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Biopharmaceuticals such as monoclonal antibodies are required to be rigorously characterized using a wide range of analytical methods. Various material properties must be characterized and well controlled to assure that clinically relevant features and critical quality attributes are maintained. A thorough understanding of analytical method performance metrics, particularly emerging methods designed to address measurement gaps, is required to assure methods are appropriate for their intended use in assuring drug safety, stability, and functional activity. To this end, a series of interlaboratory studies have been conducted using NISTmAb, a biopharmaceutical-representative and publicly available monoclonal antibody test material, to report on state-of-the-art method performance, harmonize best practices, and inform on potential gaps in the analytical measurement infrastructure. Reported here is a summary of the study designs, results, and future perspectives revealed from these interlaboratory studies which focused on primary structure, post-translational modifications, and higher order structure measurements currently employed during biopharmaceutical development.
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INTRODUCTION
Monoclonal antibodies (mAbs) have become the most prevalent biopharmaceutical modality, used to treat indications from viral infections to cancer. Numerous other protein-based drugs continue to evolve including antibody drug conjugates (ADCs), bispecifics, coagulation factors, and cytokines, among others. In addition, new modalities such as viral vector mediated gene therapies and vaccines, mRNA vaccines, and adoptive cell therapies have more recently emerged to fill previously unmet medical needs. Common to all modalities is the need for comprehensive structural characterization, identification of relevant critical quality attributes, and quality control of these features to maintain safety and efficacy. Lessons learned regarding analytical best practices for mAbs, perhaps the most widely characterized and understood from a structure-function perspective, can be ported to other modalities.
Comprehensive evaluation of the fundamental performance metrics and analytical capability of a technology are a pivotal first step prior to adapting, translating, or evolving measurement methods to new systems. Innovative analytical technologies are often performed to enable deep characterization, elucidate mechanisms of action, or better understand the intricacies of a manufacturing process. These emerging technologies, despite their potential for profound leaps in product or process understanding, may have limited historical precedence, thus presenting a barrier to rapid adoption. Interlaboratory studies may serve to lower these barriers by providing a means of harmonizing technical approaches, reporting community-wide performance metrics (i.e. precision), defining method best practices, and/or understanding the underpinning principles and sources of uncertainty in a measurement system.
Publicly available biopharmaceutical product-representative test materials are a pre-requisite to interlaboratory evaluation of community wide performance metrics. The NIST monoclonal antibody (NISTmAb) was introduced as a tool for advancing analytical methods pertaining to monoclonal antibodies. The NISTmAb reference material (RM) 8,671 is a recombinant humanized IgG1κ expressed in murine suspension cell culture that has undergone biopharmaceutical industry standard upstream and downstream purification to remove process related impurities. This RM is intended primarily for use in evaluating the performance of methods for determining physicochemical and biophysical attributes of monoclonal antibodies. It also provides a representative test molecule for development of novel technologies for therapeutic protein characterization. (Mouchahoir and Schiel, 2018; Schiel and Turner, 2018; Schiel et al., 2018; Turner and Schiel, 2018; Turner et al., 2018). The NISTmAb first debuted in a series of small interlaboratory characterization studies in 2015. (Schiel et al., 2014; Schiel et al., 2015a; Schiel et al., 2015b). This series of reports provided a useful baseline to identify measurements for which method advancement and regulatory assimilation would benefit from additional technology development and interlaboratory studies. Highly focused interlaboratory studies have since been reported by NIST and independent communities to harmonize best practices, deepen community consensus on method performance, and document a baseline performance upon which future method evolution may be based (DeLeoz et al., 2017; Hudgens et al., 2019a; Brinson et al., 2019; Coffman et al., 2020; Srzentić et al., 2020; Mouchahoir et al., 2021). A number of those interlaboratory studies are reviewed here, with the intention to spur future partnerships to target additional assays and/or method evolution through well-planned interlaboratory studies.
The design, coordination, implementation, writing, and publishing of each of these studies is an extensive community-wide effort that spans multiple years (Figure 1). Planning and recruitment stages of an interlaboratory study coincide and are often synergistic. Sample sets, measurement protocols, and reporting structures can evolve based on community feedback, considering study design is exceedingly difficult to change post-launch. Sample identity and preparation is a critical step most often performed by the study organizers, but in consultation with participants. This stage may involve alteration of material properties to “challenge” the analytical method and/or prepare the sample for analysis (i.e. digestion, mixing, or vialing). Samples must be suitable with respect to material properties for the intended use in the measurement system, be non-proprietary to enable public dissemination/publication of results, and be of sufficient stability, homogeneity, and purity.
[image: Figure 1]FIGURE 1 | Timeline of Global NISTmAb Interlaboratory Studies. (A) Representative timeline identifying the key milestones for an interlaboratory study. (B) Corresponding dates and key milestones for each NISTmAb interlaboratory study (MAM, glycosylation, NMR HOS, and HDX-MS).a MAM New Peak Detection Publication (Mouchahoir et al., 2021).b MAM Attribute Analytics Publication (In progress).c Glycosylation Interagency Internal Report (DeLeoz et al., 2017). d Glycosylation Interlaboratory Publication (De Leoz et al., 2020).e NMR HOS Interlaboratory Publication (Brinson et al., 2019).f HDX-MS Interlaboratory Publication (Hudgens et al., 2019a)
The measurement phase of an interlaboratory study is conducted at each partners’ individual site. Participants are typically asked to complete a pre-defined report template and when possible, include raw data. Although reporting is templated, participation in such a study involves a significant commitment by participants and their parent organizations. The study design is intended to minimize financial and time commitment burden on the participants, but this aspect should not be overlooked as the intellectual engagement of experts in the field are critical to industry-relevant impact. Submitted datasets are most commonly anonymized via third party vendors to protect potential intellectual property, after which combined analysis of the anonymized data is conducted by the study organizers. Analysis, interpretation, and formulating the discussion around results are again a community effort involving all study participants. Numerous iterations of data analyses and participant feedback led to a first draft, initially approved by all co-authors, and then sent to partners legal for review. Use of a non-competitive material and data anonymization are critical to assure freedom to operate. Writing, submission, and acceptance can be a rather lengthy process to allow all authors and partner institutions to ultimately agree on the presentation and interpretation of results. Each of the studies reviewed herein are a consensus of 15–75 organizations. Interlaboratory studies represent broad industry commitment to achieve a high degree of unity and enable implementation of current best practices, evolve analytical methods, and expedite their uptake. A representative sampling of NISTmAb interlaboratory studies are reviewed here, specifically those that included one or more NIST organizers (multi-attribute method, glycosylation analysis, nuclear magnetic resonance, and hydrogen deuterium exchange interlaboratory studies). Each study had a slightly unique design and output, as necessitated by the intricacies of that particular method, which are reported herein to include the study Purpose and Method Description, Summary of Results, and Learnings and Future Perspectives. (Hudgens et al., 2019a; Brinson et al., 2019; De Leoz et al., 2020; Mouchahoir et al., 2021).
MULTI-ATTRIBUTE METHOD INTERLABORATORY STUDY
Purpose and Method Description
The multi-attribute method (MAM) builds upon industry experience with mass spectrometry (MS)-based peptide mapping (Formolo et al., 2015; Rogstad et al., 2017; Noor et al., 2020) and holds promise for use in the quality control (QC) space (Rogers et al., 2013; Rogers et al., 2015; Xu et al., 2017; Zhang and Guo, 2017; Rogstad et al., 2019; Millán-Martín et al., 2020; Sokolowska et al., 2020; Zhang et al., 2020; Mouchahoir et al., 2021). MAM is designed to monitor the status of pre-defined quality attributes within a therapeutic protein sample (e.g., post-translational modifications (PTMs), enzymatic clips, isomerization, etc.) and/or detect process impurities (e.g., host cell proteins) in the sample. The basic workflow of a MAM platform begins with enzymatic digestion of the therapeutic protein, followed by separation of the resulting peptides by liquid chromatography (LC) and identification of the peptides by high-resolution mass spectrometry detection. Elegant software platforms are then used to interrogate the data to monitor changes in PTM levels within the sample (i.e., attribute analytics) and/or to detect impurities and unanticipated PTM changes in a non-targeted manner by comparison of the sample to a reference prepared in parallel (i.e., new peak detection (NPD). NPD is performed by first aligning reference and test sample data files according to m/z and retention time as depicted in Figure 2A. The data undergo “peak picking” where ions that meet a predetermined signal threshold (the new peak detection threshold) and display typical peptide isotope distributions are designated as peaks (bounded by blue, green or brown boxes in Figure 2A). The peaks detected in each sample are compared to the corresponding peaks (i.e., m/z and retention time match within a set tolerance) in the other sample. Peaks present in the test sample but not the reference sample are reported as new peaks, conversely peaks present in the reference sample but not in the test sample are missing peaks. If a peak is present in both samples and the difference in abundance between samples surpasses a set threshold (the fold-change threshold), it is reported as a changed peak. Unchanged peaks (below the fold-change threshold) are not reported. Prior knowledge of peak identity is not required; thus, NPD is an untargeted analysis that can potentially detect unexpected impurities or differences.
[image: Figure 2]FIGURE 2 | Overview of MAM New Peak Detection Data Analysis. (A) A representation of new peak detection data is shown for a single charge state/isotope cluster for a new peak, changed peak, and unchanged peak (B) Peaks Reported as New, Missing, or Changed in Spike and Unknown Samples. New, missing, and changed peaks detected in the Spike (S) and Unknown (U) Samples were reported by each participant. For the Spike Sample, peaks that conformed to expectation are represented in blue: Spike Peptides, Modified Spike Peptides (e.g., Spike Peptide with a PTM) and Spike Peptide Impurities (e.g., Spike Peptide with additional residue, truncation, etc.); peaks that did not conform to expectation are represented in red: NISTmAb Peptides, Unidentified Peaks, Contaminants. Peaks detected in the Unknown Sample did not conform to expectation and are represented in red without further categorization. One participant self-reported peaks in the Unknown Sample as false positives (represented in yellow) and thus were counted as a conforming result. Each participant is represented by a unique symbol. This figure was adapted from Mouchahoir et al., 2021 (https://pubs.acs.org/doi/10.1021/jasms.0c00415), with permission from ACS Publications; further permissions related to this material should be directed to ACS.
The potential for MAM to be implemented in the QC space as a replacement for a number of single-attribute assays has piqued the interest of the biopharmaceutical industry, and members of the industry are currently working to develop the platform for such use. Naturally, the adoption of new platforms comes with inherent risk which can slow the implementation of new technologies. The MAM interlaboratory study was therefore established to aid industry members at the beginning stages of MAM development and to provide a survey of the current performance of MAM across the industry (Mouchahoir et al., 2021). The study used the NISTmAb as a model therapeutic-like protein to evaluate the instrumentation and software processing used for MAM, and here we discuss the portion of the study that evaluated the NPD function of MAM. This was the first such industry-wide study to evaluate the performance of MAM.
