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INTRODUCTION

With advances in protein engineering technologies, monoclonal antibodies (mAbs) and their derivatives have emerged as the largest drug class in human therapeutics. [START_REF] Beck | Strategies and challenges for the next generation of therapeutic antibodies[END_REF][START_REF] Reichert | Antibodies to watch in 2017[END_REF] For oncology therapy, however, first-generation mAbs are often inefficient or encounter disease resistance.

To overcome these limitations, several families of armed antibodies have been developed, among which antibody-drug conjugates (ADCs) [START_REF] Beck | Antibody-drug conjugates: present and future[END_REF] have so far proved the most successful, with two drugs currently on the market (Adcetris® and Kadcyla®). Typically, ADCs are ~154 kDa tripartite molecules comprising a recombinant mAb, which specifically targets the cancer cell, attached to a highly cytotoxic drug (payload) that inhibits cancer cell growth. The payload and antibody are connected via a synthetic linker (cleavable or non-cleavable) that covalently links the drug to the mAb. ADCs in development target a wide range of cancers. [START_REF] Junutula | Next-Generation Antibody-Drug Conjugates (ADCs) for Cancer Therapy[END_REF] Many of these new compounds have emerged from a better understanding of structure-function relationships, which have been achieved in large part thanks to state-of-the art mass spectrometry (MS) methods, [START_REF] Beck | Cutting-edge mass spectrometry methods for the multi-level structural characterization of antibody-drug conjugates[END_REF] as well as lessons learned from pharmaceutical and clinical developments. [START_REF] Loganzo | Mechanisms of Resistance to Antibody-Drug Conjugates[END_REF] ADC development directly benefits from the intense exploration of new conjugation techniques. [START_REF] Dennler | Antibody Conjugates: From Heterogeneous Populations to Defined Reagents[END_REF] For first-generation ADCs, drug conjugation is most frequently achieved via reactions on either lysine side-chain amines or cysteine thiol groups after reduction of the interchain disulfide bonds. [START_REF] Beck | Fourth World Antibody-Drug Conjugate Summit: February 29[END_REF] These approaches result in heterogeneous mixtures containing average drug-to-antibody ratios (DARs) ranging from zero to eight, as illustrated by the two marketed ADCs (Adcetris® and Kadcyla®, cysteine-and lysine-conjugates, respectively).

