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Background: Durable responses to immune-checkpoint blocking therapy (ICT) targeting programmed cell death protein-1/ligand-1
(PD-1/PD-L1) have improved outcomes for patients with triple negative breast cancer (TNBC). Unfortunately, only 19-23% of
patients benefit from ICT. Hence, non-invasive strategies evaluating responses to therapy and selecting patients who will benefit from
ICT are critical issues for TNBC immunotherapy.

Methods: We developed a novel nanoparticle-Atezolizumab (NPs-Ate) consisting of indocyanine green (ICG), gadolinium-
diethylenetriamine pentaacetic acid (Gd-DTPA), human serum albumin (HSA), and Atezolizumab. The efficiency of Gd-DTPA
linking was verified using mass spectrometry, and the size of NPs-Ate was characterized using Nano-flow cytometry. The synthesized
NPs-Ate were evaluated for fluorescence stability, penetration depth, and target specificity. TNBC cell lines and tumor-bearing mice
models were used to identify the feasibility of this dual-modal second near-infrared/magnetic resonance imaging (NIR-II/MRI) system.
Additionally, ICT combination with chemotherapy or radiotherapy in TNBC tumor-bearing mice models were used to assess dynamic
changes of PD-L1 and predicted therapeutic responses with NPs-Ate.

Results: Atezolizumab, a monoclonal antibody, was successfully labeled with ICG and Gd-DTPA to generate NPs-Ate. This
demonstrated strong fluorescence signals in our NIR-II imaging system, and relaxivity (y1) of 9.77 mM ' s™'. In tumor-bearing
mice, the NIR-II imaging signal background ratio (SBR) reached its peak of 11.51 at 36 hours, while the MRI imaging SBR reached its
highest as 1.95 after 12 hours of tracer injection. NPs-Ate specifically targets cells and tumors expressing PD-L1, enabling monitoring
of PD-L1 status during immunotherapy. Combining therapies led to inhibited tumor growth, prolonged survival, and increased PD-L1
expression, effectively monitored using the non-invasive NPs-Ate imaging system.

Conclusion: The NIR-II/MRI NPs-Ate effectively reflected PD-L1 status during immunotherapy. Real-time and non-invasive
immunotherapy and response/prognosis monitoring under NIR-II/MRI imaging guidance in TNBC is a promising and innovative
technology with potential for extensive clinical applications in the future.

Keywords: dual-modal imaging, triple-negative breast cancer, immune-checkpoint blocking therapy, programmed cell death protein
ligand-1, monitoring therapeutic response
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Introduction

Triple-negative breast cancer (TNBC) lacks estrogen receptor, progesterone receptor, and human epidermal growth factor
receptor 2 exhibiting an aggressive phenotype and poor prognosis.'> TNBC’s higher mutational load,® tumor infiltrating
lymphocyte frequency,” ® and programmed cell death ligand-1 (PD-L1) expression,®’ suggest heightened immunogeni-
city compared to other breast cancer subtypes.

PD-L1 and programmed cell death protein-1 (PD-1) inhibitors, or immune checkpoint inhibitors (ICIs), have shown
promising durable responses in clinical studies and approvals.* '* Atezolizumab when combined with chemotherapy
increases survival rates by nearly 10 months, and median overall survival (OS) in patients with PD-L1-positive tumors.®
Pembrolizumab significantly improves OS rates when combined with chemotherapy when compared with controls in
high combined positive score patients (CPS > 10).>'% ICIs are promising strategies for improving current clinical TNBC
treatments. However, recent studies have reported that effective clinical rates for immune-checkpoint blocking therapy
(ICT) are only 20-30%.'" Therefore, screening for ICI benefits is essential if patient OS rates are to be increased, quality
of life improved, and medical resources saved. PD-L1 expression, mismatch repair deficiency, high microsatellite
instability, and tumor mutation burden are clinically useful biomarkers used to predict therapeutic effects.

Previous studies have reported that patients who are more than likely to benefit from PD-1/PD-L1 blockage therapies can
be identified using PD-L1 expression levels from immunohistochemistry (IHC) assays (eg, Dako28-8, Dako22C3, Ventana
SP142, and Ventana SP263 assays).'>'? However, PD-L1 spatial and temporal heterogeneity often constrains the practical
application of these assays.'* Moreover, PD-L1 tumor expression is dynamic and may be influenced by several cytokines,

15,16

including interferon (IFN) and toll-like receptor ligands, and also by treatment strategies such as radiotherapy,'’

1820 or cancer targeted therapy.>' Thus, real-time, and dynamic PD-L1 evaluation is essential to select the

chemotherapy,
right patients who will benefit from ICTs.
Innovative molecular imaging techniques have real-time assessment of PD-L1 levels and real-time assessment of PD-L1

23723 or optical probes®®” has shown promising preliminary results.

levels.?? PD-L1 quantification using particular radionuclides
In clinical studies, Bensch et al** observed that patients with lower-than-median therapy uptake were more likely to progress or
die, suggesting that zirconium-89-labeled atezolizumab (*Zr-Atezolizumab) uptake could predict ICT responses. In human
tumor xenograft models, **Zr-radiolabeled monoclonal antibodies (mAbs) effectively reflected paclitaxel-induced PD-L1 up-
regulation.”® These findings demonstrated the practical utility of molecular imaging in predicting immunotherapy outcomes.

