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Background: The anti-Programmed Death-Ligand 1 (termed aPD-L1) immune checkpoint blockade therapy has emerged as
a promising treatment approach for various advanced solid tumors. However, the effect of aPD-L1 inhibitors limited by the tumor
microenvironment makes most patients exhibit immunotherapy resistance.

Methods: We conjugated the Sialyl Lewis X with a polyethylene glycol-coated ultrasmall superparamagnetic iron oxide (USPIO-
PEG) to form UPS nanoparticles (USPIO-PEG-SLe*, termed UPS). The physicochemical properties of UPS were tested and
characterized. Transmission electron microscopy and ICP-OES were used to observe the cellular uptake and targeting ability of
UPS. Flow cytometry, mitochondrial membrane potential staining, live-dead staining and scratch assay were used to verify the in vitro
photothermal effect of UPS, and the stimulation of UPS on immune-related pathways at the gene level was analyzed by sequencing.
Biological safety analysis and pharmacokinetic analysis of UPS were performed. Finally, the amplification effect of UPS-mediated
photothermal therapy on aPD-L1-mediated immunotherapy and the corresponding mechanism were studied.

Results: In vitro experiments showed that UPS had strong photothermal therapy ability and was able to stimulate 5 immune-related
pathways. In vivo, when the PTT assisted aPD-L1 treatment, it exhibited a significant increase in CD4" T cell infiltration by 14.46-fold
and CD8" T cell infiltration by 14.79-fold, along with elevated secretion of tumor necrosis factor-alpha and interferon-gamma,
comparing with alone aPD-L1. This PTT assisted aPD-L1 therapy achieved a significant inhibition of both primary tumors and distant
tumors compared to the alone aPD-L1, demonstrating a significant difference.

Conclusion: The nanotheranostic agent UPS has been introduced into immunotherapy, which has effectively broadened its applica-
tion in biomedicine. This photothermal therapeutic approach of the UPS nanotheranostic agent enhancing the efficacy of aPD-L1
immune checkpoint blockade therapy, can be instructive to address the challenges associated with immunotherapy resistance, thereby
offering potential for clinical translation.
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Introduction
According to data estimated by GLOBOCAN in 2020, cancer remains one of the leading causes of death globally.'
Primary approaches for managing cancer encompass a range of strategies, such as surgical interventions to remove

tumors, the administration of chemotherapy to attack cancer cells, utilizing radiation therapy to target and eliminate
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cancerous tissues, employing targeted therapy to specifically target cancer cells, utilizing hormone therapy to control
hormone-driven cancers, and employing photodynamic therapy to produce reactive oxygen species (ROS) for killing
cancer cells, etc.”> However, due to the complexity of tumors and potential adverse effects such as resistance in
radiation therapy and systemic toxicity induced by chemotherapy, traditional treatment strategies have some limitations
in achieving the desired therapeutic outcomes. Recently, immune checkpoint blockade (ICB) has emerged as a promising
approach in immunotherapy for a range of advanced solid tumors, including cases insensitive to platinum-based drug
chemotherapy and those experiencing recurrence or metastasis.® Programmed Death-Ligand 1 (PD-L1) is present on the
surface of tumor cells and is an immune inhibitory molecule that suppresses T-cell activation when binding to the
programmed cell death 1 receptor (PD-1) on T lymphocytes. Monoclonal antibodies (mAb) targeting PD-L1 have the
ability to block the interaction between PD-L1 and its receptor PD-1, which helps alleviate the inhibition of
T lymphocytes and ultimately restores the immune response against malignant cells.” The US Food and Drug
Administration (FDA) has approved PD-LI-targeting monoclonal antibodies for the treatment of various cancer
types,*’
However, over 60% of individuals with anti-PD-1/PD-L1 immunotherapy experiences resistance, and some face disease

and ongoing clinical trials continue to explore the therapeutic potential of PD-LIl-targeting antibodies.'

progression when receiving anti-PD-1/PD-L1 monotherapy.''™'® The immunotherapy resistance may be caused by these
factors: some tumor cells with relatively few gene mutations are not easily recognized by immune cells, and some tumor
microenvironments are not suitable for immune cells to infiltrate or survive.'* Therefore, the original immune cells in
such tumors are too few, and the activation effect of PD-1/L1 inhibitors is limited. Furthermore, the more PD-LI
expressed by the tumor itself, the better the anti-tumor effect of PD-1/L1 inhibitors. Due to the significant limitations of
current anti-PD-1/PD-L1 therapies, which hinder the achievement of desired outcomes, there is an urgent to explore
methods that can effectively enhance the efficacy of anti-PD-1/PD-L1 treatments.'>'®

As we strive to find suitable treatment strategies in conjunction with PD-1/PD-L1 antibodies, our focus has
shifted towards an emerging paradigm of targeted therapy using nanomaterials and nanotechnology, the concepts
that have garnered significant attention in recent years.'” ' Among these, photothermal therapy (PTT) has gained
widespread acclaim as a non-invasive and highly precise cancer management method. PTT utilizes nanomaterials
capable of converting light energy into heat, inducing localized hyperthermia and selectively destroying cancer cells.
PTT not only enables the local eradication of primary tumors, but also triggers immunogenic cell death (ICD).
Therefore, PTT could elicit an immune response and reshape the tumor microenvironment.”> During PTT, dying
tumor cells release tumor-associated antigens, such as calreticulin (CRT) and high mobility group box 1 (HMGB1),
as “eat me” signals, which are taken up by immature dendritic cells to induce dendritic cell maturation and T-cell
activation, ultimately leading to an anti-tumor effect. Some preclinical studies have reported promising results about
PTT combined with aPD-L1 treatment for cancer.”> > For instance, Tang et al investigated the use of supramole-
cular cationic gold nanorods-mediated PTT in combination with aPD-L1 antibodies for treating mouse tumor
models, which has shown significantly suppressed primary and metastatic tumor activity compared to monotherapy
with an enhanced anti-tumor immune response.”® In a similar vein, Fang et al explored the combined utilization of
synthetic MPX3-based PTT in conjunction with treatment targeting PD-L1 inhibition have demonstrated extension
survival among experimental murine subjects.”” However, these above reported nanomaterial’s synthesis methods
are complex process and not conducive to clinical translation. Additionally, the biocompatibility of the nanomaterial
is also a significant concern to be considered. Polyethylene glycol (PEG) is widely used to modify biomaterials due
to its excellent water solubility.”®**° As a non-ionic water soluble polymer, PEG can efficiently improve the
biocompatibility of the material.

We have synthesized a versatile nanotheranostic agent named polyethylene glycol-coated ultrasmall superpar-
amagnetic iron oxide nanoparticles coupled with sialyl Lewis X (USPIO-PEG-SLe*, termed UPS) with excellent
biocompatibility and strong dual-modal imaging capabilities (magnetic resonance imaging and thermal imaging)
through a straightforward amidation synthesis method, comprising ultrasmall superparamagnetic iron oxide, poly-
ethylene glycol, and sialyl Lewis X targeting moiety. Our group previous research demonstrated that it could achieve
precise tumor targeting through targeting the SLe* ligand to E-selectin-expressing tumor cells and tumor neoangio-
genic endothelial cells.*® E-selectin is a kind of transmembrane protein, which often expresses in the vascular
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endothelial cells of inflammation or cancer.>*>' And E-selectin relates to the progression, metastasis and prognosis
of a variety of malignant tumors, such as breast cancer, gastric cancer, and nasopharyngeal carcinoma. The specific
ligand of E-selectin is namely sialyl Lewis X. Based on our and others studies, we hypothesized that our UPS
nanoparticles prepared could not only exert photothermal ablation effect, but also have the potential to stimulate the
immune system response. The underlying mechanism of our UPS nanoparticles is that PTT stimulates the immune
system in vivo, remodels the immune microenvironment, improves the effect to resist the immunotherapy resistance,
and enhances the systemic immune response to tumors. In order to treat the immunotherapy resistance, for the first
time, we investigate the ability of UPS-mediated PTT to stimulate the proliferation of CD4" T cells and CD8"
T cells, enhancing the efficacy of aPD-L1 immunotherapy through precise tumor targeting, local hyperthermia, and
immune system regulation. The therapy function was performed in a mouse model of head and neck squamous cell
carcinoma (HNSCC), as shown in Figure 1.