One main concern with these first-generation ADCs stems from the complexity of the randomly-conjugated product, because each DAR species has the potential to exhibit different toxicities and properties relating to the absorption, distribution, metabolism, and excretion of the molecules. [START_REF] Roberts | Considerations for the nonclinical safety evaluation of antibody drug conjugates for oncology[END_REF] Thus, second-generation technologies have moved toward producing more homogeneous and monodisperse ADCs by employing site-specific conjugation. A number of site-specific bioconjugation strategies have been reported. [START_REF] Gordon | Field Guide to Challenges and Opportunities in Antibody-Drug Conjugates for Chemists[END_REF][START_REF] Junutula | Site-specific conjugation of a cytotoxic drug to an antibody improves the therapeutic index[END_REF] These include the addition of engineered cysteine residues at specific sites without disruption of the interchain disulfide bonds, [START_REF] Panowski | Site-specific antibody drug conjugates for cancer therapy[END_REF] the addition of engineered peptide tags recognized by microbial transglutaminases to specifically transamidate amine-containing drug linkers attached to glutamine residues, [START_REF] Dennler | Transglutaminase-based chemo-enzymatic conjugation approach yields homogeneous antibody-drug conjugates[END_REF][START_REF] Farias | Mass spectrometric characterization of transglutaminase based site-specific antibody-drug conjugates[END_REF] the insertion of unnatural amino acids into the primary sequence of mAbs to provide a chemical handle for bioconjugation, [START_REF] Axup | Synthesis of site-specific antibody-drug conjugates using unnatural amino acids[END_REF][START_REF] Smith | Chemoenzymatic Fc glycosylation via engineered aldehyde tags[END_REF] and the development of new heterobifunctional reagents that facilitate the production of more stable ADCs. [START_REF] Kolodych | CBTF: new amine-to-thiol coupling reagent for preparation of antibody conjugates with increased plasma stability[END_REF][START_REF] Koniev | MAPN: First-in-Class Reagent for Kinetically Resolved Thiol-to-Thiol Conjugation[END_REF] To our knowledge, eight of these next-generation ADCs have reached the stage of clinical trials (Phase 1 to 3) [START_REF] Beck | Strategies and challenges for the next generation of antibody-drug conjugates[END_REF] and have shown an improved therapeutic index in preclinical toxicology studies. [START_REF] Strop | RN927C, a site-specific trop-2 antibody-drug conjugate (ADC) with enhanced stability, is highly efficacious in preclinical solid tumor models[END_REF] Such site-specific conjugation technologies are also used for antibody antibiotic conjugates, [START_REF] Zhou | Pharmacokinetics and pharmacodynamics of DSTA4637A: A novel THIOMAB antibody antibiotic conjugate against Staphylococcus aureus in mice[END_REF] bispecific ADCs [START_REF] De Goeij | Efficient Payload Delivery by a Bispecific Antibody-Drug Conjugate Targeting HER2 and CD63[END_REF] and antibody dual drug conjugates. [START_REF] Levengood | Orthogonal Cysteine Protection Enables Homogeneous Multi-Drug Antibody-Drug Conjugates[END_REF] Here, we report the analytical characterization, using native mass spectrometry approaches, of a site-specific DAR4 ADC generated through aldehyde-specific bioconjugation (Fig. 1). [START_REF] Rabuka | Site-specific chemical protein conjugation using genetically encoded aldehyde tags[END_REF][START_REF] Agarwal | Hydrazino-Pictet-Spengler Ligation as a Biocompatible Method for the Generation of Stable Protein Conjugates[END_REF][START_REF] Kudirka | Generating site-specifically modified proteins via a versatile and stable nucleophilic carbon ligation[END_REF] Briefly, the formylglycine (fGly) amino acid residue is produced through the highly selective oxidation of a cysteine residue found within a specific pentapeptide consensus sequence by formylglycine-generating enzyme (FGE). [START_REF] York | Generating aldehyde-tagged antibodies with high titers and high formylglycine yields by supplementing culture media with copper(II)[END_REF][START_REF] Holder | Reconstitution of Formylglycine-generating Enzyme with Copper(II) for Aldehyde Tag Conversion[END_REF] The fGly-containing protein is then further modified using aldehyde-specific chemistries. [START_REF] Agarwal | Hydrazino-Pictet-Spengler Ligation as a Biocompatible Method for the Generation of Stable Protein Conjugates[END_REF][START_REF] Kudirka | Site-Specific Tandem Knoevenagel Condensation-Michael Addition To Generate Antibody-Drug Conjugates[END_REF] ADCs generated using these methods possess increased therapeutic indices and increased therapeutic activities. [START_REF] Junutula | Site-specific conjugation of a cytotoxic drug to an antibody improves the therapeutic index[END_REF][START_REF] Pillow | Sitespecific trastuzumab maytansinoid antibody-drug conjugates with improved therapeutic activity through linker and antibody engineering[END_REF] The development and optimization of ADCs rely on improving their analytical and bioanalytical characterization by assessing several critical quality attributes, namely the distribution and position of the drug, the amount of naked antibody, the average DAR, and the residual drug-linker and related product proportions. A large number of orthogonal analytical and bioanalytical methods, often based on state-of-the-art chromatographic, electrophoretic, and mass spectrometric techniques, are needed for the characterization of ADCs at multiple levels (intact, middle and top). [START_REF] Beck | Cutting-edge mass spectrometry methods for the multi-level structural characterization of antibody-drug conjugates[END_REF] Although theoretically more homogeneous and thus amenable to standard techniques for their analytical characterization, we perform here a thorough characterization of a site-specific ADC and highlight the benefits of these still emergent approaches for the direct assessment of their increased homogeneity. This represents the first report describing a straightforward middle-up analysis of a DAR4 site-specific ADC (CBW-03-106) using tris(2-carboxyethy1)phosphine (TCEP) reduction. Next, we applied native MS and ion mobility MS for full characterization of the ADC at the intact level under non-denaturing conditions.

Finally, the potential to highlight an ADC's heterogeneity/homogeneity was illustrated by comparing the analytical characterization of a site-specific DAR4 ADC to that of firstgeneration ADCs. Results obtained for the site-specific ADC revealed a far more homogeneous sample as compared to Adcetris® and Kadcyla®. Altogether, our results highlight the compatibility, versatility, and benefits of native MS approaches for the analytical characterization of all types of ADCs, including site-specific conjugates.

RESULTS

Middle-up LC-MS analysis of the DAR4 site-specific ADC, CBW-03-106

As middle level analysis consisting of the analysis of large ADC fragments (25-50 kDa) obtained by either reduction or enzymatic cleavage are amenable to routine HPLC-MS analysis, this approach is often used as first line for ADC characterization in our lab. We thus performed a middle level characterization of intact CBW-03-106 using a classical tris(2-carboxyethy1)phosphine (TCEP) reduction procedure (Fig. 2). Three peaks were observed corresponding to light chain (LC) and heavy chain (HC) fragments. Peak A (23403.9 ± 0.3 Da) corresponds to the theoretical mass of the LC, while peak C could be unambiguously attributed to the HC + two RED-106 linker/payload molecules (54092.7 ± 1.2 Da). A minor peak (Peak C) corresponding to HC + one RED-106 (52869.2 ± 4.0 Da) was also detected. No signals corresponding to HC without any ligated RED-106 could be detected from extracted ion chromatograms. Middle-up analysis thus confirmed that the bioconjugation was located on the HC and that no unconjugated HC was detected. Middle-up analysis of CBW-03-106 after TCEP reduction allowed the estimation of an average DAR of 3.9 ± 0.1. Of note, middle-up analysis of CBW-03-106 after immunoglobulin degrading enzyme from Streptococcus pyogenes (IdeS) enzymatic digestion followed by TCEP reduction was also performed in parallel (Supplementary Information S1) and enabled the precise localization of each RED-106 molecule, one being linked to the Fc/2 fragment and the other bound to the Fd fragment, as expected according to the placement of the aldehyde tags within the heavy chain antibody sequence. However, coelution of Fc/2 and LC precluded facile data interpretation from IdeS digestion for the studied ADC.

