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The expanded availability of adalimumab products continues to widen patient access and reduce costs with substantial benefit to healthcare systems. However, the long-term success of these medicines is highly dependent on maintaining consistency in quality, safety and efficacy while minimizing any risk of divergence during life-cycle management. In recognition of this need and demand from global manufacturers, the World Health Organization (WHO) Expert Committee on Biological standardization established the WHO 1st International standard (IS) for Adalimumab (coded 17/236) in October 2019 with a defined unitage ascribed to each of the individual bioactivities evaluated in the study namely, TNF-α binding, TNF-α neutralization, complement dependent cytotoxicity and antibody-dependent cellular cytotoxicity. For development of the IS, two candidate standards were manufactured as per WHO recommendations. Analysis of extensive datasets generated by testing of a common set of samples including the candidate standards by multiple stakeholders including regulatory agencies using their own qualified assays in a large international collaborative study showed comparable biological activity for the tested candidates for the different activities. Use of a common standard significantly decreased the variability of bioassays and improved agreement in potency estimates. Data from this study clearly supports the utility of the IS as an important tool for assuring analytical assay performance, for bioassay calibration and validation, for identifying and controlling changes in bioactivity during life-cycle management and for global harmonization of adalimumab products. In addition, in a separate multi-center study which included involvement of hospital and clinical diagnostic laboratories, the suitability of the adalimumab IS for therapeutic drug monitoring assays was examined by analysis of data from testing of a common blind coded panel of adalimumab spiked serum samples representative of the clinical scenario along with the IS and in-house standards in diverse immunoassays/platforms. Both commercially available and in-house assays that are routinely used for assessing adalimumab trough levels were included. Excellent agreement in estimates for adalimumab content in the spiked samples was observed regardless of the standard or the method with inter-laboratory variability also similar regardless of the standard employed. This data, for the first time, provides support for the extended applicability of the IS in assays in use for therapeutic drug monitoring based on the mass content of the IS. The adalimumab IS, in fulfilling clinical demand, can help toward standardizing and harmonizing clinical monitoring assays for informed clinical decisions and/or personalized treatment strategies for better patient outcomes. Collectively, a significant role for the adalimumab IS in assuring the quality, safety and efficacy of adalimumab products globally is envisaged.
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Introduction

Increased knowledge of the pathogenesis of chronic immune conditions, inflammatory disorders and some cancers has led to targeted interventions which have radically changed treatment strategies in patients with significant impact on their quality of life. Among these is the anti-TNF product class comprising Infliximab (Remicade®, Janssen), etanercept (Enbrel®, Amgen/Pfizer), adalimumab (Humira®, AbbVie), certolizumab pegol (Cimzia®, UCB) and golimumab (Simponi®, Janssen), all proven to be highly successful for several diseases where the pathology has been intimately linked to over production of tumor necrosis factor-alpha (TNF-α), a pleiotropic cytokine involved in the regulation of immune and inflammatory responses.

Adalimumab (Humira®), the world’s first fully human IgG1 therapeutic monoclonal antibody (mAb), produced using phage display technology made history when initially approved for treatment of moderate-to-severe forms of rheumatoid arthritis (RA) in 2002 and 2003 by FDA and EMA respectively (1). Humira® is now indicated for use in moderate to severe polyarticular juvenile idiopathic arthritis (JIA), active psoriatic arthritis (PsA), active ankylosing spondylitis (AS), moderate to severe active adult Crohn’s disease (CD), moderate to severe active ulcerative colitis (UC), moderate to severe plaque psoriasis, uveitis and others (2–4). More recently, based on mounting evidence adalimumab is being explored for treatment of COVID-19 patients (5, 6). In terms of its function, adalimumab binds specifically to both transmembrane and soluble forms of TNF-α, the latter with high affinity preventing the interaction of TNF-α with its receptors, TNF-R1 (p55) and -R2 (p75) and modulating the signaling cascade associated with TNF-α bioactivity. The mechanism of action of adalimumab is thought to vary among diverse indications just like infliximab. In rheumatoid arthritis, adalimumab acts primarily by neutralizing soluble TNF-α, while in inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis, binding to the membrane-bound form of TNF-α can trigger a range of biological effects such as alteration in levels of adhesion molecules, suppression of cytokine secretion and induction of apoptosis through reverse signaling. In addition, there can also be an interplay with Fc-mediated effector functions such as antibody dependent cellular cytotoxicity and complement mediated cytotoxicity (2, 4, 7).

While adalimumab was the third anti-TNF product to be approved for RA, the extension of the clinical use in various indications together with the ease and flexibility afforded by its subcutaneous route of administration has translated into commercial benefit. Acclaimed the bestselling product over the last three years, Humira® continues to achieve global sales in excess of US$19bn (8). Such high sales and the culmination of product exclusivity in Oct’18 in Europe stimulated intense biosimilar development and approvals both in Europe and USA. Until February 2021, 12 adalimumab biosimilars (7 unique biological products) have been approved (3 have been voluntarily withdrawn due to commercial reasons) in the EU and 6 in the US (Table 1) with the aim of reducing costs and widening patient access (4, 7, 9–12). Unlike USA, where patents expire in 2023 (8, 13), there has been an increased uptake of biosimilars in Europe since their launch with diminishing costs to healthcare systems. In Denmark, substantial cost-reductions of ~83% have been achieved within months of shifting to biosimilars (14) while in England, savings of up to 150 million GBP a year are expected by 2021 with implementation of biosimilars in the national health service, NHS (15) against the cost of > 500 million GBP for Humira® in 2017/2018. In Europe, no safety signals have been reported so far for biosimilars approved using strict criteria for biosimilarity (16–18) and product interchangeability is not a cause of any concern (19). However, product quality needs to be maintained post-approval in compliance with regulatory requirements to ensure equivalent safety and efficacy throughout the product’s lifecycle.


Table 1 | Adalimumab products (originator and biosimilar) currently authorized in Europe and USA.



Despite achieving clinical success, concerns over immunogenicity and loss of efficacy which are evident with other TNF inhibitors have also arisen with adalimumab (20–22). For example, in Crohn’s disease, 10–30% of patients do not respond to the initial treatment (primary failure) with anti-TNF-α mAbs and up to 46% of patients lose response over time (secondary failure), potentially due to formation of anti-drug antibodies, ADA (22) As a result, routine therapeutic drug monitoring (TDM) for measuring trough drug levels and anti-drug antibodies is being actively considered in clinical practice (23, 24). Such an approach can improve clinical decision-making, by influencing drug selection, dose, frequency of administration and potentially allowing clinicians to alter treatment strategies for patients in clinical relapse or remission. For effective treatment, it is suggested that trough levels of adalimumab need to be within a certain therapeutic window (25, 26). The American Gastroenterology Association has provided recommendations on TDM in inflammatory bowel disease, IBD (27) while in Europe, a generalized therapeutic algorithm for treatment of inflammatory diseases has been proposed (28, 29). In other indications, there is no guidance on TDM despite clinical support largely due to absence of evidence from large prospective studies (30, 31) and the lack of robust TDM data for defining the algorithm for clinical treatment. Currently, access to standardized, validated analytical methods for timely and accurate results presents a significant challenge due to different analytical techniques in use in healthcare settings (32). Although ELISAs are the commonly used platform for quantitating levels of the therapeutic, the availability of a wide range of commercial kits and in-house assays makes standardization very difficult. In the UK, the National Institute for Health and Care Excellence (NICE) has advocated the need for assay standardization (NICE diagnostics guidance [DG22] (33).