Materials and Methods

Reagents

3’-sialyl Lewis X (termed SLe™) (Carbosynth, UK), Fe;0,@0A@DSPE-PEG2k-NH, (Nanjing Nanoeast Biotech Co., Ltd.),
2- (N-morpholino) ethanesulfonic acid (MES) (TMLT40545500MG, China National Pharmaceutical Group Corporation
Chemical Reagent Company), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) (Sigma), 808 nm near-infrared laser
(BWT, Beijing, China), anti-mouse PD-L1 (B7-H1) in vivo monoclonal antibody (Selleck), high mobility group box 1
(HMGBI) antibody (AF7020, Affinity Biosciences Ltd.), calreticulin (CRT) antibody (DF6211, Affinity Biosciences Ltd.),
recombinant anti-CD4 antibody (ab183685, Abcam), recombinant anti-CDS8 alpha antibody (ab217344, Abcam).

Synthesis of the Nanotheranostic Agent UPS

The synthesis method of the nanotheranostic agent UPS refers to the previous literatures.*>** Initially, a solution of 5 mg
SLe* was prepared in 1 mL of sterile distilled water, resulting in a concentration of 5 mg mL™". Subsequently, 200 uL of
this solution was divided into 5 tubes, each containing 1 mg. Two of these tubes were further diluted by adding 800 pL of
pure water, achieving a concentration of 1 mg mL™'. Next, a conical flask equipped with a mechanical stirrer set at
500 rpm was charged with 11 mL of Fe;0,@0A@DSPE-PEG2k-NH, solution (1 mg mL"). The pH was adjusted by
adding 2.2 mL of 0.015 mol L™' MES buffer (pH 5.5). In the subsequent step, 1.2 mL of SLe* solution (I mg mL™") was
mixed with 200 uL of 0.015 mol L' MES buffer (pH 5.5) to attain the desired pH. This mixture was then added to the
previous step while vortexing, followed by incubation in a 37 °C water bath for 30 minutes. For the fourth step, 300 uL
of EDC (10 mg mL™", dissolved in 0.015 mol L™' MES buffer, pH 5.5) was introduced, equivalent to 3 mg, and the
solution was vortexed and incubated overnight at 37 °C. Finally, the solution underwent four rounds of ultrafiltration
using a 100 KD ultrafiltration tube with pure water to eliminate excess EDC and unreacted SLe”. The post-ultrafiltration
suspension was diluted with pure water to achieve a final volume of 10 mL, and the iron concentration was quantified
using the o-phenanthroline absorption spectrophotometric method. The obtained UPS nanoparticles aqueous solution was
ultimately adjusted to a final iron concentration of 1 mg mL'. The procurement and synthesis of reagents were
outsourced to Nanjing Nanoeast Biotech Co., Ltd., and the detailed synthetic steps were provided by the same company.

Physicochemical Characterization of UPS Nanoparticles
The size and morphology of UPS were assessed using a high-resolution transmission electron microscope (HT7800,
Hitachi). The hydrodynamic size and zeta potential of USPIO-PEG and UPS were analyzed using a specialized
nanoparticle size and zeta potential analyzer (Zetasizer Lab, Malvern Panalytical Ltd., UK). The magnetic properties
of UPS were precisely determined using a Vibrating Sample Magnetometer (VSM) (Model 7404, LakeShore
Corporation, USA).

The near-infrared absorption spectra of UPS at different concentrations (25 pg mL ™', 50 pg mL™", 100 pg mL™", and
200 pg mL ") were measured using the ultraviolet spectrophotometry. The near-infrared absorption spectra of UPS were
measured using the ultraviolet spectrophotometry both without laser irradiation and after 10 minutes of irradiation with
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Figure | Schematic representation illustrating the specific accumulation of amidation-synthesized UPS nanoparticles within tumor sites, facilitating PTT and enhancing aPD-
LI immunotherapy to eliminate the tumors. When the 808 nm laser irradiates the primary tumors, the UPS nanoparticles produce photothermal effect to kill the primary
tumor cells. And the dying tumor cell induces ICD, releasing CRT and HMGBI, stimulating the proliferation of CD4" T cells and CD8" T cells, along with increased secretion
of TNF-o and IFN-y. Meanwhile, the aPD-L| blocks PD-LI on tumor cells. Finally, the activating cytotoxic T lymphocytes (CTLs) kill distant tumors, and the TNF-a: and IFN-y
inhibit the recurrence of primary tumors and distant tumors.

the 808nm near-infrared laser (2.1 W cm™?). The characterization works, including high-resolution transmission electron
microscopy, hydrodynamic size, zeta potential, and VSM measurements, were meticulously conducted by Nanjing
Nanoeast Biotech Co., Ltd., ensuring the accuracy and reliability of the results.
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UPS Nanoparticles in vitro Photothermal Characteristics

A 1 mL solution of UPS with a concentration of 100 ug mL™" was placed in a cuvette. Subsequently, the solution was
exposed to 808 nm laser irradiation (2.1 W ¢m ) in a continuous heating-cooling cycle repeated five times to assess the
photothermal conversion stability of UPS. A 1 mL solution of UPS at a concentration of 100 pug mL ™' was irradiated with
the 808 nm laser (2.1 W cm %) for 10 minutes, and temperature changes during the heating-cooling process were
recorded. Subsequently, the photothermal conversion efficiency () of UPS was calculated using the method previously
reported.®* The n_is calculated using the following formula:

n=(hxS X (Tna—Ts)—Q,) / (I x (1 —10-24)))

Here, h and S denote the coefficient of heat transfer and the surface area of the sample vessel, respectively. Ty« and T
indicate the maximum temperature reached by the dispersed sample in its steady state and the surrounding environment’s
temperature, correspondingly. Qg represents the baseline energy input derived from the solvent and sample vessel in the
absence of nanoparticles, which was independently determined using pure deionized water. I signifies the laser’s power,
while A, refers to the nanoparticles’ absorbance at the wavelength of 808 nm. A 1 mL solution with a concentration of
200 ug mL ™' of UPS was irradiated with the 808 nm laser at the intensity of 2.1 W ¢cm 2 for 5 minutes, during which
infrared thermal images were captured using an infrared thermal imaging device.

Cell Culturing and Treatment

Human nasopharyngeal carcinoma cells (5-8F cell) and squamous cell carcinoma 7 (SCC7) were nurtured in a complete
growth medium comprising 10% fetal bovine serum, 1% solution of penicillin and streptomycin, along with 90% RPMI-
1640 medium (manufactured by Gibco) (v/v). The cellular cultures were upheld in a precisely controlled environment,
specifically within a cell culture incubator established at a temperature of 37 °C with a CO, concentration of 5%. Cell
experiments were all irradiated using the 808 nm near-infrared (NIR) laser.

Cellular Uptake Analysis Using Transmission Electron Microscopy

The UPS nanoparticles (200 pg mL ") were co-cultured with 5-8F cells (5 x 10° cells/well) for 4 hours, pre-fixed with
3% glutaraldehyde, post-fixed with 1% osmium tetroxide, gradually dehydrated with acetone, embedded in Epon812,
semi-thin sections were stained with toluidine blue for optical localization, ultra-thin sections were prepared using
a diamond knife, and then stained with uranyl acetate and lead citrate for observation under a JEM-1400FLASH
Transmission Electron Microscope.

Cellular Uptake Determination Using ICP-OES

To determine the cellular uptake, 5-8F cells were seeded in 6-well plates with a density of 5x10° cells per well overnight.
Subsequently, cells were incubated with UPS nanoparticles or USPIO-PEG nanoparticles at an iron concentration of 200
ng mL ™', After incubation at 37 °C for 1 h, 6 h and 12 h respectively, the cells were then washed with PBS for three
times and lysed by cell lysis buffer. The iron content in the cell lysis solution was determined by ICP-OES
(ThermoICPOES7200, USA).

Flow Cytometry for Detecting Cell Apoptosis

5-8F cells (5 x 10° cells/well) were co-incubated with UPS (100 or 200 pg mL ") for 4 hours in different groups (37 °C,
5% CO,). The laser irradiation group received the 808 nm near-infrared laser with the intensity of 2.1 W/em® to irradiate
the cancer cells for 10 min. After continued incubation for 24 hours, detection was performed using the Annexin V-FITC
cell apoptosis detection kit and a flow cytometer.

Mitochondrial Membrane Potential Detection in Early Apoptosis
5-8F cells (5 x 10° cells/well) were inoculated into a 6-well plate with 2 mL complete medium per well and
cultured for 12 hours. The control group was not treated, and the 5-8F cells of the experimental group were
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incubated with UPS (200 pug mL™") for 4 h, treated with 808 nm laser (2.1 W cm?) for 10 min, and then
incubated in a cell incubator containing 5% CO, at 37 °C for 4 hours. The medium was removed and stained
according to the Mitochondrial Membrane Potential Assay Kit with JC-1 (Solarbio). The cells were washed and
the images were collected under a fluorescence microscope.

