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AGuIX nanoparticle-nanobody bioconjugates to target immune checkpoint receptors

This article presents bioconjugates combining nanoparticles (AGuIX) with nanobodies (VHH) targeting Programmed Death Ligand 1 (PD-L1, A12 VHH) and Cluster of Differentiation 47 (CD47, A4 VHH) for active tumor targeting. AGuIX nanoparticles offer theranostic capabilities and an efficient biodistribution/pharmacokinetic profile (BD/PK), while VHH's reduced size (15 kDa) allows efficient tumor penetration. Site-selective sortagging and click chemistry were compared for bioconjugation. While both methods yielded bioconjugates with similar functionality, click chemistry demonstrated higher yield and could be used for the conjugation of various VHH. The specific targeting of AGuIX@VHH has been demonstrated in both in vitro and ex vivo settings, paving the way for combined targeted immunotherapies, radiotherapy, and cancer imaging.

Introduction

In recent decades, inorganic nanoparticles (NPs) have demonstrated significant promise for oncologic indications. One noteworthy example is the AGuIX (Activation and Guidance of Irradiation X) NPs. AGuIX are ultra-small NPs composed of gadolinium (Gd) chelates on a polysiloxane core, displaying a mean hydrodynamic diameter of 4 ± 2 nm. The corresponding mean molecular weight (MW) has been estimated at around 20 kDa. These NPs are currently being investigated in several clinical trials targeting different types of cancer, including brain metastasis (Phase II: NCT03818386 and NCT04899908), cervical cancer (Phase I: NCT03308604), glioblastoma (Phase I/II: NCT04881032), and pancreatic and lung cancers (Phase I/II: NCT04789486). 1,2 AGuIX NPs possess theranostic properties, providing dual functionality for imaging and radiotherapy. This is achieved through the presence of paramagnetic gadolinium ions (Gd3+) embedded within the NPs. These gadolinium ions contribute to positive contrast effects in T1 magnetic resonance imaging (MRI) and enhance the effectiveness of radiotherapy due to their high atomic number (Z=64). 3,4 The small size of AGuIX NP enables preferential passive uptake in tumors while facilitating rapid elimination through the kidneys(in humans t1/2 = 1.29 ± 0.27 h), thus minimizing the risk of toxicity. Additionally, AGuIX NPs demonstrate tumor uptake comparable to that of other organic or inorganic NPs, achieving approximately 1.19 ± 0.87% ID/g through passive targeting after 24 hours in large variety of animal model. 5,6 Nevertheless, to further enhance the efficacy of AGuIX NP, improving specificity and tumor retention time via active tumor targeting is an important next step for AGuIX translation and future generations.

Preclinical studies employing bioconjugation of AGuIX with antibodies and peptides have showcased the effectiveness of active targeting, resulting in a minimum 1.43-fold increase in tumor accumulation. 5,[7][8][9] Peptides have gained significant popularity as ligands for targeting cancer cells due to their compact size and ease of production. However, they often exhibit low affinity for the target compared to antibodies. 10 Conversely, antibodies have demonstrated remarkable efficacy as targeting molecules, but their larger size hampers tissue penetration and prevents access to certain areas in tumoral tissues. 11 For these reasons, our work focuses on bioconjugates based on nanobodies, otherwise known as Variable Heavy domain of Heavy chain (VHH). These targeting biomolecules have a molecular weight of approximatively 15 kDa and are roughly ten times smaller than monoclonal antibodies, and therefore offer enhanced efficiency in targeting. 12 Their reduced size enables them to readily penetrate tumor tissues and bind to a greater number of a receptors with enhanced affinity and specificity. Furthermore, VHH are swiftly eliminated from the bloodstream, minimizing the risk of toxic accumulation. They possess a remarkable folding capacity and robust physicochemical properties, endowing them with superior stability and excellent solubility. [12][13][14][15][16] These distinctive features enable VHH to overcome some limitations associated with monoclonal antibody therapies. 17,18 It is worth highlighting that both AGuIX NPs (nanoparticles) and VHHs (single-domain antibodies) exhibit a similar compact size, approximately 15 to 20 kDa, endowing them with similar in vivo properties, particularly in terms of tissue penetration, circulation, and clearance. By bioconjugating them, it is possible to combine these benefits in a single product. Herein, we design bioconjugates that target Programmed Death Ligand 1 (PDL1) and the Cluster of Differentiation 47 (CD47) receptors by using the A12 and A4 VHH respectively. [19][START_REF] Ingram | Proc. Natl. Acad. Sci[END_REF][START_REF] Ingram | [END_REF] A12 exhibits high affinity in the low nanomolar range for human and murine PD-L1, making it suitable for targeting its expression. Similarly, A4 exhibits a binding affinity of approximately 10 pM for murine CD47. [START_REF] Ingram | [END_REF][START_REF] Ingram | Proc. Natl. Acad. Sci[END_REF] The PD-L1 ligand and the innate immune regulator CD47 are relevant immunotherapy targets. PD-L1 can be expressed on tumor cells and binds to PD-1 on the surface of T-cells, triggering immune cell exhaustion and inhibiting anti-tumor immunity. Interfering with this negative immune checkpoint, PD-L1 inhibitors have demonstrated efficacy across many different cancer types. Specifically, atezolizumab, an anti-PD-L1 therapy, was approved for treatment of lung cancer in the U.S. in 2016 after showing a 25.4% overall survival rate after 3 years in the treatment of metastatic non-squamous or squamous non-small cell lung cancer (NSCLC). 22 Four years later, in 2020, duvarlumab, a second anti-PD-L1 antibody, was also approved for lung cancer treatment, demonstrating a 5-year overall survival rate of 42.9%, when administered following definitive chemoradiation therapy. 23 These two antibodies have been approved as a second treatment after one or two doses of chemotherapy. However, despite these promising results, the majority of patients with solid tumors do not respond to PD-L1 therapy, highlighting the need for combination approaches and better patient stratification.
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CD47 is an important receptor expressed on tumor infiltrating macrophages that interacts with signal regulatory protein alpha (SIRPα). This regulator is overexpressed in various malignancies and prevents phagocytosis by providing a "don't eat me" signal to immune cells. Targeting and blocking CD47 on tumors restores this phagocytic response which can then upregulate secondary, adaptive responses.