However, the patient management involving radioactive agents is subject to strict safety protocols, with objective
radiation safety limits being strictly enforced. Furthermore, the use of radionuclides with long half-lives, such as isotopes
of copper and zirconium (**Cu and ®Zr), poses challenges for repeated imaging and dynamic observation of PD-L1
expression changes over short periods. As a result, radionuclide probes that accurately assess PD-L1 expression for
clinical transformation are limited by polar environments.?*-*°

Fluorescence imaging, with no ionizing radiation, has attracted considerable research attention. Zhang et al*! labeled an
anti-PD-L1 antibody with a first near infrared (NIR-I) dye (IRDye800CW) and identified PD-L1 levels in tumors that were
5.05-fold higher than controls. Compared to NIR-I, second near infrared (NIR-II) fluorescence imaging (900—1700 nm) offers
reduced scattering and tissue absorption, thereby improving spatial resolution and tissue penetration depth.**** Dai et al**
observed a signal background ratio (SBR) as high as ~40 when PD-L1 was functionalized to rare-earth nanoparticles in NIR-
I1. Recently, indocyanine green (ICG), also known as a NIR-I agent, was reported to emit fluorescence in the NIR-II range. As
an FDA-approved contrast agent, ICG enables NIR-II fluorescence imaging.*>*® Therefore, ICG labeled functionalized
imaging probes hold potential for evaluating PD-L1 status and ICT responses, warranting further clinical investigation.

Nanotechnology, which can integrate multiple functional materials into a single nanoparticle, offers tremendous
opportunities for visual evaluation of immunotherapy. Because of their biocompatibility, low toxicity, and low immuno-
genicity, nanoparticles can encapsulate or bind to their payloads and deliver them to target regions in immunotherapy.’”
Given that different imaging methods have unique benefits and drawbacks, combinations many provide improved out-
comes. In 2018, Du et al*” generated a novel PD-L1-PCI-Gd nanoprobe and tested its efficacy in dual-modal NIR-I/MRI for

PD-L1 and suggested that PD-L1 NIR/MRI imaging could predict ICT responses.
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In this study, we developed and characterized a novel nanoparticle, NPs-Ate, incorporating atezolizumab, ICG, and
Gd-DTPA, and performed in vitro and in vivo dual-modal NIR-II/MRI feasibility studies. In TNBC mouse models, we
utilized this novel probe in vivo to monitor responses dynamically and continuously to ICT when combined with
chemotherapy in real-time. (Scheme 1).

Materials and Methods

Materials

For probe synthesis, an anti-PD-L1 monoclonal antibody (atezolizumab) was obtained from MedChemExpress (USA).
Human IgG (H+L) was obtained from Sangong Biotech (Shanghai, China). A PD-1 mAb (SHR-1210) was obtained from
Suncadia Biopharmaceuticals (Suzhou, China). For Western blotting and THC, an anti-PD-L1 antibody (ab233482) was
purchased from Abcam. Diethylenetriaminepentaacetic acid dianhydride (DTPAA, 95%) and gadolinium (III) chloride
hexahydrate (99.9%) were purchased from Alfa Asear. Human serum albumin (HSA) was purchased from Beyotime
Biotechnology (Shanghai, China). N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC+HCI) and
N-hydroxysuccinimide (NHS) were purchased from Energy Chemicals (Shanghai, China). NHS-PEG2000-COOH was
purchased from Aladdin (Shanghai, China).
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Scheme | NPs-Ate study workflow showing the dynamic monitoring and evaluation of PD-| therapeutic effectiveness by NIR-II fluorescence imaging.
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NPs-Ate Synthesis
2 g HSA was dissolved in 30 mL of 0.1 M NaHCO3 (pH 8.2) solution. Then, 2 g diethylenetriaminepentaacetic acid
dianhydride (DTPAA) was dissolved in 10 mL dry dimethyl sulfoxide (DMSO) and added to the HSA solution. The pH
was adjusted to 8.2 using 1 M NaOH, the solution was stirred for 2 h at room temperature, and dialyzed against deionized
water. Then, GAdCl; was added at pH 6.5 to generate ““DTPA-HSA. Matrix-assisted laser-desorption ionization time-of-
flight mass spectrometry was used to verify Gd-linking efficiency. Subsequently, 60 mg ““DTPA-HSA in water was
mixed with free ICG (10 mg in 2 mL DMSO) and stirred for 12 h at room temperature. Lastly, the mixture was purified
on a Sephadex G50 column (PD-10; GE 121 Healthcare, Piscataway, NJ, USA). GdDTPA—HSA@ICG was examined
using a G2 F30 twin transmission electron microscope (FEI/TECNAI, Hillsboro, OR, USA).

