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Editorial on the Research Topic 


Immunogenicity of Proteins Used as Therapeutics


“And a little child shall lead them”

Nowhere is immunogenicity of therapeutic proteins of greater concern or impact than in children who potentially face a lifetime of treatment for chronic disease. This is brought into focus by three publications [Gress et al.; Desai et al.; Scott and Pratt].

Gress et al. make clear that the outcome for children with Inflammatory Bowel Disease (IBD) who lose efficacy due to Anti-Drug Antibodies (ADA) requires recurrent surgeries and eventually bowel resection and colostomy creation. While this outcome is hard for adults with IBD, it is devastating to children. To allow better Tumor Necrosis Factor (TNF)-inhibitor mediated control of IBD, this article suggests: 1) Keeping levels of TNF inhibitors over a critical level (which appears to preclude ADA in most patients) using therapeutic drug monitoring (TDM). 2) Accessibility to tests detecting ADA at the earliest time point allowing consideration of therapeutics that will prevent further escalation of ADA. 3) Development of immune tolerance induction protocols. The addition of co-administered immune suppressant agents (e.g. methotrexate, azathioprine) at the introduction of the biological therapy has been shown in numerous studies to reduce ADA development and potentially induce tolerance to the biological therapy. Whether patients co-administered these agents are then truly tolerant to the TNF antagonist has not been formally evaluated. Moreover, the duration of the dual immune suppressive therapy necessary for insuring tolerance to the biological component should be studied. Key to these approaches is the ability to readily test, at no or low cost, patient samples for levels of the TNF antagonist as well as ADA.

Desai et al. present an elegant approach to addressing ADA that neutralize a life-saving enzyme replacement therapy (ERT), recombinant human alpha glucosidase (rhGAA). In a subpopulation of Infantile Pompe Disease (IPD) patients that lack endogenous GAA, immune tolerance induction (ITI) is essential to a favorable patient outcome. This protocol, in which a short course of methotrexate, rituximab, and IVIG are given concurrently with initial doses of ERT proved highly tolerogenic. In the absence of this protocol these IPD patients would lose motor milestones and die of cardiopulmonary failure. Patients treated with ITI protocol recovered their B cell populations over several months and mounted vaccine responses, demonstrating the transient nature of the safety concerns. A case study by Gupta et al. demonstrated the effectiveness of early ITI in a prenatally diagnosed patient with IPD who started treatment immediately after birth. This is the first report of successful ITI at such an early age. Critically, if patients were not treated concurrently with initial dosing of the ERT and did develop life threatening ADA, the prophylactic regimen failed to eliminate antibody producing plasma cells. Thus, adding a proteasome inhibitor (bortezomib) to the regimen, resulted in dramatic diminution and elimination of the ADA, facilitating immune tolerance to ERT and allowing patients to recover their motor milestones (1). Finally, Scott and Pratt provide a description of the onerous ITI protocol following immune response to coagulation factor replacement therapy which hits children the hardest.

Anticipating an ADA response to therapeutic proteins remains the holy grail. In the ideal world, reliable non-clinical methods would predict immune responses early in clinical development. There is an unmet need for two classes of tools that assess the likelihood that a drug will generate a significant immune response. The first is a suite of in silico and in vitro methods that can assess immunogenicity during drug development prior to the clinical use of a protein drug. However, as most approved therapeutic proteins have some degree of ADA formation, there is also a need for assays that can be used in the clinic so that physicians can make informed decisions for individual patients with respect to either tempering the immune response or seeking out alternative treatment options. The report by Baker et. al. on Alemtuzumab illustrates these key points. Alemtuzumab is a humanized monoclonal antibody that is paradoxically among the most immunogenic of monoclonal antibody products; humanization does not render a protein fully human and even fully human proteins may elicit ADA. The experience with Alemtuzumab is not surprising because although immune responses are broadly predicated on the concept of “self” and “non-self”, immuno-biology is nuanced and complex (as evidenced by the challenge posed by autoimmune diseases). In this issue, two reviews from Vaisman-Mentesh et. al. and Nabhan et al. provide an excellent introduction to the molecular and cellular mechanisms involved in the generation of ADAs. Additionally, Fitzpatrick et al. provide a fascinating overview of the role of recombinant Fc multimers in immune tolerance induction and suggest that monoclonal antibodies used for treatment of cancer and autoimmunity, may mediate tolerogenic effects. This could be mediated by immune complex formation or by antibodies coating target cells, triggering multiple mechanisms including antibody dependent cell-mediated cytotoxicity, complement activation and regulatory T cell expansion, that reset immune homeostasis in an antigen independent manner. Thus, an understanding of the underlying biology is essential for designing tools to assess and circumvent immunogenicity.

Following up on the concept that immunogenicity goes beyond strict self/non self-discrimination, two comprehensive surveys of the current state of the art with respect to non-clinical immunogenicity assessments are provided by Jawa et. al. and Meunier et. al.. Jawa et al. list technical approaches to assess immunogenic potential and provide a very useful discussion of integrating immunogenicity data in regulatory submissions. These two articles also provide mechanistic context for immunogenicity and of the assays being discussed. The identification of T cell epitopes in biopharmaceuticals reveals multiple mechanisms leading to T cell activation, ADA response or regulation (Meunier et al.). Variability, diversity, and joining (VDJ) recombination of antibodies and somatic mutations resulting from affinity maturation processes contribute to making non germline sequences, which could be recognized as new T cell epitopes (neoepitopes). However, though not mutated, therapeutic protein counterparts of endogenous proteins such as recombinant hormones, growth factors and cytokines can elicit CD4 T cell responses and elicit ADAs. The basis for their immunogenicity may pertain to the insufficient expression of their endogenous counterpart in the body and thus failure to induce central tolerance. Functional T cells therefore escape from negative thymic selection by insufficient levels or affinity for self-antigens leading to failure of deletion or induction of anergy, although they are specific for self-sequences and not neoepitopes. These escaped T cells may be activated in the periphery by infusion of the therapeutic proteins (Meunier et al.). Both articles (Jawa et. al.; Meunier et al.) also provide an important caveat to the use of T-cell proliferation assays to assess immunogenic potential. Although T cell activation is essential for high titer, class switched, affinity matured antibody response, they do not always promote ADA responses and might differentiate instead into regulatory IL-10 secreting T cells (Tr1), with IL-10 being able to dampen activation of effector T cells (Jawa et. al.; Meunier et. al.).

In addition to these broad surveys of the literature, Karle provides an in-depth critical discussion of an important emerging technology. The MHC-associated peptide proteomics (MAPPs) assay is technically challenging but allows the direct identification of the naturally processed peptides derived from biopharmaceuticals displayed by HLA class II molecules on DCs. MHC class II molecules are immunopurified and the bound peptides are eluted by acidic treatment and sequenced by liquid chromatography-mass spectrometry. Karle describes how MAPPs is used to investigate immunogenicity risk of biopharmaceuticals but also to evaluate their capture by antigen presenting cells and the impact of post-translational modifications, folding, and aggregation on peptide presentation. The article provides a useful summary of all studies that have applied the MAPPs technology to therapeutic proteins, and by comparing multiple studies using the same therapeutic, shows that the technique is reliable and renders consistent results. Unfortunately, as with all non-clinical estimates of therapeutic protein immunogenicity, the clinical significance of the results remains the critical unknown.

Data sets of peptides eluted from MHC molecules in MAPPs assays are rapidly growing and are being leveraged to improve in silico algorithms used in immunogenicity assessments. Peptide-MHC engagement is a necessary step in the initiation of an immune response to therapeutic proteins. Thus, algorithms that predict peptide-MHC binding affinities have become an initial rapid and inexpensive screen for potential immunogenicity. One reason why such algorithms overestimate immunogenicity risk is that not all potential high-affinity peptides are actually generated by the protease machinery of antigen presenting cells. By directly identifying therapeutic protein-derived peptides on MHC molecules, the results of MAPPs assays report on both peptide processing and presentation. Thus, in this Research Topic, Barra et al. report an artificial neural network (ANN) model, trained to predict T cell epitopes. The algorithm presented by Barra et al. joins multiple in silico methods that are freely available to estimate immunogenicity risk based either on HLA binding affinity or on MAPPs data.

The profusion of freely available tools is a double-edged sword for those not familiar with the computational and statistical methods used. For end users of such algorithms, Paul et. al. introduce the need of rigorous benchmarking to compare the different methods of identification of T cell epitopes and provide quantitative data to point out the benefits and insufficiencies of each method (Paul et. al.). While some algorithms have become increasingly accurate at specific tasks, e.g. estimating peptide-MHC affinity or which peptides will be presented by MHC molecules, the ability to predict clinical immunogenicity remains a key challenge. Predicting immunogenicity for biotherapies using patient and drug-related factors is attractive but no robust method has as yet been developed. With the growing ability to collect massive amounts of data, machine learning algorithms could identify predictive variables. Two studies applied machine learning models to predict ADA status (Duhazé et al. and Waddington et al.) utilized clinical data collected in the multi-cohort of autoimmune diseases treated with biotherapies from the ABIRISK consortium. Duhazé et al. evaluated the predictive power of a custom-built machine learning model, the random survival forest model (2), for predicting the occurrence of anti-drug antibodies. The approach provided a good predictive accuracy and outperformed current methods, although validation in larger cohorts is needed.

In the discussions thus far, the MHC repertoire is as an important parameter in assessing immunogenicity because foreign-peptide-MHC binding is a necessary (albeit not sufficient) step in the immune response leading to ADAs. However, the MHC genes are the most polymorphic in the human genome and occur at different frequencies in various human subpopulations. This creates a problem in putting together a suitable real or virtual cohort for immunogenicity assessments that is representative of the population of interest with respect to distribution of MHC variants. McGill et al. have addressed this challenge by developing an algorithm, SampPick, that permits the selection of a cohort of subjects that matches a population MHC distribution.

As discussed earlier, assessment of the potential for immunogenicity represents an unmet need not only for biomolecules in the early stages of development but also in the clinic. Most approved therapeutic proteins do exhibit various levels of immunogenicity and their clinical use would benefit from accurate, reproducible and clinically meaningful measurements of ADAs and TDM. Atiqi et. al., Mehta and Manson, and Gress et al. describe the scope of the problem using the example of TNF-Inhibitors. These medications have revolutionized the management of rheumatoid arthritis and other diseases but only a small proportion of patients maintain long-term clinical response (3, 4). Boyer-Suavet et al. describe how the presence of neutralizing anti-rituximab antibodies is similarly associated with disease relapse. Selection of, and switching between, biologics is mainly empirical, experiential, and not evidence-based. While it is broadly acknowledged that immunogenicity is one of the main reasons for loss of therapeutic efficacy (secondary failure) the field is beset by challenges. ADA identification is technically difficult and not standardized, making interpretation of immunogenicity data and application in the clinic almost impossible (Mehta and Manson). However, Lallemand et al. reported on the potential of using a highly sensitive reporter gene assay to quantify both an anti-VEGF ADA and the therapeutic drug activity to monitor responder vs. non-responder patients. Overall, longer term information is needed to determine the utility of these approaches. This Research Topic, however, does also offer potential strategies to overcome some of these problems (Kharlamova et al.) and novel assays that may be more reliable (Kharlamova et al.).

In keeping with our increased understanding of the complexity and diversity of immune responses four papers provide a glimpse into the application of new but rapidly emerging fields to therapeutic protein immunogenicity. Fu et al. address biotherapeutic immunogenicity in the context of the orchestrated function of highly differentiated T and B cells, including follicular helper CD4 T cells and germinal center B cells, for the optimal generation of antibody responses. They suggest that understanding the cellular and molecular mechanisms mediating the antibody responses against therapeutics could lead to novel strategies to reduce their immunogenicity. Kishimoto describes a promising approach to antigen targeted immune tolerance induction to prevent the formation of ADAs across a wide variety of biologics. Antigen-targeted tolerance is induced in several experimental animal models (haemophilia A, inflammatory arthritis, and Pompe disease) by the incorporation of rapamycin in nanoparticles in the presence of therapeutic antigen at the time of administration (ImmTOR). The problematic immunogenicity issues pertaining to recombinant immunotoxins (chimeric proteins consisting of a targeting element such as a Fv antibody region bound to a toxin) are reviewed by Mazor and Pastan. These therapies have potential for use in a wide variety of diseases and have been tested and approved in cancer. This review outlines the strategies used to mitigate the immunogenicity of immunotoxins which has a major impact on the efficacy of these promising drugs. Finally, Waddington et. al. have presented original research that applies the rapidly expanding field of serum metabolomics to therapeutic protein immunogenicity. Their study shows that serum metabolites are a promising biomarker for early identification of ADA development in MS patients treated with IFNβ and could provide novel insights into mechanisms of immunogenicity.

Significant effort is spent during clinical development in commissioning robust, specific and sensitive ADA assays that are validated to support clinical studies for product approval. However, longer term evaluation is needed to facilitate translatability to routine clinical practice that can impact patient care. ADA status (ADA-positive vs. ADA-negative) is just the first tier for assessment. Clinical relevance of ADA on PK, PD biomarkers and safety (e.g. infusion associated reactions, hypersensitivity) is more evident when assessed in the context of either quartile or tertile ADA titer groups as well as evaluation of neutralizing activity. Determining relevance of ADA on efficacy parameters is complex as the measured clinical outcomes are often distal from the site of drug action and more time is needed to observe the consequences of diminished drug efficacy due to ADA. This outcome is now seen with the class of TNF-alfa inhibitor drugs and enzyme replacement therapies for some lysosomal storage diseases. Determining a clinically relevant ADA titer can be challenging and therefore, TDM is an alternative approach as data indicate that keeping levels of some biological therapeutics above a threshold value diminishes the probability of ADA generation and improves patient outcome. Post marketing commitments and requirements are mechanisms for obtaining long term data to address practical questions. However, there are challenges with this approach. After approval or licensure, such testing is usually done in a CLIA or other regulated clinical diagnostic lab. The lack of standardized assays to assess drug concentrations and ADA further complicates interpretation of results and identification of the reason for the loss of response. Companies, in collaboration with health care providers and insurers, have a responsibility to address in clinical practice the key questions regarding ADA and therapeutic drug monitoring, provide actionable answers, and establish means to make such testing readily available to ensure patients receive efficacious drug dosing. Robust analyses of the economic impact of ADA may motivate payers to support these efforts.
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Drugs formulated from monoclonal antibodies (mAbs) are clinically effective in various diseases. Repeated administration of mAbs, however, elicits an immune response in the form of anti-drug-antibodies (ADA), thereby reducing the drug's efficacy. Notwithstanding their importance, the molecular landscape of ADA and the mechanisms involved in their formation are not fully understood. Using a newly developed quantitative bio-immunoassay, we found that ADA concentrations specific to TNFα antagonists can exceed extreme concentrations of 1 mg/ml with a wide range of neutralization capacity. Our data further suggest a preferential use of the λ light chain in a subset of neutralizing ADA. Moreover, we show that administration of TNFα antagonists result in a vaccine-like response whereby ADA formation is governed by the extrafollicular T cell-independent immune response. Our bio-immunoassay coupled with insights on the nature of the immune response can be leveraged to improve mAb immunogenicity assessment and facilitate improvement in therapeutic intervention strategies.

Keywords: immunogenicity, anti-drug antibodies, next generation sequencing, antibody repertoire, proteomics, high-throughput sequencing, monoclonal antibody, biologics


INTRODUCTION

More than 30 years since the approval of the first therapeutic monoclonal antibody (mAb) for clinical use, the therapeutic mAb market has expanded exponentially, establishing mAbs as one of the leading biopharmaceutical therapeutic modalities (1). Although mAbs hold significant promise for improving human health, their repeated administration is often highly immunogenic and can elicit an undesirable anti-drug antibody (ADA) response (2). The formation of an ADA response interferes with the effect of the drug or neutralizes it thereby altering the drug's pharmacokinetic (PK) and pharmacodynamic (PD) properties and reducing its efficacy (3), and eventually may lead to a severe adverse immune reaction in humans (4).

Immunogenicity of mAbs and the formation of an ADA response has been suggested to be dependent on the interplay between factors related to the drug itself (e.g., non-human sequence, glycosylation, impurities, aggregation), to the patient (e.g., disease type, genetic factors, concomitant immunomodulators), or to the drug's route and frequency of administration (5, 6). However, the molecular mechanisms that lead to the induction of ADA are not well-understood and were initially thought to be related to the murine origin of the mAbs because they were recognized as “non-self” by the human immune system. This idea propelled the mAb discovery field to focus on engineering refined mAbs by reducing the non-human portions and developing chimeric, humanized, and fully human mAbs by using human libraries or humanized mice at the mAb discovery phase (7).

Unfortunately, this strategy did not abolish the immunogenicity potential of mAbs and the associated induction of ADA. The question of why and how ADA develop is further complicated by data indicating that some patients develop ADA, and some do not, and by the observation that the extent of immunogenicity may differ among patients receiving the same mAb (8). ADA that develop in patients treated with an mAb can be stratified into two main categories: (1) neutralizing ADA (ntADA) that directly block and interfere with the drug's ability to bind its target, and (2) non-neutralizing ADA (i.e., binding ADA bADA) that recognize other epitopes on the drug while still retaining the mAb binding activity (9). ntADA are generally considered to be more important in the clinical setting than bADA because they directly reduce a drug's efficacy. However, bADA may indirectly reduce the therapeutic efficacy of an mAb by compromising bioavailability or accelerating drug clearance from the circulation. In both cases, ntADA and bADA substantially alter the PK and PD of the mAb being administered (10).

Originator and biosimilar tumor necrosis factor alpha (TNFα) antagonistic mAbs are used extensively in clinical settings to treat inflammatory bowel disease (IBD; e.g., Crohn's disease and ulcerative colitis), rheumatoid arthritis, and other chronic inflammatory associated disorders such as psoriasis, psoriatic arthritis, and ankylosing spondylitis (11). TNFα antagonists help reduce inflammatory responses by targeting both membrane-bound and soluble TNFα. Neutralizing soluble TNFα prevents its binding to its receptor and impedes the secretion and upregulation of the signal cascade, thereby inhibiting its biological activity. The binding of TNFα antagonists to transmembrane TNFα on immune effector cells causes their destruction by inducing cell apoptosis or cell lysis through reverse signaling (12).

Currently, five TNFα antagonists have been approved by both the U.S. Food and Drug Administration and the European Medicines Agency: infliximab (IFX), adalimumab (ADL), etanercept, golimumab, and certolizumab pegol (2). Additionally, several biosimilars have already been approved or are in various stages of development (13). Both IFX and ADL belong to the group of TNFα antagonists and are routinely used in clinical settings to treat inflammatory diseases. IFX is a chimeric mAb (75% human and 25% murine), whereas ADL is fully human. The reported immunogenicity extent of these drugs is inconsistent. Whereas, pharmaceutical companies report 10–15 and 2.6–26% immunogenicity for IFX and ADL, respectively (14), clinical data suggest higher immunogenicity rates for these drugs (15). Patients treated with IFX and ADL can be stratified based on the characteristics of their response to treatment or lack thereof. Primary non-responders are patients whose disease does not respond to the drug at all, and a certain subset of these may be mediated via early formation of ADA (15, 16). Secondary non-responders are patients who initially respond to the drug but later fail treatment, often due to development of ADA (for IFX, this was reported to develop mostly within 12 months of treatment initiation) (16).

Studies reporting immunogenicity following mAb administration and ADA prevalence have been inconsistent due in part to the various assay formats used to monitor immunogenicity in the clinic (17). Current limitations of each available format might reduce utility in clinical and research settings and complicate data interpretation. Some assays have a poor dynamic range and may generate false negative results because of interfering interaction with another circulating drug, or conversely, false positive results due to the presence of other antibodies such as rheumatoid factor (18). The pros and cons of available ADA detection assays were previously elaborated, and the formation of ADA following treatment with IFX, ADL, and other TNFα antagonists, including newly developed biosimilars, have been extensively studied and reviewed elsewhere (5, 19–21).

Notwithstanding the effort invested in understanding the reasons that mAb immunogenicity and strategies to increase mAb efficacy, little is known about the molecular mechanism that governs the formation of ADA following treatment with an mAb.

In this study, we investigated the molecular landscape of ADA following treatment with TNFα antagonists. First, we developed a simple bio-immunoassay that accurately quantifies ADA levels in patient sera. We further modified the bio-immunoassay to evaluate the neutralization capacity of the ADA. Next, we aimed to profile the immune response following mAb administration. We used flow cytometry to determine the frequency of B cells in the circulation and whether the dynamics of the immune response was akin to vaccine response. Finally, we used next-generation sequencing (NGS) and high-resolution shotgun tandem mass spectrometry (LC-MS/MS) to elucidate the molecular composition of serum ADA. Using our bio-immunoassay we found that ADA levels in sera from 54 patients ranged between 2.7 and 1268.5 μg/ml. The modified bio-immunoassay enabled us to differentiate between patients who have high and low neutralization capacity. Interestingly, we found that patients with a high neutralization capacity showed a strong bias in the λ/κ light chain ratio thereby suggesting that ntADA exhibits a preference for λ light chains.

To elucidate the nature of the immune response following drug administration we chose to study a patient with IBD who was treated with IFX and who had high ADA levels and neutralization capacity. At 10 days (D10) following IFX infusion, the patient exhibited an ~13-fold increase in the frequency of plasmablasts (PB) and unchanged frequency of activated memory B cells (mBC), compared with the pre-infusion time point (D0). Comparative NGS analysis of the antibody heavy chain variable region (VH) from isolated PB at D0 and D10, showed a significant temporal decrease in the level of somatic hypermutation (SHM) and an increase in the length of the complementary determining region 3 of the antibody heavy chain (CDRH3). Moreover, the proteomic analysis of serum ADA supports the observation obtained from the neutralization capacity assays, that a preference for using λ light chains exists. These data suggest a possible mechanism whereby the humoral immune response following the administration TNFα antagonists is governed by a T cell-independent (TI) response. This response may be induced by the formation of immunocomplexes (drug-TNFα-ADA) serving as a strong driver of immunogenicity that in-turn diverts the immune response to TI pathway were B cells are activated by B cell receptor (BCR) cross-linking.



MATERIALS AND METHODS


Over Expression and Purification of rhTNFα

The sequence-encoding residues Val77–Leu233 of human TNFα was cloned and fused to the N-terminal 6xHis tag in pET-28a+ vector (Novagen) and transformed into Escherichia coli Rosetta (DE3) cells (Novagen). A single colony was inoculated into 2 ml LB supplemented with Kanamycin at final concentration of 100 μg/ml and incubated overnight (O.N.) at 37°C, 250 RPM. The culture was next re-inoculated into a 0.5 L Erlenmeyer containing LB supplemented with Kanamycin, and grown at 37°C 250 RPM until O.D.600~0.6–0.8 was reached. Induction was carried out by supplementing bacterial culture with IPTG (0.1 mM final concentration) and incubating the culture for 3 h at 37°C, 250 RPM. Bacterial cells were harvested by centrifugation at 8,000 RPM, 15 min, at 10°C (SORVALL RC6 Plus, Thermo Fisher Scientific) and cell pellet was stored O.N. at −20°C. Next, pellet was re-suspended in 30 ml of binding buffer (50 mM sodium phosphate buffer pH 8.0, 300 mM NaCl, 10 mM imidazole) and sonicated on ice for 8 cycles of 30 s pulse with 2 min pause (W-385 sonicator, Heat Systems Ultrasonics). Following sonication, cells were centrifuged at 12,000 RPM, 30 min, 4°C (SORVALL RC 6+) and supernatant was applied to a HisTrap affinity column (GE Healthcare) that was pre-equilibrated with binding buffer. All affinity purification steps were carried out by connecting the affinity column to a peristaltic pump with flow rate of 1/ml/min. Column was washed with 5 column volumes (CV) of wash buffer (50 mM Sodium phosphate, pH 8.0, 300 mM NaCl, 10% glycerol, 20 mM imidazole) followed by elution of rhTNFα with 5CV of elution buffer (50 mM Sodium phosphate, pH 6.0, 300 mM NaCl, 10% glycerol, 500 mM imidazole). Elution was collected in 1 ml fractions and were analyzed by 12% SDS–PAGE. Fractions containing clean rhTNFα were merged and dialyzed using Amicon Ultra (Mercury) cutoff 3 K against PBS (pH 7.4). Dialysis products were analyzed by 12% SDS–PAGE for purity and concentration was measured using Take-5 (BioTek Instruments). To test functionality of the produced rhTNFα, 96 well-plate (Nunc MaxiSorp™ flat-bottom, Thermo Fisher Scientific) was coated with 1 μg/ml (in PBS) of purified rhTNFα and commercial hTNFα (PHC3011, Thermo Fisher Scientific) and incubated at 4°C O.N. ELISA plates were then washed three times with PBST (0.1% v/v Tween 20 in PBS) and blocked with 300 μl of 2% w/v BSA in PBS for 1 h at 37°C. Next, ELISA plates were washed three time with PBST, and incubated for 1 h, room temperature (RT) in triplicates with anti-TNFα mAb (Infliximab or Adalimumab) in 2% w/v BSA, PBS at the starting concentration of 50 nM with 3-fold dilution series. Plates were then washed three times with PBST with 30 s incubation time at each washing cycle. For detection, 50 μl of anti-human H+L HRP conjugated antibody (Jackson) was added to each well (1:5,000 ratio in 2% w/v BSA in PBS) and incubated for 1 h at RT, followed by three washing cycles with PBST. Developing was carried out by adding 50 μl of 3,3′,5,5′-Tetramethylbenzidine (TMB, Southern Biotech) and reaction was quenched by adding 50 μl 0.1 M sulfuric acid. Plates were read using the Epoch Microplate Spectrophotometer ELISA plate reader (BioTek Instruments).



Over Expression and Purification of IdeS

The coding sequence corresponding to amino acid residues 38–339 of S. pyogenes IdeS (numbered from the start of the signal sequence) was sub-cloned into the expression vector pET28b (Novagen). The coding sequencing was sub-cloned at the 3′ end of Thioredoxin 6xHis-TEV. The complete construct was sub-cloned as previously described (22) and was kindly donated by Dr. Ulrich von Pawel-Rammingen from the Department of Molecular Biology, Umea University. The transformation of pET-TRX_b plasmid harboring the IdeS encoding gene (pET-IdeS) was carried out as follows: 200 μl of chemical-competent E. coli BL21-DE3 cells were thawed on ice for 20 min. Fifty nanograms of the plasmid pET-IdeS was added to the thawed competent cells and incubated on ice for 20 min with gentle mixing every 5 min. Next, heat shock was applied by incubating the cells at 42°C for 2 min followed by incubation on ice water for 2 min. For phenotypic expression, 800 μl of LB was added, and cells were incubated at 37°C, 250 RPM for 1 h in a horizontal position. Cells were plated on LB agar supplemented with Kanamycin and incubated at 37°C overnight (O.N). Single colony was inoculated into 2 ml LB supplemented with Kanamycin and incubated O.N. at 37°C, 250 RPM. Next day, 2 ml from the grown cultures were inoculated into two 2 L flasks, each containing each 500 ml LB supplemented with Kanamycin. Over expression and purification of IdeS was carried out as described for rhTNFα with a minor modification as follow: Ides was eluted with imidazole gradient (50, 150, 500 mM imidazole), total of 20 ml. Twenty fractions of 1 ml were collected from each elution step and evaluated for their purity using 12% SDS–PAGE. All fractions containing clean IdeS were merged and dialyzed O.N. at 4°C against 4 L of PBS (pH 7.4), using SnakeSkin dialysis tubing with 10 kDa cutoff (Thermo Fisher Scientific). Dialysis products were analyzed by 12% SDS–PAGE.



Production of mAb-F(ab')2

Intact clinical grade IFX or ADL (designated here as mAb) were digested using in-house produced IdeS. Ten milligrams of mAb was incubated with 300 μg of IdeS in the final volume of 500 μl PBS for 2.5 h at 37°C, followed by a spike-in of additional 300 μg of IdeS to achieve full digestion of the Fc fragments. IdeS inactivation was carried out by adding 0.1 M of citric acid pH 3 and incubation for 1 min at RT followed by the addition of PBS (pH 7.4) to neutralized acidic pH. Next, reaction mixture was applied to a 1 mL HiTrap KappaSelect affinity column (GE Healthcare Life Sciences). All affinity purification steps were carried out by connecting the affinity column to a peristaltic pump with flow rate of 1 ml/min. The reaction mixture was recycled three times through the KappaSelect column to maximize the capture of intact mAb and mAb-F(ab')2. KappaSelect column was subsequently washed with 5 CV of PBS and eluted with 10 CV of 100 mM glycine·HCl (pH 2.7). Collected 1 ml elution fractions were immediately neutralized with 100 μl of 1.5 M Tris·HCl (pH 8.8). Next, the recovered intact mAb and mAb-F(ab')2 fragments were applied to a custom packed 1 ml Protein-G agarose column (GenScript). The reaction mixture was recycled three times through the column, which was subsequently washed with 5 CV of PBS and eluted with 10 CV of 100 mM glycine·HCl (pH 2.7). The 10 ml elution fraction was immediately neutralized with 1 ml of 1.5 M Tris·HCl (pH 8.8). The recovered 10 ml mAb-F(ab')2 fragments were dialyzed overnight at 4°C against 4 L of PBS (pH 7.4) using SnakeSkin dialysis tubing with 10 kDa cutoff (Thermo Fisher Scientific). Recovered mAb-F(ab')2 sample were evaluated for purity by SDS-PAGE and their concentration measured by Take5 (BioTek instruments).

To test the functionality of the produced mAb-F(ab')2, 96 ELISA plates (Nunc MaxiSorp™ flat-bottom, Thermo Fisher Scientific) were coated with 1 μg/ml of rhTNFα in PBS and incubated at 4°C O.N. ELISA plates were then washed three times with PBST and blocked with 300 μl of 2% w/v BSA in PBS for 1 h at 37°C. Next, 50 nM of intact mAb and mAb-F(ab')2 (IFX or ADL) in blocking solution was added to each well in triplicates in a 3-fold dilution series, and plates were incubated at RT for 1 h. Next, plates were washed three times with PBST with 30 s incubation time at each washing cycle. For detection, HRP conjugated anti-human kappa light chain (Jackson) was added to each well (50 μl, 1:5,000 ratio in 2% w/v BSA in PBS) and incubated for 1 h at RT, followed by three washing cycles with PBST. Developing was carried out by adding 50 μl of TMB and reaction was quenched by adding 0.1 M sulfuric acid. Plates were read using the Epoch Microplate Spectrophotometer ELISA plate reader. To evaluate the purity of the mAb-Fa(b')2 samples (i.e., to make sure there are no traces of intact antibody or Fc fragment in the sample), 96 ELISA plate (Nunc MaxiSorp™ flat-bottom, Thermo Fisher Scientific) were coated with 5 μg/ml of intact mAb and mAb-F(ab')2 in PBS and incubated at 4°C O.N. Next, plates were washed three time with PBST and blocked with 300 μl 2% w/v BSA in PBS for 1 h at 37°C. Next, plates were washed three times with 300 μl PBST, followed by the incubation with HRP conjugated anti-human IgG Fc antibody (Jackson) diluted 1:5,000 in PBST. Developing was carried out by adding 50 μl of TMB and reaction was quenched by adding 0.1 M sulfuric acid. Plates were read using the Epoch Microplate Spectrophotometer ELISA plate reader (BioTek Instruments).



Generation of ADA Standard

A pool of 17 ADA to IFX positive sera were collected at Sheba Medical Center, and passed through a 2 ml custom packed protein G agarose column (GenScript). The pooled sera was recycled three times over the column, which was subsequently washed with 5 CV of PBS and eluted with 10 CV of 100 mM glycine·HCl (pH 2.7). The 10 ml elution fraction was immediately neutralized with 1 ml of 1.5 M Tris·HCl (pH 8.8). The purified mAbs were immediately passed over a custom made rhTNFα affinity column (NHS-activated agarose beads, Thermo Fisher Scientific) in gravity mode. The purified mAbs were recycled three times over the column, which was subsequently washed with 5 CV of PBS and eluted with 10 CV of 100 mM glycine·HCl (pH 2.7). The 10 ml elution fraction was immediately neutralized with 1 ml of 1.5 M Tris·HCl (pH 8.8). The purified mAbs were dialyzed overnight at 4°C against 4 L of PBS (pH 7.4) using SnakeSkin dialysis tubing with 10 kDa cutoff (Thermo Fisher Scientific). Purified mAbs were analyzed for purity using 12% SDS-PAGE and concentration was determined by Take3 (BioTek instruments).

To test functionality, 96 ELISA plate were coated with 5 μg/ml of mAb-F(ab')2 in PBS (pH 7.4) and incubated at 4°C O.N. ELISA plates were then washed three times with PBST and blocked with 300 μl of 2% w/v BSA in PBS for 1 h at 37°C. Next, 50 nM of the purified ADA in blocking solution were added to each well in triplicates with 3-fold dilution series and plates were incubated at RT for 1 h. Next, plates were washed three times with PBST with 30 s incubation time at each washing cycle. Next, anti-human Fc HRP conjugate (Jackson) was added to each well at the detection phase (50 μl, 1:5,000 ratio in 2% w/v BSA in PBS) and incubated for 1 h at RT, followed by three washing cycles with PBST. Developing was carried out by adding 50 μl of TMB and reaction was quenched by adding 0.1 M sulfuric acid. Plates were read using the Epoch Microplate Spectrophotometer ELISA plate reader.



Quantitative Measurement of ADA in Serum

The schematic configuration of the bio-immunoassay for the quantitative measurement of ADA in serum is described in Figure 3B and was carried out as follows: ELISA plates that were coated overnight at 4°C with 5 μg/ml produced IFX-F(ab')2 in PBS (pH 7.4). ELISA plates were then washed three times with PBST and blocked with 300 μl of 2% w/v BSA in PBS for 1 h at 37°C. Next, triplicates of 1:400 diluted serum samples were added at triplicates and serially diluted 2-fold in 2% w/v BSA in PBS, 10% horse serum (Biological Industries) and 1% Tween 20 in PBS (1:400– 1:51,200 serum dilution factor). Plates were incubated for 1 h at RT. On the same plate, serial dilutions of 10 nM ADA standard were incubated in triplicate and serially diluted 2-fold in 2% w/v BSA in PBS, 10% horse serum (Biological Industries) and 1% Tween 20 in PBS, to allow the conversion of the tested serum to units per milliliter. ELISA plates were washed three times with PBST and 50 μl of HRP conjugated anti-human IgG Fc was added to each well (50 μl, 1:5,000 ratio in 2% w/v BSA in PBS) and incubated for 1 h at RT. ELISA plate was then washed three times with PBST and developed by adding 50 μl of TMB followed by quenching with 50 μl 0.1 M sulfuric acid. Plates were read using the Epoch Microplate Spectrophotometer ELISA plate reader.



Neutralization Index of ADA

Neutralization capacity was determined using ELISA plates that were coated overnight at 4°C with 5 μg/ml IFX-F(ab')2 in PBS (pH 7.4). Next, coating solution was discarded and ELISA plates were blocked with 300 μl of 2% w/v BSA in PBS for 1 h at 37°C. Blocking solution was discarded and 50 μl of 200 nM rhTNFα in 2% w/v BSA were added to the positive rhTNFα wells, and 2% w/v BSA in PBS was added to the negative rhTNFα wells for 1 h at RT. Next, triplicates of 1:400 diluted serum samples with/without 200 nM rhTNFα were added to the positive/negative rhTNFα wells, respectively, and serially diluted 2-fold in 2% w/v BSA, 10% horse serum (Biological Industries) and 1% Tween 20 in PBS (1:400–1:51,200 serum dilution factor). Plates were incubated for 1 h at RT. ELISA plates were washed three times with PBST and 50 μl of HRP conjugated anti-human IgG Fc antibody or anti HRP conjugated His-tag antibody were added at the detection phase (50 μl, 1:5,000 ratio in 2% w/v BSA in PBS) and incubated for 1 h at RT, followed by three washing cycles with PBST. Developing was carried out by adding 50 μl of TMB and reaction was quenched by adding 0.1 M sulfuric acid. Plates were read using the Epoch Microplate Spectrophotometer ELISA plate reader.

Neutralization index was calculated as following: an ELISA equation curve was calculated separately for wells with and without rhTNFα, using the GraphPad Prism software. The average triplicate signal which are 3 × standard deviation above the background signal was substituted in the ELISA equation curve to extract the serial dilution value. The logarithmic difference of the value with/without rhTNFα represents the neutralization index.



Blood Processing

IFX treated patients with IBD cared for in the Department of Gastroenterology at the Sheba medical center were included in the study. All subjects signed an informed consent, and the study was approved by the Ethics Committee of the medical center. All patients received IFX on a scheduled regimen and blood samples were drawn immediately before their scheduled IFX infusion. Blood was collected into a single Vacutainer Lithium Heparin collection tube (BD Bioscience).

For NGS analysis, blood was collected from a male donor treated with IFX, before IFX administration and 10 days after administration. Thirty milliliters of peripheral blood were collected into 3 single Vacutainer K-EDTA collection tubes (BD Biosciences). Collection of peripheral blood mono-nuclear cells (PBMCs) was performed by density gradient centrifugation, using Uni-SepMAXI+ lymphocyte separation tubes (Novamed) according to the manufacturer's protocol.



Fluorescence-Activated Cell Sorting Analysis and Sorting of B Cell Populations

PBMCs were stained for 15 min in cell staining buffer (BioLegend) at RT in the dark using the following antibodies: anti-CD3–PerCP (clone OKT3; BioLegend), anti-CD19– Brilliant Violet 510 (clone HIB19; BioLegend), anti-CD27–APC (clone O323; BioLegend), anti-CD38–APC-Cy7 (clone HB-7; BioLegend), and anti-CD20–FITC (clone 2H7; BioLegend).

The following B cell population was sorted using a FACSAria cell sorter (BD Bioscience): CD3–CD19+CD20-CD27++CD38high.

B cell subpopulations were sorted and collected into TRI Reagent solution (Sigma Aldrich) and frozen at −80°C.



Amplification of VH and VL Repertoires From B Cells

Total RNA was isolated using RNeasy micro Kit (Qiagen), according to manufacturer's protocol. First-strand cDNA generation was performed with 100 ng of isolated total RNA using a SuperScript RT II kit (Invitrogen) and oligo-dT primer, according to manufacturer's protocol. After cDNA synthesis, PCR amplification was performed to amplify the VH and VL genes using a primer set described previously (23) with overhang nucleotides to facilitate Illumina adaptor addition during the second PCR (Table S1). PCR reactions were carried out using FastStart™ High Fidelity PCR System (Roche) with the following cycling conditions: 95°C denaturation for 3 min; 95°C for 30 s, 50°C for 30 s, and 68°C for 1 min for four cycles; 95°C for 30 s, 55°C for 30 s, and 68°C for 1 min for four cycles; 95°C for 30 s, 63°C for 30 s, and 68°C for 1 min for 20 cycles; and a final extension at 68°C for 7 min. PCR products were purified using AMPure XP beads (Beckman Coulter), according to manufacturer's protocol (ratio × 1.8 in favor of the beads). Recovered DNA products from the first PCR was applied to a second PCR amplification to attach Illumina adaptors to the amplified VH and VL genes using the primer extension method as described previously (24). PCR reactions were carried out using FastStart™ High Fidelity PCR System (Roche) with the following cycling conditions: 95°C denaturation for 3 min; 95°C for 30 s, 40°C for 30 s, and 68°C for 1 min for two cycles; 95°C for 30 s, 65°C for 30 s, and 68°C for 1 min for 7 cycles; and a final extension at 68°C for 7 min. PCR products were applied to 1% agarose DNA gel electrophoresis and gel-purified with Zymoclean™ Gel DNA Recovery Kit (Zymo Research) according to the manufacturer's instructions. VH and VL libraries concentration were measured using Qubit system (Thermo Fisher Scientific) and library quality was assessed using the Bioanalyzer 2100 system (Agilent) or the 4200 TapeStation system (Agilent). All VH libraries were produced in duplicates starting with RNA as the common source template. The VL were produced with one replicate.

VH and VL libraries from sorted B cell were subjected to NGS on the MiSeq platform with the reagent kit V3 2 × 300 bp paired-end (Illumina), using an input concentration of 16 pM with 5% PhiX.

Raw fastq files were processed using our recently reported ASAP webserver (25). ASAP analysis resulted in a unique, full-length VH and VL gene sequences database for each time point. The resultant database was used as a reference database to search the LC-MS/MS spectra.



Proteomic Analysis of the Serum ADA to IFX

Total IgG from each time point (D0, D10) were purified from 7 to 10 ml of serum by protein G enrichment. Serum was diluted 2-fold and passed through a 5 ml Protein G agarose column (GeneScript). The diluted serum was recycled three times over the column, which was subsequently washed with 10 CV of PBS and eluted with 7 CV of 100 mM glycine·HCl (pH 2.7). A total of 35 fractions of 1 ml were collected and immediately neutralized with 100 μl of 1.5 M Tris·HCl (pH 8.8). All elution fractions were evaluated for their purity using 12% SDS–PAGE and 11 purified 1 ml IgG fractions were combined and dialyzed overnight at 4°C against 4 L of PBS (pH 7.4) using SnakeSkin dialysis tubing with 1 kDa cutoff (Thermo Fisher Scientific).

Next, 9 mg of total IgG were digested with 100 μg of IdeS in the final volume of 2 ml PBS for 5 h at 37°C. IdeS inactivation was carried out by adding 0.1 M of citric acid pH 3 and incubation for 1 min at RT followed by the addition of PBS (pH 7.4) to neutralize the low pH. Total serum F(ab')2 was then applied to a one ml custom made affinity column comprised of IFX-F(ab')2 coupled to NHS-activated agarose beads (Thermo Fisher Scientific). The purified serum F(ab')2 were recycled three times over the affinity column, which was subsequently washed with 5 CV of PBS and eluted with 15 CV of 100 mM glycine·HCl (pH 2.7) and collected into Maxymum Recovery Eppendorf (Axygen Scientific). A total of 30 × 0.5ml elution fractions and 1 × 50ml flow-through were immediately neutralized with 50 and 100 μl, respectively, of 1.5 M Tris·HCl (pH 8.8). The purified antigen-specific F(ab')2 were dialyzed overnight at 4°C against 4 L of PBS (pH 7.4) using SnakeSkin dialysis tubing with 10 kDa cutoff (Thermo Fisher Scientific). Elution and flow-through fractions were trypsin-digested, and resulting peptides were fractionated and sequenced by nanoflow LC-electrospray MS/MS on an Orbitrap Velos Pro hybrid mass spectrometer (Thermo Scientific), in the UT Austin mass spectrometry core facility as described previously (26). MS/MS raw files were analyzed by MaxQuant software version 1.6.0.16 (27) using the MaxLFQ algorithm (28) and peptide lists were searched against the common contaminants database by the Andromeda search engine (29) and a custom protein sequence database consisting of the donor-specific VH and VL sequences derived from NGS of individual donor B cells. All searches were carried out with cysteine carbamidomethylation as a fixed modification and methionine oxidations as variable modifications. The false discovery rate was set to 0.01 for peptides with a minimum length of seven amino acids and was determined by searching a reverse decoy database. Enzyme specificity was set as C-terminal to arginine and lysine as expected using trypsin as protease, and a maximum of two missed cleavages were allowed in the database search. Peptide identification was performed with an allowed initial precursor mass deviation up to 7 ppm and an allowed fragment mass deviation of 20 ppm. For LFQ quantification the minimal ratio count was set to 2, and match between runs was performed with three mass-spec injections originating from the same sample. MaxQunat output analysis file, “peptides.txt,” was used for further processing. Total peptides that were identified in the elution samples were filtered using the following criteria: (a) were not identified as contaminates; (b) did not match to the reversed decoy database; (c) were identified as peptides derived from the region comprising the CDRH3, J region, FR4 and the ASTK motif (derived from the N-terminal of the CH1 region). The CDRH3 derived peptides were further characterized as informative CDRH3 peptides (iCDRH3 peptides) only if they map exclusively to a single antibody clonotype. A clonotype was defined as all sequences that comprise CDRH3 with the same length and identity tolerating one amino acid mismatch, and same V, J family. The intensities of high confidence iCDRH3 peptides were averaged between replicates while including only peptides that were observed in at least two out of the three replicates. Clonotype frequencies within each sample were calculated using only iCDRH3 peptides and were determined to be antigen-specific if their frequency in the elution fraction was at least 5-fold greater than their frequency in the flow-through fraction. The CDRH3 sequences identified by the mapping of high confidence MS/MS peptides were used to generate a complete list of full length VH sequences. These VH sequences were used to analyze the repertoire measures of the antibodies that were identified in the donors' serum.

Same filtering criteria was applied to peptides derived from the constant region of both κ and λ light chains. By quantifying the accumulative intensities of these peptides, we calculated the ratio of κ:λ light chain from antibodies that were derived from the affinity column elution fraction which represent both ntADA and bADA, and in the affinity column flow through fraction which represent the depleted ADA fraction.



Study Population

IFX and ADL treated patients with IBD cared for in the Departments of Gastroenterology at Sheba medical center were included in the study. All subjects signed an informed consent, and the study was approved by the Ethics Committee of Sheba medical center. IFX and ADL and ADA serum levels were routinely measured at trough immediately before infusion. All patients received IFX and ADL on a scheduled regimen. All patients that were included in this study exhibited low through levels of IFX and ADL.



Statistical Analysis

All curves were fitted on a sigmoidal dose–response curve and EC50 of each was calculated. Mann-Whitney test was used to compare continuous variables. All reported P-values were two-tailed, and a P < 0.05 were considered statistically significant. All statistics were performed with GraphPad Prism software (version 7, San Diego, California).