20,25-27

Antibodies targeting the CD47 receptor are currently being evaluated in multiple clinical trials. [28][29][30] The limited efficacy of existing immunotherapy in treating most solid tumors has highlighted the need to better define the tumor immune microenvironment and develop combination treatment approaches. PD-L1 / CD47 AGuIX combinations could help achieve both aims. Three of the approved immune checkpoint inhibitors (ICI) that target the PD-1/PD-L1 axis require biomarker confirmation of PD-L1, highlighting the need for PD-L1 in vivo diagnostic tools. 31 Similarly, visualization of CD47 expression may help identify tumors amenable to macrophage based therapies. Both PD-L1 and CD47 inhibitors have been demonstrated to synergize with radiotherapy in preclinical models [32][33][34][35] ; enhancing the effectiveness of radiotherapy with AGuIX could further increase the potency of this combination. Therefore, our primary focus was on developing AGuIX NPs that could effectively target and delineate crucial immunomarkers, specifically PD-L1 and CD47. This research serves as a foundational demonstration of the chemical synthesis approach, aimed at creating a platform that harnesses both the diagnostic and therapeutic potential of AGuIX, in conjunction with the immunotherapeutic capabilities of immunocheckpoint targeting.

To achieve this objective, we grafted AGuIX NPs with two different VHHs for targeted applications using two highly specific techniques: 1) sortagging [36][37][38] and 2) click chemistry. [39][40][41] The sortagging is based on an enzyme specific reaction and click on an azide-alkyne reaction. 40,[START_REF] Baskin | Proc. Natl. Acad. Sci[END_REF][START_REF] Kim | [END_REF][44][START_REF]Explaining Nobel Prize-winning chemistry techniques[END_REF] A12 and A4-modified AGuIX were prepared to compare both conjugation techniques and to assess receptor targeting using various in vitro assays. For the selected coupling synthesis, the ex vivo approach was studied using A12 nanobody in a highly aggressive murine model of melanoma.

Materials and methods

AGuIX NPs

The Gd-chelated polysiloxane NPs (AGuIX) were provided by NH TherAguix (Meylan, France) as a lyophilized powder. Their synthesis has been extensively documented in the scientific literature. [START_REF] Le Duc | [END_REF]47 They contain roughly between 10 and 20 Gd atoms per particle, which can be quantified using ICP-MS (Inductively Coupled PlasmaMass Spectrometry). 3,48 The presence of the gadolinium atoms confers to AGuIX radiation dose amplification and MRI contrast properties. Throughout the paper, each AGuIX NPs concentration is stated in g L -1 of AGuIX NP or M of Gd element. Within the polysiloxane structure AGuIX contain primary amines in the (3-Aminopropyl)triethoxysilane (APTES) function. 49,50 Each NP is estimated to possess a similar number of amine functions as Gd chelates. 51,52 These amines will be utilized as the main functional groups for all the biofunctionalizations. The AGuIX NPs used in this study have all been pre-grafted on the free amino function present on polysiloxane matrix with the cyanine 5.5 fluorescent dye (detailed synthesis in ESI).

VHHs

The A12 and A4 VHHs were synthesized at the Massachusetts General Hospital (USA), as described a previously published protocol. AGuIX-Cy5.5-C(W/T)GGG (600 µM GGG(W/T)C final concentration) and VHH (30 or 40 µM final concentration) were introduced in buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl). Ligation was triggered (t0) by the addition of StrA7m (2.5 µM final concentration). The mixture was stirred (orbital) at room temperature for 3 h. After reaction, the crude was negatively selected using Ni-NTA bead (400 µL slurry for 1 mg VHH, spin at 800 G for 1 min) to remove 6xHis-tag starting materials (StrA7m, VHH and released VHH residue after ligation), and filtered (MWCO 50 kDa vivaspin, dilution x100,000). AGuIX@VHH was purified by SEC (size exclusion chromatography, method B detailed in ESI) and stored at -20 °C. AGuIX-Cy5.5-C(W/T)GGG preparations and synthesis optimizations are detailed in ESI.

