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Multimodal molecular imaging of atherosclerosis: Nanoparticles functionalized with scFv fragments of an anti-αIIbβ3 antibody
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Atherosclerosis gradually develops for fifty or more years throughout the life of an individual under the influence of multiple lifestyle, environmental, and genetic factors. It leads to chronic ischemic complications or acute lethal events like myocardial infarction or stroke.

The pathogenesis of atherosclerosis depends on (1) an increased level of circulating atherogenic lipoproteins, 2 and (2) local immuno inflammatory factors. [START_REF] Ponnuswamy | Humoral and cellular immune responses in atherosclerosis: spotlight on B and T cells[END_REF][START_REF] Oufella | Recent advances on the role of cytokines in atherosclerosis[END_REF] Primary intimal lesions develop under the influence of local hemodynamic stress, usually at the branching points of major arteries. There, low density lipoproteins (LDLs) accumulate on the endothelial surface, forming structures called fatty streaks, which in turn trigger the recruitment, activation, and differen tiation of monocytes into macrophages. [START_REF] Cushing | Minimally modified low density lipoprotein induces monocyte chemotactic protein 1 in human endothelial cells and smooth muscle cells[END_REF][START_REF] Vora | Induction of P selectin by oxidized lipoproteins separate effects on synthesis and surface expression[END_REF] Reactive oxygen species resulting from the inflammatory environment react with LDL to form oxidized LDL (oxLDL): when oxidized, ApoB binds scavenger receptors of macrophages, thus leading to the formation of LDL laden macrophages called foam cells. [START_REF] Virmani | Lessons from sudden coronary death a comprehensive morphological classifica tion scheme for atherosclerotic lesions[END_REF] Activated endothelial cells and platelets express adhesion molecules such as P selectin and intracellular adhesion molecule 1 (ICAM1) mediating the interaction with leukocytes and their subendothelial accumulation. Platelets bear glycoproteins GPIbα responsible for their adhesion to the vessel wall, GPαIIbβ3 responsible for their aggregation and thrombus formation and GPIV (CD36) which binds oxLDL, [START_REF] Insull | The pathology of atherosclerosis: plaque development and plaque responses to medical treatment[END_REF][START_REF] Nording | Platelets in inflammation and atherogenesis[END_REF] contributing to the development of the plaque. [START_REF] Badrnya | Platelets mediate oxidized low density lipoprotein induced monocyte extravasation and foam cell formation[END_REF] In a recent study, we underlined the presence of platelets not only in thrombi and intraplaque hemorrhage, as expected, but also in atheroma burden, around necrotic areas and neovessels, shedding light on the rationale for targeting platelets within atherosclerotic lesions. [START_REF] Valat | Nanopar ticles functionalised with an anti platelet human antibody for in vivo detection of atherosclerotic plaque by magnetic resonance imaging[END_REF] Indeed, atheroma burden assessment in the clinics nowadays relies on a combination of clinical signs, biological factors, and imaging. The methods currently used to locate the lesions are mostly invasive intravascular imaging. On the other hand, non invasive imaging only detects local stenosis. Current develop ment efforts are thus directed towards molecular imaging, able to assess not only the anatomical structure of the plaque, but also its activity: inflammation state, fibrosis, calcification, etc. [START_REF] Tarkin | Imaging atherosclerosis[END_REF] Taking advantage of the rich plaque composition, previous works have studied the feasibility of addressing various kinds of nanocarriers to the plaque, in order to deliver either therapeutic factors or imaging contrast agents. Mostly, this targeting was achieved either passively, using the outermost layer of coating of the injected objects, [START_REF] Lobatto | Atherosclerotic plaque targeting mechanism of long circulating nanoparticles established by multimodal imaging[END_REF][START_REF] Beldman | Hyaluronan nanoparticles selectively target plaque associated macrophages and improve plaque stability in atherosclerosis[END_REF] or with surface conjugated peptides. [START_REF] Bruckman | Dual modal magnetic resonance and fluorescence imaging of atherosclerotic plaques in vivo using VCAM 1 targeted tobacco mosaic virus[END_REF][START_REF] Kheirolomoom | Multifunctional nanopar ticles facilitate molecular targeting and miRNA delivery to inhibit atherosclerosis in ApoE / mice[END_REF] In this regard, TEG4, a monoclonal human antibody targeting integrin αIIbβ3, selected by phage display technology, [START_REF] Jacobin | Human IgG monoclonal anti alpha(IIb)beta(3) binding fragments derived from immunized donors using phage display[END_REF] has previously been used as a full IgG targeting agent for molecular imaging. We first demonstrated that TEG4 targets platelets in atheroma lesions both in vitro and ex vivo. We also showed that iron oxide based nanoparticles (VUSPIO for Versatile Ultra Small SuperParamagnetic Iron Oxide [START_REF] Mornet | A method for synthesis and functionalization of ultrasmall superparamagnetic covalent carriers based on maghemite and dextran[END_REF] ) functionalized with TEG4 were still able to bind platelets both in vitro and ex vivo, and could be detected by transmission electron microscopy and magnetic resonance imaging (MRI). [START_REF] Valat | Nanopar ticles functionalised with an anti platelet human antibody for in vivo detection of atherosclerotic plaque by magnetic resonance imaging[END_REF] In this study, we investigated the effect of multivalent, site specific grafting of single chain variable fragment (scFv) antibody fragments of the platelet reactive TEG4 antibody on the reactivity of functionalized VUSPIO nanoparticles. Com pared to full IgGs (150 kDa), scFv fragments (35 kDa) present a reduced size, which makes them more suitable for functionaliz ing relatively small nanoparticles (90 nm), and allows increasing the particle valence, via the conjugation of several fragments. In this regard, to better control the antibody to probe conjugation ratio and the fragment orientation, this scFv was engineered to present two terminal cysteines that allowed for site directed grafting to maleimide residues on the surface of the nanoparticle. [START_REF] Vallet Courbin | A recombinant human anti platelet scFv antibody produced in Pichia pastoris for atheroma targeting[END_REF] Indeed, usual conjugation strategies involve the reaction of amine side chains of the antibodies, which may be a good strategy for full IgG but presents the risk to degrade the binding sites of smaller antibody fragments and impede their reactivity. Avidity and reactivity of the functionalized nano object were assessed in vitro by surface plasmon resonance (SPR) on purified integrin αIIbβ3 and immunohistochemistry (IHC) on fixed atheromatous tissue, and confirmed the expected benefit of multifunctionalization.