Altogether, middle-up analysis of the CBW-03-106 site-specific ADC revealed a highly homogeneous sample, with mostly two RED-106 molecules bound per HC. No signal corresponding to unbound HC was detected, leading to an average DAR of 3.9 ± 0.1 in good agreement with HIC data (Supplementary Information S2).

Intact top level MS characterization

As middle-up analysis always leads to indirect average DAR determination that can be biased by peak integration, we next aimed at performing a top-level characterization of the CBW-03-106 site-specific ADC using denaturing and native MS.

Denaturing MS analysis of CBW-03-106 -As covalent modifications are involved in CBW-03-106 formation, we first performed a classical HPLC-MS analysis in denaturing conditions.

In classical denaturing conditions (without previous reduction step, see Experimental Section), the most intense charge envelope between m/z 1500 and 3500 (Supplementary Information S3) corresponds to intact CBW-03-106 ADC bearing 4 RED-106 molecules (152 767 ± 1 Da). No additional minor ion series corresponding to D0-D3 species could be detected. However, as already reported for ADCs, MS data interpretation is not straightforward and is hampered by the superimposition of the two broad charge state distributions of DAR4 and DAR3 species. An average DAR of 4.0 could be deduced from the intact HPLC-MS analysis in denaturing conditions.

Native MS analysis of CBW-03-106 -We evaluated the versatility of native MS analysis for site-specific ADC characterization, drug load profile determination, and average DAR assessment. First, we analyzed intact deglycosylated CBW-03-106 by on-line size exclusion chromatography (SEC) hyphenated to native MS on a quadrupole-time-of-flight (Q-TOF) instrument (Fig. 3a). A main ion series with charge states ranging from 25+ to 32+ with a measured mass of 152 773 ± 1 Da was observed, in agreement with the expected mass of the mAb with 4 conjugated drugs (expected mass 152 771 Da). A minor ion series (less than 10% of total ion signals) corresponding to the binding of 3 drugs was also detected (151 546 ± 3 Da, Fig. 3b). No signals corresponding to either unconjugated mAb or mAb bearing 1 or 2 drugs were observed. Next, semi-quantitation based on peak intensities was performed, leading to an average measured DAR of 3.9 ± 0.1 (Fig. 3c), which is in good agreement with values obtained previously. Then, a second native MS analysis on a high resolution orbitrap instrument was performed (Fig. 3d-f). As already described, better mass accuracies (-7 ppm instead of +13 ppm) were obtained on the high resolution orbitrap instrument as compared to the Q-TOF. No additional ion series except D3 and D4 could be detected with high resolution native MS. In agreement with the data obtained on the Q-TOF instrument, the average DAR value calculated on the high resolution orbitrap instrument for deglycosylated CBW-03-106 was 3.9 ± 0.1. Native MS enables easy detection of drug binding stoichiometry and drug load homogeneity, providing an instantaneous snapshot of the drug-load distribution. In addition, CBW-03-106 was also analyzed without deglycosylation. When high resolution native MS was performed on this sample (Supplementary Information S4), each drug load, and all glycoforms, were baseline resolved. More accurate average DAR values were thus obtained from high resolution native mass spectra.

Altogether, our results illustrate that native MS affords better resolution of superimposed glycosylation and conjugation heterogeneities of site-specific ADCs within a single run. The improved mass accuracy capabilities of high resolution native MS are of utmost importance for the characterization of all types of conjugated ADCs, including site-specific ADCs (Fig. 4).

Intact top level native IM-MS characterization

We previously described the use of emergent IM-MS for characterization of cysteine-and lysine-ADC conformational heterogeneity. [START_REF] Marcoux | Native mass spectrometry and ion mobility characterization of trastuzumab emtansine, a lysine-linked antibody drug conjugate[END_REF][START_REF] Debaene | Innovative native MS methodologies for antibody drug conjugate characterization: High resolution native MS and IM-MS for average DAR and DAR distribution assessment[END_REF] Here, we present a global native IM-MS conformational characterization of a deglycosylated DAR4 site-specific ADC and its unconjugated mAb counterpart.

Global IM-MS conformational characterization of CBW-03-106 and the parental mAb -A

comparison of the IM-MS plots obtained for deglycosylated DAR4 site-specific CBW-03-106 (Fig. 5a) and unconjugated mAb (Fig. 5b) shows that IM-MS provided a direct picture of DAR4 site-specific ADC homogeneity. Unlike for cysteine-or lysine-reference conjugates (Fig. 4), one unique population, corresponding to the binding of 4 drug loads (DAR4) was clearly observed for the most intense charge states (24+ to 28+; Fig. 5a).