Live and Dead Cell Staining for Cell Apoptosis Study

5-8F cells were seeded in 6-well plates at a density of 5x10° cells/well and cultured for 12 h. Cells were then incubated
with UPS nanoparticles at a final Fe concentration of 100 pg mL™" or 200 pg mL™' for 4 h. The laser irradiation group
received the 808 nm near-infrared laser with the intensity of 2.1 W/ecm? to irradiate the cancer cells for 10 min. After
being incubated for 24 h, the cells were stained by Live/Dead Viability/Cytotoxicity Assay Kit, according to the
manufacturer’s protocol, and then observed by fluorescence microscope.

Suppression of in vitro Cell Migration

A scratch insert was positioned at the base of a 6-well culture plate, and 5-8F cells (4.2 x 10* cells/well) were uniformly
dispensed within the insert. Following the formation of an adherent cell monolayer, the insert was gently withdrawn, and
PBS was employed to eliminate unattached cells prior to the introduction of fresh medium supplemented with 5% FBS.
Varied experimental groups were established, wherein UPS (100 or 200 pg mL™') were included according to the
grouping scheme. For the laser irradiation cohort, exposure to 808 nm near-infrared laser with the intensity of 2.1 W/cm?
to irradiate the cancer cells for 10 min was implemented. Visual documentation was performed at the 0-hour, 6-hour, and
12-hour marks.

RNA-Sequencing Analysis of Tumor Cells

5-8F cells (1 x 10° cells/well) were seeded in a 6-well plate with 2 mL of complete medium per well and cultured for 12
hours. They were divided into two groups: the control group and the PTT group, each with three replicates. The control
group was treated with PBS, while the PTT group was treated with 200 pg mL™" of UPS. After 4 hours, the cells were
exposed to the 808 nm laser (2.1 W cm ?) for 10 minutes. Following 24 hours of culture, RNA from the cells was
extracted using TRIzol reagent. The samples were sent to Sangon Biotech (Shanghai) Co., Ltd. for RNA-sequencing. The
sequencing results were analyzed to generate co-expression Venn diagrams, volcano plots, heat maps, kyoto encyclopedia
of genes and genomes (KEGG) pathway maps, and protein-protein interaction networks.

In vitro Hemolysis Assay

Utilizing the ocular blood collection technique, whole blood samples were obtained from mice of sound health and subsequently
introduced into tubes preloaded with EDTA, an anticoagulant agent. After thorough shaking, the tubes underwent centrifugation at
3000 r/min for the duration of 15 min, facilitating the separation of blood cells. Different levels of UPS solution (25 pg mL™", 50
pg mL™', 100 pg mL™, and 200 pg mL™"), along with PBS (negative control value, -) and pure water (positive control value, +)
(1 mL each), were combined with 20 pL of blood cells based on the assigned groupings. After a 4-hour period of incubation
within a cell culture chamber, the specimens underwent centrifugation at a speed of 3000 r/min for the duration of 15 min,
followed by subsequent image acquisition. The supernatant was gathered for spectrophotometric assessment at a wavelength of
540 nm utilizing an ELISA measurement device. Every experiment was executed three times, and the mean value
was computed. The calculation of hemolysis percentage was performed using the subsequent for-
mula: Hemolysis rate(%)= (Sample value — Negative control value) / (Positive control value — Negative control value) x 100%.

Animal and Tumor Models

Male C57BL/6J mice without specific pathogens were obtained from SPF (Beijing) Biotechnology Co., Ltd. The mice
were accommodated within the facilities of Guangxi Medical University’s Experimental Animal Center. Ethical evalua-
tion of animal experiments adhered to the guidelines established by the Ministry of Science and Technology of the
People’s Republic of China, as well as the National Standard GB/T35892-2018, titled Ethical Standards for Animal
Welfare in Experimental Research. Tumor dimensions were computed using the formula: length x width® x 0.5. The
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animal experiments utilized the SCC7 tumor model. Each male C57BL/6J mouse received a subcutaneous injection of
cell suspension (50 pL, 5x10° cells) to establish primary tumors in the right axilla and simultaneously injected the same
cell suspension in the left axilla to establish distant tumors. The mice carrying the SCC7 model were randomly assigned
to groups (n = 5 per group): Control group (Group 1); aPD-L1 treatment group (Group 2); PTT alone group (Group 3);
PTT-assisted aPD-L1 treatment group (Group 4). When tumors reached approximately 100 mm?, treatment was
commenced, with the tumor growth volume and mouse weight changes were recorded.

In vivo Biosafety Assessment

The experiment included a PBS group (n = 3) and an experimental group (n = 3). 15.5 mg kg ' solution was
intravenously injected into C57BL/6] mice, with a dose administered every two days for a total of five doses. Mouse
weights were recorded, and on the 10th day, blood was drawn from the orbital cavity for blood routine analysis. The
residual blood was gathered into 1.5 mL EP tubes, left at ambient temperature for 2 hours, followed by centrifugation at 4
°C, 3000 rpm for 15 min. The supernatant was preserved at —80 °C for subsequent analysis of blood biochemistry. Mice
were dissected, and organs including the heart, liver, spleen, lung, and kidney underwent fixation using 4% paraformal-
dehyde over the duration of 24 hours. Histopathological examination was conducted through H&E staining.

In vivo Pharmacokinetics

Mice (n = 3) were intravenously injected with 800 pL of UPS solution at a iron concentration of 1 mg mL™'. Blood
samples were collected from the orbital cavity at specified time intervals: 5 min, 10 min, 20 min, half an hour, 1 h, 2 h, 4
h, 8 h, 12 h, and 24 h, for the purpose of blood pharmacokinetic analysis utilizing ICP-OES.

In vivo Photothermal Impact of UPS Nanoparticles

As outlined earlier, a tumor model was established, and the mice were categorized into both an untreated cohort and
a photothermal therapy (PTT) cohort. A tail intravenous administration of UPS aqueous solution (15.5mg kg™') was
performed. After the UPS aqueous solution injection of 1 h, an irradiation of the tumor site with the 808 nm laser (2.1
W cm ?) for the duration of 5 min. This procedure was carried out while concurrently capturing thermal images using an
infrared thermal imaging camera.

UPS Nanoparticle Mediated PTT Enhances the Therapeutic Efficacy of aPD-L1 in

Treating Primary Tumors and Distant Tumors

The effect of UPS-mediated PTT on immunogenic cell death and its enhancement of the aPD-L1 immune checkpoint
inhibitor’s impact on both primary and distant tumors using the SCC7 tumor model were investigated. Each male
C57BL/6] mouse received a subcutaneous injection of cell suspension (50 pL, 5x10° cells), establishing primary tumors
in the right axilla and distant tumors in the left axilla with an equivalent cell suspension injection. The SCC7-bearing
mouse models were randomly assigned to groups in a randomized manner (each with n = 5): Control (Group 1); aPD-L1
treatment (Group 2); PTT alone (Group 3); and PTT assists aPD-L1 treatment (Group 4). Mice in Groups 3 and 4
received intravenous injections of UPS solution (15.5mg kg ') on days 0, 2, and 4. After an hour, primary tumors in these
groups were subjected to 808 nm laser irradiation (2.1 W c¢m ) for 10 minutes. Meanwhile, mice in Groups 2 and 4
received intraperitoneal injections of aPD-L1 (1 pg kg™ ") on days 0, 2, and 4. We recorded the daily body weight and
tumor diameter of the mice. On day 6, mice were anesthetized, and blood samples were collected to separate serum.
Enzyme-linked immunosorbent assay (ELISA) was used to quantify the levels of TNF-a and IFN-y. The primary and
distant tumors of each group of mice were dissected and photographed. Primary tumors were analyzed using H&E
staining, Ki67 staining, and immunofluorescence staining for CRT and HMGBI1. Distant tumor sections underwent CD4"
and CD8" T cell immunofluorescence staining, TUNEL immunofluorescence staining, and evaluation of tumor prolif-
eration using PCNA staining. Additionally, major organs from each group of mice were dissected and subjected to H&E
staining for histological evaluation.
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Statistical Methodology