25mg of NHS-PEG2000-COOH was used to link ““DTPA-HSA@ICG nanoparticles to the 2mg PD-L1 antibody
(Atezolizumab, MPDL3280A). The carboxylic group was activated by EDC*HCI and NHS to generate a fluorescent/
magnetic resonance bimodal probe for functionalized PD-L1 antibody-targeting to tumors. IgG was used to construct
a control probe ““DTPA-HSA@ICG-IgG (NPs-IgG). The size of NPs-Ate (IgG) was calculated using Nano-flow
cytometry (NanoFCM, XiamenFuliu, Xiamen, China).*®

NPs-Ate and NPs-IgG Characterization
UV/Vis absorption and fluorescence emission spectra (740—-1000 nm) at excitation wavelength = 720 nm was measured
on a fluorescence spectrophotometer (Varian Eclipse, Cary Eclipse). NIR-II fluorescence emission spectra were measured
using a fluorescent spectrometer (Edinburgh Instruments, FLS980) at excitation wavelength = 808 nm.

Using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and coomassie brilliant blue staining to evaluate the
binding stability. Using a dual-modal multispectral laser scan imager (Azure Sapphire RGBNIR) gels were scanned at 758 nm.

To investigate fluorescence stability, probes were separately dissolved in phosphate buffered saline (PBS), 10% fetal
bovine serum (FBS) and DMSO. After storage at 4°C for different times (1, 6, 12, 24, 48, and 96 h), probe fluorescence
intensity was examined using a fluorescence imaging system (Suzhou Yingrui Optical Technology, Series IIT 900/1700).

To compare penetration depth between NIR-I and NIR-II probes, capillary glass tubes containing NPs-Ate (10 mg/mL)
were placed in a transparent dish. Then, 1% intralipids in different volumes were added to dishes to generate different
heights (0—7 mm) in glass tubes. Tubes were analyzed for NIR-I and NIR-II fluorescence signals. Additionally, for fast
vascular imaging, mice vein fluorescence signals were detected at 5 min after NP injection. Fluorescence intensity ratios
between blood vessels and surrounding tissue were calculated.

Cell Culture

Breast cancer 4T1 (mouse), MDA-MB-231, and MCF-7 (human) cell lines were purchased from Procell Life Science &
Technology (Wuhan, China). MDA-MB-231 and MCF-7 cells were cultivated in Dulbecco’s Modified Eagle Medium
plus 10% fetal calf serum, whereas 4T1 cells were cultured in Roswell Park Memorial Institute 1640 medium (all from
Gibco, USA). Cells were cultivated at 37°C in 5% COs,.

Cell Transfections

MDA-MB-231 and 4T1 cells were stably transfected with lentivirus to generate PD-L1 expressing cancer cell lines
(MDA-MB-231-PD-L1, 4T1-PD-L1, and associated controls: MDA-MB-231-EV and 4T1-EV cells). According to
recommended multiplicity of infection values, human and mouse lentivirus (PHBLV-CMV-HPD-L1-3Flag-EF1-
ZSgreen-T2A-PURO and control PHBLV-CMV-3Flag-EF1-ZSgreen-T2A-PURO, Hankhin Biologics) were added to
fresh medium. After infection for 24 h, the culture medium containing lentivirus particles was removed and normal
culture medium was added. PD-L1 expression in transduced cells was verified by Western blotting.

Cytotoxicity Assay
NPs-Ate cytotoxicity was assessed using the Cell Counting Kit-8 (CCK8) method MedChemExpress (USA). MDA-MB-231,
4T1, and MCF-10A cells were seeded at 1x10* cells/well in a 96-well plate and incubated for 24 h. Cells were then incubated
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with NPs-Ate at different times (0, 24, 48, and 72 h) and different concentrations (40, 80, and 160 ug/mL). After incubation
times, fresh culture medium plus 10 L. CCK8 solution was added to wells and plates were incubated for 2 h at 37°C. Optical
density values at 450 nm were measured using a Multiskan™ FC microplate reader (Thermo Scientific).

Immunofluorescence Staining

Cells (1x10°/well) were incubated on sterile slides for 24 h. NPs-Ate and NPs-IgG were added to 12-well plates
according to the final concentration of 20 pg/mL and incubated for 2 h. After washing in PBS, cells were fixed in 4%
paraformaldehyde, sealed with 4’ 6-diamidino-2-phenylindole (DAPI) sealing tablets (Beyotime Biotechnology,
Shanghai, China), and observed under fluorescence microscopy (Leica DM2500, customized ICG fluorescence filter).

Monitoring PD-L| Dynamic Changes Induced by INF-y

4T1 cells were incubated in 6-well plates at 1x10° cells/well for 24 h. INF-y (Peprotech, Thermo fisher Scientific) was
added at 50, 100, and 200 IU/mL concentrations and plates further incubated for 48 h. The cells were incubated with
NPs-Ate and observed as described.

The Mouse Models

BALB/c and BALB/c nude female mice were purchased from Vital River (Beijing, China). For in vivo dynamic
fluorescence imaging, Ate-NPs (20 mg/kg; 100 ul) was intravenously injected into animals. Mice were then randomly
selected for studies and maintained in standard barrier conditions. MDA-MB-231 tumors were generated by the sub
cutaneous (s.c.) injection of 5x10° MDA-MB-231 cells in 100 pL PBS. 4T1 tumors were generated by the s.c. injection
of 1x10° 4T1 cells. By observation, mice with subcutaneous tumors were judged to be successful models and were
randomly used in subsequent experiments.