In addition, fluorochromes were attached to the surface of the VUSPIO to allow for a multimodal near infrared fluorescence (NIRF) MRI detection. The potential for bimodal imaging of the lesions by NIRF and MRI measurements was thus explored by ex vivo injections in aortas of ApoE -/-model mice, which were highly promising, showing potential for the object as a biocompatible, atheroma specific diagnosis agent. Upon in vivo injection in the same model, efficient targeting with function alized nanoparticle could be demonstrated 20 min after injection, and up to 24 h. Nowadays, atherosclerosis imaging remains a challenge, although several teams have described methods for MRI detection of atheroma with passive [START_REF] Chu | MRI features of the disruption prone and the disrupted carotid plaque: a pictorial essay[END_REF][START_REF] Petibon | Towards coronary plaque imaging using simultaneous PET MR: a simulation study[END_REF][START_REF] Briley Saebo | Fractionated feridex and positive contrast: in vivo MR imaging of atherosclerosis[END_REF] or targeted [START_REF] Michalska | Visualization of vascular inflammation in the atherosclerotic mouse by ultrasmall superparamag netic Iron oxide vascular cell adhesion molecule 1 specific nanoparti cles[END_REF][START_REF] Makowski | In vivo assessment of intraplaque and endothelial fibrin in ApoE / mice by molecular MRI[END_REF][START_REF] Briley Saebo | Targeted iron oxide particles for in vivo magnetic resonance detection of atherosclerotic lesions with antibodies directed to oxidation specific epitopes[END_REF] contrast agents. In addition to these studies, which allowed for preclinical advances in MR based atherosclerosis imaging, we here propose a robust way to overcome the limitations exhibited by classical image based interpretation, and to assess the presence of the lesions in a statistically significant and reproducible manner. Our results were analyzed thanks to a custom made in silico method, allowing for a semi quantitative evaluation of the binding.

Methods

Animal models

Animal studies were approved under the No. 50120192 A by the Animal Care and Use Committee of Bordeaux, France. Adult male New Zealand rabbits (NZW) were obtained from Charles Rivers Laboratories, fed a fat atherogenic diet including 0.3% cholesterol for 8 months and subjected to surgeries to trigger the formation of complex plaques with intramural thrombi. Briefly, rabbits were subjected to two surgeries: (1) the mechanical removal of endothelial cells of the thoracic and abdominal aortic areas carried out by pulling back a Fogarty probe 4F along the endothelium. Then, two months later, (2) an angioplasty under radioscopic control with the aid of a balloon (20 mm long and 4.5 mm in diameter) inflated every 2 cm from the region of renal arteries to iliac bifurcation. Healthy rabbits from the same strain and provider were used as control.

ApoE -/-mice were obtained from Charles River Laboratories and fed a high cholesterol diet (0.15% cholesterol, Avogadro Western diet, Safe, Augy, France) for 21 weeks to allow for the development of atherosclerotic lesions. The atheroma plaque development in individual mice was followed up by MRI (see infra). Wild type control C57BL6 mice were used as a negative control (Charles River Laboratories, St Germain sur l'Arbresle, France).