The data is presented as mean + standard deviation or SEM. To assess differences among multiple groups, we employed
one-way analysis of variance (ANOVA). A significance level of o = 0.05 was chosen, whereby P-values of less than 0.05
were deemed statistically noteworthy and indicated with *while P-values less than 0.01 were marked as **those less than
0.001 were annotated as ***and P-values less than 0.0001 were represented by ****,

Results and Discussions
Physicochemical characterization and in vitro photothermal properties of UPS nanoparticles

The physicochemical properties of nanoparticle play a pivotal role in determining their application potential. In this
comprehensive analysis, we delved into various aspects of UPS nanoparticles, shedding light on their distinct
characteristics and how these attributes to their suitability for photothermal therapy. The TEM images divulged the
morphology and dimensions of the synthesized UPS nanoparticles, reaffirming their consistent alignment with
previous nanoparticle iterations developed by our research team.>® These nanoparticles maintained an average diameter
of approximately 10 nm, encompassing both square and circular shapes (Figure 2A). The observed uniformity
underscores the reproducibility of our synthesis methodology and the predictive nature of their size and shape, both
critical facets for achieving consistent and desired therapeutic outcomes. The hydrodynamic diameters of the USPIO-
PEG and UPS solutions were meticulously assessed and recorded as 20.91 + 0.50 nm and 42.38 £+ 1.07 nm,
respectively (Figure 2B and C). This increase in size subsequent to coupling signifies the effective incorporation of
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Figure 2 Physicochemical characterization and photothermal performance of UPS nanoparticles. (A) Schematic representation of the nanostructure of UPS as observed by
transmission electron microscopy (TEM). (B) Particle dimensions for the USPIO-PEG formulation. (C) Nanoparticle size of the UPS complex. (D) Zeta potentials assessed
for USPIO-PEG and UPS. (E) Evaluation of magnetic properties through Vibration Sample Magnetometer (VSM) analysis for the UPS nanoparticles aqueous solution. (F)
Optical UV-vis-near-infrared (NIR) absorption spectra of UPS nanoparticles aqueous solution at different concentrations. (G) Optical UV-vis-NIR absorption spectra of UPS
nanoparticles aqueous solution (I mg mL™') with and without near-infrared light irradiation (808nm laser, 2.1 W cm 2). (H) Study of photothermal stability of | mL UPS
nanoparticles aqueous solution (100 pg mLf') during five cycles of heating-cooling processes (808nm laser, 2.1 W cm72). (1) In vitro thermal imaging of UPS. (J) Heating and
cooling curves of | mL UPS nanoparticles aqueous solution (100 pg mL™") and photothermal conversion efficiency (808nm laser, 2.1 W cm 2. (K) Negative logarithm plot of
cooling time of UPS against temperature driving force.
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sialyl Lewis X (SLe"), potentially fostering enhanced interactions with cellular targets. And the zeta potential of
USPIO-PEG and UPS is =7.58 mV to —22.11 mV, respectively (Figure 2D). The shift towards a more negative zeta
potential after SLe* modification also indicates that SLe* effectively occupies the amino groups on the surface of the
USPIO-PEG, confirming successful coupling. The zeta potential of UPS nanoparticles is more negative than that of
USPIO-PEG, due to the grafting SLe* on USPIO-PEG through amidation reaction. The molecule composition of
USPIO-PEG was expressed as Fe;04@OA@DSPE-PEG2k-NH,. And the active group modified on its surface is -NH,,
which only accounts for 10~15% in the molecule formula. However, a group of the higher proportion in the molecule
formula is -O-CH,- of the PEG2k. Therefore, the overall potential of UPSIO-PEG nanoparticles is slightly negative.
These can be demonstrated by the negative zeta potential of pure -O-CH,- particles. And the only carboxyl groups in
SLe* exist in the form of amide bonds and belong to uncharged groups. Furthermore, the hydroxyl groups on the SLe*
molecule structure are uncharged, but there are some epoxy groups and C=0, which will show a slight electronega-
tivity. Therefore, even if SLe™ is not considered to have a negative charge, it is only neutral. Thus, even when SLe* is
considered to be uncharged and SLe* is coupled to the surface of UPSIO-PEG via amidation synthesis method, SLe*
formed an uncharged amide bond with the original -NH, of UPSIO-PEG. And parts of the positive charge of -NH,
were shielded, thus the synthetically obtained UPS nanoparticles overall tends to have a more negative potential. The
magnetic behavior of UPS nanoparticles aqueous solution at room temperature was investigated by VSM testing
(Figure 2E). The saturation magnetization (M) value of the UPS nanoparticles aqueous solution is 0.18 emu mL ™,
VSM unequivocally confirming the superparamagnetic behavior of the UPS nanoparticles. This characteristic plays
a vital role in categorizing them as proficient contrasting agents in various medical imaging techniques, encompassing
modalities such as magnetic resonance imaging (MRI). The ability of magnetic moments to respond to external
magnetic fields enhances signal intensity, facilitating precise disease localization and status assessment. This capability
is particularly significant during therapeutic interventions. It enables real-time monitoring of nanoparticle effects and
allows for dynamic adjustments to treatment strategies. And the MRI functionality of UPS nanoparticles has been
previously validated in our earlier study.”® The UV-vis-NIR absorption spectra analysis of UPS solutions at varying
concentrations (25200 pg mL ") unveiled broad absorption bands within the NIR region (Figure 2F). The absorption
pattern displayed a proportional enhancement with the elevation of UPS nanoparticle levels. The absorbance spectra of
UPS nanoparticles aqueous solution before and after exposure to 808nm NIR laser showed negligible changes,
demonstrating robustness of UPS under laser irradiation effects (Figure 2G).

The assessment of functionalized nanoparticles hinges upon critical parameters, namely, photothermal stability and
photothermal conversion efficiency. The enduring photostability was manifest in temperature fluctuations upon exposure
to 808nm laser radiation, even after the UPS nanoparticles underwent five cycles (Figure 2H). This observation strongly
supports the capacity of nanoparticles (NPs) to withstand the rigors of repeated photothermal applications. And the
Infrared thermal imaging elegantly demonstrated the photothermal effects of UPS NPs at different concentrations,
revealing a proportional increase in temperature with rising nanoparticle concentration (Figure 2I). When the UPS
NPs aqueous solution with a concentration of 200 pg mL™" in 1 mL plastic centrifuge tube was irradiated with 808 nm
laser at 2.1 W cm 2, revealing, the temperature could nearly rise to 65 °C. Research findings indicate that hyperthermia at
temperatures exceeding 48 °C can induce cellular necrosis, while comparatively milder temperatures in the range of 41—
45 °C can impede cellular activity and promote the upregulation of heat shock proteins.*® Therefore, through controlling
the UPS NPs aqueous solution concentration and the laser irradiation conditions, the photothermal effect of UPS NPs can
effectively killing cancer cells. The correlation between cooling duration and the negative natural logarithm of the
temperature gradient was determined during the cooling phase (Figure 2K). The time constant (1) of the UPS NPs was
calculated to be 292.57s. Leveraging 1, the n value of UPS NPs at a concentration of 0.1 mg mL™' was computed to be
32.14% (Figure 2J). These efficiency figures are closely to the competitive IID-ThTPA nanoparticles, whose t and n is
442.68 s and 35.4%, respectively,’® further affirming the promising photothermal capabilities of UPS NPs. To sum up,
this collective evidence definitively establishes UPS NPs as potent contenders for photothermal therapy with magnetic
resonance imaging and photothermal imaging, boasting remarkable photostability and material properties that align

favorably with effective tumor nanotheranostic treatment.
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In vitro Cellular Uptake and Therapeutic Effect of UPS Nanoparticle