The World Health Organization (WHO) has a core role in developing norms and standards for biological medicines. This comprises elaboration of both written and measurement standards which are widely used for harmonizing practices globally. In alignment with its guidelines on biosimilar monoclonal antibodies, WHO has recognized the need for reference standards for standardizing mAbs (particularly biosimilar targets) (34–36). This has included consideration of the evolving situation in emerging markets. Unfortunately, even today, many products manufactured in these regions and approved using local regulatory pathways may not strictly adhere with the biosimilarity principles and the rigorous comparability exercise required by stringent regulatory agencies (11, 16, 17, 37), or those defined by the WHO in its guidance on similar biotherapeutic products (34, 35). Consistent with this, the National Institute for Biological Standards and Control (NIBSC) in the UK, a WHO collaborating center which produces and distributes 95% of international standards (IS) for biological medicines and vaccines, is actively engaged in the production and development of mAb reference standards, with ISs for rituximab and infliximab already established (38, 39). Such standards with defined international units are primarily intended as tools for validation of in vitro biological activity assays, calibration of in-house proprietary bioactivity reference standards and for harmonizing product bioactivity where possible. The use of these publicly available ISs can facilitate potency assessment not only during different phases of product development but also across products from different manufacturing processes/manufacturers and help to understand and manage any drift in bioactivity among the plethora of marketed products as they evolve post-authorization. This alignment of bioactivity is particularly important in view of the product switching that may occur not only between the originator and biosimilar product but also between biosimilar products. In some instances, however, the ISs provide an additional opportunity from the clinical perspective as they can serve as a standard for calibrating in-house standards and assays that are used routinely for measuring therapeutic drug levels e.g., diagnostic assays, commercial kits. Establishing such standards for assuring the analytical performance of the different tests for clinical monitoring can be invaluable for generating accurate and reproducible results for drug levels and would allow evidence-based decision-making for dose optimization or for treatment withdrawal/switch with better patient outcomes (28, 29).

This article describes the strategy employed for the development of the 1st WHO IS for adalimumab, the third IS in the TNF product class, following WHO endorsement based on global need and priority and the results from two large, independent international collaborative studies with participation from various stakeholders (Tables 2 and 3). The data illustrates the suitability of a lyophilized candidate antibody preparation as an IS for in vitro bioactivity determination of adalimumab. In addition, for the first time, data on the extended role of the IS for assays in use for therapeutic drug monitoring is also available. This article, therefore, primarily highlights the applicability of the adalimumab IS in standardizing bioassays as well as assays for clinical monitoring of adalimumab levels.


Table 2 | Bioassay study participants.




Table 3 | Participants in adalimumab quantitation study.





Materials and Methods


Materials, Processing, and Characterization

Two bulk drug substance preparations of recombinant adalimumab from an originator and a biosimilar manufacturer with suitable certificates of analysis, each from a single batch were kindly donated to WHO for the purpose of developing the IS (see Acknowledgement). The materials were formulated and freeze-dried using two formulations; a) 25mM Sodium citrate tribasic dihydrate, 150mM Sodium chloride, 1% (v/v) clinical grade Human serum albumin, HSA, pH 6.5 and b) 10mM L-Histidine, 10mM L-Histidine hydrochloride monohydrate, 1% D-trehalose dihydrate, 0.01% Polysorbate-20, 1% (v/v) clinical grade HSA, pH 6.2 and tested for bioactivity in comparison with the bulk material in two different laboratories in cytotoxicity assays using WEHI-164 and L929 cell lines. Although both formulations proved to be suitable, the citrate formulation was selected for the final production fills since this provided a lyophilized preparation with marginally higher biological activity than the histidine formulation relative to the bulk material in both assays (Supplemental Table 1).

The production fills and lyophilization of the two candidates was performed at NIBSC using standardized procedures as specified in the WHO ECBS recommendations for International standards (40). Solutions with excipients (final compositions as shown in Supplemental Table 2), were prepared using nonpyrogenic water for irrigation (Baxter, Switzerland) and filtered using sterile nonpyrogenic filters (0.22μM Stericup filter system, Millipore, USA). The adalimumab content of 50 μg per ampoule was calculated from the dilution of the bulk material and assumed protein mass content provided by the manufacturer. A small batch containing a reduced amount of 40μg per ampoule was also included in the study to assess specifically the ability of the assays to distinguish a preparation with a lower amount. Optimized and controlled conditions were used for lyophilization and the glass ampoules sealed under dry nitrogen by heat fusion with storage at -20°C in the dark. Briefly, 1 ml of adalimumab solution containing approximate amounts of adalimumab (Table 4) was dispensed into 5 ml ampoules using an automated filling line (Bausch and Stroebel, Ilshofen, Germany) and freeze-dried in a Serail CS100 freeze-dryer (Le Coudray St Germer, France). The material was frozen over 120 minutes to -50°C and held for 6 hours at the same temperature prior to vacuum application. Primary drying was performed over 41 hours at -35°C and 100μbar vacuum followed by a ramp over 10 hours to 30°C and secondary drying for 36 hours at 30°C and 30μbar vacuum. The glass ampoules were sealed under dry nitrogen by heat fusion and stored at -20°C in the dark until shipment.


Table 4 | Characteristics of the lyophilized preparations.



Table 4 provides the characteristics of the preparations and study codes. In all instances, the specifications for WHO International standards were met. Ampoule integrity was assessed by determining residual moisture by the coulometric Karl-Fischer method (Mitsubishi CA100) and headspace oxygen content by frequency modulated spectroscopy using the Lighthouse FMS-760 Instrument (Lighthouse Instruments, LLC). No evidence of microbial contamination was found using the total viable count method.



Participants, Study Design, and Methods

As mentioned in the Introduction, two independent collaborative studies for assessing the suitability of the IS for bioactivity and for therapeutic drug monitoring assays were organized. For confidentiality, all participant data are blind coded with a randomized laboratory number which is not related to the order of listing (Tables 2 and 3). Participants were encouraged to use their in-house qualified or validated methods and include routine controls and in-house reference standards where feasible. Participants were sent a study-specific protocol which provided information on the study aims and objectives, the study samples with specific instructions on their storage, reconstitution (where appropriate) and use and examples of suggested assay/plate layouts and a template for reporting of results. An independent statistical analysis of all data was performed at NIBSC.



Bioassay Study

For this study, data was contributed by twenty-six participants from thirteen countries These comprised 12 biopharmaceutical manufacturers, 2 contract research organizations, 9 national control laboratories, 2 pharmacopoeias and 1 commercial reagent supplier (Table 2). All were provided with a sample pack comprising five ampoules each of samples A to C for each assay type to be performed along with 5 ampoules of the 3rd TNF-α IS (coded 12/154) for the TNF-α neutralization bioassays. Sample D containing a reduced amount of the antibody relative to samples A to C was sent to a limited number of laboratories.