Site specific multivalent grafting onto VUSPIO nanoparticles VUSPIO nanoparticles synthesis was performed as described by Mornet et al. [START_REF] Tsimikas | Human oxidation specific antibodies reduce foam cell formation and atherosclerosis progression[END_REF][START_REF] Ponnuswamy | Humoral and cellular immune responses in atherosclerosis: spotlight on B and T cells[END_REF] After near infrared emitting dye (DyLight™ 800 Maleimide, Thermo Scientific, Illkirch, France) labeling, the primary amine terminal groups were converted into maleimide functions to allow for scFv grafting. A heterobifunctional NHS PEG maleimide spacer arm was first grafted on the surface amines of the VUSPIO nanoparticle and then reacted with the "activated" scFv. A fixed quantity of VUSPIO particles was mixed with increasing quantities of scFv so as to obtain theoretical scFv to VUSPIO molar ratios of 4 (R4, N = 4), 8 (R8, N = 3), 16 (R16, N = 6) and 32 (R32, N = 6). Commer cially available irrelevant IgG (Jackson Immunoresearch Labo ratories, West Grove, PA, USA) were conjugated as described in Jacobin Valat et al [START_REF] Ponnuswamy | Humoral and cellular immune responses in atherosclerosis: spotlight on B and T cells[END_REF] to produce a control VUSPIO IgG. A detailed protocol is available in Supporting Information.

Avidity measurement

Surface plasmon resonance (SPR) experiments on purified αIIbβ3 integrin (Enzyme Research Laboratories, Swansea, UK) were carried out with a Biacore T200 instrument using CM5 sensor chips (GE Healthcare Europe GmbH, Velizy Villacoublay, France) and HBS Ca running buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 2 mM CaCl 2 , 0.005% v/v Surfactant P20). Calcium ions were added to allow the good folding of the αIIbβ3 integrin complex.

Purified αIIbβ3 was immobilized by amine coupling following the manufacturer's instructions (GE Healthcare, Aulnais /s bois, France). After 2200 resonance units (RU) of ligand were immobilized, the scFv and VUSPIO scFv samples were injected over the immobilized target at a flow rate of 20 μL/ min for 2 min. VUSPIO scFv particles, differing in the number of ligands per nanoparticle (R8, R16, R32), were injected sequentially from the highest to the lowest dilution factor. The scFv alone was injected at 100 μg/mL as a control for its affinity to αIIbβ3.

Reactivity assessment

The reactivity of TEG4 2c scFv alone, and after grafting to the VUSPIO was confirmed by IHC on paraffin embedded sections of arterial tissue from atherosclerotic and healthy rabbits, ApoE -/-mice and human patients (see Supporting Information).

After the sections were deparaffinized, rehydrated, and heat mediated antigen retrieval was performed, VUSPIO 0 or VUSPIO TEG4 corresponding to R8, R16 and R32 ratios were applied to the slides, diluted to the same iron concentration so as to compare the avidity of the VUSPIO in each batch. TEG4 2c scFv alone was applied to the slides in concentrations matching the calculated scFv content in each VUSPIO dilution to compare their reactivity. Following overnight incubation, a secondary HRP conjugated antibody specific to 6His (Sigma Aldrich, St Quentin Fallavier, France; working dilutions 1:250) was applied to the sections. Finally, after staining was performed by adding the peroxidase substrate diaminobenzidine (DAB substrate kit, Eurobio/ABCys, Les Ulis, France), slides were counterstained in hematoxylin, dehydrated and mounted. Quantification was made using the IHC Profiler Open Source Plugin (https://journals.plos. org/plosone/article?id=10.1371/journal.pone.0096801).

Ex vivo imaging procedure

ApoE -/-mice fed a high fat diet or control C57BL/6 wild type mice were terminally anesthetized by inhalation of isoflurane (Belamont, Nicholas Piramal Limited, London, UK). The aorta was exposed and immediately washed by intra cardiac injection of PBS heparin (3 mL, 50 UI/mL; Sanofi Aventis, Vitry sur Seine, France), followed by PBS alone (10 mL). Then a solution of either multivalent VUSPIO TEG4, VUSPIO IgG or PBS was injected through the left ventricle and incubated for 20 min before rinsing with PBS. The heart and aorta were then removed and fixed in paraformaldehyde (PFA) 4% v/v (Eurobio, Les Ulis, France) for subsequent imaging.

Fluorescence images were acquired using the Fluobeam 800 imaging device (Fluoptics, Grenoble, France), using 200 and 1000 ms exposure times.