2.4. Synthesize AGuIX@VHH through click chemistry A12-azide (50 µM, final concentration in reaction) was added to AGuIX-DBCO at (100 AGuIX mg mL -1 final concentration in reaction) in 10 mM Phosphate-Buffered Saline (PBS) solution. The solution was stirred for 24 h at 4 °C. A temporal follow-up of the click reaction is monitored by SEC using method A (detailed in ESI). After reaction, AGuIX@VHH was purified by SEC (method B) to remove sub-products (NHS-terminated, azide-PEG4-NHS and AGuIX-DBCO excess) and stored at -20 °C. AGuIX-Cy5.5-DBCO and A12-azide preparations and synthesis optimizations are detailed in ESI.

Material characterizations 2.5.1. Size Exclusion Chromatography (SEC) UltraViolet/VisibleFluorescence

The Superdex 75 increase 10/300 GL (Cytiva) was used for SEC, and the process was conducted using an isocratic system of elution in acetate buffer 100 mM (pH 4.7) at a flow rate of 0.8 mL min -1 (25 μL injected). The G1311A pump (Agilent), Photodiode Array Detector G1315B (Agilent), and fluorescence detector G1321A (Agilent) were employed during the process to record absorbance at 295 nm and fluorescence at 280 nm excitation and 340 nm emission for the method A and fluorescence at 650 nm excitation and 665 nm emission for the method B. The data were acquired using on ChemStation B.04.03 SP1 and analyzed on GraphPad Prism 8.0.1. For preparative purification, the same column was employed within an AKTA PURE chromatography system (Cytiva) using an isocratic system of elution in phosphate-buffered saline (PBS) 100 mM at a flow rate of 0.8 mL min -1 (5 mL injected).

Induced Coupled Plasma Mass Spectroscopy (ICP-MS)

To achieve optimal results, the ICP-MS was operated under specific conditions, including a nebulizer gas flow of 0.84 L min -1 , plasma gas flow of 15 L min -1 , an auxiliary gas flow of 1.2 L min -1 , and a plasma radiofrequency power of 1600 W. The Syngistix 2.3 software was used to control the ICP-MS, and the tuning of all other parameters was carried out to optimize the Gd signal.

High-Performance Liquid Chromatography (HPLC)-ICP-MS

Flexar LC system (PerkinElmer) coupled with a Nexion 2000B (PerkinElmer) was used. The separation was executed using Superdex 75 increase 10/300 GL, and measurements were obtained through an isocratic mode of elution with acetate buffer 100 mM (pH 4.7) at a flow rate of 0.4 mL min -1 . The Gd signal was monitored utilizing isotopes 156 and 158 and Empower software version 7.3 was utilized to acquire the Gd signal.

Dynamic Light Scattering (DLS)

The hydrodynamic diameter distribution of the purified product was measured with a Zetasizer NanoS DLS instrument (laser He-Ne 633 nm) from Malvern Instruments.

2.5.5. Taylor Dispersion Analysis (TDA) TDA experiments were conducted using a TDA-ICP-MS hyphenation between a Sciex P/ACE MDQ instrument and a 7700 Agilent ICP-MS, described elsewhere. 53 Fused silica capillaries with an inner diameter of 75 µm and outer diameter of 375 µm, and a total length of 64 cm, were coated with hydroxypropylcellulose (HPC) using a solution of 0.05 g mL -1 in water. Detection was carried out by ICP-MS at m/z=158 with a data acquisition rate of 500 ms point-1. Between runs, the capillary was flushed at 5 psi for 5 min with the mobilization medium. Peak deconvolution was carried out using Origin 8.5 software. The detailed method is described in ESI.

Competition ELISA

High-affinity 96-well plates were coated with either 2 µg mL -1 PD-L1 or 1.25 µg mL-1 CD47 and allowed to adhere overnight at 4 °C. Plates were washed and blocked with a 10% FBS solution. Plates were incubated with sample VHH (A12 or A4) or NPs (AGuIX, AGuIX@A12, or AGuIX@A4) followed by incubation with 6.25 nM biotin-anti-PD-L1 or 50 nM biotin-anti-CD47. Plates were then incubated with avidin-HRP (Abcam ab7403, 1:40000 dilution) followed by TMB (ThermoFisher N301) to detect colorimetric changes. TMB conversation was stopped at 40 min and absorbance was read at 450 nm.

The equilibrium inhibitory dissociation constant (Ki) was curve fitted using Graphpad 8.0.1 Top and Bottom are the plateaus in the units of the y-axis. LogKi is the log of the molar equilibrium dissociation constant of the unlabeled ligand (AGuIX, AGuIX@A12, or AGuIX@A4). RadioligandNM is the concentration of the labeled ligand (biotin-anti-PD-L1 or biotin-anti-CD47) and HotKdNM is the equilibrium dissociation constant of the labeled ligand (biotin-anti-PD-L1 or biotin-anti-CD47).

Biacore analyses

Biomolecular interactions between immobilized receptor PD-L1 and CD47 and analyte AGuIX@A12 or AGuIX@A4 were assessed by Surface Plasmon Resonance (SPR) on Biacore 2000 instrument (Cytiva). 53 For the kinetic assays, the A12 was injected up to a concentration of 61.2 nM, the A4 up to 67 nM, the AGuIX NPs at 0-915.7 nM in Gd 3+ , the AGuIX@A12 VHH at 0-61.2 nM, (0-915.7 nM equivalent in Gd 3+ ) and the AGuIX@A4 VHH at 0-16.7 nM (0-240 nM equivalent in Gd 3+ ). The chip was prepared as described in SI. All characteristic interaction constants (equilibrium dissociation (KD) and kinetic rate of association and dissociation (kA and kD)) were determined by curve fitting using the Langmuir 1:1 binding model implemented in Biaevaluation software 4.1.1. 54 The detailed method is described in ESI.