In three tumor models, 1x10° 4T1-EV cells, 5x10* 4T1-PD-L1 cells mixed with 5x10% 4T1-EV cells, and 1x10° 4T1-
PD-L1 cells were s.c. injected into the same mice.

Tumor volumes were estimated from the largest (a) and smallest (b) diameters; V = ab®/2.

In vivo Safety

After injecting NPs-Ate, mouse body weights were monitored every 3 days. Routine bloods and liver and kidney function
indices were examined at different times (1, 3, 7, and 28 days). Mice were humanely sacrificed by cervical dislocation,
and the main organs removed for hematoxylin and eosin (H&E) staining to observe if morphology had altered and
pathological changes had occurred.

In vivo Fluorescence Imaging

NPs-PD-L1 bio-distribution and target specificity outcomes were examined by fluorescence imaging in three mice/groups.
Data were collected from different tumor models (MDA-MB-231, MDA-MB-PD-L1, and 4T1, 4T1-PD-L1) after injecting
NPs-Ate (n=3; 19.72 mg/kg NPs-Ate =1 mg/kg ICG-loaded), the same dose of ICG-loaded NPs-IgG (22.03 mg/kg) was
injected as a control group. In blocking studies, 50 mg/kg free atezolizumab was intravenously injected into animals.

In vitro and in vivo MRI
NPs-Ate (IgG) and Gd-DTPA were prepared at 0.0375, 0.075, 0.15, 0.3, and 0.6 mM (Gd>") concentrations. Longitudinal
relaxation times were used to calculate relaxation rates.

Mice containing 4T1-PD-L1 (n=9) and MDA-MB-231 (n=9) tumors were imaged by T1-weighted MRI to evaluate
NPs-Ate as the contrast agent specifically targeted tumors. Gd-DTPA and NPs-IgG were used as controls. Mice (3 per
group) were imaged using a 9.4T MRI scanner (Biospec System 70/20, Bruker, Germany), with T1 RARE parameters
as fat suppression ON, TR 1000 ms, TE 8.3, NEX 4, FA 180.0 deg, slice thickness 0.5 mm, FOV4.0x4.0 cm, and
MTX 256x256, and with RARE-T1-axi; MRI signal intensities in regions of interest were tested using intravenous
NPs-Ate injections. For quantitative comparisons, SBR values were calculated using a Radiant DICOM Viewer
2020.2.
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ICT Treatment

1x10° 4T1 cells were injected into the right thigh of 6-8 weeks BALB/C mice (n=144). On day 3, mice were divided to
12 groups. Mice were undergoing chemotherapy, radiation therapy, and INF-y, separately. (Chemotherapy: 25 mg/kg i.v.
QD. 5 times (paclitaxel for injection (Albumin Bound) Hengrui Pharma, Jiangsu China); Radiation therapy: 2 Gyx4,
X-ray biology irradiator (RS2000, Rad source, USA) and INF-y: intratumoral injection, 1000 IU, QD. 5 times,
Recombinant Murine IFN-y, PeproTech). Then, anti-PD-1 treatments were used every 2 days (intraperitoneal; D-1
15 mg/kg; 4 times). NPs-Ate was injected on days 8 and 15 (n=5) (20 mg/kg NPs-Ate). Fluorescence signals were
gathered after 36 h. Mice with a tumor volume greater than 1200 mm® or a body weight loss greater than 25% were
considered humane endpoints and euthanized.

Statistics and Data Analysis
Data are represented as the mean = SD. T-tests were used to compare data. P-values < 0.05 were deemed statistically
significant. GraphPad Prism 6.0 was used for all analyses.

Results

NPs-Ate Characterization

Mass spectrometry and dynamic light scattering (DLS) analyses of free human serum albumin (HSA) and ““DTPA-HSA
(Supplementary Figure 1a and b) confirmed the successful labeling of GADTPA with HSA. GdDTPA—HSA@ICG molecules
were spherical, measured 7-10 nm (Supplementary Figure 1b), and showed that ICG had successfully induced a self-

assembled complex in transmission electron micrographs (Figure 1a). Nano-flow cytometry measurements indicate that the
particle size of NPs-Ate is approximately 60.8 nm, while the particle size of NPs-IgG is around 59.2 nm (Supplementary
Figure 1c). Fluorescence scanning analyses (Supplementary Figure 1d) showed stable NPs-Ate conjugates. The absorption
spectra of free ICG, NPs, and NPs-Ate are shown (Figure 1b). Characteristic peaks for ICG (~780 nm) indicated successful
NPs-Ate fabrication with ICG. It was observed that 1mg of NPs-Ate contained 0.0507 mg of ICG, whereas Img of NPs-IgG
contained 0.0454 mg of ICG. Additionally, 1 mg of pure NPs contained 0.0688 mg of ICG Fluorescence emission peaks for
NPs-Ate were ~800 nm (Ex: 720 nm) with a fluorescent trail at 1000 nm (Ex: 808 nm) (Figure 1c and d). In the NIR-II imaging
system, NPs-Ate demonstrated high-intensity fluorescence signals upon excitation at 808 nm (Supplementary Figure le).