Study Design and Protocols. Twenty-eight participating laboratories were recruited from members of the MAM Consortium (www.mamconsortium.org) and included representation from the industry, government, and software and instrument vendors. Each participating laboratory received a “kit” with the necessary materials for the study. The kit included four tryptic digests of the NISTmAb: one digest acted as the reference (Reference Sample) against which the other digests were compared for NPD, a second digest contained an additional set of 15 synthetic peptides spiked in to mimic impurities (Spike Sample), and a third digest was prepared from a NISTmAb sample that had first undergone high pH stress (pH Stress Sample) to test the untargeted analysis of changes in PTM levels. The fourth digest (Unknown) was the same sample as the Reference, however the identity was not revealed to the participants and served as a negative control. The kit also included a vial containing 15 synthetic peptides (Calibration Sample) to gauge instrument performance across laboratories and a vial of 0.1% formic acid in water for use as a blank injection to prepare the column.
Each participant followed the same LC-MS method and used the same column for sample analysis, but instruments and software packages for data analysis varied. The Calibration Sample was injected a total of three times, interspersed at the beginning, middle, and end of the queue. Participants were asked to report the retention time, observed mass, and summed extracted ion chromatogram (XIC) area for each Calibration Peptide. Each of the NISTmAb digests was injected twice. The first injection was acquired in MS-only mode to be used for the NPD analysis itself, and the second was acquired in MS-MS mode to be used for confident identification of peptides. Participants were asked to use their standard MAM analysis platforms on these samples and report any peaks detected as new, missing, or changed in abundance in the Spike, pH Stress, and Unknown Samples when compared to the Reference Sample.
Results
Instrument Performance: Calibration Sample. ASTM Standard E691-18 (Standard Practice for Conducting an Interlaboratory Study to Determine the Precision of a Test Method) (ASTM, 2018) was used to evaluate the interlaboratory precision metrics of the retention times, mass accuracy, and fold-change values for each Calibration Peptide. Retention time repeatability standard deviations within each participating lab fell below 0.25 min, while reproducibility standard deviations between laboratories were measured between 1.4 min and 2.0 min. The larger variation in retention times between laboratories was expected due to the use of different LC systems. The high-resolution mass spectrometers used for the study achieved mass accuracy values of less than ±5 ppm, which is within the expected performance range for these instruments and is well within typical mass accuracy tolerance windows for database searching and NPD peak picking. Quantitative performance was measured by calculating the fold-change in abundance for each of the 15 peptides (i.e., ratio of a given peptide XIC from one injection to the XIC of the same peptide in another injection). Since the same volume of Calibration Sample was loaded onto the LC-MS system for each injection, the theoretical fold-change was 1 for each peptide. All but one of the absolute fold-change values for the Calibration Peptides averaged less than 1.26 with reproducibility standard deviations less than 0.35. Together, these performance metrics suggested that the instruments being used across the industry for MAM are performing within expected specifications.
New Peak Detection: Spike and Unknown Samples. Participants performed NPD on the Spike and Unknown Digests and reported any peaks that were new, missing, or changed in abundance (≥five-fold) when compared to the Reference Sample (Figure 2B). For the Spike Digests, fifteen of the participants conformed to expectation by detecting all 15 Spike Peptides as new peaks, with no additional new, missing or changed peaks reported (with the exception of synthetic impurities known to be inherent to the Spike Peptide mixture). Thirteen participants reported false positives (new, missing, or changed peaks that included NISTmAb peptides, unidentified peaks, and system contaminants), false negatives (fewer than fifteen Spike Peptides detected as new peaks), or both. Conformity to expectation for the Unknown Sample was met by sixteen participants who did not report any differences between the Unknown and References Samples. Peaks reported by non-conforming participants included NISTmAb peptides, unidentified peaks, keratin peptides (contaminants from the digestion process), a trypsin peptide, and one participant reporting carry-over of Spike Peptides.
The authors assigned a likely source for 92% of the non-conforming peaks for which a corresponding raw data file was available. This data evaluation showed the false positive peaks to be the result of 1) inadequacy of the column conditioning steps prescribed in the study protocol (causing large retention time shifts for a few NISTmAb peptides between the Reference and other samples and thereby interfering with peak alignment during software processing); 2) sample degradation (clipped peptides unique to four participants seemed to have been generated some time between shipment of the kit to the participants and injection onto the column); 3) system contamination (e.g., plasticizer, trifluoroacetic acid adducts); 4) instrument-induced artifacts (e.g., in-source fragmentation, metal adduction); 5) peak abundance (low signal not well-distinguished from background); and 6) group-wise comparison of all four sample (rather than individual Reference to Sample comparisons; limited to one participant). False negative results (i.e., Spike Peptides not reported as new peaks) were attributed to peak signal falling below the NPD threshold set during the peak picking process (i.e., distinguishing signal arising from true peptide peaks from noise), a value that was set according to each participant’s unique platform parameters.
New Peak Detection: pH Stress Samples. The degraded pH Stress Sample was expected to contain multiple new, missing, or changed peaks but the complexity of this sample did not lend itself to providing the authors with a definitive profile of expected differences to be found when compared to the Reference Sample. To survey the pH Stress Sample results the authors evaluated the consensus between peaks reported as new, missing, or changed by calculating the coincidence frequency (ωc) (number of participants reporting a given peak) of each unique peak reported across laboratories and plotting the resulting values against the calculated peak coincidence population values [M(ωc)] (number of peaks with the given coincidence frequency) (Hudgens et al., 2019a). The six highest ωc values ranged from 26 to 18 participants, each with a corresponding M(ωc) value of 1 peak (Supplementary Figure S1). There were no peaks achieving the maximum possible ωc of 28 participants (i.e., no peak was reported by all participants). Processed NPD data files from one participant were available to aid our understanding of the low consensus values attained for the pH Stress Sample. These data showed incidences of new and changed peaks falling just below the participant’s NPD and fold-change thresholds, and co-elution with overlapping mass-to-charge ratios as the likely culprits.
Learnings/Future Perspective
Evaluating the results of this interlaboratory study allowed the authors to gauge the performance of MAM across the industry and provide insights for improving the platform, especially for those in the beginning stages of developing their platforms.
The Calibration Sample provided a broad overview of instrument performance, with the results indicating that the instruments being used for MAM are performing within their expected ranges. Their performance, however, was not predictive of NPD performance in the other samples. The results of participants whose Spike and Unknown Sample analyses did not conform to expectation highlighted the importance of proper sample handling and instrument preparation (i.e., column conditioning or washing) to ensure the integrity of the results. While in these cases the participants rightfully detected the differences between the samples as new peaks, these “nuisance positives” can cost valuable time and resources in a real-world situation as they would necessitate a follow-up investigation. The false positives generated by low abundant ions and the false negatives in the Spike Sample hint that NPD thresholds need to be carefully considered to strengthen the accuracy of the results. Investigation of the low consensus results for the pH Stress Sample also appear to have revealed FCD and NPD threshold settings as the primary source of differing results between participants. Although many participants used similar settings for their MAM evaluation they did not all achieve the same results, indicating that there is no universal threshold that may be applied across all instrument models, software platforms, or even samples.
Perhaps the key takeaway message from this study is that NPD can perform well in identifying new, changed, and missing peaks in the hands of many laboratories. MAM-specific system suitability protocols and criteria that include system performance, sample handling, and NPD/FCD thresholds may improve the success metrics. For example, a product-specific standard spiked with peptides representative of the product’s known process impurities and/or degradants could be run in parallel with the reference and product test samples. Appropriate system suitability sample design would include an empirical determination of appropriate process/product-specific impurity spike peptide quantities and associated NPD and FCD thresholds, considered in conjunction with desired process- and product-specific performance criteria. For example, the thresholds may be set by first finding the threshold value that is low enough to detect all spiked peptides, then continuing to lower that value as far as possible without generating any false positives. That NPD threshold could then be challenged by comparing process/product-specific reference and “unknown” samples and confirming that no new peaks are detected. A passing system suitability result for the optimized sample would require all spiked peptides to be detected as new or changed peaks with no additional peaks reported.
Overall, the MAM NPD interlaboratory study was a valuable way to understand the status of MAM throughout the industry, to identify potential pitfalls and provide guidance to users for improving their MAM methods. By taking the items discussed here into consideration the authors of the study believe that MAM NPD will be found ready for widespread implementation across the industry.
GLYCOSYLATION INTERLABORATORY STUDY
Purpose and Method Description
Glycosylation is the enzymatically driven covalent addition of monosaccharide residues to specific amino acids. These carbohydrates, known as glycans, play a crucial role in the safety and efficacy of therapeutic glycoproteins, including immunogenicity (Yehuda and Padler-Karavani, 2020), protein folding (Shental-Bechor and Levy, 2008), and thermal and protease stability (Zheng et al., 2014). Even with identical amino acid sequences, glycan alterations could arise during the manufacturing process of biologic drugs. Therefore, glycan characterization is critical.
Identification and quantitation of glycans is challenging due to their inherent heterogeneity in branching, linkage, and number of monosaccharide residues. To address this hurdle, laboratories employ a wide variety of derivatization, separation, identification, and quantification methods for glycosylation analysis.
Study Design and Protocols. The NIST glycosylation interlaboratory study (DeLeoz et al., 2017; De Leoz et al., 2020) was a broad-based interlaboratory study to determine the measurement variability of current glycosylation analysis methods. Participants included laboratories in biopharmaceutical companies, universities, research centers, government entities, and research hospitals, each of which chose their own measurement techniques. Laboratories analyzed enzymatically released N-glycans, digested glycopeptides, cleaved protein fragments or intact proteins to obtain glycan distributions (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic description of the glycosylation interlaboratory study. Participating laboratories used the glycoanalytical and detection method(s) of their choice to determine relative abundance of glycans.
NISTmAb has one site of N-glycosylation at the Fc region of the monoclonal antibody. Laboratories compared the glycosylation of two NISTmAb Primary Sample 8,670 samples: 1) NISTmAb and 2) 70% NISTmAb +30% NISTmAb without terminal β-1,4 gal glycans. Study participants were provided a spreadsheet to report the percent relative abundance of the glycans observed along with details associated with the method utilized for glycoanalysis. Data were analyzed without any normalization using several robust statistical analysis methods to measure variability and characterize glycan distributions. Having two similar samples enabled the formal separation of random from systematic variation using the two-sample Youden method (Youden, 1972).
Results