Cell culture

Murine melanoma (wild-type B16F10 or hiPDL1-B16F10) cells were culture in 10% fetal bovine serum (FBS; Invitrogen, USA) and 1% pen/strep (10,000 U.mL-1 penicillin and 10,000 µg.mL -1 streptomycin; Invitrogen, US) supplemented Roswell Park Memorial Institute medium (RPMI 1640; Gibco, Invitrogen, USA) at 37°C, 5% CO2 and optimal humidity.

Fluorescence Microscopy

Cover slips were placed in 48-well plates and seeded with either hiPDL1-B16 or wild-type B16 cells (50,000 cells/well) and allowed to attached overnight at 37°C. Cells were incubated with Cy5.5 (683/703 nm) tagged NPs (0.2 mg.mL -1 ) for 1 h. Cells were fixed, blocked, and permeabilizing with a solution of 10% FBS and 0.3% 

Ex vivo Biodistribution

The animals were anaesthetized with isoflurane (induction: 3%, maintenance: 1.5-2.0%) in a mixture of 100% O2 (flow rate = 1.0-1.5 L min -1 ). At day 8 post-inoculation, 1.92 ± 0.09 MBq (mean ± SD), corresponding to the dose of 7.12 ± 0.35 and 2.29 ± 0.07 µg of AGuIX (mean ± SD) for AGuIX-[ 89 Zr]-and for AGuIX-[ 89 Zr]@A12 respectively 55 , were intravenously injected (i.v.) into tumor-bearing mice (n = 8 for both AGuIX and AGuIX-A12, 22.0 ± 1.9 g per mouse). The mice were euthanized at 4 h and 24 h post-injection (n = 4 per time points) and tissue activity was determined for several organs of interest after harvesting (blood pool, intestines, kidneys, spleen, pancreas, liver, muscle, bone, brain, tumor). Activity in various organs of interest is represented in percentage of injected dose per gram (%ID/g) (Tab. S2).

Statistical analysis

The results are reported as mean ± SEM, as stated in the figure captions. Statistical analyses were conducted using GraphPad Prism (version 8.0.1). For comparisons involving three or more means, a one-way ANOVA followed by the Kruskal-Wallis nonparametric test (for non-Gaussian populations) was employed for in vitro internalization assays. All in vitro experiments were performed in triplicate. Mann-Whitney test for multiple comparisons was used to analyze ex vivo biodistribution data. Statistical significance was considered at p < 0.05.

Results and discussion

To evaluate the best approach for biofunctionalization of AGuIX NPs with VHH, we compared sortagging and click chemistry. The sortagging bioconjugation approach permits for the selection of specific sites for modification, enabling more accurate predictions regarding the biological impact of the chemical alteration. Modifying a protein terminus is expected to have a smaller effect on the protein's folding and functionality as well as the added advantage of defining the orientation of the immobilized protein, which is anticipated to better preserve its function compared to other immobilization techniques. This enzymatic reaction relies on the enzyme Sortase A (SrtA), a transpeptidase produced by Grampositive bacteria, which catalyzes the formation of a peptide bond between two peptides to attach specific proteins to the cell wall or pili assembly. [56][57][58] SrtA specifically recognizes the LPXTG sequence (with X representing any amino acid) and by nucleophilic attack makes it reactive to an N-terminal oligoglycine, forming a peptide bond between the threonine of LPXT and the oligoglycine. This natural ligation system has been repurposed for protein modification and has gained popularity as a research tool due to its high ligation selectivity, simplicity, robustness, and the availability of various SrtA variants (expressed in Escherichia coli or commercially available), as well as other required materials. 37,59 Sortagging reactions have been used to graft specific biomolecules, such as peptides or proteins, onto a protein or other biological targets of interest and has already proved efficacious in NP conjugation. 60-62 Click chemistry describes chemical reactions aimed at achieving high yield and high selectivity in the formation of carbon-heteroatom bond. Click chemistry reactions are based on the 1,3-dipolar cycloaddition of an azide and an alkyne to form a 1,2,3-triazole. This reaction has been widely utilized in various applications due to its simplicity in terms of preparation and purification steps, enabling rapid generation of new products with high reaction rates, such as bioconjugates. 60,[63][64][65] The formation of the triazole linkage is irreversible and quantitative, providing excellent reaction stability. Azide and dibenzocyclooctyne (DBCO) are selected as strainpromoted azide-alkyne cycloaddition reactions (SPAAC) tools due to their relatively small functional groups with a favorable rate constant (k2= 0.2-0.5 M -1 .s -1 )39 which have been shown to be effective. The crucial challenge of click chemistry is to preserve the integrity and functionality of the biomolecule after grafting. 39,66,67 Given the advantages and challenges associated with each method, we have synthesized AGuIX and VHH conjugates using both approaches to compare them.