After embedding in agarose gel (0.8% w/v) in a tube, high resolution MR imaging was performed on a horizontal 7 T Biospec system (Bruker, Ettlingen, Germany). A 72 mm birdcage resonator was used for RF transmission and the Bruker quadrature Rat Brain coil was used for RF reception. T 2 ⁎ maps were calculated from a RF spoiled multi gradient echo (MGE) images (repetition time TR = 1000 ms, first echo time TE = 3.2 ms, ΔTE = 3.6 ms, number of echoes = 15, α = 30°, spatial resolution = 0.075 2 × 0.25 mm 3 , NEx = 32, 12 slices).

In vivo imaging procedure

Animals were anesthetized with 2% isoflurane (Belamont, Nicholas Piramal Limited, London, UK) in air for all imaging procedures. For MRI acquisitions, the isoflurane rate was adjusted overtime in order to maintain the monitored respiration rate to 60 bpm.

After at least 5 months of diet, the atheroma plaque burden in individual mice was evaluated by MRI on a horizontal 4.7 T Biospec system (Bruker, Ettlingen, Germany). Abdominal aorta was imaged in order to confirm the presence of atheroma plaques.

In animals with detectable atherosclerosis, multivalent fluorescent VUSPIO TEG4 particles were injected in a quantity corresponding to 4 mg of iron per kg of body weight (4 mg. kg -1 ). Mice were imaged by MRI and fluorescence imaging. Basal images before injection were acquired for each in vivo technique. Non injected and VUSPIO 0 injected mice served as controls. Images were acquired before, after 20 min and 24 h following the injection of nanoparticles. Comparison of MR signal before and after injection was based on the estimation of R2* (= 1/T2*) for each voxel.

After the last image was acquired, the animals were humanely killed and dissected, while fluorescence imaging was performed at the Vivoptic facility in Bordeaux, using the Fluobeam imager (see supra). A blood sample was immediately retrieved from the cava vein and all remaining blood washed from the circulatory system and organs with a 3 mL PBS heparin (50 U/mL), followed by a 10 mL PBS intracardiac perfusion.

Results

Site specific multivalent grafting onto VUSPIO nanoparticles

Site specific conjugation was conducted via the two terminal cysteines on the scFv fragment and the maleimide residues on the surface of the VUSPIO nanoparticle 1 according to the workflow presented in Figure 1.

Avidity measurement

The avidity of the TEG4 2c scFv before and after grafting to the VUSPIO was assessed by surface plasmon resonance (SPR) sensing on purified αIIbβ3 integrin coated with around 2000 RU (2 ng/mm 2 ). This protein density was chosen to reflect endogenous αIIbβ3 receptor densities at the surface of activated platelets (1.7 ng/mm 2 considering a molecular weight of 250 kDa for αIIbβ3 and 50,000 αIIbβ3 per platelet with a diameter of 2 μm). scFv alone being monovalent, they should exhibit lower affinity (no avidity) compared to their bivalent, full IgG counterpart. However, their smaller size allowing for the grafting of several fragments, resulting multivalency should benefit to the global avidity of the nanoparticle. [START_REF] Vora | Induction of P selectin by oxidized lipoproteins separate effects on synthesis and surface expression[END_REF] To confirm this, each VUSPIO scFv sample was diluted according to its iron content, in order to assess the expected increase in avidity for each ratio (Supporting Information).

Dilutions of ratios R8, R16 and R32 were injected sequentially, from the highest to the lowest dilution factor, as shown in Figure 2, A. All three ratios exhibited a similar concentration dependence of the binding profile. The represen tative curves obtained for the 1/6 dilution, corresponding to a same order of magnitude of iron concentration (between 4.5 and 7.5 mM), are shown by Figure 2, B, together with the sensorgram corresponding to a 100 μg/mL concentration of free scFv prepared in solution. The SPR association curves of the multivalent VUSPIO scFv did not reach equilibrium and continued to show gradual increase during the 2 min association phase. The association/dissociation curves represent a quicker association and higher maximum bound analyte for the R32 compared to the R16, itself superior to the R8. The great influence of the avidity effect was clearly highlighted with the R32 batch, which showed a higher association rate compared to other batches, for the same order of magnitude of VUSPIO particles concentration. Additionally, R16 and R32 batches, although they were tested at similar scFv concentrations (7.8 and 12.8 μg/mL respectively), exhibited different behaviors. All three batches showed low to no dissociation compared to TEG4 2c scFv alone (Figure 2,B). Free scFv behaved quite differently from multivalent VUSPIO scFv batches with fast association and dissociation rates.