The effectiveness and capabilities of nanoparticles in biomedical applications hinge on their interactions with targeted
cells and subsequent responses. In our study, we delved into the cellular behavior and photothermal effects of UPS NPs
in vitro, aiming to ascertain their potential for cancer therapy. The TEM images direct visualization underscores the
internalization of UPS NPs by cancer cells, the critical prerequisites for successful therapeutic interventions (Figure 3A).
These TEM images indicate their effective uptake to the intracellular of the tumor. To assess the in vitro cellular uptake
of UPS nanoparticles, UPS nanoparticles with the targeting moiety Sle* (200 ug mL ') were compared to USPIO-PEG
nanoparticles (200 pg mL ") as a control. The cellular uptake of Fe content was measured using Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES). As shown in Figure 3B, the intracellular Fe uptake increased over
time. At 1 hour, 6 hours, and 12 hours, the cellular uptake in the UPS-treated group was significantly higher compared to
the uptake in the USPIO-PEG group, indicating a statistically significant difference. This suggests that the modification
with Sle* effectively enhances the intracellular uptake of UPS nanoparticles. To assess the potential therapeutic efficacy
of UPS nanoparticles in vitro, we employed a 5-8F cell model and investigated their photothermal effects. Insights into
cell death rates were gleaned through the utilization of Annexin V-FITC/PI staining in the context of flow cytometric
analysis (Figure 3C). Notably, minimal cell death was observed in the control and laser alone groups. Exposure to
varying concentrations of UPS nanoparticles demonstrated low toxicity, with cell death rates of 4.32% and 5.12% at
concentrations of 100 ug mL ™" and 200 pg mL ™", respectively. Strikingly, the combination of UPS nanoparticles and NIR
laser treatment induced substantial cell death, reaching 38.66% and 78.99%. With the augmentation of the UPS
nanoparticles’ aqueous solution concentration, there was a corresponding reduction in the viability of cancer cells
following co-cultivation and irradiation treatment, indicating a dose-dependent photothermal cytotoxic effect. This
outcome highlights the potent photothermal effect of the nanoparticles, a fundamental characteristic for effective PTT.
To assess the tumor cells apoptosis after the PTT produced by UPS under 808 nm NIR irradiation, the changes of
mitochondrial membrane potential were detected by mitochondrial membrane potential assay kit with JC-1 (JC-1)
staining (Figure 3D). In normal mitochondria, JC-1 in the form of polymer showed red fluorescence, while in the
damaged mitochondria, JC-1 in the form of monomer showed green fluorescence. After 0.2 mg mL ™' UPS nanoparticles
combined with 2.1 W ¢m 2808 nm NIR laser for 10min irradiation to treat the 5-8F cells, the green fluorescence was
significantly enhanced, which was consistent with the green fluorescence shown in the positive group treated with
Carbonyl cyanide m-chlorophenyl hydrazone (Cccp), while the control group showed strong red fluorescence. These
results demonstrate UPS nanoparticle mediated PTT could lead to changes in mitochondrial membrane potential and
dysfunction of mitochondrial function leading to cell apoptosis. And the calcium orange AM/PI double-staining
experiments supported the trends observed in flow cytometry, confirming the significant cell death induced by UPS
nanoparticles and NIR laser treatment (Figure 3E). Moreover, the migration tests revealed that laser alone treated cancer
cells exhibited migration patterns similar to untreated cells, while UPS nanoparticle treatment suppressed migration
(Figure 3F). It is worth noting that the PTT treatment group not only inhibited migration but also reduced cell density
within 12 hours, which indirectly corroborated that the PTT treatment group could induce cell death. The quantitative
analysis of migration experiments (Figure 3G) showed no statistical difference between the group treated solely with
near-infrared light and the control group. This suggests that solely applying 808nm laser irradiation cannot inhibit cell
migration. However, significant differences were observed between the group treated with UPS nanoparticles and the
control group, indicating the effective inhibition of cell migration by UPS nanoparticles. Therefore, these various
detection methods used have highlighted that the photothermal effect generated by UPS under 808nm laser can
effectively kill cancer cells or inhibit cancer cells migration in vitro.

RNA-Sequencing Analysis of UPS Nanoparticle Mediated by PTT

To evaluate the cytotoxic mechanism of UPS nanoparticle mediated PTT and the potential mechanism of immune
activation, genome-wide RNA-sequencing was performed on 5-8F cells under different treatment conditions. This
assessment examined the transcription of 16728 genes. In these genes, 624 genes were transcribed in the PTT-treated
cells (Figure 4A). In contrast to the PBS control cohort, the PTT group demonstrated upregulation in 87 genes (depicted
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Figure 3 Tumor cellular uptake and anticancer effect in vitro. (A) TEM observation of cellular uptake of UPS nanoparticles by 5-8F cells (scale bar: 500 nm). On the left, the UPS
nanoparticle initiates contact with the surface of the 5-8F cell. On the right, UPS nanoparticle is endocytosed by 5-8F cell. The red arrow indicates the UPS. (B) Quantitative
analysis by ICP-OES of the uptake of USPIO-PEG (200 pg mL ") and UPS (200 pug mL ") by 5-8 cells at different time points. (C) Evaluation of apoptosis in 5-8F cells post diverse
treatments using flow cytometry analysis. 0.1UPS: UPS nanoparticles aqueous solution with a concentration of 100 ug mL™'; 0.2UPS: UPS nanoparticles aqueous solution with
a concentration of 200 ug mL™'; NIR: 808 nm laser irradiation. (D) The alteration in mitochondrial membrane potential of 5-8F cells following various treatments (scale bar: 200
pum). (E) Fluorescence microscopy images of live and dead cells staining after different therapeutic interventions in 5-8F cells (scale bar: 400 um). (F) Migration status of 5-8F
cells following distinct interventions (scale bar: 400 pm). (G) Quantitative analysis of cell migration in different treatment groups at 6 hours and 12 hours.

Notes: *Representing p < 0.05, *p < 0.01, and **p < 0.001, and ****p < 0.0001, based on a sample size of n = 3.
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as red dots), alongside downregulation in 230 genes (illustrated as green dots) (Figure 4B). Following PTT, we conducted
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis, which revealed the activation of five
immune-related pathways: the RIG-I-like receptor signaling pathway, B cell receptor signaling pathway, protein proces-
sing in endoplasmic reticulum, Jak-STAT signaling pathway, and tumor necrosis factor (TNF) signaling pathway
(Figure 4C). RIG-I-like receptor signaling pathway is an immune signaling pathway that is involved in recognizing
viral infection and inducing immune response. B cell receptor signaling pathway is an immune receptor signaling
pathway of B cells, which is involved in antibody production and immune response. The protein processing in
endoplasmic reticulum is a signaling pathway about the immune cell activity and immune response, which included in
participating in antigen processing and presentation, as well as regulating cytokine and immunoglobulin synthesis. It is
essential for maintaining the normal function of the immune system and immune response. The Jak-STAT signaling
pathway is a signaling pathway for interferon, and many other cytokines involved in immune regulation. And TNF
signaling pathway is associated with tumor necrosis factor signaling, which plays an important role in the immune
response. The heat map demonstrates the upregulation of genes such as heat shock 70 kDa protein 6 (HSPA6), heat shock
70 kDa protein 1A (HSPA1A), heat shock 70 kDa protein 1B (HSPA1B) (Figure 4D). The HSPA6, HSPA1A, and
HSPAI1B genes belong to members of the heat shock protein heat shock protein 70 (HSP70) family, which is involved in
the survival and function of immune cells, particularly in response to stress and protein folding.>” HSP70, whether
situated on the cancer cell membrane or secreted into the extracellular milieu, has the potential to trigger anti-tumor
immune responses.’® ** Under the influence of microwave heating, HSP70 protein induces the activation of CD4" and
CD8" T cells mediated by DCs.*'*? In the protein-protein interaction network, the nodes of interleukin-21 receptor
(IL21R), HSPA6, HSPA1A, HSPAI1B, and HSPH1 genes related to immune activation were larger, indicating their
importance in the network (Figure 4E). Figure 4F shows the network relationship of gene protein interactions involved in
the five immune-related pathways (shown in Figure 4C), in which HSPA6, HSPA1A, HSPA1B and other genes play an
important role in the maturation of B cells, dendritic cells, and the cytokines IFN-y and TNF-a. Therefore, these genes
reveal the UPS nanoparticle mediated PTT can activate immune-related genes and promote dendritic cells to mature as
antigens, further activating the immune system. It is well known that the 808-nanometer near-infrared laser has limited
penetration ability and cannot deeply penetrate the human body. Thus, solely in terms of penetration capability, there are
limitations in using UPS nanoparticles for intense treatment of internal tumors. However, RNA sequencing analysis
indicates that, at the genetic level, PTT mediated by UPS nanoparticles can trigger immune-related pathways and
antigens. This discovery holds significant relevance for enhancing the immune microenvironment infiltration within
tumors.

Biocompatibility Assessment of UPS Nanoparticle in Cellular and Animal Models
Biocompatibility is a critical factor in the field of nanomedicine, especially when considering their applications in
biomedicine and clinical translation. The established FDA-approved status of ultrasmall superparamagnetic iron oxide
(USPIO) further confirms its positive biocompatibility. In this study, our primary objective was to thoroughly assess the
biocompatibility of UPS nanoparticles. To achieve this, we conducted a series of comprehensive evaluations, including
in vitro hemolysis assays, in vivo body weight assessments, blood tests, and tissue histopathology.