Data was requested for all samples assayed concurrently on at least three separate occasions using in-house routine methods, within a suggested layout which allocated samples across 3 plates allowing for testing of replicates. Prior to performing the assay runs for the study, participants were advised however to perform pilot assay(s) using the provided samples for each of the assay type they intended to perform to ensure suitable assay conditions and establish working range for the test samples. For TNF-α neutralization bioassays, this approach allowed selection of a suitable dose of TNF-α for optimal dose response curves. Typically, most participants provided data from a total of 9 assays which included the test samples, an in-house (IH) standard (where available) in two independent dilution series on each plate using freshly reconstituted ampoules for each assay. A summary of the bioassays in the study is provided in Table 5.


Table 5 | Summary of the assays performed in the collaborative study for bioactivity.



Statistical analysis of dose-response curve data was performed using a four-parameter logistic (sigmoid curve) model (except for assays from three laboratories as specified below where a parallel line model was used)

	

where y denotes the assay response, x is the concentration, α is the upper asymptote, δ is the difference between upper and lower asymptotes, β is the slope factor and γ is the EC50 (50% effective concentration). Assay responses (absorbance, luminescence etc.) were log transformed for this analysis and it was therefore considered reasonable to combine data from all different readout formats to then derive assay validity (parallelism) criteria. Models were fitted using the R package ‘drc’ (41, 42). Parallelism (similarity) for a pair of dose-response curves was concluded by demonstrating equivalence of the parameters α, β and δ. Equivalence bound values and the methods for determining them are described in the Results section of this report.

Analysis of data from three laboratories (laboratories 4a - neutralization, 7 and 8 - both binding) was performed using a parallel line model due to testing of samples at fewer dilutions than other laboratories. Equivalence criteria applied to the β parameter in the sigmoid curve model analysis were used to confirm parallelism of the samples tested.

Relative potency estimates were calculated as the ratio of EC50 estimates in all cases where acceptable parallelism was concluded. All relative potency estimates were combined to generate unweighted geometric mean (GM) potencies for each laboratory and these laboratory means were used to calculate overall unweighted geometric mean potencies. Variability between assays and laboratories has been expressed using geometric coefficients of variation (GCV = {10s-1} × 100% where s is the standard deviation of the log10 transformed potencies).



Study for Quantitating Adalimumab Levels

For this study, data was contributed by sixteen participants from eight countries. These included 1 contract research organization, 2 national control laboratories, 1 academic laboratory, 6 commercial kit manufacturers, 2 hospital laboratories and 4 clinical diagnostic centers (Table 3). All participants were provided with a sample pack comprising 4 ampoules of the lyophilized candidate preparation, Sample A (Table 4) and a blind-coded panel of twenty-four human serum samples prepared by spiking two pools of normal human sera (First Link and Sigma-Aldrich respectively) with either variable amounts of reconstituted candidate A or the two adalimumab preparations supplied (for use as candidates), information on amounts spiked is provided in the Results section. The samples were stored at -40°C until dispatch or use.

Prior to the study, a survey was conducted which informed on the assays in use, the assay range, sample treatment (e.g., dilution), the standard, quality control samples and the sample number easily accommodated on a single plate which helped toward study design. All participating laboratories were provided with 1 sample pack, consisting of 4 ampoules of study sample A, and adequate amounts for the serum samples for each assay type they were intending to perform. Like the bioassay study, data was requested for all samples assayed concurrently in three independent assays used routinely with inclusion of dilutions of freshly reconstituted Sample A and their own in-house (IH)/kit standard where available in each assay. Prior to performing the assay runs for the study, participants were advised to perform a pilot assay using the candidate A to ensure appropriate assay conditions and optimal dose response curves for the kit/in-house standard and candidate A. A majority of participants provided data from a total of 3 assays which included evaluation of the candidate adalimumab preparation using freshly reconstituted ampoules for each assay, the test samples and a kit/in-house (IH) standard. Information on the assays which contributed to the study is tabulated and provided in the Results section.

Statistical analysis of adalimumab levels (µg/ml) in spiked serum samples relative to sample A and kit standards or in-house standards was performed using four-parameter logistic (sigmoid curve) models. All results determined relative to sample A assumed a concentration of 50μg of adalimumab per ampoule for this standard. Estimates were combined as unweighted geometric means (GM) for each laboratory and these laboratory means were used to calculate overall unweighted geometric mean estimates. Variability between laboratories has been expressed using geometric coefficients of variation (GCV = {10s-1} × 100% where s is the standard deviation of the log10 transformed estimates). Assessment of agreement in mean estimates for each pair of laboratories was performed by calculating Lin’s concordance correlation coefficient (43, 44) with log transformed data. Calculations for this were performed using the R package ‘DescTools’ (41). A value of 1 for this coefficient indicates perfect agreement between the two laboratories.



Reconstitution and Stability Studies

Ampoules of the candidate standard 17/236 were reconstituted and subjected to a series of freeze-thaw cycles (up to 4; n=9) or subjected separately to room temperature or 4°C for either a day or a week (n=6) and assayed concurrently against a freshly reconstituted ampoule. In addition, ampoules of the candidate standard 17/236 stored for 15 months at a range of different temperatures (45°C, 37°C, 20°C and 4°C) were tested in the L929 cytotoxicity assay alongside ampoules stored at the recommended temperature of -20°C and -70°C as baseline reference temperature. Further accelerated thermal degradation and real time stability studies for prediction of stability of the IS as per the Arrhenius equation (45) are ongoing.




Results

The development of the IS involved multiple, sequential steps including selection of an optimal formulation, production of candidate standards, testing in two multi-center studies, data analysis and unitage assignment. Here the results of these studies which led to the recommendations to the WHO Expert Committee on Biological standardization (ECBS) and finally the establishment of the WHO IS in Oct’19 are presented.


Preparation of Candidate Standards

WHO IS are manufactured using a strict process for lyophilization as defined in the WHO recommendations for production of reference standards (40). For maintaining stability over a long time, even decades in some cases, WHO IS are available in a lyophilized form in flame-sealed glass ampoules and contain limited amounts (μg) of the active substance unlike the high amounts (mg) in the clinical product. The characteristics of the two lyophilized candidate adalimumab preparations (coded 17/236 and 18/124), produced from generous donations of bulk drug substance from two manufacturers is given in Table 4 and Supplemental Table 2. As shown, all preparations have low moisture and oxygen headspace in compliance with the WHO specifications for IS (40). A citrate formulation, which showed maximal retention of bioactivity in pilot fills comparing two different formulations in different bioassays in two laboratories and conferred stability in an accelerated thermal degradation (ATD) study was selected for lyophilization. Potency data is shown in Supplemental Table 1.



Bioassay Study Design and Assays

A multi-centre, international collaborative study with 26 participants (Table 2) representing manufacturers, national control laboratories/regulatory agencies, contract research organizations, pharmacopoeias and commercial reagent suppliers was coordinated to evaluate the suitability of the two lyophilized candidate preparations to serve as an IS in a similar approach to other studies for WHO IS. For the study, all participants were requested to assess the activity of the candidate preparations (coded 17/236 - sample A and its duplicate sample C, 18/124 - sample B, Table 4), and their in-house reference standards using their own in-house qualified methods which largely comprised TNF-α neutralization assays, commonly used for lot release as well as other bioassays representative of the multiple bioactivities elicited by the antibody (Table 5). Details on the study design are provided in the Materials and Methods section. This practice allowed us to gain a valuable insight of the different types of cell- and non-cell based assay systems that are currently in use in different laboratories (Table 5) and provided information on the dose-response profile and bioactivity of the adalimumab preparations produced using different manufacturing processes, often included as in-house standards in the assay. Inclusion of an additional sample (sample D with a 20% lower adalimumab content compared with other samples), tested by a few laboratories contributed toward an increased understanding of the sensitivity of the different assays.