Synthesis of AGuIX-VHH by sortagging

The sortagging reaction is based on enzymatic synthesis involving three primary steps: (1) introduction of maleimide (Mal) moieties on AGuIX NPs, (2) introduction of the peptide GGG(W/T)C using the Mal moieties, and (3) introduction of VHH through the transpeptidation enzymatic reaction (Fig. 1a). λem=340 nm) of the purified bioconjugate AGuIX@A12 (light red), AGuIX@GGG (grey) with A12 (dark red). (c) Measurement of hydrodynamic diameter by DLS of AGuIX@A12 (light red), AGuIX@GGG (grey) and AGuIX (black).

AGuIX NPs were modified to mimic the functionality of the Nterminal oligoglycine residue typically employed in sortagging. Initially, a Mal functional group was introduced onto the surface of AGuIX NPs using a bifunctional NHS/Mal linker. AGuIX-Mal was further modified with a short peptide linker that incorporates a cysteine amino acid at the C-terminal and a triglycine residue (GGG(W/T)C) at the Nterminal. To enable the use of sortagging, the VHH was engineered by incorporating a C-terminal StrA motif LPETGG and a 6xHis tag. The addition of the 6xHis tag motif facilitated protein purification and removal of the C-terminal residue released during sortagging. 20 The transpeptidation reaction between A12 and AGuIX-C(W/T)GGG was verified using SEC monitoring. After purification, the final product exhibited a retention time (tR) of 13.2 minutes, corresponding to a product size ranging from 29 to 44 kDa (Fig. 1b, Fig. S1.c). The equilibrium for the reaction was reached within 2-3 h at room temperature. Following isolation using Nibeads to capture and remove the 6xHis-containing reagents and by-products (StrA7m, residual peptides from VHH C-terminal, and unreacted VHH), AGuIX@A12 was purified via filtration and dispersed in PBS (Fig. S1.c). A VHH conversion of 32-33% was achieved during the sortagging process, resulting in an isolated yield of AGuIX@A12 of 5.3% (relative to A12) with a Gd/A12 ratio of 20 (Fig. 1b, Fig. S1.e). The hydrodynamic diameter (DH) of AGuIX@A12, as assessed by DLS, was 6.1 nm, slightly larger than that of AGuIX-C(W/T)GGG (4.1 nm) (Fig. 1c). This outcome confirms the modification of the particle surface and hints at the possibility of VHH grafting. After optimization, sortagging proved successful in grafting VHH onto the surface of AGuIX NPs. The key parameter to increase the grafting yield of VHH was to increase the equivalence of the oligoglycine in the reaction. However, this strategy also resulted in a higher NP/A12 ratio, which ideally should be around 1 for imaging applications. The NP/A12 ratio of 1 could be achieved after optimization of several parameters (Fig. S1.a to e), while VHH conversion decreased to 15%. The binding affinity, evaluated using the inhibitory constant (Ki) through a competitive enzyme-linked immunosorbent assay (ELISA), confirmed that the addition of AGuIX to A12 did not impact the competitive binding affinities (Fig. S2). Furthermore, AGuIX's lack of interaction with PD-L1 proteins also confirmed that the high affinity is solely attributed to the presence of the nanobody on AGuIX's surface. Moreover, the similar logKi values of 12.8 ± 1.1 nM, and 5.5 ± 0.6 nM for A12 and AGuIX@A12 obtained, respectively, strongly reinforced this result (Fig. S2).

Synthesis of AGuIX@VHH by click chemistry

Click chemistry based on strain-promoted azide-alkyne cycloaddition involves three primary steps: (1) introduction of the azide group on the VHH, (2) introduction of the DBCO group on the AGuIX NP, and

(3) introduction of the VHH through the click chemistry reaction (Fig. 2.a). The first step of the synthesis involves functionalizing the VHH with the azide group based on NHS-ester reaction with lysine residues. [68][69][START_REF] Nanda | Methods in Enzymology[END_REF] Functionalization was confirmed by SEC (Fig. S3.a) and matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (Fig. S3.b). 68 The AGuIX-DBCO was prepared by the same reaction consisting in NHS reaction with the primary amines on the NP surface. After synthesis and purification, the modified NP presented a ratio of 10 Gd/DBCO, i.e. 1 to 2 DBCO functions per NP (Fig. S3.c and d). AGuIX-DBCO high excess ratio (450Gd/A12) was chosen for the click chemistry to minimize any reactant rate limitations and ensure complete reaction (Fig. 2b). At least 95% of the VHH in solution successfully reacted with AGuIX, resulting in the formation of AGuIX@A12 with a size ranging from approximately 29 to 44 kDa, as determined by Superdex 75 protein calibration (Fig. 2d; Fig. S3.e and f). Purification by preparative SEC was effective in removing the unreacted AGuIXDBCO and other by-products, isolating the AGuIX@A12 bioconjugate. Dynamic light scattering (DLS) and Taylor Dispersion Analysis (TDA) size measurements of the bioconjugate were consistent (Fig. 3c, Fig. S3.i). The analyses of hydrodynamic diameters using DLS and TDA exhibit coherence and complementarity. DLS offers a standard resolution, providing an average value, but it is limited in its ability to differentiate between species as such ultrasmall sizes. On the other hand, application of TDA to nanoparticles is a recent method that has proven to be effective in distinguishing various populations of ultrasmall size. [START_REF] Labied | [END_REF] An increase in hydrodynamic diameter was observed following biofunctionalization (in DLS, DH, AGuIX = 3.0 ± 1.1 nm vs DH, AGuIX@A12 = 5.4 ± 3.1 nm). TDA is a highly accurate and absolute method based on deconvolution methods, enabling the hydrodynamic diameters of AGuIX NPs to be determined via their diffusion coefficients. 53 This analysis revealed the presence of two populations within the AGuIX@A12 sample in which 75 ± 2% of AGuIX NPs were effectively functionalized with the VHH, while 25 ± 2% remained unfunctionalized. The minority population (25 ± 2%) are the remaining AGuIX-DBCO (Fig. S3.j). In summary, AGuIX@A12 was obtained with a 20Gd/A12 (approx. 1 NP/A12) and a reaction yield close to 20% (based on VHH). Just as with the sortagging product, the affinity of AGuIX@A12 was assessed using ELISA, resulting in a logKi value of 13.0 ± 0.4 nM, similar to A12. The addition of AGuIX to the A12 nanobody through click chemistry did not influence competitive binding affinities; therefore, click chemistry did not compromise functional targeting properties (Fig. S2).

