metastasis from an in-depth perspective, the
%Xe transit time of blood (Tau), alveolar septal thickness
(d), and the ratio of the alveolar septal volume relative to
the gas space volume (Vs/Va) of the lung in various
treatment groups were determined by the analysis of the
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#irip < 0,001).

CSSR spectrum. Significantly, the value of Tau in the FGTL
plus a-PD-L1 group was much lower than that of the other
group (Figure 5c). This may be caused by the faster blood
flow rate in group IV due to less compression from tumor
cells compared to groups I-II1. Furthermore, the values of d
and Vs/Va among I-IV groups showed a downward trend
(Figure 5d and 5e), which may be attributed to the volume
of alveoli decreasing with the increase of tumor cells in lung
tissue. These results revealed that the immunotherapy
efficacy of lung metastasis could be precisely evaluated by
the '”Xe MRI, which could be used as a non-invasive
imaging technology for medication guidance in immunother-

apy.
Conclusion

In conclusion, we have constructed a self-supplying H,O,-
responsive Fe;O,-based nanoparticle. In the overexpressed
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H,O, environment of tumor tissues, the nanoparticle can
undergo disassembly, causing the surface charge to change
from negative to positive and reducing the nanoparticle size.
Both of these factors promote the uptake rate of the
nanoparticles by tumor cells and enhance the deep delivery
of nanoparticles into tumor tissue. In addition, the disinte-
gration of nanoparticles further releases loaded GOX,
catalyzing the production of more H,O, within tumor cells.
This ultimately leads to more severe lipid peroxidation in
tumor cells, enhancing the therapeutic effect of ferroptosis
in tumor cells. The more efficient ferroptosis achieved
through nanoparticle disassembly can generate more tumor
cell fragments, which, as antigens, can stimulate DCs
maturation and activation of cytotoxic T cells, as well as
infiltration into tumor tissues, thereby more effectively
activating the immune response of tumor tissues. Finally, in
combination with a-PD-L1, more efficient immunotherapeu-
tic effects for lung metastatic cancer were achieved. It is
worth mentioning that using the advantages of hyperpolar-
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Figure 5. The assessment of FGTL-mediated ferroptosis enhanced immunotherapy of lung metastasis by '*Xe MRI. (a) The representative coronal
and transverse '®Xe ventilation MRI and (b) the corresponding photos and H&E staining of the lung in various treatment groups. (c) The '*Xe
transit time of blood (T,,), (d) alveolar septal thickness (d), and (e) the ratio of the alveolar septal volume relative to the gas space volume (V,/V,)

of the lung in various treatment groups calculated by the CSSR method (mean+SD, n=5, n.s.: no significance, *p <0.05, **p <0.01).

ized '”Xe MRI, which is super-sensitive and non-ionizing
radiation, for the effective evaluation of immunotherapeutic
effects in lung metastatic cancer, significant differences in
lung ventilation defects and the blood residency time of
1%Xe can be observed. This represents an emerging means
of evaluating lung cancer treatment. This strategy for the
treatment and efficacy evaluation of lung metastatic cancer
has important prospects for potential future clinical applica-
tions.
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Monitoring ROS Responsive Fe;O,-based

Nanoparticle Mediated Ferroptosis&Immu- A self-supplying ROS-responsive Fe;O,  stases showed significant differences in

129 nanoparticle was designed to enhance lung ventilation defects in the treatment
notherapy via "“Xe MRI the therapeutic efficacy of ferroptosis and control groups, indicating the great
and immunotherapy by ROS-mediated ~ potential of '*’Xe MRI for monitoring the
size reduction and charge reversion. immunotherapeutic efficacy of lung
Moreover, the '*Xe MRI of lung meta- metastatic cancer.
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