RESULTS


Production of mAb-F(ab')2 to Be Used in the Bio-Immunoassay

To investigate the molecular landscape of ADA following mAb administration we first aimed to develop an accurate, sensitive, robust bio-immunoassay to determine ADA levels in sera. The working hypothesis was that anti-idiotypic antibodies dominate the ADA compartment (21) thus, the developed bio-immunoassay was based on the drugs' F(ab')2 portion to be used as the antigen (i.e., coating agent).

To achieve this, we used the immunoglobulin G (IgG)-cleaving enzyme (IdeS), a cysteine proteinase enzyme that proteolytically cleaves immunoglobulins below the hinge region [(30); Figure 1A]. IFX was digested using IdeS by incubating 10 mg of clinical grade mAb with IdeS to reach near complete digestion. Next, IFX-F(ab')2 was purified from Fc regions and undigested full IFX by consecutive affinity chromatography steps comprising protein A and kappaSelect columns.
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FIGURE 1. IFX digestion and IFX-F(ab')2 purification. (A) Schematic representation of IgG digestion with IdeS. IdeS is a highly specific immunoglobulin-degrading enzyme that cleaves below the disulfide bonds in the IgG hinge region. The cleavage results in the production of IFX-F(ab')2 fragment and two ½ Fc fragments. (B) SDS-PAGE analysis of intact IgG (lane 2), following IdeS digestion (lane 3) and purified IFX-F(ab')2 following a 2-step affinity chromatography purification including protein A and kappa-select columns (lane 4). (C) Presence of Fc and intact IgG traces was measured by direct ELISA where intact IFX and purified IFX-F(ab')2 were compared to a control antigen (streptavidin) as coating agents followed by direct incubation with an anti-Fc HRP conjugate at the detection phase. (D) The functionality of the recovered IFX-F(ab')2 was confirmed by testing it for TNFα binding by ELISA in comparison to intact IFX. The ELISA setup included TNFα as the coating agent and anti-Fc HRP conjugate at the detection phase. For (C,D), triplicate averages were calculated as mean, with error bars indicating s.d.


Recovered IFX-F(ab')2 purity was evaluated by SDS-PAGE (Figure 1B) and ELISA (Figure 1C) to ensure that the IFX-F(ab')2 exhibits no traces of IFX-Fc/undigested IFX that will contribute to the background level when using anti-Fc HRP conjugate at the detection phase. Recovered IFX-F(ab')2 samples were found to be highly pure with basal anti-Fc signal levels similar to the signal observed in the control samples. The produced IFX-F(ab')2 was tested for functionality by measuring its TNFα binding capacity, using ELISA with TNFα as the coating agent, and was found to show similar functionality as that of the intact IFX (Figure 1D). ADL was subjected to the same preparative pipeline and demonstrated similar results (Figure S1).



ADA Standard Curve

Quantification of total ADA in serum requires a standard reference. Thus, we generated a standard ADA pool that facilitates the quantification of ADA levels in sera of patient treated with IFX. ADA were pooled from several serum samples collected from patients treated with IFX and purified by consecutive affinity chromatography steps comprising protein G and a custom-made IFX-F(ab')2 affinity columns. We confirmed the affinity enrichment of ADA by applying the affinity chromatography elution fraction to ELISA with IFX-F(ab')2 as the coated antigen (Figure 2A). The purity and concentration the recovered ADA were determined by SDS-PAGE (Figure 2B) and nanodrop.
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FIGURE 2. Standard curve for ADA quantification in patients treated with IFX. ADA were purified from sera of 17 patients treated with IFX, utilizing consecutive affinity chromatography steps including protein G and custom made IFX-F(ab')2 columns. (A) Purified ADA were tested in ELISA for functionality. TNFα was used as the coating agent followed by incubation with purified ADA and anti-Fc HRP conjugate at the detection phase. Control included serum obtained from a healthy donor. (B) SDS-PAGE analysis of intact IFX (lane 2) and purified ADA (lane 3). (C) The effect of serum on ADA standard was tested in ELISA by s piking-in differential concentrations of ADA into ADA negative serum.


Maximal serum concentration used in a bio-immunoassay (e.g., serum diluted 1:100 or 1:200) is a major factor that may contribute to high background signal levels due to non-specific binding. Screening several maximal serum dilutions showed that 1:400 initial serum dilution demonstrates the lowest background signal (data not shown). To evaluate if serum will affect the signal obtained from purified ADA, we spiked-in purified ADA into negative control serum that was diluted 1:400 in PBS. Serial dilution of spiked-in ADA and purified ADA showed similar signal in ELISA (Figure 2C) indicating that serum does not bias the ADA detection in our developed bio-immunoassay.



Quantitative Measurement of ADA in Serum

ADA detection is technically challenging as both the analyte and antigen are antibodies which may result in the inability to differentiate between the mAb and ADA. To overcome this challenge, many assays were previously developed (5). One of these immunoassays is the anti-human λ chain (AHLC) immunoassay that is used in clinical setups for monitoring the formation of ADA (31). The principle of this assay is to detect ADA comprising λ light chain, thus avoiding cross reactivity with the drug that comprises the κ light chain (Figure 3A).
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FIGURE 3. AHLC and the newly developed mAb-F(ab')2 based bio-immunoassay configuration and their application on serum samples from patients treated with IFX. (A) AHLC assay is based on an ELISA where TNFα is used as the coating agent, following the incubation with the mAb drug followed by serial dilutions of the tested sera. anti-λ HRP conjugate is used at the detection phase. (B) The newly developed mAb-F(ab')2 based bio-immunoassay configuration. The assay is based on an ELISA where mAb-F(ab')2 is used as the coating agent followed by serial dilutions of the tested sera. Anti-Fc HRP conjugate is used at the detection phase. (C) ELISA obtained by utilizing the AHLC assay on two serum samples. Using this assay, one of the tested sera showed detectable levels of ADA [AHLC(+)] and one had no detectable levels of ADA [AHLC(−)]. (D) Both serum samples were tested by the newly developed mAb-F(ab')2 based bio-immunoassay. This assay was able to detect ADA in both sera. For (C,D), averages were calculated as mean from triplicates, with error bars indicating s.d.


While AHLC is suitable for monitoring the development of ADA in clinical setups, when one aims to study the molecular composition of ADA there is a need to provide quantitative measures of total ADA in serum. Thus, we developed a new bio-immunoassay based on the F(ab')2 portion of the mAb. The bio-immunoassay setup is described in Figure 3B and is based on mAb-F(ab')2 as the coating antigen and anti-Fc HRP conjugate used as the detection antibody. Each of the experimental setups to test ADA in serum included serum from a healthy donor as a control and ADA standard for the quantitation of total ADA.

First, we applied the newly developed bio-immunoassay on two serum sample groups: one negative and one positive for ADA as determined by the AHLC assay [AHLC(−) and AHLC(+), respectively]. We also included serum from a healthy subject to serve as a control for the assay specificity (i.e., serum from a subject that was not exposed to IFX). As shown in Figures 3C,D, the ELISA signals obtained when utilizing the new bio-immunoassay were higher compared to the signal obtained with the AHLC assay. Moreover, applying the new bio-immunoassay on the AHLC(−) serum (no detected ADA with the AHLC assay) detected relatively high levels of ADA. These results indicate that not all ADA were detected with the AHLC assay as this assay is based on the detection of ADA that comprise the λ light chain only.

Next, to extend and generalize the above results, sera from 54 patients treated with IFX were collected at the Chaim Sheba Medical Center and tested for drug levels and ADA using the AHLC assay. The established cohort showed very low drug trough levels and based on the AHLC results, sera were stratified into two groups: 25 serum samples were identified as AHLC(−) and 29 as AHLC(+). Using our newly developed quantitative bio-immunoassay, we found that ADA levels in tested sera ranged between 1.82 and 1268.5 μg/ml. Serum ADA levels using AHLC compared to the new bio-immunoassay are summarized in Table 1. More importantly, the new bio-immunoassay demonstrated improved sensitivity compared to AHLC assay manifested in the detection of higher concentrations of ADA in 46 out of the 54 serum samples, of which 17 out of the 54 samples, belong to the AHLC(−) group. Overall, the average fold increase in ADA detection using the new bio-immunoassay compared to the AHLC assay was 14.13 and 53.26 for the AHLC(+) and AHLC(−) groups, respectively.


Table 1. ADA concentrations in 54 serum samples from patients treated with IFX.
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Neutralization Index of ADA

Due to high clinical relevance and different mechanism of action of bADA and ntADA, identifying their relative abundances in serum can provide valuable insights regarding the nature of the immune response following mAb administration. We therefore modified our newly developed mAb-F(ab')2 based bio-immunoassay by blocking the coated IFX-F(ab')2 binding site with TNFα in order to obtain a differential signal compared to the unblocked assay (Figure 4A). In order to block the binding site of IFX-F(ab')2 toward TNFα and prevent the binding of anti-idiotypic ADA (i.e., ntADA) to the drug, recombinant human TNFα (rhTNFα) fused to a His-tag was cloned and expressed (see Materials and Methods). In-house production of rhTNFα was essential, as the N terminal His-tag was used for monitoring the presence of the rhTNFα throughout the bio-immunoassay.
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FIGURE 4. Configuration of the assay for determining the neutralization index of ADA in patient sera and competitive ELISA between ADA and rhTNFα. (A) The newly developed mAb-F(ab')2 based bio-immunoassay configuration (left) and the modified configuration where mAb-F(ab')2 binding site is blocked by saturating the assay with rhTNFα (right). (B) Competitive effect of rhTNFα on ADA binding to IFX-F(ab')2. ELISA plate was coated with 5 μg/ml of IFX-F(ab')2. ADA standard was diluted 3-fold in blocking solution supplemented with 5 nM rhTNFα. ADA diluted 3-fold in blocking solution without the presence of rhTNFα served as a control.


First, we evaluated the ability of rhTNFα to inhibit the binding of ADA to the coated IFX-F(ab')2 by setting up a competitive ELISA where a series of ADA standard concentrations were incubated with a series of fixed rhTNFα concentrations (data no shown). We observed a competitive effect while rhTNFα was fixed at the concentration of 5 nM (Figure 4B). This step was important as it enabled us to determine the ADA equimolar concentration of rhTNFα to be used that will fully occupy the IFX-F(ab')2 binding site and will prevent the binding of ntADA to the coated (and blocked) IFX-F(ab')2. We monitored the presence of rhTNFα using an HRP-conjugated anti-His tag antibody and observed that if we aim to completely block ADA it is required to use equimolar concentration of rhTNFα that is corresponds to the highest concentration of ADA in the assay (200 nm).

In practice, IFX-F(ab')2 binding site was blocked with rhTNFα by prior incubation of serum with the coated IFX-F(ab')2 hence, the differential signal w/ and w/o the presence of rhTNFα represent the portion of ADA that could not bind the IFX-F(ab')2 binding site thus, reflects the neutralization capacity (hereby named neutralization index) of the ADA in the tested serum. Using this assay, we evaluated the neutralization index of the 46 ADA positive sera from patients treated with IFX and 7 ADA positive sera from patients treated with ADL. In sera from patients treated with IFX, we noticed that there are two main neutralization index patterns: those with high differential signal (Figure 5A) and low differential signal (Figure 5B). More interestingly, we found that patients that were stratified as AHLC(+) have a significantly higher neutralization index compared to those that belong to the AHLC(−) group (Figure 5C). This suggests that there is a preferential usage of the λ light chain in ntADA as the AHLC(+) group is a priori defined by the presence of ADA comprising the λ light chains. All sera from patients treated with ADL (n = 7) were subjected to modified bio-immunoassay and demonstrated high neutralization indexes (Figure S2)
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FIGURE 5. Neutralization index ELISA. (A) Graph representing the ELISA results obtained utilizing the neutralization assay on serum that was designated as AHLC(−) and (B) AHLC(+). In both (A,B) the effect of soluble TNFα on ADA detection was evaluated and neutralization index was determined. (C) Scatter plot consolidating the neutralization index obtained by applying the immunoassay on sera from 46 ADA positive patients treated with IFX (****P < 0.0001, Mann-Whitney U-test). For (A–C), averages were calculated as mean, with error bars indicating s.d.




IFX Infusion Induces a Vaccine Like Immune Response

To further investigate the molecular landscape of ADA we explored the dynamics of the B cell response following mAb administration. When investigating well-controlled clinical scenarios such as samples obtained from post-vaccinated individuals, it is convenient to isolate the antigen-specific B cell as they peak at a defined time window (23, 32). However, the characteristics of the humoral response and ADA encoding B cell dynamics following mAb administration is unknown. Our working hypothesis assumed that the immune response following mAb administration is a vaccine-like response thus; we expected to observe a wave of PB peaking several days after IFX infusion. It was previously demonstrated that boost vaccines induce a strong proliferation of PBs and mBCs that can be detected in the blood circulation several days after the boost (33, 34). To test if IFX administration induces a vaccine like response, we collected blood samples from a patient that was found to be positive to ADA at two time points: prior to IFX infusion (D0) and 10 days after IFX infusion (D10). The second time point (D10) was determined in order to capture an enriched population of antigen-specific PB as well as mBC that enable the establishment of a donor-specific VH database for the proteomic interpretation of peptides derived from ADA.

Peripheral blood mononuclear cells (PBMCs) were sorted by FACS and the frequency of PB (CD3−CD19+CD20−CD27++CD38++) and mBC (CD3−CD19+CD20+CD27+) subsets were determined. We identified a 13-fold increase in the frequency of PB at D10 and no increase in the mBC compartment. The PB data suggests that the B cell dynamics following IFX infusion exhibits vaccine-like characteristics in accordance with our working hypothesis (Table 2, Figure S3).


Table 2. B cell frequency of a patient treated with IFX.

[image: Table 2]



Antibody Repertoire of ADA Encoding B-Cells

The waves of PB following challenge is enriched with antigen-specific B cells (23, 32, 35). Based on this, a major fraction of PB at D10 post-mAb infusion is expected to comprise B cell clones responding to the current antigen challenge. Thus, the repertoire of B cells at two time points (pre- and post-infusion) is predicted to represent the overall differences in the ongoing ADA encoding B cell response.

This diversity of antibodies is accomplished by several unique molecular mechanisms, including chromosomal V(D)J rearrangement, somatic hypermutations (SHM) and class switch recombination (25), processes that are mediated by recombination-activating gene (RAG) and activation-induced cytidine deaminase (AID), respectively. The AID enzyme functions mainly in secondary lymph nodes named germinal centers. Next-generation sequencing (NGS) of the antibody variable regions (V-genes) coupled with advanced bioinformatics tools provides the means to elucidate the antigen-specific antibody repertoire's immense diversity (36). To deep sequences antibodies' V-genes, recovered RNA from sorted PB and mBC was used as the template for first-strand cDNA synthesis, followed by PCR amplification steps to produce barcoded amplicons of the V-genes of the antibody heavy chains (VH) as described previously (24). While NGS of antibodies is a powerful tool for immune repertoire analysis, relatively high rates of errors accumulate during the experimental procedure. To overcome this challenge, we generated duplicates of the antibody V-gene amplicons and sequenced them using the Illumina MiSeq platform (2 × 300 bp). The resultant VH sequences were processed using our recently reported ASAP webserver that was specifically developed to analyze NGS of antibody V-gene sequences derived from replicates (25).

In our analysis, we concentrated on several repertoire measures that collectively provide a molecular level characterization of the ADA: (i) V(D)J family usage; (ii) CDR3 length distribution; (iii) SHM levels, and, (iv) isotype distribution. Our data revealed several interesting antibody repertoire features that may shed light on the molecular mechanism involved in the formation of ADA.


V(D)J Gene Family Usage Is Stable

Examining the V(D)J family usage is important to determine whether the basal gene frequency is similar to the expected frequency and if the B cell response following IFX infusion drives B cells to exhibit a preferential V(D)J gene usage. Therefore, we examined the frequency of family usage at two time points (D0 and D10), within PB and mBC subsets across isotypes (IgG and IgM). The V(D)J family usage showed no marked difference between the two time points, B cell subsets and isotypes. The frequency of V-gene family usage was also found to have similar frequency profile as previously described (37, 38). For example, the V-gene family frequency showed that the V3, V4, and V1 have the most prevalent representation followed by V2, V5, and V6 that had significantly lower frequencies (Figure 6). The same pattern trends were identified for the D and J family usage.
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FIGURE 6. V, D, and J family usage in B cell following IFX infusion. mBC and PB from a patient treated with IFX were collected at two time points (D0, D10) and processed for NGS analysis. The V family usage showed no difference between D0 and D10, different B cell subsets and isotypes. The D and J family usage showed no difference between time points.




CDRH3 Length Increases Following IFX Infusion

Composed of the V(D)J join with its inherent junctional diversity, the CDRH3 specifies the antibody VH clonotype. The VH clonotype is an important immunological concept because it accounts for antibodies that likely originate from a single B-cell lineage and may provide insight on the evolution of the antigen-specific response (39). Here we defined VH clonotype as the group of VH sequences that share germ-line V and J segments and have identical CDRH3 sequences. By examining the length distribution of CDRH3 from PB across isotypes and time point we observed a shift toward longer CDRH3 at D10 (Figure 7). Interestingly, this observation is in contrast to previous studies that reported a decrease in the CDRH3 length post-immunization with pneumococcal (40) and hepatitis B vaccines (41) and when comparing antigen experienced B cell to naïve B cells (42).
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FIGURE 7. CDRH3 length at two time point and across isotypes. PB from a patient treated with IFX were collected at two time points (D0, D10) and processed for NGS analysis. An increase in antibody CDRH3 length was observed (***P < 0.001; ****P < 0.0001, Mann-Whitney U-test).




Somatic Hypermutation Levels Decreases Following IFX Infusion

Examining the level of SHM following vaccination provides insights regarding the extent of the affinity maturation that antigen-stimulated B cell undergo. It was previously reported that boost vaccination induces a substantial increase of the SHM levels when comparing post- to pre-vaccination (41). Despite the vaccine like response following IFX infusion, we observed in the PB compartment a significant decrease in the SHM levels post-infusion, regardless if the mutations were synonymous and non-synonymous (Figure 8).
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FIGURE 8. Somatic hyper mutations. PB from a patient treated with IFX were collected at two time points (D0, D10) and processed for NGS analysis. A decrease in the number of Ka mutations (number of non-synonymous mutation per codon) and Ks mutations (number of synonymous mutations per codon) was observed at D10 (****P < 0.0001, Mann-Whitney U-test).





Proteomic Analysis of ADA

Analysis of serum antibodies provides a comprehensive profile of the humoral immune response and is complementary to the transcriptomic analysis derived from NGS of the antibody VH. Applying an approach that integrates NGS and tandem mass spectrometry (LC-MS/MS) has been shown to provide valuable data regarding the composition of antigen-specific serum antibodies and their relationship to B cells and generates new insights regarding the development of the humoral immune response in disease and following vaccination (23, 32). Here we utilized the previously developed omics approach (26, 39) to elucidate the serum ADA composition following IFX infusion. ADA from 10 ml of serum collected at D0 and D10 were subjected to protein G affinity chromatography and total of 9 mg of recovered IgG was digested by IdeS to remove the Fc regions that may mask the MS/MS signal obtained from low abundant peptides. Following 5 h of digestion, the reaction mixture was subjected to custom made affinity column where the IFX-F(ab')2 was coupled to agarose beads and served as the antigen to isolate ADA. Recovered 48.57 μg polyclonal ADA-F(ab')2 [i.e., IFX-F(ab')2-specific F(ab')2] in the elution fraction and total F(ab')2 [depleted from ADA-F(ab')2] in the flow through fraction were digested with trypsin and injected to high-resolution tandem mass spectrometer analyzer in triplicates. LC-MS/MS raw data files were analyzed using MaxQuant using label free quantitation mode (LFQ) and searched against the custom antibody V-gene database derived from the NGS data of B cells isolated from the same donor. Identified peptide from the interpretation of the proteomic spectra were stratified into three types of peptides: informative peptides (iPeptide) that map uniquely to one antibody clonotype in a region that is upstream to the CDRH3, non-informative CDRH3 peptides (niCDRH3) that map to the CDRH3 region of the antibody but do not map uniquely to a single antibody clonotype and informative CDRH3 peptides (iCDRH3) that map uniquely to a single antibody clonotype. Summary of identified peptides in LC-MS/MS are shown in Table 3. Beyond the designation as iCDRH3 peptides, additional filtration steps were applied including peptides that were present in more than 2 replicates, peptides in elution that show 5 × fold frequency than in the flow through. The iCDRH3 peptides enabled the identification of 62 unique ADA CDRH3 clonotypes with 205 associated full-length V-gene sequences. The resulting V-gene sequences were analyzed to determine their V(D)J family usage and the B cell subset they are mapped to, based on our NGS data (Figure 9).


Table 3. Summary of identified peptides and the corresponding clonotype and antibody somatic variences in the LC-MS/MS spectra.
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FIGURE 9. V-gene and circulating antibody repertoire characteristics. (A) The V(D)J family usage of V-gene sequences that were identified by LC-MS/MS. (B) Mapping of V-gene sequences to B cell subsets and (C) isotypes, based on NGS data.


The V(D)J family usage of the antibody variable region sequences that were identified by LC-MS/MS (Figure 9A) showed a similar distribution as observed in the NGS data (Figure 6). V family frequency analysis showed that the V1, V3, and V4 are the most dominant V families followed by V2 and V5 that had significantly lower frequencies. D family frequency analysis showed that the D6, D3, D2, and D1 have the most prevalent representation, and J family frequency showed that the J4, J5, and J6 have the most prevalent representation.

Next, we examined the distribution of the proteomically identified V-gene sequences to B cell subsets (Figure 9B) and found that the V-genes predominantly map to mBC from D0 (46.83%), followed by mBC from D10 (27.8%). Moreover, we found that 23.9% of V-genes map to D10 PB. Based on the dynamics of antibodies in serum (32), the majority of antibodies produced following a boost challenge are the product of pre-existing mBC cells that were re-activated following drug infusion, much like a response to a vaccine boost (23).

As mentioned above, flow cytometry of B cells following IFX administration allowed us to identify a substantial increase in the frequency of PB at D10, which suggests that the B cell dynamics following IFX infusion exhibits vaccine-like characteristics. Therefore, we expected to find a majority of V-gene sequences mapping to IgG+ B cells that underwent class switch recombination in the germinal center. Surprisingly, the majority of proteomically identified serum antibodies were mapped to IgM+ B cells (Figure 9C).

Next, we aimed to provide support to the observation that ntADA preferably use the λ light chain. By quantifying the accumulative intensities of peptides derived from the constant region of both κ and λ light chains, we calculated the ratio of κ:λ light chain in the elution fraction which comprise both the ntADA and bADA (ADA-IgG), and in the flow through fraction that represent ADA-depleted IgG (dep-IgG). The expected κ/λ ratio of IgG in human serum is 2 (66% κ and 33% λ). Indeed, proteomic analysis of the dep-IgG (D0 and D10), resulted in an average κ/λ ratio of 2.1. The same analysis of the ADA-IgG showed a significant shift of the κ/λ ratio to 1.19. The proteomic analysis was carried out on samples from patient that exhibited a high neutralization index (have high levels of ntADA) and designated ADA+ using AHLC (detects only ADA with λ light chain). Brought together, this further suggests that ntADA contribute to shift in the κ:λ light chain ratio.




DISCUSSION

The use of therapeutic mAbs in treating a wide range of diseases and disorders is growing exponentially. Nonetheless, a major shortcoming of their use is the development of ADA in patients receiving the mAb. Advances in mAb engineering have enabled the development of fully human mAbs with reduced immunogenicity without abolishing it completely. Thus, a mAb administered to a patient can still induce an immune sensitization as reflected by the production of ADA, which is associated with low trough drug levels and can mediate loss of clinical response to the drug (20).

The precise mechanism underlying ADA production is unknown, and many questions related to its development remain unaddressed, including determining precise concentrations of ADA in serum, which portion of the ADA exhibits neutralizing capacity, the immune pathway governing the production of ADA, and ultimately, the molecular composition of ADA at the sequence level. To address these questions, we chose the chimeric TNFα antagonist IFX as the model system. First, we aimed to quantify the ADA level in patient sera. Many methods were previously reported to evaluate serum ADA levels. These assays include radio-immunoassays (43), Biotin-drug Extraction with Acid Dissociation (BEAD) (44), Precipitation and acid dissociation (PANDA) (45), affinity capture elution ELISA (ACE) (46), and Homogenous Mobility Shift Assay (HMSA) (47). While these assays are not limited to the λ light chain detection like the AHLC assay, they provide mostly qualitative measures to assist physicians in deciding the most appropriate intervention when treating patients, and many (if not all) studies underestimated actual ADA levels (19). These assays also lack a standardization methodology that can enable the comparison of ADA levels across health centers.

To provide quantitative measures describing the molecular landscape of ADA, we first developed a bio-immunoassay that would allow quantify ADA levels based on the F(ab′)2 region of the mAb because previous reports indicated that the ADA generated from mAb administration are mostly anti-idiotypic (21). Indeed, the bio-immunoassay demonstrated higher sensitivity compared with the AHLC assay used initially to detect ADA and was able to detect ADA when the AHLC assay could not. Leveraging its improved sensitivity compared to the AHLC assay, we applied our proprietary assay on sera from 54 patients treated with IFX and found that patients designated as AHLC(+) showed significantly higher levels of ADA (mean: 264 μg/ml) compared to the AHLC(−) group (mean: 59.64 μg/ml). These results support the clinical use of AHLC assay because overall, patients were correctly stratified leading to clinical decision-making that was based on a valid indicative assay. Notwithstanding, the applicability of the AHLC assay, the newly developed F(ab′)2-based bio-immunoassay demonstrated that ADA levels can reach extreme concentrations that were not detected using the AHLC assay.

Some patients who develop ADA in response to IFX present a prolonged remission with maintenance therapy despite repeated indications of high ADA and low IFX trough levels (20). The mechanism of action of these ADA has significant influence on drug efficacy. For example, bADA are most likely to enhance the clearance of a drug whereas ntADA will prevent a drug from binding to its target. Hence, it is important to differentiate between bADA and ntADA, or in other words, a need exists to identify sera with high levels of ntADA that may predict the likelihood of a patient losing a favorable response to an administrated mAb. To achieve this, we further revised our bio-immunoassay to qualitatively measure the neutralization index of ADA in the serum of patients treated with IFX. Of note, as the neutralization index is a qualitative and not a quantitative index, some patients may exhibit relatively low ADA levels and high neutralization index. Using this assay on sera from the 46 ADA positive patients, revealed that patients who tested positive utilizing the AHLC assay, exhibit a significantly higher neutralization index than patients tested negatively for it [i.e., AHLC(−)]. Noteworthy, the AHLC assay is based on the anti-λ light chain antibody at the detection stage, suggesting that sera with high neutralization index comprise ADA that preferably use the λ light chain (either bADA or ntADA). This phenomenon received additional support from our proteomic analysis in which we compared the changes in the ratio between peptides derived from κ and λ constant light chains from ADA-IgG pool and peptide derived from depleted ADA IgG polyclonal pool (dep-IgG). This analysis demonstrated that the κ/λ ratio in the total IgG compartment is as expected and is decreased in the mAb-specific compartment (κ/λ ratio 2.1 and 1.19 for dep-IgG and ADA-IgG, respectively). The preferential use of the λ light chain in neutralizing antibodies has been previously reported (21, 48), however, the authors of those studies did not provide an explanation beyond the structural adaptability of the light chain toward the target. The relevance of the reported cases showing λ chain bias is not clear. Similar phenomena was reported in B-1 sub-population, unlike follicular B cells, B-1 cells exhibit an increased frequency of lambda light chains (49). The recurrence of BCRs with the enrichment of λ light chain has been considered to result from strong antigen-dependent selection of the B-1 cell repertoire (50).

Repetitive administration of mAbs may induce a strong humoral response manifested in the production of ADA. We hypothesized that mAb administration is similar to the response that occurs following a boost vaccine. Others and we have demonstrated that boost vaccines induce a strong proliferation of PB that can be detected in blood circulation several days after the boost. The “wave” of B cells after the boost vaccine are dominated by antigen-specific B cell (34) thus, repertoire analysis of these cells can provide invaluable data about the antigen-specific antibody repertoires. Utilizing flow cytometry showed an order of magnitude increase in PB compartment 10 days after IFX infusion, suggesting that the immune response following IFX administration is indeed similar to a vaccine response. To the best of our knowledge, this is the first report to identify a vaccine like response following therapeutic mAb administration.

Next, we aimed to provide a comprehensive repertoire profile of the B cells induced after mAb administration. To achieve this, we applied an “omics” approach as previously described (23, 26, 39) that is based on the integration of NGS of the V-genes and proteomic analysis of serum ADA. NGS of V-genes revealed no bias in the V(D)J usage across isotypes, cell types, and time point. These data suggest that the original repertoire that existed before mAb administration and antigen-specific repertoire induced by IFX administration is formed by random recombination processes without preferential use of any particular V(D)J segment. Comparative repertoire analysis of the V-genes between time points (before and after IFX administration) revealed that post-IFX administration, PB exhibit longer CDRH3 and lower SHM rates. Although the B cell dynamics after mAb administration are similar to those that occur after a boost vaccine, the repertoire measures show a different profile. It was previously reported that the antibodies generated after a boost vaccine exhibit shorter CDRH3, high SHM (40–42).

To explain these data we revisited two reports: the first describes how the immune response in TNFα-deficient mice was “diverted” to the marginal zone instead of to the germinal center (51) and the characteristics of the immune response in the marginal zone is directly affected by low levels of the AID that in turn is reflected in lower SHM rate. The second reported a skewed λ chain usage in B-1 cells (49). Based on these reports we propose a mechanistic model according to which administration of TNFα antagonist blocks the TNFα on one hand and induces a vaccine-like response on the other. Due to the TNFα blockade, immune response of B cells occurs extra follicular where AID is downregulated, thus the encoded ADA exhibit lower SHM rates. Moreover, the data suggests that the immune response following mAb administration may be a T cell independent (TI) response which is governed by the B-1 cell linage with the characteristics mentioned of an increased usage of λ light chains and little to non-evidence for SHM (49, 52).

Another possible mechanism that should be further explored is the strong TI immune response in the marginal zone that is also induced by a drug/ADA immune-complex (IC). It was previously suggested that many of the immune-mediated adverse effects attributed to ADA require the formation of an IC intermediate that can have a variety of downstream effects (6, 53). In the context of the system we investigated, administration of a TNFα antagonist will divert the immune response extra follicular either by TNFα blockade or by the formation of an IC carrying multiple mAbs that can induce the cross-linking of cognate BCR. The BCR of ADA-encoding B cells will undergo co-clustering leading to their activation in the TI pathway.

Of note, insights from this study are restricted to the immune response following treatment with TNFα antagonists, as it is specifically affected by the drug's mechanism of action. First, TNFα is a trimer that has the propensity to form immunocomplexes with the drug. Second, blocking TNFα “simulates” a scenario that was observed in TNFα knockout mice. Combined, these attributes contribute to the specific nature of the immune response which is suggested to be diverted to the extra follicular, TI immune response. Moreover, the deep analysis data was obtained from one patient. However, this patient exhibited a set of attributes including high ADA level, high neutralization index, low trough level, and lack of immunosuppressant treatments. These attributes enabled to generate insights that are directly relevant to the drug administration.

In our study we examined molecular aspects related to the formation of ADA. To the best of our knowledge, this is the first report describing ADA repertoire that resulted in insights about a possible mechanism of ADA formation. Further work will be needed to elucidate additional phenotypic markers of the B cells induced by mAb administration and the role of IC in the activation of the B cell. Moreover, the mechanism described here covers the response to a TNFα-antagonist, and by using the same omics approaches, it will be highly informative to study the B cell response following treatment with other mAbs that induce ADA formation. We envision that high throughput data obtained from such studies can facilitate our understanding on why and how, mAb administration generates ADA and eventually may contribute guidelines for engineering therapeutic mAbs with reduced immunogenicity.
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Immune responses to therapeutic proteins and peptides can adversely affect their safety and efficacy; consequently, immunogenicity risk-assessments are part of the development, licensure and clinical use of these products. In most cases the development of anti-drug antibodies is mediated by T cells which requires antigen presentation by Major Histocompatibility Complex Class II (MHCII) molecules (also called Human Leucocyte Antigen, HLA in humans). Immune responses to many protein therapeutics are thus HLA-restricted and it is important that the distribution of HLA variants used in the immunogenicity assessments provides adequate coverage of the target population. Due to biases inherent to the collection of samples in a blood bank or donor pool, simple random sampling will not achieve a truly representative sample of the population of interest. To help select a donor cohort we introduce SampPick, an implementation of simulated annealing which optimizes cohort selection to closely match the frequency distribution of a target population or subpopulation. With inputs of a target background frequency distribution for a population and a set of available, HLA-typed donors, the algorithm will iteratively create a cohort of donors of a user selected size that will closely match the target population rather than a random sample. In addition to optimizing the HLA types of donor cohorts, the software presented can be used to optimize donor cohorts for any other biallelic or monoallelic trait.

Keywords: immunogenicity, HLA-typing, optimization, donor-selection, simulated-annealing, algorithm


INTRODUCTION

Protein and peptide therapeutics include seven of the 10 top-selling drugs (1) and provide medical interventions for diseases that are otherwise untreatable. Immunogenicity, the undesired immune response to a protein or peptide therapeutic, is a key concern during drug-development and licensure. While the development of some drugs has been discontinued due to immunogenicity-risk (2–5); immunogenicity issues continue to cast a shadow even on marketed drugs. For example, within 5 years, 30–70% of patients receiving TNF-alfa inhibitors experience “secondary failure” due to immunogenicity (6). Similarly, about a quarter of hemophilia A patients develop so-called inhibitors, i.e., neutralizing antibodies (NABs) to Factor VIII, leading to severely diminished quality of life and medical costs that can exceed USD 1 million per year. Thus, the most egregious consequence of immunogenicity is not that a drug will fail to be marketed but that medications with a market value of almost 100 billion dollars that treat millions of individuals are sub-optimal.

The immunogenicity risk of a drug-candidate can be determined at two principal steps during drug-development. In early stage drug-development, non-clinical in silico, in vitro, and ex vivo tools can be used to assess the potential for an immune response (7). Although there have been substantive improvements in these technologies in the last decade, it is still not possible to rely entirely on the surrogate markers measured by these methods for estimating the risk of clinical immunogenicity of biologics (8). Consequently, the identification of anti-drug antibodies (ADAs) and NABs is almost always a part of Phase 3 clinical studies (9).

The HLA-type of a patient is one of several risk factors for immunogenicity. The HLA proteins act at the interface between the antigen and the immune system. These receptors bind peptides derived from protein antigens and transport them to the membrane surface where the complex is recognized by T cells which can then initiate the cascade of complex immune responses. Numerous studies indicate that immune responses to therapeutic proteins require T-cell activation (10). Hence antigen presentation via the HLA is a necessary, albeit not a sufficient, condition for therapeutic protein product immunogenicity (8).

From the point of view of assessing the immunogenicity risk of a protein-drug; a population that has a diverse HLA repertoire presents a challenge. Genes for the major histocompatibility complex (MHC), also called the HLA in humans, are the most polymorphic in the vertebrate genome (11). If, and this is often the case, immune responses to the therapeutic-protein are HLA restricted, ensuring that a representative distribution of HLA variants is included in the clinical and non-clinical studies is very difficult.

A testing cohort can be generated from any “available population” such as HLA typed individuals donating at a blood bank, a bio-repository, commercial catalogs of HLA typed cells etc. The immense diversity of the HLA repertoire raises many technical questions in the design of a study. How many HLA variants should be studied? How does one generate a suitable cohort that considers the relative frequencies of HLA variants in different human populations? For an ex vivo assay how many samples should be used? What HLA types should the donors of the cells have? The answers to many of these questions will depend on the drug, the disease and the specific question(s) the study is being designed to answer. However, once a decision has been made as to the composition of the “representative cohort” (e.g., a distribution of HLA alleles reflecting the US population, a disease etc.) statistical approaches can be used to select the most appropriate cohort for the study.

Usual methods for donor cohort selection involve either hand selection of donors to ensure that alleles with high frequencies in the population are included in the study, or random selections of donors under the assumption that this random selection will be a representative sample of the population from which it is drawn. While hand selecting donors to cover important alleles will ensure that these alleles are included in the study, it does not consider the frequencies of the alleles. Additionally, it does not try to model the distribution of the less frequent alleles on the population of interest.

Random selections of donors would address these issues of attaining the proper distribution of alleles assuming the pool of donors is representative of the population from which it is drawn. It is known that some biases will exist in donors in a bio-repository or blood bank (12). In order to confront the biases inherent to the group of samples to choose we propose avoiding random sampling from a biased population and introduce a method that uses simulated annealing to generate a cohort of subjects in which HLA alleles occur at the similar frequencies as they occur in the sub-population of interest. We use a simulated annealing algorithm to select a cohort of subjects that better resembles a background population (vis-à-vis relative frequencies of HLA alleles) as measured by the Jensen-Shannon distance (JSD). While there are several distance measures that can be used, this distance measure is often used in the comparison of probability distributions in machine learning applications due to its symmetry and finite bounds.

Simulated annealing is a global optimization algorithm which draws its inspiration from the metallurgical process of annealing. This annealing process involves a scheduled heating and cooling process that serves to strengthen metal and reduce flaws. The basis of Simulated Annealing is the Metropolis-Hastings Algorithm in which a change is introduced into the system. In our case this change is the substitution of one potential member of the selected cohort for another. This new state is accepted with some probability and the algorithm will continue anew. The introduction of the concept of cooling in annealing sets up a schedule for the acceptance of new states. At the start of the algorithm, the system is hotter and has a great deal more free energy (temperature of 1). This temperature will exponentially decrease over the iterations of the algorithm until the system has cooled to a temperature nearing 0. For each iteration, the JSD score is assessed after the substitution is made. If the substitution is an improvement with respect to JSD, then the change is accepted. In addition, if a random number from a uniform distribution between 0 and 1 is below the current temperature, the change is also accepted regardless of whether the score is an improvement. These non-optimal changes are considerably more likely when there is a lot of free energy in the system (higher temperature). As the system “cools” to a temperature of 0, the chance of a substitution being accepted without also being an improvement in score exponentially decreases. The benefit of this algorithm is in its flexibility in dealing with local vs. global minima. If the algorithm has no chance to accept non-optimal solutions, there is a chance that it will miss a lower minimum and just be stuck in the minimum for the region in which it started. By allowing for the algorithm to try out other areas in the solution space, there is a greater chance that the global minimum is found. Importantly, the reduction in temperature means that toward the later parts of the algorithms run, the algorithm would have hopefully found the area around the global minimum and will fine-tune its selection in that region as the system further cools toward 0.

We demonstrate that a cohort selected using this tool is closer in HLA type distribution to a known background distribution (as measured by the Jensen-Shannon distance) than random selections from biased sets of donors. Finally, we provide illustrative applications of our tool.



METHODS


Obtaining the Background Distribution of HLA DRB1 Alleles

We obtained the population frequencies of 514 HLA-DRB1 alleles from the United States (US) from the Be the Match® bone marrow donor registry (13). This dataset reports the allele frequencies for broad race categories in the US (Table 1) from 5,745,199 haplotyped samples. To calculate the allele frequencies representing the general American population we weighted the racial allele frequencies with the demographic distribution of those races in the population. To obtain the racial distributions, we first retrieved the US Census Bureau's July 1, 2018 estimates on the population demographics and then amended the percentages such that they add up to a 100, by distributing the missing (100%-99.5%) based on the original percentages. In the allele dataset, there were four ambiguous (04:07G, 11:01G, 12:01G, 14:01G) and four not-expressed (07:10N, 12:24N, 15:17N, 15:50N) DRB1 allele types. For standardization purposes we mapped those alleles to their base allele type (e.g., 04:07G reverts to 04:07). The resulting scaled and weighted table of allele frequencies (Supplementary Table 1) was used as a background distribution for the North American Population.


Table 1. The samples used for the creation of the background distribution of HLA-DRB1 alleles for the US population.

[image: Table 1]



The Source of HLA Typed Donors

As a test case for an available population of samples, all available samples from the CTL ePBMC® Searchable Database v1.2.6 were used (Table 2). Samples that had no information for HLA-DRB1 were not considered and sample labeled as ambiguous with a “P” group suffix were excluded.


Table 2. All available samples from the CTL ePBMCR Searchable Database v1.2.6 were used as an example of available donors to use in the selection process.
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The Jensen-Shannon Distance

The Jensen-Shannon Distance is used as a metric for scoring the difference between the two probability distributions. This metric was used since it is symmetrical version of the Kullback-Leibler Divergence. As we are using the natural log in the Kullback-Leibler Divergence definition, the Jensen-Shannon Distance is bounded by 0 and [image: image]. It is defined by the following equation:

[image: image]

where:

D(P||Q) is the Kullback-Leibler divergence of probability distributions a and b.

λ is a scaling factor for the two distribution (1/2 is generally used).

P is the probability distribution of the Sample of interest.

Q is the probability distribution of the Target Population (Background Distribution).

M is the mean of both distributions defined as:

[image: image]

The Kullback-Leibler Divergence is defined as:

[image: image]

where:

A is the union of all alleles in the target and sample populations.



Simulated Annealing

A Simulated Annealing algorithm (Figure 1) was used to optimize selection of a sample cohort through iterative resampling of the population. The algorithm allows for the user to select a sample size (N), as well as refine the parameters: number of iterations (I), temperature decrease (α), number of changes (C).


[image: Figure 1]
FIGURE 1. A description of the SampPick algorithm. The user inputs a background distribution, a set of available samples and/or a sample to test, and parameters for the algorithm. The algorithm will proceed for the prescribed number of iterations, making substitutions to the samples chosen in order to obtain the sample closest to the background distribution ranked by Jensen-Shannon Distance.


The purpose of this algorithm is to accept changes to the selected cohort which will decrease the JSD between the cohort chosen and target distribution. The reason it will accept non-optimal changes in step VII (ii) is to allow the algorithm to avoid getting stuck on local minima and have a chance to fully explore the search space. It should be noted that the probability of accepting non-optimal changes decreases exponentially over time.


I. The starting temperature is set to 1.

II. A random sample of size N is first selected by the algorithm.

III. This sample is scored using the Jensen-Shannon Distance (JSD) described above.

IV. C members of the sample are replaced with new subjects from the available samples.

V. The subjects removed from the sample are put back into the available samples.

VI. This sample is scored using the JSD.

VII. This new sample will be accepted if either of two criteria are true:

i. The new sample has a lower JSD score.

ii. A number drawn from a uniform distribution, U (0,1), is less than the current temperature.

VIII. The current temperature is multiplied by (1-α).

IX. Return to step 4 while the number of iterations is below the target number of iterations.

X. Output an optimized sample to the user.



The algorithm is written in Python (14). All visualizations were created in R Core Team (15) using the ggplot2 package (16) or in Python using matplotlib (17).



Parameter Testing

The algorithm was run using the background population of interest and available sample mentioned above. Sample sizes of 10, 20, 30, 40, 50, 75, and 100 were chosen from the available sample of 159 subjects. The number of substitutions during each iteration was all discrete values from 1 to 10. The number of iterations test were: 102, 103, 104,105, and 106 with corresponding values for α of: 0.2, 0.02, 0.002, 0.0001, and 0.00001. These values of α were chosen to allow for the exponential decay of the temperature over the respective number of iterations to approach 0 with sufficient speed.

It should be noted that parameters are highly sensitive to the inputs given and it is often best to try a number of combinations of parameters (as seen in section Optimizing Number of Iterations, Size of Replacement Sub-set, and Cohort Size for Simulated Annealing) to get the best results.




RESULTS


Workflow and Description of Computation Tool

We have developed a computational tool that uses a bio-repository of HLA typed cells, and a background distribution of allelic frequencies in the global population or a sub-population of choice. In this study we used an on-line catalog of HLA typed frozen cells, ePBMC® to evaluate the algorithm. The number of unique donors in the catalog fluctuates; at the time of our analysis there were cells from 159 unique donors listed who had non-ambiguous HLA-DRB1 typing. The workflow of the computational tool is illustrated in Figure 1 and described in the section Methods. In our testing of the software, we first developed trials to evaluate the parameters being used in the software. We then present instructive examples that show a variety of uses for this software.



Optimizing Number of Iterations, Size of Replacement Sub-set, and Cohort Size for Simulated Annealing

As illustrated in Figure 1, our computational tool selects a cohort from the available pool of donors. The input parameters for simulated annealing are an important factor in finding the most compact, yet representative group of donors to use for an experiment. Our algorithm was tested using different numbers of iterations (100, 1000, 10000, 100000), various numbers of substitutions made per iteration (from 1 through 10) and different cohort sizes from 2 to 157.

The first parameter we evaluated is the number of iterations the algorithm runs for. The JSD scores decrease as one allows the algorithm to run longer. These extra iterations allow for more fine-tuning of the cohort selection. However, there is a limit to the usefulness of this fine-tuning and unnecessary iterations increase in computational time (and costs). We found that 10,000 iterations are optimal (Figure 2A) and used this number for evaluating the other parameters. It is important to note that the α parameter is directly related to the number of iterations chosen. An α needs to be chosen for each number of iterations such that (1 − α)i approaches 0 as i approaches the number of iterations. The values we used, as shown in section 2.5 could be used as a guideline for how quickly (1 − α)i approaches 0.