Methods comparison

First, we observed that both sortagging and click chemistry methods yielded AGuIX@VHH bioconjugates with relatively similar characteristics. The hydrodynamic size measurements (DH, sortagging: 6.1 ± 3.7 nm and DH, click: 5.4 ± 3.1 nm) and SEC chromatograms (tRsortagging: 13.2 min and tRclick: 12.9 min) were consistent between the two methods. Furthermore, a crucial factor determining the reliability of the synthesis is the maintenance of the VHH's affinity with the PD-L1 after its grafting to AGuIX. Evaluation of this affinity through a competitive ELISA demonstrated that, in both synthesis approaches, the binding affinity remained robust and similar to the reference VHH (logKisortagging: 5.5 ± 0.6 nM and logKiclick: 13.0 ± 0.4 nM). Although both conjugation products maintained similar binding affinities for the PD-L1 ligand, the reactivity of VHH upon click reaction conditions was higher, with a grafting yield before purification ηclick > 95% (vs ηsortagging < 50%). This observation aligns with existing literature, where sortagging reactivity efficacy may be limited due to equilibrium parameters (Fig S1 .e). 58,66,72 Moreover, the AGuIX-DBCO created during the click chemistry process could be separated from the final AGuIX@VHH bioconjugate, unlike the AGuIX-C(W/T)GGG used for sortagging. This separation provided a larger amount of purified AGuIX NP to be used for the click chemistry, reaching reaction equilibrium. Moreover, economic considerations are crucial when strategizing the scale-up of a process. It is noteworthy that biologics as used in the sortagging reaction are more expensive and less stable compared to chemical compounds. In conclusion, both sortagging and click chemistry methods afforded the AGuIX@VHH bioconjugates, however, the higher yield and lower cost associated with click chemistry have encouraged its adoption for further investigations (Table S1).

Proof of concept on A4 VHH

To demonstrate the reproducibility and robustness of the click chemistry approach, we conjugated a second VHH to AGuIX, this one specific to the CD47 receptor (A4. Mw =14.8 kDa). The first functionalization of the VHH with azide-PEG4-NHS demonstrated comparable efficacy to that of A12 (mean size of MWA12-azide: 15.33 kDa (2 azide grafted) and MWA4-azide:15.5 kDa (2-3 azide grafted)) (Fig. S6). The SEC indicate that the AGuIX@A4 (tR: 13 min) product has a size comparable to AGuIX@A12 (tR: 12.9 min) (Fig. 3). AGuIX@A4 was synthesized with a >95% conversion yield, similar to AGuIX@A12. After purification, the final purified product showed a ratio of 17Gd/VHH ratio, with a final yield of around 26%.

In vitro characterizations of AGuIX@VHH

A competitive ELISA confirmed that the addition of AGuIX to either VHH, A12 (Fig. 4a) or A4 (Fig. 4b), did not impact competition binding affinities. We demonstrated similar logKi values of 12.8 ± 1.1 nM and 13.0 ± 0.4 nM for A12 and AGuIX@A12, respectively, and 2.9 ± 0.2 nM and 3.3 ± 0.4 nM for A4 and AGuIX-A4, respectively. Moreover, AGuIX on its own exhibited no interaction with PD-L1 or CD47 ligands, providing additional support for the notion that the robust affinity observed primarily results from the incorporation of functional VHH on the AGuIX surface. These results were further validated using a second method: Biacore analysis which is based on a surface plasmon resonance (SPR) technique that which quantifies the association and dissociation phenomena. The affinity analyses conducted on the VHHs, and their associated receptors confirmed a strong binding affinity between these VHHs and their respective receptors, as shown by the equilibrium dissociation constants (KD) (0.63 ± 0.01 nM for A12 on PD-L1 and 0.70 ± 0.13 nM for A4 on CD47) (Fig. 4c, Fig. S4-5). These results