Overview of Methods. Results were based on 103 reports from 76 laboratories in Europe, North America, Asia, and Australia. Laboratories employed a wide variety of techniques to characterize glycosylation: released glycans, glycopeptides, protein fragment or intact protein with or without derivatization. Detection methods included mass spectrometry, liquid chromatography, fluorescence detection, capillary electrophoresis, anion exchange chromatography, pulsed amperometric detection, nuclear magnetic resonance spectrometry, or a combination of these techniques.
Analysis of enzymatically released glycans is the most common technique. Industry laboratories most commonly used fluorescent labelling for released glycans but university laboratories preferred MS-based glycopeptide analysis or non-fluorescently labeled glycan analysis. On average, biopharmaceutical laboratories reported a lower number of glycan compositions than university laboratories. Differences in methods and number of glycans identified could be attributed to the laboratory’s objectives. For example, industry laboratories use validated chromatographic methods for a targeted set of glycans for QC and regulatory approval and limited their analyses to major glycans in mAbs. Alternatively, some groups in academia maximized the number of glycans they could identify for untargeted discovery.
Broadly, most laboratories used chromatography for separation followed by identification either by accurate mass or chromatographic retention times. Some laboratories combined both for identification. The number of glycan compositions reported by a single lab ranged from 4 to 48. Laboratories that employed MS only generally reported more glycan compositions. Laboratories that used MS with exoglycosidases, retention time (RT), fluorescence detection (FD) and/or MS/MS reported isomers. However, the range in the number of different reported compositions within each category was large.
Glycan Identification and Quantification. A total of 116 glycan compositions were reported by the laboratories, of which 57 compositions could be assigned community consensus abundance values. Supplementary Figures S2A,C summarize the percent abundances of the said 57 glycan compositions for A) NISTmAb and C) mod-NISTmAb. Only glycans reported at least six times for either NISTmAb or mod-NISTmAb are included in the plot. The glycan compositions are sorted in order of decreasing NISTmAb percent abundances.
Glycan compositions [h3n4f1], [h4n4f1] and [h5n4f1] are the most abundant compositions making up more than 85% of the total glycan abundance [see Supplementary Figure S2 caption for nomenclature for (glycan composition)]. Measurement repeatability is generally better for more abundant glycans. Horwitz observed that the interlaboratory CV is indirectly proportional to the analyte concentration no matter the analytical method or number of laboratories (Horwitz, 1982). This trend can be observed in Supplementary Figure S2A where the most abundant glycans on the left have tighter boxplots.
The dashed red line in Supplementary Figure S2B denotes the expected 1.0 ratio of mod-NISTmAb/NISTmAb when mod-NISTmAb and NISTmAb have similar glycan % abundances. Glycan compositions with terminal β-1,4 gal as their dominant structure are shown in red font in Supplementary Figure S2A,B,C. In theory, glycans with terminal β-1,4 gal (red font) should fall below this red line, i.e., they have lower percent abundance in mod-NISTmAb than in NISTmAb. As expected, Supplementary Figure S2B shows most of the reported glycans with terminal β-1,4 gal below the red line.
Each boxplot in Supplementary Figure S2A,B,C depicts the central 50% of the values with the horizontal middle line as the consensus median. The width of each box is proportional to the square root of the number of laboratories that identified that glycan. For example, 102 of the 103 data sets identified [h3n4f1] and [h4n4f1] and these two compositions have the widest boxes.
Variability in Methods. The boxplots of mod-NISTmAb/NISTmAb ratios in Supplementary Figure S2B display between-data set differences in the measurements of the two samples. Since the number and identity of the reported glycan compositions in the two samples were nearly the same within each data set, these ratios are not affected by normalization factors and could help demonstrate comparability.
Supplementary Figure S2D shows a target plot (Duewer et al., 1999) of the average variability and bias of the mod-NISTmAb/NISTmAb ratios in relation to the consensus medians. Each dot represents an aggregate score of a unique glycan composition in a result set. The y-axis shows the “concordance” or mean bias of the mod-NISTmAb/NISTmAb ratios calculated from [image: image], where xij is the ratio of glycan composition j in the data set i, [image: image] is the consensus location of glycan composition j, sj is the consensus dispersion for glycan composition j, and nj is the number of data sets that report values for glycan composition j in both samples. Because the ratio distributions of most compositions are heavily-tailed, [image: image] is estimated using the median and sj is estimated using the scale-adjusted median absolute deviation from the median (MADE). the “apparent precision” of the biases or the bias estimate variability, estimated as SD, as shown in the x-axis:
[image: image]
“Comparability” distances [image: image] from (0,0), the ideal (zi, s (zi)) value, are depicted as semicircles:
[image: image]
The dots are colored based on their comparability distances: two comparability units are green, roughly indicating “Good” agreement with the consensus mod-NISTmAb/NISTmAb ratio estimates; between two and three units are yellow for “Moderate”; and greater than three units are red for “Questionable”. No systematic trend was observed when the target plot was examined by analyte, analytical technique, laboratory type, or number of replicates.
Youden two-sample analyses of glycan compositions were performed to distinguish random errors from systematic bias (Youden, 1972; Shirono et al., 2013). For example, most laboratories that used HILIC separation are within the univariate median for [h3n4f1] and [h4n4f1] glycans. For [h3n3f1], some laboratories that used HILIC are within the consensus median and some show the same proportional bias in both NISTmAb and mod-NISTmAb, which indicates a calibration issue. For [h5n4f1], laboratories that used HILIC show significant scatter, suggesting measurement challenges for this glycan composition.
Community Consensus Medians. The community consensus medians for NISTmAb glycosylation derived from this interlaboratory study (De Leoz et al., 2020) agree well with published NISTmAb glycosylation values (Formolo et al., 2015) for glycan abundance greater than or equal to 1%. Although it is challenging to get consensus at lower percent abundance, only three of the published values are outside the study’s central 50% distribution.
Learnings/Future Perspective
This NIST glycosylation interlaboratory study provided a “snap shot” of the current state of measurement methods and precision for measurement of relative glycan abundances in a monoclonal antibody. Although the methods varied widely, agreement to the community consensus medians did not depend on a specific method, analyte, or laboratory type but on the measurement precision. Thus, ensuring within-laboratory repeatability is vital to the harmonization of glycosylation analysis methods between-laboratories. Methods used in the different laboratories could be corrected by calibration methods as appropriate standards become available. One such standard, NIST SRM 3655, was released in January of 2022 and is comprised of thirteen aqueous solutions of free reducing glycans commonly found in monoclonal antibody therapeutics. (SRM, 2021a). The certified mass fraction of each glycan was determined, thus enabling future studies to incorporate quantitative calibration and/or control materials.
The NIST glycosylation interlaboratory study provides a robust estimate of community consensus median relative values for NISTmAb glycosylation from an unmatched plethora of approaches applied to the same material. The values serve as a seminal starting point for comparing mAb glycosylation analysis methods. Further data mining studies on this large data set, such as comparing methods for identification, quantification or normalization, could help expose underlying systematic trends. Assigning degrees of confidence in identification with one, two, three, or four orthogonal values could be another area to explore.
The study warrants harmonization of glycosylation analysis methods. A thorough understanding of the sources of deviations could help harmonize methods for mAb glycosylation analyses. Less abundant glycan structures are challenging to identify especially without standards. In many cases, glycan structures are routinely assigned based on biological reasoning. The use of exoglycosidases helps narrow down potential hits but is of limited value for minor glycans or complex mixtures. The emerging field of ion mobility mass spectrometry could potentially aid in isomer separation and identification (Toraño et al., 2021).
NUCLEAR MAGNETIC RESONANCE HIGHER ORDER STRUCTURE INTERLABORATORY STUDY
Purpose and Method Description
The entirety of the structural elements from primary sequence to quaternary interactions has been termed the “higher order structure” (Almog et al., 1996) of a therapeutic protein. This critical quality attribute is essential for the safety and efficacy of these drugs, with deviation from the correct higher order structure (HOS) leading to lower product efficacy and adverse clinical outcomes (Fisher et al., 2016; Weiss et al., 2016). Currently, spectroscopic techniques (e.g., Fourier transform infrared (FT-IR), differential scanning calorimetry (DSC), Raman, and circular dichroism (CD) that are predominately used to assess the HOS of a therapeutic cannot deliver high-resolution fingerprints of HOS and site-specific assignment of HOS perturbations. Development of robust, high-resolution analytical techniques that can be applied for HOS characterization throughout the lifecycle of a therapeutic protein, from development to manufacture, has therefore emerged as a major priority in the pharmaceutical industry.
To address this critical gap, two-dimensional nuclear magnetic resonance (2D NMR) methods have been developed to assess the HOS of a therapeutic at atomic level resolution (Aubin et al., 2008). While NMR methods were initially successfully implemented for small therapeutic proteins using 1H,15N heteronuclear correlations, it was unlikely that this NMR method could provide adequate sensitivity and resolution at natural isotopic abundance for mAbs (MW ∼ 150,000 Da) due to technical limitations arising from the high molecular weight, where slow molecular tumbling rate drastically reduces the resolution and sensitivity of the NMR measurement. Alternatively, the methyl group affords a faster internal rotational correlation due to the free rotation around the sp3 bond axis, so that NMR signals from methyl groups can be observed effectively even for large proteins. Accordingly, 1H,13C NMR methyl fingerprinting methods were successfully implemented and determined to be sensitive reporters of overall protein fold, since methyl bearing amino acids are distributed throughout the protein molecule (Arbogast et al., 2015). Further studies indicated that even slight deviations in the glycoform distribution can be detected by this 2D NMR method (Arbogast et al., 2017).
Despite the successful implementation of methyl fingerprinting, wide adoption of this method for industrial HOS assessment required additional harmonization and demonstration of interlaboratory precision. Indeed, the 2D 1H,13C heteronuclear correlation experiment can be considered an NMR technique with many possible approaches for experimental implementation, including pulse sequence choice, acquisition parameters, and acquisition strategy (e.g., uniform sampling versus non-uniform sampling). To fully harmonize the experimental methods and the analysis components of the 2D-NMR method, a global interlaboratory study was conducted with equal representation from academia, government, and industry, involving 26 laboratories from 9 countries, using the NIST-Fab, the Fab fragment derived from papain cleavage of the NISTmAb as the model therapeutic protein for the IgG1 molecular class (Brinson et al., 2019). In addition, two subsequent studies (Brinson et al., 2020; Sheen et al., 2020) followed, which used the interlaboratory data to further develop NMR processing and analysis tools well suited for biopharmaceutical applications.
Study Design and Protocols. The coordination, design, implementation, writing, and publishing of the NMR interlaboratory study was an extensive effort spanning nearly 4 years (Figure 1). The recruitment phase was launched officially at the CASSS-sponsored Higher Order Structure Meeting in April 2015 and took approximately 1 year. Equal representation was sought and achieved from industry, academia, and government laboratories. Further, 39 total magnets were represented in the study, ranging from 500 to 900 MHz, with at least two magnets represented at each field strength. In late May and early June 2016 four pre-launch conference calls were conducted to discuss the experimental protocols and receive feedback from partnering laboratories.