NPs-Ate fluorescence intensity remained stable during a 96-hour observation window, confirming tracer’s fluores-
cence stability (Supplementary Figure 2a). Furthermore, fluorescence images of capillaries filled with NPs-Ate solutions

showed that the NIR-II (5 mm) penetration depth was significantly higher than NIR-I (2 mm) (Supplementary Figure 2b).

Fast vascular BALB/C nude mice imaging after NP injection at 808 nm laser excitation further confirmed that NIR-II
imaging at ~1000 nm generated higher SBR (3.77) compared to NIR-I (1.77) (Supplementary Figure 2c). Thus, in the

NIR-II, NPs-Ate showed better contrast traits in deeper tissue.

To assess NPs-Ate as a potential MRI contrast agent, longitudinal relaxivity (y1) was measured. The y1 values for NPs-
Ate and NPs were 9.77 mM ' s ' and 7.64 mM ' s !, respectively (Figure le, Supplementary Figure 3). The y1 value of
NPs-Ate was nearly two times higher when compared with the clinical MRI agent Gd-DTPA (yl =42 mM ' s ™).

NPs-Ate Specifically Target in vitro PD-LI

A Cell Counting Kit 8 assay was used to examine probe cytotoxicity in MDA-MB-231, 4T1, and MCF-10A cells. Even
though cells were incubated at high NPs-Ate concentrations (160 pg/mL) for 72 h, good cell survival was observed
(Supplementary Figure 4). This suggested the probe had no adverse effects on cell viability and was suitable for imaging.

To validate targeting in human breast cancer cell lines, NPs-Ate was added to MDA-MB-231 cells at different
concentrations and times (Supplementary Figure 5a and c). Quantitative cell fluorescence analyses showed that probe
uptake was higher in NPs-Ate cells when compared with the control group (4 pg/mL ICG) (60.36 + 6.48 and 10.96 + 3.64
(mean + standard deviation (SD)), respectively; P<0.05) and in 2 h (22.21+2.49 and 5.003%0.33 (mean £ SD), respectively;
P<0.05) (Supplementary Figure 5b and d). Thus, 80 pg/mL NPs-Ate (4 pg/mL ICG) and 2 h were ideal incubation
conditions.
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Figure |1 NPs-Ate and NPs-IgG characterization. (a) Transmission electron micrograph image of SIDTPA-HSA@ICG (NPs). (b) Absorption spectra of NPs-Ate (IgG).

(c and d) Fluorescence emission spectra of NPs-Ate (IgG) in (c) NIR-I (Ex: 720 nm), and (d) NIR-II (Ex: 808 nm) (FlI: Fluorescence intensity). ICG and NPs in PBS were used
as controls. (e) Tl-weighted MR phantom images (Upper: pseudo-color) and NPs-Ate longitudinal relaxivity (yl). Scale bar = 100 nm.

NPs-Ate was incubated in high/low PD-L1 expressing cells (Figure 2a), and co-incubated with free Atezolizumab to
induce competitive blocking (Figure 2b). NPs-Ate showed the highest binding in high-PD-L1 expressing cells MDA-MB
-231-PD-L1 (mean + SD, 62.78+0.57, Figure 2c), while in low PD-L1 expressing cells, fluorescence intensity was
significantly lower at 4.88 £ 0.76 (MCF-10A) and 0.20 £+ 0.4 (MCF-7) (Figure 2¢). In competitive blocking studies, free
atezolizumab (800 pg/mL) and NPs-Ate (80 pg/mL, 4 pg/mL ICG) were co-incubated with MDA-MB-231 cells
(Figure 2d) and fluorescence intensity decreased (mean, 30.52 vs 14.04; P<0.05), thereby indicating specific NPs-Ate
binding to PD-L1. These data suggested that probes could be used to detect different PD-L1 expression levels in human

breast cancer cells.
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To further investigate the roles of NPs-Ate in immunotherapy, we conducted incubation experiments with NPs-Ate on
various PD-L1 expressed cells (Figure 2e), including those with overexpressed PD-L1 (4T1-PD-L1) (Supplementary
Figure 6). Additionally, we co-incubated NPs-Ate with free Atezolizumab to induce competitive blocking (Figure 2f),
like how it was done with human cell lines. NPs-Ate uptake closely resembled PD-L1 levels in cell lines (Figure 2g).
Furthermore, fluorescence signals also decreased in cells cultured with free atezolizumab, dropping from 88.62 + 8.67 to
13.33 £ 2.73 (mean + SD; P<0.05) (Figure 2g). This finding indicated that NPs-Ate specifically adhered to PD-LI in
mouse breast cancer cells. To determine probe sensitivity in detecting up-regulated PD-L1, we used different murine
interferon-y (INF-y) concentrations to induce up-regulated PD-L1 expression in 4T1 cells (Figure 2f, h and 1). After 48 h,
PD-L1 expression had significantly increased (Figure 2h) and was detected by NPs-Ate (Figure 2f and i). The fluorescent
intensity of NP-Ate was 7.29£1.60 a.u in the control group and increased to 82.47 + 0.61 a.u in 200 IU/mL INF-y
inducing group (mean + SD), at the cell level.