[image: Figure 2]
FIGURE 2. Optimizing SampPick's input parameters. The JSD score was calculated for 100 repetitions for each combination of: a sample size from 2–157, a number of iterations from 100 to 100,000, and a number of substitutions per iteration from 1 to 10. (A) The number of iterations for all test were compared and there is a clear decrease of scores as iterations increase. The decrease in JSD scores appears to diminish at 10,000 iterations. (B) Looking only at the tests with 10,000 iterations, the number of substitutions per iteration was examined. Simply making one substitution per iteration returned the lowest scores. (C) Looking at the tests with 10,000 iterations and 1 substitution per iteration, the JSD scores decrease as sample size increases. At a sample size of 82, the JSD score increases as sample size increases.


Using test runs that all had 10,000 iterations, we evaluated the number of changes allowed per iteration. In these tests we found that the lowest JSD scores were obtained when there was only one change made per iteration (Figure 2B).

The size of the cohort chosen is related to considerations outside of the scope of this algorithm including cost, samples availability, etc. We have assessed several different sample sizes using these original parameters of 10,000 iterations with an α of 0.002 and one change per iteration (Figure 2C). The variation in JSD scores in relation to sample size will be helpful for the user in deciding on an appropriate sample size.



Performance of the Computational Method and the Range of JSD Scores

Based on the results shown in Figure 2, the following parameters were selected for evaluating the performance of our algorithm: Cohort size (N) = 50; Replacement number per iteration (C) = 1, number of iterations (I) = 10,000. Using our pool of 159 subjects we randomly selected 10-million cohorts of 50 subjects each. The JSD scores for these (compared to the frequencies of HLA variants in the US population) are depicted in the histogram in Figure 3. We also used the same pool of subjects to run our algorithm to select 100 cohorts (of 50 subjects each). The mean of the JSD scores for the cohorts selected by our algorithm (0.11) was 7 standard deviations below the mean JDS scores for the random samples. In addition, 1,000 random sets of 100 alleles, drawn with replacement from the 30 most common in the North American population, were generated and scored according to JSD. These allele sets had the same number of alleles as a cohort of 50 donors, but the alleles were uniformly distributed with respect to HLA type. These sub-sets were used as a negative control to examine the scores of cohorts that were not drawn from the given population distribution at all. These cohorts of random alleles were found to have a higher JSD score than the random donor cohorts, 0.365. This progression of shows that while the random cohorts drawn from actual donors are more representative of the population of interest, the optimized samples that result from our algorithm are far better.


[image: Figure 3]
FIGURE 3. The range of Jensen-Shannon distances. (A) 10,000,000 random samples of 50 subjects were drawn from our pool of donors and their similarity to the background distribution of North Americans was calculated using JSD (Orange) with a median value of 0.281. Additionally, 100 samples were created using our optimization algorithm (Green). These 100 samples all had a sample size of 50 and were run using one substitution per iteration and 10,000 iterations. The scores obtained using the algorithm were roughly 7 standard deviations below the mean of the scores for the random samples with a median score of 0.110. In addition, 1000 sets of completely random alleles were selected (Blue). These random sets, which were meant as a negative control, have a median score of 0.365. (B) The frequency of alleles in the background distribution of alleles in the North American Population (blue) was compared to both the entire set of 159 subjects available (red) and a smaller subset of 50 subjects selected by the algorithm (green). Although the optimized sample is much smaller than the available samples, it is much closer to the desired distribution of alleles.


The frequencies of HLA alleles in the pool of 159 subjects compared to the frequencies of the same alleles in the US population (Figure 3A) illustrate considerable discrepancies. A much smaller cohort of 50 subjects drawn from this pool using our algorithm however shows a far closer match to the frequencies of HLA alleles in the population (Figure 3B).



The Diminishing Returns of Increasing Sample Size

One important utility of the SampPick algorithm is that not only does it choose samples that more closely match the population of interest, but it will often choose fewer samples than available in the pool. Figure 2C shows the JSD scores from 25 runs of the algorithm with sample sizes ranging from 2 to 157 (out of 159 available samples in the pool). It is not surprising that the JSD scores decrease as sample size increases from 2 to ~80. What is crucial for the setup of experiments using a limited donor pool such as this is that at a certain point the JSD score will start to increase, tending toward the sub-optimal score of the whole donor pool. Similar to the constraints imposed on a cohort of extremely small sizes, where it is not possible to generate a representative cohort with 2 to 7 subjects, larger cohorts with 152 or 157 samples are also constrained. In these almost complete sub-sets of the whole donor pool, the algorithm is only able to exclude small numbers of donors to match the population of interest. Our approach therefore not only results in cohorts more representative of the population but also (by limiting the size of the cohort) saves cost, labor, and time.



Is There a Need for Our Computational Method?
 
Assessing the Distribution of a Donor Cohort for an ex vivo Study of Inhibitor Development to Factor VIIa (FVIIa) Analogs Created to Reduce Immunogenicity

A cohort of 50 HLA-typed donors were used in T-cell proliferation and ELISA assays to assess the T-cell responses of three variants engineered to reduce the potential immunogenicity of FVIIa (18). In this experiment, donors were manually chosen with the intention of being representative of the North American allelic distribution. As shown in Figure 4, the optimized sample shows a closer match to the North American allelic distribution than the samples selected by hand. In addition to avoiding overrepresenting common alleles such as HLA-DRB1*15:01, HLA-DRB1*13:02 and HLA-DRB1*13:02, the algorithm selects alleles such as HLA-DRB1*04:02 and HLA-DRB1*04:03. The use of our algorithm caused a reduction of JSD from 0.198244 in the hand-picked sample to 0.111660 in the optimized sample.


[image: Figure 4]
FIGURE 4. Optimizing selection of a hand-picked donor cohort. A cohort of 50 HLA-typed donors were used in a T-cell proliferation and ELISA assay to assess the T-cell responses of three variants engineered to reduce the immunogenicity of a FVIIa. The frequency of each allele found in the assay is shown in black. The frequency of each allele in the optimized sample is shown in blue. The frequency of each allele in the background distribution of alleles in the North American population is shown in green. The use of our algorithm resulted in a reduction of JSD from 0.198244 in the hand-picked sample to 0.111660 in the optimized sample when each was compared to the background distribution of HLA variants in the US population.




Assessing a Cohort Used in a Clinical Study for Association of HLAs With Neutralizing Antibodies to Factor VIII (FVIII)

A cohort of 57 HLA typed subjects with Hemophilia A was used in a study of neutralizing antidrug antibodies to FVIII (19). As the study was conducted in the US, we estimated the JSD score (0.29) between this cohort and the North American population with respect to HLA-DRB1 allele frequency (Figure 5A). We also generated 1,000,000 random samples of 57 subjects each from the ePBMC samples to obtain a distribution of JSD scores from this population. Since the population in the study and the source of the ePBMC samples is similar (North American), it is not surprising that the study population fit within this distribution. We then ran our algorithm 100 times to create optimized samples from the same pool of ePBMCs. These optimized samples have a much lower JSD score when compared to the allele frequencies in the North American population. In addition to showing a global decrease in the JSD score (Table 3), we also demonstrate that compared to the study cohort our optimized cohort better matches the frequencies of individual HLA variants in the North American population (Figure 5B). Our analysis illustrates that the distribution of HLA alleles in a typical clinical study is sub-optimal if the aim is to have a cohort that is representative of the general population.


[image: Figure 5]
FIGURE 5. Optimizing a cohort with donors from the same sub-population as the population of interest. (A) A cohort of 57 HLA typed subjects forming the control group in a clinical study were analyzed using the algorithm. The study population had a JSD score which fit within the normal bounds for a population size of randomly selected donors from our available samples (red). However, 100 samples of the same size (green) were created from the same available samples using the algorithm. These optimized samples had a significantly lower JSD score. (B) An analysis of one of these optimized samples (blue) show that it is much closer in distribution to North American Population (green) than study sample (gray).



Table 3. A summary of studies that were analyzed in the testing of SampPick.

[image: Table 3]



Comparing the Distribution of HLA Variants in a Biased Cohort, Randomly Selected Individuals, and a Cohort Optimized Using SampPick

A study carried out in Iraq (20) recruited self-selecting individuals from a hospital and not a randomly selected cohort. This cohort has a much higher JSD score than the distribution of JSD scores of 1,000,000 randomly selected 48 individual samples from the ePBMC® databank as compared to a background distribution of Middle Eastern and North African donors due to the inclusion of some very rare alleles (i.e., DRB1*14:02) (Figure 6A). An optimized cohort of 48 subjects had a lower JSD score when compared to either the randomly selected subjects or the subjects included in the study (Figure 6A). This analysis provides another example where study subjects are sub-optimal with respect to distribution of HLA variants (Figure 6B).


[image: Figure 6]
FIGURE 6. Optimizing a cohort with donors from a different sub-population as the population of interest. (A) A similar analysis was performed on the 90 HLA typed subjects who formed the control group of a study on the relationship between HLA-DRB1 type and psoriasis in Iraq. The control population being analyzed was not randomly selected and as such is very different from a background distribution of Middle Easterners/North Africans Donors in the United States. In addition, 1,000,000 million randomly selected samples from a North American cohort of were selected and compared to this same background distribution (red). One hundred optimized samples created from these available North American samples (green) were much closer to the target Middle Eastern/North African population even though they were chosen from a group of general North American Donors. (B) The distribution of alleles one of the optimized sample (blue) is much closer to the target background distribution (green) than the control group in the study (gray).




Evaluating the Distribution of HLA Variants in Cohort of Subjects With Rheumatoid Arthritis (RA) Using SampPick

A study by Lee et al. (21) evaluated 1364 HLA typed Korean subjects, 744 patients with RA and 620 healthy controls. Consistent with previous findings, this study demonstrated an association between some HLA haplotypes and RA. We computed the JSD scores for the HLA alleles in the patient population and control subjects as well as a distribution of theoretical samples drawn from the pool of alleles in the population, weighted by allele frequencies found on the Allele Frequencies Net Database (22, 23) (Figure 7A). While the large sample sizes of these theoretical groups coupled with the fact that they were drawn using the theoretical frequencies of the background distribution should render a nearly perfect match, the results show that they still have some distance from the background distribution, with median scores of 0.062 and 0.067. The distribution of HLA alleles in both populations deviated from the distribution of alleles in the Korean population (JSD scores of 0.1289 and 0.2398 for the control and RA populations, respectively) (Table 3). This finding is consistent with our findings in Figures 4–6 and shows that the relative frequencies of HLA variants in randomly picked individuals, deviates from that found in the population. This bias could be due to some bias in either the sample selected or in the background distribution. However, the difference between the JSD scores for the control and patient populations suggests that specific alleles are represented in the patient population. Figures 7B,C show that the differences in allelic distribution is due to large discrepancies in certain HLA-DRB1 alleles in the RA cases as compared to the Korean population that are not exhibited in the controls.
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FIGURE 7. Comparing case and control samples to a sub-population without using optimization. (A) An analysis of the relationship between HLA-DRB1 alleles and rheumatoid arthritis (RA) cases in Korean patients show another use for this program. Similarly, sized samples were made for both the 744 RA cases (red) and 620 controls (blue) based on the distribution of HLA-DRB1 Alleles in the Korean population. These samples were created by drawing random alleles from the background population weighted by the calculated frequencies and are expected to be very similar to the background distribution. These samples still have some distance from the background distribution. (median scores of 0.062 and 0.067, respectively). The control (blue dashed line) is much closer to the background distribution than the cases (red dashed line) indicating that the control group is a better match to the background distribution. (B,C) While (A) shows that there is a difference between the cases and control groups, output from SampPick show that the frequency distribution of the control group (B, green) match up with the background distribution of alleles in the Korean population (B, gray). The over-representation of certain alleles in the cases group (C, green), specifically DRB1*04:05 and DRB1*09:01 is easily identifiable in this graph.






DISCUSSION

In the last decade novel and critical medical interventions have revolutionized the treatment of many devastating diseases. Their immunogenic potential poses a critical safety and efficacy threat. Therefore, immunogenicity needs to be considered at every step of drug-development and licensure (8). For most biologics, immunogenicity risk is evaluated thought clinical trials, but the size of the trial (and donors for ex vivo non-clinical immunogenicity assessments) can range from thousands of patients to <100, depending on the disease. A critical unresolved concern when setting up clinical trials is that adequate and representative HLA distribution is achieved so that the results can be extrapolated to the affected population. Multiple studies have shown that HLA alleles play a central role in the immunological cascade and some immune responses are HLA-restricted (24). The HLA repertoire is the most diverse in the human genome and different HLA alleles occur at different frequencies in different human sub-populations (23). This is illustrated by the difference in relative frequencies of HLA alleles between human ethnicities (25, 26) disease conditions (27, 28), etc. Currently, given the difficulties of putting together a cohort that is representative of the HLA repertoire, most studies do not even collect information on the HLAs represented in the cohort. As shown above, based on a JSD-score (see methods and results) the HLA distribution of study subjects in some studies where HLA typing was performed (Figures 4–7) was not representative of the population from which the population was drawn. This is expected as we find that the HLA distributions of as many as 700 randomly selected individuals deviates from the distribution of HLA variants in the same population to some degree (Figure 7A), but larger trials are expensive, and can delay the access of patients to drugs.

One proposed solution to the seemingly intractable problem of generating a reasonably-sized cohort that includes HLA variants at frequencies comparable to any desired population is to use simulated annealing (29). As previously discussed, self-section bias and the “healthy donor effect” (12, 30) will cause for some bias in the available samples in a blood bank. If a cohort of donors is selected from these biased samples, the HLA allele distribution will closely match unknown, biased population of blood donors rather than the target population. To counteract this, samples can be compared to a known distribution. We assume that the actual distribution of HLA alleles in a population is known or can be estimated using larger samples such as the Be the Match® bone marrow donor registry (13). By optimizing cohort selection to a known distribution, rather than randomly sampling a biased sub-population, the selected cohort of subjects will be a better match of HLA type distribution.

For instance, we demonstrate an improvement in the JSD-score for cohorts of 50 subjects selected using SampPick that is 7 standard deviations below the mean score of 10-million randomly selected cohorts of 50 each (Figure 3A). Importantly, the cohorts of 50 generated using SampPick were constructed from a pool of only 159 HLA typed donors. This indicates that this tool can improve the HLA distribution efficiency of subject selection even in the absence of large numbers of available subjects.

A second advantage of the SampPick algorithm is the ability to generate cohorts based on background distributions of any type. As is seen in the case of RA patients in Korea, the distribution of allele is different than the distribution in healthy donors (Figures 7B,C). By using the frequencies in this background distribution, one could use the algorithm to select a donor cohort to more closely match Korean RA patients. In this case, a chosen population would more closely match the population of people who are receiving a certain treatment.

A third advantage of the SampPick algorithm is the ability to make donor cohorts the match a given subpopulation while drawing from any donor pool. Two insights are gained from the analysis of the cohort of patients from in Iraq (20) (section Is There a Need for Our Computational Method?). First, the scores of randomly chosen samples from a catalog of North American donors is higher when compared to a background distribution of alleles in a population of Middle Eastern/North African donors, medians of 0.32 vs. 0.27 (Table 3); second, optimized samples selected from North American donors, compared to a Middle Eastern/North African background distribution, have a higher score than optimized samples selected from North American donors compared to the North American background distribution. These results should be obvious as drawing a sample from one distribution that would match a completely different distribution by chance while possible; is extremely unlikely. What is notable is that the samples from the catalog of North American donors, optimized to match the Middle Eastern/North African allelic frequencies outperformed random selections of North American donors compared to the North American allelic frequencies. This exhibits the flexibility in the allelic distribution of donor pools while selecting a cohort matching a given sub-population's allelic distribution.

In clinical studies it may often be impractical to use HLA typing as an acceptance or rejection criterion. In addition, specific HLAs may be more frequent in certain disease populations. Further, the risk of developing NABs varies for different therapeutics. This makes it difficult to justify selection of subjects based on their HLA. Nonetheless, as HLA typing becomes more accessible, there is value in evaluating the HLA distribution in the trial cohorts and any deviation between the study population from the population that will be treated. This information can contribute to the totality of the evidence used to evaluate the immunogenicity risk of a therapeutic or a class of products, which includes experience with similar proteins, presence of a comparable endogenous protein, results from non-clinical ex vivo studies, etc. Post-marketing, patients with HLA alleles not included in the clinical study but adjudged high-risk based on secondary non-clinical evidence could be monitored more carefully, bringing us closer to personalized medicine.

Another potential application of SampPick is during the development of generic peptides. Peptides smaller than 40 amino acids are considered small molecule drugs and not biologics. In the US, once regulatory protection expires, it may be possible to develop generic copies of synthetic peptides, however; concern about their immunogenicity potential can preclude their licensing in the absence of clinical trials. In some instances, when the immunogenicity of the product is well-understood, bio-analytical studies can provide sufficient information to establish that the generic versions do not pose an increased immunogenicity risk in the absence of clinical trials (5). Such approaches require multiple bioanalytical, in silico, and in vitro immunological assessments and commonly include assays (e.g., ELISpot assays, T-cell proliferation assays and DC-T assays) that use human PBMC (10). To ensure that these methods provide a meaningful assessment of clinical risk it would be advantageous to use cells from a cohort of donors that is representative of the population that will receive the drug. Such a cohort can be aided by using SampPick to select the donors. Catalogs of banked HLA typed blood and PBMC samples are readily available and we have demonstrated that it is possible to use one such catalog with a listing of 159 donors to generate a cohort of 50 with HLA frequencies comparable to those observed in the US population (Figure 4). Finally, it is increasingly recognized that some HLAs are associated with specific diseases (28) and can have an impact on the responses to medications (31, 32). In studies designed to identify or validate such associations SampPick could prove to be a useful tool.

One potential drawback to SampPick is that it is used on a single feature in our test cases, HLA-DRB1. This is not a problem when working under the assumption that there is a genotype that is the main driver of a systemic response; however, this could be an issue when using this method in other situations. For instance, it has been demonstrated (33) that for peptides derived from the Dengue Virus the overall magnitude of CD4+ T cell responses is higher in HLA-DRB1 compared to other HLA class II alleles. However, when antigens (proteins) encoded by the Dengue polyprotein were tested, for some of the proteins the magnitude of CD4+ T cell response was higher for HLA-DQ or HLA-DP. Thus, in designing experiments for cases where alleles other than HLA-DRB1 are of interest our software allows addition of a functionality for the creation of individual features describing combinations of multiple alleles. This extension of the software is described in the documentation and enables the users to optimize populations for other biallelic traits, haplotypes or phenotypic traits which may find applications in pharmacogenomic studies. It is worth noting that the increasingly smaller joint frequencies of combinations of alleles or traits will most likely require larger sample sizes to ensure adequate coverage of genotypic combinations.

Additionally, the efficacy of this algorithm is dependent on the sample from which to draw from. While we have shown that cohorts with HLA distributions representing racially different populations can be created using the same pool of donors, it is preferable to use a pool of donors that is similar to the desired population. This is shown in the comparison of the two examples of sample optimization (Figures 6A, 7A). A sample of North American donors was used to generate two cohorts: (i) Matching the HLA distribution of the North American population and (ii) matching the HLA distribution of the Middle Eastern/North African population. We obtained lower JSD scores for the former compared to the latter (0.108 vs. 0.168).

In summary, we have described the development of a computational tool, SampPick, that can be used to assess the distribution of HLA frequencies in cohort of subjects as well as to generate a cohort that is closely matched vis-à-vis HLA frequencies to a target population. We have also provided several examples showing that SampPick could prove useful during the selection of patients or blood donors to improve the development of protein therapeutics, therapies that target the immune system and in clinical studies that evaluate these products. The use of this tool can facilitate the translation of results from ex-vivo studies and clinical trials to the patient population.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

JM and OY conceptualized and designed the study under the supervision of HY and ZS. Data acquisition was performed by JM and OY. Software and data visualizations were created by JM. Writing of the original draft was performed by DV, JM, OY, and ZS. Editing and review of the manuscript was performed by DV, JM, HY, OY, and ZS.



FUNDING

This project was supported in part by an appointment to the Research Participation Program at CBER, US Food and Drug Administration, administered by the Oak Ridge Institute for Science and Education through an interagency agreement between the US Department of Energy and FDA.



ACKNOWLEDGMENTS

The authors would like to thank Prof. Loren Gragert for helpful discussions.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.02894/full#supplementary-material

Software is available for download at: https://www.github.com/fda/SampPick.

Supplementary Table 1. The weighted and scaled frequencies of HLA-DRB1 variants in the North American population.



REFERENCES

 1. Philippidis A. Top 15 best-selling drugs of 2018. Genet Eng Biotechnol News. (2019) 39:16–17. doi: 10.1089/gen.39.04.07

 2. Mahlangu JN, Weldingh KN, Lentz SR, Kaicker S, Karim FA, Matsushita T, et al. Changes in the amino acid sequence of the recombinant human factor VIIa analog, vatreptacog alfa, are associated with clinical immunogenicity. J Thromb Haemost. (2015) 13:1989–98. doi: 10.1111/jth.13141

 3. Casadevall N, Nataf J, Viron B, Kolta A, Kiladjian JJ, Martin-Dupont P, et al. Pure red-cell aplasia and antierythropoietin antibodies in patients treated with recombinant erythropoietin. N Engl J Med. (2002) 346:469–75. doi: 10.1056/NEJMoa011931

 4. Ridker PM, Tardif JC, Amarenco P, Duggan W, Glynn RJ, Jukema JW, et al. Lipid-reduction variability and antidrug-antibody formation with bococizumab. N Engl J Med. (2017) 376:1517–26. doi: 10.1056/NEJMoa1614062

 5. US Food and Drug Administration. ANDAs for Certain Highly Purified Synthetic Peptide Drug Products That Refer to Listed Drugs of rDNA Origin, Guidance for Industry. Silver Spring, MD: US Food and Drug Administration (2017).

 6. Kalden JR, Schulze-Koops H. Immunogenicity and loss of response to TNF inhibitors: implications for rheumatoid arthritis treatment. Nat Rev Rheumatol. (2017) 13:707–18. doi: 10.1038/nrrheum.2017.187

 7. Rosenberg AS, Sauna ZE. Immunogenicity assessment during the development of protein therapeutics. J Pharm Pharmacol. (2018) 70:584–94. doi: 10.1111/jphp.12810

 8. Sauna ZE, Lagasse D, Pedras-Vasconcelos J, Golding B, Rosenberg AS. Evaluating and mitigating the immunogenicity of therapeutic proteins. Trends Biotechnol. (2018) 36:1068–84. doi: 10.1016/j.tibtech.2018.05.008

 9. US Food and Drug Administration. Immunogenicity Assessment for Therapeutic Protein Products. US Food and Drug Administration (2014).

 10. Jawa V, Cousens LP, Awwad M, Wakshull E, Kropshofer H, De Groot AS. T-cell dependent immunogenicity of protein therapeutics: Preclinical assessment and mitigation. Clin Immunol. (2013) 149:534–55. doi: 10.1016/j.clim.2013.09.006

 11. Williams TM. Human leukocyte antigen gene polymorphism and the histocompatibility laboratory. J Mol Diagn. (2001) 3:98–104. doi: 10.1016/S1525-1578(10)60658-7

 12. Golding J, Northstone K, Miller LL, Davey Smith G, Pembrey M. Differences between blood donors and a population sample: implications for case-control studies. Int J Epidemiol. (2013) 42:1145–56. doi: 10.1093/ije/dyt095

 13. Gragert L, Madbouly A, Freeman J, Maiers M. Six-locus high resolution HLA haplotype frequencies derived from mixed-resolution DNA typing for the entire US donor registry. Hum Immunol. (2013) 74:1313–20. doi: 10.1016/j.humimm.2013.06.025

 14. Python Core Team. Python: A Dynamic, Open Source Programming Language. Amsterdam: Python Software Foundation (2015). Available online at: https://www.python.org

 15. R Core Team. R: A Language and Environent for Statistical Computing. Vienna: R Foundation for Statistical Computing (2019). Available online at: https://www.R-project.org/

 16. Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York, NY: Springer-Verlag (2016). doi: 10.1007/978-3-319-24277-4_9

 17. Hunter J. Matplotlib: a 2D graphics environment. Comput Sci Eng. (2007) 9:90–5. doi: 10.1109/MCSE.2007.55

 18. Jankowski W, McGill J, Lagasse HAD, Surov S, Bembridge G, Bunce C, et al. Mitigation of T-cell dependent immunogenicity by reengineering factor VIIa analogue. Blood Adv. (2019) 3:2668–78. doi: 10.1182/bloodadvances.2019000338

 19. Kempton CL, Payne AB. HLA-DRB1-factor VIII binding is a risk factor for inhibitor development in nonsevere hemophilia: a case-control study. Blood Adv. (2018) 2:1750–5. doi: 10.1182/bloodadvances.2018019323

 20. Zalzala HH, Abdullah GA, Abbas MY, Mohammedsalih HR, Mahdi BM. Relationship between human leukocyte antigen DRB1 and psoriasis in Iraqi patients. Saudi Med J. (2018) 39:886–90. doi: 10.15537/smj.2018.9.23156

 21. Lee HS, Li W, Lee A, Rodine P, Graham RR, Ortmann WA, et al. Microsatellite typing for DRB1 alleles: application to the analysis of HLA associations with rheumatoid arthritis. Genes Immun. (2006) 7:533–43. doi: 10.1038/sj.gene.6364325

 22. Huh JY, Yi DY, Eo SH, Cho H, Park MH, Kang MS. HLA-A, -B and -DRB1 polymorphism in Koreans defined by sequence-based typing of 4128 cord blood units. Int J Immunogenet. (2013) 40:515–23. doi: 10.1111/iji.12067

 23. Faviel González-Galarza F, Louise Takeshita YC, Eduardo Santos JM, Kempson F, Maria Helena Maia T, et al. Allele frequency net 2015 update: new features for HLA epitopes, KIR and disease and HLA adverse drug reaction associations. Nucleic Acids Res. (2014) 43: D784–8. doi: 10.1093/nar/gku1166

 24. De Groot AS, Scott DW. Immunogenicity of protein therapeutics. Trends Immunol. (2007) 28:482–90. doi: 10.1016/j.it.2007.07.011

 25. Bergstrom TF, Josefsson A, Erlich HA, Gyllensten U. Recent origin of HLA-DRB1 alleles and implications for human evolution. Nat Genet. (1998) 18:237–42. doi: 10.1038/ng0398-237

 26. Buhler S, Sanchez-Mazas A. HLA DNA sequence variation among human populations: molecular signatures of demographic and selective events. PLoS One. (2011) 6:e14643. doi: 10.1371/journal.pone.0014643

 27. de Bakker PI, McVean G, Sabeti PC, Miretti MM, Green T, Marchini J, et al. A high-resolution HLA and SNP haplotype map for disease association studies in the extended human MHC. Nat Genet. (2006) 38:1166–72. doi: 10.1038/ng1885

 28. Dendrou CA, Petersen J, Rossjohn J, Fugger L. HLA variation and disease. Nat Rev Immunol. (2018) 18:325–39. doi: 10.1038/nri.2017.143

 29. Kirkpatrick S, Gelatt CD, Vecchi MP. Optimization by Simulated Annealing. Read Computer Vis. (1983) 220:671–80. doi: 10.1126/science.220.4598.671

 30. Atsma F, Veldhuizen I, Verbeek A, de Kort W, de Vegt F. Healthy donor effect: its magnitude in health research among blood donors. Transfusion. (2011) 51:1820–28. doi: 10.1111/j.1537-2995.2010.03055.x

 31. Bharadwaj M, Illing P, Theodossis A, Purcell AW, Rossjohn J, McCluskey J. Drug hypersensitivity and human leukocyte antigens of the major histocompatibility complex. Annu Rev Pharmacol Toxicol. (2012) 52:401–31. doi: 10.1146/annurev-pharmtox-010611-134701

 32. Mosaad YM. Clinical role of human leukocyte antigen in health and Disease. Scand J Immunol. (2015) 82:283–306. doi: 10.1111/sji.12329

 33. Grifoni, Moore E, Voic H, Sidney J, Phillips E, Jadi R, et al. Characterization of magnitude and antigen specificity of HLA-DP, DQ, DRB3/4/5 restricted DENV-specific CD4+ T cell responses. Front Immunol. (2019) 10:1568. doi: 10.3389/fimmu.2019.01568

Conflict of Interest: The 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 © 2019 McGill, Yogurtcu, Verthelyi, Yang and Sauna. 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.












	
	ORIGINAL RESEARCH
published: 13 January 2020
doi: 10.3389/fimmu.2019.03069






[image: image2]

Neutralizing Anti-Rituximab Antibodies and Relapse in Membranous Nephropathy Treated With Rituximab

Sonia Boyer-Suavet1,2, Marine Andreani1, Maël Lateb3, Benjamin Savenkoff3, Vesna Brglez2, Sylvia Benzaken4, Ghislaine Bernard4, Patrick H. Nachman5, Vincent Esnault1,2† and Barbara Seitz-Polski1,2,4*†


1Service de Néphrologie-Dialyse-Transplantation, CHU de Nice, Université Côte d'Azur, Nice, France

2CRMR SNI, CHU de Nice, Université Côte d'Azur, Nice, France

3Service de Néphrologie, Dialyse et Aphérèse Thérapeutique, CHR Metz-Thionville, Thionville, France

4Laboratoire d'Immunologie, CHU de Nice, Université Côte d'Azur, Nice, France

5Division of Renal Diseases and Hypertension, University of Minnesota, Minneapolis, MN, United States

Edited by:
Elizabeth C. Jury, University College London, United Kingdom

Reviewed by:
Luuk Hilbrands, Radboud University, Netherlands
 Maria Leandro, University College London Hospitals NHS Foundation Trust, United Kingdom

*Correspondence: Barbara Seitz-Polski, seitz-polski.b@chu-nice.fr

†These authors share last authorship

Specialty section: This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology

Received: 16 September 2019
 Accepted: 16 December 2019
 Published: 13 January 2020

Citation: Boyer-Suavet S, Andreani M, Lateb M, Savenkoff B, Brglez V, Benzaken S, Bernard G, Nachman PH, Esnault V and Seitz-Polski B (2020) Neutralizing Anti-Rituximab Antibodies and Relapse in Membranous Nephropathy Treated With Rituximab. Front. Immunol. 10:3069. doi: 10.3389/fimmu.2019.03069



Membranous Nephropathy (MN) is an autoimmune disease associated with antibodies against podocyte proteins: M-type phospholipase A2 receptor (PLA2R1) or thrombospondin type-1 domain-containing 7A (THSD7A) in 70 and 3% of patients, respectively. Antibody titer is correlated with disease activity: rising during active disease and decreasing before remission. Therefore, decreasing PLA2R1-Antibodies titer has become an important goal of therapy. Rituximab a chimeric monoclonal antibody induces remission in 60–80% of primary MN patients. All monoclonal antibodies such as rituximab can elicit antidrug antibodies, which may interfere with therapeutic response. We aim to analyze the relevance of anti-rituximab antibodies on the outcome of MN after a first course of rituximab. Forty-four MN patients were included and treated with two 1 g infusions of rituximab at 2-weeks interval. Anti-rituximab antibodies, CD19 count, and clinical response were analyzed. Then, we (i) analyzed the association of anti-rituximab antibodies at month-6 with response to treatment: remission, relapse and the need for another rituximab course; (ii) confirmed if anti-rituximab antibodies could neutralize rituximab B-cells depletion; and (iii) tested whether anti-rituximab antibodies could cross-inhibit new humanized anti-CD20 therapies. Anti-rituximab antibodies were detected in 10 patients (23%). Seventeen patients received a second rituximab course after a median time of 12 months (7–12), following nine cases of resistance and eight relapses. Anti-rituximab antibodies were significantly associated with faster B-cell reconstitution at month-6 (75 [57–89] vs. 2 [0–41] cells/μl, p = 0.006), higher proteinuria 12 months after rituximab infusion (1.7 [0.7; 5.8] vs. 0.6 [0.2; 3.4], p = 0.03) and before treatment modification (3.5 [1.6; 7.1] vs. 1.7 [0.2; 1.7] p = 0.0004). Remission rate 6 months after rituximab was not different according to anti-rituximab status (p > 0.99) but the rate of relapse was significantly higher for patients with anti-rituximab antibodies (p < 0.001). These patients required more frequently a second course of rituximab infusions (7/10 vs. 10/34, p = 0.03). Anti-rituximab antibodies neutralized rituximab activity in 8/10 patients and cross-reacted with other humanized monoclonal antibodies in only two patients. Three patients with anti-rituximab antibodies were successfully treated with ofatumumab. Anti-rituximab antibodies could neutralize rituximab B cells cytotoxicity and impact clinical outcome of MN patients. Humanized anti-CD20 seems to be a satisfying therapeutic alternative for patients with anti-rituximab antibodies and resistant or relapsing MN.

Keywords: membranous nephropathy, rituximab, anti-CD20 monoclonal antibody, immunogenicity, immuno-monitoring


INTRODUCTION

Membranous Nephropathy (MN) is a renal autoimmune disease defined by sub-epithelial immune complex deposits inducing a dysfunction of the glomerular basement membrane. Most cases are associated with antibodies against podocyte proteins: M-type phospholipase A2 receptor (PLA2R1) or thrombospondin type-1 domain-containing 7A (THSD7A) in 70% and 3% of patients, respectively (1, 2). The pathogenic role of anti-PLA2R1 antibodies (PLA2R1-Ab) is not yet demonstrated, but antibodies titers correlate with disease activity i.e., rising during active phases and decreasing before clinical remission (3). One third of patients enter inyo spontaneous remission while another third progresses to end stage kidney disease (4). High titers of PLA2R1-Ab at diagnosis are associated with poor clinical outcome (5). Reducing anti-PLA2R1 antibody levels is a major goal of treatment.

Rituximab is a chimeric monoclonal antibody including human IgG1 constant regions and a murine anti-human CD20 variable region which can lyse lymphocytes B (CD20+ cells) (6). Rituximab was first used in non-Hodgkin lymphoma treatment (7), but is now used in many auto-immune diseases (8–13) including MN (3, 14–17), with an excellent efficacy and tolerability in comparison to more conventional treatment regimens (18, 19). In fact, rituximab induced clinical remission in 60–80% of patients with primary MN in several non-randomized studies (3, 14–16) and its efficacy was established in a recent controlled study after an extended follow-up (17). Rituximab efficacy increases with regimens using high doses (1 g D0 and D15 i.e., 2 g) with 67% of remission at month-6 vs. low doses (375 mg/m2 D0 and D7 i.e., 1.4 g) with 33% of remission at month-6 (20).

While rituximab efficacy seems to be well-established in MN, many factors could modify rituximab response. Rituximab pharmacokinetic is largely variable among patients, related to genetic factors or disease, which could impact on B-cell lysis and clinical response (21–23). However, rituximab may be lost in the urine of nephrotic patients and a close monitoring of rituximab residual level could help to retreat patients underexposed to rituximab after a first line (23, 24). Some cases of resistance after rituximab have been described in lymphoma by a decreasing of CD20 expression after repeated rituximab therapies (25). Moreover, monoclonal antibodies such as rituximab can elicit antidrug antibodies, which may interfere with therapeutic response.

First generation fully murine monoclonal antibodies led to very high levels of antidrug antibodies and the murine constant region of these antibodies interacted poorly with human FcRn on endothelial cells with little recycling and rapid clearance from the body. In second-generation chimeric monoclonal antibodies, such as rituximab, human constant regions replaced the corresponding murine regions, resulting in decreased immunogenicity and increased serum residual levels. Humanized or fully human monoclonal antibodies were later developed to further decrease immunogenicity. For example, IgG antibodies to infliximab developed in about 60% of patients with Crohn's disease blunting treatment response (26). In six multinational trials evaluating bococizumab, a monoclonal antibody targeting PCSK9, antidrug antibodies significantly attenuated the decreasing of LDL cholesterol levels (27). A recent study demonstrated that immunization to rituximab is more frequent in systemic autoimmune diseases (31.1%) than rheumatoid arthritis (8.6%) (28). In pemphigus vulgaris and ANCA-associated vasculitis, patients with anti-rituximab antibodies presented disease relapses (11, 12). In systemic lupus erythematosus (SLE), antibodies to rituximab correlated with poor B-cell depletion and negative outcomes (22), impaired normalization of dsDNA titers and predict infusion-related reactions (29). In previous MN studies, Fervenza et al. detected anti-chimeric rituximab antibodies in 6 of 15 patients but these antibodies were not associated with remissions (16).

The improved patient-outcomes and cost-effectiveness have led to the development of other anti-B cells agents (30). New monoclonal antibodies targeting CD20 are currently studied in non-Hodgkin lymphomas and autoimmune diseases (7, 31), including two humanized IgG1: obinutuzumab and ocrelizumab (Roche®); and a fully-human IgG1: ofatumumab (GSK®).

We aim to monitor development of anti-rituximab antibodies in a cohort of patients treated for primary MN and to assess whether resistance or relapse of MN after rituximab treatment could be associated with the development of anti-rituximab antibodies. We then tested whether new humanized and fully human anti-CD20 monoclonal antibodies could be used as therapeutic alternatives.



MATERIALS AND METHODS


Drug Minimal Cytotoxic Concentration Assessment

We assessed in vitro minimal anti-CD20 monoclonal antibody cytotoxic concentration. Anti-CD20 monoclonal antibodies (rituximab, obinutuzumab, ocrelizumab and ofatumumab) at 6.25, 12.5, 25, and 50 ng/ml were incubated with 1.5 × 103 purified B-cells (MACSprepTM HLA B Cell Isolation Kit, Milteny Biotec) for 30 min at room temperature in 60-well Terasaki plates (Dutcher© Strasbourg, France) in duplicates of 1 μl per well. Then, 5 μl per well of standard rabbit complement (Cerdarlane© Ontario, Canada) were added for 45 min at room temperature. Dead cells were then revealed after adding 2.5 μl per well of Fluoroquench AO/EB staining/quench (Ingen© Chilly-Mazarine, France) for 10 min in darkness.

Two blinded independent evaluators read the percentage of dead cells using a fluorescent microscope (Axiovert 100 Carl Zeiss© Göttigen, Germany).



Patient Population

Patients were included after signing informed consent (NCT02199145). They were recruited in Nice in the Department of Nephrology-Dialysis-Transplantation at Pasteur University Hospital between July 2014 to January 2018. Inclusion criteria were: (a) biopsy-proven MN; (b), idiopathic MN defined by the absence of anti-nuclear antibodies, negative hepatitis B and C serologies, and negative cancer investigations (whole-body CT-scan, gastro-intestinal endoscopy, PSA for men and mammography for women); (c) persistent nephrotic proteinuria (i.e., urinary protein/creatinine ratio >3.5 g/g) after 6 months of maximal antiproteinuric treatment or early deterioration of kidney function, or complications of the nephrotic syndrome; (d) follow-up of at least 1 year.

Patients received two 1 g infusions of rituximab at 2-weeks interval after 6 months of symptomatic treatment and persistent nephrotic syndrome or earlier in cases of kidney failure or thrombosis. Patients did not receive concomitant immunosuppressive treatments except 100 mg of methylprednisolone dose at each rituximab infusion according to protocol. Serum and urine samples were prospectively collected before the first infusion, at months 3, 6, and 12 to measure rituximab serum levels, and anti-PLA2R1 antibodies, CD19 positives cells, serum creatinine and proteinuria. Anti-rituximab antibodies were measured at month-3 and also month-6 due to their delayed ability to be detected. In fact, the assay only measures free anti-rituximab antibodies and before month-6, rituximab is still detected, and circulating antibodies link to the drug.

Remissions were defined according to the 2012 KDIGO guidelines. Complete remission was defined by a proteinuria <0.3 g/g with normal serum albumin levels and preserved kidney function. Partial remission was defined by proteinuria <3.5 g/g with over 50% reduction of proteinuria, increasing, or normalization of albuminemia levels and preserved kidney function (serum creatinine levels increase from baseline below 30%). Remissions were counted at month 6 and subsequently before any treatment modification. A relapse was defined by an increase of proteinuria over 3.5 g/g after remission and an increase of anti-PLA2R1 antibodies for PLA2R1 related MN.

A second course of rituximab was needed for resistance to a first course of rituximab (i.e., persistent anti-PLA2R1 activity for anti-PLA2R1 related MN and active disease, after 1 year of follow-up) or relapse [increasing proteinuria (active disease) after complete or partial remission and positive anti-PLA2R1 activity, for anti-PLA2R1 related-MN].



Detection of Anti-PLA2R1 and Anti-THSD7A Antibodies

Total IgG anti-PLA2R1 level was measured by ELISA (EUROIMMUN, Germany) and was considered positive above 14 RU. Total IgG anti-THSD7A was detected by indirect immunofluorescence (EUROIMMUN, Germany) at 1:10.



Measurement of Rituximab by ELISA

Serum rituximab level was measured by ELISA, according to the manufacturer's instructions (LISA- TRACKER, Theradiag© Croissy Beaubourg, France). This assay measures only free rituximab. The limit of detection defined by the manufacturer was 2 μg/ml, with an intrarun variability of 8% and interrun variability of 10%.



Anti-Rituximab Antibodies Detection

Anti-rituximab antibodies were detected by ELISA according to the manufacturer's instructions (LISA- TRACKER, Theradiag© Croissy Beaubourg, France). This assay measures only free anti-rituximab antibodies. The limit of detection for anti-rituximab antibodies defined by the manufacturer was 5 ng/ml with an intra-run variability being at 9.1% and inter-run variability at 10.6%.



Neutralization of Anti-CD20 Monoclonal Antibodies by Anti-Rituximab Antibodies in vitro

Serum samples incubated in the presence of rituximab were used to test the potential neutralizing effect of anti-rituximab antibodies.


In vitro Complement-Dependent Cytotoxicity Assay

B-cell cytotoxicity was measured in different conditions as described by Terasaki. Ten microliters of serum from patients with anti-rituximab antibodies were incubated with 10 μl of different anti-CD20 monoclonal antibodies (rituximab, obinutuzumab, ocrelizumab, or ofatumumab) at 50 ng/ml. Sera from healthy donors were used as negative controls. Each sample was pre-incubated for 2 h at room temperature, before adding 1.5 × 103 purified B-cells for a 30-min incubation at room temperature in 60-well Terasaki plates in duplicates of 1 μl per well. Then, 5 μl per well of standard rabbit complement were added for 45 min at room temperature. Dead cells were then revealed after adding 2.5 μl per well of Fluoroquench AO/EB staining/quench for 10 min in darkness. Two blinded independent evaluators estimated the percentage of dead cells using a fluorescent microscope.



Antibody-Dependent Complement-Independent Cell Cytotoxicity Assay

After a Ficoll separation, 1.8 × 106 peripheral blood mononuclear cells (PBMC) from healthy donor were incubated overnight at 4°C with 20 μl of anti-CD20 monoclonal antibodies (rituximab, obinutuzumab, ocrelizumab, or ofatumumab) at 50 ng/ml; pre-incubated with 20 μl of serum from patients with anti-rituximab antibodies or from healthy donor diluted at 1:2. All samples were heated at 54°C for 30 min to inhibit complement activity. Cell viability was assessed using 10 μl of tryptan blue added to 90 μl of PBMC incubated in each condition. Numbers of dead and alive cells were counted in four different fields. The cells were washed three times in 3 ml of PBS (Cell Wash BD Biosciences© Erembodegem, Belgium) at 4°C and incubated 30 min in darkness with a panel of antibodies specific for T, B, and NK cells: anti-CD3, anti-CD4, anti-CD8, anti-CD45, anti-CD19, anti-CD16 et CD56 (6-color TBNK Reagent BD Biosciences). Then, lysing Solution was added, and samples were incubated 10 min in darkness. The percentages of the T-lymphocytes (CD3+), B-lymphocytes (CD19+), and NK-cells (CD3- CD19-) were determined using Cytometer BD FACS Canto II.




Endpoints

We first compared the association of anti-rituximab antibodies at month-6 with response to treatment: remission, relapse and the need for a second course of rituximab. We then confirmed if anti-rituximab antibodies could neutralize rituximab B-cells depletion and tested whether anti-rituximab antibodies could cross-inhibit new humanized anti-CD20 monoclonal antibodies.



Statistical Analyses

For descriptive statistics, data are presented as median (ranges) (for variables with non-Gaussian distribution) or mean ± standard deviation (for variables with Gaussian distribution). We used the Shapiro-Wilk test to test if a variable has a normal distribution. Comparison of qualitative criteria was performed using Chi-square test or Fisher's exact test (according to the terms of use). Comparison of quantitative variables was performed using the Student t-test or Wilcoxon-Mann-Whitney test (according to normal distribution). A p < 0.05 indicated statistical significance. Survival curves were calculated using Kaplan-Meier estimates for survival distribution. Statistical analyses were performed using GraphPad Prism 7.0 (GraphPad Software, Inc., San Diego, CA).




RESULTS


Population Characteristics

A total of 44 patients with idiopathic MN treated with two perfusions of 1 g-rituximab at 2-weeks interval were included and followed for a median time of 30 months [24–60]: 35 (80%) had anti-PLA2R1 antibodies, two (4%) had anti-THSD7A antibodies, and seven patients (16%) were double negative (Figure 1). Table 1 shows the characteristics of the study cohort. All patients were on Renin-Angiotensin System inhibitor. Remission (partial or complete) was obtained in 35 of 44 patients (79%) in a median time of 3 months [3; 9] and nine patients were resistant to a first rituximab course. Residual serum rituximab level at month 3 was inversely correlated with proteinuria at month 6 (r = −0.70; p < 0.0001) (Supplementary Figure 1). After remission, eight patients relapsed in a median time of 15 months [10.5; 24]. At least, 17 patients were resistant or relapsed and benefited from a new therapeutic strategy in a median time of 12 months (7–12) (Table 2). Patients who required a second rituximab course exhibited an increase in proteinuria and anti-PLA2R1 antibodies titer before retreatment (Supplementary Figures 2A,B): we observed similar outcomes for relapsing and resistant patients (Supplementary Figures 3, 4). Twenty-seven patients were still in remission after one course of rituximab at last observation.