To ensure that the 2D NMR experimental protocol could be implemented at a field as low as 500 MHz, the NIST-Fab was used due to its smaller molecular weight compared to the intact molecule. A uniformly-labeled 15N, 20%-labeled 13C NIST-Fab was also produced from Pichia pastoris to serve as the system suitability sample (SSS). Each partnering laboratory was asked to perform one 2D 1H,15N gradient selected heteronuclear single quantum coherence spectroscopy (gHSQC) and six 2D 1H,13C gHSQC experiments using different acquisition strategies, including uniform sample (US) and non-uniform sampling (Magnusson and Ellison, 2008) and slightly different acquisition parameters. All partnering laboratories were also given the option to use different temperatures, pulse sequences such as the selective optimized flip angle short transient (SOFAST) heteronuclear multiple quantum coherence spectroscopy (HMQC), or their own laboratory experimental protocols. For data submission, all data packages were sent directly to a third party, National Association of Proficiency Testing (NAPT), who removed institutional identifiers from the submissions. This data anonymization was implemented to avoid bias for or against any partner.
Public Web Data Repository. The complete data package from the interlaboratory NMR study, included all blinded data, non-uniform sampling schedules, and processing scripts, was archived and is available at the following URL: https://www.ibbr.umd.edu/groups/nistmab-nmr
Results
Interlab Precision Analysis. The precision of peak positions for both 1H,15N and 1H,13C gHSQC spectra was calculated using the combined chemical shift deviation (CCSD) and determined to be within the digital resolution of the measurement, 3.3 ± 1.8 ppb and 2.3 ± 0.8 ppb respectively, averaged across all magnetic fields. The 1H,15N CCSD value was consistent with the precision determined from an earlier interlaboratory NMR study on a small therapeutic protein (Ghasriani et al., 2016). Precision only degraded slightly from experiments performed with partner-generated NUS schedules and SOFAST-HMQC experiments; however, these experiments still had a very high precision of 5.3 ± 2.7 ppb. Indeed, these metrics point to the exquisite reproducibility and robustness of the NMR measurement, even for experiments for which deviations occurred from the established experimental protocol.
Principal Component Analysis. Application of principal component analysis (PCA) to 1H,13C weighted peak tables afforded clustering of spectra into 7 groups by sample type, SSS versus NIST-Fab, and temperature (Figures 4A,B). All outliers could be explained by deviations from experimental protocol, such as temperature miscalibration, a custom NUS schedule, or another experimental set-up problem. As such, the PCA on peak position confirms the reproducibility of the measurement and shows the applicability of the method even at 500 MHz. Validation of a cluster assignment for a spectrum could be evaluated using the Dunn index or silhouette values (Brinson et al., 2020).
[image: Figure 4]FIGURE 4 | Representative Analysis of Data from NMR interlaboratory study. (A) simulated data package of many 1H, 13C methyl fingerprints; (B) PCA score plot of the interlaboratory NMR study; (C) Converted grayscale image of a 1H, 13C methyl fingerprint; (D) PCA score plot of 252 spectra used in the automated analysis of outliers. Panel 5B was reprinted from Brinson et al., 2019 (https://doi.org/10.1080/19420862.2018.1544454), with permission from Taylor and Francis Group, LLC. Please note the article was published under a creative commons open access license. Permission is granted subject to the terms of the License under which the work was published. Panels 5C and 5D were Reprinted from Sheen et al., 2020 (https://doi.org/10.1016/j.chemolab.2020.103973) with permission from Elsevier.
In addition to analyses of peak position, a 2D spectrum is a matrix of frequency-indexed points with intensity. In a follow-up manuscript to the original mAbs publication, the spectral matrixes of the methyl fingerprint region were used as input for PCA (Brinson et al., 2020). While seven clusters could still be identified, overlap of clusters was clearly observed. Further, a field dependence within PCA space was clearly identified, in part due to the intrinsic resolution differences between the multiple field strengths employed in the interlaboratory study. It is noted that the interlaboratory study was designed for harmonization of experimental protocols and the establishment of spectral similarity rather than addressing the issue of the field dependence in PCA analysis.
Image Analysis and Automated Outlier Detection. In addition to a matrix of frequency-indexed points, a 2D NMR spectrum was converted into a grayscale image followed by spectral classification with the Kullback-Leibler metric for spectral dissimilarity (Figure 4C) (Sheen et al., 2020). In this study using 252 1H,13C gHSQC measurements from the interlaboratory study, the majority of spectra were properly classified using a recursive version of the automated method, which performed in a manner similar to human visual analysis (Figure 4D). In addition, this method detected three outliers that were initially missed by human eye but were determined to be true outliers after detailed analysis of each individual spectrum.
Learnings/Future Perspective
The global NMR interlaboratory study benchmarked and harmonized the 2D NMR method to support its adoption for biopharmaceutical applications. While this specific case study focused on the NISTmAb, this method will also be amenable for small proteins, other mAbs, and other protein-based modalities. Indeed, the method was determined to be very robust: a highly similar answer is obtained despite slight deviations in acquisition protocol. These experimental variations include acquisition strategy (US vs NUS), pulse sequence choice, user, lab, or magnetic field. Further, this study has allowed for development of automated tools, including processing and spectral analysis. As an illustration of the acceptance of this method and utility of the benchmark data collected in the interlaboratory study, one NMR vendor has integrated the entire interlaboratory study package into its software for the basis of implementing chemometric analyses for biopharmaceutical applications. (Bruker, 2021).
When the interlaboratory study was designed, the NISTmAb was cleaved into its constituent domains, and the HOS of NIST-Fab evaluated to ensure the molecular size would be accessible at 500 MHz. Since this time, it has been established that the 2D NMR method is applicable to intact mAbs at fields as low as 600 MHz (Arbogast et al., 2017). Such a development is important, and it allows for minimal sample manipulation for many mAb-based therapeutics. Couple this with the Selective Excipient Reduction/Removal (SIERRA) filter to remove interferences from excipient signals (Arbogast et al., 2018), and the 2D NMR method allows for the assessment of this therapeutic class under many pharmaceutically relevant conditions.
Design of the NMR interlaboratory study primarily focused on experimental harmonization and creation of an NMR database for development of chemometric tools. While the initial analysis focused on peak positions, this approach requires visual analysis by an expert to define the peak lists, possibly resulting in biased evaluation. By contrast, analysis methods that use the total spectral matrix or images of the spectra can be performed automatically, although with potentially less specificity; PCA performed directly on the total spectral matrixes only showed loose separation into the expected clusters due to resolution difference from the multiple field strengths (Brinson et al., 2020). In the “real world” setting of the pharmaceutical laboratory, highly standardized HOS assessments will be performed on a single qualified magnet with validated protocols, which improves the performance of direct matrix analysis. Indeed, in two additional studies on intact NISTmAb, for which the field strength was controlled, PCA on the total spectral matrix of the methyl region detected very subtle changes resulting from alterations to the glycoform distribution as well as the concentration of formulation excipients (Arbogast et al., 2020; Brinson et al., 2020). Such an application overcomes the limitations of using the total spectral matrix of a chosen fingerprint region. The processing and analysis workflow could then be automated, making this information rich method accessible for the non-expert user.
The interlaboratory NMR study confirmed the repeatability and reproducibility of the measurement, and clearly established the technique as an effective tool to characterize HOS at all stages of therapeutic protein development and manufacturing. The data generated by the study has further helped to develop new analysis methods and to establish best practices. While this study provides a basis for defining spectral similarity, it remains an open question as to what degree of spectral perturbation is needed to affect a clinically meaningful change, and the degree of spectral response will likely be product specific.
HYDROGEN-DEUTERIUM EXCHANGE MASS SPECTROMETRY INTERLABORATORY STUDY
Purpose and Method Description
Hydrogen-deuterium exchange mass spectrometry (HDX-MS) is an established, powerful analytical tool for investigating protein-ligand interactions, protein folding, and protein dynamics (Engen et al., 2021). The great success of HDX-MS in these research areas has encouraged its development as a tool for QC of biopharmaceutical products.
Recent years have witnessed notable progress in the development of statistical methods for HDX-MS that will help realize QC applications; (Hourdel et al., 2016; Saltzberg et al., 2017; Weis et al., 2019; Hageman et al., 2021; Anderson et al., 2022); however, the effectiveness of statistical methods hinges on the quality of the HDX-MS measurements. For peptide level measurements HDX-MS measurement quality is characterized by protein sequence coverage and resolution, measurement variance, and absence of measurement bias.
The NIST interlaboratory HDX-MS project determined the reproducibility of continuous-labeling, bottom-up HDX-MS measurements (Gallagher and Hudgens, 2016; Hudgens et al., 2019a). Reproducibility is the precision of the analytical protocol after considering its application across different laboratories that have measured the same sample. Precision is just the closeness of agreement among measured values obtained by replicate measurements on the same or similar objects under specified conditions (JCGM, 2012). Precision is characterized by the components of intra-laboratory repeatability, intra-laboratory intermediate measurement precision, and inter-laboratory reproducibility (JCGM, 2012). Determinations of reproducibility allow for variations of instruments, reagents, locations, and operators.
An understanding of reproducibility is necessary for the use of HDX-MS in commerce, such as QC of biopharmaceutical production, lot qualification, and acceptance of a determination of similarity between a biosimilar candidate and its innovator therapeutic protein. Quality control of a biopharmaceutical requires that measurement criteria of its critical quality attributes (CQA) remain stable over the 20 + year lifetime of a biopharmaceutical product. During this period QC laboratory location, personnel, and instrumentation will undoubtably change.
To gain insight into the degree of variation that a biopharmaceutical QC laboratory will encounter, NIST initiated the interlaboratory HDX-MS project which recruited 15 laboratories to contribute HDX-MS measurements on a standardized sample of NIST-Fab. Information gained from a reproducibility determination can guide the selection of operation protocols and apparatus during establishment of an HDX-MS quality control laboratory.
Study Design and Protocols. During the NIST interlaboratory HDX-MS study, each laboratory received a standardized kit that contained buffered solution of Fab fragment of NISTmAb reference material (PDB: 5K8A), (Marino et al., 2015; Karageorgos et al., 2017; Gallagher et al., 2018), and vials of buffers and reagents used during the sample labeling, sample denaturing, and quenching steps (Figure 5). The kit harmonized solution pH, salt concentration and disulfide bond reducing power.
[image: Figure 5]FIGURE 5 | Schematic description of the HDX-MS interlaboratory study. Fab of NISTmAb test kits containing standardized solutions were overnight shipped to participating laboratories. Laboratories measured peptic peptide centroids and reported these results to NIST. NIST evaluated the accumulated data to determine interlaboratory precision.
During the HDX-MS interlaboratory project the laboratories and investigators were permitted use of any instrumentation and software. The laboratories were not directed to report specific peptide sequences nor were they told the deuterium uptake rates of previously observed peptides. As required by the instrumentation incumbent in each laboratory, operators adjusted protein and deuterium concentrations, and each operator selected one of four D2O bath temperatures; [image: image] = 25°C, 24°C, 21°C, and 3.6°C; resulting in a diverse powerset spanning a range of operating conditions.
Public Web Data Repository. A complete package of anonymized data from the interlaboratory HDX-MS study, is publicly available. (Hudgens et al., 2019b).
Results
Protein sequence coverage. Each laboratory conducted proteomics studies on the NIST-Fab sample and reported centroid measurements of peptides manifesting strong intensity and an absence of interference from co-eluting peaks. The laboratory cohort used pepsin protease to digest Fab of NISTmAb into 609 peptide ions originating from 430 sequences of the light and heavy chains. On average, laboratories reported 103 peptide sequences; however, datasets ranged between 41 and 175 peptide sequences, giving ≈60–99% sequence coverage of the Fab protein. Despite this dispersion in the number of peptide sequences reported by laboratories, an analysis determined that the six instrument-software configurations share nearly equal capacity to detect and identify peptides from NIST-Fab.