Overlaid extracted arrival time distributions (ATDs) of the 24+ charge state of the deglycosylated DAR4 site-specific ADC and its corresponding unconjugated mAb are depicted in Figure 5c. When comparing the deglycosylated DAR4 site-specific ADC and the unconjugated mAb, the ATDs are resolved at 58% of the valley for the 24+ charge state with the ion mobility (IM) cell resolution used here (∼18). All ATDs were symmetric and significantly different IM drift times were measured for CBW-03-106 and for its unconjugated mAb (Fig. 5c, Table 1). A reproducible and constant difference in IM drift times of 0.8 ± 0.1 ms was observed for the addition of 4 drugs for the 24+ charge state, corresponding to 0.2 ± 0.1 ms per drug load of 1217 Da.

Corresponding TW CCS N2 values were calculated for all the charge states of the DAR4 sitespecific ADC and for the unconjugated mAb (Fig. 5d and Table 1) and compared to already published ones. TW CCS N2 values ranging from 68.8 to 75.8 nm 2 and from 69.4 to 76.7 nm [START_REF] Reichert | Antibodies to watch in 2017[END_REF] were obtained for the unconjugated mAb and the DAR4 ADC, respectively. Measured TW CCS N2 values and corresponding Δ TW CCS N2 were in agreement with both predicted collision cross-section (CCS) from mAbs considered as spherical proteins [START_REF] Ruotolo | Ion mobilitymass spectrometry analysis of large protein complexes[END_REF] (Fig. 5d) and with already reported data on other mAbs [START_REF] Pacholarz | Dynamics of intact immunoglobulin G explored by drift-tube ion-mobility mass spectrometry and molecular modeling[END_REF] or ADCs. [START_REF] Marcoux | Native mass spectrometry and ion mobility characterization of trastuzumab emtansine, a lysine-linked antibody drug conjugate[END_REF][START_REF] Debaene | Innovative native MS methodologies for antibody drug conjugate characterization: High resolution native MS and IM-MS for average DAR and DAR distribution assessment[END_REF] Of note, the TW CCS N2 reported for CBW-03-106 DAR4 species (69.4 ± 0.1 nm 2 for the 24+ charge state) correlated well with the one reported for the reference cysteine ADC (69.5 ± 0.1 nm 2 for the 24+ charge state). The agreement between mass-predicted and IM-MS-measured CCSs also strongly argues for a mass increase effect rather than slight conformational changes induced upon drug binding.

Similar to IM drift time variations, the addition of four drugs induced a slight but constant and reproducible TW CCS N2 variation of 0.6 nm 2 observed on all charge states (Table 1, Fig. 5d).

Slightly larger Δ TW CCS N2 s between DAR0 and DAR4 species were reported for brentuximab vedotin (1.5 nm 2 for 4 drugs of 1317 Da each) and ado-trastuzumab emtansine (1.2 nm 2 for 4 drugs of 958 Da each), which could be a first hint of increased conformational heterogeneity within the preparations of those molecules.

Average DAR determination by IM-MS -As already performed on lysine-and cysteine conjugates, [START_REF] Marcoux | Native mass spectrometry and ion mobility characterization of trastuzumab emtansine, a lysine-linked antibody drug conjugate[END_REF][START_REF] Debaene | Innovative native MS methodologies for antibody drug conjugate characterization: High resolution native MS and IM-MS for average DAR and DAR distribution assessment[END_REF] we used IM-MS data for average DAR determination of CBW-03-106. The intensities of the drift peaks extracted for each charge state were plotted across the series for DAR0-DAR4 drug binding stoichiometries, and a Gaussian curve was fitted to the resulting distribution (Supplementary Information S5). The relative intensity of these ATDs indicates the relative abundance of each species. As only ATDs for DAR4 were detected (Supplementary Information S5), an average DAR of 4.0 could be deduced from IM-MS data (Table 1), in good agreement with the expected value obtained from other MS approaches.

CIU experiments of CBW-03-106 and the parental mAb -We next performed collision induced unfolding (CIU) experiments to compare the gas-phase conformational stability of CBW-03-106 and parental mAb. CIU experiments consist of gas-phase collisional activation of the ions in the trap T-Wave of the instrument before IM separation. CIU experiments have already been reported for the rapid analysis of antibody structure and chemical modifications. [START_REF] Tian | Collision induced unfolding of intact antibodies: rapid characterization of disulfide bonding patterns, glycosylation, and structures[END_REF] Here, a comparison of the CIU patterns of CBW-03-106 ADC with those of the parental mAb allowed for an investigation into the effect of conjugation on mAb gasphase stability.

First, we analyzed CIU data acquired for CBW-03-106 and parental mAb to highlight differences in the CIU fingerprints. As shown in Figure 6a-b, the 24+ intact antibody ions for parental mAb and CBW-03-106 exhibited different low energy IM migration times (18.6 and 17.6 ms, respectively), and possessed significantly different CIU fingerprints, as highlighted by the high root-mean-square deviation value shown in the CIU difference plot (Fig. 6c).

Three main CIU features were observed for the unconjugated mAb (Fig. 6a), while CBW-03-106 only displayed two states (Fig. 6b) over the collision voltage range 0-200 V.