SPR sensing confirmed that the VUSPIO TEG4 binding avidity increased with the number of grafted scFv. The multivalence obtained thanks to an optimized grafting of scFv fragments on the VUSPIO nanoparticle can greatly increase the binding affinity of the monovalent TEG4 2c scFv. However, the resulting sensorgrams could not be fitted using a Langmuir binding model and an dissociation equilibrium constant could not be determined from these experiments because of multivalent interactions, i.e. different molecules of scFv on the same nanoparticle resulting in a pseudo irreversible binding (95% of the binding remaining after 7 min), a phenomenon previously described. [START_REF] Virmani | Lessons from sudden coronary death a comprehensive morphological classifica tion scheme for atherosclerotic lesions[END_REF][START_REF] Insull | The pathology of atherosclerosis: plaque development and plaque responses to medical treatment[END_REF][START_REF] Nording | Platelets in inflammation and atherogenesis[END_REF] 

Reactivity assessment

Immunohistochemistry experiments were conducted to assess, on pathological tissues, both the TEG4 2c reactivity after the grafting process and the benefit of multifunctionaliza tion. Immunohistochemistry showed that VUSPIO scFv retained the reactivity of the unconjugated antibody. Indeed, upon incubation on atherosclerotic rabbit aorta slices, a specific staining of the areas of platelets accumulation in the atheroma plaque was observed (Figure 3). Oppositely, when incubated with bare VUSPIO particles or VUSPIO IgG control particles (previously shown in Jacobin Valat et al [START_REF] Valat | Nanopar ticles functionalised with an anti platelet human antibody for in vivo detection of atherosclerotic plaque by magnetic resonance imaging[END_REF] ), no staining could be observed. Moreover, when tested on healthy rabbit, VUSPIO TEG4 R32 did not accumulate in the healthy aorta. Similarly to the Biacore experiments, while the quantity of VUSPIO incubated on the slices remained constant, the staining intensity increased with the valence of the particles R8, R16, R32. The reactivity of TEG4 2c scFv in areas of platelet accumulation was also confirmed by immunofluorescence co staining on paraffin embedded sections of arterial tissue from mouse, rabbit and human (see Figure . S1, S2, S3 Supporting Information) to assess inter species cross reactivity, allowing for potential further translation to clinical studies.

Ex vivo imaging

Ex vivo experiments were performed in order to confirm the ability of the multivalent functionalized VUSPIO to access its target on a freshly resected aorta. Taking advantage of the bimodal imaging agent, both fluorescent and MR images of the aortas were acquired and compared. Figure 4 dashed red circles point out air bubbles entrapped in the agarose gel.

No fluorescent signal was measured in the absence of injection, as demonstrated in the Control panel. Both VUSPIO IgG and VUSPIO 0 led to a low but detectable fluorescence signal that tended to decrease from the top to the bottom of the aorta, corresponding to the injection flow direction. Here it should be pointed out that localized but small fluorescence signals were sometimes observed (see VUSPIO 0 panel). These fluorescence signals were always found to colocalize with the presence of air bubbles (red dashed circles on MR images) entrapped into the aorta, as clearly evidenced by the correspond ing T 2 * weighted MRI. On the contrary, intense fluorescence signals were measured in the VUSPIO TEG4 R32, which exactly corresponded to the plaque location (white arrow). The intimal thickening of the aorta, characteristic of an atheroscle rotic plaque, was present in all mice (black arrows). Indeed, MR images resolution allowed for an anatomic discrimination of either the presence (plain arrows) or the absence (dashed arrows) of atheroma plaques (Figure 4, A), easily distinguished by the intimal thickening. However, these anatomically different areas presented quite similar segmented mean T 2 ⁎ values. This makes T2* maps suitable for the detection of VUSPIO nanoparticles, whose accumulation is known to induce a drop in the T2* signal. Differences in behavior were obtained between targeted and untargeted particles. Indeed, after VUSPIO TEG4 R32 injection, 1.

a local decrease of the T 2 * colocalized with an intense fluorescence signal, which was not observed after VUSPIO 0 or VUSPIO IgG injection. Similarly, upon VUSPIO TEG4 R32 injection in age matched C57BL6 mice on a normal chow diet, no hyposignal was observed (Figure S6 in Supporting Informa tion). The decrease in the T 2 * value was only measured where atheroma plaque was present, as shown in the zoomed image of VUSPIO TEG4 R32. Even if slightly dependent on the mice, as demonstrated in Figure 4, B, the control (T 2 ⁎ = 19.1 ± 3.2 ms), the VUSPIO 0 (20.9 ± 2.6 ms) and the VUSPIO IgG (18.9 ± 4.3 ms) segmented mean T 2 ⁎ values were homogenous. In contrast, thanks to the local accumulation of iron oxide nanoparticles, a sub T 2 ⁎ population (white arrow) with a clear decrease in the T 2 * values (≈ 13 ms) was detected upon injection of VUSPIO TEG4 R32.

In vivo imaging

The ability of the multivalent VUSPIO TEG4 R32 to access its target in vivo was assessed by MRI by characterizing its accumulation 20 min and 24 h post injection. Afterwards, fluorescence based biodistribution studies and accumulation in lesions in the aorta were assessed ex vivo.