The commonality of like sequences across all datasets was characterized by coincidence frequency [image: image], the number of laboratories reporting a specific peptide sequence, and [image: image], the sequence coincidence population, which is the number of peptide sequences of each coincidence frequency, [image: image]. For example, [image: image] = 245 is the population of sequences found only once among all laboratory datasets. Across the laboratory cohort, [image: image] falls rapidly with increasing coincidence frequency, such that only two peptide sequences are reported by all laboratories, i.e., [image: image] = 2 (Figure S3). In fact, nearly 50% of all reported sequences are unique, i.e., [image: image] = 1.
Precision. Each laboratory submitted spreadsheets listing centroids, ⟨m (tHDX)⟩, for each peptide at tHDX = 0, 30, 60, 300, 900, 3,600 s, 14,400 s. The spreadsheet also listed reference centroids for each peptide, ⟨m (tHDX = ∞pseudo)⟩, from a perdeuterated control sample. The 15 data sets contain ≈78,900 centroid measurements of the heavy and light chains of the Fab fragment, which differences, ⟨m (tHDX)⟩—⟨m (tHDX = 0)⟩, yield D (tHDX)’s. The record for each peptide comprised three “runs”, each conducted on a different day. Each “run” comprised three replicant centroid measurements, termed “reps”, conducted on the same day. Plots of variances of D (tHDX) for all peptides showed that most laboratories (87%) achieved centroid mass laboratory repeatability precisions of ⟨sLab⟩ less than or equal to (0.15 ± 0.01) Da (1σx̅), where σx̅ is the standard error of the mean. All laboratories achieved ⟨sLab⟩ less than or equal to 0.4 Da. Plots of D (tHDX) variance vs. tHDX demonstrated that such plots can detect problems with instrumentation and procedures.
To account for the diverse solution environments of the different laboratory settings, analyses of reproducibility used [image: image], which includes an adjustment for H for D back-exchange during the quench and analysis procedures and a correction for non-unitary deuterium fractions in the exchange solution, [image: image] (≡ [image: image]): (Zhang and Smith, 1993; Mayne, 2016):
[image: image]
where [image: image], approximated by [image: image], is the centroid mass of a peptide from a protein sample containing only deuterons at its amide sites.
For immersions of protein at THDX = (3.6–25) oC and for D2O exchange times of tHDX = (30 s–4 h) the reproducibility of back-exchange corrected, deuterium uptake measurements for the 15 laboratories is [image: image] = (9.0 ± 0.9) % (1σ). A nine-laboratory cohort that immersed samples at THDX = 25 oC exhibited reproducibility of [image: image] = (6.5 ± 0.6) % for back-exchange corrected, deuterium uptake measurements.
Factors affecting HDX-MS measurement precision. Main effects analyses of mean response (mean deuterium uptake) of peptides as a function of solution and operational variables can suggest contributions leading to increased measurement variance (Filliben et al., 2003). For several variables mean response changed in accord with theory and design of the experiment. As examples, peptide exchange mean response increased from 18 to 48% between tHDX = 30 s and tHDX = ∞pseudo, and mean response of peptides were distinct, as expected for sequences residing in different local structural environments. A procedure used by some laboratories of flash freezing protein samples immediately after the tHDX period expires was shown to have no adverse effect on the mean response. Mean response for the variable, “run#” was essentially constant, indicating that laboratory platforms maintained stable, day-to-day solution and temperature environments.
Main effects analyses revealed non-ideal mean responses for variables, [image: image], Lab#, and %D2O. Since amides undergo ≈3 × increases in exchange rates for each increment of 10 oC, (Jensen and Rand, 2016), [image: image] should increase smoothly with increasing [image: image]. Contrarily, a jagged response pattern is observed for laboratories reporting [image: image] = 22 oC, 24 and 25oC, suggesting that the reported exchange bath temperatures may differ from the true temperatures. Although stable temperature can be maintained by ice baths or electronic temperature stabilizing equipment, verification that [image: image] reported by sensors is the true temperature requires regular calibration against a temperature standard traceable to a recognized standards organization (Nicholas and White, 2001; SMR, 2021b). The HDX-MS kit instructions did not require verifications of the true [image: image]. Hence, laboratories reporting the same [image: image] may have acquired data at several temperatures, leading to dispersions of D (tHDX). Similarly, the mean response was expected to be invariant with %D2O; however, the sparse sample size for each dilution value correlated %D2O tightly with Lab#. Regardless, the variance of mean response for %D2O result suggests that volumetric dilution accuracy may vary among laboratories.
Mean response for the variable, “rep#” exhibited ≈3.5% reduction between the first and third “rep”. Since each series of “reps” is executed within the same run, the steady reduction of response is evidence for increasing accumulation on columns of residual peptides from previous chromatographic analyses that have completely back-exchanged (Fang et al., 2011; Majumdar et al., 2012).
Learnings/Future Perspective
The HDX-MS interlaboratory comparison provided guidance that can be used to improve the acquisition of HDX-MS data. For short-term projects, such as mapping of protein-ligand interactions, the main effects analyses suggest a need for more precise control over the volumetric fractions that determine the exchange bath deuterium content and aggressive washing of the protease, trap, and analytical columns between chromatography runs. The study also showed that repeatability plots of average measurement deviation vs. [image: image] can detect procedural problems during measurement campaigns. For protein folding experiments knowledge of true [image: image] will improve derivations of thermodynamic properties.
Information gained from the NIST interlaboratory determination of reproducibility can guide the selection of operation protocols and apparatus during establishment of an HDX-MS quality control laboratory. The reproducibility, [image: image] = (6.5 ± 0.6) %, is likely sufficient for many QC programs, and the observation that contemporaneous instrument-software combinations can achieve this precision should embolden the use of HDX-MS for QC applications. Recommendations for hardware and protocol improvements given above will further reduce the uncertainty budget of HDX-MS.
The observation that sequence coincidence population [image: image] falls off rapidly with the number of reporting laboratories, where [image: image] is the number of measurement instances during a product lifetime, indicates that the QC laboratory is unlikely to be successful if it relies only on a chromatography system to elute the same set of peptides over years. The potential for failure exists because datasets containing ≈ 250 peptide sequences are much smaller than the 8,100 peptide sequences containing 4 to 30 amino acids predicted by an in silico digestion calculation of NIST-Fab. Over the short-term, instrument and operator bias will favor observation of the same peptide sequences, but as HDX-MS system conditions change slightly, the somewhat stochastic behavior of pepsin will cause new peptides to appear and others to disappear. Although the total number of peptide sequences in each dataset may remain unchanged, not all sequences may be available for comparison with the reference peptide sequence set.
Prospective QC laboratories can select instrumentation and protein models that can sidestep the obstacle presented by comparing datasets containing few peptide sequences that are the same as observed for the HDX-MS dataset, derived for the biopharmaceutical reference material. First, mass spectrometry instrumentation provisioned with electron transfer dissociation (ETD) (Landgraf et al., 2012; Huang and Hudgens, 2013; Jensen et al., 2015; Hamuro, 2017) and/or ultraviolet photodissociation (UVPD) (Mistarz et al., 2018) can trim larger peptides into smaller peptides and allow subtraction of the deuterium content from post translational modifications. Thus, the QC laboratory can modify the mass spectrometer data acquisition procedures to subject eluting peaks to ETD and UVPD and produce an ensemble of sequences that match the reference material dataset. Secondly, the QC laboratory can construct a dynamics model of the therapeutic protein by observing many overlapping peptides, such that single-amide resolution D-uptake rates are known of the entire sequence. This dynamics model could accommodate comparisons involving nearly any ensemble of peptide sequences.
To facilitate HDX-MS measurements of improved accuracy, precision, and greater peptide coverage, NIST has developed a HDX-MS chromatography apparatus that addresses metrology problems found during the HDX-MS interlaboratory comparison (Hudgens, 2020). To expand the size and sequence coverage in HDX-MS datasets, this apparatus can automatically switch between two distinct protease columns to produce two distinct peptide sequence ensembles during a single run. To eliminate noise and chromatographic carryover from aggregates and agglomerates, quaternary pumps flush and backflush protease, trap and analytical columns with various cleaning solutions. While the chromatographic gradient elutes peptides from the trap and separates them on the analytical column, the protease column undergoes an additional backflush cleaning cycle. Idle columns are stored in place and are perpetually cleaned and conditioned. To minimize back-exchange and also maximize the number of sequences in datasets, protein proteolysis is conducted at (0 ± 0.06)oC, and the trap and analytical columns separate proteolytic peptides at (-30 ± 0.02)oC, permitting chromatography runs as long as 0.75 h. The expanded analysis gradient better separates chromatographic peaks, resulting in lower peak overlap and larger dataset coverage.
Temperatures within HDX-MS apparatus can become poorly regulated, due to elevated temperature in the site facility. However, the large thermal mass and liquid coolant system of this HDX-MS instrument maintains internal zone temperatures at their setpoints as the laboratory temperature varies from 20°C to 30°C. These improvements to HDX-MS instrumentation, stimulated by findings of the HDX-MS interlaboratory comparison project, will improve HDX-MS metrology, in general, and facilitate the development of QC facilities in the biopharmaceutical industry.
GLOBAL DISCUSSION/FUTURE PERSPECTIVES
Interlaboratory testing to evaluate similarity of results achieved by multiple laboratories performing the same analytical measurement is a fundamental concept in international metrology. A variety of documentary standards such as ISO 17025, ISO/TS 21748 and ASTM D7778-15 are available to assist in guiding design and implementation of an interlaboratory study to obtain consensus values, precision estimates, and establish if a given laboratory in a cohort has a systematic bias or is in control with community performance. Key comparisons are invaluable in interlaboratory studies, particularly in international metrology as part of the International Bureau of Weights and Measures (BIPM). As part of their mission to promote global comparability of measurements, the BIPM coordinates, in consultation with internationally representative committees, a variety of international key measurement comparisons to facilitate international trade and scientific discovery. Historically, these key comparisons involve measurements that are traceable to a fundamental unit of measurement (i.e., kg, second). The Protein Analysis Working Group (PAWG) for example, coordinates studies on the ability to perform absolute concentration determination of biomolecules in complex matrices. (Josephs et al., 2019). More recently, this working group has begun to discuss physicochemical measurement properties as possible additions to key comparisons as a response to the increasingly vital nature of such measurements to industrial biotechnology (CCQM, 2021).
The NISTmAb interlaboratory studies reviewed herein include participation from a broad sampling of biopharmaceutical companies, federal stakeholders, instrumentation vendors, and academic experts. The intent of the studies has slightly orthogonal drivers in that metrological traceability and/or analytical proficiency is not the main driver; however, their impact on fostering international agreement, and thus industrial impact, should not be overlooked. The availability of the NISTmAb has spurred this series of rather unique interlaboratory studies. The NISTmAb and other biopharmaceutical products are inherently complex materials for which measurements are continuously evolving. Interlaboratory studies conducted on NISTmAb to date fall into a few broad categories based on their intended purpose: 1) Survey of analytical approaches, 2) Technical performance evaluation, 3) Harmonization and/or analytical proficiency to enable platform adoption. Of those studies conducted, the current interlaboratory studies described herein fit into the first and second categories.