The role of UPS nanoparticle surface hydrophobicity on hemolytic behavior was established by incubating UPS
nanoparticles ranging from 0 to 200 ug mL™" with red blood cells (RBCs) (Figure 5A). The dosage of 200 ug mL™' UPS
nanoparticles exhibited negligible hemolytic activity. This outcome demonstrates that the UPS nanoparticles had minimal
detrimental effects on RBCs even at 200 pg mL ™" concentration, which is relevant for in vivo applications. After
intravenous administration of UPS nanoparticles, the weight change of mice during the treatment period was monitored.
No weight loss of mice further confirmed none any severe systemic toxicity caused by UPS nanoparticles during the
course of the study (Figure 5B). Furthermore, the results from blood routine tests (Figure 5C) and blood biochemistry
tests (Figure 5D) demonstrated no discernible differences between groups that were injected with UPS nanoparticles and
those administered physiological saline. This outcome also underscores the notable lack of toxicity associated with these
nanoparticles at the tested doses, providing additional evidence of their biocompatibility. And the H&E staining
conducted on major organs offered a critical assessment of potential organ damage stemming from UPS nanoparticles
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Figure 4 Transcription analysis of human nasopharyngeal carcinoma cells treated with 200 pg mL~" UPS nanoparticles under 808 nm laser (2.1 W cmfz) irradiation by RNA-
sequencing. (A) A Venn diagram was used to illustrate the gene transcription patterns within each treatment group. (B) Volcano plots were utilized to visualize the genes
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interactions involved in immune-related pathways.
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Figure 5 In vitro hemolysis analysis and in vivo systemic toxicity analysis. (A) Hemolysis analysis conducted in solutions with concentrations of UPS nanoparticles ranging
from 0 to 200 ug mL™'. (B) After intravenous administration of UPS nanoparticles or physiological saline (the control group) to mice, alterations in mouse body weight were
assessed. Results are depicted as the mean * standard error of the mean (SEM) (n = 3). (C) Blood routine analysis was performed, and the results are presented as mean *
standard error (n = 3). The # symbol represents the absolute value. (D) Blood biochemical analysis of ALT, AST, TBIL, ALB, TP, BUN and CREA. Results are depicted as the
mean * SEM (n = 3). (E) Hematoxylin and eosin (H&E) staining of the heart, liver, spleen, lung, and kidney in the control group and UPS group (scale bar: 400 pm).

(Figure SE). Importantly, no significant indications of organ damage were observed. This comprehensive examination of
major organs provides valuable insights into the potential systemic effects of the UPS nanoparticles, supporting their
biocompatibility.

In vivo Pharmacokinetics and Photothermal Properties of UPS Nanoparticle

In vivo therapeutic effects of photothermal therapy enhancing aPD-L1 immunotherapy of UPS nanoparticle were
subsequently evaluated in the animal groups with different treatments (aPD-L1 alone, PTT mediated by UPS nanopar-
ticles, integration of photothermal therapy mediated by UPS nanoparticles and aPD-L1, with PBS as a control)
(Figure 6A). To investigate the in vivo pharmacokinetics of UPS nanoparticles, we employed ICP-OES to quantify
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iron (Fe) levels within the samples. Temporal evaluation revealed a decrease in Fe concentration over time (Figure 6B).
And the half-life was calculated to be 1.82 = 0.34 h. This outcome offers insight into the kinetics of nanoparticle
clearance from the bloodstream, a critical aspect when considering their clinical feasibility. And the exceptional
photothermal performance in vitro of UPS nanoparticles prompted us to investigate their utility for in vivo infrared
thermal imaging (Figure 6C). As time elapsed, the thermal imaging of the tumor site in mice injected with UPS
nanoparticles exhibited a significant enhanced red glow. These results suggest the potential of UPS nanoparticles as
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Figure 6 In vivo pharmacokinetics and the photothermal effect enhancing aPD-L| immunotherapy of UPS nanoparticle. (A) Schematic illustration of the integration of
photothermal therapy mediated by UPS nanoparticles and aPD-L| immune checkpoint blockade therapy in male C57BL/6] mice to suppress primary and distant metastatic
tumors. The experimental groups of this therapeutic approach have different treatment settings. UPS nanoparticles were injected every 2 days for PTT group and PTT+aPD-
LI group. The 808 nm laser irradiation was applied for 10 min for these two groups. For PTT+aPD-LI group, UPS nanoparticles were injected once, followed by laser
irradiation and the injection of aPD-L| once. For control group and aPD-L| group, the PBS and aPD-L| were injected every 2 days, respectively. (B) Blood circulation time of
administered 300 pL of | mg mL™' UPS nanoparticles aqueous solution determined by inductively coupled plasma optical emission spectroscopy (ICP-OES). (C) Infrared
thermal imaging corresponding to NIR laser irradiation alone and NIR laser irradiation with UPS nanoparticles. (D) Alterations in weight change of mice following diverse
treatment regimens. (E) Primary tumor growth inhibition curves after treatment of mice with aPD-L| alone, PTT mediated by UPS nanoparticles, and integration of
photothermal therapy mediated by UPS nanoparticles and aPD-LI, with phosphate-buffered saline (PBS) as a control. (F) Primary tumors weight collected after the mice
were sacrificed. (G) Photographs of the primary tumors in the 4 mouse groups post different interventions. (H) Distant metastatic tumor growth inhibition curves after
treatment of mice with aPD-LI alone, PTT mediated by UPS nanoparticles, and integration of photothermal therapy mediated by UPS nanoparticles and aPD-L1, with PBS as
a control. (I) Distant metastatic tumor weights collected after the mice were sacrificed. (J) Photographs of the distant metastatic tumors in the 4 mouse groups post
different interventions.

Notes: *Representing p < 0.05, **p < 0.0, and ***p < 0.001, based on a sample size of n = 5.
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effective contrast agents for infrared photothermal imaging. This capability of UPS nanoparticles enables real-time
thermodynamic monitoring during PTT, providing a valuable tool to clinical application. Furthermore, mice injected with
UPS nanoparticles and subjected to 808 nm laser irradiation achieved a tumor temperature increase to nearly 65 °C
within 5 minutes, compared to tumors subjected to laser irradiation alone. This temperature is sufficient to kill tumor
cells, confirming the in vivo outstanding photothermal conversion capability of UPS nanoparticles.

UPS Nanoparticle-Mediated PTT Enhances the Therapeutic Efficacy of aPD-L1 in vivo
Immunotherapy is a major strategy of antitumor therapy, whereas it still faces many challenges in clinical application.
Although a large number of studies have revealed numerous mechanisms for the occurrence of immunotherapy
resistance, it is still the tip of the iceberg in the face within the intricate tumor immune microenvironment, especially
head and neck squamous cell carcinoma.***** Here, we established a bilateral squamous cell carcinoma 7 (SCC7)
subcutaneous tumor model to simulate the process of cancer metastasis. The timeline of the animal experiments is
depicted in Figure 6A. Remarkably, mice in different experimental groups did not exhibit significant weight loss
throughout the treatment period (Figure 6D). These results indicate that the treatments were generally well-tolerated
by the mice and hardly induced systemic toxicity in mice. The growth trend graphs of primary tumor volume and distant
tumor volume are shown in Figure 6E and H, respectively. As the treatment days progressed, the tumor volume in the
PBS control group and aPD-L1 alone group increased rapidly, while the UPS nanoparticles mediated PTT group
exhibited slower tumor volume growth, and the PTT+aPD-L1 group showed the slowest growth. Following the treatment
procedures, all mice were euthanized, and their respective tumors were excised and quantified by weight. The weights of
both primary and distant tumors in the PTT+aPD-L1 group were significantly lighter than the other three groups,
followed by the PTT group, while the control group and aPD-L1 group had the highest tumor weights (Figure 6F and I).
And the anatomical images assessed the size of the primary tumors (Figure 6G) and distant tumors (Figure 6J). In these
images, the PTT+aPD-L1 group displayed the smallest tumor size, even complete disappearance, significantly out-
performing the outcomes of aPD-L1 or PTT monotherapies. Therefore, all these results indicate that UPS nanoparticles
mediated PTT can significantly enhance the therapeutic efficacy of aPD-L1, whereas aPD-L1 monotherapy is much less
effective.