A summary of the bioassays is shown in Table 5 (further details of individual participant assays is provided in Supplemental Table 3). As highlighted in these tables, assessment of TNF-α binding (n=8) and TNF-α neutralization(n=26) in non-cell ligand binding and cell-based assays, attributed to the Fab region of the adalimumab was a major component of the study. For binding, direct ELISAs (n=5) using immobilized TNF-α to capture adalimumab and detection with HRP-conjugated anti-IgG (Fc specific), - anti-IgG1 or - anti-kappa chain, electrochemiluminescence (ECL), fluorescence resonance energy transfer (FRET), bio-layer interferometry and surface plasmon resonance (SPR) platforms and flow cytometry based binding assays using CHO cells engineered to express non-cleavable membrane bound TNF-α (n=2) were employed. For TNF-α neutralization, three different bioassays previously used in the studies for infliximab and etanercept ISs were used (39, 46). The predominant assay (n=21) was based on the inhibition of TNF-α induced cytotoxicity of either murine fibroblast, L929 (47), or fibrosarcoma, WEHI-164 or the WEHI-13 variant cell-lines (48) followed by the reporter-gene assay (n=7) in which adalimumab inhibited TNF-stimulated activation of NF-κB transcription factor, assessed by measuring luciferase or secreted embryonic alkaline phosphatase (SEAP) activity in the human embryonic kidney cell-line, HEK-293 transfected with appropriate TNF-α responsive NFκB regulated reporter-gene constructs. Inhibition of TNF-α mediated apoptosis by measuring caspase activation in the U937 cell-line, a human histiocytic lymphoma, which exhibits properties typical of macrophages (49) was also used (n=3). Since Fc-effector function may contribute to adalimumab’s mechanism of action in some indications, complement dependent cytotoxicity (CDC) and antibody dependent cytotoxicity (ADCC) assays were included in the study. However, only a limited number of laboratories performed the CDC (n=4) and ADCC assays (n=5), possibly due to the lack of cell-lines transfected with membrane bound TNF-α. In CDC, the lysis of CHO or Jurkat T cells engineered to express a non-cleavable mutant of membrane-bound TNF-α (45) in the presence of complement was assessed. For ADCC, engineered cells (CHO/3T3/HEK-293 with membrane-bound TNF-α) served as the target. While effectors in three laboratories were natural killer cell lines e.g., the NK92 transfected with CD16a (FcγRIIIa) or the NK3.3 (instead of the conventional primary cells), which subject to CD16 engagement and activation killed target cells (50, 51), two laboratories employed surrogate ADCC assays in which reporter gene containing effectors luminesce in response to crosslinking of CD16 by adalimumab (52) in the presence of target cells (with surface-bound TNF-α).



Bioassay Data Analysis and Dose-Response Profiles

Data received from 51 different assays (from 26 laboratories), each typically performed on three independent occasions was reviewed and an independent statistical analysis performed. An “equivalence testing” approach was adopted with curve similarity for two samples assessed using pre-defined acceptable ranges for the differences in model parameters (α, upper asymptote, δ, asymptote difference and β, slope factor). These ranges were set using neutralization data for the coded duplicates, as model parameters are expected to be equivalent for these samples in each individual assay. Absolute differences in α, log10β and δ parameters for the coded duplicates A & C were calculated for each plate and upper equivalence bounds set as the 95th percentile of these values, taken from all laboratories performing neutralization assays. This gave upper bounds 0.078, 0.140 and 0.190 for the absolute difference in α, log10β and δ parameters respectively. The upper bound for log10β corresponds to a slope factor ratio of 1.38. For two dose-response curves to be concluded as parallel, equivalence had to be demonstrated for all three parameters (α, β and δ). The equivalence bounds applied were solely intended for use in data analysis of this study, in order to apply consistent criteria to all laboratories and assess their relative performance. The bounds should not be interpreted as suitable values for routine use in the assessment of assay validity within the collaborating laboratories. The percentage of invalid assays per lab is shown in Supplemental Table 4 illustrating the range in relative performance of the participating laboratories using the defined equivalence criteria. Applying the global analysis to neutralization assays meant that a majority of laboratories (18 out of 23) had ≤ 25% invalid assays, indicating that this global analysis worked well and assays were of high quality, even with stringent validity parameters applied. Examination of participant data demonstrated comparable behavior and dose response profiles for all study samples although a low percentage of non-parallelism was noted between samples (sample B, coded duplicate C or in-house standard) in a minority of assays across the study. Importantly, the resemblance in behavior across most assays regardless of the assay type or the samples including in-house standards (except those that were irrelevant) confirmed the suitability of the candidates as bioassay standards for calibration of different adalimumab products.



Potency Estimates Relative to In-House Reference Standards or Sample A

Potency estimates calculated relative to candidate standard sample A or relative to in-house reference standards where available (adalimumab manufactured in-house, n=9; Humira batch, n=7; research grade anti-TNF antibody, n=1; an irrelevant anti-TNF, n=1) for different assays from individual laboratories are summarized in Supplemental Tables 5–7. An overall summary of potency for each assay type is shown in Table 6 and boxplots of laboratory geometric mean (GM) relative potencies are shown in Figure 1.


Table 6 | Overall geometric mean relative potency estimates for all assays contributed to the study.






Figure 1 | Laboratory geometric mean relative potency estimates for all different assay types (A) as well as for the different TNF-α cell-based neutralization assays (B). Boxes represent the interquartile range and the line shows the median. The bars represent the range and * shows outliers defined as 1.5 times the interquartile range.



In terms of neutralization activity, potency estimates for candidates A and its coded duplicate, C were identical and determined as 0.97 relative to the in-house standards; the inter-laboratory variability, expressed as % geometric coefficient of variation (GCV) was also similar at 14.03 and 13.60 respectively. For sample B, the potency was also very close at 1.01 with a GCV of 17.30%. Use of candidate A as a standard for determining relative potencies gave estimates of 1.04 and 1.01 for B and C, which again were very similar to those seen with in-house standards but the inter-laboratory variability was greatly reduced (6.43% and 5.61% respectively) relative to A in comparison with the higher values (17.30% and 13.60% respectively) for in-house standards. Intra-laboratory variability for the potencies of samples B and C relative to A ranged from 2.27% to 32.02% in neutralization assays, with a median value of 7.83% and the majority (63%) of values were less than 10% (87% less than 20%), demonstrating generally good intermediate precision in participating laboratories (n=26). Overall, the levels of variability in neutralization assays were comparable to those seen in binding assays regardless of the standard used. For binding assays, intra-laboratory GCV values ranged from 0.61% to 32.32% relative to sample A and 4.48% to 28.08% in comparison with in-house standards. Inter-laboratory GCV values for samples B and C were 7.36% and 6.91% versus A and 16.03% and 15.53% respectively versus in-house standards. All neutralization assays were fairly comparable in terms of their GCVs (<11%) when a common standard, A is used; the lowest inter-laboratory variability was observed in the L929 cytotoxicity assay with GCV of 4.33% and 4.67% for B and C relative to candidate A and 12.59% and 14.83% when the in-house standards were used. Since there were fewer valid assays using in-house standards for laboratories undertaking WEHI-164 and U937 assays, improvement of inter-laboratory GCV with use of sample A could not be determined. As for other assays, the inter-laboratory GCV for B and C in reporter gene assays was considerably reduced relative to A in comparison with in-house standards (6.58% and 5.85% vs. 23.30% and 12.65%). Overall, a higher level of inter-laboratory variability for potencies relative to in-house standards compared with potencies relative to A was evident.