Interlaboratory studies for surveying analytical approaches are designed to better understand the nature and variety of analytical approaches being applied by a community for a given measurand. For example, a battery of methods has been developed for measurement of glycans, and was a driver in the inception of the NISTmAb platform (Schiel et al., 2012). A few of these analytical methods were applied to NISTmAb in a 3-lab study as part of its initial characterization (Prien et al., 2015). The glycosylation interlaboratory study expanded the scope to a comprehensive, industry-wide example of a survey-based interlaboratory study. Study participants used a variety of sample preparation and analysis approaches ranging from intact antibody, fragments, glycopeptides, or released glycans. The full range of available sample preparation, data acquisition, and results interpretation strategies were reported. The global interlaboratory study informed the broader community of what methods were being employed where, such that a more informed decision may be made to determine which methods are most suitable for a given laboratory’s intended use (De Leoz et al., 2020).
The remaining studies reviewed herein have been geared toward technical evaluation of a given analytical method. In a typical method validation performed to meet ICH Q2 (R1) (Guideline, 2005), the between-site reproducibility is required to set appropriate specifications and it is typically performed harmonizing all equipment, operating procedures, samples, etc. The MAM, NMR, and HDX-MS studies sought to harmonize a significant number of steps that may include sample preparation, instrument settings, and/or data analysis, while other aspects such as analyst, equipment, and software were at the participants’ discretion A goal of these experiments was to reduce the number of variables and hone in on specific aspects of the particular measurement system that may contribute to measurement uncertainty. Each study had a slightly unique design and output, as necessitated by the intricacies of that particular method, yet every study enabled reporting of community-wide performance metrics (i.e. precision, robustness, detection limits, etc.). It should be noted that these community performance metrics do not represent product specifications that can be utilized in a pass/fail mode, but rather they present preliminary milestones in analytical performance when using the NISTmAb as an external system suitability control and/or developing a method for an in-house proprietary material. More importantly, the common sources of uncertainty along with potential mitigation strategies were identified. Such information is valuable to assure proper procedural controls and identify opportunities for continuous method improvement.
Provided sufficient evolution and acceptance, each of these methods could 1 day become routine measurements performed on mAbs and other protein systems. In this case, the third and final category of interlaboratory harmonization study may be performed. Platform adoption would be enabled by broadly expanding measurements to numerous analytes, users, etc., wherein participants would follow all previously determined best practices. A higher order measurement system (i.e., primary calibrators, system suitability controls, etc.) would enable determination of values and associated uncertainty estimates representative of true interlaboratory variation. Interestingly, some measurements we are describe with these multifaceted approaches, such as structure and structure-function relationships, may not resolve to a single well-defined number and associated uncertainty. However, the antithesis of the preceding statement, is that novel data reduction strategies may in fact 1 day provide a single similarity scoring value, a feat in part made possible by availability of evolved analytical measurement best practices. (Arbogast et al., 2020; Brinson et al., 2020).
While the intended purpose of an interlaboratory study supporting protein structure measurements may differ, the need for a representative test material remains constant. Such a material must be well characterized, stable, and homogeneous with respect to the relevant material attributes must be utilized. Each measurand may not necessarily be well characterized and available on the certificate, in fact for technology development interlaboratory studies the intended measurand is likely not part of an assignable measurement system as are traditional metrological values. In this circular reality of measurement science, broadly available test materials support measurement innovation, while measurement innovation increases product and manufacturing process understanding. Through numerous publications, including the interlaboratory studies described herein, the NISTmAb RM 8671 has been shown to be a valuable test material for interlaboratory studies. Its properties along with use cases highlight some of these important characteristics. The test material to be utilized should also be available long term with an appropriate quality system to ensure stability and continuity of material properties. This is typically achieved using cold storage and a continuous testing strategy. The ideal material would be a Reference Material developed following ISO Guidelines. If batches or lots are necessary, as they may well be for future materials available in only small quantities, an uncertainty evaluation considering the potential for inter-lot variation and drift should be considered and accounted for by the sponsoring institution. By no means is this an exhaustive list of considerations for an appropriate interlaboratory material and associated study design, but the intent is to highlight major considerations before delving in to the specific measurement system to be evaluated.
CONCLUSION
The availability of the NISTmAb has enabled a series of interlaboratory studies that have a dual-intended purpose: 1) to allow open information sharing to discuss experiences among companies, government agencies, and academicians alike, 2) to assist scientists in making informed decisions when selecting an analytical method, as well as appropriate sample preparation, data acquisition, and data analysis settings. It is likely that interlaboratory studies like those employing NISTmAb can be similarly used to assess the state-of-the-art of analytical characterization of new and emerging modalities. Additional pre-competitive materials representative of a given product class, as well as targeted interlaboratory studies to evaluate their properties and measurement bias, will be critical as the landscape of both pharmaceutical modalities and analytical methods continues to evolve.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
AUTHORS’S DISCLAIMER
Certain commercial equipment, instruments, or materials are identified to adequately specify the experimental procedure. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
All authors acknowledge support of the NIST Biomanufacturing Program.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2022.876780/full#supplementary-material
REFERENCES
 Almog, O., Gallagher, D. T., Tordova, M., Hoskins, J., Bryan, P., and Gilliland, G. L. (1996). Crystal Structure of Subtilisin BPN′ Folded without the Prodomain. Acta Cryst. Sect A. 52, C103. doi:10.1107/s0108767396095025
 Anderson, K. W., Bergonzo, C., Scott, K., Karageorgos, I. L., Gallagher, E. S., Tayi, V. S., et al. (2022). HDX-MS and MD Simulations Provide Evidence for Stabilization of the IgG1-FcγRIa (CD64a) Immune Complex through Intermolecular Glycoprotein Bonds. J. Mol. Biol. 434 (2), 167391. doi:10.1016/j.jmb.2021.167391
 Arbogast, L. W., Delaglio, F., Brinson, R. G., and Marino, J. P. (2020). Assessment of the Higher-Order Structure of Formulated Monoclonal Antibody Therapeutics by 2D Methyl Correlated NMR and Principal Component Analysis. Curr. Protoc. Protein Sci. 100 (1), e105. doi:10.1002/cpps.105
 Arbogast, L. W., Brinson, R. G., and Marino, J. P. (2015). Mapping Monoclonal Antibody Structure by 2D 13C NMR at Natural Abundance. Anal. Chem. 87 (7), 3556–3561. doi:10.1021/ac504804m
 Arbogast, L. W., Delaglio, F., Schiel, J. E., and Marino, J. P. (2017). Multivariate Analysis of Two-Dimensional 1H, 13C Methyl NMR Spectra of Monoclonal Antibody Therapeutics to Facilitate Assessment of Higher Order Structure. Anal. Chem. 89, 11839–11845. doi:10.1021/acs.analchem.7b03571
 Arbogast, L. W., Delaglio, F., Tolman, J. R., and Marino, J. P. (2018). Selective Suppression of Excipient Signals in 2D 1H-13C Methyl Spectra of Biopharmaceutical Products. J. Biomol. NMR 72 (3-4), 149–161. doi:10.1007/s10858-018-0214-1
 ASTM (2018). Standard Practice for Conducting an Interlaboratory Study to Determine the Precision of a Test Method. DesignationConshohocken, PA: ASTM International, 6911–E718. 
 Aubin, Y., Gingras, G., and Sauvé, S. (2008). Assessment of the Three-Dimensional Structure of Recombinant Protein Therapeutics by NMR Fingerprinting: Demonstration on Recombinant Human Granulocyte Macrophage-colony Stimulation Factor. Anal. Chem. 80 (7), 2623–2627. doi:10.1021/ac7026222
 Brinson, R. G., Arbogast, L. W., Marino, J. P., and Delaglio, F. (2020). Best Practices in Utilization of 2D-NMR Spectral Data as the Input for Chemometric Analysis in Biopharmaceutical Applications. J. Chem. Inf. Model. 60 (4), 2339–2355. doi:10.1021/acs.jcim.0c00081
 Brinson, R. G., Marino, J. P., Delaglio, F., Arbogast, L. W., Evans, R. M., Kearsley, A., et al. (2019). Enabling Adoption of 2D-NMR for the Higher Order Structure Assessment of Monoclonal Antibody Therapeutics. MAbs 11 (1), 94–105. doi:10.1080/19420862.2018.1544454
 Bruker (2021). Biologics HOS (Higher Order Structure). Rheinstetten, Germany: Bruker BioSpin. 
 CCQM (2021). Consultative Committee for Amount of Substance: Metrology in Chemistry and Biology (CCQM) Strategy 2021-2030. Cedex, France: International Bureau of Weights and Measures. 
 Coffman, J., Marques, B., Orozco, R., Aswath, M., Mohammad, H., Zimmermann, E., et al. (2020). Highland Games: A Benchmarking Exercise in Predicting Biophysical and Drug Properties of Monoclonal Antibodies from Amino Acid Sequences. Biotechnol. Bioeng. 117 (7), 2100–2115. doi:10.1002/bit.27349
 De Leoz, M. L. A., Duewer, D. L., Fung, A., Liu, L., Yau, H. K., Potter, O., et al. (2020). NIST Interlaboratory Study on Glycosylation Analysis of Monoclonal Antibodies: Comparison of Results from Diverse Analytical Methods. Mol. Cell Proteomics 19 (1), 11–30. doi:10.1074/mcp.RA119.001677
 DeLeoz, M. L. A., Duewer, D. L., and Stein, S. E. (2017). NIST Interlaboratory Study on the Glycosylation of NISTmAb, a Monoclonal Antibody Reference Material June 2015 to February 2016, Report 8186. Gaithersburg, MD: NIST Interagency/Internal Report NISTIR. 
 Duewer, D. L., Kline, M. C., Sharpless, K. E., Thomas, J. B., Gary, K. T., and Sowell, A. L. (1999). Micronutrients Measurement Quality Assurance Program: Helping Participants Use Interlaboratory Comparison Exercise Results to Improve Their Long-Term Measurement Performance. Anal. Chem. 71 (9), 1870–1878. doi:10.1021/ac981074k
 Engen, J. R., Botzanowski, T., Peterle, D., Georgescauld, F., and Wales, T. E. (2021). Developments in Hydrogen/Deuterium Exchange Mass Spectrometry. Anal. Chem. 93 (1), 567–582. doi:10.1021/acs.analchem.0c04281
 Fang, J., Rand, K. D., Beuning, P. J., and Engen, J. R. (2011). False EX1 Signatures Caused by Sample Carryover during HX MS Analyses. Int. J. mass Spectrom. 302 (1-3), 19–25. doi:10.1016/j.ijms.2010.06.039
 Filliben, J. J. T., and Trutna, L. (2003). Design of Experiments (DOE) Mean Plot [Online]. Gaithersburg, MD: National Institute of Standards and Technology. Available at: https://www.itl.nist.gov/div898/handbook/(Accessed 1229, 2021). 
 Fisher, A. C., Lee, S. L., Harris, D. P., Buhse, L., Kozlowski, S., Yu, L., et al. (2016). Advancing Pharmaceutical Quality: An Overview of Science and Research in the U.S. FDA's Office of Pharmaceutical Quality. Int. J. Pharm. 515 (1-2), 390–402. doi:10.1016/j.ijpharm.2016.10.038
 Formolo, T., Ly, M., Levy, M., Kilpatrick, L., Lute, S., Phinney, K., et al. (2015). “Determination of the NISTmAb Primary Structure,” in State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization ed . Editors J. Schiel, D. Davis, and O. Borisov (Washington, DC: American Chemical Society), 1–62. doi:10.1021/bk-2015-1201.ch001
 Gallagher, D. T., Karageorgos, I., Hudgens, J. W., and Galvin, C. V. (2018). Data on crystal Organization in the Structure of the Fab Fragment from the NIST Reference Antibody, RM 8671. Data in Brief 16, 29–36. doi:10.1016/j.dib.2017.11.013
 Gallagher, E. S., and Hudgens, J. W. (2016). “Mapping Protein-Ligand Interactions with Proteolytic Fragmentation, Hydrogen/Deuterium Exchange-Mass Spectrometry,” in Isotope Labeling of Biomolecules - Applications ed . Editor Z. Kelman, 357–404. doi:10.1016/bs.mie.2015.08.010
 Ghasriani, H., Hodgson, D. J., Brinson, R. G., McEwen, I., Buhse, L. F., Kozlowski, S., et al. (2016). Precision and Robustness of 2D-NMR for Structure Assessment of Filgrastim Biosimilars. Nat. Biotechnol. 34 (2), 139–141. doi:10.1038/nbt.3474
 Guideline, I. H. T. (2005). Validation of Analytical Procedures: Text and Methodology. Q2 (R1) 1 (20), 05. 
 Hageman, T. S., Wrigley, M. S., and Weis, D. D. (2021). Statistical Equivalence Testing of Higher-Order Protein Structures with Differential Hydrogen Exchange-Mass Spectrometry (HX-MS). Anal. Chem. 93 (18), 6980–6988. doi:10.1021/acs.analchem.0c05279
 Hamuro, Y. (2017). Regio-Selective Intramolecular Hydrogen/Deuterium Exchange in Gas-phase Electron Transfer Dissociation. J. Am. Soc. Mass. Spectrom. 28 (5), 971–977. doi:10.1007/s13361-017-1612-4
 Horwitz, W. (1982). Evaluation of Analytical Methods Used for Regulation of Foods and Drugs. Anal. Chem. 54 (1), 67–76. doi:10.1021/ac00238a002