For unconjugated mAb, the first transition from the most compact initial state 0 (Fig. 6a and6d) to the first unfolded state I happens between 40 and 75 V, the unfolded state I being then stable over the 75-100 V Trap CE range. When collision energies increased from trap CE 100 V to 140 V, ATDs became broader. At 150 V, the ATD of the 24+ charge state of parental mAb presented a double distribution corresponding to the coexistence of at least two conformational families (Fig. 6d) that could be observed throughout the trap CE 150-190 V range, highlighting a second transition between trap CE 140 and 150 V from unfolded state I to the final unfolded state II. The IM drift time related to the most unfolded species was 20.7 ms (Fig. 6d), which corresponded to a total CCS increase of 3.3% as compared to the initial state 0.

For CBW-03-106, the initial most compact state had an IM migration time of 18.6 ms (Fig. 6b), which is ∼ 1 ms on average longer than parental mAb IM drift time (Fig. 6c). These differences could be attributed to the mass increase due to drug conjugation, as already concluded from CCS calculations. This conformational family started progressively and continuously unfolding from 40 V to 100 V, leading to the unfolded state I at 21.0 ms (Fig. 6c). By contrast to the parental mAb, the ADC unfolded state I was then stable over the 100-190 V range (Fig. 6b). The drift time variation observed during this transition implies a relative CCS variation of 2.6%.

Altogether, CIU results highlight that conjugation seems to stabilize the mAb structure for the following reasons: i) even if the DAR4 ADC begins unfolding from state 0 to state I at similar trap CE voltage (40 V), the unfolding process is distributed over a broader trap CE range (40-100V) compared to the parent mAb (40-75 V), which is favor of a global stabilization effect of the mAb conformation upon conjugation; and ii) the site-specific ADC is less prone to unfolding events (fewer unfolding intermediates) than its unconjugated counterpart mAb.

Taken together and noting the high structural and sequence identity (same number of interchain disulfide bonds and same amino acid sequence) between the CBW-03-106 and parental mAb, the data presented here strongly support the hypothesis that drug conjugation stabilizes mAb conformation.

DISCUSSION

We report here the first multi-level characterization of a new generation of site-specific antibodies by state-of-the-art MS methods. A combination of HPLC-MS methods and nondenaturing MS approaches were used to provide a comprehensive characterization of a sitespecific ADC at both intact and middle levels. Middle level analysis, which is now the first line strategy employed in most labs for mAb and ADC analytical characterization, revealed a highly homogeneous sample in terms of drug load, with mainly DAR4 detected and low amounts of DAR3. Of note, for this type of ADC, the classical reduction strategy that results in LC and HC fragments was more appropriate than the IdeS strategy, which led to the coelution of LC and Fc fragments. Native MS was next applied to site-specific ADC characterization leading to a direct observation of the drug load profile compared to the middle-up indirect approach. Native MS is now easily amenable to high throughput through its hyphenation to SEC chromatography for rapid and efficient buffer exchange. Thus, we believe that SEC-native MS will more and more challenge classical HPLC-MS techniques.

Finally, extensive conformational characterization by IM-MS of our site-specific ADC enabled detection of different drift times for unconjugated and conjugated ADC. Again, average DAR values along with drug load distributions could be achieved.

We demonstrate here the capabilities of native IM-MS to directly access site-specific ADC conformational information through the measurement of IM drift times, CCS calculations and CIU fingerprints. However, as the site-specific ADC and its unconjugated mAb version exhibited similar intact CCS, it was hard to distinguish between a mass effect and a real conformational change induced upon drug conjugation. We demonstrate here for the first time the capabilities of CIU in the context of intact ADC analysis. CIU allows one to circumvent the lack of IM resolution through the establishment of unfolding patterns. We demonstrate here the ability of CIU to differentiate a site-specific ADC from its parental unconjugated mAb along with increase in ADC stability towards unfolding as compared to the unconjugated mAb. This could be concluded from the CIU landscapes of the ADC presenting fewer numbers of unfolding states than the unconjugated mAb, along with broader unfolding transitions for the ADC than for its mAb counterpart. Thus, we envision the use of CIU protocols to optimize conjugation strategies for next-generation ADC development, accompanied by a fast assessment of ADC gas phase stability.