were supported by the literature, particularly in the case of A4, which has been extensively documented. 73 Comparing the KD values of AGuIX@VHH with their unmodified counterparts (0.39 ± 0.07 nM for AGuIX@A12 and 0.74 ± 0.01 nM for AGuIX@A4), we observed similar binding affinities further confirming that conjugation of AGuIX did not impact VHH binding. This similarity in KD values between AGuIX@VHH and unmodified VHH provided confirmation of the relevance of click chemistry in preserving the function of the VHHs. The A4, specific for the CD47 receptor, was selected to verify the specificity of the AGuIX@A12 to the PD-L1 receptor. The characteristic constants (equilibrium dissociation (KD) and kinetic rate of association and dissociation (kA and kD)) indicated a remarkable 10fold stronger and faster binding affinity for A12 towards PD-L1 compared to A4, regardless of the bioconjugation status. These results confirm the specificity of the interaction between the nanobodies and their respective receptors (detailed in ESI). To confirm ligand-receptor interaction on cells, internalization and receptor blocking assays on melanoma B16F10 tumor cells, modified for high PD-L1 expression, were conducted to further validate the functionality of VHH bound to AGuIX (Fig. 4.de). Melanoma hiPDL1-B16F10 murine cells are highly metastatic, aggressive models mimicking patient phenotypes, expressing both PD-L1 and CD47. 51 The conjugation of A12 and A4 significantly increased internalization of AGuIX as seen in the representative images (Fig. 4d) and corrected total cell fluorescence (CTCF, Fig. 4e). Blocking with either anti-PD-L1 or anti-CD47 decreased internalization confirming specificity and functionality of the AGuIX@VHH. Studies were repeated in wildtype B16F10 cells (lower PD-L1 expression) 74 (Fig. S7) with similar increase in internalization with the conjugation of A12 and A4 to AGuIX. Although complete loss of internalization was not observed, this may be an indication of only partial blocking of PD-L1 and CD47 receptors allowing for some receptor mediated internalization.

3.6.

Ex vivo AGuIX@A12 targeting Given the widespread use of PD-1 / PD-L1 inhibitors in clinical practice, we further evaluated the AGuIX@A12 product in proof-of-concept ex vivo studies. Targeting of PD-L1 was investigated in a murine melanoma model to confirm that AGuIX@A12 binding increasestumor accumulation. An ex vivo biodistribution study using zirconium-89 ( 89 Zr) radiolabeling was performed for accurate quantification of AGuIX and AGuIX@A12 in different organs at 4 h and 24 h post-intravenous injection (Fig. 4f -4i). A short and long time point was selected based on previous preclinical biodistribution studies and current clinical trials involving AGuIX. Currently, in clinical trials, radiotherapy is delivered 4 hours after AGuIX administration, justifying the clinical relevance of a 4-hour biodistribution time point and multiple preclinical trials showed that tumor accumulation was increased up to 4h, while the 24-hour time point was chosen to study the expected longer persistence of targeted nanoparticles in the tumor. 1,5,[75][76][77] As expected from previous work, both NPs accumulate within a few hours into the kidneys, leading to fast washout from the blood pool due to their ultrasmall size; lower accumulation of NPs in the liver can be detected. 76,78 Accumulation in the bone was attributed to the free [ 89 Zr] (non-coupled on the NPs) 79 . Both NPs can also accumulate in the tumor area due to the enhanced permeability and retention (EPR) effect, previously shown in several rodent models and in human studies. 6 However, a significantly higher accumulation of AGuIX-[ 89 Zr]@A12 was present in the tumor area compared to untargeted AGuIX-[ 89 Zr] (At 4 h, AGuIX: 2.10 ± 0.15 %ID.g -1 vs AGuIX@A12: 3.90 ± 0.67 %ID.g -1 ) (Fig. 4f -4i). This difference was observed 4 h post-injection and was more pronounced 24 h postinjection (at 24h, AGuIX: 1.34 ± 0.06 %ID.g -1 vs AGuIX@A12: 3.10 ± 0.15 %ID.g -1 ). This higher accumulation and retention of AGuIX@VHH suggests targeting of the PD-L1 receptors at the surface of cancer cells, that is expected to increase active accumulation and slow the AGuIX-VHH washout within the tumor area. This ex vivo validation of the higher targeting of AGuIX@A12 vs AGuIX is evidence of the in vivo targeting of PD-L1 by AGuIX@A12. AGuIX@A12 is thus a promising candidate for future work involving MRI-detection of PD-L1 or for more targeted radiosensitization of PD-L1 expressing tumors.

Conclusion

We report the preparation of AGuIX@VHH bioconjugates using two distinct methods, sortagging and click chemistry. The two methods resulted in NPs with similar physicochemical characteristics using the A12 VHH. However, click chemistry exhibited higher VHH conversion while using lower-cost reagents, making it a more favourable approach for further investigations. Interestingly, the two bioconjugation methods yielded AGuIX@VHH with strong binding affinities, suggesting that sitespecific VHH modification, such as sortagging, may not be required when coupling to relatively small NP such as AGuIX NP. PD-L1 targeting of AGuIX-A12 prepared by click chemistry was validated by ex vivo autoradiograpy demonstrating substantially greater uptake and persistence than untargeted NP. The A4 nanobody was used to the reliability and reproducibility of click synthesis for these constructs.