 Hourdel, V., Volant, S., O'Brien, D. P., Chenal, A., Chamot-Rooke, J., Dillies, M.-A., et al. (2016). MEMHDX: an Interactive Tool to Expedite the Statistical Validation and Visualization of Large HDX-MS Datasets. Bioinformatics 32 (22), btw420–3419. doi:10.1093/bioinformatics/btw420
 Huang, R. Y.-C., and Hudgens, J. W. (2013). Effects of Desialylation on Human α1-Acid Glycoprotein-Ligand Interactions. Biochemistry 52 (40), 7127–7136. doi:10.1021/bi4011094
 Hudgens, J. W. (2020). Construction of a Dual Protease Column, Subzero (-30 oC) Chromatography System and Multi-Channel Precision Temperature Controller for Hydrogen-Deuterium Exchange Mass Spectrometry. J. Res. Natl. Inst. Stan. 125, 1. doi:10.6028/jres.125.025
 Hudgens, J. W., Gallagher, E. S., Karageorgos, I., Anderson, K. W., Filliben, J. J., Huang, R. Y.-C., et al. (2019a). Interlaboratory Comparison of Hydrogen-Deuterium Exchange Mass Spectrometry Measurements of the Fab Fragment of NISTmAb. Anal. Chem. 91 (11), 7336–7345. doi:10.1021/acs.analchem.9b01100
 Hudgens, J. W., Gallagher, E. S., Karageorgos, I., Anderson, K. W., Huang, R. Y.-C., Chen, G., et al. (2019b). Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS) Centroid Data Measured between 3.6 °C and 25.4 °C for the Fab Fragment of NISTmAb. J. Res. Natl. Inst. Stan. 124, 124009. doi:10.6028/jres.124.009
 JCGM (2012). "JCGM 200: 2012 International Vocabulary of Metrology – Basic and General Concepts and Associated Terms (VIM) Joint Committee for Guides in Metrology 2012. 2008 edn with minor corrections. Cedex, France: International Bureau of Weights and Measures. 
 Jensen, P. F., Larraillet, V., Kettenberger, H., Hilger, M., and Rand, K. D. (2015). Investigating the Interaction between the Neonatal Fc Receptor and Monoclonal Antibody Variants by Hydrogen/deuterium Exchange Mass Spectrometry. Mol. Cell Proteomics 14 (1), 148–161. doi:10.1074/mcp.M114.042044
 Jensen, P. F., and Rand, K. D. (2016). “Hydrogen Exchange,” in Hydrogen Exchange Mass Spectrometry of Proteins: Fundamentals, Methods, and Applications ed . Editor D. D. Weis. 1st edition (Chichester, UK: John Wiley & Sons), 1–17. doi:10.1002/9781118703748.ch1
 Josephs, R. D., Martos, G., Li, M., Wu, L., Melanson, J. E., Quaglia, M., et al. (2019). Establishment of Measurement Traceability for Peptide and Protein Quantification through Rigorous Purity Assessment-A Review. Metrologia 56 (4), 044006. doi:10.1088/1681-7575/ab27e5
 Karageorgos, I., Gallagher, E. S., Galvin, C., Gallagher, D. T., and Hudgens, J. W. (2017). Biophysical Characterization and Structure of the Fab Fragment from the NIST Reference Antibody, RM 8671. Biologicals 50, 27–34. doi:10.1016/j.biologicals.2017.09.005
 Landgraf, R. R., Chalmers, M. J., and Griffin, P. R. (2012). Automated Hydrogen/deuterium Exchange Electron Transfer Dissociation High Resolution Mass Spectrometry Measured at Single-Amide Resolution. J. Am. Soc. Mass. Spectrom. 23 (2), 301–309. doi:10.1007/s13361-011-0298-2
 Magnusson, B., and Ellison, S. L. R. (2008). Treatment of Uncorrected Measurement Bias in Uncertainty Estimation for Chemical Measurements. Anal. Bioanal. Chem. 390 (1), 201–213. doi:10.1007/s00216-007-1693-1
 Majumdar, R., Manikwar, P., Hickey, J. M., Arora, J., Middaugh, C. R., Volkin, D. B., et al. (2012). Minimizing Carry-Over in an Online Pepsin Digestion System Used for the H/D Exchange Mass Spectrometric Analysis of an IgG1 Monoclonal Antibody. J. Am. Soc. Mass. Spectrom. 23 (12), 2140–2148. doi:10.1007/s13361-012-0485-9
 Marino, J. P., Brinson, R. G., Hudgens, J. W., Ladner, J. E., Gallagher, D. T., Gallagher, E. S., et al. (2015). “Emerging Technologies to Assess the Higher Order Structure of Monoclonal Antibodies,” in State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization, Volume 3: Defining the Next Generation of Analytical and Biophysical Techniques ed . Editors J. E. Schiel, D. L. Davis, and O. V. Borisov (Washington, DC: American Chemical Society), 17–43.
 Mayne, L. (2016). “Hydrogen Exchange Mass Spectrometry,” in Methods in Enzymology ed . Editor Z. Kelman ( Academic Press), 335–356. doi:10.1016/bs.mie.2015.06.035
 Millán-Martín, S., Jakes, C., Carillo, S., Buchanan, T., Guender, M., Kristensen, D. B., et al. (2020). Inter-laboratory Study of an Optimised Peptide Mapping Workflow Using Automated Trypsin Digestion for Monitoring Monoclonal Antibody Product Quality Attributes. Anal. Bioanal. Chem. 412, 6833–6848. doi:10.1007/s00216-020-02809-z
 Mistarz, U. H., Bellina, B., Jensen, P. F., Brown, J. M., Barran, P. E., and Rand, K. D. (2018). UV Photodissociation Mass Spectrometry Accurately Localize Sites of Backbone Deuteration in Peptides. Anal. Chem. 90 (2), 1077–1080. doi:10.1021/acs.analchem.7b04683
 Mouchahoir, T., Schiel, J. E., Rogers, R., Heckert, A., Place, B. J., Ammerman, A., et al. (2021). New Peak Detection Performance Metrics from the MAM Consortium Interlaboratory Study. J. Am. Soc. Mass. Spectrom. 32 (4), 913–928. doi:10.1021/jasms.0c00415
 Mouchahoir, T., and Schiel, J. E. (2018). Development of an LC-MS/MS Peptide Mapping Protocol for the NISTmAb. Anal. Bioanal. Chem. 410 (8), 2111–2126. doi:10.1007/s00216-018-0848-6
 Nicholas, J. V., and White, D. R. (2001). Traceable Temperatures: An Introduction to Temperature Measurement and Calibration. West Sussex, England: Wiley. 
 Noor, Z., Ahn, S. B., Baker, M. S., Ranganathan, S., and Mohamedali, A. (2020). Mass Spectrometry-Based Protein Identification in Proteomics-A Review. Brief Bioinform 22, 1620–1638. doi:10.1093/bib/bbz163
 Prien, J. M., Stöckmann, H., Albrecht, S., Martin, S. M., Varatta, M., Furtado, M., et al. (2015). “Orthogonal Technologies for NISTmAb N-Glycan Structure Elucidation and Quantitation,” in State-of-the-art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2. Biopharmaceutical Characterization: The NISTmAb Case Study ( ACS Publications), 185–235. doi:10.1021/bk-2015-1201.ch004
 Rogers, R., Livingston, B., Kerr, J., Deng, S., Nightlinger, N., Scott, B., et al. (2013). “MS in QC: A Single Multi-Attribute Method for Quality Control and Release Testing of Biologics,” in 10th Symposium on the Practical Applications of Mass Spectrometry in the Biotechnology Industry (Boston (MA): MA). 
 Rogers, R. S., Nightlinger, N. S., Livingston, B., Campbell, P., Bailey, R., and Balland, A. (2015). Development of a Quantitative Mass Spectrometry Multi-Attribute Method for Characterization, Quality Control Testing and Disposition of Biologics. mAbs 7 (5), 881–890. doi:10.1080/19420862.2015.1069454
 Rogstad, S., Faustino, A., Ruth, A., Keire, D., Boyne, M., and Park, J. (2017). A Retrospective Evaluation of the Use of Mass Spectrometry in FDA Biologics License Applications. J. Am. Soc. Mass. Spectrom. 28 (5), 786–794. doi:10.1007/s13361-016-1531-9
 Rogstad, S., Yan, H., Wang, X., Powers, D., Brorson, K., Damdinsuren, B., et al. (2019). Multi-Attribute Method for Quality Control of Therapeutic Proteins. Anal. Chem. 91 (22), 14170–14177. doi:10.1021/acs.analchem.9b03808
 Saltzberg, D. J., Broughton, H. B., Pellarin, R., Chalmers, M. J., Espada, A., Dodge, J. A., et al. (2017). A Residue-Resolved Bayesian Approach to Quantitative Interpretation of Hydrogen-Deuterium Exchange from Mass Spectrometry: Application to Characterizing Protein-Ligand Interactions. J. Phys. Chem. B 121 (15), 3493–3501. doi:10.1021/acs.jpcb.6b09358
 Schiel, J. E., Au, J., He, H.-J., and Phinney, K. W. (2012). LC-MS/MS Biopharmaceutical Glycoanalysis: Identification of Desirable Reference Material Characteristics. Anal. Bioanal. Chem. 403 (8), 2279–2289. doi:10.1007/s00216-012-5749-5
 Schiel, J. E., Davis, D. L., and Borisov, O. B. (2014). “State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 1,” in Monoclonal Antibody Therapeutics: Structure, Function, and Regulatory Space ( American Chemical Society). 
 Schiel, J. E., Davis, D. L., and Borisov, O. B. (2015a). “State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 2,” in Biopharmaceutical Characterization: The NISTmAb Case Study ( American Chemical Society). 
 Schiel, J. E., Davis, D. L., and Borisov, O. B. (2015b). “State-of-the-Art and Emerging Technologies for Therapeutic Monoclonal Antibody Characterization Volume 3,” in Defining the Next Generation of Analytical and Biophysical Techniques ( American Chemical Society). 
 Schiel, J. E., Turner, A., Mouchahoir, T., Yandrofski, K., Telikepalli, S., King, J., et al. (2018). The NISTmAb Reference Material 8671 Value Assignment, Homogeneity, and Stability. Anal. Bioanal. Chem. 410 (8), 2127–2139. doi:10.1007/s00216-017-0800-1
 Schiel, J. E., and Turner, A. (2018). The NISTmAb Reference Material 8671 Lifecycle Management and Quality Plan. Anal. Bioanal. Chem. 410 (8), 2067–2078. doi:10.1007/s00216-017-0844-2
 Sheen, D. A., Shen, V. K., Brinson, R. G., Arbogast, L. W., Marino, J. P., and Delaglio, F. (2020). Chemometric Outlier Classification of 2D-NMR Spectra to Enable Higher Order Structure Characterization of Protein Therapeutics. Chemometrics Intell. Lab. Syst. 199, 103973. doi:10.1016/j.chemolab.2020.103973
 Shental-Bechor, D., and Levy, Y. (2008). Effect of Glycosylation on Protein Folding: a Close Look at Thermodynamic Stabilization. Proc. Natl. Acad. Sci. U.S.A. 105 (24), 8256–8261. doi:10.1073/pnas.0801340105
 Shirono, K., Iwase, K., Okazaki, H., Yamazawa, M., Shikakume, K., Fukumoto, N., et al. (2013). A Study on the Utilization of the Youden Plot to Evaluate Proficiency Test Results. Accred Qual. Assur. 18 (3), 161–174. doi:10.1007/s00769-013-0978-7
 Sokolowska, I., Mo, J., Rahimi Pirkolachahi, F., McVean, C., Meijer, L. A. T., Switzar, L., et al. (2020). Implementation of a High-Resolution Liquid Chromatography-Mass Spectrometry Method in Quality Control Laboratories for Release and Stability Testing of a Commercial Antibody Product. Anal. Chem. 92 (3), 2369–2373. doi:10.1021/acs.analchem.9b05036
 SRM (2021a). SRM 3655: Glycans in Solution. Gaithersburg, MD: National Institute of Standards and Technology; U.S. Department of Commerce. 
 SMR (2021b). Supplementary Materials Related to NIST Policy On Metrological Traceability [Online]. Gaithersburg, MD: National Institute of Standards and Technology. Available at: https://www.nist.gov/traceability/supplementary-materials-related-nist-policy-metrological-traceability (Accessed AUG 30, 2021). 
 Srzentić, K., Fornelli, L., Tsybin, Y. O., Loo, J. A., Seckler, H., Agar, J. N., et al. (2020). Interlaboratory Study for Characterizing Monoclonal Antibodies by Top-Down and Middle-Down Mass Spectrometry. J. Am. Soc. Mass. Spectrom. 31 (9), 1783–1802. doi:10.1021/jasms.0c00036
 Toraño, J. S., Aizpurua‐Olaizola, O., Wei, N., Li, T., Unione, L., Jiménez‐Osés, G., et al. (2021). Identification of Isomeric N‐Glycans by Conformer Distribution Fingerprinting Using Ion Mobility Mass Spectrometry. Chemistry (Weinheim an der Bergstrasse, Germany) 27 (6), 2149. doi:10.1002/chem.202004522
 Turner, A., and Schiel, J. E. (2018). Qualification of NISTmAb Charge Heterogeneity Control Assays. Anal. Bioanal. Chem. 410 (8), 2079–2093. doi:10.1007/s00216-017-0816-6
 Turner, A., Yandrofski, K., Telikepalli, S., King, J., Heckert, A., Filliben, J., et al. (2018). Development of Orthogonal NISTmAb Size Heterogeneity Control Methods. Anal. Bioanal. Chem. 410 (8), 2095–2110. doi:10.1007/s00216-017-0819-3
 Weis, D. D. (2019). Comment on Houde, D.; Berkowitz, S. A.; Engen, J. R., the Utility of Hydrogen/Deuterium Exchange Mass Spectrometry in Biopharmaceutical Comparability Studies. J. Pharm. Sci. 2011, 100, 2071-2086. J. Pharm. Sci. 108 (2), 807–810. doi:10.1016/j.xphs.2018.10.010
 Weiss, W. F., Gabrielson, J. P., Al-Azzam, W., Chen, G., Davis, D. L., Das, T. K., et al. (2016). Technical Decision Making with Higher Order Structure Data: Perspectives on Higher Order Structure Characterization from the Biopharmaceutical Industry. J. Pharm. Sci. 105 (12), 3465–3470. doi:10.1016/j.xphs.2016.09.003
 Xu, W., Jimenez, R. B., Mowery, R., Luo, H., Cao, M., Agarwal, N., et al. (2017). A Quadrupole Dalton-based Multi-Attribute Method for Product Characterization, Process Development, and Quality Control of Therapeutic Proteins. MAbs 9 (7), 1186–1196. doi:10.1080/19420862.2017.1364326
 Yehuda, S., and Padler-Karavani, V. (2020). Glycosylated Biotherapeutics: Immunological Effects of N-Glycolylneuraminic Acid. Front. Immunol. 11, 21. doi:10.3389/fimmu.2020.00021
 Youden, W. J. (1972). Graphical Diagnosis of Interlaboratory Test Results. J. Qual. Technology 4 (1), 29–33. doi:10.1080/00224065.1972.11980509
 Zhang, Y., and Guo, J. (2017). Characterization and QC of Biopharmaceuticals by MS-based 'multi-Attribute Method': Advantages and Challenges. Bioanalysis 9 (6), 499–502. doi:10.4155/bio-2017-0004
 Zhang, Z., Chan, P. K., Richardson, J., and Shah, B. (2020). An Evaluation of Instrument Types for Mass Spectrometry-Based Multi-Attribute Analysis of Biotherapeutics. MAbs 12 (1), 1783062. doi:10.1080/19420862.2020.1783062
 Zhang, Z., and Smith, D. L. (1993). Determination of Amide Hydrogen Exchange by Mass Spectrometry: A New Tool for Protein Structure Elucidation. Protein Sci. 2 (4), 522–531. doi:10.1002/pro.5560020404
 Zheng, K., Yarmarkovich, M., Bantog, C., Bayer, R., and Patapoff, T. W. (2014). Influence of Glycosylation Pattern on the Molecular Properties of Monoclonal Antibodies. MAbs , 649–658. doi:10.4161/mabs.28588
Conflict of Interest: Author MLdL was employed by company Agilent Technologies.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Yandrofski, Mouchahoir, De Leoz, Duewer, Hudgens, Anderson, Arbogast, Delaglio, Brinson, Marino, Phinney, Tarlov and Schiel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_8.gif