Potency estimates using CDC and ADCC assays were consistent with values from neutralization and binding assays. Intra-laboratory variability was noted to be similar for CDC assays (2.71% to 36.07%) with a narrower range of %GCV for ADCC assays (6.9% to 23.84%) and a wider range for binding assays (0.61% to 32.32%) when assessed relative to sample A. However, when in-house standards were used, the intra-lab variability range was wider for ADCC assays compared with other assays. The inter-laboratory variability was higher for CDC as opposed to ADCC or binding assays regardless of the standard.

To conclude, the study data showed that the use of sample A as a reference standard to calculate the relative potency of sample B allowed a close agreement between laboratories for each of the bioactivities tested in comparison with in-house standards.



Potency Estimates of D Relative to Sample A

In laboratories which tested Sample D (n=11) in neutralization assays, the overall GM potency was 0.86 relative to A with a GCV of 9.28%, with potency less than 0.90 in all but two cases (0.94 and 1.07) consistent with the expected theoretical value (Table 6, Supplemental Table 5). Similar observations were noted in binding assays (range 0.77 to 0.94, n=4) and in the ADCC and CDC assays (Supplemental Tables 6 and 7) indicating that the assays where this sample was tested were adequately sensitive in detecting lower activity associated with reduced content.



Estimates of ED50 Derived From Neutralization Assays

To assess the inhibitory effect of adalimumab in TNF-α neutralization assays, geometric mean ED50 estimates were derived for each sample (Supplemental Table 8), these values varied between different laboratories and assay methods and no clear relationship with the TNF-α dose was observed. A summary of ED50 estimates for L929 assays from selected laboratories using a fixed TNF-α concentration of 20 IU is given in Table 7; the geometric mean ED50 value was used in the following equation:

	


Table 7 | Summary of ED50 estimates (ng) for selected L929 neutralization assays using a fixed amount of TNF-α (20IU).



Therefore, based on data from five laboratories (Table 7), 0.085 IU of candidate A, (code 17/236) inhibits the cytotoxic effect of 20 IU of TNF-α IS (code 12/154) in an L929 cytotoxicity assay. The arbitrary unitage of 500 IU for the adalimumab candidate A coded 17/236 was used to derive the inhibitory activity.



Stability Studies

ISs are intended to be long-lasting stable preparations suitable for global distribution in their role as ‘higher order’ standards. Formulation and process development is therefore optimized to fulfill this requirement while preserving bioactivity for the standard’s intended use in supporting calibration and/or stability of secondary standards (manufacturer, regional, pharmacopoeia) in use for potency assays for clinical products world-wide. Post-reconstitution studies showed retention of potency after 1 week of storage at either 4˚C or 20˚C or after repeated freeze-thaw cycles (Supplemental Tables 9 and 10). ATD studies over 15 months indicated that the bioactivity of the candidate preparation 17/236 did not deteriorate (Supplemental Table 11) despite storage at elevated temperatures supporting its utility as an IS. With no loss in activity seen at high temperatures, no predicted loss in activity could be calculated. Further real time stability studies will be undertaken to monitor and predict potential loss of activity over time.



Study Design and Assays for Assessing Adalimumab Levels

A separate study was designed to assess the suitability of a candidate adalimumab preparation to serve as the 1st WHO IS for assays measuring adalimumab levels in the clinical setting. A survey conducted prior to the study informed on dose range, sample dilution and matrix, the standard, quality control (QC) samples of the assays and facilitated study design. Sixteen participants from eight countries, listed in Table 3, representing national control laboratories, contract research organizations, commercial kit manufacturers, academia, hospital laboratories and clinical diagnostic centers contributed data. This data included results from testing of a panel of twenty-four human serum samples spiked with different amounts of adalimumab to assess the suitability of the IS in measuring levels in a serum matrix (i.e. conditions reflecting the clinical scenario) and also for evaluating assay analytical performance in instances where the same assay type/kit was used in multiple laboratories. All participants tested the blind-coded panel along with the candidate preparation, Sample A (Table 4) and the in-house (IH)/kit standard (and QC samples) where available concurrently on the same plate, in three independent assays, as per the study protocol after performing a pilot assay to ensure appropriate assay conditions and optimal dose response curves for assay standards.

A summary of the assay methods used by the study participants, all measuring free adalimumab is given in Table 8. As expected, ELISAs were the predominant assay, performed by twelve participants. A majority of the ELISAs were commercial kits (n=10) but in-house assays were also performed (n=2). ELISA formats varied (53–55). In some cases, other anti-TNF-α therapeutics could also be detected, however, most were specific for adalimumab. Adalimumab was captured either by immobilization of TNF-α or an anti-adalimumab antibody, both used in multiple laboratories and detected using different secondary antibodies which were mainly either anti-adalimumab antibodies or anti-human IgG antibodies. Rapid point-of-care devices based on the lateral flow immunoassay (LFI) technology (56) were used in two laboratories. In these assays, capillary action allows interaction between the adalimumab and TNF-α conjugated to gold colloid. This complex is then captured by immobilized anti-adalimumab antibody providing a visual response and a measurable read-out. ECL assays employing the stable sulfotag label that emits light on voltage stimulation, in an appropriate chemical environment were also used (n=2) though the format varied with one participant adopting the sequential ELISA-like approach (with immobilized TNF-α, followed by sample incubation and finally sulfotag-labeled anti-human IgG kappa light chain for detection) while the other using solution phase (samples were incubated simultaneously with biotin- and sulfotag-labeled TNF-α, transferred onto a streptavidin plate) for detecting antigen-antibody complexes by measuring the ECL signals (57).


Table 8 | Brief details of assays contributed for assessing adalimumab levels.





Data on Evaluation of Spiked Serum Samples

All study data was reviewed and statistically analyzed at NIBSC using the four-parameter logistic model so a consistent approach could be applied. Results from this analysis indicated that candidate sample A and the kit/in-house standards, which in all cases are essentially a dilution of batches of Humira® in appropriate matrix showed comparable dose-response profiles in all laboratories. The suitability of the candidate standard A in measuring levels in a serum matrix in assays in routine use was assessed by expressing levels of adalimumab (μg/ml) quantified in spiked serum samples relative to sample A or either the kit standards (labs 1Ta, 1Tb, 2T, 3T, 4T, 10T, 12T, 14T) or in-house standards (labs 6T, 7T, 8T, 9T, 15T, 16T) as appropriate. For all calculations using candidate A, a concentration of 50 μg per ampoule was assumed. Data from three laboratories was excluded from the main statistical analysis either due to limited data (only one assay) or for non-adherence to study protocol but all data were incorporated when comparing results from laboratories using the same assay.



Estimates for Adalimumab Levels in Samples Relative to Kit/In-House Standards or Sample A

A summary of combined geometric mean estimates (μg/ml) for samples S1-S24 spiked with adalimumab and a low concentration of anti-adalimumab (ADA) for samples S21-S24, calculated relative to kit/in-house standards and candidate sample A as standard is shown in Table 9.