Overall, click chemistry emerges as a favourable and promising approach for preparing a broad array of potential AGuIX@VHH bioconjugates that can be applied to multiple nanobodies, with diverse applications in targeted therapeutic interventions and imaging. Further comprehensive evaluation and validation in larger preclinical studies and clinical trials are necessary to fully explore the imaging and therapeutic potential of AGuIX@VHH and their role in enhancing cancer treatment.

Fig. 1

 1 Fig. 1 Synthesis of AGuIX-VHH by sortagging reaction: method and characterizations (a) Scheme of the sortagging reaction, created with Biorender.com. (b) SEC chromatogram in the fluorescence intensity (λexc=280 nm;λem=340 nm) of the purified bioconjugate AGuIX@A12 (light red), AGuIX@GGG (grey) with A12 (dark red). (c) Measurement of hydrodynamic diameter by DLS of AGuIX@A12 (light red), AGuIX@GGG (grey) and AGuIX (black).

Fig. 2

 2 Fig. 2 Synthesis of AGuIX-VHH by click chemistry: method and characterizations (a) Scheme of the click chemistry reaction, created with Biorender.com. (b) SEC chromatogram in the fluorescence intensity (λexc=280 nm; λem=340 nm) of the purified bioconjugate AGuIX@A12 (red), AGuIX-DBCO (grey) and A12-azide (orange). (c) Comparison table of hydrodynamic diameters measured in TDA and DLS. Data presented as mean ± standard deviation.

Fig. 3

 3 Fig. 3 Reproducibility of the bioconjugation by click chemistry protocol on the bioconjugation of AGuIX with A4 VHH. The SEC chromatogram in the fluorescence intensity (λexc = 280 nm; λem = 340 nm) shows the purified bioconjugates AGuIX@A4 (light green), AGuIX-DBCO (grey) and A4-azide (blue).

Fig. 4

 4 Fig.4Binding affinity of AGuIX@VHH conjugates. ELISA plates were either coated with (a) PD-L1 or (b) CD47 proteins and affinity of free and AGuIX@VHH bound VHH was assessed. No difference in binding affinity for A12 or A4 free VHH compared to AGuIX validating that functional targeting capabilities of VHH are not impacted by conjugation. Control of AGuIX further confirmed that binding is due to presence of VHH conjugates rather than non-specific NP and protein interactions (n = 3). (c) Table of binding affinity constants for AGuIX@VHH conjugates. All characteristic interaction constants (KD, kA and kD) between the A12 and A4 to their respectively PDL1 and CD47 receptors were determined by Langmuir 1:1 binding model. Triplicates were made for all measurements except A4@AGuIX only one measurement was made. (d) Internalization of AGuIX@VHH in high PD-L1 expressing melanoma cells. Metastatic hiPD-L1 B16F10 cells were incubated with either Cy5.5 conjugated AGuIX or AGuIX@VHH (magenta) for 1 h prior to staining with CellMask plasma membrane (green) and DAPI (blue) nuclear stain. For a subset of samples, PD-L1 and CD47 receptors were partially blocked with commercial anti-PD-L1 and anti-CD47, respectively, prior to AGuIX@VHH incubation. (e) AGuIX and AGuIX@VHH fluorescence was quantified using ImageJ to calculate corrected total cell fluorescence, CTCF (n = 11 -40 cells, **** p < 0.001). (f,g) Quantitative analysis of ex vivo biodistribution (1.92 ± 0.09 MBq) at 4 h and 24 h after i.v. of (f) AGuIX@A12 and (g) AGuIX NPs which confirmed the specific active targeting of PD-L1 in B16F10 murine melanoma model. (n = 8; mean ± SD). (h) The tumor-to-blood and (i) the tumor-to-muscle ratios of AGuIX and AGuIX@A12 at different time points

  Zeiss AxioObserver microscope 63x. Fluorescence images were analyzed using ImageJ (version 2.14.0/1.54f) and corrected total cell fluorescence was calculated. [CTCF = Integrated DensityCell -(AreaCell x Mean fluorescence Background)] Glutamine, and maintained at 37 °C with 5% CO2 until confluence. Animal experiments have been performed according to the European directive 2010/63/EU and its transposition in the French law (Décret n° 2013-118). Experiments were conducted at the imaging facility CEA-SHFJ (authorization D91-471-105/ethics committee n°44). C57BL/6J mice (Janvier-Labs, France) were housed by 6 mice in each cage (bedding material: aspen wood) at room temperature 22°C, humidity 40%, under a regular 12-h dark/light cycle. Food and water were available ad libitum. 6 weeks old female C57BL/6 mice were purchased from Janvier laboratory. Mice were subcutaneously injected with 1 x 106 B16F10 cells suspended in DPBS (1× 100 µL) into both flanks while anesthetized with 2% isoflurane.

	2.10. Animal tumor model
	B16F10 cells (ATCC, USA) were cultured in DMEM media (Life Technologies, France) supplemented
	with 10% FBS (Life Technologies, France) and 1% penicillin/streptomycin (100 mg/mL), and 1% l-

Triton X-100. Cells were stained with CellMask Orange Plasma Membrane stain (ThermoFisher, 554/567 nm) and mounted with DAPI (350/470 nm) and Flouromount-G. Images were taken using a
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