OPS/images/inline_7.gif





OPS/images/math_qu1.gif
@)= |3, ((xs-%)/) [ (-1).





OPS/images/inline_9.gif
=





OPS/images/inline_4.gif





OPS/images/inline_31.gif





OPS/images/inline_6.gif





OPS/images/inline_5.gif
TI'yipx (Lab#)







OPS/images/inline_3.gif






OPS/images/inline_29.gif
(. cohor
0 sty (FHDX)






OPS/images/inline_30.gif





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





OPS/images/inline_26.gif
I ypx





OPS/images/inline_25.gif
I ypx





OPS/images/inline_28.gif
1 ypx





OPS/images/inline_27.gif
[HDX





OPS/images/inline_22.gif
I ypx





OPS/images/inline_24.gif
I ypx





OPS/images/inline_23.gif
I ypx





OPS/images/inline_2.gif





OPS/images/inline_19.gif
S0 cohost
O o raducibility (FHDX)





OPS/images/inline_21.gif
peptide
%E(mtcled





OPS/images/inline_20.gif
I ypx





OPS/images/inline_16.gif
m (oo YPEPUCE





OPS/xhtml/nav.xhtml
Contents

		Cover

		Interlaboratory Studies Using the NISTmAb to Advance Biopharmaceutical Structural Analytics		Introduction

		Multi-Attribute Method Interlaboratory Study		Purpose and Method Description

		Results

		Learnings/Future Perspective





		Glycosylation Interlaboratory Study		Purpose and Method Description

		Results

		Learnings/Future Perspective





		Nuclear Magnetic Resonance Higher Order Structure Interlaboratory Study		Purpose and Method Description

		Results

		Learnings/Future Perspective





		Hydrogen-Deuterium Exchange Mass Spectrometry Interlaboratory Study		Purpose and Method Description

		Results

		Learnings/Future Perspective





		Global Discussion/Future Perspectives

		Conclusion

		Author Contributions

		Authors’s Disclaimer

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/inline_15.gif





OPS/images/inline_18.gif
k3 Labe
0 o raducibility (FHDX)





OPS/images/inline_17.gif
M (005 geudo )T





OPS/images/inline_14.gif
FP:0





OPS/images/inline_13.gif
peptide
%EPT < (tpx)





OPS/images/crossmark.jpg
©

|





OPS/images/fmolb-09-876780-g005.gif





OPS/images/inline_1.gif
zi = (L(xij = Xj)/sj)/n;
5





OPS/images/fmolb-09-876780-g003.gif





OPS/images/fmolb-09-876780-g004.gif





OPS/images/inline_12.gif





OPS/images/inline_10.gif





OPS/images/inline_11.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-09-876780-g001.gif





OPS/images/fmolb-09-876780-g002.gif





OPS/images/math_qu3.gif
MEETSS () = o) O __
FOO((m (e )Y — (i (0))F)





OPS/images/math_qu2.gif