NPs-Ate Specifically Accumulates in Tissue Expressing PD-LI

To assess NPs-Ate safety, probes were injected into nude mice. Mouse body weights showed no significant differences
when compared with controls. Also, no obvious histological changes or pathological damage (H&E staining) were
observed in tissue sections from major organs, not was liver or kidney function impacted (Supplementary Figure 7).

Therefore, probes did not exert any obvious toxicity, demonstrated good biocompatibility in vivo, and could be used for
in vivo imaging. Bio-distribution analyses showed high fluorescence signals in the liver and kidneys. The spleen, where
PD-L1 expression occurs, also showed specific NPs-Ate accumulation (Supplementary Figure 8).

We also investigated specific NPs-Ate targeting in an MBA-MD-231-injected mouse model at different time points
(6, 12, 24, 36, 48, and 72 h, Figure 3a). The highest SBR was observed in the NPs-Ate group and was 2.90-fold higher
when compared with the NPs-IgG group (P=0.01; n=3) (Figure 3b). The SBR in MBA-MD-231-PD-L1-injected mice
increased to 11.51£1.35 (Figure 3b). By adding the free anti-PD-L1 antibody atezolizumab, probe uptake reduced by
34.2% (SBR, 6.08 vs 4.0; P=0.03; n=3), thus NPs-Ate binding was specific in vivo (Figure 3b). Therefore, NPs-Ate
could be potentially used to detect different PD-L1 expression levels in human breast cancer cells.

NPs-Ate targeting in a BABL/C mouse model was also examined (Figure 3¢ and d). When compared with low PD-L1
expression 4T1 tumors, 4T1-overexpressed PD-L1 (4T1-PD-L1) tumors showed higher probe uptake (SBR, 3.17 vs
11.14; P=0.006). Upon free atezolizumab addition, SBR was —2.22-fold lower (P<0.05) and decreased to 5.03+£1.08. In
a three-tumor mouse model, three different PD-L1 expressing tumors (Figure 3e) showed different NPs-Ate uptake rates
with respect to SBR (8.665 vs 5.321 vs 3.464, respectively; P<0.05; n=3) in the same mice (Figure 3f-h). Therefore,
NPs-Ate potentially detected different PD-L1 expression levels in a 4T1 mouse tumor model. To further verify NPs-Ate
targeting in vivo, MMTV-PyVT transgenic mice were also injected with NPs-Ate to detect PD-L1 expression. NPs-Ate
specifically gathered in tumors concomitant with high PD-L1 expression levels (Supplementary Figure 9).

We next explored in vivo MRI imaging. T1-weighted imaging data at different time points were collected (Figure 4,
Supplementary Figure 10). Considerable T1 contrast signals were observed after NPs-Ate injection when compared with
Gd-DTPA and NPs-IgG in MDA-MB-231 model (Figure 4a and b) and 4T1-PD-L1 model (Figure 4c and d). Tumor
signal strength was at a maximum at 12 h post-injection (p.i.) in the MDA-MB-231 model (Figure 4a and b) and 4 h p.i.
in the 4T1-PD-L1 model (Figure 4c and d). Therefore, NPs-Ate appeared to enhance T1-weighted MRI signals.

NPs-Ate Can Be Used to Monitor Dynamic PD-L| Changes in vivo

To assess PD-L1 expression in tumor cells in response to different therapies, 4T1 tumor-bearing mice were treated with
chemotherapy, radiation, and INF-y intervention (Figure 5a; Supplementary Figure 11). At day 7, significantly increased
NPs-Ate uptake was observed when compared with controls in vivo (SBR: 10.426 vs 4.133, P<0.05 n=8; 8.185 vs 3.856,
P<0.05 n=8; 12.98 vs 3.775 P<0.05 n=5, respectively) (Supplementary Figure 12) and in vitro (mean; 50,235 vs 26,972
P<0.05; 51,228 vs 26,085 P<0.05; and 54,933 vs 17,541, respectively P<0.05; n=3) (Figure 5b, c, h and i; Supplementary
Figure 11b and c) fluorescence signals. These data suggested that NPs-Ate successfully detected increased PD-L1

expression levels when induced by radiation therapy, chemotherapy (Nanoparticle albumin-bound paclitaxel (Nab-
paclitaxel), and INF-y.
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Figure 3 In vivo NPs-Ate fluorescent imaging. (a) Images of MDA-MB-231 and MDA-MB-231-PD-L| tumor mice (n=3) treated with NPs-Ate, NPs-IgG, and free
atezolizumab blocking at different times post injection (p.i.) (6, 12, 24, 36, 48, 60, and 72 h). Quantification (c). (b) 4T|-PD-L| and 4T| tumor mice (n=3) treated with NPs-
Ate, NPs-IgG, and free atezolizumab blocking at different times p.i. (6, 12, 24, 36, 48, and 72 h) and quantification (d). (e) Image of the three-tumor mouse model (left to
right: 4T1-EV, 1/2 4T|-PD-LI+1/2 4T|-EV, and 4T |-PD-L1) (n=3) (f). In vitro tumor tissue (g) and PD-LI IHC (h). Data are represented as the mean * standard deviation
(n=3), ** P<0.01, and *P<0.05. Scale bar = 100 pm.