Our group has already reported the in-depth characterization of first-generation heterogeneous lysine-or cysteine-conjugated ADCs. [START_REF] Beck | Cutting-edge mass spectrometry methods for the multi-level structural characterization of antibody-drug conjugates[END_REF][START_REF] Marcoux | Native mass spectrometry and ion mobility characterization of trastuzumab emtansine, a lysine-linked antibody drug conjugate[END_REF][START_REF] Debaene | Innovative native MS methodologies for antibody drug conjugate characterization: High resolution native MS and IM-MS for average DAR and DAR distribution assessment[END_REF][START_REF] Terral | Insights from native mass spectrometry and ion mobility-mass spectrometry for antibody and antibody-based product characterization[END_REF] Here, we demonstrate the versatility of native MS methodologies (native MS and IM-MS) for site-specific ADC analysis. These methodologies present the advantages of providing a direct snapshot of ADC homogeneity/heterogeneity without extensive data interpretation. As an illustration, Figure 4 shows native MS and IM-MS data obtained for brentuximab vedotin (Adcetris®, the reference cysteine conjugate), ado-trastuzumab emtansine (Kadcyla®, the reference lysine-ADC), and the CBW-03-106 site-specific ADC. At a glance, the increased homogeneity of the site-specific ADC is obvious from either native mass spectra or IM-MS plots. Some of the most important quality attributes, including the presence/amount of unconjugated mAb, the drug load profile, the average DAR, and even payload degradation/modification can be assessed within a few minutes from one single SEC-native MS run. Thus, we believe that native MS and its hyphenation to ion mobility are ready to serve for the benchmarking of conjugation strategies, for the evaluation of drug binding heterogeneity, and for the fast conformational characterization of ADCs. We envision integrating native MS and IM-MS approaches even in their latest state-of-the-art forms (like CIU, or SEC-native IM-MS) to evaluate bioconjugation strategies.

MATERIALS AND METHODS

Chemicals

All chemicals were purchased from Sigma-Aldrich: ammonium acetate (A1542), cesium iodide (21004), 2-propanol (I9516), sodium phosphate dibasic (S7907), sodium chloride (S7653), guanidine hydrochloride (G4505), TCEP hydrochloride (C4706), trifluoroacetic acid (TFA; 74564) and HPLC-grade acetonitrile (34851). IgGZERO (A0-IZ1-010) and IdeS (A0-FR1-008) enzymes were obtained from Genovis. All the aqueous solutions were prepared using an ultra-pure water system (Sartorius, Göttingen, Germany).

Middle level UHPLC-MS analysis

Middle level analysis

CBW-03-106 ADC reduction -30 µg of ADC in 50 mM Na 2 HPO 4 and 150 mM NaCl at pH 6.6 were denatured by the addition of 5 M guanidine hydrochloride. The reduction was then performed using 56 mM of TCEP-HCl for 60 minutes at 57 °C. Finally, the reaction was quenched by adding 1% TFA.

Liquid chromatography coupled to mass spectrometry -UHPLC-MS analysis was performed using an Acquity H-class (Waters, Manchester, UK) coupled to the Synapt G2 high definition (HD) MS (Waters, Manchester, UK). A volume equivalent to 9 µg of mAb in sample preparation was injected on a PLRP-S column (2.1 x 150 mm, 8 µm, 1000 Å from Agilent, Waldbronn, Germany) set at 80 °C. The gradient was generated at a flow rate of 250 µL/min using water containing 0.1% TFA for mobile phase A and acetonitrile containing 0.08% TFA for mobile phase B. The latter was raised from 10 to 30% over 8 minutes, 30 to 34% over 12 minutes, and 34 to 50% over 20 minutes, followed by a 3 minute washing step at 90% B and a 12 minute re-equilibration period. The Synapt G2 HDMS was operated in positive mode with a capillary voltage of 3.2 kV. Acquisitions were performed in the mass range of 500-5000 m/z with a 1-s scan time. Signal acquisition was realized by UV absorbance measurement at 214 nm. Calibration was performed using the singly charged ions produced by a tuning mix. MS data interpretations were performed using Mass Lynx V4.1 (Waters, Manchester, UK).

Intact mass analysis

Deglycosylation -The deglycosylation was performed by incubating for 30 min at 37 °C one unit of IgGZERO per microgram of mAb and ADC.

Buffer exchange -Prior to native MS and IM-MS experiments, mAb and ADC were desalted against a 150 mM ammonium acetate solution at pH 6.9 using six cycles of concentration/dilution using a microconcentrator (Vivaspin, 10-kD cutoff, Sartorius, Göttingen, Germany). Protein concentration was determined by UV absorbance using a NanoDrop spectrophotometer (Thermo Fisher Scientific, France).

Native MS analysis -High resolution native MS (native-HRMS) of intact mAb and ADC were performed on an Orbitrap Exactive Plus EMR (Thermo Fisher Scientific, Bremen, Germany) mass spectrometer coupled to an automated chip-based nanoelectrospray device (Triversa Nanomate, Advion Bioscience, Ithaca, USA) operating in the positive ion mode. The capillary voltage was set at 1.86 kV and nitrogen nanoflow at 0.15 psi for the Orbitrap. The in-source collision-induced dissociation and the higher-energy collisional dissociation cells were set to 200 eV and 50 eV, respectively. The trapping gas pressure was set to 3 a.u. (which corresponds to an Ultra High Vacuum of ~4.10 -10 mbar). To improve the transmission of the high mass species, the voltages on the injection-, inter-, and bent-flatapoles were fixed to 8, 7, and 6 V, respectively. Samples were diluted in 150 mM NH 4 OAc at pH 6.9 and infused at 10 µM. External calibration was performed using singly charged ions produced by a 2 g/L solution of cesium iodide in 2-propanol/water (50/50 v/v). Orbitrap MS data interpretation was performed using Protein Deconvolution 4.0 available on BioPharmaFinder 1.0 SP1 (Thermo Fisher Scientific, Bremen, Germany). The parameters of the software were optimized for each spectrum.