[image: Figure 1]
FIGURE 1. Primary membranous nephropathy cohort and outcomes. Flow chart of 44 primary membranous nephropathy patients and outcome after rituximab therapy. MN, membranous nephropathy; DN, double negative; ADA, Anti-Drug Antibodies; RTX, rituximab; OFA, ofatumumab.



Table 1. Cohort characteristics and outcome data.

[image: Table 1]


Table 2. Treatment history for rituximab resistant or relapsing patients.
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Detection and Assessment of Anti-Rituximab Antibodies

Anti-rituximab antibodies could be detected at month-6 in 10 patients (23%) (undetectable at month-3) and persisted in nine patients (20%). These patients had similar characteristics at diagnosis but during follow-up patients with anti-rituximab antibodies had higher level of CD19 counts at month 6, since patients with anti-rituximab antibodies showed faster B-cells reconstitution (75 [57–89] vs. 2 [0–41], p = 0.006) (Figure 2A), higher proteinuria at month-12 (1.7 [0.7–5.8] vs. 0.6 [0.2–3.4] p = 0.03), and before treatment modification (3.5 [1.6; 7.1] vs. 1.7 [0.2; 1.7] p = 0.0004) (Figure 2B and Table 3). Remission rate was not different according to anti-rituximab status [8/10 (80%) vs. 27/34 (79%) p > 0.99] but relapses were associated with anti-rituximab antibodies [5/10 (50%) vs. 3/34 (9%) p = 0.009]. Patients who developed anti-rituximab antibodies required a higher number of rituximab infusions [7/10 (70%) required a second course of rituximab vs. 10/34 (29%) p = 0.03] (Table 3). Figure 2 shows evolution of proteinuria, anti-PLA2R1 antibodies titer and CD19+ B-cells rate according to the anti-rituximab antibodies status. Anti-PLA2R1 antibodies levels stop decreasing or increased after month-3 post-rituximab in anti-rituximab antibodies immunized patients and tended to be different before treatment modification (8 [0; 34] vs. 0.5 [0; 15] p = 0.09) (Table 3 and Figure 2C).


[image: Figure 2]
FIGURE 2. Anti-rituximab antibodies and outcomes. (A) CD19+ B-cells evolution according to anti-rituximab antibodies status: initial CD19+ B-cells depletion was seen in all patients. But for patients who developed anti-rituximab antibodies, B-cells recovered earlier. *p = 0.006. (B) Proteinuria evolution according to anti-rituximab antibodies status: proteinuria stopped decreasing or increased in patients who developed anti-rituximab antibodies *p = 0.03, **p = 0.004. (C) Anti-PLA2R1 antibodies titer evolution according to anti-rituximab antibodies status: anti-PLA2R1 antibodies levels did not decrease or increased following rituximab in patients who developed anti-rituximab antibodies. Before treatment modification anti-PLA2R1 titer tended to be higher in patients with anti-rituximab antibodies (p = 0.09). (D) Renal survival without relapse within 2 years after rituximab therapy according to anti-rituximab antibodies status: patients with anti-rituximab antibodies exhibited more relapses within 2 years after rituximab therapy (p < 0.001).



Table 3. Clinical characteristics and outcome in rituximab-immunized or non-immunized patients.

[image: Table 3]

Only one patient in each group presented a drug infusion reaction that did not require treatment discontinuation.



Relapses and Anti-Rituximab Antibodies

Eight patients relapsed after achieving remission (n = 35), with a median time to relapse of 15 months [10.5; 24]. Five of these patients had anti-rituximab antibodies (Figure 1). In contrast, among the 27 patients who did not relapse, only three patients had anti-rituximab antibodies and two had persistent anti-rituximab antibodies (p = 0.007) (Table 4).


Table 4. Baseline characteristics and outcome data in relapsing and non-relapsing patients.

[image: Table 4]

There was no significant difference between patients with or without relapse for age, proteinuria and PLA2R1-antibodies titers at baseline (Table 4). Relapsing patients were more likely to have higher CD19 count at month-3 (0 [0; 9] vs. 0 [0; 0] p = 0.03), higher proteinuria at month-3 (5.9 [1.8; 6.9] vs. 2.2 [0.9; 6.2] p = 0.02) and month-6 (3.3 [1.6; 7.3] vs. 1.4 [0.5; 1.9] p = 0.04), higher anti-PLA2R1 antibodies titer at month-6 (5 [0; 30] vs. 0 [0; 2] p = 0.04) and anti-rituximab antibodies at month-6 [5/8 (63%) vs. 3/27 (11%) p = 0.007] (Table 4).

Because the analysis of the relapse data is too complicated for logistic regression and each relapse occurred at different time points, we performed a time-to-event analysis of renal survival. Renal event was defined by achieving relapse within 2 years after the first course of rituximab. The rate of relapse was significantly higher for patients with anti-rituximab antibodies (p < 0.001) (Figure 2D).



Neutralizing Effect of Anti-Rituximab Antibodies

The minimal cytotoxic concentration, defined, as the lowest dose required producing ≥50% of B-cells cytotoxicity, was 50 ng/ml for all anti-CD20 monoclonal antibodies (Supplementary Figure 5).

In a complement-dependent cytotoxicity assay, rituximab (50 ng/ml) spiked into healthy donor serum in the presence of rabbit complement induced 60% B-cell death while healthy donor serum alone had no effect (Figure 3A). The rituximab effect occurred at a concentration matching in vivo therapeutic conditions (7.4 μg/mL). When rituximab was spiked in patients' sera containing anti-rituximab antibodies, its effect was blocked for eight out of 10 patients (Figure 3B). In contrast, anti-rituximab antibodies did not prevent cell death induced by anti-pan B antibodies. We could notice that anti-rituximab antibodies titer did not correlate with neutralizing effect or transitory antibodies.
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FIGURE 3. Detection of neutralizing anti-rituximab antibodies. (A) Anti-rituximab antibodies neutralized complement dependent cytotoxicity induced by rituximab. Purified B cells were incubated for 30 min with the following samples: (1) Serum from a healthy donor (HD) pre-incubated 2 h at room temperature at a ratio 1:2 with rituximab 50 ng/mL; (2) Serum from a patient with anti-rituximab antibodies (Patient 1) pre-incubated 2 h at room temperature at a ratio 1:2 with rituximab 50 ng/mL; (3) Serum from a healthy donor pre-incubated 2 h at room temperature at a ratio 1:2 with anti-pan B antibody 10 ng/ml (without specific for CD20) (Ingen©); (4) Serum from a patient with anti-rituximab antibodies pre-incubated 2 h at room temperature at a ratio 1:2 with anti-pan B antibody 10 ng/ml (Ingen©); (5) Serum from a patient treated with rituximab 3 months earlier (with residual rituximab concentration of 7.41 μg/ml) and no anti-rituximab antibody; (6) Serum from a healthy donor. The histogram shows the percent of lysed B-cells after adding rabbit complement. About 60–80% of B cells were lysed upon rituximab addition. Note that the percent of lysis decreased to 10% when rituximab was pre-incubated with anti-rituximab antibodies sera and that the inhibitory effect of anti-rituximab antibodies is specific for rituximab mediated lysis (no effect on pan-B mediated lysis). Error bars represent SD of the mean. The lysis is positive when more that 40% of the cells are lysed. (B) Screening of patients with anti-rituximab antibodies for inhibition of rituximab induced complement dependent cytotoxicity. The first 10 histograms represent each of 10 patients with anti-rituximab antibodies by ELISA at month-6. Note that only two patients (#3 and #9) presented non-neutralizing anti-rituximab antibodies. The last histogram represents serum from healthy donor pre-incubated 2 h at room temperature at ratio 1:2 with rituximab 50 ng/ml (positive control of lysis). *Mean statistically significant.


In a complement-independent B-cell cytotoxicity assay, we tested the effect of rituximab (30 and 50 ng/ml) on the induction of B-cell apoptosis in the absence of complement activation, by flow cytometry. Overnight incubation of rituximab spiked into complement-depleted sera from healthy donors added to a total lymphocyte population led to a decrease of CD19+ cell counts as compared to incubation in the absence of rituximab (Figures 4A,C). In contrast, when rituximab was spiked in a representative complement-depleted patient's serum containing anti-rituximab antibodies, the proportion of CD19+ cells increased from 4.6 to 17.8% (Figure 4B, 30 ng/ml of rituximab) and from 0.4 to 23.9% (Figure 4D, 50 ng/ml of rituximab). Collectively, these studies showed that eight of the 10 patients with anti-rituximab antibodies produced neutralizing antibodies at concentrations sufficient to block the cytotoxic effects of rituximab with and without complement activity.


[image: Figure 4]
Figure 4. (A–D) Detection of neutralizing anti-rituximab antibodies: inhibition of antibody-dependent complement independent cell cytotoxicity induced by rituximab. After isolation of PBMC by Ficoll Hypaque centrifugation, cells were pre-incubated with complement-deprived normal human serum (A,C) or human serum containing anti-rituximab antibodies (B,D), then incubated overnight with rituximab at 2 different concentrations (A,B 30 ng/ml; C,D 50 ng/mL). Then, cells were washed, labeled with monoclonal antibodies and subjected to flow cytometry analysis as described in the Methods section. Results are expressed as the % of CD19+CD20+ B cells among total lymphocytes. Gating is vs. CD3+ cells (left) or vs. CD4+ CD20+ cells (right). Equal number of PBMC was acquired in each condition. *Mean statistically significant.




Cross-Reactivity of Neutralizing Anti-Rituximab Antibodies With New Anti-CD20 Monoclonal Antibodies

We tested whether anti-rituximab antibodies inhibited cytotoxicity of humanized and fully human anti-CD20 monoclonal antibodies. Results are summarized in Figures 1, 5A,B.
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Figure 5. (A,B) Cross reactivity for humanized and fully human anti-CD20 monoclonal antibodies in rituximab-immunized patients. (A) For patients 1 and 2, anti-rituximab antibodies neutralized both obinutuzumab, ocrelizumab, and ofatumumab. Purified B cells were incubated for 30 min with the following samples: Serum from patients 1 and 2 pre-incubated 2 h at room temperature at a ratio 1:2 with sample buffer or anti-CD20 monoclonal antibody (obinutuzumab, ocrelizumab, or ofatumumab) at 50 ng/ml. Histogram show the mean value for patients 1 and 2 and standard deviation. (B) For patients 3–10, there was no cross-reactivity between new anti-CD20 therapies and anti-rituximab antibodies. Purified B cells were incubated for 30 min with the following samples: Serum from patients 3–10 pre-incubated 2 h at room temperature at a ratio 1:2 with sample buffer or anti-CD20 monoclonal antibody (obinutuzumab, ocrelizumab, or ofatumumab) at 50 ng/ml. Histogram show the mean value for patients 3 to 10 and standard deviation. RTX, rituximab; Anti-RTX Ab, anti-rituximab antibodies; OBI, obinutuzumab; OCRE, ocrelizumab; OFA, ofatumumab.


Two patients' profiles were observed. Anti-rituximab antibodies from patients 1 and 2 blocked B-cell cytotoxicity for obinutuzumab, ocrelizumab, and ofatumumab (Figure 5A) whereas anti-CD20 monoclonal antibodies efficacy was not impaired for the other eight patients (Figure 5B).



Evolution and Personalized Care According to Rituximab Immunization

Patients' evolution is summarized in Figure 1.

We adapted our therapeutic strategy to this profile: using ofatumumab or another immunosuppressive therapy when anti-rituximab antibodies were detected.

Patients 4, 5, 7, and 10 had anti-rituximab antibodies that did not cross-react with new anti-CD20 monoclonal antibodies and were treated with ofatumumab (300 mg on day 1 and 1,000 mg on day 8 ± day 21 according to clinical and immunological response) and cyclophosphamide when ofatumumab was not available. Patients 4 and 5 were resistant after two courses of rituximab; patient 7 relapsed after one course of rituximab. Those three patients achieved remission at month-3 after ofatumumab therapy. After ofatumumab, anti-rituximab antibodies disappeared at month-3 for patient 4 (Figure 6A) and were persistent at the same high titer for patient 5 (Figure 6B).
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FIGURE 6. Evolution of rituximab-resistant patients treated with ofatumumab. Patients 4 and 5 were resistant after two courses of rituximab and developed neutralizing anti-rituximab antibodies. Anti-rituximab antibodies did not neutralize in vitro B-cells cytotoxicity for ofatumumab. These two patients were treated with ofatumumab (300 mg on day 1 and 1,000 mg on day 8 and day 21). (A) Evolution for patient 4: patient 4 developed anti-rituximab antibodies (17 ng/mL at month-6 and reached 23 ng/ml at month-24). After ofatumumab infusions, anti-rituximab antibodies get negative within 3 months. Anti-PLA2R1 antibodies became also negative and proteinuria decreased to 0.4 g/g. (B) Evolution for patient 5: patient 5 developed anti-rituximab antibodies (500 ng/ml at month-6 and reached 4,500 ng/mL at month-24). After ofatumumab infusions, anti-rituximab antibodies were still detected and stable at 4,400 ng/ml at month-3. Anti-PLA2R1 antibodies became negative and proteinuria decreased to 2 g/g. RTX, rituximab; OFA, ofatumumab.


Patient 1 was treated with four courses of rituximab for MN relapses. During the last relapse, he developed primary biliary cirrhosis associated with anti-M2 and anti-gp120 antibodies. These antibodies were detected after his first relapse but before the onset of biliary cirrhosis symptoms and were negative at diagnosis. Due to cross-reactivity with new anti-CD20 monoclonal antibodies and the development of primary biliary cirrhosis, he was switched to azathioprine and finally achieved remission for his MN.

Patients 3 and 9 developed non-neutralizing anti-rituximab antibodies and achieved remission on rituximab therapy.




DISCUSSION

Anti-rituximab antibodies were detected in 23% of patients treated with rituximab for idiopathic MN and were associated with the need for at least two courses of rituximab for resistant MN or relapses. These results are similar to findings of antidrug antibodies following anti-TNFα therapy (31–35) and rituximab in ANCA-vasculitis, SLE (11, 36) and multiple sclerosis (37). As described by Fervenza et al., we found that anti-rituximab antibodies were not associated with lower remission (15) but we described their association with MN relapses. Conversely, we confirmed that residual serum rituximab levels at month 3 were associated with remission (20, 23). Initial CD19+ B cell depletion was seen in all patients; but in patients who developed anti-rituximab antibodies, or in patients with undetectable residual rituximab serum level at month-3 as we previously described (23), B cells started to recover earlier.

Anti-rituximab antibodies probably appear before month-6 but we are able to detect them only at month-6 on their free fraction. B cell depletion is possible until circulating rituximab persists. Between month-3 and month-6, anti-rituximab antibodies could block B cell depletion. In fact, in non-immunized patients, B cell depletion is prolonged until month-6 while in immunized patients, they recover B cells earlier. This might be associated with relapse or incomplete response to treatment while B cells repopulation might be a more intricate mechanism. In clinical practice in case of resistant or relapse MN, anti-rituximab should be considered to help optimized therapeutic strategy, some of them would not respond to a second course of rituximab.

We established with two different methods that anti-rituximab antibodies neutralized rituximab mediated B-cell depletion and could negatively affect clinical response. Unfortunately, we could not use samples from non-immunized patients as controls. Inhibition of rituximab activity could favor the persistence of pathogenic memory B-cells and induce disease relapse, with an earlier reconstitution of B-cell compartment (38). Distinctions have been made between non-neutralizing antibodies that do not inhibit the clinical effect of a drug and neutralizing antidrug antibodies. However, the presence of neutralizing antidrug antibodies is not always associated with a decreased therapeutic effect. Pharmacological efficacy depends on the balance between drug concentrations and antidrug-antibodies levels in some cases drug levels are sufficient to induce the therapeutic drug effect. By contrast, non-neutralizing antidrug antibodies, link to a portion far from the paratope of the drug molecule and does not neutralize its therapeutic activity (e.g., to the allotope). In such cases, the formation of antibodies is triggered by polymorphisms expressed in the constant portion of the immunoglobulin, which vary between individuals. The biologic effect of non-neutralizing antidrug antibodies is less well understood (39–42), but the formation of immune complexes may accelerate drug clearance by the reticuloendothelial system (42). However, our patients with non-neutralizing anti-rituximab antibodies showed a favorable outcome after two courses of rituximab.

It is reported that patients with antidrug antibodies present more infusion-related reactions (29), in this study we did not confirm this finding as reported in two other studies (11, 40).

If we consider that immunogenicity is an important factor that should be considered in the overall treatment strategy, we should take actions to reduce antidrug antibodies formation: modifying drug administration; increasing dose; decreasing immunogenicity by adding immunosuppressive agents to the regimen or using new drugs which are supposed to be less immunogenic such as humanized or fully human monoclonal antibodies. In this perspective, we evaluated in vitro whether anti-rituximab antibodies developed in some of MN patients could inhibit B-cell depletion by three new humanized anti-CD20 therapies. To our knowledge, this is the first study looking at cross-reactivity between antidrug antibodies developed in patients treated with rituximab and new anti-CD20 molecules. For two patients, anti-rituximab antibodies blocked both obinutuzumab, ocrelizumab, and ofatumumab B-cells cytotoxicity, suggesting an anti-idiotype activity (43). In contrast, non-neutralizing antidrug antibodies might bind to allotopes and human neo-antigens at the hinge of fusion proteins. Three of the MN patients with neutralizing anti-rituximab antibodies that did not interfere with new anti-CD20 monoclonal antibodies activity were successfully treated with ofatumumab. One patient was treated with cyclophosphamide because ofatumumab was not available. But using new anti-CD20 therapy should be considered to avoid side effects (18). After ofatumumab infusion, anti-rituximab antibodies disappeared for two patients, and were persistent at the same titer for the other one. This suggests plasma cells secreting anti-rituximab antibodies are long memory plasma cells or derived from B cells which may have lost CD20 expression as reported in lymphoma where CD20 expression level has been related to acquired rituximab resistance (25). Case reports and one study reported ofatumumab-effectiveness in children with resistant nephrotic syndrome (44, 45). To our knowledge, study or report on adult nephrotic syndrome and MN treated with ofatumumab are lacking. In these articles, ofatumumab use is not supported by an immunological rationale or based on drug monitoring.

The main limitation of our study is that it is a monocentric retrospective study analyzing a relatively small number of patients. Nevertheless, our study remains original and innovative. Drug monitoring and development of antidrug antibodies have been well-described in anti-TNFα but studies on rituximab are recent and rare in nephrology field (16, 23). Our work is the first to suggest the value of immune-monitoring in adapting the therapeutic strategy in MN, particularly in resistant or relapsing cases. First, neutralizing anti-rituximab antibodies are not rare and their presence at month-6 is associated with subsequent relapses. Anti-rituximab antibodies might be an useful biomarker adding to residual rituximab monitoring (23), anti-PLA2R1 antibodies titer in anti-PLA2R1 antibodies related MN (46), epitope spreading (47, 48) to predict clinical outcomes, and it need to be tested in prospective studies. Secondly, rituximab immuno-monitoring might also be a helping tool for PLA2R1-negative MN patients. Then, anti-rituximab antibodies may or may not interfere with new humanized anti-CD20 monoclonal antibodies, allowing tailored rescue therapies. All last, basing on immunological and clinical arguments, new humanized anti-CD20 seems to be a satisfying therapeutic alternative in adult patients with rituximab-resistant or relapsing MN or rituximab intolerance like serum sickness. Further studies are needed to develop personalized therapeutic strategies in primary MN based on drug monitoring and immunogenicity testing.
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Therapeutic treatment of bleeds with FVIII can lead to an antibody response that effectively inhibits its function. Herein, we review the factors that contribute to this immunogenicity and possible ways to overcome it.

Keywords: factor VIII, tolerance, hemophilia, inhibitors, regulatory T (Treg) cells


INTRODUCTION

Self-non-self-discrimination is one of the basic tenets of the immune system. The general failure to respond immunologically to antigens in our bodies is learned during ontogeny, as aptly recognized by Ray Owen in the 1940's in seminal studies with dizygotic cattle twins which shared hematopoietic cells during fetal development (1). Thus, these siblings failed to react to red blood cell antigens or skin grafts of their unrelated twin because their immune systems had learned that they must be “self” during ontogeny. This phenomenon of “actively acquired (immunologic) tolerance” was experimentally verified by the Nobel Prize-winning experiments of Billingham, Brent and Medawar in mice (2). This process is specific because responses to unrelated antigens remains intact.

What happens in the case of a patient who fails to express a given human protein during ontogeny and is then subsequently exposed? The classic case is hemophilia A and B, where patients lack all or part of the factor VIII (FVIII) or factor IX procoagulant proteins, respectively, and therefore have never “acquired” tolerance to that protein as “self.” Prophylactic or on-demand treatment of bleeds with recombinant or plasma-derived FVIII can lead to an antibody response to this human (but “foreign”) protein that effectively neutralizes or inhibits its function in the coagulation pathway; these antibodies are called “inhibitors.”

We discuss here some recent approaches, focusing on several developed in our laboratories, to characterize anti-FVIII immune responses and to promote durable peripheral tolerance to exogenously administered FVIII.



FACTOR VIII IMMUNOGENICITY

Thus, while lack of tolerance (non-self) to FVIII explains its immunogenicity, there are other factors that potentially play a role. These are listed in Table 1 and are discussed below. Clearly, non-self-proteins tend to be recognized as foreign, as the process of c selection has not occurred. The developing immune system simply hasn't seen the T- and/or B-cell epitopes in the protein. Interestingly, FVIII is usually administered to patients intravenously (i.v.), a normally tolerogenic route to safely administer foreign antigens, yet it is highly immunogenic compared to many other therapeutic proteins, with approximately one in four patients developing a clinically significant inhibitor. Indeed, many foreign proteins that pass through the lymphatic or venous system into lymphoid organs are ignored, unless they provide additional signals or so-called adjuvanticity, often referred to as “danger” signals (3). This is because they lack properties that can stimulate the innate immune system, e.g., by interacting with Toll-like receptors (TLR) or through other innate immune processes either directly or indirectly. Efforts to demonstrate this property in FVIII have included culturing of human monocyte-derived dendritic cells (MoDCs) with FVIII, or thrombin-cleaved FVIII, or FVIII complexed with its carrier protein von Willebrand factor (VWF); interestingly, neither the maturation nor the T-cell stimulatory capacity of the MoDCs were affected (4). Skupsky et al. suggested that the biologic activity of FVIII in the clotting cascade, which leads to accelerated thrombin activation, provided an alternative mechanism of stimulating innate immune signaling (5). They found that treatment of mice with the anticoagulants warfarin or hirudin, which inactivate thrombin, reduced the immunogenicity of human FVIII in hemophilia A mice. In contrast, Meeks and co-workers, who engineered human FVIII proteins having several amino acid substitutions that neutralized its procoagulant activity, found that the immunogenicity of these non-active FVIII proteins was highly similar to that of active FVIII, thus leaving the role of its biological activity leading to immunologic “danger” as moot (6). If thrombin activation contributes to immunogenicity, then one might expect factor IX to also be unusually immunogenic when administered to hemophilia B patients. Inhibitor development in hemophilia B is actually rare, but this is likely due to the fact that most hemophilia B patients actually circulate a dysfunctional factor IX protein. They therefore could only respond to far fewer epitopes than patients with null mutations.


Table 1. Factors affecting the immunogenicity of human protein therapeutics.

[image: Table 1]

Uptake and processing by antigen-presenting cells (APC) is the first step in the immune response to protein antigens. Proteolytic processing leads to presentation of peptides in major histocompatibility complexes on the APC surface, e.g., dendritic cells (DC). As noted above, peptides for which no thymic deletion has occurred may be immunogenic provided that they can be processed and presented on MHC Class I or Class II on mature DC, and that a T-cell receptor (TCR) on a circulating T cell recognizes and engages the resulting MHC-peptide complex. Interestingly, exposure to FVIII does not provoke a CD8+ immune response in hemophilia A patients or in murine FVIII−/− mice, whereas CD4+ T-cell help (7) is essential for the development of high-titer anti-FVIII antibodies (8). MHC Class II peptide presentation provides “signal one” to effector CD4 T cells in the peripheral repertoire. In contrast, it has been proposed that many proteins may contain promiscuous peptide sequences that preferentially activate T regulatory rather than CD4 effectors; these have been termed “Tregitopes” (9, 10). These peptide sequences are commonly found not only in immunoglobulins but in many infectious agents, which may enable them to modulate and reduce the immune response to those agents. The potential role of Tregitopes in modulating FVIII immunogenicity, however, has not yet been established.

Last, but not least, is the physical properties of the FVIII antigen that may influence immunogenicity, such as post-translational modifications or physical aggregation, especially when the antigen is stored or administered at high concentrations. This may be due to an intrinsic or extrinsic property of the antigen, e.g., caused by charge changes, or by physical perturbations resulting from heating or formulation (11, 12). Differences in glycosylation patterns, e.g., according to the type of cell expression system, and covalent modifications to extend protein half-life (PEGylation, fusions of FVIII with other proteins or domains, etc.), and B-domain removal all could affect the immunogenicity of FVIII. The recent, prospective SIPPET study showed a significantly higher inhibitor incidence in previously untreated patients receiving a recombinant FVIII product, compared to plasma-derived FVIII (13). The biological basis for this difference remains to be identified.

Beyond the above properties, one must consider additional factors that influence immunogenicity which may be manifested in the recipients of FVIII replacement therapy. While there is no clear linkage to the HLA of the patient, HLA does affect which peptides will bind to the MHC on DC. Indeed, HLA Class II-restricted epitopes in FVIII were identified years ago by peptide proliferation assays (14–19). Subsequent isolation of FVIII-specific T-cell clones by classical limiting dilution (20) or by using HLA Class II tetramers loaded with FVIII peptides (7, 21–24) provided unambiguous identification of specific high-avidity epitopes (25). At the level of the repertoire, one must consider the nature of the mutation in the FVIII gene (F8) that leads to delayed or absent pro-coagulant activity: patients with a major deletion or other mutation precluding expression of the FVIII protein should lack tolerance to all of the epitopes in FVIII. On the other hand, those with missense mutations, which generally are associated with mild or moderate severity hemophilia A due to a partially disabled but still full-length FVIII protein, have a lower risk of developing an inhibitor response following FVIII infusions. In addition to FVIII mutations, other genetic factors, as well as environmental differences including “danger” resulting from trauma or surgery, influence the risk of hemophilia A patients developing an inhibitor (26, 27). Meunier et al. recently determined the frequency of FVIII-specific CD4+ T cells in the periphery of non-hemophilic blood donors and found approximately equal numbers of memory and naïve cells (28). Earlier studies had documented both FVIII-reactive antibodies (29, 30) and FVIII-specific T cells (16) in healthy control subjects. These studies demonstrated that FVIII is an unusually immunogenic self-protein, as also indicated by the rare autoimmune antibody response to FVIII known as “acquired hemophilia A.”

Several studies have suggested that hemophilia A patients with Black African or Hispanic ancestry experience a higher incidence of inhibitors, compared to white patients (31–33). There are multiple naturally occurring, non-hemophilia causing variants of the F8 gene in the human population, including non-synonymous single nucleotide polymorphisms (ns-SNPs) that encode amino acid variants (34). Thus, it is conceivable that hemophilia A patients who express a dysfunctional FVIII protein, and are exposed to a therapeutic FVIII having a different amino acid sequence, could mount an immune response to the neo-epitope corresponding to this amino acid sequence (35). Although this is a plausible scenario, statistical analyses of inhibitor incidences in patients whose F8 sequence at these sites was known (33, 36–38), as well as tetramer-guided epitope mapping to detect CD4+ T cells specific for these “mismatched” sequence (36), indicated that immune responses to these potential neo-epitopes occur rarely, if at all, and are therefore unlikely to contribute significantly to the immunogenicity of therapeutic FVIII.

FVIII is usually administered intravenously (i.v.), whereupon it rapidly binds to von Willebrand factor, which may modify its immunogenicity (39–41). The i.v. route is usually tolerogenic when infusing aggregate-free proteins into mice (42). This has been interpreted to suggest that i.v.-administered proteins fail to activate DC and to be processed in an immunogenic manner. However, in contrast to soluble proteins like ovalbumin, which is not immunogenic without adjuvant, FVIII is highly immunogenic when administered i.v. to the majority of FVIII knockout (E16) mice (5, 43, 44). Indeed, administering FVIII mixed with OVA can lead to an anti-OVA response, consistent with the intrinsic adjuvanticity of FVIII (5).

Finally, one has to consider other extrinsic properties of the host aside from HLA or other genetic factors. That is, an underlying infection will create significant inflammation which can tilt the response from tolerance to immunity. This would be a potential concern if a hemophilia A patient has an indwelling cannula which gets infected. On the other hand, a number of medications, especially steroids, are immunosuppressive and can tilt the immune response non-specific toward tolerance (45). Interestingly, both murine model studies and statistical analyses of patient outcomes indicate that immunizations do not affect inhibitor risk (46, 47).

The immunogenicity of FVIII that results in formation of inhibitors is a major impediment for the prevention and treatment of bleeds. While bypassing agents, including the FVIII-mimetic antibody emicizumab (48), or recombinant factor VIIa (49, 50), or FEIBA (Factor Eight Inhibitor Bypassing Agent, which is essentially a plasma-derived pro-coagulant protein cocktail) can facilitate clotting, are critically important lifesaving agents (51), they do not overcome the need to induce tolerance to FVIII. In particular, FVIII remains an essential component of the clinical armamentarium to support surgery, and to restore hemostasis following trauma, whereas the bypassing agents may be less efficient and/or carry a risk of thrombosis if doses are not carefully monitored. The relative risk/benefit ratios of utilizing FVIII vs. recently introduced novel bypass agents to control bleeding in specific clinical scenarios will become more apparent with further research and clinical “real world” experience.



MODULATION OF FVIII IMMUNOGENICITY

Numerous methods to induce specific tolerance have been described for decades (52, 53). In terms of tolerance therapies to eradicate and prevent reoccurrence of inhibitors in hemophilia A patients, the standard clinical practice is intravenous repeated FVIII administration, which is called Immune Tolerance Induction (ITI). This protocol, first described by Brackmann and Gormsen in 1977 (54), is based on the high dose tolerance described by Mitchison in the 1960's (55) and essentially entails antigen overload, as well as maintaining higher trough levels of FVIII for continuous antigen exposure. This procedure is more often successful with patients having low tittered inhibitors but often fails in patients with higher titers. Moreover, it is expensive and challenging for patients and families, due to the need for frequent (often daily) infusions. Alternative methods to induce tolerance have primarily been tested in animal models, and most have not reached standard clinical practice. Below is a summary of several approaches in our labs, but it is not meant to be inclusive.

Following on the work of Weigle and colleagues (42, 56) with ultracentrifuged IgG as a model tolerogen, Borel utilized fusions or haptens and antigens on IgG carriers as tolerogens (57, 58), the latter being dependent on the presence of the IgG Fc fragment (9, 10). This would presumably crosslink the B-cell receptor with inhibitory Fc gamma receptors, an approach we will return to below. Based on the tolerogenicity of IgG fusions, we used retroviral transduction of FVIII domains with an IgG heavy chain in B cells as a tolerogenic protocol. This platform was successful in several autoimmune model systems as well (59–62); ironically, this approach was dependent on MHC class 2 presentation of peptides by B cells that led to the generation of regulatory T cells (Tregs) for both its induction and maintenance (63, 64).

Indeed, recent development of Fc fusions of clotting factors FVIII and FIX, designed for a longer half-life in vivo (65), have turned out to be tolerogenic in murine models and to induce Tregs (66, 67). This was initially supported by anecdotal cases reports of hemophilia A patients that suggest that FVIII-Fc is potentially tolerogenic (68–70); more highly powered clinical trials are in progress (NCT02234323, NCT03093480, and NCT03103542). Whether the tolerogenicity of Fc fusions is due to the regulatory epitopes in the constant region (9, 71) that turn on Tregs, and/or inhibitory Fc receptors (72, 73) is not clear.

While polyclonal human regulatory T cells (Tregs) have been proposed to treat autoimmune diseases and transplant rejection, and are already in clinical trials, the frequency of specific Tregs is very low. Moreover, the risk of non-specific immunosuppression and viral reactivation is real (74). Expansion of specific Tregs using peptide/APC and IL-2 has recently been achieved (75). Our labs have approached this issue by expressing specific receptors (or antigen) in expanded polyclonal Tregs or CD8 T cells, based on the seminal work by Eshhar (76, 77) and on clinical success of chimeric antigen receptor (CAR) T cells as reported by June and colleagues (78, 79). Since these studies have recently been published (80–83) and reviewed (52, 84), we will provide only a brief outline of these approaches to induce immune tolerance.

Starting with Tregs purified from healthy donors, our efforts to engineer specificity into polyclonal Tregs used retroviral transduction of specific T-cell receptors (TCR) (80) or CARs (scFv) (81), or even antigen (as B-cell Antibody Receptor = BAR) (83). In the first application, we cloned TCRs from FVIII reactive T-cell clones obtained from mild hemophilia patients (24). These clones recognized a peptide in the FVIII C2 domain restricted to HLA DRB1*01:01(21,22,24). The expanded TCR-transduced human Tregs suppressed proliferation and cytokine production by effector CD4 T cells even when the responders were in excess. Interestingly, the TCR-transduced Tregs also suppressed anti-FVIII B-cell responses in vitro and in vivo across a xenogeneic barrier (80)! Interestingly, although the engineered TCR recognizes a single peptide in the large FVIII protein, the antibody response to other major epitopes of FVIII was also suppressed. Thus, engineered FVIII-specific Tregs exhibit bystander suppression, an effect also seen with a TCR specific for a myelin peptide in a model of multiple sclerosis, an effect which appears to be due to uptake of IL-2 produced by effector T cells (85).

TCR-transduced Tregs are MHC class II restricted, thus limiting their eventual utility only to patients sharing the same HLA allele. Therefore, in the second approach, we collaborated with Anja Schmidt and Christoph Königs in Frankfurt, who provided a single chain Fv (scFv) that recognized the FVIII A2 domain. Like the CARs used in cancer therapy, these recognize conformational determinants and are not MHC restricted. Transduction of one of these scFv, called ANS8, into human Tregs also led to significant suppression of anti-FVIII responses in vitro and in vivo. Extensive dose response comparisons have not been performed as yet with these two types of engineered Tregs; the advantages (and disadvantages) of these specific Tregs are discussed elsewhere (Scott DW, Molecular Therapy submitted 2019).

Lastly, we hypothesized that it might be possible to directly target FVIII-specific B cells by expressing FVIII domains on the surface of Tregs. We refer to these as BAR Tregs, reflecting the fact that surface IgM/IgD on B cells react with these antigens. This was successfully achieved with both human BAR Tregs that expressed FVIII A2 and/or C2 domains and suppressed anti-FVIII responses in vitro and in vivo (83). The target of these BAR Tregs was proven to be the B cell, based on cell mixing experiments (83). Interestingly, in an allergy model, the target may also include sensitized mast cells, based on results of passive anaphylaxis experiments (86).

An alternative approach utilized transduced cytotoxic CD8 T cells expressing the targeted FVIII domains (82), as was done by Ellebrecht et al. with desmoglein 3 for possible therapy of pemphigus vulgaris, a devastating skin disease (87). [They refer to their antigen-expressing CD8 T cells as chimeric autoantigen receptor T cells (CAAR)]. Whether they are called BAR or CAAR, the cytotoxic T cells are highly specific and do not display bystander effects. There are situations when such specificity and lack of bystander effect might be necessary to carefully target part of a large antigen, but Tregs might be preferred if one doesn't know the targeted domains, and in the case of large multi-domain protein antigens such as FVIII.

Finally, a nanoparticle approach has been developed that can provide an alternative to engineered cellular therapies for tolerance; nanoparticles have also been used for drug delivery and vaccine development (88). Such nanoparticles can contain drugs such as rapamycin and are delivered with the target antigen (either attached or concomitantly) and presumably are taken up by dendritic cells, which act as tolerogenic APC and induce Tregs (89, 90). The use of rapamycin-containing nanoparticles for tolerance was successfully used by our group for FVIII (91), and by others for modulating autoimmunity (89) or the immune response to therapeutic immunotoxins, which are highly immunogenic (92, 93).

Several other approaches, in addition to the above strategies, are being developed to promote tolerance to FVIII. These include hepatic gene therapy, oral tolerance, and trans-placental delivery of FVIII. These are discussed more comprehensively in a recent review (84).



DISCUSSION

In conclusion, while there are multiple factors that influence the immunogenicity of therapeutic proteins, novels approaches such as those described here have the potential to modulate such immunogenicity. Time will tell which of these approaches may become cost-effective clinical therapies in the future.
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Antidrug antibody (ADA) responses impact drug safety, potency, and efficacy. It is generally assumed that ADA responses are associated with human leukocyte antigen (HLA) class II-restricted CD4+ T-cell reactivity. Although this review does not address ADA responses per se, the analysis presented here is relevant to the topic, because measuring or predicting CD4+ T-cell reactivity is a common strategy to address ADA and immunogenicity concerns. Because human CD4+ T-cell reactivity relies on the recognition of peptides bound to HLA class II, prediction, or measurement of the capacity of different peptides to bind or be natural ligands of HLA class II is used as a predictor of CD4+ T-cell reactivity and ADA development. Thus, three different interconnected variables are commonly utilized in predicting T-cell reactivity: major histocompatibility complex (MHC) binding, capacity to be generated as natural HLA ligands, and T-cell immunogenicity. To provide the scientific community with guidance in the relative merit of different approaches, it is necessary to clearly define what outcomes are being considered. Thus, the accuracy of HLA binding predictions varies as a function of what the outcome predicted is, whether it is binding itself, natural processing, or T-cell immunogenicity. Furthermore, it is necessary that the accuracy of prediction is based on rigorous benchmarking, grounded by fair, objective, transparent, and experimental criteria. In this review, we provide our perspective on how different variables and methodologies predict each of the various outcomes and point out knowledge gaps and areas to be addressed by further experimental work.

Keywords: anti drug antibodies (ADA), CD4 T cell, MHC-prediction, prediction benchmarking, immunogenicity


INTRODUCTION

As discussed in general and in more detail in other contributions to this special issue, protein-drug immunogenicity is of concern, as it can lead to safety issues and can impact drug efficacy and potency. It is further widely assumed that immunogenicity at the level of CD4 T cells recognizing human leukocyte antigen (HLA) class II epitopes is a key and necessary step in the development of antidrug antibodies (ADAs), because CD4 T cells are generally required for antibody affinity maturation and isotype switching, which is of relevance because ADA is in general IgG and other subclasses that require immunoglobulin gene rearrangements.

As a result, a variety of strategies have been developed to assay and/or predict different steps in the process of the development of ADA. This review will focus on efforts and available data benchmarking different methodologies and outcomes relating to HLA class II binding, elution of natural HLA class II ligands, and T-cell immunogenicity in vitro. The interconnection between these different methodologies at the level of actual experimental data vs. bioinformatic prediction is graphically illustrated in Figure 1. This paper is mostly reflective of our work in the context of Immune Epitope Database and Analysis Resource (IEDB), and we fully acknowledge the seminal contributions of several other groups, as also detailed in other contributions to this special issue. Likewise, this review does not address other variables that are appreciated to impact ADA and T-cell immunogenicity, such as induction of T-cell tolerance, self-similarity, protein-drug dosing and schedule, aggregation state, and general immune responsiveness of the drug recipient. We emphasize that the present study is a review, and as such, we do not present primary data presented elsewhere. In each paragraph, the specific papers and sources of the primary data are referenced, to allow the reader a more in-depth analysis if desired.
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FIGURE 1. Scheme of three variables commonly considered in antidrug antibody (ADA) prediction. (A) Major histocompatibility complex (MHC) binding: MHC-peptide binding can be directly measured and/or utilized to train MHC-binding prediction methods. (B) Eluted ligands: naturally processed and presented peptides can be eluted from antigen-presenting cells (APCs) and/or used as a source for the training of algorithm predicting natural ligand generation. (C) Immunogenicity: T-cell reactivity is often predicted on the basis of binding or elution data/predictions. In addition, it can be directly measured and/or predicted by methods utilizing T-cell immunogenicity as a training set. (D) Antidrug antibody (ADA): it is commonly assumed that ADA responses are dependent on (A–C) and related to T-cell reactivity.




HUMAN LEUKOCYTE ANTIGEN BINDING AND ELUTED LIGANDS

HLA class II binding, more generally major histocompatibility complex (MHC) binding, is measured by in vitro utilizing preferably synthetic peptides and purified HLA class II molecules. The most accurate and reproducible “gold standard” assay on hand is a classic radiolabeled probe displacement receptor ligand assay, developed by Gray, Sette, and Buus and Unanue, Babbit, and Allen in the mid-1980s (1, 2). Other assay platforms that have been previously described suffer from difficulties in controlling peptide degradation (live-cell assays) (3) or a low throughput (plasmon resonance assays) (4). Furthermore, radiolabeled probe displacement receptor ligand assay has been run for many different HLA class II allelic variants with a large number of synthetic peptides (5, 6), and it is thus associated with the most numerous volume of accurate and directly comparable data. Accordingly, these data have been used, as described in more detail in the following sections, to train predictive algorithms, which have increased efficacy and accuracy throughout the past three decades (Figure 1A).

Like in the case of all MHC molecules, the vast majority of peptide-binding sites of HLA class II is occupied by natural ligands, derived from antigens processed into small peptides and displayed on the surface of antigen-presenting cells (APCs). These natural ligands can be eluted and characterized (4). In the context of application to the characterization of protein, drug-derived peptides with the acronym MAPPs, which stands for MHC-associated peptide proteomics (MAPPs), are frequently used (7, 8). Recent years have witnessed an explosion of availability of sequences of natural ligands, thanks to the ever-increasing power of mass spectrometry (MS) sequencing techniques (9). As a result, these eluted ligand data can also be used to train predictive algorithms (Figure 1B), as also described in the following sections. It is perhaps intuitively expected that the two different training sets might yield largely overlapping results, with binding data being the most effective in predicting binding capacity and eluted ligand being the most effective to predict eluted ligands but not necessarily HLA binding per se.



T-CELL IMMUNOGENICITY

In order for an epitope to be recognized by CD4 T cells, it needs to be capable of binding HLA class II molecules and of being generated by natural processing. Accordingly, binding and natural ligand assays and predictions are routinely utilized to predict T-cell immunogenicity. However, it should be kept in mind that these measures, by definition, do not necessarily relate to immunogenicity at the T-cell level, as other variables are also involved (e.g., the degree of similarity to self-antigens). Furthermore, it is often not clear which thresholds are associated with the optimal prediction of T-cell epitope, on the basis of either measured or predicted elution or binding data.

Alternative strategies use T-cell immunogenicity data to train agnostic predictors or use in vitro immunogenicity assays to predict or rank the immunogenicity of protein drugs in vivo in humans (Figure 1C). Here as well, considerable challenges and opportunities for further research exist, as it is unclear how specific and sensitive these assays are and how they do correlate with in vivo immunogenicity. Likewise, it is unclear whether T-cell immunogenicity in vitro in unexposed naïve individuals can predict T-cell immunogenicity in exposed individuals. Finally, and of the greatest relevance, data that demonstrate that T-cell immunogenicity measured by currently used assays does, in fact, correlate with ADA titers in human patient populations are very limited (Figure 1D). Figure 1D is presented here to point out a knowledge gap, and no data for ADA are reviewed herein. Several studies are starting to generate data relevant to this respect, in the context of protein therapeutics that are either human or humanized and foreign proteins such as asparaginase and glucarpidase. These topics are addressed in other papers presented in this issue and are not within the scope of this review. In the context of this paper, we simply point out that the volume of data is as yet insufficient to perform a systematic and unbiased evaluation.



THE CONCEPT AND NECESSITY OF BENCHMARKING PREDICTIVE ALGORITHMS

To rigorously evaluate the performance of any predictive algorithm, it is generally necessary to define objective measures of performance. Commonly utilized measures are sensitivity [what fraction of true positives (TPs) are predicted vs. false positive (FP)] and specificity [what fraction of the predictions are TPs vs. false negatives (FN)]. The prediction rates are plotted to generate an area under the curve (AUC) and AUC values, which are an overall numeric assessment of performance (with an AUC of 0.5 being associated with random predictions and an AUC of 1.00 corresponding to a perfect prediction).

Once the method to be used for evaluation is defined, it is necessary to define datasets that are going to be used to assess the algorithm's performance. The evaluation dataset should be distinct from the one used to derive the method, to avoid overfitting. This is particularly the case for heuristic and machine learning approaches, where the method will fit the data without a predefined hypothesis or model. The process by which a different methodology is objectively and rigorously evaluated is generally referred to as “benchmarking.”

In our opinion, to have true scientific value, a benchmarking needs to fit three fundamental characteristics. First, it needs to be objective, following predefined metrics and an accepted methodology. Second, it needs to utilize independent datasets, not used to train the methodology and preferably not available to the method developer while the method was trained. Third, it needs to be transparent, using publicly available code, preferably published in the peer-reviewed literature, and the results must be verifiable and reproducible by anyone in the scientific community.



BENCHMARKING HUMAN LEUKOCYTE ANTIGEN CLASS II BINDING PREDICTIONS

To the best of our knowledge, the first comprehensive rigorous benchmarking of different prediction methodologies was reported for HLA class I by Peters et al. (2). In those studies, predictions for over 48 MHC alleles, 88 datasets, and 48,828 IC50 values were considered, with 50–300 data points per dataset. In general, the performance of different methodologies was similar, and the main factor influencing predictive power was found to be how many data points were available for training predictions for a given allele. Since then, the process of benchmarking was automated and is periodically performed by the IEDB (10).