And the results of the primary tumors H&E staining (Figure 7A) are consistence with the above conclusions. It
revealed that the control group and the aPD-L1 group caused the least amount of cellular apoptotic damage, while the
PTT group exhibited an increased number of apoptotic cells, and the PTT+aPD-L1 group induced the highest level of
cellular apoptosis. However, the H&E staining conducted on major organs offered a critical assessment of potential organ
damage stemming after several therapeutic treatments, and no significant indications of organ damage were observed in
the PTT+aPD-L1 group (Figure 7B). This comprehensive examination of major organs provides valuable insights into
the potential systemic effects after the PTT enhancing aPD-L1 immunotherapy, supporting the biocompatibility of this
therapeutic treatment.

In vivo Activation of the Antitumor Immune Response of PTT Enhancing aPD-LI

Immunotherapy

In order to detect the tumor cells proliferation after therapy, the Ki67 IHC staining (Figure 8 A) was assessed. It showed
that Ki67 expression was the lowest in the PTT+aPD-L1 groups, followed by the PTT group, and the highest in the
control group and aPD-L1 group. These results demonstrate that the PTT+aPD-L1 groups had the slowest tumor growth
rate and mitotic rate, comparing with the faster tumor growth and mitotic rate of the aPD-L1 group, which was Ki67-
sensitive, with more brown tissues. Therefore, after UPS nanoparticles mediated PTT enhancing aPD-L1 immunotherapy,
the tumor sites of prognosis may have not recurrence.

To elucidate the in-depth mechanisms underlying the antimetastatic effectiveness arising from the UPS nanoparticles
mediated PTT enhancing aPD-L1 immunotherapy, the immunofluorescence staining experiments for CRT and HMGBI1
protein expression were assessed (Figure 8B—E). When ICD occurs in tumor cells, CRT will be exposed onto the cellular
membrane surface and act as an “eat-me” signal to promote DCs or its precursor cells to phagocytic dead or dying tumor
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Figure 7 The images of H&E staining about the primary tumor tissues. (A) H&E staining of primary tumors. Scale bars represent 100 um. (B) Histological analysis of vital
organs across distinct treatment categories. Scale bars represent 400 pm.

cells, thereby furnishing abundant antigenic materials to stimulate dendritic cell maturation and facilitate their functional

activation;*

and the HMGBI released extracellular can activate the corresponding signaling pathway and activate
immunity.*® The PTT+aPD-L1 groups exhibited the strongest fluorescence on the tumor cell membranes. The average
fluorescence intensity of CRT in the PTT+aPD-L1 group was 2.34 times higher than that of the PTT group, while there
was no fluorescence in the control and aPD-L1 groups. And the average fluorescence intensity of HMGBI1 in the PTT
+aPD-L1 group was 1.51 times higher than that of the PTT group, while there was no fluorescence in the control and
aPD-L1 groups. These results imply that UPS nanoparticle-based PTT enhancing aPD-L1 immunotherapy triggered more
ICD in tumor cells and effectively promoted CRT and HMGBI1 protein expression of tumors.

The intratumoral infiltration of T lymphocytes, including cytotoxic T lymphocytes CTLs (CD8) and T helper cells
(CD4) was also investigated by the immunofluorescence staining (Figure 9A—C). The average fluorescence intensity of
CD8" T cells in the PTT+aPD-L1 group was 14.79 times higher than that of the aPD-L1 group. And the average
fluorescence intensity of CD4" T cells in the PTT+aPD-L1 group was 14.46 times higher than that in the aPD-L1 group.
These results demonstrate that UPS nanoparticle-based PTT significantly stimulated the proliferation of CD8" and CD4"
T cells and effectively strengthened T-cell infiltration of tumors, improving the tumor microenvironment that was in
a suppressed state when aPD-L1 was used alone, greatly enhancing the therapeutic efficacy of aPD-L1.

Furthermore, the levels of tumor necrosis factor-alpha (TNF-a) and interferon-gamma (IFN-y) secreted by spleen
cells in the PTT+aPD-L1 groups were also assessed, which were significantly elevated (Figure 9D and E). The pro-
inflammatory cytokine TNF-a belongs to the TNF ligand superfamily and exhibits pleiotropic pro-inflammatory
properties.*” TNF-o serves diverse functions in modulating immune processes, encompassing inflammation, cellular
differentiation, lipid metabolism, and programmed cell death. IFN-y or type II interferon plays a crucial role in innate and
adaptive immunity against viral pathogens, bacterials, and protozoal infections.*® Aside from its direct role in suppres-
sing viral replication, IFN-y’s significance within the immune system is further evident through its functions in immune
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Figure 8 The images of immunohistochemical (IHC) staining assessing Ki67 expression and immunofluorescence analysis of CRT and HMGBI about the primary tumor
tissues. (A) IHC staining assessing Ki67 expression of the tumor cells proliferation. Scale bars represent 100 um. (B) Immunofluorescence analysis of calreticulin (CRT)
expression from primary tumor tissues of the four different groups (scale bar: 10 pm). (C) Fluorescence quantitative fluorescence analysis of CRT. (D) Immunofluorescence
analysis of high mobility group box-| protein (HMGBI) expression from primary tumor tissues of the four different groups (scale bar: 10 um). (E) Quantitative fluorescence
analysis of HMGBI. Three randomly chosen visual fields were evaluated for histological quantification. Data are represented as mean + SD.

Notes: The asterisks indicate statistical significance levels, with *Representing p < 0.05, **p < 0.01, and ***p < 0.0001, based on a sample size of n = 3.

enhancement and immune regulation. The TNF-a level in the blood of the PTT+aPD-L1 group were 3.03 times higher
than those in the aPD-L1 group. The IFN-y levels in the blood of the PTT+aPD-L1 group were 3.39 times higher than
those in the aPD-L1 group. These results highlight the ability of PTT mediated by UPS nanoparticles enhancing aPD-L1
immunotherapy to trigger a stronger systemic immune response through the secretion of cytokines by CD4" T cells for
anti-tumor activity than that of aPD-L1 alone.

To assess the apoptosis levels of tumors in various groups, terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) immunofluorescence staining was investigated (Figure 10A and B). The PTT+aPD-L1 groups exhibited the
strongest fluorescence on the apoptosis of tumors. And PTT+aPD-L1 group exhibited the highest apoptotic rate, which was
7.05 times higher than that of aPD-L1 group. This result demonstrates that under the UPS-mediated PTT, the treatment effect
with aPD-L1 can be effectively enhanced, resulting in the induction of the optimal degree of apoptotic damage. Furthermore,
in order to detect the tumor cell proliferation state after several treatments, the Proliferating cell nuclear antigen (PCNA)
immunofluorescence staining experiments were assessed (Figure 10C and D). The more robust proliferative activity of tumor
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Figure 9 The immunofluorescence analysis of CD4* and CD8" T lymphocytes and concentration quantification of the cytokines about the distant tumor tissues. (A)
Immunofluorescence illustrations depicting the proliferation of CD4" and CD8" T lymphocytes within distant tumor tissues across the four distinct groups following various
treatments (scale bar: 20 um). (B) Quantitative fluorescence analysis of CD4"™ T lymphocytes. Three randomly chosen visual fields were evaluated for histological
quantification. (C) Quantitative fluorescence analysis of CD8" T lymphocytes. (D) Quantification of concentrations of the cytokines TNF-a in the blood serum of mice
within different experimental groups. (E) Quantification of concentrations of the cytokines IFN-y. Data are represented as mean * SD.

Notes: The asterisks indicate statistical significance levels, with *Representing p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001, based on a sample size of n = 3.

cells, the higher the fluorescence intensity of PCNA, which serves as an indicator for assessing tumor cellular proliferation
status. These results revealed the gradual decrease in PCNA expression levels in all groups, with the lowest levels in the PTT
+aPD-L1 treatment group, which had the almost negligible fluorescence intensity of PCNA. And in the aPD-L1 group, PCNA
expression was 14.92 times higher than that of the PTT+aPD-L1 treatment group. This result indicates that UPS-mediated
PTT effectively enhances the inhibitory effect on tumor cells proliferation in the aPD-L1 treatment group.