Size exclusion chromatography coupled to native mass spectrometry -An ACQUITY UPLC H-Class system (Waters, Manchester, UK) comprising a quaternary solvent manager, a sample manager operating at 10 °C, a column oven maintained at 50 °C and a TUV detector operating at 280 nm and 214 nm hyphenated to a Synapt G2 HDMS mass spectrometer (Waters, Manchester, UK) was used for the online buffer exchange and intact mass measurement. 51 µg of glycosylated CBW-03-106 and 45 µg of its deglycosylated version were loaded on the ACQUITY UPLC Protein BEH SEC column (2.1 x 150 mm, 1.7 µm particle size, 200 Å pore size from Waters, Manchester, UK) using an isocratic elution of 100 mM NH 4 OAc (pH 6.8) at a flow rate of 0.25 mL/min over 4.1 min. Then, the flow rate was decreased to 0.10 mL/min over 5.5 min and finally increased by 0.25 mL/min over 2.4 min.

The Synapt G2 HDMS was operated in positive mode with a capillary voltage of 3.0 kV. Acquisitions were performed in the m/z range of 1000-8000 with a 1.5 s scan time. External calibration was performed using singly charged ions produced by a 2 g/L solution of cesium iodide in 2-propanol/water (50/50 v/v). MS data interpretations were performed using Mass Lynx V4.1 (Waters, Manchester, UK).

Average DAR calculation

Average DAR values were calculated by using Equation 1. For native MS, these results were derived from the relative peak intensities measured from deconvoluted mass spectra. For middle level analysis, these results were based on the area of each peak corresponding to the drug loaded fragments obtained on the UV chromatogram.

Eq1. = ∑ *

∑

Ion Mobility mass spectrometry

Ion mobility experiments were performed on a TWIMS-MS Synapt G2 instrument (Waters, Manchester, UK). The instrument was carefully tuned in order to achieve a good trade-off between ion separation and TWIMS resolution. Low accelerating voltages were used, especially before IM separation, to guide the ions through the mobility cell to the TOF analyzer without ion activation. The backing pressure of the Z-spray source was 6.0 mbar, and the sampling cone was operated at 80 V. The argon flow rate in the traveling-wave-based ion trap was 5 mL/min, and the trap collision energy was set at 4 V. Prior to IM separation, ions were thermalized in the helium cell (130 mL/min). Ion separation was performed in the pressurized ion mobility cell using a constant N 2 flow rate of 45 mL/min. The IM wave height and velocity were 40 V and 923 m/s, respectively. Transfer collision energy was fixed to 2 V in order to extract the ions from the IM cell to the TOF analyzer. IM data were calibrated to perform CCS calculations using the most intense charge states of three external calibrants (concanavaline A, pyruvate kinase, and alcohol dehydrogenase) in non-denaturing conditions as described elsewhere. [START_REF] Marcoux | Native mass spectrometry and ion mobility characterization of trastuzumab emtansine, a lysine-linked antibody drug conjugate[END_REF][START_REF] Debaene | Innovative native MS methodologies for antibody drug conjugate characterization: High resolution native MS and IM-MS for average DAR and DAR distribution assessment[END_REF][START_REF] Bush | Collision cross sections of proteins and their complexes: A calibration framework and database for gas-phase structural biology[END_REF] IM-MS experiments were performed in triplicate under identical conditions.

Drug-to-antibody ratio calculations were also performed from ion mobility data. ATDs corresponding to each charge state were fitted on a Gaussian profile. The delimited areas were quantified and used to calculate average DAR from Equation 1.

Collision Induced Unfolding experiments

ATDs were recorded by progressively increasing the trap collision energy in the travelingwave-based ion trap prior to the IM cell. All the ions were accelerated into the ion trap without any previous selection; however, only ion mobility data corresponding to the 24+ charge state were compiled to create the CIU fingerprint. The trap collision energy was ramped from 0 to 200 V using an energy interval of 5 V. This voltage interval corresponds to the best trade-off between CIU fingerprint resolution and acquisition time.

CIU fingerprint data -2D CIU fingerprint plots were analyzed using the open source CIUSuite software, especially the CIUSuite_stats and CIUSuite_compare modules. [START_REF] Eschweiler | CIUSuite: A quantitative analysis package for collision induced unfolding measurements of gas-phase protein ions[END_REF] 

  Briefly, these modules allow for drift time data extraction at each trap CE collision voltage. Ion intensities were normalized to a maximum value of 1 and the ATDs were smoothed using a Savitzky-Golay filter with a window length of three and polynomial order of two. The individual IM data were gathered to create the CIU data shown. Drift time (ms) is shown in the size axis versus trap collision energy (V) in the x-axis. The relative intensities of the ATD distributions are denoted by a color-coded axis. CIU fingerprint plots and standard deviations were generated for multiple replicates using CIUSuite_stats function in order to quantify the reproducibility of the experiment. Comparison of two different CIU fingerprint plots was achieved using the CIUSuite_compare module.