Table 9 | Summarized estimates for adalimumab content of spiked serum samples.



Individual laboratory geometric mean estimates (μg/ml) for samples S1-S24, calculated relative to kit/in-house standards and sample A as standard are summarized in Supplemental Tables 12 and 13 respectively and illustrated in Figure 2. Compared with the theoretical levels, experimentally determined adalimumab levels are systematically higher in a majority of samples (except S22-S24) in most laboratories when calculated relative to A and are lower relative to the kit/in-house standard but this is marginal in both instances. Inter-laboratory variability was comparable regardless of the standard used (median GCV is 15.40% with range 11.70% to 19.27%; median GCV is 15.36% with range 10.82% to 24.05%, Table 9) with extreme adalimumab concentrations (2 and 12 μg/ml) showing a large variation. As an example, the estimates for S12 spiked with 12 μg/ml adalimumab ranged from 7.75 to 14.9 μg/ml and 9.06 to 15.2 μg/ml with a GCV of 17.75% and 15.28% relative to kit/in-house standards and sample A respectively.




Figure 2 | Laboratory geometric mean content estimates (µg/ml) for spiked samples S1-S24 calculated relative to kit or in-house standards (A) and Sample A (B). Boxes represent the interquartile range and the line shows the median. The bars represent the range from the maximum to minimum values.



All study assays were described as detecting only ‘free’ adalimumab. To assess the effect of a low ADA concentration on adalimumab detection, four samples (S21 to S24) containing adalimumab, at 0, 2, 6 or 12 μg/ml were spiked with ADA at 0.5 μg/ml. Although adalimumab levels were slightly reduced in ADA samples compared with similar samples without ADA, the highest impact of ADA was mainly noted at the lowest concentration of adalimumab (2 μg/ml) where the ADA spiked sample showed a decreased adalimumab content relative to counterpart samples devoid of ADA (Figure 2).

The study also provided an opportunity, although very limited, to review the results obtained when different laboratories used the same test kit. In the first case, the data obtained by 3 participants (manufacturer and 2 hospital or clinical diagnostic labs) using a commercial ELISA kit points to differences in results obtained by the kit manufacturer and users. Unlike the manufacturer who reported higher levels relative to candidate A, all determined results for the kit users regardless of the standard were lower than the expected theoretical content. However, both users reported similar levels when using candidate A except at the lowest concentrations of adalimumab (2 μg/ml). In the second case, data from 4 participants using a different commercial ELISA (manufacturer and 3 hospital or clinical diagnostic labs) were examined. Similar results for the spiked samples were seen between the manufacturer and a kit user irrespective of the standard used. These results were also consistent with those obtained by other kit users (only 1 assay performed), except at the lower concentration (2 μg/ml). For samples with higher adalimumab amounts, there was a tendency toward better alignment in estimates seen with other laboratories when candidate A was used.

Concordance in log transformed laboratory geometric mean estimates (μg/ml) for the samples calculated relative to kit/in-house standards or sample A as standard is summarized in Table 10 (values equal to or exceeding 0.90 are shaded). There was generally excellent concordance between laboratories for estimates in spiked serum samples relative to either candidate sample A, the kit standard or in-house reference standards irrespective of the method employed.


Table 10 | Concordance correlation coefficients for log transformed laboratory geometric mean content estimates (μg/ml) of spiked samples S1-S24 calculated relative to kit or in-house standards (A) and Sample A (B).



In most assays, determined levels were quite similar to the theoretical content of the samples except for some variation at the extreme adalimumab concentrations. For ELISAs (n=10), values were generally in good agreement with some notable exceptions. For example, a higher value was consistently determined for all samples containing 12 μg/ml in the ELISA in one laboratory (14T) while the ELISA used in another laboratory (10T) indicated a lower value across all concentrations. In both cases, the estimates were improved relative to A. The two ECL assays showed highly consistent and similar estimates for most samples except for those with 12 μg/ml adalimumab. As point-of-care tests, LFI is rapidly gaining momentum - both laboratories reported results that were very similar and close to the theoretical levels of adalimumab in the spiked serum samples for the two assays but discrepancies were observed in samples with 12 μg/ml; one participant consistently reporting very low levels. While one participant showed comparable results regardless of the standard used for calculating adalimumab levels, the other laboratory showed slightly elevated levels relative to candidate A as opposed to the kit standard. Overall, the comparative evaluation of data by assay types (ELISA n=10, ECL n=2, LFI n=2) showed that the geometric mean content obtained in ELISAs for the spiked samples is similar to levels seen with the other assay types except for LFI at the higher concentration of adalimumab (12 μg/ml). To conclude, the utility of Sample A as the common reference standard for the different platforms can only help toward provision of robust and reproducible results and in aligning and harmonizing adalimumab levels across laboratories using the same or different assays.




Discussion

With a significant number of biosimilar products available for clinical use in EU, the potential for benefits in terms of patient access and reduced costs continues to increase. However, the fierce competition means that the issue of product sustainability is gaining dominance. As a result, manufacturers, whether originator (reference) or biosimilar, are exploring opportunities to drive product selection and commercialization where possible by developing novel approaches (e.g., injector pens, subcutaneous formulation) that provide added value to the patient/prescriber. This is often in parallel with the inevitable post-authorization manufacturing changes that continue for many products, including monoclonal antibodies with modern quality systems and regulatory oversight ensuring that product quality and clinical performance remain unaffected throughout the product’s lifecycle (58–60). Unlike Remicade® (infliximab) and Humira® where a multitude of post-approval changes including site transfers and scale-ups (58–60) did not alter product quality, shifts in quality attributes, particularly in the glycan profiles which influenced functional activity but did not impact clinically were revealed (following extensive interrogation) in batches of a few originator products e.g., Mabthera® (rituximab), Enbrel® (etanercept) (61). However, in the case of Herceptin® (trastuzumab), the downward drift in the proportion of afucosylated glycans and ADCC was thought to be associated with a reduced event-free survival rate in breast cancer patients (three year follow up of a phase 3 study) in comparison with a biosimilar trastuzumab (62, 63). Such examples of drift are extremely rare but with the emergence of biosimilars, concerns regarding product quality both pre- and post-authorization (with potential for divergence from alignment with the originator product at approval as per the biosimilarity paradigm) with impact on clinical performance have resurfaced (64). Consequently, with the current positioning of 8 adalimumab biosimilars in the EU (and of at least 6 in US following product launch in 2023), mitigating measures to minimize this risk and assure consistency in product quality of both originator and biosimilar products are required. The recent establishment (Oct’19) of the adalimumab IS with defined units for individual bioactivities (binding, TNF-α neutralizing, CDC and ADCC) as described here offers a practical solution toward preserving a reliable link between bioassay data and clinical studies throughout the product’s life-cycle subject to its effective utilization as an important tool by key stakeholders (regulators and pharmaceutical industry) for bioassay calibration and validation and for identifying changes in bioactivity and/or controlling drifts where needed.