Figure 5, A shows the R 2 * maps measured at the plaque level in ApoE -/-mice injected with either VUSPIO TEG4 R32 or VUSPIO 0 at 4 mg kg -1 of iron. Twenty minutes after the injection of VUSPIO TEG4 R32, measured R 2 * signal tended to increase due to the accumulation of the MR contrast agent. The same was observed at 24 h although the increase was less prominent. In contrast, no measurable R 2 *change was observed after VUSPIO 0 injection. Because of the absence of plaques in the aorta, no accurate segmentation of pixels corresponding to an atheroma plaque was possible before and after the injection of VUSPIO TEG4 R32 in control C57BL6 mice (Figure S8 in Supporting Information). Figure 5, B presents the resulting mean R 2 * values of at least six slices from six independent ApoE -/-mice. A significant increase of R 2 * was confirmed at 20 min post injection (P = 0.0001). This difference was also found significant compared to the mean R 2 * measured consecutively to the injection of VUSPIO 0. No significant differences were found 24 h after injection (P = 0.068). Nevertheless, this P value, although above the significance threshold, was relatively small compared to the corresponding p value measured with the VUSPIO 0 (P = 0.95), accounting for a slight persistence of the VUSPIO TEG4 within the plaque at 24 h post injection.

Fluorescence biodistribution studies showed a clear advan tage in the uptake of multivalent targeted VUSPIOs in the aorta compared to untargeted ones. Figure 5, C D shows a typical fluorescence distribution after 24 h in a multivalent VUSPIO TEG4 injected ApoE -/-mice. The most intense signals were displayed by the liver, kidneys, and urine, which are relevant with nanoparticles elimination pathways. All particles had been cleared from the blood and did not distribute into the lungs or muscles. Interestingly, the extremely strong signal in the liver creates a halo that impedes correct signal detection from the other organs; therefore, the biodistribution image had to be acquired in the absence of the liver. Figure 5, D shows a comparison of the fluorescence signal of aortas in VUSPIO TEG4 injected and VUSPIO 0 injected mice. Note that the scale of the image was adjusted to emphasize the fluorescence found located all along the aorta for the VUSPIO TEG4. Using the same scale failed to demonstrate fluorescence along the aorta of a VUSPIO 0 injected mouse. Statistical results are summarized in Table 1. No significant biodistribution difference was observed between the injection of targeted VUSPIO and VUSPIO 0 except for the VUSPIO TEG4 injected aorta, which showed a relative fluores cence signal twice as intense as the signal detected in the aorta injected with VUSPIO 0.

Discussion

In a previous study, we showed that TEG4, a human antibody selected by phage display against platelet integrin αIIbβ3, and produced under a full rIgG4 format, was able to recognize atheroma plaques in mouse, rabbit and human alike. [START_REF] Valat | Nanopar ticles functionalised with an anti platelet human antibody for in vivo detection of atherosclerotic plaque by magnetic resonance imaging[END_REF] Here we used a smaller format, TEG4 2c scFv, engineered to harbor terminal cysteines which allowed for oriented and site specific grafting to the terminal maleimide functions borne by VUSPIO nanoparticles. [START_REF] Vallet Courbin | A recombinant human anti platelet scFv antibody produced in Pichia pastoris for atheroma targeting[END_REF] Surface plasmon resonance experiments showed that this newly engineered format was able to bind to its target, the purified integrin αIIbβ3, both unconjugated and after conjugation to nanoparticles, justifying the interest of this oriented grafting. It was further proven by immunofluorescence experiments that this format maintained its reactivity to atheroma lesions as it was shown to label the same structures as a commercial anti CD41 antibody (see Supporting Information), both before and after conjugation.