Figure 1 :

 1 Figure1: Schematic overview of the bioconjugation strategy. A formylglycine (fGly) amino acid residue is produced through the highly selective oxidation of a cysteine residue found within a specific pentapeptide consensus sequence by formylglycine-generating enzyme (FGE). The fGly-containing protein is then further modified using aldehyde specific chemistries.

Figure 2 :

 2 Figure 2: Middle-up analysis of CBW-03-106. (a) UV chromatogram of TCEP-reduced CBW-03-106 (a). LC without drug load and HC fragments with one or two RED-106 bound molecules were observed. Theoretical and experimental masses of the G0F glycoform obtained by middle-up analyses of CBW-03-106 (b).

Figure 3 :

 3 Figure 3: Native mass spectrometry analysis of deglycosylated CBW-03-106. Full scan ESI mass spectra on the m/z range [4 500 -7 500] of deglycosylated CBW-03-106 in native conditions obtained either on a Q-TOF (a-c) or an orbitrap (d-f) instrument. Zoom on the most intense charge states showing drug load profiles (b,e). Native MS derived drug load profile and subsequent average DAR (c,f): relative intensities of each drug load as a function of the number of drugs loaded onto the mAb.  : non-identified impurity; * : loss of one fucose (-146 Da) and ** : glycation (+162 Da).

Figure 4 :

 4 Figure 4: Native MS and IM-MS for benchmarking bioconjugation strategies. (a-c) Deconvoluted native mass spectra from the Orbitrap showing drug load profiles (left panels) and native IM-MS plots of m/z versus drift time from the Q-TOF instrument for brentuximab vedotin (a), trastuzumab emtansine (b) and CBW-03-106 DAR4 site-specific ADC (c).

Figure 5 :

 5 Figure 5: Native IM-MS analysis of deglycosylated CWB-03-106 and its parental mAb form. Plots of m/z versus drift time for CWB-03-106 (a) and mAb (b). Extracted ATDs corresponding to the 24+ charge state of the parental mAb (blue) and CBW-03-106 (red) at a trap collision voltage of 4 V (c). Measured TW CCS N2 (nm 2 ) of the parental mAb (blue diamonds) and CBW-03-106 (red diamonds) as a function of ESI charge state (d).

Figure 6 :

 6 Figure 6: CIU experiments performed on deglycosylated CBW-03-106 site-specific ADC and its unconjugated mAb form. CIU fingerprints of the 24+ charge state for the unconjugated mAb (a) and the site-specific ADC, CBW-03-106 (b). CIU difference plot between CBW-03-106 and unconjugated mAb (c). Extracted arrival time distributions (ATD) of the unconjugated mAb (blue) and CBW-03-106 (red) at different trap collision voltages.

Table 1 :

 1 IM drift times and TW CCS N2 values obtained for the 24+ charge states of deglycosylated site-specific CBW-03-106 ADC and its unconjugated mAb form. a Uncertainty values represent the variability as a result of repeat injections (n = 3). b Δ(IM drift times) and ΔCCS values represent differences between Dn and unconjugated parental mAb. c CCS were predicted considering ADCs as spherical protein through the equation 33 CCS = 2.435 × M 2/3 .
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• Complementary Material and Methods

• Supplementary Figure S1 to S5

UHPLC-MS ANALYSIS

Middle level analysis

IdeS enzymatic treatment and TCEP reduction -Thirty units of IdeS enzyme were added to 30 µg of CBW-03-106 in 50 mM Na 2 HPO 4 and 150 mM NaCl at pH 6.6, and the mixture was incubated at 37 °C for 60 minutes. Before reduction, the IdeS digested sample was diluted in 8 M guanidine HCl. TCEP-HCl was added to reach a final concentration of 56 mM. After 60 minutes of incubation at 57 °C, the reaction was quenched by adding 1% TFA.

Intact level analysis

Liquid chromatography coupled to mass spectrometry -UHPLC-MS analysis was performed using an Acquity H-class Bio (Waters, Manchester, UK) coupled to PDA eLambda dectector (Waters, Manchester, UK) and to the Synapt G2 Si (Waters, Manchester, UK). A volume equivalent to 2 µg of deglycosylated CBW-03-106 was injected on a Zorbax 300 Diphenyl RRHD column (2.1 x 100 mm, 1.8 µm, from Agilent, Waldbronn, Germany) set at 80 °C. The gradient was generated at a flow rate of 800 µL/min using water containing 0.1 % FA/0.025%TFA for mobile phase A and acetonitrile containing 0.1 % FA/0.025%TFA for mobile phase B. The latter was raised from 30 to 46.9% over 6.5 minutes, 46.9% to 95% over 0.1 minutes, followed by a 0.1 minute washing step at 95% B and a 4.6 minute reequilibration period at 30% B. The Synapt G2 Si was operated in positive mode with a capillary voltage of 3.5 kV. Acquisitions were performed in the mass range of 500-5000 m/z with a 1-s scan time.

Signal acquisition was realized by UV absorbance measurement at 210 nm and 280nm. Calibration was performed using MS calibration solution API (Waters, P/N 700001593-1).

MS data interpretations were performed using Mass Lynx V4.1 (Waters, Manchester, UK).