Following the same thought process and methodologies, we have recently instituted a platform for automated benchmarking of HLA class II predictions (11). On a weekly basis, the absolute and relative predictive performance of all participating tools on data newly entered into the IEDB is assessed before it is made public. This unbiased assessment of available prediction tools is fully automated, and results are posted on a publicly accessible website (http://tools.iedb.org/auto_bench/mhcii/weekly/). The initial benchmarking included six commonly used prediction servers. The results from that process have room for improvement, predictions were reasonably accurate with median AUC values for the various class II molecules of around 0.8 for the best methods (NetMHCIIpan and NNalign). Since the publication of the study, additional gains have been realized with an AUC value of 0.835 for NetMHCIIpan (11). The current benchmarking evaluates MHC binding, and we plan to extend this automated benchmarking to eluted ligand data and eventually T-cell immunogenicity data.

It is important to realize that this benchmarking only assesses the performance on class II binding predictions, in terms of predicting binding itself, and should not be interpreted to assess how well-binding prediction predicts immunogenicity or ADA. Although this would seem self-apparent, we often encounter statements to the extent that the “MHC binding predictions do not work because I have immunogenicity data that ….” Obviously, although the binding is necessary for immunogenicity, it is not the sole condition. The current efforts to objectively assess the performance of HLA class II binding (predicted or measured) as a predictor of HLA class II immunogenicity are described in a section further below.



NATURAL LIGAND AND PROCESSING PREDICTIONS

As mentioned above, the recent years witnessed a dramatic increase in the availability of data relating to HLA class II eluted ligands. In this context, a reasonable line of investigation would be to examine if the eluted ligand data could be utilized to learn some “processing motif,” present in natural ligand but not associated with HLA-binding motifs. A recent study by Paul et al. (12) used this approach. MHC II ligand elution data collected from IEDB were further filtered to generate a high-quality dataset. The result was the delineation of a predictive cleavage motif for eluted ligands. A combination of cleavage and binding predictions improved ligand predictions. Strikingly, however, incorporating the processing motif in combination with binding predictions did not improve predictions of which sequences would be actual T-cell epitopes. Similar results were also obtained in a study from Nielsen's group (13), who detected a footprint of antigen processing, which improved predictions of eluted ligands but did not improve predictions of which sequences would be actual T-cell epitopes. These results are remarkably similar to what was previously observed in the case of class I molecules where it was found that processing predictions were not affording increased efficacy in predicting actual T-cell epitopes, either by themselves or in combination with binding predictions.

Previous data by Jurtz et al. (14) demonstrated that directly using eluted ligand data to train neural networks (NNs) was associated with increased capacity to predict eluted ligands, as compared with NN trained in HLA class I binding data. Garde et al. (15) demonstrated that training in class II eluted data increases the accuracy of predicting eluted ligands, just as previously observed in the case of class I. Thus, training NN algorithms with MS eluted ligands improves the capacity to accurately predict eluted ligands for both HLA class I and II alleles (14–16).



COMPARISON OF BINDING AND ELUTED LIGAND DATA

In terms of comparing these two different data types, a first question to be addressed is how the measured binding and experimental elution data compare with each other. An analysis performed more than 2 years ago (17) demonstrated that T-cell and MHC-binding data were mostly related to non-self, whereas elution ligands are mostly self. This is largely a reflection of the fact that HLA binding and epitope studies have prevalently been focused on infectious diseases and allergy targets, whereas ligands encountered that are naturally occupying the HLA class II binding site are predominantly of self-origin. Therefore, the problem is just that the particular peptide sets that happen to be studied in the two approaches are non-overlapping, complicating direct comparison but not necessarily leading to different predictions. This is not a reflection of the fact that self and non-self peptides differ in their capacity to bind or to be generated by natural processing. The fact that MHC class II molecules bind indiscriminately the self and non-self peptides were established in the early 1990s (18). The disparity in the number of self vs. non-self peptide data available in the literature and associated with the two techniques is simply a reflection of the investigational bias of MHC-binding and T-cell mapping studies being mostly focused on infectious diseases and allergen targets, whereas in the case of natural MHC ligands, the most abundant species (and therefore more easily sequenced species) are of self-origin. Tables 1, 2 present numbers of peptides eluted from MHC class II molecules. These are the data available through the IEDB as of Q3 2019, which contain the specific peptide sequences and specific MHC class II molecules.


Table 1. Composition of epitopes available in IEDB.
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Table 2. Binding affinity at which 50 and 90% of epitopes are retrieved for each HLA class II allele on the basis of epitope or tetramer data available in IEDB.
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Table 1A presents an updated analysis (as of Q3 2019) focused on HLA class II. This analysis highlights how comparing measured HLA binding and eluted data is problematic in general and for HLA class II in particular because the two datasets are only minimally overlapping. This knowledge gap is starting to be addressed by several studies in the context of murine class I molecules (19, 20). Croft et al. utilized the vaccinia virus (VACV) as a model system in the context of the murine MHC class I molecules Kb and Db (19). Further benchmarking of the dataset (21) reveals that the majority of eluted peptides are within expected binding ranges, but a large fraction of binders are not identified by the elution of experiments (Table 1B). This is not unexpected and is likely reflective of the impact of protein expression/abundance also shaping it; in concert with a binding capacity of the actual peptides, the repertoire of natural ligands bound to MHC. A compensatory relation between binding and expression was indeed noted by Abelin and coworkers, who states. “This revealed a multiplicative relationship between expression and affinity, in which a 10-fold increase in expression could approximately compensate for a 90% decrease in binding potential” (22).

Generating datasets where for a given model antigen we can address which peptides are experimentally found to bind and isolate as natural ligands in the context of HLA class II molecules should be considered a priority for the general field of benchmarking of binding and elution data.



HOW DO ALGORITHMS PERFORM IN PREDICTING THE “OTHER” VARIABLE?

As mentioned above, it is intuitively expected that binding data might be most effective in training to predict binding capacity, but not necessarily eluted ligands. Likewise, training with eluted ligand might be expected to be the most effective to predict eluted ligands but not necessarily HLA binding per se. This point was formally addressed by Garde et al. (15). The authors expanded the NNalign approach by adding a second output neuron, and training is performed on both data binding and eluted data simultaneously. The resulting model is able to predict binding affinity value and the likelihood of peptide being an eluted ligand. This study demonstrated that training in class II eluted data increases the accuracy of predicting eluted ligands, but not to predict binding, and that vice versa training in binding data increases the accuracy of predicting binding data, but not to eluted data. In conclusion, these data reiterate that caution must be exercised when algorithms generated to predict a certain variable are used to predict outcomes linked to a different, albeit related, variable. It further sets the stage for the next level of benchmarking, namely, how do HLA class II binding and eluted data and predictions perform when used to predict HLA class II-restricted T-cell immunogenicity?



MAJOR HISTOCOMPATIBILITY COMPLEX BINDING AFFINITY DATA AS A PREDICTOR OF IMMUNOGENICITY

In the case of HLA class I, it was originally reported that ~80% of epitopes bind with Kd < 500 nM (23). The more recent analysis confirmed this observation, supporting this historic threshold (24). It was further found that different alleles are associated with different affinity distributions (24), leading to the recommendation that allele-specific thresholds are preferred when class I binding predictions are used to predict immunogenicity.

In the case of class II, a 1,000-nM threshold was suggested, but not extensively validated over large datasets. To address this point, we generated curves capturing percent of epitopes retrieved from the IEDB restricted by different HLA class II molecules, or we generated a higher quality of data, restricting the data considered to be those associated with positive tetramer assays. The results shown in Figure 2A demonstrate that when alleles for at least 50 epitopes have been described with defined restriction, 83.3% epitopes bind at <1,000 nM (3,579 out of 4,297 epitope/allele combinations). As noted in the case of HLA class I, a significant spread exists from one allele to the next. Similarly, when only tetramer data are considered, we plotted data from 15 alleles with at least 20 epitopes (Figure 2B). We found that 80.1% epitopes bind at the <1,000-nM threshold (1,353 out of 1,690 epitope/allele combinations). Table 2 shows the affinity at which 50 and 90% of epitopes are retrieved for each of the HLA alleles described in Figure 2. It is noted that the DRB1*01:03 allele has only one epitope at the <1,000-nM level and appears to be an outlier. Whether this reflects a problem with the dataset, or rather the algorithm, or a peculiarity of this rather infrequent allele remains to be investigated.
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FIGURE 2. Extrapolation of binding affinity threshold for human leukocyte antigen (HLA) class II prediction. Binding affinity retrieved by NetMHCIIpan by plotting IC50 predicted values for each HLA class II allele on the basis of the cumulative percentage of epitopes derived from the Immune Epitope Database and Analysis Resource (IEDB) (A) or based only on tetramer data available in IEDB (B).


Rigorous benchmarking of epitopes in a single well-defined system where the epitopes are mapped to different HLA class II molecules is not currently available. The above-referenced study of Croft et al. (19), in addition to studying eluted peptides and measuring binding affinities, also measured the epitopes recognized following VACV infection, also in the context of previously detailed immunogenicity studies (25). The benchmarking study of Paul et al. (12) provides a benchmarking analysis of these data. It was found that the top 1–2% of binding predictions captured 90% of the epitopes or of the total response and that the top 0.03–0.04% of the predicted binders accounted for 50% of the total epitopes and response. The analysis, however, also further underlined how binding predictions are very sensitive predictors but are associated with relatively low specificity. In other words, in the case of murine class I, when 90% of the epitopes are binders, only about 1% of the binders are epitopes. In conclusion, the lack of comprehensive benchmarking of binding prediction and HLA class II-restricted actual immunogenicity is a major knowledge gap, and generating suitable datasets should be considered a priority.



HOW EFFECTIVE IS LIGAND ELUTION AS A PREDICTOR OF IMMUNOGENICITY?

Few studies have benchmarked how effectively eluted ligand data can be used in terms of prediction of HLA class II immunogenicity. A study by Mutschlechner et al. (26) compared elution data and T-cell immunogenicity in a case of patients allergic to the known major birch pollen allergens. These authors found that, in general, elution data overlapped with immunogenicity data but missed one of two major T-cell immunogenic sites (around positions 77–93 of the Bet v1 protein).

It is reasonable to assume that all “true” HLA class II epitopes are naturally processed, but it is unclear how many are detected vs. missed given the limits of sensitivity of the assays. High abundance can compensate for low MHC affinity, but it is unknown how immunogenic these types of ligands are. Conversely, a low abundance of ligand that binds with high affinity may be less easily detected but more strongly immunogenic.



WHAT IS THE RELATIVE VALUE OF BINDING VS. ELUTION PREDICTIONS TO PREDICT IMMUNOGENICITY?

As mentioned above, Nielsen, Jurtz, Garde, and associates developed a methodology where binding data, elution data, or both can be used to train NNs, and they generated as output the likelihood that a given sequence will be an HLA class II binder or an eluted ligand. The question that is key in light of application to T-cell immunogenicity is which training is optimal for T-cell epitope predictions. And which output is optimal? The results of this analysis have been recently published (15) and show that training in both ligand and binding datasets is the most effective and that the optimal output is the prediction of eluted ligands. These results have been confirmed by three independent studies (27–29).

Although a formal benchmarking for HLA class II molecules in a controlled experimental system is to date lacking, these results are in strong agreement with the results of the murine class I study of Tscharke in the VACV system (19). In that study, it was found that of a total of 82 epitopes, 60 were both found to be binders in actual binding assays and also experimentally identified as eluted ligands (Table 3) (21). Fifteen epitopes were binders not identified as eluted ligands, whereas five eluted ligands were not experimentally found to be 500-nM binders. However, only two of the peptides experimentally determined to be epitopes were found to be neither binders nor eluted ligands. These data provide compelling evidence that a combination of both predicted binding and elution data should be considered for the purpose of epitope identification.


Table 3. Benchmarking summary of HLA class I molecules in the murine VACV system.
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THE IMPACT OF HUMAN LEUKOCYTE ANTIGEN POLYMORPHISM ON BINDING VS. IMMUNOGENICITY PREDICTIONS

HLA polymorphism is an important issue to be considered in evaluating the performance of HLA binding or eluted ligand predictions as a predictor of immunogenicity. HLA class II predictions are by definition allele-specific. However, in real-life drug immunogenicity scenarios, this has to be reconciled with the fact that HLA class II molecules are remarkably polymorphic, encoded by seven different loci, and represented by thousands of different allelic variants.

At the level of individual patients, each human subject is typically heterozygote at four different HLA class II loci (DRB1, DRB3/4/5, DP, and DQ) and therefore expresses up to eight or more different HLA class II variants; this is because of the so-called heterozygous pairing of DP and DQ where both alpha and beta subunits are polymorphic and can form trans and cis pairings leading to an estimate of about 12 different molecules. And a patient population expresses hundreds of different variants, each represented in different frequencies, which also vary significantly across different ethnicities.

Human immunogenicity and clinical trials rarely determine the specific HLA class II molecule restricting the response, as this is considerably more complex and less clear-cut than in the case of HLA class I. As a result, actionable predictive strategies to target, not alleles, but individuals and populations are required.

Our group has defined a subset of 26 different DRB1, DRB3/4/5, DP, and DQ allelic variants (30) that afford 94.5% global coverage of general human populations. We have used promiscuity indexes (that is, predicting peptides binding to a majority of the most common alleles) as a way to identify peptides that correspond to the most dominant, most immunogenic peptides observed in real-life patient populations (30).

This approach was further optimized, utilizing datasets derived from peptide sets spanning entire proteins associated with measured immune responses in exposed humans to examine a) how many and b) which specific HLA class II variant predictions would be most effective, when combined, to predict immunogenicity in human populations. It was found that optimal results were found with a set of just seven variants, representative of common and dominant class II motif types (31).



PREDICTING IMMUNOGENICITY IN VIVO IN HUMAN POPULATIONS

The performance of the “seven-allele method” in predicting immunogenicity in patient populations was evaluated in a subsequent study (32). In the same study, we also considered an agnostic approach, where we used T-cell recognition data to directly train predictive algorithms. For this purpose, we used in-house data and IEDB-derived tetramer as training sets. The performance was evaluated using results from 57 different studies from other laboratories, which used overlapping peptides and exposed populations that contained 530 non-redundant dominant epitopes and 1,758 non-epitopes.

We observed that either the HLA class II binding predictions (seven alleles) or the T-cell immunogenicity tools were associated with overall AUC values of 0.7. Using the two methods in combination afforded modest gains, with AUC of 0.725. The relatively low overall AUC values should not be surprising, given the fact that what is predicted here is not an outcome linked to a given HLA but a population outcome, where the composition of the responding population is unknown and the restricting HLA molecules associated with each epitope are not determined.



PREDICTING IMMUNOGENICITY IN VIVO BY IN VIVO IMMUNOGENICITY ASSAYS

In vitro assays utilizing cells from naïve, non-exposed donors offer an obvious alternative to bioinformatic predictions. Primary immunogenicity can be measured in vitro by a variety of methods. These include immunizing with whole antigen or peptides, using dendritic cells or peripheral blood mononuclear cells (PBMCs) as APC, usually after a period of in vitro culture, followed by read-out assays that include proliferation, enzyme-linked immunosorbent spot (ELISPOT), and intracellular cytokine staining (ICS).

Despite their widespread use, benchmarking the performance of these assays as a predictor of in vivo immunogenicity is lacking. Rigorous benchmarking studies are required to establish whether these methods do actually predict in vivo immunogenicity and which method is most effective. Questions to be addressed include whether memory responses are detected in drug-treated subjects and whether HLA type predicts which subjects will develop memory T-cell responses. It is further unclear to what extent HLA binding, peptide elution, or in vitro immunogenicity assays or predictions actually predict which subjects will develop memory T-cell responses. Finally, benchmarking should address at the population level whether binding, elution, or immunogenicity assays or predictions actually identify which epitopes are dominant in ex vivo scenarios, with obvious implications for strategies aimed at protein de-immunization by removing T-cell immunogenic epitopes.



CONCLUSIONS


Do T-Cell Responses Correlate With ADA?

Surprisingly, this is still a very open question that rigorous benchmarking studies can help answer. This will require a global assessment of drug-specific memory T cells in drug-exposed individuals. We believe that the paper makes a clear and desperate plea for the need to generate more data and for honest and objective benchmarking, which are a necessary requisite for moving the field forward. Do the magnitude and/or specificity of memory T-cell responses correlate with ADA titers and/or neutralizing activity? Does immunogenicity (predicted or measured or in non-exposed subjects) predict immunogenicity in exposed subjects? Are the same epitopes recognized as dominant in ADA+ and naïve subjects (with obvious implications for de-immunization) (33)?

It should be emphasized that this review does not address other variables that are appreciated to impact ADA and T-cell immunogenicity, such as induction of T-cell tolerance, self-similarity, protein-drug dosing and schedule, aggregation state, and general immune responsiveness of the drug recipient. In particular, the methods available to the scientific community are trained and derived for the most part on the basis of “strong” infectious diseases and allergy-derived epitopes (with a growing representation of autoimmune and cancer-derived epitopes). In the context of drug immunogenicity and design, it is possible that epitope prediction thresholds might need to be adjusted. This issue can be objectively addressed only when a sufficient amount of epitope data from protein drugs will be accumulated and made public. Ideally, these data could also be utilized to develop algorithms specific to the prediction of drug immunogenicity.

Answering these questions will ultimately require the coming together of bioinformaticians, cellular immunologists, and clinical scientists, applying rigorous and transparent methodologies and datasets. And ultimately, it will require prospective evaluations of immunogenicity including in vitro immunogenicity assay pre-exposure, HLA typing, and post-exposure immunogenicity and ADA measures to generate the datasets in which benchmarking can be applied. Ultimately, how can we predict immunogenicity outcome if all we do is run predictions and not test them in a prospective fashion if the immunogenicity assays predicted immunogenicity and ADA outcomes?
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Alemtuzumab was designed to reduce the immunogenicity of the parent CD52-specific rat immunoglobulin. Although originally marketed for use in cancer (Mabcampath®), alemtuzumab is currently licensed and formulated for the treatment of relapsing multiple sclerosis (Lemtrada®). Perhaps due to its history as the first humanized antibody, the potential of immunogenicity of the molecule has been considered inconsequential, and anti-drug antibodies (ADA) responses were similarly reported as being clinically insignificant. Nonetheless, despite humanization and depletion of peripheral T and B cells, alemtuzumab probably generates the highest frequency of binding and neutralizing ADA of all humanized antibodies currently in clinical use, and they occur rapidly in a large majority of people with MS (pwMS) on alemtuzumab treatment. These ADA appear to be an inherent issue of the biology of the molecule—and more importantly, the target—such that avoidance of immunogenicity-related effects has been facilitated by the dosing schedule used in clinical practice. At the population level this enables the drug to work in most pwMS, but in some individuals, as we show here, antibody neutralization appears to be sufficiently severe to reduce efficacy and allow disease breakthrough. It is therefore imperative that efficacy of lymphocyte depletion and the anti-drug response is monitored in people requiring additional cycles of treatment, notably following disease breakthrough. This may help inform whether to re-treat or to switch to another disease-modifying treatment.

Keywords: anti-drug antibodies, CD52, humanized, immunoglobulin, immunogenicity, multiple sclerosis, neutralizing antibodies


INTRODUCTION

Alemtuzumab is a monoclonal antibody that is specific for the 21–28 kDa lymphocyte cell surface CD52 glycoprotein (1, 2). This was the first example of a humanized monoclonal antibody (mAb) (3). The initial formulation (Mabcampath® 1,033 mg over 12 weeks) was used to treat CD52+ T and B cell cancers, notably chronic lymphocytic leukemias, and other lymphocyte-mediated conditions (1, 2, 4). However, it is now formulated (Lemtrada® 36–60 mg over 3–5 days over 13 months) and licensed for the treatment of relapsing multiple sclerosis (MS), which is a demyelinating, probable autoimmune disease of the central nervous system (5, 6).

Humanization was a process designed to reduce the immunogenicity of therapeutic monoclonal antibodies that had been generated in rodents (1–3). Although removing rodent constant regions and grafting the complementarity-determining regions onto human framework regions clearly reduced immunogenicity (1), it was soon recognized that alemtuzumab could generate anti-idiotypic responses that could prevent therapeutic benefit (4, 7). Subsequently, perhaps in recognition of the problem of antibody neutralization (8), strategies were developed to limit anti-globulin responses to alemtuzumab (8–10). The occurrence of binding antibodies (BAbs) received limited mention and notably neutralizing antibodies (NAbs) were not discussed in the published reports (5, 6, 11) of the pivotal trials leading to the licensing and commercial development in MS. The first mention of neutralizing antibodies did not occur until we reported on them in 2017 (12, 13). They were described as “inhibitory antibodies” within the regulatory submissions (5, 6). According to the Food and Drug Administration (FDA), their effect on the clinical efficacy and safety profile was of unclear clinical significance. We are concerned that the effect of alemtuzumab anti-drug antibodies (ADA) on efficacy has yet to be adequately addressed (12, 14, 15), and may have safety implications (6, 13, 16, 17). Although ADA against alemtuzumab have been reported as being without clinical significance (14, 15), the dosing at intervals of 12 months or longer may have aided development of alemtuzumab by allowing ADA to subside (Table 1).


Table 1. Alemtuzumab dosing schedule can limit anti-drug antibody activity.
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Alemtuzumab and Anti-drug Antibody Responses

While alemtuzumab (CAMPATH-1H) was originally designed to reduce the immunogenicity of the parent CAMPATH-1G rat immunoglobulin (1–3, 21) with alemtuzumab, ironically this appears not the case, as seen in this comparison among antibody therapies used in MS (Table 2). Moreover, alemtuzumab (36–60 mg Q52W) induces binding ADA in about 85% of cases within 24 months (n = 811), and about 92% of those develop neutralizing ADA (12, 13). In the phase III studies, it was evident that, despite substantial lymphocyte depletion, over 60% of pwMS developed ADA within the first month of infusion (12, 13). Furthermore, in the phase II extension study (Maximum n = 232), with three cycles of alemtuzumab administered, nearly all of the pwMS eventually developed ADA (8) (Table 1). Even chimeric CD20-depleting antibody (500–1,000 mg rituximab. Q48W) induced ADA in only about 25–37% of pwMS (22, 25). By contrast, humanized ocrelizumab (anti-CD20. 600 mg Q48W) induced ADA in only 0.4% of people with relapsing MS, with <0.1% of people exhibit neutralizing ADA within 2 years of treatment (23). This low level may not simply be due to the humanization process, as this is in part dose-dependent as lower ocrelizumab doses (20 mg) induce ADA in about 20% of pwMS (26). While this dose induced comparable peripheral blood depletion to the 600 mg dose, repopulation was quicker (26), and possibly allows sparing of B cells within lymphoid tissues that can generate the ADA response. Humanized, natalizumab (anti-CD49d-CD29. 300 mg Q4W) induces ADA in about 5–9% of people with MS (24). These are all significantly less than that of alemtuzumab treatment of pwMS (12) (Table 2).


Table 2. A high frequency of anti-drug antibodies develops following alemtuzumab treatment in people with MS.
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Biology Supporting the Generation of Anti-drug Antibodies

The antibody humanization process has been refined since alemtuzumab was first invented, as it may be possible to reduce the immunogenicity of anti-CD52 antibody compared to alemtuzumab (27, 28). However, high frequency of ADA following alemtuzumab infusion may be due to its particular biology, which probably relates to the pattern of CD52 antigen tissue-expression and the depletion/repopulation kinetics of immune cells. Alemtuzumab is (a) given as an effective bolus (5). As CD52 antigen has a wide distribution outside the circulation, the CD52 receptors on leucocytes outside in tissues can absorb the antibody, and this can lead to the relatively short, peripheral blood half-life of alemtuzumab and rapid clearance from the circulation (15). Thus, the cells that escape the initial depletion event are not targeted again until the next cycle of treatment ~12 months later. This is unlike cladribine and ocrelizumab that are administered again 2–4 weeks after the initial dose (23, 29). As such, pwMS who do not deplete lymphocytes effectively after the first dose are more likely to subsequently develop ADA (13, 15); (b) alemtuzumab targets antigen-presenting cells, which include dendritic cells, and B cells, due to their expression of CD52 (Figure 1). Although transiently depleted, monocytes repopulate within a month while circulating antibody is probably still present, and so could rapidly present antigen to remaining antigen-specific lymphocytes, as could any antigen presenting cell that escaped depletion (15, 34). Similar to T cells, surviving B cells (35), could exhibit homeostatic expansion (36), following alemtuzumab-induced depletion and 1 month after treatment memory B cells remain a significant proportion of the B cell pool (37, 38). These cells can be efficient at presenting antigens, notably their specific antigen (39, 40), and could as a result complement the rapid generation of ADA, probably stimulated by professional antigen-presenting cells and supported by the activity of surviving T cells (41); (c) ancillary molecules are needed for the lytic action of alemtuzumab. These include the need for the complement cascade for complement-fixation or cells for antibody-dependent cellular cytotoxicity to co-localize and enter the target tissue (42). This may explain why it appears that alemtuzumab does not purge the lymphoid tissue and bone marrow effectively, as seen in humanized CD52 transgenic mice (43). As such, sequestration of lymphocytes into lymphoid tissue (and possibly the bone marrow) by fingolimod, due to sphingosine-1-phosphate receptor modulation, appears to inhibit the activity of alemtuzumab in some individuals (44); (d) this may allow the B cell niche in the bone marrow to survive and could account for the rapid hyper-repopulation of immature/transitional B cells and naïve/mature B cells that may form the precursors for ADA formation (12); (e) this occurs at a time when CD52 depletion appears to block immune-tolerance induction (12, 45). While it has been reported that the proportions of CD4 T regulatory cells increase compared to CD4 T helper cells (35, 46), in terms of absolute numbers they are dramatically decreased, especially in relation to hyper-populating immature B cells (12, 37). However, CD8 T cells may control this response, and this subset is markedly depleted by alemtuzumab (12, 45). This perhaps creates an environment for ADA generation that occurs with high frequency within the first month of infusion (8, 12, 15). Whether this represents T cell-independent extrafollicular zone directed immune response, as suggested for the formation of ADA to other antibodies (47), is currently unknown. Regulatory cells recover faster than potentially pathogenic memory T and B cells, allowing for control of MS (12). However, this early loss of immune tolerance may also allow the generation of antibody-mediated secondary autoimmunity to develop, which occurs at a high frequency (~40–50%) in pwMS within 5 years from infusion (5, 20, 48). This problem occurs in MS at a higher frequency compared to that observed in cancer following alemtuzumab use (49). Similarly, only 4/211 (1.9%) of people treated for cancer developed ADA (50). This suggests a dose-related difference, or that perhaps the genetics of people with MS and other potential autoimmunities (7) may also predispose them for generating immune responses that may contribute to generating ADA responses; (f) Lastly, since peripheral B cell niches may not be effectively purged, and CD52 is only weakly expressed by plasmablasts and plasma cells (Figure 1) (51, 52), alemtuzumab may not particularly target antibody-forming cells. The low expression of CD52 on plasma cells suggests that once formed, antibody responses (including ADA responses) will persist. Consistent with this view, vaccine responses to common virus and recall antigens persist following alemtuzumab treatment, and the ability to mount responses to novel antigens is retained once the antibody has cleared (53). Thus, ADA titers are boosted with each infusion cycle (15), and this increases the risk of neutralization over time, as the number of treatment cycles increases.


[image: Figure 1]
FIGURE 1. Expression profile of CD52 antigen on leucocytes. Gene expression of CD52 antigen in various cell types assessed using microarray. Data was extracted from the BioGPS portal [www.biogps.org] (30–32) using normalized data from the Primary Cell Atlas (http://biogps.org/dataset/2429/primary-cell-atlas/) (33) and the CD52 probe (34210_at) in Affymetrix Human Genome U133 Plus 2.0 expression arrays (33). The results represent the mean ± SD relative gene expression (arbitrary units) from 2 to 5 replicates. Polymorphonuclear neutrophils (PMN).




Anti-drug Antibody Generation May Have Influenced the Treatment Protocol for Alemtuzumab

With the recognition that humanized forms of CAMPATH-1 could still elicit strong ADA responses (4, 7, 54, 55) with a reduction in therapeutic benefit (7, 56), strategies to inhibit ADA to alemtuzumab were investigated (8–10). As such, ADA might have been a consideration in the clinical dosing schedule developed for alemtuzumab in MS (Table 1). Dosing is limited to 5 days for the first treatment cycle and 3 days for the second and subsequent treatment cycles. Repeat dosing has to be 1 year after the last treatment cycle, rather than following disease breakthrough, and only two cycles of dosing were to be initially administered (5). Lastly, infusion of alemtuzumab occurs under anaphylactoid reaction prophylaxis (5, 11, 20).

The dosing schedule may thus avoid potential influences of ADA response. As such, it takes at least 6 days for B cell responses to be generated, with primary antibody levels peaking sometime after that, and it will take a few days to generate an effective secondary antibody response (18, 19, 57). These antibody responses appear to take about a year to subside to near background levels to allow re-dosing (12, 15). Importantly, while there were no pre-treatment NAb responses prior to treatment cycle 1, and only about 0.6% of people had NAbs prior to cycle 2 in the phase III trials, about 31% of people had persistent NAbs, which can limit activity at the end of the second treatment cycle, and over 75% of people had persistent BAbs (12, 13, 15). Anaphylactoid reaction prophylaxis is largely being given to limit the problems of infusion reactions, which are common (>80%), especially during the first cycle of infusions. These are associated with the reactivation of symptoms that occur with pre-existing demyelinated lesions (5, 58). Infusion reactions are largely a product of the cytokine release syndrome, occurring following cell lysis, due to antibody-mediated attacks. The antihistamines and glucocorticosteroids would also mask any potential anti-globulin allergic response, which have not been a significant adverse event (5, 11, 20). While this dosing schedule may have served to avoid the potential issue of antibody immunogenicity, it also generated the concept of pulsed “immune reconstitution therapy” (IRT). This demonstrates that it is possible to get long-term benefit—and possibly long-term remission for some people—from a short treatment cycle, creating a new therapeutic paradigm that did not depend on continuous treatment (48, 59).



Neutralizing Anti-drug Antibodies Generation May Become More Problematic With Increasing Number of Treatment Cycles and Will Need Monitoring

While the frequency of ADA during two cycles is high, the titer generally drops sufficiently to allow effective re-treatment (12, 48). However, with time they may become more persistent (8, 13). As such, ADA could be an issue for any pwMS receiving a third cycle of alemtuzumab, although they have not been a problem at the population level, as alemtuzumab continues to deplete (14, 15, 48, 60). While available data suggests that a lack of response after a third cycle of alemtuzumab is probably only in a minority of pwMS (14), it still appears that those with the highest titer ADA (binding and neutralizing) pre-cycle 3 (>75 percentile) exhibit the poorest lymphocyte depletion potential (Figure 2) (14). People with high-titer neutralizing ADA responses can fail to deplete. This can lead to disease breakthrough and accumulating disability (Figures 3, 4) (8, 13, 16, 17).


[image: Figure 2]
FIGURE 2. High-titer binding and neutralizing ADA may limit CD4 T cell depletion. People in the CARE-MS extension study received three cycles of alemtuzumab. The results compare the pre-dose binding and neutralization ADA titer, expressed as the lowest to highest quartile and the post-dose absolute number of peripheral CD4 T blood cells over time. The diagram was adapted from data presented in Jacobs et al. (14). The data for the highest quartile was described as “limited and non-significant.” Poster available. https://onlinelibrary.ectrims-congress.eu/ectrims/2018/ectrims-2018/228455/alan.jacobs.minimal.impact.of.anti-alemtuzumab.antibodies.on.the.html (accessed 5th December 2019). Reproduced with permission from L. Chung and Genzyme.
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FIGURE 3. Loss of lymphocyte-depleting function after three alemtuzumab cycles. Lymphocyte depletion following alemtuzumab treatment in people that switched to fingolimod. Evidence for loss of function after two or more cycles. Although the clinical course is not shown, additional treatments after two cycles or switching to another treat in an indicator for disease breakthrough in the form of new relapses or magnetic resonance imaging. Poster available http://www.empireneuro.org/sitebuildercontent/sitebuilderfiles/ean2015poster.pdf (accessed 5th December 2019). Reproduced with permission from Genzyme and D. J. Arnold.
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FIGURE 4. Alemtuzumab neutralizing antibodies develop in a person failing treatment. (A) Lymphocyte (lower limit of normal is shown by a dashed line) and CD4 T cell levels were assessed in a person with clinically-definite multiple sclerosis who received the standard 12 mg/day dosing of alemtuzumab at 12-month intervals. Following detection of an active spinal cord lesion, detected by T1 gadolinium (Gd+) enhanced magnetic resonance imaging, an additional alemtuzumab infusion cycle was given. Lymphocyte deletion was limited. A magnetic resonance imaging scan subsequently detected 17 brain and 7 spinal cord gadolinium enhancing lesions, and prompted intravenous methyl prednisolone and plasma exchange, followed by an oral steroid taper. A serum sample (collected during routine sampling) following five cycles of plasma exchange was used following informed written consent and approval given for publication, consistent with institutional guidelines. These were assayed to conform with United Kingdom regulations. (B) Binding (Saxena et al., in press) and (C) neutralizing ADA (Ali et al., in press) levels taken prior to 1000mg rituximab therapy, which was given at 2-week intervals.


Initially, alemtuzumab had a liberal license in Europe, requiring only an active lesion on MRI for use (15). More recently, vascular side effects following infusion has moved alemtuzumab largely to a second-line status in the European Union, and it remains largely a third-line treatment in the United States, where it has remained ever since receiving FDA approval (15, 61). However, as the third and potentially fourth treatment cycle of alemtuzumab was approved by the European Medicines Agency (EMA) in 2017, and the National Health Service (NHS) in the United Kingdom in 2018 (15, 62), measurement of ADA would be more important to help inform re-treatment or drug-switching decisions for individual patients.

If using alemtuzumab, it is imperative that lymphocyte depletion is assessed. This also applies to any other lymphocyte-depleting agent, as people fail to reduce lymphocyte levels in response to treatment with a variety of agents, probably due to their genetics (13, 63). Although it has consistently been reported that total lymphocyte levels do not predict disease activity (15, 60), lack of depletion can be seen to be associated with disease breakthrough and treatment failure in individuals, necessitating a switch to alternative therapies (Figure 3). Such individuals could be found in meeting reports (8, 16, 17). However, the scale of the issue needs to be addressed, although presumably the frequency of total lack of efficacy is low (14, 48). Nonetheless, in one study, two out of six people switching to fingolimod could be seen to totally fail to deplete prior to switching (Figure 3) (16)—this suggested the presence of neutralizing ADA. Appreciation of this issue could possibly spare individuals from unnecessary disease activity and disability that untreated MS causes.



Alemtuzumab Screening Assays

At present, alemtuzumab ADA assays are neither routinely supplied by the manufacturer nor required by regulatory authorities. However, the reagents with which to construct an assay for alemtuzumab ADA and a neutralizing assay are commercially available. To support clinical use of alemtuzumab in our clinical practice—as it is a valuable treatment for many people with MS, and the possibility of third and fourth courses of treatment were available (5, 48)—we developed a novel assay to detect ADA against alemtuzumab, using a synthetic recombinant construct Alem GloBody (64). This consists of the alemtuzumab variable heavy (VH) and light (VL) domains held together by an engineered tandem nanoluciferase molecule, such that the VH and VL will pair up and retain antigen binding, and the dual luciferase activity is not compromised (64). In the presence of ADA, the Alem GloBody-IgG complexes form. Since the Alem GloBody lacks the IgG constant domains, it cannot bind to Protein G. However, the complexes can be captured via the Fc of the ADA, and the retained luciferase activity is proportional to the level of ADA in the sample. The assay is performed in <3 h and currently only requires 20 μL of serum. Secondly, we have developed a stable adherent CHO cell line expressing human CD52 for use in a competition assay with sera and alemtuzumab conjugated with Alexa-488 (65). In the absence of neutralizing antibody, the alemtuzumab-Alexa-488 binds to the cells with maximum fluorescence. If neutralizing antibodies are present, they inhibit alemtuzumab-Alexa-488 binding to the cells and the signal is reduced. This reduction in signal can be titrated, and a value assigned to the dilution, requiring giving 50% inhibition (ID50). This assay currently requires only 10 μL of serum and takes 3 h (65). These two assays can be used to detect the development of binding and neutralizing alemtuzumab-specific ADA, as seen in an individual with MS (Figure 4) who stopped depleting lymphocytes and exhibited breakthrough disease activity as indicated by new lesion formation (Figure 4A). In comparison to untreated serum (baseline 1.22 x 104 Lux), blank, and a 50 μg/mL anti-alemtuzumab standard (4.66 × 104 Lux), the serum had a very high titer (>7.7 × 105 Lux, despite five cycles of plasma exchange) of binding (Figure 4B), and neutralization (Figure 4C) of ADA could be detected. Although this does not prove cause and effect, it is inconceivable that high titers of neutralizing antibodies are without any influence if there are pre-existing ADA. It has been suggested that ADA are without significant influence (5, 11, 14). While this may be the case at the population level (14, 60), this seems not the case for certain individuals (13). This study indicates that neutralization of alemtuzumab occurs and appears to be clinically relevant in some individuals. Thus, the monitoring of ADA responses may be helpful in the decision to re-treat or switch treatments.




CONCLUSIONS

High-titer neutralizing ADA responses can be associated with a lack of clinical response (8, 13, 17) (Figure 4). These can become high-titer and persist for years (unpublished observations). However, it remains to be determined whether there is a pre-dose antibody-titer limit, above which further dosing is unlikely to work effectively. People within the phase III CARE-MS trial (n = 712), and extension studies (n = 292), had their ADA (binding and neutralizing) and lymphocyte levels monitored (14)—suggesting that the manufacturer could address this point. Based on our findings, it would seem important for 1-month pre-dose neutralizing ADA titers relating to post-dose lymphocyte depletion failure to be reported, in order to evaluate the concerns raised here. Further, ongoing studies on assay development and validation are in progress and are required to define prognostic ADA levels that may predict lymphocyte depletion and potential treatment failure, such that they can inform on re-treat or switching options. We believe pre-dose screening should be offered and adopted, and that the switching of treatments should be instigated where relevant, as it is important that further neurological disability is not accumulated because patients are being given an ineffective treatment. Here, we demonstrated the utility of GloBody™ for alemtuzumab ADA detection. GloBody reagents based on other antibody-therapeutic binding sites may be generated (including for CART-cell), and the generic platform may be adopted to monitor ADA responses (64).
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Tumor necrosis factor inhibitors (TNFi) have significantly improved treatment outcome of rheumatic diseases since their incorporation into treatment protocols two decades ago. Nevertheless, a substantial fraction of patients experiences either primary or secondary failure to TNFi due to ineffectiveness of the drug or adverse reactions. Secondary failure and adverse events can be related to the development of anti-drug antibodies (ADA). The earliest studies that reported ADA toward TNFi mainly used drug-sensitive assays. Retrospectively, we recognize this has led to an underestimation of the amount of ADA produced due to drug interference. Drug-tolerant ADA assays also detect ADA in the presence of drug, which has contributed to the currently reported higher incidence of ADA development. Comprehension and awareness of the assay format used for ADA detection is thus essential to interpret ADA measurements correctly. In addition, a concurrent drug level measurement is informative as it may provide insight in the extent of underestimation of ADA levels and improves understanding the clinical consequences of ADA formation. The clinical effects are dependent on the ratio between the amount of drug that is neutralized by ADA and the amount of unbound drug. Pharmacokinetic modeling might be useful in this context. The ADA response generally gives rise to high affinity IgG antibodies, but this response will differ between patients. Some patients will not reach the phase of affinity maturation while others generate an enduring high titer high affinity IgG response. This response can be transient in some patients, indicating a mechanism of tolerance induction or B-cell anergy. In this review several different aspects of the ADA response toward TNFi will be discussed. It will highlight the ADA assays, characteristics and regulation of the ADA response, impact of immunogenicity on the pharmacokinetics of TNFi, clinical implications of ADA formation, and possible mitigation strategies.
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INTRODUCTION—A BRIEF HISTORY OF TNF INHIBITOR DEVELOPMENT

During the last decades, recombinant therapeutic proteins (biologics) have revolutionized the treatment of a wide variety of diseases. Since the demonstrated clinical effectiveness and market approval of the first recombinant therapeutic protein (insulin, 1982), which was quickly followed by the first therapeutic monoclonal antibody (OKT3, 1985), the development of these therapeutics has expanded exponentially. Currently, recombinant therapeutic proteins are the fastest-growing sector in the pharmaceutical industry with an estimated value of around 150 billion dollars. Within the field of rheumatology currently seven monoclonal antibodies, two fusion proteins, and one cytokine mimic are available that aim to meet the unmet needs of treatment with empirical medication such as methotrexate. Five of these biologics belong to the group of TNF inhibitors (TNFi) and include the monoclonal antibody-based proteins adalimumab, infliximab, golimumab, and certolizumab and the fusion-protein etanercept.

The first step toward the development of therapeutic monoclonal antibodies was set in 1975 by Kohler and Millstein who discovered how to generate monoclonal antibodies in vitro (1). Initially the monoclonal therapeutic antibodies were of murine origin which brought about several significant shortcomings such as the development of antidrug antibodies (ADA, termed human anti-murine antibodies or HAMA at the time) (2–4), a relatively short half-life due to weak binding to the Fc receptor (5, 6), and reduced efficacy due to poor stimulation of effector functions (6, 7). In order to overcome these drawbacks, the next generation of therapeutic monoclonal antibodies were chimeric antibodies in which the murine constant domains were replaced by their human counterpart. Although chimeric antibodies such as infliximab and rituximab (anti-CD20) are less immunogenic, they can still induce ADA formation (8, 9). With further advances in antibody engineering, humanized and fully human monoclonal antibodies became available. During the process of humanization, residual mouse-related epitopes in the variable domain are replaced by human sequences while retaining the target binding properties. Fully human antibodies can be derived from phage-display or be generated in xenogenic mice carrying the human humoral immune repertoire. Humanized and fully human monoclonal antibodies are less immunogenic and have better pharmacological properties compared to the earlier antibodies, but they still induce ADA formation (2, 9, 10).

In parallel with the advancements in antibody engineering, Brennen et al. described in 1989 that blocking of TNF inhibits the production of several important pro-inflammatory cytokines (11). This novel concept, in which TNF initiates a cascade of cytokine production, designated TNF as an interesting target for the treatment of inflammatory diseases like rheumatoid arthritis (12). Although at the time the rationale for anti-TNF therapy in rheumatoid arthritis was new and not widely accepted, several TNF-inhibitors were generated as a possible treatment for bacterial septic shock (13). After demonstrating the beneficial effect of TNFi in animal models of arthritis (14) it was shown that TNFi were also effective in patients with rheumatoid arthritis (15).

Currently, five TNFi are approved by FDA and EMA, which are infliximab, etanercept, adalimumab, golimumab, and certolizumab pegol. Adalimumab and golimumab are fully human IgG1 antibodies, infliximab is a chimeric IgG1 antibody, etanercept is a fusion-protein between a human IgG1 Fc-tail and the TNF-receptor type 2, and certolizumab pegol is a PEGylated Fab fragment of a humanized anti-TNF antibody. Despite the fact that TNFi have significantly improved the treatment of rheumatic diseases, a fraction of patients needs to discontinue treatment due to ineffectiveness or adverse reactions. Both can be the result of ADA development. The first studies that drew attention toward the immunogenicity of TNFi showed a shorter drug survival in patients after subsequent doses of TNFi (16, 17). Later it was demonstrated that most TNFi induce formation of ADA (17, 18), mostly toward the idiotype of the antibody (19–21). The reported frequencies of ADA detection and ADA titers vary between studies, which can be explained by both patient- and treatment-related factors such as genetics, type of immune response, TNFi characteristics, dosing regimen and co-medication (17). In addition, the assay format used for the assessment of ADA affects the results (22). Measurements with drug-tolerant assays have shown that the majority of patients treated with a TNFi develop ADA (22). However, not all detectable ADA result in drug levels below the therapeutic window; the clinical consequence is dependent on the relative amount of drug and ADA. Even in the presence of ADA, drug levels can be sufficiently high and contribute to clinical remission. Recently published data suggests that concentrations of around 0.1–0.5 mg/L might be sufficient to control TNF (23). The foregoing emphasizes that for the assessment of the clinical relevance of immunogenicity adequate drug level measurements are essential. In this review these different aspects of immunogenicity of TNFi will be discussed in more detail.



ASSAYS USED FOR ADA DETECTION

Assessing the immunogenicity of TNFi is complex, amongst others due to potential interference of the drug with the assay, variable time course of the ADA response, and variability of the antibody characteristics such as affinities and isotypes. Drug interference complicates accurate quantification of ADA and thereby the assessment of its effect on PK of the TNFi and its clinical relevance (24). Information about which assay is used and familiarity with the most important characteristics of the assay are essential to interpret ADA measurement correctly.

The most important distinction that can be made between the available assays is the extent to which the assay is sensitive to the drug in the serum (either free or bound to the ADA), i.e., the drug-tolerance of the assay. When drug is present in the serum it will form complexes with ADA. Since detection of ADA in all assay formats is based on a labeled variant of the drug, this complex formation will shield binding of the detection reagent. This phenomenon is called drug interference and it will result in underestimation of the immunogenic potential of the TNFi. Early studies that focused on the immunogenicity of TNFi used assays with very low drug-tolerance (drug-sensitive assay), thereby underestimating the levels of immunogenicity. Although current assays are often more drug-tolerant, they still are affected by the level of the TNFi to a certain extent (24).