In this previous study, we also described the conjugation of TEG4, as a full rIgG4 format, to VUSPIO nanoparticles. [START_REF] Valat | Nanopar ticles functionalised with an anti platelet human antibody for in vivo detection of atherosclerotic plaque by magnetic resonance imaging[END_REF] Although this particle, called VUSPIO TEG4 rIgG4, was able to recognize platelets and atheroma in vitro, in vivo binding could not be demonstrated. A possible reason for this was that, with an average of only one antibody per VUSPIO, the avidity of the particle was not sufficient to ensure persistent homing in vivo. Therefore, in the present study, the TEG4 2c scFv format was chosen in order to minimize the steric hindrance of the targeting agent and consequently to allow for increasing the conjugation ratio. Here, we achieved a maximum ratio of 16 scFv per VUSPIO and we demonstrated the positive influence of this multifunctionalization on both the contrast agent avidity on integrin αIIbβ3 and the atheroma plaque recognition in vitro. Indeed, free TEG4 2c scFv were found to rapidly dissociate The sensorgrams obtained when the multivalent VUSPIO TEG4 batches were injected sequentially at increasing concen trations could not be fitted with a 1:1 model of interaction, highlighting a complex binding reaction that likely involves avidity effects and a pseudo rolling mechanism on the sensor chip. Note that the latter was coated with around 2000 RU (2 ng/ mm 2 ) of αIIbβ3 integrin, a protein density chosen to reflect endogenous αIIbβ3 receptor densities at the surface of activated platelets, and thus to reflect the in vivo interaction of VUSPIO TEG4 encountering activated platelets in atheroma. Multivalent interactions (multiple ligands to multiple receptors) between nanoparticles and their targets are indeed a well known mechanism adopted by living organisms to facilitate the attachment of pathogens to host cells or immune cells to vascular endothelium. [START_REF] Lee | Affinity enhancement by multivalent lectin carbohydrate interaction[END_REF][START_REF] Mammen | Polyvalent interactions in biological systems: implications for design and use of multivalent ligands and inhibitors[END_REF] In our case, multivalence should benefit to in vivo targeting with an improvement of the retention time at the lesion site. Subsequently, the observed in vitro behavior of VUSPIO TEG4 was confirmed by immunohistochemistry experiments. We showed an improvement in atheroma plaques labeling when increasing the ratio between TEG4 2c scFv and VUSPIO nanoparticles (Supporting Information).

Homing of VUSPIO TEG4 to atherosclerotic lesions was then demonstrated by in situ targeting assessment in ApoE -/- mice. Taking advantage of the dual imaging modality offered by the VUSPIO platform, an MRI protocol combined with NIRF imaging was established to permit successive quantifications of: (1) the MR signal modulation (R 2 * map) mediated by the iron oxide nanoparticles and (2) the fluorescence signal arising from the near infrared fluorochromes appended to the VUSPIO. A specific contrast agent driven R 2 * enhancement of the atheroma plaques was detected by MRI at 7 T, confirmed by a matching NIRF signal distribution and consistent with the observed atherosclerotic lesions pattern.

Finally, the potential of VUSPIO TEG4 as an atheroma targeting contrast agent was evaluated in vivo. In this study, in vivo axial MR images were acquired in the abdominal region for two main reasons. First, it allowed us to minimize the MR motion artifacts that could corrupt the R 2 * measurements, e.g. the heart beating. Second, at this level, the aorta is surrounded by the paraspinal muscles and by the liver, which limits the presence of constant magnetic field variation (ΔB 0 ), usually produced by air filled organs such as the lungs or the stomach, responsible for an artificial increase of R 2 *. MR imaging highlighted a statistically significant R 2 * enhancement in the plaque 20 min after injection (P = 0.0001), which persisted 24 h after injection, although with a P value of 0.059. In addition, biodistribution studies performed in in vivo injected animals tended to prove a real benefit from VUSPIO multivalent functionalization on plaque recognition 24 h after injection.

The property of the contrast agents to accumulate into the lesions during a given period of time is still a matter of debate: in 2008, a study by Briley Saebo et al [START_REF] Briley Saebo | Fractionated feridex and positive contrast: in vivo MR imaging of atherosclerosis[END_REF] hypothesized that, in order to enter the plaque, rigid objects like USPIO (ultrasmall paramagnetic iron oxide nanoparticles) had to be small enough to fit through the vascular fenestrae of the impaired endothelium. The estimated maximum size was reported to be this of native lipoproteins, up to 25 nm. Later, lipid coated USPIO (LUSPIO), inferior to 20 nm in size, and functionalized with antibodies targeting oxidation specific epitopes, showed a superior accumulation in plaque macrophages than their non targeted counterpart. [START_REF] Briley Saebo | Targeted iron oxide particles for in vivo magnetic resonance detection of atherosclerotic lesions with antibodies directed to oxidation specific epitopes[END_REF] In addition, they showed a superior MR signal attenuation than either targeted or untargeted lipid coated superparamagnetic iron oxide, theoretically more potent but displaying a size between 35 and 40 nm, which was hypothesized to impair their accumulation into the plaque. On the other hand, gadolinium (Gd) loaded micelles, although superior to 100 nm in size, were still able to squeeze through assumed 25 nm diameter pores and be taken up by macrophages. [START_REF] Briley Saebo | Gadolinium mixed micelles: effect of the amphiphile on in vitro and in vivo efficacy in apolipoprotein E knockout mouse models of atherosclerosis[END_REF][START_REF] Maiseyeu | Gadolinium containing phosphatidylserine liposomes for molecular imaging of atherosclerosis[END_REF] Hence, the size but also the flexibility of nanoparticles are to be considered when looking at their ability to enter the plaque and it is not clear whether 25 nm is a clear cut limit for fenestration in the mouse model. Accordingly, the VUSPIO hydrodynamic size of approximately 90 nm before functionalization may constitute a limitation to their entrance through the vascular fenestrae. Interestingly, the diameter distribution of VUSPIO follows a Gaussian model, meaning that a fraction of the injected particles may be small enough to enter the plaque. In addition, in the case of our study with TEG4 2c scFv targeting activated platelets, the particle, if not internalized, could bind to the arterial wall of atheroma lesions. However, it is likely that the stringency of arterial blood flow disturbs the particles binding, decreasing the number of attached VUSPIO TEG4 nanoparticles at the lesion site over time. This could explain the decrease in contrast enhancement after 24 h by MRI. Is it noteworthy that, in the perspective of the clinical application of the object, an imaging sequence 20 min after injection could reveal more manageable than 24 h later. Nevertheless, as a perspective to overcome retention time issues, formulation improvements should work at increasing the power of PEGylation [START_REF] Adumeau | Impact of surface grafting density of PEG macromolecules on dually fluorescent silica nanoparticles used for the in vivo imaging of subcutaneous tumors[END_REF] and decreasing the mean size of the nanoparticles in order to exhibit longer circulation times and favor entering within the plaque, respectively.