Mechanism of UPS Nanoparticle Mediated PTT Enhancing aPD-L| Immunotherapy

The rationale behind the aforementioned findings could be attributed to the inclusion of UPS nanoparticle mediated PTT
to aPD-L1 immunotherapy can potentiate the immune response within the body to suppress the recurrence and metastasis
of tumor cells, and also promote the antitumor therapeutic effect. When using aPD-L1 immune checkpoint inhibitors
alone, the tumor microenvironment of HNSCC is in an immunosuppressive state, resulting in a low number of immune
cells. Even if aPD-L1 recognizes the PD-L1 on cancer cells, there is limited immune cell infiltration. Consequently, the
efficacy of aPD-L1 monotherapy is quite poor. However, when the UPS nanotheranostic agent with excellent
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Figure 10 The immunofluorescence staining of TUNEL and PCNA to detect the apoptosis level and proliferative activity of distant tumors. (A) Immunofluorescent labeling
targeting TUNEL was performed on distant tumors (scale bar: 50 pm). (B) Quantitative fluorescence analysis of TUNEL. (C) Proliferating cell nuclear antigen (PCNA)
staining was conducted on distant tumors (scale bar: 20 um). (D) Quantitative fluorescence analysis of PCNA. Three randomly chosen visual fields were evaluated for
histological quantification. The data are presented as the mean * standard deviation.

Notes: The asterisks indicate statistical significance levels, with *Representing p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001, based on a sample size of n = 3.

biocompatibility is intravenously injected into mice, the sialyl Lewis X targeting moiety of UPS nanoparticles can
effectively target the tumor sites. Via the targeting effect of sialyl Lewis X targeting molecules, combined with enhanced
permeability, these can effectively increase the UPS nanoparticles uptake of tumor cells with immunotherapy resistance.
And the UPS nanoparticles can produce hyperthermia (temperature can reach nearly 65 °C) of PTT effect under 808 nm
laser irradiation. PTT can lead to the localized primary tumor cells death, releasing a series of abundant immunogenic
signaling molecules such as CRT and HMGBI1. These molecules can be recognized by the body’s immune system,
activating immune cells. And the dying tumor cells display the “Eat me” signal on their surface and are recognized by
phagocytes. Then the phagocytes swallow tumor cell fragments, promote the maturation of DCs, stimulate T cell antigen
receptors, cause a substantial proliferation of CD4" and CD8" T cells, and increase the effect of CD4" T and CD8" T cells
infiltration. And the activating CTLs arrive at the systemic tumor site, where aPD-L1 binds to PD-L1 on cancer cells. The
binding effect can prevent cancer cells from recognizing CTLs, thereby preserving the activity of CTLs and significantly
enhancing their ability to eliminate tumor cells. Finally, CTLs can kill the distant metastatic tumor cells. Furthermore,
CD4" T cells possess the capacity to secrete the cytokines TNF-a and IFN-y, exerting their influence systemically to
reinforce the immune response, thereby impeding the recurrence and metastasis of tumor cells.

Conclusions
In summary, we reported the precision USPIO-PEG-SLe™ nanotheranostics agent targeted photothermal therapy for

enhanced anti-PD-L1 immunotherapy to treat immunotherapy resistance. We have developed a versatile nano-diagnostic
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and therapeutic platform, referred to as UPS, through an efficient amidation synthesis method. The acquired UPS
nanoparticle exhibits excellent biocompatibility, strong dual-modal imaging capabilities (magnetic resonance imaging
and thermal imaging), efficiently tumor-targeting properties, and the controllable ability to mediate photothermal therapy.
At the genetic level, PTT mediated by UPS nanoparticles can trigger immune-related pathways (the RIG-I-like receptor
signaling pathway, B cell receptor signaling pathway, protein processing in endoplasmic reticulum, Jak-STAT signaling
pathway, and tumor necrosis factor (TNF) signaling pathway) and antigens. And the upregulation of gene is included the
heat shock protein heat shock protein 70 (HSP70) family. Under the influence of microwave heating, HSP70 protein can
induce the activation of CD4" and CD8" T cells mediated by DCs. The gene protein interactions involved in the five
immune-related pathways, in which HSPA6, HSPA1A, HSPA1B and other genes play an important role in the maturation
of B cells, dendritic cells, and the cytokines IFN-y and TNF-a. PTT mediated by UPS nanoparticles can activate immune-
related genes and promote dendritic cells to mature as antigens, further activating the immune system. This discovery in
our work holds significant relevance for enhancing the immune microenvironment infiltration within tumors.

The efficacy of aPD-L1 monotherapy is quite poor, because of the immunosuppression state of the tumor micro-
environment or limited immune cell infiltration. However, using the UPS nanotheranostic agent can effectively target the
tumor sites via the targeting effect of sialyl Lewis X targeting molecules, and UPS nanoparticles can be effectively
uptake of tumor cells with immunotherapy resistance. Then UPS nanotheranostic agent can produce hyperthermia under
the 808 nm laser irradiation, leading to the eradication of primary tumors and subsequent induction of ICD and releasing
a series of abundant immunogenic signaling molecules such as CRT and HMGBI1. And the dying tumor cells display the
“Eat me” signal on their surface and are recognized by phagocytes, whose can swallow tumor cell fragments, promote
the maturation of DCs, stimulate T cell antigen receptors. Then ICD stimulation can significantly promote the prolifera-
tion of immune cells, increasing the numbers of CD4" T cells and CD8" T cells, as well as increasing the effect of CD4"
T and CD8" T cells infiltration. And the activating CTLs arrive at the systemic tumor site, where aPD-L1 binds to PD-L1
on cancer cells. Finally, CTLs can kill the distant metastatic tumor cells. Furthermore, CD4" T cells can enhance the
secretion of the cytokines TNF-a and IFN-y to reinforce the immune response for impeding the tumor recurrence and
metastasis. Therefore, the photothermal therapy mediated by UPS nanoparticles can assist the aPD-L1 treatment, thereby
enhancing the effectiveness of immune checkpoint inhibitor immunotherapy, and achieving concurrent suppression of
primary tumors and distant metastatic tumors. This work offers a facile, versatile, and rapid preparation multifunctional
nanotheranostic agent to enhance the effectiveness of immune checkpoint inhibitor therapy with aPD-L1 to treat
immunotherapy resistance, addressing the challenge of aPD-L1 treatment ineffectiveness in the development of nano-
medicines, which holds the promise for clinical translation.

Abbreviations

aPD-L1, anti-Programmed Death-Ligand 1; USPIO-PEG, polyethylene glycol-coated ultrasmall superparamagnetic
iron oxide; UPS, polyethylene glycol-coated ultrasmall superparamagnetic iron oxide nanoparticles coupled with
sialyl Lewis X; ICP-OES, Inductively Coupled Plasma Optical Emission Spectroscopy; PTT, photothermal
therapy; ROS, reactive oxygen species; ICB, immune checkpoint blockade; PD-L1, programmed death-ligand 1;
PD-1, programmed cell death 1 receptor; mAb, monoclonal antibodies; FDA, Food and Drug Administration;
ICD, immunogenic cell death; CRT, calreticulin; HMGB1, high mobility group box 1; PEG, Polyethylene glycol;
HNSCC, head and neck squamous cell carcinoma; CTLs, cytotoxic T lymphocytes; SLe*, Sialyl Lewis X; MES
buffer, 2- (N-morpholino) ecthanesulfonic acid buffer; EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide;
VSM, Vibration Sample Magnetometer; NIR, near-infrared; SCC7, squamous cell carcinoma 7; KEGG, kyoto
encyclopedia of genes and genomes; ICP-OES, inductively coupled plasma optical emission spectroscopy; ELISA,
Enzyme-linked immunosorbent assay; TNF-a, tumor necrosis factor-alpha; IFN-y, interferon-gamma; TEM,
transmission electron microscopy; Ms, saturation magnetization; NPs, nanoparticles; t, time constant; n, photo-
thermal conversion efficiency; MRI, magnetic resonance imaging; JC-1, mitochondrial membrane potential assay
kit with JC-1; 0.1UPS, UPS nanoparticles aqueous solution with a concentration of 100 pg mL™'; 0.2UPS, UPS
nanoparticles aqueous solution with a concentration of 200 ug mL™'; Cccp, carbonyl cyanide m-chlorophenyl
hydrazone; TNF, tumor necrosis factor; HSPA6, heat shock 70 kDa protein 6; HSPAIA, heat shock 70 kDa
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protein 1A; HSPA1B, heat shock 70 kDa protein 1B; HSP70, heat shock protein 70; DCs, dendritic cells; USPIO,
ultrasmall superparamagnetic iron oxide; SEM, standard error of the mean; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; TBIL, total bilirubin; ALB, albumin; TP, total protein; BUN, blood urea nitrogen;
CREA, creatinine; H&E, hematoxylin and eosin; RBCs, red blood cells; PBS, phosphate-buffered saline; THC,
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