To further examine if NPs-Ate probes predicted PD-1 therapeutic responses, we examined fluorescence signals
(Figure 5d, e, j and k; Supplementary Figure 11d and e) in tumors at day 14 and monitored tumor volume and survival

(Figure 5f, g, 1 and m; Supplementary Figurel1f and g). We observed that mice with PD-1 combined with Nab-paclitaxel,
radiation, and INF-y intervention had better SBR values (14.98 vs 9.512 P<0.05; 13.55 vs 10.0 P<0.05; and 16.41 vs
13.32 P<0.05; n=5, respectively) (Figure Se and k; Supplementary Figure 11¢). IHC staining showed that rising tracer

uptake levels were related to increase PD-L1 expression (Figure 6, Supplementary Figure 13). Tumor growth inhibition
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Figure 4 In vivo NPs-Ate MRI imaging. Images showing MDA-MB-231 (a and c), 4T1-PD-L1 (b and d) tumor-bearing mice signal to background ratio (SBR) at different times
(c and d). NPs-IgG and Gd-DTPA with a 23.5 mg Gd**/kg dose. Data are represented as the mean # standard deviation (n=3), ** P<0.01.

was observed after PD-1 combination with Nab-paclitaxel, radiation, and INF-y (330.9 vs 645.1, P<0.05; 236.7 vs 503.3
P<0.05; and 270.4 vs 588.6, P<0.05, respectively, n=5) and improved OS (Figure 5f, g, 1 and m; Supplementary
Figurel1f and g). CD8 IHC staining confirmed that the combined treatment group had increased CD8" T cell infiltration
(Figure 6, Supplementary Figure 13). However, without intervention, tumor volumes and fluorescence signals between
anti-PD-1 and IgG therapies were not different. Better tumor growth inhibition and OS rates in the combination group
showed that Nab- paclitaxel, radiation, and INF-y may have altered 4T1 tumor-bearing mice from immunologically
“inactive” to “active. Critically, NPs-Ate appeared to capture early PD-L1 expression changes during PD-1 combined
therapy and potentially predicted PD-1 treatment effects.

Discussion

Recently, the Impassion 130 trial reported that Atezolizumab in combination with nab-paclitaxel increased progression-
free survival rates in a metastatic TNBC patient subgroup with PD-L1 positivity.® While ICT is anticipated to improve
the clinical treatment of TNBC patients, previous studies have indicated that the associated clinical benefit rates are only
20%-30% for TNBC."' Therefore, optimizing ICT outputs is vital to increase OS rates in patients, enhance the quality of
life, and save medical resources. Non-invasive PD-L1 molecular imaging could be beneficial for assessing PD-L1 status
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Figure 5 NPs-Ate can be used to monitor PD-L| dynamic changes and predict therapeutic effects in vivo. (a) The treatment processes. (b—g) Nab-paclitaxel combined with
PD-1 therapy. (h-m) IR combined with PD-I therapy. (b and h) On day 8, the fluorescence pictures of tumor tissue after Nab-pax (b) and IR (h) intervention and (c and i)
their quantitation (n=5). (d and j) On day 15, in vivo fluorescence pictures of treatment model under PD-1 combined (d) Nab-pax and (j) IR intervention and (e and k) their
quantitation. (f and I) Tumor volume during treatment (n=3). (g and m) Overall survival curves. Data are represented as the mean * standard deviation (n=3), *** P<0.001,
** P<0.01, and *P<0.05.
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at different time points and evaluating therapeutic responses to ICT. This approach has the potential to select ICT patient
beneficiaries and predict treatment responses effectively.

Numerous studies have highlighted the effectiveness and efficiency of radionuclide imaging in assessing PD-L1 expression in
malignancies.>***** However, it is challenging to repeatedly perform radionuclide imaging, particularly for **Cu and *Zr which
have extended half-lives. This limitation makes it difficult to dynamically track dynamic changes in PD-L1 expression over short
periods due to concerns about radioactive patient management and radiation safety.”*° To overcome these limitations, in this
study, we designed and synthesized an NIR/MRI dual-mode probe called NPs-Ate which specifically targets PD-L1. The
synthetic materials ICG, Gd-DTPA, and HSA, are widely used in the clinical settings and are safe and free from ionizing
radiation. NPs-Ate probes exhibit stable fluorescence and magnetic resonance properties, enabling non-invasively monitoring of
dynamic PD-L1 expression during treatments and potentially predicting ICT efficacy.
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Currently, PD-L1 expression assessments are used to predict therapeutic responses in TNBC studies. PD-L1 expres-
sion has been associated with better disease-free survival.*'**> However, defining specific cut-off levels for high and low
PD-L1 expression remains challenging. For instance, in the KEYNOTE-355 trial, PD-L1 was positively defined with
a CPS of >10 in 22C3 assays, while in the IMpassion 130 trial, immune cell scores of > 1 were defined in SP142
assays.'? Importantly, up-regulated PD-L1 was identified in tumor and antigen-presenting cells stimulated either by IFN