Results from the multi-center study involving a plethora of assays reflective of the varied mechanism of action of adalimumab in different inflammatory diseases (65) conclusively indicated that both candidate preparations were biologically active, exhibited comparable behavior as illustrated by similarity in dose-response curves in the different functional assays and were suitable for use as reference standards. These findings were not unexpected given both are lyophilizates of approved originator and biosimilar products and have been extensively assessed in comparability studies for regulatory approval. In this study, data analysis was based on setting of equivalence bounds and consistent criteria were applied to assays from all laboratories to assess their relative performance. We found that a large proportion of participant data was of high quality with validity between 75-85% for the different bioassays despite the stringent validity parameters applied for analysis (based on data from coded duplicates) and showed good intermediate precision which resulted in all participant data contributing to the overall potency estimates.

Product testing for potency evaluation requires inclusion of a product-specific reference standard within the bioassay. Therefore, to control product quality in compliance with regulatory guidance, manufacturers develop and establish extensively characterized in-house reference standard(s) for controlling the quality of their specific product for use in a range of applications including potency testing for lot release, for managing changes (e.g. manufacturing processes, tests) and product stability (66). The bioactivity of such “in house” reference standards can vary and their use in deriving relative potency estimates can result in disparate and highly variable potency estimates for a sample when tested in different assays or laboratories. Indeed, a close examination of the bioassay data revealed that when participants’ in-house standards were used, there was a tendency toward discrepant relative potency estimates for the samples in some laboratories reflecting the diversity and differences between in-house standards. This was broadly seen for the multiple activities tested, both Fab- (e.g., binding, neutralization) and Fc-related (e.g., CDC, ADCC) but was most notable for CDC assays which showed the greatest variability in potency (inter-laboratory GCV of 27.56% and 19.11% for samples B and C respectively) across the four laboratories where tested. The low potency largely confined to two laboratories may potentially be related to differences in the critical quality attributes of the in house standards that preferentially influence CDC as opposed to other bioactivities, i.e., differences in Fc glycan pattern, particularly the terminal galactose content, may affect CDC activity (67–69), although an association with particular assay systems cannot be ruled out. Remarkably, ADCC data was quite consistent and associated with a GCV of <19% for samples A, B and C relative to the in-house standards, similar to data from binding assays.

In contrast to the above, a publicly available common reference standard for potency determination can provide consistent and harmonized potency estimates and reduce inter-laboratory variability. This paradigm was also illustrated here as shown (Table 6) by the excellent agreement in potency estimates for all the tested activities of adalimumab, when the candidate preparation coded 17/236 was used as a common standard despite differences in assay methodologies across participants. A close agreement in potency estimates for TNF binding and neutralization assays, regardless of the method, was also seen in the case of infliximab when a common standard was used (39). In this study, however, this finding was also extended to other in vitro cell-based assays and seems interesting given the complexity of some of these assays. ADCC assays, for example, are highly influenced by the target cell, the effector cell type, the expression of FcγRIIIa receptors, receptor polymorphism, the assay conditions, the readout employed and importantly the glycosylation pattern of the mAb, in particular the degree of afucosylation (50, 52, 62, 69). In this study, three differently engineered target cells (CHO, 3T3 or HEK) expressing membrane bound TNF were used in combination with either engineered Jurkat T cell effectors resulting in a ‘surrogate ADCC assay’ based on effector cell activation or NK cell-lines which promote cellular lysis and provide an end-point killing assay which is considered more physiological and reflects better the mechanism of action of ADCC (70, 71). Interestingly, despite the diversity in the target and effector cells used, the individual potencies in the ADCC assays were quite consistent among laboratories relative to A with values of 0.98 - 0.99 for B (except in one lab with a value of 0.88 and GCV of 18.07%) and 1.04 - 1.07 for C and a GCV of < 25%. Overall, the geometric mean potency estimates from ADCC assays relative to either A or to in-house standards were very close to 1 and very similar to those derived from neutralization assays with low inter-laboratory variability, from 5.44% for B to 9.32% for C, relative to sample A. In fact, sample A reduced the inter-laboratory variability across a range of in vitro bioassays and binding assays. For TNF-α neutralization bioassays which employed the 3rd WHO IS for TNF-α (12/154) as the critical reagent (to reduce assay variability) rather than using differently sourced TNF-α, inter-laboratory GCVs of less than 7% relative to A were easily achievable with slightly larger GCVs of less than 10% in all other assays. Furthermore, Sample D, which contained 20% less adalimumab, showed equivalent lower potency estimates in most of the assays where tested. To conclude, there were improvements in potency values and inter-laboratory variability for potency estimates expressed relative to a common standard, sample A in comparison with the in-house standards.

On the basis of the large data set in this study and the stability of sample A on storage (with no degradation at elevated temperatures over 15 months), the suitability of sample A (coded 17/236) to serve as an IS for bioactivity of adalimumab products was confirmed. Therefore, arbitrary independent units of 500 IU, which are not related to any specific method of determination, were assigned for each of the individual bioactivities (binding, TNF-α neutralizing, CDC and ADCC) ascribed to the adalimumab IS (coded 17/236) consistent with other mAb ISs. This approach in consideration of a strategy for a future replacement standard, would allow assignment of independent units for each activity of the replacement standard (when calibrated against the 1st IS to maintain continuity with the IU) in view of the expected variation in the relative ratio of individual bioactivities of different adalimumab products.

From the perspective of adalimumab therapy, the value of routinely measuring trough drug levels for optimizing clinical efficacy is currently being explored (72, 73). Several factors including ADA formation can contribute to sub-therapeutic serum levels and loss of response in some patients (21, 28). Consensus is emerging that while low dosage/concentration of TNF inhibitors may decrease efficacy and increase the risk of ADA, overtreatment should be avoided given the increased risks of side-effects and the significant costs of the medication (31). Therefore, well-defined therapeutic target ranges are needed to guide effective treatment while allowing dose tapering/intensification or a switch to another product within the same product class or another product class with a different mechanism of action, in instances, where a risk to the patient is perceived (28, 31, 73). In several studies, serum adalimumab levels associated with clinical response/efficacy have been proposed (24–26, 29, 74). For example, in adults with RA, adalimumab trough concentrations of 5-8 mcg/ml are thought to be adequate for response to treatment, higher concentrations providing no additional benefit (30, 31, 74). However, optimal cut-off values still need to be established for the different prescribed indications. Accumulating evidence suggests that TDM improves patient outcomes and is cost-effective for inflammatory bowel diseases such as Crohn’s but this is not the case for other indications (29, 72, 73). Poor study design (e.g. retrospective, small size), selection bias (lack of heterogeneity), lack of standardized treatment, ill-defined timing of blood sampling (confounded by ADA) and importantly, the heterogeneity in the assays used for clinical testing have all contributed to inconclusive data (29, 30, 73). Rheumatologists have stipulated requirements for implementing TDM in clinical practice; reliable methods for quantifying therapeutic and ADA, the need for evidence-based guidelines or algorithms to define various therapeutic options (e.g., predicting responsiveness, failure or dose tapering) and finally, the need for patient-specific dosing schedules for adjusting clinical response (73). In the UK, assessment by NICE has concluded that further research needs to be completed on the clinical effectiveness of using TDM ELISA tests for TNF-alpha inhibitors in RA as there is currently insufficient evidence to recommend routine adoption of these tests (75). A similar stance has been adopted by the British Rheumatology association but paradoxically, in Scotland, a national TDM service for adalimumab and infliximab has been introduced. In another development, the European League Against Rheumatism have set up a taskforce to review the evidence on TDM in RA with support from a recently launched clinical trial with the aim of providing recommendations or advice to clinicians (76).