Drug-tolerant assays can, in contrast to drug-sensitive assays, also measure ADA that are bound to the TNFi. Nevertheless, even completely drug-tolerant assays will underestimate the true amount of ADA formation since ADA-drug-complexes may be cleared from the circulation more rapidly. Using the drug-tolerant assays it was discovered that the majority of patients treated with a TNFi develop an immune response toward these therapeutic proteins (22). Although drug-tolerant assays provide a more accurate assessment of the presence of ADA compared to drug-sensitive assays, they are not necessarily more useful in clinical practice. This can be explained by the fact that drug-tolerant assays also detect ADA that would not have caused a clinical relevant decrease in drug level, while drug-sensitive assays will typically only detect ADA when drug levels are below the clinically effective threshold. Not surprisingly, the strongest associations between ADA and clinical impact were mainly established using drug-sensitive assays (24–26).

The different assay formats have been reviewed before and will be discussed only briefly in this review (24–27). Widely used formats include bridging immunoassays and antigen-binding tests (ABT). In general, both the enzyme-linked immunosorbent assay (ELISA) and the electrochemiluminescence (ECL) assay are often performed as bridging formats where (labeled) drug is used for capture as well as detection. This bridging format hinges on the multivalency of the ADA that is being detected (e.g., being able to bind at least two drug molecules). Since circulating IgG4 antibodies are largely monovalent, due to half-molecule exchange (28), ADA of the IgG4 isotype will not be appropriately detected in these bridging formats, which may result in an underestimation of the ADA response. The ABT is different in that it uses a capture ligand (generally protein A) to immobilize specific and non-specific immunoglobulins present in the sample, which is followed by specific detection of the ADA using radiolabeled (in case of the radioimmunoassay, RIA) TNFi. For all these assays, drug-tolerant formats have been developed by employing acid pretreatment which dissociates the drug-ADA complexes that may be present in the sample.



CHARACTERIZATION OF THE ANTI-DRUG ANTIBODY RESPONSE

Following antigen exposure, it may take up to a week or more for specific antibodies to become detectable in circulation (29). Initially these antibodies are expected to be of the IgM isotype. In case of proper B-cell stimulation by follicular T-helper cells, isotype switching can occur leading to the generation of antibodies of the IgG isotype. Detection of these antibodies is dependent on the sensitivity and the characteristics of the assay, which in the case of ADA are generally optimized to detect antibodies of the IgG isotype. Therefore, ADA are usually detected 2–4 weeks after the first administration (30), but may have been present at undetectable levels earlier. In the absence of proper T-cell help, ADA formation is expected to remain limited to a low titer transient IgM response with little clinical impact. Since none of the currently marketed TNFi have a mucosal route of administration, antibodies of the IgA isotype are not expected to be formed. Also, antibodies of the IgE isotype, that are associated with hypersensitivity reactions, are rarely detected (31). Previous studies demonstrated that enduring exposure to toxins leads to the formation of antibodies of the IgG4 isotype, which are associated with a tolerogenic phenotype due to the lack of Fc functionality (32). Similarly, long-term exposure to TNFi was demonstrated to result in substantial IgG4 ADA production (33).

To maintain tolerance to self, negative feedback loops are in place that prevent the generation of high affinity antibodies that recognize self-epitopes. Consistent with this concept, ADA formation to therapeutic antibodies such as the TNFi appears to be almost exclusively restricted to epitopes that are drug-specific, i.e., the idiotype. Depending on the TNFi, different drug-specific epitopes can be identified [reviewed in van Schie et al. (34)]. With the exception of etanercept, all TNFi are monoclonal antibody (-based) proteins that by definition contain complementary determining regions (CDR). These hypervariable loops form the largest part of the TNF binding region, which is unique for every antibody clone. Due to this unique amino acid sequence (e.g., not present in the natural Ig pool of the patient), and potentially aided by its natural property to prompt protein binding, the antigen-binding site forms the prime immunogenic region targeted by ADA. The TNF-receptor/Fc-tail fusion protein etanercept is unique in the sense that does not have an idiotype and only the fusion region between the domains contains non-endogenous epitopes that are potentially immunogenic, which may explain its overall low immunogenicity (35).


Drug Neutralization by ADA

When looking at the functional impact of ADA on drug level, two types of ADA can be distinguished. These are non-neutralizing ADA (or binding antibodies, BAb), that specifically bind the drug but do not affect the drug-target interaction, and neutralizing ADA (NAb), that directly (or in close proximity) bind the pharmacologically active site of the drug thereby physically interfering with the ability of the drug to bind its target. Where BAb may indirectly decrease the drug level by increasing drug clearance via immune complex formation, NAb may have a direct negative impact on functional drug level. NAb have demonstrated to be a major safety concern for enzyme replacement therapies, where cross-reactivity to and subsequent neutralization of the endogenous counterpart has led to life-threatening side effects [reviewed in Wang et al. (36)]. However, no specific safety concerns from NAb against monoclonal antibody therapeutics, including the TNFi, have been reported.

The value of specific NAb assessment for monoclonal antibody therapeutics may be questioned. Inconsistent NAb incidences are being reported for the same drug depending on the assay used for detection, which is exemplified by the market authorization reports on biosimilars (37). Further, reporting only NAb incidences easily results in misunderstanding of NAb data. Typically, ADA-positive samples are assessed in a NAb assay. When a certain degree of neutralization is observed, the sample is considered “NAb-positive,” which is easily interpreted as “in this patient, drug is inactive because it will be neutralized by NAb.” Conversely, ADA-positive samples where no neutralization was measured in the assay would be “NAb-negative.” This may be taken to mean “this sample contains non-neutralizing antibodies.” Both interpretations might be true, but not necessarily so. To interpret NAb data it is important to realize that functional neutralization depends on the relative concentrations and affinities of the ADA, the drug, the target, and the target's respective target (the TNF receptor in case of the TNFi). Since the relative concentrations of these components is different between patients and between the various compartments where the drug may act, e.g., blood vs. tissue, it is not possible to mimic the exact level of in vivo neutralization in a single functional in vitro assay. In general, the relative concentrations of these components used in NAb assays far exceeds the natural variation seen in the patient, thereby limiting the relevance of the NAb assay outcome. As a consequence, reported NAb positivity only indicates the presence of ADA that potentially could neutralize the drug, but does not inform whether this truly happens in vivo. Conversely, reported NAb negativity only demonstrates that neutralization was not detectable in that particular highly artificial in vitro assay format, but does not definitively excludes in vivo neutralization. It is further important to realize that NAb assays, especially cell-based NAb assays, are often less sensitive than ADA assays. As a result, samples with only low titers may be deemed positive in the ADA assay but negative in the NAb assay, thereby (wrongfully) suggesting that non-neutralizing ADA are present (25). In case of ADA to TNFi, a more precise interpretation would be presence of neutralizing antibodies in quantities insufficient (also in relation to their affinities) to neutralize a significant amount of drug.

ADA are mainly directed to epitopes in the antigen-binding site, which is why binding of ADA to the drug interferes with TNF binding. Evidence supporting this notion has been provided by serological studies that demonstrated virtually complete (90–97%) loss of binding between ADA and TNFi in the presence of excess TNF (21), demonstrating that TNF and ADA binding are mutually excluding. Recently, this was also demonstrated for other therapeutic antibodies, for example natalizumab (38). These ADA were investigated in more detail by several studies (20, 38–40). The study by Cassotta et al. on natalizumab demonstrated by crystallography that monoclonal ADA that were scored positive or negative (i.e., below an arbitrary cut-off, weak neutralization was observed) for in vitro neutralizing functionality both occupied the same physical space as the drug target, suggesting that, given high enough concentrations, both types of ADA would be neutralizing (39). Taken together, these studies suggest that whenever an ADA response to any of these therapeutic antibodies (and probably any therapeutic antibody) is detected, most if not all ADA will have the capacity to neutralize. Therefore, there is no additional information to be gained from NAb testing in this setting. Together with the lack of specific safety concerns related to NAb and the lack of in vivo relevance and inconsistency of reported NAb assay outcomes, NAb testing for monoclonal antibody therapeutics and their biosimilars could be omitted.




REGULATION OF IMMUNOGENICITY


Covariates Influencing Immunogenicity

Previous studies have identified several patient- and treatment-related factors that influence the immunogenic potential of TNFi. It is useful to have some insight in which covariates affect the immune response toward an exogenous protein since this might help to develop strategies which potentially reduce the immunogenicity of these compounds. Treatment-related factors affecting immunogenicity are related to the structure and composition of the mAb, its use in terms of dosage, route of administration, and co-medication. The structure of a biologic will influence immunogenicity, including the primary amino acid sequence, glycosylation and other post-translational modifications. Furthermore, the formulation of the drug can impact both chemical and physical stability, such as the tendency to aggregate. For instance, a higher murine content may trigger more ADA formation, just like the presence of aggregates. The duration and dose of the treatment and the route of administration probably affect the amount of ADA that is being produced (41–43).

An important patient-related risk-factor is the genetic background of a patient. Several studies have focused on variability in HLA-type and HLA alleles have been described to be associated with ADA formation (44–46). Some HLA alleles are thought to be protective against ADA formation (HLA-DQB1*05, HLA-DRB1*01, and HLA-DRB1*07, with odds ratios (OR) of 0.4 95% CI [0.186–0.862], 0.25 95% CI [0.073–0.927], and 0.2895% CI [0.078–1.004], respectively), while others might increase the risk of ADA formation (HLA-DRB1*03 and HLA-DRB*011, with OR of 2.52 95% CI [1.37–4.63] and 2.64 95% CI [1.240–4.045], respectively) (45). In a recently published study performed in 1240 Crohn's disease patients from the PANTS cohort the allele HLA-DQA1*05, which is carried by ~40% of the European population, was also associated with a significant higher rate of ADA development [hazard ratio 1.90 (1.60–2.25)] (46). The observation that some HLA alleles are associated with an increased risk for ADA formation against multiple TNFi is intriguing and has been suggested by some as supporting evidence for the role of HLA alleles in ADA development. However, no mechanism has yet been described that functionally explains this observation. In general, studies exploring the functional association between HLA alleles and ADA formation are highly desired.

Variability in IL-10 production is another patient-related factor that might affect ADA formation (47, 48). Vultaggio et al. described that patients exposed to infliximab may initiate an adaptive cellular response resulting in the production of infliximab-specific T-cells (49). Some of these T-cells produce IL-10 which contributes to downregulation of the immune response of the infliximab-specific T-effector cells (50). When the kinetics of IL-10 and IFNγ were analyzed by Pratesi et al. it was found that the absence of IL-10 production and a low IL-10/IFNγ ratio were associated with formation of ADA (48). These data are in line with the earlier study of Bartelds et al. which described that ADA formation against adalimumab is associated with IL-10 gene polymorphisms (47). Some reservation toward these results needs to be maintained as they are based on small groups of patients. Polymorphisms in other immune response genes such as TNF and cytotoxic T-lymphocyte associated antigen 4 (CTLA-4) have been identified as risk factors toward other biological therapies (51).

Besides genetic factors, other patient-related factors that are thought to increase the risk of ADA formation are a longer disease duration, a higher baseline disease activity, and disease status. For example, patients with an activated immune system are more likely to develop ADA compared to healthy controls or immunosuppressed patients (41–43). Another risk factor that has been described is not being naïve to TNF treatment, especially when ADA can be detected toward the previous TNFi. ADA could be detected more often in patients who developed a significant ADA response toward their first TNFi compared to anti-TNF naïve patients or patients without detectable ADA toward their first TNFi (52, 53). Use of concomitant medication also affects ADA formation. If methotrexate is not used in combination with the TNFi, it is more likely that clinically relevant ADA will develop (52, 54–56). ADA formation is also affected by serum concentration of the TNFi. Sufficiently high drug levels should be present in order to dampen the immune response toward the TNFi, especially in the first three months of treatment. In the past, TNFi were administered with irregular dosing intervals which resulted in lower drug levels and a higher percentage of ADA-positive patients. One last important patient-related factor that affects ADA formation negatively is induction of immune tolerance. In some patients the production of ADA toward TNFi can decrease over time (42).



Induction of Immune Tolerance

In some patients ADA responses are transient, which suggests a mechanism of immune tolerance. Immune tolerance refers to the absence of a measurable antibody response, skewing of the immune response to a less inflammatory phenotype, or exhaustion of the immune response to a particular immunogenic antigen. This physiological phenomenon is essential to prevent excessive immune responses to harmless antigens such as dietary antigens, allergens, and commensal microbiotics. The mechanisms contributing to immune tolerance have not yet been fully elucidated.

During treatment with TNFi, immune tolerance is mostly observed as a decrease in ADA titers over time. For example, van Schouwenburg et al. described a transient ADA response in 17/53 ADA-positive RA patients treated with adalimumab (22), while Steenholdt et al. described transient detection of ADA in inflammatory bowel disease (IBD) patients treated with infliximab (57). Two other studies also observed disappearance of ADA over time incomparable patient populations (58, 59). In a group of multiple sclerosis (MS) patients treated with natalizumab similar results have been found; anti-natalizumab antibodies develop in ~60% of patients but are persistent only in 3.5–10% of the patients (60–62).

Peripheral tolerance is likely to be of importance in acquiring immune tolerance to foreign antigens by preventing auto-reactivity. Several mechanisms have been suggested to be involved in this process, and most of them are T-cell mediated. One refers to the presentation of self-antigens by dendritic cells (DC) to T-cells. In the absence of appropriate co-stimulation, or in the presence of co-expression of ligands for the inhibiting receptorsCTLA4 and programmed cell death protein 1 (PD-1), DC fail to activate the T-cell which leads to T-cell anergy. Other mechanisms are the deletion of autoreactive T-cell clones due to repetitive activation and upregulation of Fas-ligand on the T-cell and the suppressive activity of regulatory T-cells. Development of anti-idiotypic antibodies to self-reactive antibodies is another mechanism to accomplish immune tolerance (51). Furthermore, since a large part of the antibody molecule is autologs, there may exist regulatory T cells that confer a dampening effect on an evolving immune response upon being presented peptides derived from these constant domains, possibly including parts of the IgG molecule that have been designated “Tregitopes” (63).

Hemophilia A, a bleeding disorder resulting from a deficiency in factor VIII (FVIII), is the sole disease in which the downregulation of ADA formation by induction of immune tolerance has been described (64). Consequently, it provides a model to elucidate the mechanisms involved in the induction of tolerance. Depending on the severity of the FVIII deficiency, ADA toward FVIII (called inhibitors) can be detected in 5–88% of the patients, mostly within 9–12 days after exposure (65, 66). Production of these inhibitors follows the classic immune response paradigm. Important targets for the induction of immune tolerance thus include regulatory T-cells, memory B-cells, and plasma cells producing anti-FVIII antibodies. Hausl et al. demonstrated that high levels of FVIII prevent FVIII-specific memory B-cells from differentiating into anti-FVIII producing plasma cells, and instead induced apoptosis of these cells (67). In addition, enduring exposure to FVIII in the absence of co-stimulatory pro-inflammatory signals results in the induction of regulatory T-cells. These cells produce IL-10 and TGF-beta, which inhibit the formation and activation of FVIII-specific effector T-cells, again preventing the differentiation of FVIII-specific B-cells to plasma cells. Development of anti-idiotypic antibodies against anti-FVIII antibodies have also been hypothesized to contribute to immune tolerance induction via neutralization of FVIII-specific antibodies, inhibition of FVIII-specific B-cells, and induction of apoptosis of FVIII-specific B cells (51). These concepts described are probably applicable to all antibody-based drugs, including TNFi.

Although several mechanisms which potentially contribute to induction of immune tolerance toward therapeutic proteins have been proposed, it is still largely unknown how this tolerance develops. To our knowledge, detailed studies explaining the underlying mechanisms of immune tolerance have not been performed. More insight in these processes might create opportunities to optimize treatment of therapeutic proteins, treat allergies and autoimmune diseases, and improve transplant acceptance.




ADA AFFECTING THE PHARMACOKINETICS OF TNFi


General PK of TNFi

Some familiarity with the pharmacokinetics of TNFi is essential in order to understand the clinical consequences of ADA formation toward TNFi. It was already stated that not all TNFi have the same molecular structure, which is important when evaluating their PK. The pharmacokinetic properties of therapeutic monoclonal antibodies such as infliximab, adalimumab, and golimumab have been reviewed extensively in the past (41, 42, 68–71). The most important aspects of the PK of these compounds will be highlighted in this review. In general, etanercept and certolizumab pegol have comparable PK characteristics, but relevant differences between the therapeutics will be discussed.

All approved mAbs are intravenously (iv) or subcutaneously (sc) administered immunoglobulins of the IgG family. These exogenous IgG molecules are generally eliminated by the same mechanisms as their endogenous counterparts; both target-mediated drug disposition (TMDD) and nonspecific pino- and endocytosis have been described to contribute to the nonlinear and linear elimination of mAbs, respectively, eventually leading to proteolysis of the mAb. Pino- and endocytosis result in internalization of IgG molecules by fluid endocytosis or FcγR-mediated uptake, respectively, and contribute to the linear component of mAb clearance (71). However, not all immunoglobulins will be degraded directly after they have been taken up by a cell; IgG molecules can be recycled via the neonatal Fc receptor (FcRn receptor). Once this intracellular receptor has bound to an IgG molecule it will prevent its degradation by transporting the immunoglobulin back to the cell surface. In FcRn knockout mice models IgG is eliminated 10–15 times faster, indicating that this recycling mechanism contributes to the relative long half-life of both endogenous and exogenous immunoglobulins (68). In the presence of high IgG levels saturation of the FcRn receptor has been described, resulting in nonlinear clearance. However, in general such high levels will not be reached; mAbs are administered at doses of <10 mg/kg and this will increase the total IgG level by <1–2% (71). The charge of the variable fragment of IgG antibodies also affects the clearance of mAbs via FcRn-mediated recycling. The charge can affect binding of the IgG molecule to the FcRn receptor and thus alters the half-live of the IgG molecules (72).

Binding of a mAbs to its target generally increases the clearance of a mAb nonlinearly, and this process is referred to as TMDD. In theory, higher amounts of target result in a faster clearance of mAbs. However, population pharmacokinetic modeling has not been able to demonstrate the effect of amount of target, i.e., TNF, on the clearance of TNFi. This might partly be explained by the fact that TNF levels are difficult to quantify (73), which is why disease status is regularly used as a proxy of amount of target. However, disease status is not very specific, and measurements are often subjective (74). Another possible explanation is that patients receive an excess of TNFi relative to the amount of TNF (74, 75). The effect of TMDD will only be observed when the concentration of the mAb is in the same concentration range as the target (41, 68). This is not the case for TNFi; serum concentrations of TNFi are, even at trough level, much higher than TNF levels in serum. Therefore, binding of a TNFi to its target will barely contribute to the clearance of TNFi (42, 73, 76). This is different for tocilizumab, which is a monoclonal antibody that targets the membrane-bound IL-6 receptor (IL-6R). It is the only bDMARD in which non-linear clearance has been detected. The PK of tocilizumab is mainly influenced by systemic IL-6 receptor (IL-6R) binding (76), for which CRP is commonly used as a surrogate marker (77). This can be explained by the fact that the liver can express a lot of IL-6R, resulting in a low tocilizumab concentration relative to the amount of IL-6R expression.

In contrast to target binding, binding of ADA to TNFi can alter elimination rates significantly. Increased clearance due to ADA may also be classified as target-mediated drug elimination. Ternant et al. specified that in the presence of detectable ADA, the clearance of adalimumab increases 5.5-fold at the population level (76). Berends et al. estimated an average 4-fold increase in clearance of adalimumab in the presence of detectable ADA (78). ADA detection thus seems to be one of the most important contributors to the pharmacokinetic variability seen for TNFi (42).

Compared to the pharmacokinetics of mAbs, some differences should be highlighted when evaluating TNFi with another structure. For example, certolizumab pegol is a PEGylated Fab' fragment that is derived from an anti-TNF humanized mAb. The conjugation of certolizumab to hydrophilic polyethylene glycol (PEG) chains increased the half-life of certolizumab pegol to around two weeks (76). Its clearance is somewhat different due to the absence of an Fc-tail, preventing FcRn-mediated recycling. In addition, renal excretion of the Fab' fragments has been described due to the relative small size of certolizumab (76). Certolizumab is, like the mAbs described earlier, an immunogenic molecule; anti-certolizumab antibodies can be detected in 37–65% of the patients. ADA detection is associated with lower drug levels over time, but high certolizumab levels (>10 μg/ml) could still be measured in most ADA-positive patients (79, 80).

Another bDMARD with a slightly different structure is etanercept, which is a dimeric fusion protein consisting of two p75 TNF receptors and an Fc part of an IgG molecule. Etanercept is the least immunogenic TNFi; most studies did not detect any relevant ADA toward the fusion protein (81–83). Dore et al. detected ADA toward etanercept in around 6% of the patients, but the association between ADA and PK was not investigated (84). It is therefore quite surprising that the half-life of etanercept is relatively short, with a mean ± standard deviation of 102 ± 30 h. One possible explanation is that etanercept has a lower affinity for the FcRn receptor, reducing FcRn-mediated recycling.



Population Pharmacokinetic Modeling

Population pharmacokinetic modeling allows us to identify sources of variability in PK within study populations and also provides us with the tools to quantify these effects (41). Regarding the covariates in population PK models, the result that is quite consistent among all studies is that the detection of ADA toward a TNFi significantly increases clearance rates of the TNFi, resulting in a decrease in drug levels. This has mainly been observed for infliximab, adalimumab, golimumab, and certolizumab pegol (76). Most PK studies have included ADA detection as a dichotomous variable, but due to the highly variable nature of ADA this will probably not correctly explain all variability in clearance due to ADA. However, since continuous ADA level measurements can also be difficult to interpret, other methods to quantify the effect of ADA on clearance might be useful.

An indirect method that can be used to quantify the effect of ADA detection on clearance of therapeutic antibodies is to compare the PK of endo- and exogenous IgG antibodies. In general, the PK of these molecules is quite similar, which is reflected in clearance rates. The clearance of endogenous IgG is estimated to be 0.21 L/day, while several PK studies described a median clearance of therapeutic mAbs of 0.31 (0.066–0.535) L/day. The lowest clearance rates were described for denosumab, the highest for efalizumab, which can partly be explained by differences in their molecular structure and immunogenic potential (41). Antibody formation toward exogenous IgG molecules might explain why the clearance rates of these therapeutic proteins is higher compared to endogenous IgG molecules (41, 70). The difference in clearance rates of endo- and exogenous IgG molecules could then be used to quantify the effect of ADA formation on clearance of therapeutic proteins.

Another method that might be used to demonstrate the effect of ADA formation on serum drug levels is to compare data from patients that do and do not use concomitant methotrexate. It is known that use of concomitant methotrexate significantly increases drug levels of several TNFi (55), and this effect is probably mediated by a decrease in ADA formation. The difference in drug level between patients that do and do not use methotrexate therefore potentially reflects the effect of (undetectable) ADA formation on clearance of the TNFi.

Eventually, PK models might be able to estimate the amount of ADA that is being produced in a patient based on drug levels. If other covariates are known and corrected for, a PK model can potentially estimate the effect of ADA formation on parameters like clearance and volume of distribution. The PK of the therapeutic protein would then be used as a marker for immunogenicity.




CLINICAL IMPLICATIONS OF ADA: IMPAIRED RESPONSE AND ADVERSE EVENTS

All TNFi trigger an immune response, but this response will not always have clinical implications. Usually only those patients with high ADA titers will experience a diminished clinical response or adverse events. These clinical implications will be discussed.


Impaired Response

Previous studies have demonstrated a diminished clinical response of TNFi due to the development of ADA. Three meta-analyses have shown that the presence of ADA reduces the number of patients that reach clinical response (17, 18, 85). ADA reduce clinical efficacy by neutralizing the drug, preventing it from binding to TNF, and by enhancing the clearance rate due to formation of complexes. Many of the published studies investigating the clinical relevance of ADA used drug-sensitive assays, meaning that ADA can only be detected in the absence of drug, and such studies report strong associations with ADA and loss of response. In studies using drug-tolerant assays the association between the presence of ADA and clinical inefficacy is much weaker as ADA detection is independent of the drug concentration. This is demonstrated for RA patients treated with adalimumab, IBD patients treated with infliximab and for MS patients treated with natalizumab (25). The clinical effects of ADA formation are dependent on the amount of drug that is neutralized by ADA, and the amount of free drug present. Drug-sensitive assays as a rule will correlate with the amount of free drug, whereas drug-tolerant assays will not. This is why it is important to report the quantity of ADA within patients, next to the percentage of patients that develop ADA.

The amount of administered drug correlates with serum drug levels and these drug levels correlate with the therapeutic effect. Several studies have explored the relationship between drug level and treatment response. These studies, focusing on several different autoimmune diseases, demonstrated that good responders in general have higher drug levels compared to non-responders or moderate responders (54, 86). Interestingly, there is evidence for an upper bound above which no additional clinical benefit is achieved; Pouw et al. described a concentration-effect curve of adalimumab which demonstrated that serum drug concentrations ranging between 5–8 mg/L are sufficient for an adequate clinical response in RA (87). Similar therapeutic ranges have been reported for psoriasis and IBD (88–90). The concentration-effect curves indicate that drug levels exceeding the upper limit of the therapeutic rang do not lead to additional improvement of disease activity. Recently published data suggests that even very low drug levels (serum adalimumab concentrations around 0.1–0.5 mg/L) might be sufficient to control TNF (23). A possible explanation for the difference between the earlier mentioned therapeutic range of 5–8 mg/L and recently published data could be that higher drug levels are required during the initial phase of treatment compared to later treatment phases. This may be partly linked to the formation of a (transient) immune response in the early treatment phase. PK data from the pharmaceutical dose finding studies could help to get more insight in the relationship between drug levels and response during different treatment phases.

Even in the presence of ADA, drug levels can be sufficiently high to reach clinical remission. Clearance of the drug will be affected by these ADA since it becomes non-linear in the lower serum level ranges due to target-mediated drug disposition. Despite this decrease in half-life of the (unbound) TNFi, these lower levels could still contribute to clinical remission. Serum drug level measurements are thus crucial to get insight in the clinical relevance of ADA formation; ADA measurements cannot be interpreted correctly without the context of a drug level measurement.



Adverse Events

Besides their ability to reduce drug levels and contribute to clinical inefficacy, the presence of ADA is also associated with adverse events. Severe reactions have been described after the formation of ADA toward therapeutic proteins resembling endogenous proteins. This is exemplified by the formation of ADA toward recombinant human erythropoietin (rhEPO). ADA against rhEPO were demonstrated to cause pure red cell aplasia due to cross-reactivity with endogenous erythropoietin (91). Although TNFi share epitopes with endogenous IgG (in case of the antibody based TNFi) and the TNF-receptor (etanercept), no cross-reactivity toward the endogenous counterparts have been described so far. However, other adverse events related to TNFi have been described.

Infusion reactions are the most common ADA related adverse event described for TNFi. They are characterized by symptoms such as fever, pruritus, bronchospasms, or cardiovascular collapse during or within the first day after drug administration (62, 92, 93). The reported incidence rate of infusion-related reactions after administration of infliximab varies between 4–15% (31). The presence of ADA to infliximab is associated with a higher risk of infusion reactions (58, 94–96). A meta-analysis by Maneiro et al. showed a 2 to 4-fold higher risk of infusion reactions in ADA-positive patients compared to ADA-negative patients (18). Approximately the same numbers were described in the meta-analysis of Thomas et al. (17). This association has also been observed for natalizumab (62) and other therapeutic monoclonal antibodies applied in oncology (97). However, the fact that the majority of patients treated with monoclonal antibodies develop ADA and only a minority of these patients develop adverse events such as infusion related reactions, indicates that ADA often do not cause an infusion reaction. Even when the presence of ADA contributes to clinical inefficacy, these ADA do often not increase the risk of developing an infusion reaction. Factors that do seem to contribute to incidence of adverse events are size and shape of TNFi-ADA complexes. Several groups have studied the size of these complexes. The majority of the complexes are dimers (one therapeutic antibody bound to one TNFi) (40). However, under specific conditions larger complexes (tetramers, hexamers, etc.) can be found as demonstrated by Rojas et al. in monkeys treated with infliximab (98) and in study of van Schie et al. in sera of patients with anti-infliximab antibodies (40). The size of these TNFi-ADA complexes depends on the ADA titer and the drug/ADA ratio. Very large complexes are formed in presence of high ADA titers and when the drug/ADA ratio is around 1:1 (40).

Multimerization of antibodies can activate the complement cascade via C1. Antibody multimers, interacting through their Fc tails and forming complexes with their Fc tail close together and pointing inwards, serve as an optimal platform for C1 to bind to and to activate complement cascade (99, 100). ADA toward therapeutic antibodies are anti-idiotypic, so ring shaped complexes are formed in which the Fc-tails point outwards instead of toward each other. However, if very large, irregularly shaped complexes are formed, Fc-tails may get closer to each other, allowing to bind C1q and activate complement cascade (40). This might explain why large and irregular shaped complexes are able to activate complement cascade. A study of van der Laken et al. (101) support this finding. In this study radiolabeled infliximab was infused in three patients with ADA. Patients with small complexes did not experience any adverse events. In contrast, one patient who had developed large complexes experienced a severe infusion reaction (101). Luckily, usually only the minority of TNFi-ADA complexes are large and irregularly shaped; these tend to be formed only at high ADA concentration. This could be due to a more rapid and effective phagocytosis and clearance of larger complexes by macrophages. Internalization of small complexes are much less efficient, which is consistent with the previous observation that dimeric complexes persist in the circulation for an extended period of time. The low incidence of severe infusion related reactions can be explained by the fact that the majority of TNFi-ADA complexes are small non-immune activating complexes (40).

Infusion related reactions can range from mild (e.g., rash, pruritus, dizziness, dyspnea) to severe (anaphylactic-like reactions such as hypotension and respiratory distress). As the latter group resembles a type 1 allergic reaction, it is thought to be IgE mediated. However, a study by van Schie et al. suggests that the majority of infusion related reactions may be IgG mediated (31). Only 11% of patients with infusion reactions had detectable IgE ADA (31). Similar results has been demonstrated in other studies (102, 103).

In addition to infusion reactions, one study describes association between thrombo-embolic events and presence of ADA to adalimumab (104). However, these findings are not validated in other studies. In this study patients with ADA had a more active disease status than patients without ADA. Thus, activation of coagulation cascade could be due to systemic inflammation instead of presence of ADA.




MITIGATION STRATEGIES


Concomitant Use of Immune Modulating Drugs

Immunosuppressive medication is often used in combination with TNFi to decrease ADA formation. Previous studies have demonstrated that concomitant use of immunosuppressant's reduces immunogenicity. Patients using concomitant methotrexate have lower rates of ADA development (17, 18, 85) and higher drug trough concentrations (56, 75, 105). These findings were validated in three meta-analyses. However, the reduction in risk to experience clinically relevant ADA development varies between the studies and different autoimmune diseases. The aforementioned could encourage coadministration of methotrexate in other autoimmune diseases, even when use of methotrexate is not part of the standard treatment regimen.

The mechanisms underlying the beneficial effect of methotrexate on immunogenicity and clinical response of most inflammatory diseases is still not fully elucidated. One hypothesis is that methotrexate reduces TNF levels and due to reduced target-mediated drug disposition, it contributes to higher TNFi concentrations and an improved clinical response (56, 76). However, given the high quantity of TNFi compared to TNF, a reduction in TMDD does not seem to be a plausible explanation for reduced clearance of TNFi. Like mentioned before, effect of TMDD is only noticeable when the ratio target/drug is low (64, 70, 81). A second hypothesis is that methotrexate might suppress early B- and T-cell responses leading to modulation of the immune response (69). Considering the significant role of T- and B- cells in the classical immune paradigm, this seems to be a more plausible explanation. A third hypothesis is that methotrexate reduces FcγR levels, which might result in reduced clearance of TNFi (41, 70).

Some observational studies performed in patients with inflammatory bowel disease showed that concomitant use of azathioprine and glucocorticoids reduced the incidence of ADA detection (18). However, conflicting results have been found in other studies, which is why there is still some uncertainty about the effect of these drugs regarding reducing immunogenicity.

A therapeutic protein that could theoretically interfere with the immune response toward TNFi is abatacept. Abatacept prevents T-cell activation by binding to CD80/86. Just like T-cells and costimulatory signals, CD80/86 is required for differentiation of memory B cells to plasma cells and for an effective interaction between antigen presenting cells and T-cells. Therefore, blocking one of these processes might prevent alloimmunization to therapeutic proteins. However, trials focusing on concomitant use of abatacept and TNFi did not demonstrate an improved clinical response and led to a higher infection rate (106, 107).

In hemophilia A patients with inhibitors toward FVIII, intravascular administration of immunoglobulins (IVIg) results in the suppression of inhibitors because IVIg contains anti-idiotypic antibodies toward the inhibitors (108). Combination therapy with cyclophosphamide or rituximab have also been investigated to reduce immunogenicity in hemophilia A patients. Concomitant use of IVIg and cyclophosphamide can be challenging due to technical difficulties and potential toxicity. However, concomitant rituximab, which inhibits B-lymphocytes and interferes with IgG production, seem to be promising (109, 110). To our knowledge, concomitant use of rituximab in inflammatory disease has not been studied yet. Due to an increased risk of infections, this approach might be controversial.



Dose and Dosing Regimen

As early as in 1998, Maini et al. suggested that immunogenic tolerance can be induced by higher dosages of infliximab (111). Since then, this has been supported by several other studies that have been performedin rheumatoid arthritis and inflammatory bowel disease (17, 85). The rationale behind this is that this higher infliximab dose results in higher levels of free drug compared to the amount of drug that is neutralized by ADA. Higher infliximab doses might also accelerate ADA clearance due to formation of complexes (112). Yet, this approach is not generally applied due to the higher risk of adverse events and higher costs. Especially in the field of rheumatic diseases several alternative therapeutic proteins are available. Consequently, switching to another therapeutic protein is generally preferred over a dose increase.

In IBD the initial infliximab maintenance dosing was episodic rather than scheduled. However, soon thereafter a scheduled regimens were preferred over episodic treatment strategies, as scheduled regimens resulted in lower risk of ADA development and better response (16). Patients undergoing a scheduled treatment strategy have higher trough levels, which is associated with better response rates. Similar results has been seen in adalimumab - and certolizumab trials. Due to the higher rates of ADA formation in episodic treatment regimens, is the rate of infusion reactions higher after infliximab infusion (113–115).

The above-mentioned observations are in line with the studies that have focused on the induction of immune tolerance in hemophilia A patients. Higher levels of the therapeutic protein might inhibit the reactivation of memory B-cells and prevent them to differentiate to ADA producing plasma cells. In addition, chronic exposure to the therapeutic proteins might lead to induction of T-regulatory cells. These cells are involved in peripheral tolerance and possibly also in evolution of the immune response (67).



Therapeutic Drug Monitoring

Considering the large variation in the natural course of inflammatory diseases and the pharmacokinetics of TNFi, a personalized treatment approach would be more appropriate than a “one size fits all” approach. Therapeutic drug monitoring (TDM) might be able to facilitate this. By combining clinical data regarding disease activity and the PK of the TNFi, the drug could be applied more efficiently. Especially in case of a diminished clinical response, TDM might be able to guide clinical decision making. For example, in RA, where TNFi have failed, two treatment approaches are available; switching to a second TNFi or switching to a therapeutic with a different mode of action. The EULAR recommendations for the management of RA advocate that any biologic agent, including a second TNF-inhibitor, can be used in case of refractory response to a previous TNFi (116). In clinical practice, switching to another therapeutic agent is often a random decision and based on clinician's preference and local preference policy. TDM could improve this process by identifying subgroups of patients who would benefit more from either a second TNFi or a non-TNFi as subsequent treatment. It has been shown that a good response to a second TNFi can be anticipated in patients that lose response to their first TNFi due to ADA formation. However, loss of clinical response to the first TNFi in the absence of ADA predicts a less effective response to a second TNFi (43, 52, 53). In this group of patients drug levels are usually sufficient to control all TNF. Therefore, TNF might not be the main cytokine provoking or perpetuating disease activity and these patients might benefit more from a switch to a biological with a different mode of action. Thus TDM, or measurement of drug levels by itself, could help to make better treatment decisions, taking immunogenicity into account.




CONCLUSION

TNFi have significantly improved the management of various immunological disorders. Unfortunately, a substantial fraction of patients needs to discontinue treatment due to ineffectiveness of the drug or due to adverse reactions. Both can in part be related to the development of ADA.

Historically, the majority of studies focusing on immunogenicity used drug-sensitive assays which, in general, underestimate the amount of ADA present in the serum due to drug interference. Following the introduction of drug-tolerant assays (i.e.,: where presence of drug does not, or to a lesser extent, interfere with the measurement of ADA) it was found that many patients treated with TNFi, except for etanercept, develop ADA. Detection of ADA can be associated with a reduction in clinical efficacy, but this association is dependent on the type of ADA assay that is used. Importantly, reduction in clinical efficacy is primarily related to an inadequate drug level. ADA measurements should therefore be interpreted in the context of the assay format that was used to measure ADA and a drug level measurement. In practice, the distinction between binding and neutralizing antibodies could be omitted since almost all ADA are neutralizing. Reported lower fractions of neutralizing antibodies can in most cases be attributed to lack of sensitivity of the assay used for detection.

Several patient- and treatment-related risk factors for ADA formation are being described in this review. One example being the presence of certain high-risk HLA-alleles as an important patient-related risk factor. ADA affect the PK of the drug by increasing clearance of TNFi. This becomes clinically relevant when drug levels are decreased to the point that no longer all TNF is bound. Another potential effect of ADA formation is the development of ADA-TNFi complexes which can induce hypersensitivity reactions.

Several treatment strategies to overcome immunogenicity are already being applied in clinical practice. For example, use of concomitant methotrexate is associated with less ADA toward adalimumab and infliximab. Other mitigation strategies might be worthwhile to investigate. TDM could help to improve decision making regarding the treatment with TNFi while taking immunogenicity into account.

The principles of immunogenicity described in this review can in general also be applied to other therapeutic monoclonal antibodies with different targets.
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The success of Intravenous Immunoglobulin in treating autoimmune and inflammatory processes such as immune thrombocytopenia purpura and Kawasaki disease has led to renewed interest in developing recombinant molecules capable of recapitulating these therapeutic effects. The anti-inflammatory properties of IVIG are, in part, due to the Fc region of the IgG molecule, which interacts with activating or inhibitory Fcγ receptors (FcγRs), the neonatal Fc Receptor, non-canonical FcRs expressed by immune cells and complement proteins. In most cases, Fc interactions with these cognate receptors are dependent upon avidity—avidity which naturally occurs when polyclonal antibodies recognize unique antigens on a given target. The functional consequences of these avid interactions include antibody dependent cell-mediated cytotoxicity, antibody dependent cell phagocytosis, degranulation, direct killing, and/or complement activation—all of which are associated with long-term immunomodulatory effects. Many of these immunologic effects can be recapitulated using recombinant or non-recombinant approaches to induce Fc multimerization, affording the potential to develop a new class of therapeutics. In this review, we discuss the history of tolerance induction by immune complexes that has led to the therapeutic development of artificial Fc bearing immune aggregates and recombinant Fc multimers. The contribution of structure, aggregation and N-glycosylation to human IgG: FcγR interactions and the functional effect(s) of these interactions are reviewed. Understanding the mechanisms by which Fc multimers induce tolerance and attempts to engineer Fc multimers to target specific FcγRs and/or specific effector functions in autoimmune disorders is explored in detail.

Keywords: IVIG—intravenous immunoglobulin, Fc multimer, autoimmune, FcgR, complement


INTRODUCTION

Immunoglobulin (IVIG) is approved as a therapeutic for chronic autoimmune and inflammatory processes such as immune thrombocytopenia purpura (ITP) and Kawasaki disease, among others (1). However, IVIG is expensive to produce, has blood borne pathogen risks, toxic side effects, and because it is pooled from plasma from thousands of human donors, there is both a lack of consistency among preparations (2–5) and intermittent supply shortages. There is a critical need to develop recombinant therapeutics that reproduce the anti-inflammatory effects of IVIG. One of the major mechanisms by which IVIG exerts anti-inflammatory properties is through the Fc domain of the IgG molecule (6). The Fc fragment has important biological effector functions that are controlled by IgG isotype, aggregation, interactions with FcγRs and complement components. Identifying the mechanisms by which these factors contribute to the protective effect of IVIG is critical to the development of novel IVIG replacement therapies.



STRUCTURE OF IgG AND FC FRAGMENT

The immunoglobulin molecule (IgG) consists of two identical light chains and two identical heavy chains that can be divided into two proteolytic fragments; the antigen-binding fragment (Fab) and the Fc fragment consisting of the CH2 and CH3 regions of the heavy chain (Figure 1). The Fc fragment mediates effector functions of IgG such as antibody-dependent cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC), through the binding of soluble and cell-surface proteins to distinct residues within the CH2 and CH3 domain. The classical FcγRs bind to residues near the hinge region in CH2 and have a partial overlap with the site of C1q binding (12–17). Additional Fc binding proteins such as the neonatal Fc receptor (FcRn) and Tripartite motif-containing 21 (TRIM21) bind to residues within both the CH2 and CH3 region (18, 19). There is considerable heterogeneity in Fc glycosylation and the amino acid sequences of hinge regions between different IgG isotypes, all of which affect the binding affinity of IgGs to FcγR's and consequent effector function.


[image: Figure 1]
FIGURE 1. Structure of IgG1. Human IgG consists of four subclasses (IgG1–IgG4) that differ in the number of disulfide bonds in the hinge region, amino acid residues throughout the constant chain as well as their glycosylation patterns. Although the conserved N-linked glycosylation site at Asn-297 is necessary for stabilization of the Fc fragment and its removal abolishes Fc effector functions of IgG (7–9), it is not absolutely required for the anti-inflammatory activity of Fc multimers. Residues near the lower hinge region, CH2 and CH3 are involved in binding to FcγRs and C1q. The FcRn and TRIM21 bind to residues within both the CH2 and CH3 region. The majority of studies with recombinant Fc proteins for use as replacement IVIG have focused on introducing sequences that allow for aggregation of the recombinant Fc molecules, for example addition of a IgG2 hinge region as a multimerization domain to the IgG1 Fc (10, 11).



Glycosylation

Within the CH2 portion of the Fc fragment is a conserved N-linked glycosylation site at Asn-297, which consists of a mannose and N-acetylglucosamine (GlcNAc) core structure and varying glycan species including fucose and galactose that may have added sialic acid residues (20). The N-linked glycan, N297, is necessary for stabilization of the Fc fragment and binding to FcγRs and its removal abolishes Fc effector functions (7). Changes in the patterns of N-linked glycosylation are recognized to affect the biologic properties of antibodies (21–24). Particularly germane to this review, are studies suggesting that α 2,6 sialylated Fc fragments are responsible for all of the anti-inflammatory properties of IVIG through engagement of the C-type lectin DC-SIGN (25). In support of this theory, several reports now suggest that the degree of circulating sialylated antibodies correlates with the activity of specific autoimmune and inflammatory conditions in humans (26–28). However, a large cohort of other studies clearly refute the import of α 2,6 sialylated Fc fragments in the function of IVIG mediated tolerance, showing that these fragments do not bind DC-SIGN and that removal of α 2,6 sialylated Fcs does not impact the anti-inflammatory properties of IVIG (29–32). As such, the role of α 2,6 sialylated Fcs in the tolerogenic properties of IVIG remains the subject of ongoing scientific debate.




FCγR'S

The classical FcγRs are cell membrane associated proteins expressed on a variety of immune cells such as macrophages, dendritic cells (DCs), natural killer (NK) cells, neutrophils, and B cells. In humans, there are three types of FcγRs: hFcγRI /CD64, hFcγRII/CD32, and hFcγRIII/CD16, that are grouped based on structural homology (Figure 2). The FcγRII and FcγRIII subfamilies are further subdivided into FcγRIIa (CD32a), FcγRIIb (CD32b) and FcγRIIc (CD32c) and FcγRIIIa (CD16a) and FcγRIIIb (CD16b). From a conceptual perspective, the functional differences in these individual FcγRs are based on their different affinities for the naturally occurring Fc fragment, their inducibility, their patterns of cellular expression, their ability to mediate internalization of immune complexes and the pathways through which they signal [reviewed in (33, 35, 36)].


[image: Figure 2]
FIGURE 2. Structure of FcγRs. The FcγR's differ in their affinity for IgG; FcγRI is a high-affinity receptor and is the only one that can effectively bind monomeric IgG; the two low-affinity receptors FcγRII and FcγRIII preferentially bind IgG in the form of immune complexes. FcγRI and FcγRIIIa exist as transmembrane proteins each non-covalently linked to a common FcRγ subunit. The γ subunit exists as a homodimer containing an immunoreceptor tyrosine-based activation motif (ITAM) within its intracellular domain. FcγRII exists on the cell surface as a single chain with the ligand-binding region in the extracellular domain and either an ITAM (FcγRIIa), or an immunoreceptor tyrosine-based inhibition motif (ITIM; FcγRIIb) in the intracytoplasmic domain necessary for signal transduction reviewed in (33). FcγRIIIb is the only receptor anchored to the membrane via a glycosylphosphatidylinisotol (GPI) link (34). Stimulation of the FcγRs by ICs induces a variety of effector functions that varies by cell type. Most cells express a combination of activating and inhibitory receptors, which allows fine-tuning of the response to ICs. The exception to this is NK cells, which only express activating receptors, and B cells that only express the inhibitory receptor.