Figure 1 .

 1 Figure 1. Schematic workflow for the conjugation process. 1: an excess NHS PEG mal is reacted onto the surface amines of the particle, 2: the VUSPIOs are washed on a magnetic column to remove the unreacted PEG and stop the reaction, 3: scFvs are activated by reduction with TCEP, 4: activated scFvs react with the surface maleimide of the VUSPIO for 12 h, 5: the grafting yield is determined by gel analysis before 6: the excess scFvs are cleaned by dialysis against PBS.

Figure 2 .

 2 Figure 2. SPR analysis of the VUSPIO TEG4 particles. (A) Signal accumulation from each ratio measured at increasing iron concentration. (B) Comparison of the 4.5 7.5 mM iron concentration (1/6 dilution) for R8, R16 and R32 conjugation ratios. Data from sequential injections were extracted to construct this graph.

  Figure 3. (A) Reactivity evaluation of VUSPIO TEG4. IHC analysis on atherosclerotic rabbit aorta of VUSPIO alone, 8 scFv to VUSPIO, 16 scFv to VUSPIO and 32 scFv to VUSPIO ratios. IHC analysis was also performed on sections of control rabbits with VUSPIO TEG4 R32. The unconjugated TEG4 2c scFv was used as a positive control. The secondary anti His HRP labeled antibody alone was used as a negative control. (B) Quantification was made using the IHC Profiler Open Source Plugin. (https://journals.plos.org/plosone/article?id 10.1371/journal.pone.0096801).

Figure 4 .

 4 Figure 4. Fluorescent and MR images of atheromatous aorta. (A) Signal to noise ratio of fluorescence images (left) and their corresponding MRI magnitude images with segmented T 2 * maps overlay (right) obtained from uninjected mice (control), after the injection of VUSPIO 0, VUSPIO IgG and VUSPIO TEG4 R32. (B) Distribution of T 2 * originated from the segmented maps. Two peaks are clearly distinguishable after the injection of VUSPIO TEG4 R32 (*: mean T 2 * ≈ 13 and **: mean T 2 * ≈ 19).

Figure 5 .

 5 Figure 5. In vivo injection of VUSPIO TEG4 R32 compared to VUSPIO 0. (A) Segmented relaxation rate R 2 * maps overlaid on their corresponding magnitude images obtained before and after the injections, *Indicates the liver. (B) Mean segmented R 2 * values measured on at least six slices of N 6 mice for VUSPIO TEG4 R32 and N 3 mice for VUSPIO 0. (C, D) Nanoparticles fluorescence biodistribution imaging in dissected organs. Statistical analysis of the fluorescence distribution is shown in Table1.

Table 1

 1 Biodistribution of the relative fluorescence signals measured 24 h post injection.

	Organ	Liver	Kidney	Heart	Spleen	Aorta
	VUSPIO TEG4	Sat. S.	100 ± 8.9%	50.4 ± 18.7%	30.3 ± 7.7%	16.7 ± 5.0%
	VUSPIO 0	Sat. S.	100 ± 7.8%	46.1 ± 23.6%	29.9 ± 5.85%	7.8 ± 3.4%
	P value (Student's t test)	N/A	0.86	0.81	0.94	0.04

Associated content

Supporting information available

Details of the TEG4 2c scFv production are provided. Immunofluorescence on mouse, rabbit and human tissue, as well as co staining, is then presented. The full protocol for Site specific multivalent grafting onto VUSPIO nanoparticles and Conjugation ratio measurement is also included, as well as the details for Avidity measurement experiments. Finally, Relaxivity measurements and Data analysis and processing are detailed.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.nano.2019.102082.
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