Most commercial kits for quantitation of adalimumab are ELISA-based although point-of-care testing kits (LFI) which are rapid and offer a distinct advantage over other methods have also become available and could be integrated into routine clinical practice (77). However, novel quantitative approaches are also being explored in several laboratories (78, 79). A recently published comparative assessment of the performance of three adalimumab ELISAs and one LFI concluded that the LFI is a reliable alternative to ELISA, and further indicated that some assays systematically measure higher/lower values than others, such differences most likely attributed to variation in ELISA reagents and/or protocols e.g. differences in diluent, in dilution practices and in detection reagents (56). Other publications assessing commercial or in-house adalimumab assays demonstrated good linear correlations between the various assays for recovery and quantitation of adalimumab (50, 80–82). However, the absolute drug concentrations in the analyzed clinical samples (or spiked serum samples) were variable (52, 80–82) and not always interchangeable emphasizing the need to use the same assay to follow patients longitudinally in clinical practice in the absence of a common standard and urging caution when comparing study results from different kits. This conclusion was also drawn in two recent studies comparing commercial assays for measurement of infliximab (all ELISAs) and adalimumab (one LFI, two ELISAs) trough levels. In the infliximab case, despite an excellent correlation of infliximab levels between assays, a substantial variation in some results and systematic biases of infliximab trough levels was noted which could result in divergent therapeutic decisions for some patients (83). Similarly, in the comparative study measuring adalimumab levels in patient sera, a lack of interchangeability between methods was observed, with greater differences noted as ADA levels increased (84). This disagreement in results, evident also in other studies, has led to calls from several groups for the need for standardization of assays for detection of levels of anti-TNFs and ADA in clinical samples (32, 33, 73).

The suitability of the candidate, sample A as reference standard for assays in use for clinical monitoring of adalimumab levels was therefore assessed using some of the above-mentioned methods. Serum samples were spiked with adalimumab preparations (A, B) and levels quantified relative to the assay’s standard or to sample A with the intention of measuring levels in a serum matrix to evaluate assay analytical performance in conditions reflecting the clinical scenario. This also allowed us to assess whether candidate A when used as a common standard would harmonize levels and improve inter-laboratory variability. Overall, the adalimumab content in the spiked serum samples was found to be mostly comparable and consistent with the theoretical content. Some variability in results between laboratories/assays was observed, which was expected as the methodologies used in the study are diverse. However, inter-laboratory assay variability was also comparable regardless of the standard used. Evaluation of correlation coefficients showed excellent inter-laboratory concordance for the spiked samples (equal to or > 0.90 in most laboratories) regardless of the standard or the method employed. Such concordance was also seen when the same ELISA was used in different laboratories e.g., ELISA manufacturer and different users, although some unexpected variability was observed in one of the two instances where the same assay was performed by different users, implicating either batch differences in kit standard and/or analyst-dependent assay discrepancies. All study assays were described as detecting only “free” adalimumab and consistent with this; slightly lower levels of adalimumab were seen in samples spiked with both ADA and adalimumab (at 2μg/ml) relative to their counterpart samples.

Despite the caveat that only a limited number of assay systems were evaluated in the present study, it is evident from the study data that the candidate preparation 17/236 is suitable for use in the tested assay systems and, therefore, can be used for assuring the analytical performance of the different bioanalytical tests available in clinical laboratories and for qualification of in house standards based on the assumed mass content of the ampoule. As TDM relies on accurate quantification of the therapeutic, the use of the 1st WHO IS for adalimumab would allow comparisons of results across different immunoassays/platforms and enable further research, where possible on clinical effectiveness of TDM tests in various indications. Additionally, a common standard will facilitate standardization and harmonization of clinical monitoring assays and, in turn, improve treatment strategies for patients thus fulfilling the demand from clinicians and healthcare organizations (32, 33, 73).

In the long-term, standardization of ADA assays for adalimumab is also anticipated. NIBSC has initiated development of reference antibody/panels for standardizing ADA assays for several therapeutics (e.g., infliximab, adalimumab, rituximab) as part of a WHO program on developing standards for immunogenicity assays for biotherapeutics (85). The 1st reference panel of human antibodies against erythropoietin, established by the WHO is currently available from NIBSC (86). Presently, efforts are underway for standardizing infliximab ADA assays (subject to a successful collaborative study and establishment by WHO of the reference antibody/panel) and will be followed soon after by adalimumab ADA assays. It is anticipated that the reference antibody/panels would help in selection of suitable assays, benchmarking of in-house positive controls/standards where appropriate, facilitate pharmacovigilance and assist in harmonizing and validating ADA detection assays which would be beneficial for TDM practice (87, 88).

To summarize, the recent establishment of the WHO IS for adalimumab based on the results of the international collaborative study allows it to be effectively used by stakeholders world-wide in several ways to promote not only product quality but also clinical monitoring in adalimumab treated patients. In its role as a publicly available ‘primary’ standard supporting bioassay performance with 500 IU each for its individual bioactivities (binding, TNF-a neutralizing, CDC and ADCC), the IS will firstly facilitate calibration of secondary standards (manufacturer’s, regional) with traceability to IU and serve as a stability monitoring tool for these local standards. This will help in supporting development of products of consistent quality pre- and post-marketing globally as illustrated in Figure 3 which shows comparative data of TNF-alpha neutralization activity of the IS 17/236 with marketed adalimumab products; 2 biosimilar products and the originator product in a HEK Blue CD40L reporter gene assay. Secondly, based on its proven ability to harmonize potency values between laboratories, the IS will serve as a ‘benchmark’ for harmonizing bioactivity across products and increase confidence in the rapidly expanding biosimilar market. Thirdly, the IS can be successfully exploited as an important tool in identifying changes in bioactivity and potentially controlling drifts where needed during the life-cycle management of both innovator and biosimilar products. This will assist in harmonizing bioactivity across different products over time and also assure more confidence in the rapidly expanding landscape of biosimilar products. Lastly, the IS can support independent potency testing as required in investigations relating to falsified medicines and post-marketing surveillance activities where necessary. It should be realized that the adalimumab IS with some features in common with other mAb ISs, is a distinct and separate entity from the reference medicinal product (used for biosimilarity determinations) and should not be misused as a reference medicinal product for determining biosimilarity or to define product specific activity or to change current dosing (in mass units) or revise product labeling (36, 38, 39, 89).




Figure 3 | Comparison of TNF-α neutralization activity of the IS 17/236 with 2 biosimilar adalimumab products (a single batch) and the originator product in a HEK Blue CD40L reporter gene assay. Product A – Hulio®; Product B – Hyrimoz®. A fixed concentration of 40IU/ml of TNF-α IS (12/154) was used in the assay.



From the perspective of clinical monitoring, the mass units of the adalimumab IS will allow calibration of secondary (manufacturer-specific) standards in assays routinely used for quantitating adalimumab in the clinical setting, encourage development of innovative and effective assay systems and assist in assuring analytical assay performance and validation where needed. Importantly, the common standard will facilitate harmonization of clinical assays and assist in formulating treatment algorithms for informed clinical decision-making for better patient outcomes.

To conclude, it is anticipated that the WHO IS will have a significant impact in creating safe and effective adalimumab products of consistent quality, in building more confidence in their prescribing and uptake while enabling progress toward personalized treatment options and effective disease management for realization of full patient benefit.
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