OTHER IgG FC BINDING LIGANDS

Complementing the classical FcγRs, are a relatively diverse set of non-canonical FcγRs which contribute to the functions of antibody homodimers and Fc bearing ICs. For instance, the neonatal FcR (FcRn) is an MHC Class I–like molecule that is associated with β2-microglobulin and is responsible for IgG half-life as well as other functions such as transferring IgG from the mother across the placenta to the fetus [reviewed in (37–43)]. Similarly, intracellular receptor Tripartite motif-containing 21 (TRIM21) appears to play a role in neutralization of antibody decorated pathogens (19, 44–48)]. Finally, FcRL5 is a cell surface protein expressed on B cells and able to bind all IgG subclasses (49, 50). It has two ITIM and two ITAM motifs within its cytoplasmic domain suggesting that it can induce inhibitory or activating signals (51).

In addition to these cell-based receptors, soluble proteins such as complement can also engage multimerized/aggregated Fc. For instance, C1q is a hexamer composed of two trimers containing an A, B, and C chain each with collagen-like stalk portions and globular heads resulting in the characteristic “bundle of six tulips” (52). Binding of C1q by ICs results in the engagement of C1r and C1s and subsequently activation of the classical complement cascade. (53–56). Importantly, and as discussed in later sections, unlike the scenario in which C1q binds an antibody decorated cell and induces C5b-9 pore formation, IC mediated activation of the classical cascade may occur away from the cell surface, resulting in a poorly defined series of immunomodulatory effects.



CONCEPTUAL BASIS FOR THE DEVELOPMENT OF FC MULTIMERS TO INDUCE TOLERANCE

The conceptual basis for developing Fc multimers as a tolerogenic therapy is based on the anti-inflammatory role of the Fc fragment in IVIG. However, there is historical evidence that ICs possess anti-inflammatory properties in addition to their well-described pro-inflammatory effects. Careful observational studies by Flexner in 1906, introduced the concept of tumor enhancement, where heated tumor emulsions administered 10 days prior to tumor implantation, augmented the growth of subsequent tumor implants in rats (57). Although any role of IgG in these earlier studies is unclear, the phenomenon of tumor enhancement has been observed following passive transfer of anti-serum prior to tumor inoculation (58). Studies by Kaliss et al. (59–61) demonstrated that transfer of serum from animals that had rejected a primary tumor to naïve animals potentiated subsequent tumor growth. The enhancing activity was found to be associated with the gamma-globulin fraction (62). Many mechanisms have been put forward to explain tumor enhancement by IgG including masking of tumor antigens by antibody (61, 63) or a shift in the Th1 to Th2 cytokine response favoring tumor growth (64), however FcγR dependent mechanisms such as inhibition of ADCC may also explain this phenomenon (63).

Clinical evidence supporting the potential therapeutic role of ICs in preventing disease is derived from the observation that treatment of ITP patients with anti-D antibodies results in an increase in platelet counts (65–67). The fact that treatment efficacy is dependent on patients being Rh+, suggests that these antibodies function by presenting aggregated Fc on the surface of Rh+ cells (68, 69). The observation that it requires at least 48 h for patients to respond—longer than the time necessary for saturation of the FcR—highlights the immunomodulatory nature of these effects (68).

The conceptual underpinnings for the idea that Fc multimers have anti-inflammatory properties are also founded on examples of naturally occurring multimeric Fc like proteins with tolerogenic properties. For instance, the short pentraxins are evolutionarily conserved precursors of existing antibodies, whose pentameric structure allows them to engage the low affinity FcγRs and complement (70). While initially recognized to bind and regulate the immune response to specific pathogens and apoptotic cells, recent data suggest that these proteins also have profound anti-inflammatory activity [reviewed in (71)]. For example, serum amyloid P (SAP) inhibits many of the pro-inflammatory components of neutrophil function and also prevents the conversion of monocytes into fibrocytes, potentially mitigating fibrosis (72). Collectively, these studies provide both the historical context and biologic basis for employing recombinant multimerized Fc compounds to mimic the tolerogenic properties of the Fc portion of aggregates in IVIG. In addition, they force a re-evaluation of the concept that ICs only induce inflammation—suggesting that in some cases they may be induced in response to pro-inflammatory events as a means to restore immune homeostasis.



DEVELOPMENT OF RECOMBINANT FC MULTIMERS AS THERAPEUTICS

Based on the supposition that artificial Fc bearing immune complexes might induce tolerance, our laboratory in collaboration with Gliknik®, followed by several other groups, sought to develop fully recombinant IgG multimers for both clinical translation and mechanistic experiments. Specifically, we developed linked multimerization domain (MD) sequences from the hinge region of human IgG2 or the isoleucine zipper (ILZ) to the carboxy or amino termini of the murine IgG2a. The resultant stradomers™ contained both homodimers and highly ordered multimers of the Fc homodimers. One of these stradomers™, bearing the IgG2 hinge (M045), effectively binds to FcγRI, FcγRIIb and FcγRIII with significantly lower Kd values than control IgG2a Fc, inhibits the development of collagen-induced arthritis (CIA) and protects against platelet destruction. The fact that most of the therapeutic activity of this drug resides in the multimeric fraction, highlights the relative importance of avidity, rather than affinity, for its biologic activity (10). Collectively, these data provided the first evidence that recombinant immune complexes could induce tolerance.

Subsequent studies confirmed and extended these findings, demonstrating that stradomers™ can effectively inhibit development of experimental autoimmune neuritis model (73) and experimental autoimmune myasthenia gravis (EAMG) (74). Importantly, the studies in EAMG provided significant mechanistic insights, showing that daily administration of stradomers™ reduces Acetylcholine Receptor (AchR) antibody levels, decreases antigen specific T cell proliferation, down-modulates both B cell and DC maturation markers, up-regulates inhibitory FcγRIIb expression, and is associated with an increase in both Tregs and immunosuppressive cytokines such as IL-10 and IL-4 (74). We are attempting to distinguish the relative importance of the FcRs and complement on these biologics by employing complement preferential stradomersTM in vitro and in vivo (11, 75).

In order to translate our preclinical findings, we developed a human analog of these drugs, GL-2045, by joining the human IgG2 hinge region to the C-terminus of the human IgG1 Fc fragment (76). GL-2045 avidly binds human FcγRI, FcγRIIa, FcγRIIb and FcγRIIIa as well as to rat, mouse and cynomolgus monkey FcγRs, protects mice from platelet loss in a rodent ITP model and inhibits CIA. Of perhaps greater import, GL-2045 infusion into healthy cynomolgus monkeys is well-tolerated and induces transient and highly ordered increases in IL-1RA and IL-10 as well as a temporary suppression of IL-8, without significant induction of proinflammatory cytokines (76).

Following our initial studies, several other groups reported that recombinant Fc multimers can ameliorate autoimmune disease, suggesting that some of the properties of these multimers might be generalizable. For instance, Mekhaiel et al. (77) generated a hexameric Fc by joining the Fc portion of human IgG1 to an 18 amino acid sequence from the C-termini of the IgM μ-tailpiece with a leucine 309 to a cysteine mutation (78, 79). This compound exhibits greater affinity for the FcγRs than IVIG and upon internalization, is associated with preferential degradation of the activating FcγRs and protects mice from platelet loss for up to 3 days after dosing (80). Studies with analogous compounds demonstrate clinical efficacy in both CIA and in the K/BxN model of chronic arthritis (81). These data lend credence to the idea that structurally distinct ICs can have anti-inflammatory properties.

In order to better understand the relationship between IgG1 Fc valency/ structure on FcγR engagement/function, Ortiz et al. (82) evaluated the function of Fc multimers with increasing valency and observed that structures containing 2 and 3 Fc domains avidly bind FcγRs, but unlike molecules containing 5 Fc domains, do not induce Syk phosphorylation or a calcium flux in macrophages. In addition, the larger structures are internalized along with FcγRII, whereas the smaller structures remain on the cell surface co-localized with FcγRII. Subsequent studies showed that the trivalent Fc (Fc3Y) competitively inhibits several IC mediated FcγR functions and protects mice from ITP (82). Importantly, given the valency of Fc3Y, the extent to which it can immunomodulate the complement cascade is uncertain. Collectively, these data support the idea that Fc bearing immune complexes may serve as a protective mechanism against inflammation and, as a corollary, that recombinant Fc multimers might have therapeutic value for the treatment of autoimmunity.



ANTI-INFLAMMATORY MECHANISMS OF RECOMBINANT FC MULTIMERS

The development of Fc multimers as a replacement for IVIG is a significant therapeutic advance. Importantly, like IVIG, these molecules likely function by numerous overlapping mechanisms, influenced by the number of IgG Fc domains presented to ligands, the IgG isotype, and the conformational flexibility of the aggregate or Fc multimers (76, 77, 82). Moreover, the relative activity is likely dependent upon the specific underlying disease, the state of maturation of immune cells in that disease and other prior treatments.

From a conceptual perspective, it is our hypothesis that recombinant ICs require and/or benefit from immune activation as a necessary precursor for the induction of tolerance. Specifically, given that multiple redundant immunologic pathways are in place to restore immune homeostasis, it is highly possible, if not likely, that the initial inflammatory response induced by recombinant Fc multimers induces a compensatory response that restores immune homeostasis. In this regard, it is noteworthy that IVIG can be associated with initial fever, chills, headache, and transient release of pro-inflammatory cytokines (83, 84) and that hypotension with IVIG administration is related to the rate of infusion of aggregates (85). It is possible that patients receiving IVIG who experience these initial pro-inflammatory effects are the most likely to be subsequently induced into tolerance by the Fc aggregates in IVIG. While this hypothesis remains to be validated, it is conceptually helpful in understanding the potential links between the diverse immunologic alterations mediated by these drug candidates.


Biologic Decoys and FcγR Blockade

Immune complexes are associated with the development of autoimmune disease and resultant tissue damage. Because naturally occurring ICs are commonly generated around a pathogen or other type of foreign protein, it is difficult to separate the biologic effects of IC: FcR and/or complement engagement from those mediated by the target protein. Using ICs generated around single stranded DNA or RNA (ssDNA/RNA) as an example, the Fc:FcR interactions allow ssDNA/RNA access into the cell where they can drive TLR-mediated inflammation. Lacking ssDNA/RNA, recombinant Fc multimers competitively inhibit natural ICs from FcR engagement (76, 80, 86), preventing subsequent engagement of intracellular TLRs and potentially inducing other active inhibitory functions as a result of FcR stimulation in a non-inflammatory milieu.

Additionally, FcγR's efficiently internalize ICs, which allows for processing and presentation of antigenic peptides to T cells, further amplifying an immune response. The lack of “core” antigen in the Fc multimer preparations is likely key to the ability of the multimers to block FcγRs without inducing further inflammation.



FcRn Blocking

The FcRn has a documented role in antibody-mediated autoimmunity. Indeed, FcRn deficient mice are protected from serum transfer-induced arthritis (87). Doses of IVIG that resulted in saturation of the FcRn inhibited development of arthritis in mice lacking the inhibitory FcγRIIb (87). The FcRn plays a critical role in maintaining the plasma concentration of IgG such that high concentrations result in increased IgG clearance (88–91). Infusion of high dose IVIG results in a reduction of circulating autoantibody, which may be due in part to saturation of the FcRn and enhanced IgG catabolism (92–95), although it is likely other mechanisms such as the FcγRIIb engagement also play a role (96). It is likely that Fc multimer binding to FcRn may competitively inhibit engagement of circulating antibodies—pathogenic and otherwise—resulting in lysosomal degradation and non-specific decreases in antibody half-life. While many of the recombinant Fc multimers and hexamers bind FcRn in vitro, further studies are required to accurately characterize the role of the FcRn in mediating their anti-inflammatory activity.



Stimulation of the FcγRIIb Inhibitory Receptor

The FcγRIIb inhibitory receptor is the only FcγR expressed by B cells and crosslinking of the B cell receptor (BcR) and FcγRIIb suppresses B cell proliferation and activation (97, 98). In contrast, ligation of FcγRIIb alone may induce B cell apoptosis (99, 100). In addition to directly stimulating the inhibitory receptor on B cells, ICs and IVIG also induce its expression on both B cells and myeloid cells (25, 101, 102). Myeloid cells express both inhibitory and activating receptors and the ratio of inhibitory to activating receptor stimulation will dictate the outcome of signaling. Therefore, IVIG or Fc multimer induced FcγRIIb upregulation may favor inhibitory signaling pathways over the activating pathways.



Stimulation of Activating FcγRs

The suppressive effects of IVIG (and subsequently Fc multimers) may also be mediated by stimulating the activating receptors. For example, Park-Min et al. (103) demonstrated that IVIG suppresses IFNγ mediated phosphorylation of Stat1 and IFNγ-dependent gene expression in macrophages in vitro. In vivo, IVIG treatment of mice infected with Listeria monocytogenes results in increased bacterial burden and decreases expression of IFNγ-dependent genes IP-10 and MIG. This effect is FcγRIII dependent, as ICs do not inhibit IFNγ signaling in B cells (which only express FcγRIIb), inhibit signaling in NK cells and DCs that express FcγRIII, but fail to inhibit signaling in macrophages deficient in FcγRIII (103).

Stimulation of activating receptors may also modulate the production of anti- and pro-inflammatory cytokines. For instance, ICs induce the production of anti-inflammatory cytokines such as IL-10 (104) and suppress IL-12 production (105, 106). Ligation of the FcγR on macrophages during stimulation with LPS results in a decrease in IL-12 production and an increase in IL-10 compared to LPS stimulated controls, whereas other cytokines remain unchanged (106). The inhibition of IL-12 production is not due to the expression of IL-10 as IL-10−/− macrophages also exhibit decreased IL-12 production following FcγR ligation and LPS stimulation. Taken together, these studies suggest that stimulation of the activating receptors by IVIG or Fc multimers, in the absence of pro-inflammatory signals, may result in induction of tolerance.



Expansion of Regulatory T Cells

Patients undergoing IVIG treatment exhibit an expansion in Tregs which may contribute to its therapeutic effects (107–109). Fc multimers are recognized to cause similar increases in Tregs, with both GL-2045 and IVIG inducing Treg expansion in the EAMG model (74). An intriguing mechanism by which IVIG (and Fc multimers) may induce Tregs is the presence of highly conserved Tregitopes in the CH2 domain of the Fc fragment of human IgG (110). Upon uptake by antigen presenting cells, Tregitopes bind with high affinity to HLA molecules and cause the activation and expansion of Treg cells (111). Additional potential mechanisms for IC mediated Treg expansion include the induction of tolerogenic DCs (112–114). For instance, Trinith et al. (115) demonstrated that in vitro, IVIG pre-treatment of DCs results in the differentiation and expansion of Tregs that is dependent on COX-2 induced PGE2 production (115). Collectively, these data suggest that IVIG and ICs have the potential to induce Tregs through multiple independent pathways.



Complement Engagement

While the complement cascade has historically been viewed as pro-inflammatory—with the generation of “anaphylatoxins” such as C3a, more recent studies suggest that it be considered as immunomodulatory (116–118), with the ability to induce long-term tolerance following activation. For example, following cleavage, unbound C3b is very rapidly converted into iC3b; iC3b is capable of binding CR3 on dendritic cells and inducing long-term tolerance (119–121). Sohn et al. (117) demonstrated that iC3b binds to CR3 and modulates IL-10 and TGF-β2, preventing delayed type hypersensitivity (DTH) in a rat ocular DTH model. The fact that stradomersTM that preferentially bind complement (e.g. G211 and likely others) effectively induce iC3b, provides a strong associative link between the generation of this and potentially other anti-inflammatory complement associated molecules and Fc multimer mediated tolerance (Figure 3) (11).


[image: Figure 3]
FIGURE 3. Mechanisms of Fc multimer inhibition of complement function. There are several mechanisms by which Fc multimers may inhibit complement functions. Sequestration of C1q by multimers prevents pathogenic IC-induced CDC, release of anaphylatoxins C3a and C5a and redirects trafficking of C1q-bearing ICs from the spleen to the liver. Activation of complement by Fc multimers leads to limited production of C3 convertase and in the presence of Factor H and I degrades C3b to iC3b (75) inhibiting the C3 convertase amplification loop and potentially increasing iC3b binding to CD3 on DCs inducing tolerance.


Similarly, indirect evidence suggests that Fc multimers interact with specific regulatory proteins to define the extent of complement activation. For instance, in human serum, G211 and others, mediate cleavage of C4 and to a lesser degree C3, but not significant amounts of C5, as evidenced by the generation of C4a, C3a, and the absence of C5a (11, 75). These effects are abrogated in Factor H deficient sera, suggesting that GL-211 potentiates factor H and/or co-factor I, limiting the generation of C5b-9 and associated cell death.

The classical arm of the complement cascade is generally activated on the cell surface as a result of antibody opsonization. Such activation mediates direct cell lysis through C5b-9 pore formation. In addition, these complement split products; decorating the cell surface, function as biologic bridges to engage complement receptors on other cells types. In contrast, hexameric C1q binding to IVIG or to recombinant Fc multimers, induces formation of C4 protease and cleavage of C4 away from the cell surface. C3 convertase is formed in solution, away from the cell surface, with cleavage of C3 to C3a and C3b which immediately degrades in solution to iC3b. These drugs thereby sequester complement substrates and competitively inhibit their ability to perform other biologic functions (75). Importantly, while this activation may result in soluble C5b-9 formation in vivo, soluble C5b-9 is not pore-forming, is not cell-bound, and is not associated with Complement Dependent Cytotoxicity (CDC). Indeed, the exact biologic functions of non-membrane bound C5b-9 remain unclear and may differ from the biology of cell-bound complement activation.

Finally, the act of binding of C1q and other complement products to aggregated immunoglobulins or to multimerized Fcs, alters both the ability of these compounds to engage FcRs and the C1q-mediated trafficking of ICs to liver and spleen. C1q-opsonized ICs bind CR1—located on RBCs in humans and on platelets in mice—where they are then preferentially transported to the spleen (122). When ICs are bound to C3b, they have a limited ability to engage FcγRs, likely because of the partially overlapping binding sites between these moieties (123, 124). In the absence of C1q and/or in instances where the multimers have valency insufficient for C1q binding, they bypass the spleen and are preferentially transported to the liver (125). How/whether the changes in binding and trafficking mediated by complement engagement of Fc multimers alters their biology is an important subject for future study.




PRO-VS. ANTI-INFLAMMATORY EFFECTS OF IMMUNE COMPLEXES: A RESOLVABLE PARADOX?

Immune complexes can have pro-inflammatory activity—activity which may be conveniently classified in substrate dependent and substrate independent effects. Substrate dependent inflammation is induced by the partnership between FcR/complement engagement and the nidus of the IC. For example, in the case of ICs based on RNA viral substrates, FcR engagement may facilitate trafficking to intracellular TLR7, with resultant inflammation (126, 127). In contrast, substrate independent effects are induced independent of antigen, resulting from binding to the activating FcRs/complement with potential cytokine production, degranulation, cytotoxicity and/or complement activation [reviewed in (128)]. Because recombinant Fc multimers can engage FcRs and select complement fragments in the absence of an “antigenic core” they, by definition, competitively inhibit substrate dependent, Fc mediated inflammation, while promoting substrate independent inflammation in a valency dependent fashion. The degree to which such substrate independent inflammation is required for the generation of tolerance is the subject of ongoing investigation.


Alternative Therapeutic Strategies for Targeting FcγRs

To our knowledge, there are no clinically relevant chemical based strategies to engineer Fc multimers, However, as an alternative to recombinant Fc multimers, investigators are employing antibodies to target specific FcRs with therapeutic intent. For instance, several groups have generated humanized monoclonal antibodies directed against the inhibitory FcγRIIb (129, 130) as well as the activating receptors FcγRI (131) and FcγRIIIa (132, 133) in an attempt to modulate disease activity. In addition, ongoing clinical trials are evaluating the potential of antibodies targeting the FcRn to reduce systemic antibody half-life and the absolute quantity of circulating antibodies (134, 135). These studies will likely define the precise roles of specific Fc receptors in different disease states.




ANTIBODIES AS CONTROLS

While not the primary focus of this manuscript, the creation of recombinant Fc multimers highlights biologic principles that must be considered when using non-specific IgG as controls for antibody-based studies. Specifically, binding of multiple antibodies to their cognate targets on the surface of a cell, pathogen or other molecule enables their associated Fc fragments to engage low and intermediate Fc receptors and complement. Importantly, this engagement occurs at the site dictated by the location of the epitope recognized by the Fab. In contrast, because isotype specific antibody controls lack the ability to engage epitopes they will have a different distribution within the patient/animal as the experimental antibody and not engage similar Fc receptors or cell types as the experimental antibody. In addition, the IgG isotype controls will not form IC and therefore will likely engage higher affinity receptors rather than the low affinity Fc receptors engaged by ICs. These differences suggest that the isotype control antibody will lack the ability to induce correlate Fc functions to the experimental antibody. As such, IgG isotypes are probably not appropriate controls for antibody-based studies that employ functional Fc domains.



CLOSING THOUGHTS AND FUTURE DIRECTIONS

The development of recombinant Fc multimers as treatments for autoimmune and inflammatory conditions provides an opportunity for the scientific community to reconsider the role of ICs in inflammation. Specifically, the data that ICs induce tolerance should prompt consideration of how/if fully competent monoclonal antibodies used for treatment of cancer and autoimmunity, may paradoxically mediate tolerogenic effects when decorating the target cell surface. Similarly, taken in concert, these data raise the possibility that the initial characterizations of ICs as pathogenic were perhaps oversimplified and that, in fact, the function of naturally occurring ICs are largely dependent on their antigenic core. Building on this theme, is it also possible, that some ICs are necessary sequelae of inflammatory events and that, under specific conditions, they play an important role in restoring immune homeostasis. Existing recombinant ICs, in combination with development of more specific agents—through altered N-glycosylation, sequence modifications, and valency specific selection—will help the scientific community address these basic questions that are fundamental to our understanding of inflammation.
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Predicting immunogenicity for biotherapies using patient and drug-related factors represents nowadays a challenging issue. With the growing ability to collect massive amount of data, machine learning algorithms can provide efficient predictive tools. From the bio-clinical data collected in the multi-cohort of autoimmune diseases treated with biotherapies from the ABIRISK consortium, we evaluated the predictive power of a custom-built random survival forest for predicting the occurrence of anti-drug antibodies. This procedure takes into account the existence of a population composed of immune-reactive and immune-tolerant subjects as well as the existence of a tiny expected proportion of relevant predictive variables. The practical application to the ABIRISK cohort shows that this approach provides a good predictive accuracy that outperforms the classical survival random forest procedure. Moreover, the individual predicted probabilities allow to separate high and low risk group of patients. To our best knowledge, this is the first study to evaluate the use of machine learning procedures to predict biotherapy immunogenicity based on bioclinical information. It seems that such approach may have potential to provide useful information for the clinical practice of stratifying patients before receiving a biotherapy.
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INTRODUCTION

In recent years, the introduction of biopharmaceuticals products (BPs) has opened a new area in the treatment of various cancer and auto-immune diseases. However, for some patients, the therapeutics induce an activation of the immune system, leading to the formation of anti-drug antibodies (ADA). These ADA may lead to partial or complete loss of efficacy of the drug (1). The mechanisms suspected for being involved in the immunogenicity of biotherapies process are patient-related (genetic background, immunological status, prior exposure, prior disease, co-administered drugs) or treatment-related (drug characteristics and formulations, route, dose, frequency of administration) but their relative contributions to the development of ADAs is not fully understood and remains to be deciphered for being used for predictive purpose (1, 2).

In this context, the IMI-funded ABIRISK consortium (3) had set up a real-world observational multicohort of patients suffering from various auto-immune diseases such as multiple sclerosis, rheumatoid arthritis, Crohn's disease, and ulcerative colitis. Participants recruited in the study were naive for the biotherapies they received during the study and were monitored during 12 months. ADA concentration was first measured at baseline and then at defined timepoints. The investigated BPs were TNF inhibitors, IFNβ, anti-CD20, and anti-IL6R. For each subject, the time-to-occurrence of ADA provided a way to evaluate both the propensity to produce or not ADA (termed in the following as being an “immune-reactive” or “immune-tolerant” subject) and the dynamic of the ADA production (early/late) among the immune-reactive subjects. The main objective was to provide an estimate of the probabilistic susceptibility of an individual to produce ADA based on the drug received and the subject's clinical and genetic information.

With the production of high-dimensional datasets (so-called big data) there is nowadays a growing interest in using machine learning (ML) approaches for clinical prediction (4). Indeed, ML is particularly appealing for situations where complex non-linear relationships are expected to play a key role into the disease process such as in biotherapy immunogenicity. Random Forests (RF) as introduced in the seminal paper of Breiman (5) is one of the most effective ML approaches for prediction. Thus, RF and its variants are more and more frequently considered for delivering big-data-driven clinical prediction algorithms. Broadly speaking, the RF builds a series of decision trees from which a final prediction is obtained by combining the predictions from each individual tree. These latter tree-based learners are non-parametric approaches that partition recursively the space of predictor variables into disjoint sub-regions (so-called terminal nodes or leaves) that are homogeneous according to the outcome of interest. These partitions are obtained from a splitting criterion that either minimizes the within-node heterogeneity or maximizes the between-node heterogeneity (6). The well-known instability of each individual tree-based structure has been the main motivation to the development of RF, the main idea being that the combination of several survival tree predictors has better predicting power than each individual tree. In the original RF procedure proposed by Breiman (5) each tree is built using a random set of individuals with replacement (bootstrapping) and each split of the tree is evaluated on a random small subset of predictor variables. The main goal of this process is to increase the diversity of the tree-based learners that are aggregated at the end. Among the key features of the random forests, the random choice of both the individuals and the features together with the splitting criterion play critical roles. Since the first introduction of RF, tree-based learners have been extended to censored data (termed survival trees) (7) and integrated in RF framework [termed as random survival forests (RSF)] (8, 9).

For this immunogenicity prediction study, we have been confronted to some specific issues that prompted us to consider a modified RSF approach. We first had to cope with a situation where we had collected a huge set of candidate predictors (clinical and genetic markers) but only a small number were expected to be relevant for prediction. Secondly, we studied a mixed population of subjects with both susceptibles (immune-reactive) and non-susceptibles (immune-tolerant) subjects for the outcome of interest (ADA occurrence). The first issue is linked to the RF procedure where at each split of a tree the recursive partitioning process is only applied to a random subset of all the predictors. Thus, when the number of relevant predictors is overwhelmingly small as compared to the size of the non-relevant ones (noise), the randomness in the variables selection leads to most of the subspaces having weak predictive accuracy and thus affects the final prediction of the RF. The second issue relates to the fact that our studied population is a mixture of immune-tolerant and immune-reactive subjects. The immune-tolerant subjects are those whose immune system is in a state of unresponsiveness to the exposure of the drug and thus will not produce ADA whereas the immune-reactive subjects are those who are able to produce detectable levels of antibodies. In such mixed population (10), the logrank statistic which is the commonly used splitting criterion for RSF does not take into account the dynamic of the ADA production which may decrease its discriminative performance.

In order to cope with these issues, we have considered a strategy which relies upon a particular splitting criterion and uses a modified RSF strategy with a random subspace sampling step. The splitting criterion is related to a previous work on heterogeneous population with non-susceptible patients (11). The random subspace sampling strategy follows the proposal of Panov and Dzeroski (12), that combines bagging (random subsamples with replacement) and random subsampling (random subspaces).

In this paper, we first present our modified RSF procedure and then apply this latter for predicting the occurrence of anti-drug antibodies from the ABIRISK cohort.



MATERIALS AND METHODS


 Material

These data come from a real-world observational prospective multicenter cohort of patients suffering from various auto-immune diseases. Patients who had been prescribed a biotherapy by a physician were followed for 12 months. The choice of the treatment was left to the physician.

Clinical data were recorded into an electronic Case Report Form. DNA samples and serum samples were collected for genetic analyses and ADA testing, respectively. Serum samples for ADA testing were collected at baseline before start of BP therapy and subsequently at each study visit after start of therapy. Anti-drug antibodies were detected by specific validated assays for each BP and analyzed in central ABIRISK laboratories.

Patients were followed for 12 months from the start of the therapy. The time-to-event (ADA positivity) was defined as the period of time from the date of first treatment to the time of first ADA positivity. Patients without ADA occurrence were censored at the date of their last follow-up (drop-out, drug switch), or administrative censoring (12 months). Patients with their consent for genetic testing, available high-quality blood DNA samples were selected for genotyping. Among the 609 recruited patients, 560 were eligible and 501 DNA samples were available.

Genotyping was performed with Infinium OmniExpress-24 v1.2 BeadChip. This array interrogated over 700,000 genetic markers (single nucleotide polymorphisms, SNPs) located throughout the genome. We imputed the missing SNPs using the Michigan Imputation Server with a European population panel as reference (13). After quality control procedures, we had 457 individuals and 495,792 SNPs. For the predictive analysis, in order to avoid highly imbalanced groups, we focused on common SNPs with intermediate minor allele frequencies (MAF > 25%). Thus, we retained 287,611 SNPs. Among these 457 patients, 114 were treated with Adalimumab, 76 with Infliximab, 64 with Etanercept, 27 with Rituximab, 35 with Tocilizumab, 64 with IFNβ-1a sub-cutaneous, 40 with IFNβ-1b sub-cutaneous, 37 with IFNβ-1a intra-muscular. The clinical variables considered for the predictive analysis were biotherapy, disease, age, sex, tobacco smoking, body mass index, previous or concomitant medications. For the missing clinical variables, we considered a basic imputation strategy where we replaced the missing values by the mean of the non-missing values (continuous variable) or the most common class (binary variable).

For the predictive analysis, the clinical variables were included without recoding for binary variables (sex, tobacco smoking, previous or concomitant medications) and continuous variables (age, body mass index). For unordered categorical variable (disease), we considered the four partitions as candidate variables. For the treatment variable and based upon previous analyses, we considered three immunogenicity groups. The low immunogenicity group (Etanercept, IFNβ-1a i.m.), the intermediate immunogenicity group (Tocilizumab, Infliximab and IFNβ-1a s.c.) and the high immunogenicity group (Rituximab, Adalimumab, IFNβ-1b s.c.). In practice, we included the treatment as an ordered variable (low/intermediate/high immunogenicity level) and also as dummy variables (one drug vs. the others). Genotyping data were considered as ordered variables (based on the number of alternative variants) such as the partition explored recessive and dominant genetic effects for the alternative variant.



 Methods
 
Survival Model
 
Notations

Let denote T the time-to-ADA detection and C the censoring time. For each subject i (i = 1, …n), Xi = min(Ti, Ci) is the observed time of follow-up and δi = 1(Xi = Ti) the indicator of ADA detection (positivity). We also denote Yi(t) = 1(t ≤ Xi) the indicator of being at risk for the event at time t. Let G1i = (G1i1, ⋯ , G1iq) be the q-dimensional vector encoding treatment and clinical variables. All these variables were binary or categorized variables. Let G2i = (G2i1, ⋯ , G2ip) be a p-dimensional vector of genotypes for a patient i. Here, the genotype information relying upon p biallelic genetic markers (SNPs). The genotype of subject i is coded as an ordinal 0;1;2 variable where the values represent the number of alternative variants of the subject. Finally, let Gi = (G1i, G2i). This m-dimensional (m = p + q) vector gathers information from the treatment, the clinic and the genotype of each subject.

When building each individual tree, at each node h, for each of the m variables of the Gi vector, the process searches for the best binary split.



Mixture Model

In this work, we take into account that the population under study is a mixture of immune-reactive and immune-tolerant patients. Here, the immune-reactive group is composed by those who are susceptible to produce detectable levels of antibodies within the 1-year window of monitoring. The immune-tolerant group is composed by those who are immune-tolerant to the BPs that is to say that they will not produce detectable levels of antibodies. As both immune-reactive and immune-tolerant subjects cannot be distinguished in the censored subset, we had to consider long-term survival models that explicitly consider the existence of a proportion of immune-tolerant subjects.

For modeling survival data with a proportion of non-susceptible individuals, there are broadly two mains frameworks. The first one relies on two-component mixture models whereas the second one relies on defining the cumulative hazard as a bounded increasing positive function (10, 14). In this paper, we consider the latter framework since it has some interesting mechanistic interpretation of the biological mechanism of the occurrence of the event of interest. More precisely, we propose to model the distribution of the time-to-ADA detection through a simplified mechanistic model whereby each individual may or may not be able to produce ADA in response to the introduction of the biotherapy. This model is related to a previous work on long-term survival model with application to clinical oncology (11).

Here, we consider that ADA are produced by the activation of unobservable BP-specific (T-dependent) B-cell clones that emerge and become immunocompetent ADA-producing clones. Positivity occurs as soon as any one of the B-cell clones is able to produce levels of ADA of sufficient affinity and titre for being detected by the assay. Thus, the observed time-to-detection is the first time-to-detection associated with a competent B-cell clone. If no competent B-cell clone is produced by an individual, then the patient is considered as immune-tolerant and his/her time-to-detection is considered, theoretically, as the infinity.

Since the B-cell clones are not directly observed for each individual, we cannot obviously specify the individual survival distribution. However, if we assume a particular distribution for the number of unobserved B-cell clones, we can specify the marginal or population (averaged over the population under study) survival function. Assuming a Poisson distribution for the number of B-cell clones, we can obtain the population survival distribution with bounded cumulative model that is used in this article and presented just below (11, 15).

At each node, for each binary split candidate variable Wk = 0, 1 (k = 1, …, K), we consider the following population survival distribution:

[image: image]

Here, H(t|w) is an unspecified continuous positive function increasing from zero to infinity that is similar to a cumulative hazard risk function and θ(w) is a positive quantity. Thus, S(t|w) shows a tail defect (related to the fraction of immune-tolerant subjects) with S(t = ∞|w) = exp[−θ(w)] > 0. The cumulative hazard function Λ(t|w) = −log(S(t|w)) is bounded by θ(w).

In the following we will consider a classical multiplicative structure such as: [image: image] and [image: image] where θ0 and H0(t) are the baseline tail defect and pseudo-cumulative hazard function, respectively, and α, β are unknown parameters. Here, α quantifies the difference of the immune-tolerant fractions between the two groups and β quantifies the difference between the two groups in the dynamic of the production of ADA among the immune-reactive subjects. If α = 0 there is no difference between the immune-tolerant fractions of the two groups. If β = 0 the dynamic of ADA production among immune-susceptible patients are identical for the two groups.

At any split, the hazard ratio between the two groups is such as:

[image: image]

with λ(t, Wk = 0) and λ(t, Wk = 1), the instantaneous rates of ADA detection for group 0 and 1. As seen above, due to the existence of an immune-tolerant faction, the hazard ratio is not constant over time (non-proportional relationship).




Splitting Criterion

In the spirit of classical partial-likelihood-based splitting criteria (e.g., the logrank statistic), we propose to use a criterion which is based upon the score vector derived under the survival model presented above and computed under the null hypothesis of no difference between the two groups for both the immune-tolerant fraction and the dynamic of ADA production among immune-reactive patients. This criterion aims to identify the splitting candidate variable which maximizes the between-node heterogeneity. Maximizing the between-node heterogeneity leads to minimize the variability inside each node. In other words, it leads to more homogeneous groups with respect to the outcome of interest. This criterion is identical to the global test proposed by Broët et al. (11)



Modified Random Survival Forests Procedure

In this section, we first recall the basic principles for building a survival tree and then we present the proposed procedure.


Building a survival tree

In practice, a survival tree is grown by first splitting the whole dataset (so-called the root node) into two so-called child nodes that maximize between-node heterogeneity. The same procedure is then repeated for each child node until each node reaches a predetermined stopping rule (e.g., minimum node size) or be homogeneous. A node that cannot be split any further is called a terminal node (or leave). Each terminal node is a distinct partition of the sample which is characterized by a unique combination of the predictors.

In Figure 1, we present an example of a survival tree. Here, we start with the whole population (top). Then, the procedure searches for the best splitting variable (which maximizes our splitting rule). Here, the process selects the variable X10 with threshold cutpoint a which splits the population in two sets of individuals, those with X10 < a (left) and those with X10 ≥ a (right). For each of these two groups, the algorithm now searches for the next best splitting variables. On the left, the procedure selects the variable X20 with threshold b. On the right, the procedure selects the variable X15 with threshold c. For each of these four groups, the process continues to split in a binary fashion or stops if it has reached a predetermined stopping rule. As seen on the figure, on the left side, it stops. On the right side, it splits the far-right group in two new groups based upon the variable X40 with threshold d. Now, the algorithm stops as it reached a predetermined stopping rule.


[image: Figure 1]
FIGURE 1. A survival tree.


We end up with a population with five more homogeneous groups (with their respective survival curves). These five groups are defined by a combination of the four splitting variables with their corresponding cutpoints. For each group, the Nelson–Aalen or Kaplan–Meier estimates of the survival function is calculated. It is worth noting that the use of the Nelson–Aalen or Fleming–Harrington estimator (16) (using the cumulative hazard) would be more suited for leaves with a small number of subjects rather than the Kaplan–Meier (product-limit) estimator. Here, the group in red has the worst prognosis whereas the group in blue has the best prognosis. The others have intermediate prognosis.



Building a modified Random Survival Forest with random subspace sampling

Our dataset (noted [image: image]) consisting of n independent individuals with observed outcomes and predictor variables such as [image: image]. The proposed procedure is based on the following algorithm.

We first draw with replacement n individuals of our dataset [image: image] and thus create a bootstrap sample (denoted [image: image] with b = 1, …, B) from the original dataset. This means that in average 63% of the original sample is included in the bootstrap sample and 37% are left out. At the same time, we randomly select a subspace sample of the predictors (denoted [image: image]) of dimensionally p* (with p* < m).

Based on this subspace bootstrap sample [image: image], we build a survival tree and repeat the process B times as described just below.

• Build a survival tree from [image: image].

* For each split candidate variable Wk, we compute the corresponding splitting criterion S(Wk) presented above. We do the same procedure for all the split candidate variables.

* Then, we find the best split S* which is the one having the maximum value over all the candidates. Then, a new node is built and the observations are splitted accordingly.

* We iterate the process until each node reaches a pre-defined minimum node size or be homogeneous.

* We construct the final tree denoted [image: image] where [image: image] (l = 1, …, L(b)) is a vector of indicator variables representing the L(b) leaves of the tree such that [image: image] if the ith observation belongs to the lth terminal node of [image: image], and 0, otherwise.

• Repeat the process B times.

At the end of the process, we have a series of B survival trees known as a random survival forest.

This procedure can also be seen as a bootstrapped RSF with random subsampling of the feature space. Figure 2 illustrates this process with iterations of building survival trees from bagged samples and random subspace sample of the predictors.


[image: Figure 2]
FIGURE 2. A survival forest.




Evaluation of the Predictive Accuracy

Here, each survival tree is built from a bootstrap sample of the data. The individuals who are in this sample are called “in-bag” individuals and those who are not are called “out-of-bag” individuals. Thus, we can compute the survival predictions of each “out-of-bag” individual. In practice, the split variables of the patient are dropped down the tree until it reaches a terminal node. Then, the patient's survival prediction is the estimated survival of this terminal node. It is a valid prediction which is not optimistically biased since the survival is predicted using a tree that do not use this individual. The final prediction are given by averages overall the estimates. Then, we can compare survival predictions to what was really observed.

Figure 3 illustrates this process for the out-of-bag subject (in red).


[image: Figure 3]
FIGURE 3. An evaluation of the prediction accuracy of a survival forest.


To estimate the prediction error of our procedure, we use the Harrell's concordance index for survival data or C-index (17). This estimate is widely used in the literature as a way for assessing predictive accuracy in survival analysis. The Harrell's index estimates the probability that, in a randomly selected pair of cases, the case that fails first had a worst predicted cumulative hazard risk estimate. In the following, we reported the final error rate which is equal to one minus the C-index. If this value is 0.5 it corresponds to a procedure doing no better than random guessing, whereas a null value indicates perfect prediction.





Simulation Study

In order to evaluate the predictive performance of the proposed custom-built RSF procedure as compared to the classical RSF procedure, we conducted the simulation study presented just below. We used the classical Logrank statistic as the splitting criterion for both procedures.

In practice, we used the well-known Primary Biliary Cirrhosis (PBC) of the liver data set of the Mayo Clinic, which is publicly available in R through the package “randomForestSRC” (9). This data set is widely used in evaluating survival models and contains well-known explanatory variables. This dataset included 17 potential explanatory variables to which we added 50,000 random variables.

More precisely, we retained only the first 312 patients of the PBC data set who participated in the randomized trial and categorized continuous covariates using their quartiles. Then, we added 50,000 non-informative variables to the PBC dataset. The noise variables were 50,000 pseudo three-genotypes variables obtained from bi-allelic markers in Hardy-Weinberg equilibrium where each pseudo-minor allele is drawn from a uniform distribution ranging between 0.25 and 0.4.

The variable of interest was the time from the start of registration to death. Patients alive were censored at the date of their last follow-up visit. In total, we had 312 individuals with 50,017 candidate variables.

We compared the predictive performance of the classical RSF and the proposed custom-built RSF procedures with a random subsampling ranging from 1 to 100% and measured their error rates. We also computed the error rate obtained for a Bagging survival forest (a special case of RSF with all the covariates are considered as candidate) where the 17 variables were candidates.

In this study, we have considered the classical default parameters for generating trees. Thus, we put no constraint on the depth of the trees but there is a minimal number of unique cases in a terminal node which is of 15. For the RSF, the default parameter for the number of variables randomly selected as candidates for splitting a node is [image: image] where n equals the number of candidate variables.

In all cases, the size of the ensemble was fixed at 500 trees.




RESULTS



 Simulation Results

As seen in Figure 4, We observe that the minimal values of error rate associated with the proposed custom-based RSF procedure is around 19.0%, which is obtained for a proportion of at least 20–25% for the sub-sampling. This value is quite close to the value obtained with the Bagging procedure applied to the small data set containing only the 17 covariates potentially associated with the outcome (18.9%). In comparison, the classical RSF procedure leads to an error rate of 35.1%.


[image: Figure 4]
FIGURE 4. Error rate obtained with the custom-based RSF for various proportion of subsampling.




 ABIRISK Cohort

The cohort analyzed in this work consists in 457 individuals with genotyping information that successfully passed the quality-control procedures and who are suffering from auto-immune diseases. In this multi-cohort, 132 patients (29%) suffered from inflammatory bowel diseases (Crohn's disease or ulcerative colitis), 141 (31%) from multiple sclerosis, and 184 (40%) from rheumatoid arthritis.

There were 310 women (68%) and 147 men (32%). Patients were aged from 18 to 87 years old and the mean age was 43.5 years old. Among the 450 patients for whom the measure was provided, the body mass index (BMI) ranged from 15 to 49 with a mean BMI of 25. Nineteenth patients (4%) were underweighted (BMI <18.5), 252 (56%) had a normal BMI (between 18.5 and 25), 102 (23%) were overweighted (BMI between 25 and 30) and 77 (17%) were obese (BMI > 30). Among the 455 patients with a provided tobacco smoking status, 257 (56%) were currently smoking or had quit smoking and 198 (44%) had never smoked. Among the 445 patients with the provided information, 208 (47%) were taking immunosuppressants during the study. Ninety-four (21%) of the 442 patients whose information was available were taking antibiotics during the study.

Eight biotherapies were used in the study, forming four classes of drugs : TNF-inhibitors (Adalimumab, Etanercept, Infliximab), IFNβ (IFNβ-1a subcutaneous, IFNβ-1a intra-muscular and IFNβ-1b subcutaneous), anti-IL6R (Tocilizumab), and anti-CD20 (Rituximab). 254 patients (55%) were taking TNF-inhibitors, 141 (31%) IFNβ, 35 (8%) anti-IL6R, and 27 (6%) anti-CD20.

In the entire cohort, the probability of producing ADA at 1 year was 27.5% [22.9–31.7%].



 Prediction Results

We applied our proposed modified RSF procedure on the dataset from the ABIRISK cohort and reported the error rate estimate (one minus the C-index). We also reported the results obtained using the classical RSF procedure [implemented in the “randomForestSRC” package (9)] with default parameters. For both RSF procedures, we ran 500 survival trees. For the modified RSF procedure, each tree-based classifier was grown from random subspaces composed of a subsampling of 75% of the candidate variables.

The predictive accuracy of our procedure leads to an global error rate of 26.4% whereas the classical RSF leads to a higher global error rate of 51%. From these two procedures, we can compute the out-of-bag individual predicted probabilities of ADA occurrence. Figure 5 displays the predicted cumulative density function for ADA occurrence for the 457 patients obtained using an out-of-bag estimator from both procedures. From this figure, we can see that the modified RSF procedure leads to a clear separation between two groups of individuals regarding the risk of ADA (Figure 5A). Individuals with a predicted probability of occurrence of ADA at 1 year greater than 50% can be considered at high risk whereas those lower than 50% can be considered at low risk. In contrast, the classical RSF procedure was unable to separate individuals regarding the risk of ADA (Figure 5B).


[image: Figure 5]
FIGURE 5. Predicted survival probabilities obtained with our proposed random survival forest method (A) vs. those obtained by the classical random survival forest method (B).




DISCUSSION

The main contribution of this work is to propose and evaluate the practical use of a custom-built machine learning procedure for time-to-event prediction which accommodates high-dimensional predictors and mixed population of individuals. This was indeed a real issue for evaluating immunogenicity prediction using the bio-clinical data collected from the ABIRISK cohort. The proposed custom-built (or modified) RSF procedure uses a particular splitting criterion and considers random subsamplings of the candidate predictors.