15,16 18720 or cancer targeted therapy.?' Some studies have

and toll-like receptor ligands, radiotherapy,'” chemotherapy,
suggested that PD-L1 levels should be interpreted as continuous variables rather than previously used high and low PD-
L1 cut-off levels.”” Consequently, determining PD-L1 expression is a complex process both in vivo and in vitro,
requiring accurate detection and prediction to assess ICT efficacy. It’s worth mentioning that detecting PD-L1 expression
through ITHC often necessitates core needle biopsy, which is an invasive procedure. Therefore, the development of non-
invasive methods to accurately determine PD-L1 expression is highly desirable.

Currently, visible fluorescence dyes like IRDye800CW and fluorescent nanoparticles are widely used in imaging
techniques.*> However, their application is often hindered, due to in vivo scattering and spontaneous fluorescence.*>
Fluorescence imaging using NIR, particularly NIR-II, has attracted considerable research attention due to its advantages,
such as no ionizing radiation, less interference from spontaneous tissue fluorescence, and deep penetration.”® Antaris et al
first reported an NIR-II tail (>1000 nm) in some fluorescence ICG and IRDye800CW dyes.** ICG exhibited higher
quantum yields compared to some NIR-II dyes, making further research into this phenomenon promising. Identifying
optimal fluorophores will accelerate the clinical translation of NIR-II bio-imaging.*®* The limited biosafety of rare
earth, quantum dot, and other materials emitting NIR fluorescence has hindered their clinical translation, highlighting the
need for safer materials for comprehensive NIR-II imaging to monitor ICT efficacy. In our study, NPs-Ate was
synthesized by loading ICG into HSA and identifying robust NIR-II fluorescence signals; the highest SBR signals
were observed at 11.51 at 36 h p.i. in mice bearing 4T1-PD-L1 xenografted tumors.

Different molecular imaging technologies have distinct benefits and drawbacks. Combining two or more modes can
generate complementing data and increase sensitivity and specificity. Importantly, our molecular imaging strategy demon-
strated potential in screening potential patients, and evaluating immunotherapy efficacy and prognoses. In clinical settings,
MRI is a widely used imaging technique, and is a non-invasive, non-ionizing, high spatial resolution, high tissue
penetration, and highly-performing anatomical imaging modality.*® Therefore, combining MRI with other imaging
techniques provides supplementary information and improves diagnoses for optimal image-assisted cancer treatments.*”**

NIR fluorescence is highly sensitive and capable of detecting low tumor-associated biomarker concentrations, making it
valuable for early malignant tumor diagnosis. However, bimodality imaging probes with synergetic MRI and NIR fluores-
cence combinations represent an unmet need in early malignant tumor diagnosis. Several NIR/MRI bimodal probes were
shown to provide high sensitivity and spatial resolution for molecular imaging and surgical guidance.**>* However, most
studies have focused on NIR-I fluorescence imaging, with few addressing immunotherapy efficacy. In a study by Du et al they
demonstrated that PD-L1 antibody specificity and targeting extended PD-L1-Gd life in the circulation, leading to enhanced
and persistent MRI signals. Anatomical references can be observed by combining NIR fluorescence with the high spatial
resolution of MRI and extending effective imaging windows.?” In our study, we first monitored PD-L1 expression after
radiotherapy, chemotherapy, and INF-y therapy when combined with PD-1 treatment, and preliminarily indicated that NIR-IT
fluorescence and MRI dual molecular imaging could be used to monitor dynamic PD-L1 expression. Moreover, relationships
between increased PD-L1 expression levels and treatments were explored by monitoring tumor size and mouse prognosis after
treatment, while probe signal uptake was preliminarily related to therapeutic effects in mice.

Molecular imaging techniques now hold significant potential for evaluating immunotherapy efficacy. However, many
challenges exist: 1) The limited numbers of receptors and ligands respond to immunotherapeutic efficacy and are
currently used in molecular imaging. In the future, more imaging targets must be identified to monitor immunotherapy
mechanisms and responses. 2) Due to shortcomings in existing molecular tracers, safe, highly sensitive, and highly
specific tracers must be developed to ensure stability in the body, to distinguish between cancer and immune cells, and to
accurately detect PD-L1 and other target protein expression.
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Most tracers have been evaluated in preclinical studies; therefore, ongoing clinical studies must confirm molecular
imaging feasibility, clinical safety, and immune monitoring prediction outcomes for patients who may potentially benefit
from immunotherapy.

Conclusion

We have developed a novel nanoparticle NPs-Ate probe composed of Atezolizumab, ICG, and GD-DTPA. This
innovative dual-mode NIR-II/MRI imaging platform holds the potential to guide ICT precisely and effectively, either
as a mono-immunotherapy or in combination with chemotherapy or radiotherapy, specifically in TNBC patients. The
translation of our novel imaging platform into clinical settings offers the opportunity to optimize and monitor the
therapeutic outcomes of ICT, thereby enhancing its effectiveness.
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