When applying this procedure to the ABIRISK cohort, the modified RSF procedure leads to a much lower error rate than the classical RSF. Moreover, the individual predicted probabilities of ADA occurrence provide a way of discriminating between low and high-risk group of individuals. We can hypothesize that this gain in predictive performance is mainly due to the existence of a tiny proportion of pertinent variables that interact with each other. Indeed, our proposal borrows predictive strength from the tree-based structure while avoiding the restrictive sampling of the classical RSF. Moreover, the counter-performance of the classical RSF shows that there is no one-size-fits-all solution for complex clinical issue, therefore advocating for custom-based solution. In practice, with a random subspace sampling, we ensure that relevant predictors are given to the survival tree growing algorithm as iterations proceed more often than in the classical RSF method, and hence it decreases the chance to include useless survival trees in the forest. From these results, the use of the classical survival random forest should be avoided when few pertinent predictors are expected. Surprisingly, few works have pinpointed this problem that can be however of high concerns for clinical research that copes with so-called fat dataset (i.e., more predictive candidate variables than individuals). It is worth noting that the rationale for considering such multi-diseases/multi-drug predictive analysis was that even though these auto-immune diseases encompass a broad range of phenotypic manifestations, the way the patients respond to various biotherapies suggest that similar clinical and/or biological pathways might be involved and that they also might share some genetic markers. Thus, such cross diseases/drugs strategy should provide gains in predictive power as compared to separate analyses since it borrows information across several therapies and auto-immune diseases. However, if our assumption of common pathways is not correct, we should perform separate analyses (by disease or drugs) that require more individuals to ensure sufficient predictive power.

Despite these promising results, some limitations of the present exploratory predictive study should be considered. First, we should emphasize that our work is only a developmental study (model development and internal validation) which requires further validation studies. Moreover, even if the ABIRISK cohort includes hundreds of participants, it is still a small sample size and future studies with larger cohorts should be done to validate these results and generalize the use of this approach. Moreover, the definition of positivity relies upon the ADA detection methods that were harmonized but however different across the drugs. Second, it is difficult to identify the optimal percentage of subsampling. From our simulation study with fifty thousands of non-relevant variables, we have seen that sampling one-quarter of the feature space seems sufficient for obtaining a good predictive accuracy. For studies with dense genotyping data, we recommend building trees on more than half of the predictors for reaching competitive accuracy. More works should be however performed for providing practical guidance. It is worth noting that including all the predictors such as in the classical bagging strategy can lead to a small increase of the error rate due to the low diversity of the forest. Third, in this work, we use a particular splitting criterion which takes into account the mixture population under study. The choice for this survival model stems from immunological as well as statistical considerations but other modelings could obviously be considered and evaluated. Fourth, this work is only a preliminary step to find new machine learning approaches and further works should be done to derive measures adapted to this approach for identifying the important predictors and decipher their interplay.

In conclusion and to our best knowledge, this is the first study to evaluate the use of machine learning procedures to predict biotherapy immunogenicity based on bioclinical information. We have showed that this custom-based machine learning approach provides a valuable tool for prediction. While the current approach obviously needs further improvement before its clinical practical use, it might have potential to provide useful information for the clinical practice of stratifying patients before giving them a biotherapy.
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Tumor necrosis factor-α inhibitors (TNFis) have revolutionized the management of rheumatoid arthritis (RA), however despite considerable progress, only a small proportion of patients maintain long-term clinical response. Selection of, and switching between, biologics is mainly empirical, experiential, and not evidence-based. Most biopharmaceutical proteins (BP) can induce an immune response against the foreign protein component. Immunogenicity and the development of anti-drug antibodies (ADAs) is considered one of the main reasons for loss of therapeutic efficacy (secondary failure). ADAs may neutralize and/or promote clearance of circulating BP with resultant low serum drug levels, loss of clinical response, poor drug survival and adverse events, such as infusion reactions. ADA identification is technically difficult and not standardized, making interpretation of immunogenicity data from published clinical studies challenging. Trough TNFi drug levels correlate with clinical outcomes, exhibiting a “concentration-response” relationship. Measurement of ADA and drug levels may improve patient care and improve cost-effectiveness of BP use. However, in the absence of clinically-validated, reliable assays and consensus guidelines, therapeutic drug monitoring (TDM) and immunogenicity testing have not been widely adopted in routine clinical practice in Rheumatology. Here we discuss the utility and relevance of TDM and immunogenicity testing of TNFis in RA (focusing on the most widely used TNFis globally, with the most available data, i.e., infliximab, adalimumab, and etanercept), the limitations of currently available assays and potential future immunopharmacological strategies to personalize disease management.
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INTRODUCTION

Biologic agents, such as TNF-α inhibitors (TNFis), have revolutionized the treatment of rheumatoid arthritis (RA), but despite this advance, not all patients respond favorably. Up to 40% of RA patients do not respond to the first biologic (primary failure) or lose response over time (secondary failure). Drug survival (the time to discontinuation of a drug) is influenced by many factors including lack or loss of efficacy, adverse events (AEs), and poor adherence. Immunogenicity is defined as the ability of biopharmaceutical products (BPs) to induce an immune response, resulting in the generation of anti-drug antibodies (ADAs). ADAs are considered an important (albeit not the only) mechanism of secondary treatment failure and limited drug survival, due to effects on pharmacokinetics and bioavailability. ADAs are also implicated in treatment-related AEs, such as infusion and injection-site reactions (1). Immunogenicity testing is a mandatory, regulatory requirement for BP drug licensing, as part of the safety profile package required by both the US Food and Drug Administration (2) (FDA) and the European Medicines Agency (3) (EMA).

Therapeutic drug monitoring (TDM) and immunogenicity testing, using trough drug levels and ADAs, have the potential to improve clinical decision-making, by influencing drug selection, dose, and frequency of administration. This may allow clinicians to reduce under- and over- treatment for patients in clinical relapse or remission. There are currently no consensus guidelines recommending the use of BP drug levels and immunogenicity testing in RA, and as such, their use in clinical practice is widely variable.

TNFis (in combination with methotrexate and as monotherapy) are often selected as first-line biologic therapy in patients with RA who are refractory to non-biologic disease-modifying antirheumatic drugs (DMARDs), due to the availability of long-term data from clinical trials and extensive real world experience. Moreover, costs have recently lowered due to the advent of biosimilar TNFis. Infliximab, adalimumab, and etanercept (in bio-original and biosimilar forms) are the most frequently used TNFis, with the most available data. Here, we discuss the utility and clinical relevance of TDM and immunogenicity testing of TNFis in patients with RA, and potential future immunopharmacological strategies to personalize disease management.



IMMUNOGENICITY OF TNFIS IN RA


Consequences of Immunogenicity

Immunogenicity can impact both the efficacy and safety of BPs. ADAs may reduce the clinical efficacy of TNFis by competing with the cytokine binding site (neutralizing antibodies) or by accelerating drug clearance leading to subtherapeutic drug levels (non-neutralizing/binding antibodies; with formation of immune complexes), hence both neutralizing and non-neutralizing ADAs may be clinically relevant. Trough TNFi drug levels exhibit a “concentration-response” relationship (4) (an inverse correlation with clinical outcomes), which forms the basis for the rationale for TDM in RA. This has been observed in studies of the key TNFis used in clinical practice—including infliximab (5–10), adalimumab (11), etanercept (12, 13), golimumab (14), and certolizumab (15, 16).

ADAs are associated with low trough drug levels and loss of drug efficacy, although the association appears to be stronger for infliximab, adalimumab, and golimumab, than for etanercept and certolizumab (4). ADAs in isolation do not always correlate with poor clinical outcomes, as the antibody titer may be insufficient to reduce the active drug level below the therapeutic threshold. Furthermore, the risk of immunogenicity is not sufficient to predict loss of drug efficacy e.g., although adalimumab is more immunogenic than etanercept, some studies report only a small difference in drug survival (17, 18).

ADAs have been linked to several AEs including infusion/injection site hypersensitivity reactions, serum sickness, and arthus reactions (1, 19). The pathogenic mechanisms are yet to be fully elucidated and may involve complement-mediated events, cytokine release, formation of immune complexes, and production of IgE antibodies. Reassuringly, switching from bio-original to biosimilar BP, has not been associated with greater AEs or immunogenicity concerns thus far (20).



Factors Influencing Immunogenicity

Historically, the foreign (murine) components of the drug were thought to be mainly culpable for the development of ADAs, which led to a drive to minimize non-human elements to reduce immunogenicity. It soon became apparent that even fully human BPs could provoke an immune response, due to TNF-binding idiotypes that are not part of the normal human antibody repertoire, and multiple factors influencing immunogenicity are now emerging. TNFis may be chimeric (e.g., infliximab), humanized (e.g., certolizumab), fully human (e.g., adalimumab and golimumab), or fusion proteins containing antibody fragments (e.g., etanercept). Infliximab is considered the most immunogenic TNFi, particularly when it is used without concomitant methotrexate (21, 22). ADAs have been reported in up to 53% of patients treated with infliximab within the first 6 months of treatment (5, 8, 23–25). By contrast, in the same timeframe, up to 19% of patients receiving adalimumab develop ADAs (8, 24, 26). Etanercept, a receptor construct, does not express idiotypes and thus is the least immunogenic out of the three; ADAs to etanercept are minimal, usually transient and non-neutralizing with a reported incidence of 0–7% (21, 27, 28).

Effective detection of ADAs is dependent upon several factors—the type of the assay used, the timing of the blood sample in relation to drug dosing (usually trough levels, taken before a scheduled dose) and the duration of treatment. In addition, assay results are affected by the relative amount of drug and antibody: excess serum drug levels can prevent the detection of free ADAs; equal drug and antibody levels can prevent measurement of both; and excess ADA usually permits only the detection of free antibodies (29).

Mechanisms leading to immunogenicity are complex and multifactorial; related to the drug (e.g., purity and aggregations) and its production process (e.g., contaminants), the patient and treatment (1, 30). Patient-related factors include genetic predisposition (31), disease activity (32), obesity (32), smoking (32), and indication (33) for biologic treatment. It is tempting to speculate that ADAs are more likely to be evoked in classical autoimmune diseases, where B-lymphocytes are implicated in disease pathogenesis, e.g., a trend toward higher frequency of ADAs is found in patients with RA compared with psoriasis, when treated with the same biologic (4). However, ADAs are clinically relevant in non-antibody-mediated rheumatic conditions e.g., axial spondyloarthritis (34) and are extensively described in inflammatory bowel disease (IBD). This concept was exemplified in a study of patients with spondyloarthritis (n = 294) and rheumatoid arthritis (n = 276) with secondary TNFi failure, where significantly more patients with spondyloarthritis (31.3%) had anti-infliximab antibodies, compared with those that had RA (21.1%; p = 0.014) (33). Treatment-related factors include the dose, frequency, route, and continuity of administration, prior drug exposures as well as concomitant immunomodulators (35). In general higher doses of the BP or a loading regimen (36) followed by continuous rather than episodic dosing (37), the intravenous (compared with subcutaneous) (38, 39) route of administration and concomitant immunosuppression (28, 40) are associated with a lower frequency of ADAs. However, there are some caveats—subcutaneous delivery (relatively more immunogenic and usually the preferred route of administration for most BPs) of tocilizumab (an anti-interleukin (IL)-6 receptor monoclonal antibody) is not more immunogenic than its intravenous administration (41) and whilst concomitant immunosuppressants reduce immunogenicity in RA and Crohns disease (28, 40), evidence for this strategy is not valid across all indications e.g., methotrexate co-prescription does not significantly influence drug survival of TNFis in psoriatic arthritis populations (42).



Limitations of Immunogenicity Testing

The clinical application and interpretation of immunogenicity data is challenging as studies of TNFis show wide variation in the prevalence of ADAs, as well as their impact on serum drug concentrations and clinical outcomes. These observations may be due to heterogeneous patient populations and differences in study design, duration of follow-up, drug dosage, use of concurrent DMARDs and timing of blood sampling. Comparisons between publications are difficult due to inter-laboratory variability and inconsistent (and occasionally absent) reporting of assay methods and characteristics. Furthermore, it is very difficult to make comparisons between different assays for different BPs, due to the reliance of each method on the specific positive control used (43).

Even if detection methods are reliable, most available assays do not evaluate the in vivo functionality of drug and ADAs, i.e., the amount of active circulating drug or the neutralizing capability of the ADA, which could limit the clinical application of the results.

ADA detection involves either a bridging ELISA (most commonly), or a radioimmunoassay (RIA). Available RAIs include the antigen binding test (radiolabelled therapeutic TNFi antibodies bind to free ADAs in serum samples) or pulldown assays (ADAs are coupled to a high-capacity solid substrate). Both ELISAs and RIAs are only able to detect free ADAs; therefore, high drug levels, with formation of ADA-drug complexes, can lead to false negative results. This is known as “drug interference/tolerance,” where ADAs are only detected if their amount exceeds the level of the circulating drug. ELISAs can further underestimate the presence of ADAs, as they do not identify IgG4 ADAs [which are more likely to be neutralizing (44)] and are less drug-tolerant than RIAs. RIAs are more specific than bridging ELISA, are less prone to interference by drug and rheumatoid factor and can capture clinically relevant IgG1 and IgG4 ADA. RIAs are more sensitive than ELISAs when using random blood samples [with better concordance between the assays when ADA titres are high (45)], which would be more convenient for patients, however their widespread use is limited by the cost and complexity associated with radioisotopes.

From a practical perspective, TDM and immunogenicity testing can be difficult. Ease of access to tests is variable, and it may be difficult to obtain accurately timed blood samples for trough drug levels. Newer drug-tolerant assays that measure both free and complexed ADAs, including the pH-shift anti-idiotype binding tests (PIA), may be more suited to random blood sampling, but these tests are expensive, may only be available in specialized centers and have as yet, undetermined clinical utility (46).




CURRENT CLINICAL PRACTICE

Current options for managing TNFi failures in RA include cycling within class, i.e., to an alternative TNFi, or switching between class i.e., to a drug with a different mechanism of action. Published recommendations provide little guidance to determine the best strategy (47, 48). Both options are supported by data from randomized controlled trials and the real world, therefore the decision is generally empirical and based on physician discretion. This dilemma was summarized in a recent review (29). In the open-label, 52 weeks randomized Rotation or Change (ROC) trial, the treating physician selected between a second TNFi and a non-TNFi in patients with primary TNFi failure (49). The ROC trial results concluded that the reasons for improved drug survival when switching to a second TNFi was better efficacy, and with switching to a non-TNFi was reduced AEs. Further evidence from a prospective study, suggests better outcomes can be achieved using an algorithm based on trough drug levels and ADAs, compared with “empirical switching” (50).

Current treatment recommendations for RA endorse combination therapy with a biologic and DMARD (47, 48), which is consistently more effective than biologic monotherapy, possibly due to effects on immunogenicity. Methotrexate significantly increases adalimumab trough concentrations (51, 52), and in a dose- dependent manner, reduces immunogenicity (51), and improves clinical outcomes in early disease (53).

Given the limitations regarding assay diversity and data interpretation, and the lack of conclusive support for cost- effectiveness, routine use of TDM and ADA testing has not been widely adopted in British Rheumatology practice (54). There are exceptions, with local management algorithms for RA incorporating these tests (55, 56), but overall the use and interpretation of TDM and ADAs is inconsistent. By contrast, The British Society for Gastroenterology guidelines for the management of IBD includes clear, algorithmic recommendations for measurement of drug levels (±ADA) (57). In IBD, clinical decision making using drug levels and ADAs in secondary non-responders is more cost-effective when compared to empirical drug escalation (58, 59). The recent prospective, observational personalized anti-TNF therapy in Crohn's disease study (PANTS), demonstrated that low concentrations of adalimumab and infliximab at week 14 were associated with primary non-response, non-remission at week 54 and the development of ADAs (32). ADAs predicted subsequent low drug levels and concomitant immunomodulators (thiopurine or methotrexate) mitigated the risk of developing ADAs (32).



POTENTIAL IMMUNOPHARMACOLOGICAL ALGORITHM

In time, readily available, accurate assays to measure drug levels and ADA titer, will hopefully arm clinicians with powerful tools to optimize the management of RA, especially in patients with secondary loss of response. A potential algorithm that could be used in future management strategies is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Potential algorithm for RA patients with secondary failure to TNFis. ADA, Anti-drug antibody; BP, Biopharmaceutical product; TNFi, Tumor Necrosis Factor inhibitor.


Measurement of trough drug levels is the most valuable test in the first instance to identify patients with low or optimal (therapeutic) circulating drug. Using ADAs for the first branching in the algorithm is probably inappropriate, as ADAs are not always clinically relevant (especially if present at low-titer) if there is sufficient circulating drug. In cases of treatment failure, supplementary knowledge of ADAs (and perhaps the titer) may be helpful in determining the etiology of suboptimal drug levels. Low drug levels without ADAs may be due to factors such poor adherence to therapy (as most biologics are self-administered injections), a higher BMI and/or faster drug metabolism, which would require different strategies compared with those for patients with detectable ADAs. To overcome this problem, optimizing the dose of biologic by reducing the interval of administration, e.g., changing adalimumab monotherapy from fortnightly to weekly [as permitted by the National Institute of Health and Care Excellence (NICE) in the U.K. (60)], or optimizing dose of concomitant immunosuppressants may recapture a response (61, 62). Emerging evidence suggests that efficacy can be re-established in ADA positive patients with secondary failure, by addition of methotrexate to infliximab treatment in IBD (63), although there is limited support for this approach in the RA literature. If these strategies are unsuccessful or not applicable, switching BP should be considered.

If ADAs are detected in the context of a low drug level, switching to a less immunogenic drug within the same class (e.g., etanercept) could be beneficial, especially if the patient has previously responded to a TNFi. Switching to a second TNFi may be successful due to differences in drug molecular structure, immunological action, immunogenicity, and pharmacokinetics, as well as different underlying disease pathogenesis (24). There is an argument however, to switch to a biologic with a different mechanism of action, as although ADAs are not cross-reactive, patients with ADAs to the first failed TNFi are more likely to seroconvert and produce ADAs with subsequent TNFis (64–67) and are thus less likely to respond to a second TNFi, especially if this is a monoclonal antibody (64, 66). Of note, ADAs to bio-originals are reactive to the corresponding biosimilars, and therefore after detection of ADA, switching a bio-original to its biosimilar version would not be recommended (68). It is plausible to suggest that a patient with ADAs, refractory to multiple biologics, may benefit from a treatment with a less or minimally immunogenic drug, e.g., a receptor fusion protein e.g., abatacept (69) or a small molecule [JAK inhibitor (70)]. In the case of non-responders with optimal drug levels, the presence/absence of ADAs is unlikely to influence subsequent management. These patients have a lower probability of response to an agent within the same class and therefore we would postulate that they are most likely to benefit from switching to a drug with a different mechanism of action (64).

Given the high cost and potential AEs associated with biologic therapies, strategies have been proposed to taper biologics (by reducing drug doses or increasing dosing intervals) in patients with sustained clinical remission, thereby reducing risks and costs overtreatment. In some studies, correlation between DAS28 (disease activity score; a composite measure of disease activity in RA) improvement and serum drug trough levels has been verified up to a threshold of drug level, above which no significant DAS28 changes occur (71). A recent study using certolizumab found that a drug level above a defined threshold was not associated with any additional clinical benefit, and therefore it may be possible in the future to use TDM to titrate treatment (15). Withdrawal of treatment in disease quiescence is an area of active research and currently there is insufficient evidence to draw meaningful conclusions about the role of TDM and immunogenicity testing. Data from ongoing, randomized controlled trials (72) using TDM or ADA to guide withdrawal strategies may inform future practice. It is reasonable to hypothesize that drug withdrawal may be possible in patients with inactive disease and undetectable drug levels or high ADA titres, as remission is probably not being maintained by treatment with the BP.



FUTURE DIRECTIONS AND UNANSWERED QUESTIONS

The increasing and earlier use of BPs in RA is likely to lead to a greater proportion of patients receiving these therapies. Efforts are expanding to predict, reduce and reverse BP immunogenicity to mitigate the impact on drug development, which was summarized in a recent review (73). Strategies to reduce the immunogenic potential of BPs include “de-immunizing” approaches through protein engineering e.g., rational amino acid substitutions and/or addition of epitope-masking moieties, as well as induction of peripheral tolerance (73). There are emerging concerns that immunogenicity may limit the development of newer investigational medicinal products such as the bispecific antibodies.

Despite long-standing interest and accrual of data, we are still unable to predict responses to TNFi. Prospective, longitudinal studies of BP-naïve patients may provide mechanistic information and address a critical unanswered question—why BPs are immunogenic in some patients, but tolerogenic in others. Prediction of immunogenicity may allow mitigation and management strategies to be implemented to prevent or minimize the generation of ADAs (73). Other strategies to personalize biologic selection, include pharmacogenetic testing to identify genetic factors that may predict lack of response to, or toxicities from, TNFi (74).

Further research is needed to develop standardized, clinically-validated assays for both drug and ADA testing. These tests could then be incorporated into evidence-based guidelines to optimize treatment decisions along the patient pathway: for patients with active disease about to start treatment, not responding to treatment (primary or secondary failure) or for those in remission, to permit drug tapering strategies. Taken together this may help to improve the long-term efficacy, safety profile and cost-effectiveness of BPs.
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Immunogenicity against biotherapeutic proteins (BPs) and the potential outcome for the patient are difficult to predict. In vitro assays that can help to assess the immunogenic potential of BPs are not yet used routinely during drug development. MAPPs (MHC-associated peptide proteomics) is one of the assays best characterized regarding its value for immunogenicity potential assessment. This review is focusing on recent studies that have employed human HLA class II-MAPPs assays to rank biotherapeutic candidates, investigate clinical immunogenicity, and understand mechanistic root causes of immunogenicity. Advantages and challenges of the technology are discussed as well as the different areas of application.
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INTRODUCTION

Anti-drug antibodies (ADAs) have been shown to have broad and diverse effects ranging from any clinical significance to loss of efficacy of the BP, impact on PK/PD profile, hypersensitivity responses, or in the worst case the cross-reactivity and neutralization of the endogenous counterpart of the BP. Understanding and predicting immunogenicity against BPs is a major challenge. There is a trend in using in vitro assays to assess the immunogenic potential of biotherapeutics, but they are not used routinely during drug development. For several years, MAPPs (MHC associated peptide proteomics) has been applied on many different types of immunological questions (Table 1) and can be considered as the assay best characterized regarding its value for immunogenicity potential assessment. While the use of the MAPPs technology for the identification of immunogenic hotspots of biotherapeutics has been reviewed previously (1), this review is focusing on recent studies that have employed human HLA class II-MAPPs assays to rank biotherapeutic candidates, investigate clinical immunogenicity, and understand mechanistic root causes of immunogenicity.


Table 1. Summary of studies that employed MAPPs for candidate ranking, investigative, and mechanistic purposes.
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T cell immunity is a key element in the development of immunogenicity against proteins. Specific T cell receptor-mediated recognition of HLA class II associated peptides presented by professional antigen presenting cells (APCs), as well as co-signaling via co-stimulatory molecules and cytokines are required to activate CD4+ T cells. For the development of an adaptive immune response, help by CD4+ T cells is required to mount an efficient B cell response and the production of high-affinity IgG class antibodies (Figure 1). Naturally presented HLA class II-associated peptides, which are the prerequisite for a specific T cell response, can be determined via MAPPs.
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FIGURE 1. Interplay between DCs, T cells, and B cells. Dendritic cells sample antigens mainly via macropinocytosis and receptor-mediated uptake and have access to a broad range of extracellular proteins. In contrast, B cells mainly take up antigens via specific recognition of structures on an antigen via their surface B cell receptor. T cells that have become activated by specific recognition of an antigen-derived HLA class II-associated peptide on DCs via their T cell receptor, can in turn activate B cells that are presenting the same sequences.


The MAPPs assay consists of multiple steps, involving human primary antigen presenting cell culture, peptide isolation, and peptide identification via liquid chromatography-mass spectrometry (LC-MS). Professional antigen presenting cells are loaded with proteins of interest, which are internalized and enzymatically processed to peptides in the endolysosomal compartment of the cells. The binding to HLA class II molecules is dependent on the properties of the amino acid side chains of a given peptide and the binding pockets of a given HLA class II molecule (2). HLA class II molecules are highly polymorphic and their peptide binding groove is open at both ends enabling the binding of different peptide length variants (3). Despite the high polymorphic diversity, the peptide binding repertoire of HLA molecules is not unlimited and there is an overlap in peptide binding specificities between HLA types (4). Following incubation with the protein of interest, the naturally processed and presented peptides are retrieved from the APCs by cell lysis, followed by membrane solubilization. Then, HLA class II: peptide complexes are isolated by immunocapture using anti-HLA II antibody-coated beads. In the following wash steps, solubilizers are removed before the peptides are eluted from the HLA class II binding groove by pH shift and are further analyzed via immunopeptidomics, which is defined as the characterization of peptide ligands bound to HLA and related molecules. Peptides are separated according to their hydrophobicity via liquid chromatography prior to electrospray ionization and mass spectrometric analysis. The determination of the full mass and fragment masses of the peptides enables sequence identification via database search by comparing the measured mass spectra to calculated mass spectra generated from peptide sequences derived from a large protein database. The identified peptides are then mapped to the sequence of the BP (Figure 2). Identified peptides often accumulate in several sequence regions of the BP, referred to as “clusters” (5, 6). Since different donors will only present certain sequence regions/clusters based on their HLA class II alleles, the analysis of about 20 donors is required to cover most of the presentable sequence regions.


[image: Figure 2]
FIGURE 2. MAPPs assay procedure consisting of multiple steps. Monocytes isolated from buffy coats are differentiated in vitro into DCs, which are loaded with the BP of interest. After lysis, HLA class II molecules are isolated by immunocapture, and eluted peptides are analyzed via LC-MS with subsequent database search for peptide identification.




MAPPS ASSAY APPLICATIONS

Due to the challenges with immunogenicity against biotherapeutics, methods that could potentially predict immunogenicity in human beings would be a game changer for drug development. One of the major caveats is the high variability of the published clinical immunogenicity data. Reported immunogenicity incidences are influenced by a multitude of aspects including patient-, treatment-, and sampling-related factors. Furthermore, they are impacted by the sensitivity, drug tolerance, and type of immunogenicity assay used to measure anti-drug antibody (ADA) responses in patients. A meaningful correlation between in vitro data and clinical immunogenicity of different marketed biotherapeutics would require the generation of clinical immunogenicity data with harmonized assays and sampling in clinical trials, which is practically utopian to achieve.

The development of immunogenicity in an individual subject is dependent on multiple factors such as the presentation of BP-derived peptides via HLA class II molecules, the recognition of these peptides as well as co-stimulatory signals by T cells, the precursor frequency of responsive T cells, the recognition of the BP by B cells via the B cell receptor, the precursor frequency of such B cells, the efficiency of cell interaction in the lymph node and resulting affinity maturation, immune status, HLA haplotype, and the target biology of the BP, just to name a few. The MAPPs assay is covering one of the key contributing factors, the natural presentation of protein-derived peptides to T cells, which is the prerequisite for the development of a specific IgG-type immune response. The ability of the peptides to trigger T cell responses has to be addressed via subsequently applied T cell assays. Since the development of immunogenicity and the incidence of ADA in the patient population are depending on many more factors, the MAPPs assay data should never be considered as a direct prediction of immunogenicity incidence in human beings. Instead, MAPPs should be understood as a useful and relevant tool to: (1) rank similar protein variants regarding their immunogenicity potential and support candidate selection, (2) identify root causes for clinical immunogenicity, (3) confirm the sequences predicted by in silico algorithms to characterize and further improve them, and (4) improve the mechanistic understanding of principles of antigen presentation as well as factors that are contributing to the development of immunogenicity.


Selection of Biotherapeutic Candidates by MAPPs Assay Ranking

Due to the abovementioned caveats, absolute immunogenicity incidence rates between marketed BPs cannot be directly compared. Reported ADA incidences for a given BP can also vary significantly across studies depending on indication, co-medication, and assay format. Still, it becomes apparent that some BPs seem to have relatively low reported immunogenicity rates across many studies and indications, while other BPs seem to consistently show higher immunogenicity incidence rates. We have previously applied MAPPs and T cell activation assays on a panel of marketed monoclonal antibodies, secukinumab, adalimumab, ustekinumab, infliximab, and rituximab (6). In this study, molecules that showed on average a rather low clinical immunogenicity, also showed lower numbers of presented sequence regions and low T cell response rates. In contrast, monoclonal antibodies with elevated clinical immunogenicity rates also showed increased numbers of presented sequence regions and increased T-cell response rates in T-cell activation assays, indicating an approximate correlation between in vitro assay results and clinical immunogenicity incidence (6). This study indicates, that the number of presented sequence regions may be a useful information to rank similar BP candidates during drug development. Since differences in the amino acid sequences of BPs will impact on the type and number of presented peptides, the MAPPs assay should best be applied for the ranking of similar BP variants as typically generated during the candidate selection phase in drug development.



Interrogation of Clinical Immunogenicity

The ABIRISK Project (www.abirisk.eu) of the European Innovative Medicines Initiative (IMI) investigated the correlation between patient, clinical factors and the incidence of immunogenicity and examined the underlying mechanisms of immunogenicity. As part of this project, the MAPPs technology was applied to identify naturally presented sequence regions of several biotherapeutics.


Infliximab

In the scope of the ABIRISK project, infliximab, a chimeric monoclonal anti-TNFα antibody, was examined via MAPPs and T cell epitope mapping assays using different sets of healthy donors as well as patients with inflammatory bowel disease or rheumatoid arthritis that had developed immunogenicity against infliximab. Despite the use of different donors, most of the identified T cell epitopes were also identified as naturally presented peptides by MAPPs. As expected, not all presented sequence regions identified in the 34 healthy donors via MAPPs were identified as true T cell epitopes in the sets of 16 healthy drug-naïve donors and 6 ADA positive treated patients. This can partially be explained by lower patient numbers and smaller HLA coverage in the T cell assay. Moreover, the T cell repertoire is shaped by central tolerance and peripheral tolerance, which are both impacting on the T cells precursor rates against different peptide sequences, and which are ultimately determining whether a donor will or will not respond. An independent study also employed MAPPs on the determination of presented sequence regions of infliximab on 9 donors (7). The comparison of both independent datasets reveals a high degree of similarity in terms of the location of presented sequence regions. In both studies, clusters in sequence regions were detected that were matching confirmed T cell epitope hotspots in patients showing immunogenicity (8), specifically: (1) a region slightly upstream of and spanning across the HCDR2 and (2) a region slightly upstream and spanning across HCDR3 and (3) a framework region in LFR1. Additional presentation hotspots were identified in both studies in HFR3 as well as in LFR3. Only one prominently presented sequence region in LCDR3 was only detected in the study by Hamze et al., likely due to the larger set of tested donors.



Adalimumab

Adalimumab, a human monoclonal anti-TNFα antibody, was tested in the MAPPs assay as part of the ABIRISK project (9) on 18 healthy donors. Eight clusters were identified in the VH region and four clusters in the VL region. Four of these presented regions, HCDR2, HFR3, HCDR3, and LCDR2 were also confirmed as T cell epitopes on an independent set of 14 healthy drug-naïve donors. In an unrelated study, Sekiguchi et al. evaluated the presented sequence regions on a small set of 2 donors (7). Still, three presented sequence regions could be observed in VH and three in the VL region. Almost all of these clusters matched regions identified by Meunier et al., except for 1 cluster in LFR1 that was only identified by Sekiguchi et al. This discrepancy can be explained by the use of a different anti-HLA class II clones G46-6 and L243 in the two studies. Interestingly, this cluster in LFR1 was identified in our hands using anti-pan class II antibody clone IVA12 in an independent study (data not shown).



Natalizumab

Two groups, Cassotta et al. and Meunier et al. applied MAPPs to identify naturally presented peptides from natalizumab, a humanized monoclonal antibody directed against α4-integrin. In the study of Meunier et al., which was performed as part of the ABIRISK project, T cell epitopes resided in HCDR1, HCDR2, and HFR3 as well as LCDR1 and at the interface between LFR2 and LCDR2 (9). Presented sequence regions identified via MAPPs were detected in the same regions, except LCDR1, likely due to the use of different donor sets. Additional presented regions resided in HFR4 and LFR3. In an independent study, Cassotta et al. applied MAPPs on natalizumab-specific EBV B cell clones that were isolated from two patients who had developed immunogenicity against natalizumab. The researchers could identify 3 naturally presented sequence regions that matched the regions identified in the ABIRISK study. Two of these regions were located in HFR3 and the HFR4, both of which did not induce specific T cell clones. The third presented region at the interface of LFR2 and CDR2 was also recognized by natalizumab-reactive T cell clones (10). This study shows, that natalizumab-specific B cells were able to recognize and internalize natalizumab via their BCR and subsequently present a natalizumab-derived peptide sequence that was verified as a natalizumab-specific T cell epitope. The interplay of linear HLA-DR associated peptide presentation by APCs, subsequent T cell response and T cell-mediated activation of B cells which are also presenting linear HLA-DR associated peptides upon BCR mediated antigen-specific protein uptake (Figure 1) are demonstrated in this study (10). A comparison of presented sequence regions and identified T cell epitopes is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Natalizumab cluster map of presented sequence regions identified via MAPPs and T cell epitopes identified via epitope mapping. Clusters are indicated as black boxes, complementary-determining regions are indicated as shaded areas along the sequence in heavy chain and light chain, framework regions are depicted in gray. Permission to generate this figure was obtained from Dr. Luca Piccoli (10).




Ixekizumab

In a recent study (11), Spindeldreher et al. identified T cell epitopes of ixekizumab, a chimeric monoclonal antibody directed against IL-17a, from 31 healthy treatment-naïve donors via MAPPs-assisted T cell epitope mapping. All identified T cell epitopes resided in four main regions of the mAb, which were overlapping with the regions HCDR3, LCDR1, LCDR2, and LCDR3. For the epitope mapping approach, synthesized peptides from overlapping peptide libraries were used as well as peptides synthesized from presented sequences identified via MAPPs. We concluded, that the approach of MAPPs-assisted T cell epitope mapping appeared to be superior over “traditional” peptide-scanning approaches, and that the sequences identified by MAPPs represent antigenic regions which underwent intracellular processing of the full-length protein and may thus present “authentic” T cell epitopes.



Human Factor VIII

The immune response to factor VIII is a significant complication in the treatment of patients with hemophilia A. In a recent study, MAPPs was applied to identify potential T cell epitopes of human factor VIII (12). A similar dataset was generated in our group in the scope of the ABIRISK project and a list of identified factor VIII-derived peptides is available in Supplementary Data 1. A comparison of the two datasets reveals a considerable similarity in presented sequence regions despite the use of completely independent healthy donor sets with potentially different HLA allele representation, as shown in Figure 4. Differences between the studies are observable in domains B, A3, C1, and C2. In the B domain, few presented regions were only identified by Jankowski et al., likely due to the higher number of tested donors. Additional sequence regions were identified in the ABIRISK study in domains A3, C1, and C2. Discrepancies between the 2 studies in the ability to detect certain sequences may be related to the HLA distribution and number of tested donors, type of tested factor VIII material and assay sensitivity.


[image: Figure 4]
FIGURE 4. Comparison of naturally presented sequence regions in two independent studies on human Factor VIII identified via MAPPs. Left: Factor VIII protein domains and amino acid positions. For each dataset, identified peptides are indicated as shaded areas along the amino acid sequence from top to bottom. The number of identified peptides per position is indicated by grayscale color coding. Raw data and permission to generate this figure was obtained from Dr. Zuben Sauna, Joseph McGill, and Dr. Wojciech Jankowski (12).





Improving Mechanistic Understanding of Principles of Antigen Presentation

MAPPs is a powerful tool to interrogate the mechanistic principles of antigen presentation. We have previously generated data comparing the peptide presentation between monocytes, monocyte-derived DCs (moDCs), and B cells (20). Monocytes, B cells, and moDCs presented synthesized peptides to a comparable level, which can be explained by surface exchange. In contrast, moDCs were the most efficient cells in peptide presentation from full proteins such as ovalbumin, tetanus toxoid, and trastuzumab, likely due to higher uptake efficiency via macropinocytosis. In order to compare the pattern of presented peptides, two molecules were selected that were expressed by all three cell types and which were less influenced by the differences in antigen uptake processes between cell types. For the two selected intrinsic molecules (HLA-DRA chain and HLA-B), B cells and monocytes showed the same presentation pattern. MoDCs showed additional clusters, which could be due to a higher HLA-DR expression on moDCs combined with the stronger membrane uptake via micropinocytosis, increasing the amount of presentable HLA-DRA and HLA-B derived peptides and boosting detection efficiency via MS. Alternatively, the additional clusters observed in moDCs may also be explained by differences in the composition of lysosomal proteases (21).

In another study focusing on the naturally presented peptide repertoire of APCs, Adamopoulou et al. applied the MAPPs technology to interrogate the HLA class I and class II human thymic peptide repertoire. They identified peptides eluted from whole thymus, from isolated thymic myeloid DCs (mDCs) and from mDC-depleted APCs containing pDCs, thymic epithelial cells, and other thymic APC (16). According to the authors, only about a third of the protein pool was shared between mDCs and non-mDC cells and the authors concluded that the differences in the presented peptide repertoire are supporting the idea that different thymic APCs present different peptides. The identified HLA class II peptide sequences provided in Supplementary Data 1 of that study reveals, that within each dataset, several peptide families/clusters with shared core sequences were identified, each comprising several similar peptide lengths variants. Therefore, a comparison of peptide clusters rather than distinct peptide sequences is more meaningful, and shows that a presentation similarity between the mDC and mDC-depleted samples is actually much higher than postulated in the publication.

Another mechanistic study employed MAPPs to interrogate two potential modes of action of intravenous immunoglobulin (IVIg), which is commonly used in the clinic to treat autoimmune and severe inflammatory diseases (19). Numerous IgG-derived peptides were presented by moDCs along the antibody sequences, while surprisingly regulatory T cell epitopes 167 and 289 were not efficiently presented. Some sequences cannot be efficiently identified due to technical reasons such as strong hydrophobicity preventing efficient elution from the chromatography column, poor ionization and fragmentation in the mass spectrometer, or degradation of the peptides due to extensive protease activity during cell culture. To rule out that regulatory T cell epitopes 167 and 289 were potentially missed in the experiment due to technical challenges, the researchers confirmed efficient detection via mass spectrometry by direct infusion. They could also show that in DCs loaded with synthesized regulatory T cell epitopes 167 and 289, these sequences were efficiently presented and identified via MAPPs. The results suggest that regulatory T cell epitopes 167 and 289 can be efficiently presented by DCs and detected via MAPPs but only when provided to the cells as synthesized peptides, whereas they do not seem to be efficiently processed and presented as part of a full antibody protein. In another experiment the researchers could show that the simultaneous loading of moDCs with Ovalbumin and high concentrations of IVIg did not impair Ovalbumin-derived peptide presentation, indicating that a sufficient amount of empty HLA class II molecules are present in the endolysosome to bind all generated peptides. The absence of antigenic competition was confirmed by analyzing peptides derived from two endogenous self-proteins that are typically presented on HLA class II molecules, ANXA2 and MAN2B1, which also remained unaffected by co-loading of the cells with high doses of IVIg. The authors concluded that the clinical effects mediated by IVIg are neither caused by Tregitopes 167 and 289 nor by impaired antigen presentation.

Webster et al. investigated the potential of human IgG1 allotypes to stimulate CD4+ T cell responses in donors matched for homologous and heterologous IgG1 allotypes (18). No significant responses against allotypic variants of trastuzumab were observed in allotypic mismatched T cells. MAPPs was employed to investigate the lack of T-cell responses in relation to mismatched allotypes and revealed that no peptides from the sequence regions containing the allotypic variations were presented, and thus, no T cell response was to be expected. The authors concluded that allotypic differences in human IgG1 do not represent a significant risk for induction of immunogenicity.



Assessing the Impact of PTMs, Folding, and Aggregation on Antigen Presentation

Studies have shown that post-translational modifications (PTMs) or aggregation can affect peptide presentation by APCs (5, 15). Using the MAPPs assay, nitration of birch pollen allergen occurring in polluted air has been shown to result in enhanced presentation of allergen-derived HLA-DR-associated peptides. Both, the copy number of allergen-derived peptides as well as the number of presented sequence regions were increased for the nitrated allergen, likely due to changed processing in the endolysosome (15). Frequently recognized T cell–activating regions and peptides created by endolysosomal allergen degradation identified in a related study (22), corresponded to the birch pollen allergen derived peptides identified via MAPPs (15).

In another study we demonstrated that aggregation plays an important role in antigen presentation. Highly aggregated solutions of two model mAbs generated under exaggerated stress conditions induced strong changes in the pattern and quantity of mAb-derived HLA-DR associated peptides presented by DCs (5). An apparent linear relationship was established between the amount of protein contained within the subvisible particles and the increase in presentation. We postulated that the internalization of large densely compacted proteinaceous particles would rapidly increase the effective protein concentration in the endolysosome as compared to uptake of soluble monomeric material and thereby boost presentation.

Jankowski et al. have shown that folding, post-translational modifications or glycosylation patterns of different tested FVIII preparations may contribute to differential enzymatic processing and presentation (12). Plasma-derived FVIII showed fewer presented peptides compared to full length recombinant FVIII.

Since the MAPPs assay has been shown to be sensitive for aggregation, PTMs and alterations in protein folding, the assay can serve as a useful tool to further interrogate aggregation- and protein-structure-related mechanisms of immunogenicity.




ADVANTAGES AND CHALLENGES OF MAPPS

The major advantage of MAPPs is the identification of relevant peptides that have been naturally processed and presented by primary professional APCs. On the other hand, MAPPs is a costly and time consuming assay and requires cutting edge instrumentation as well as a significant level of expertise to be able to generate high quality data. In our group, hands-on time and turnaround time could be reduced by (1) introducing automation during cell isolation via a robotic system, (2) implementation of a robotic system for bead-washing during peptide isolation, (3) automated LC-MS sample loading and dual column-switching in front of the mass spectrometer to increase throughput, (4) implementation of tailored in-house data processing softwares to significantly reduce the time required for data analysis and reporting. Still, turnaround times for the ranking of up to 10 BP candidates on 24 donors in the MAPPs assay are in a range of 8 weeks, which can sometimes pose a challenge to fit into the candidate selection phase. More importantly, the material amounts and purity required for the MAPPs assay can be a challenge during early phases of a project when BPs are produced in small scale.


MAPPs vs. in silico Algorithms

In silico approaches are often considered an alternative approach to MAPPs due to the short turnaround time, low resource requirements and the fact that no BP material is required. Recently, tools have been developed to predict hot spots at protein-protein interfaces (23, 24), but still most of the available tools are classical algorithms based on HLA class II binding data. Although these methods are more cost effective, less time consuming, and easier to perform, the MAPPs assay provides more meaningful and relevant information. The advantages and limitations of these in silico tools for the identification of HLA class II binders have been discussed elsewhere in detail (25). Briefly, most algorithms are trained on data from HLA class II peptide binding experiments which are partially biased by selection, length and solubility of test peptides as well as the folding of the synthetic HLA molecules. Therefore, only a small fraction of the naturally occurring peptidome is represented in the training dataset. Moreover, resulting algorithms are typically not considering the binding contribution of flanking regions outside of the 9-mer binding core.

In contrast, the MAPPs assay enables the identification of relevant peptides that have been naturally processed and presented by primary professional APCs. These cells contain a complex mixture of enzymes that shape the peptide repertoire. While some generated peptides may be able to bind to HLA class II molecules, other sequences may be degraded and removed from the repertoire of presentable peptides.

MAPPs data also offers the opportunity to train new HLA class II binding prediction algorithms, with the potential to improve the predictive power of such new computational tools (manuscript in preparation). Moreover, MAPPs data generated on a multitude of antibodies may help to identify presented sequence stretches that are conserved across antibodies, and which are unlikely to contribute to the immunogenic potential of a given antibody.



MAPPs vs. HLA: Peptide Binding Assays

A previous study by Hamze et al. compared T cell epitope mapping data, MAPPs data, and HLA binding assay data (8). HLA-DR binders identified for the monoclonal antibodies rituximab and infliximab covered most of the variable antibody sequence, which did not allow for proper matching with T cell epitope data. In contrast, presented sequence regions identified via MAPPs were restricted to several distinct areas of the two molecules, which also excellently aligned with T cell epitopes identified from drug-naïve healthy donors as well as treated patients who had developed immunogenicity against rituximab or infliximab (8). While peptides with a fixed length or with poor solubility may give rise to false negative results in HLA-peptide binding assays, they may still be detected via MAPPs, since partially unfolded protein fragments can bind to HLA class II molecules with subsequent trimming by enzymes according to the “bind first, trim later” model (26). Moreover, the chaperone HLA-DM promotes the formation of stable HLA class II peptide complexes (27). This peptide repertoire-editing functionality of HLA-DM is not reflected in binding assays, but it is an integral part of the natural peptide processing in the cells used for the MAPPs assay.



MAPPs vs. T Cell Assays

APCs present a variety of potential T cell epitopes on their surface, and specific reactive T cells in the blood of an individual are required to induce a T cell response. As a result, not every presented sequence region in an individual subject is necessarily acting as a T cell epitope. The MAPPs assay is unable to discriminate between sequences that will or will not induce a T cell response. T cell assays are often employed using full proteins, and the percentage of responders in a cohort of healthy drug-naïve donors is determined. While such assays yield a response rate, they are not useful in identifying the epitopes that triggered the immune response. Peptide-based T cell assays are suitable to identify T cell epitopes but epitopes with low specific T cell precursor frequencies may be missed. Also, T cell proliferation against immune-dominant epitopes will overgrow responses against weaker epitopes, so that the true number of T cell epitopes in a molecule can be underestimated. Ideally, MAPPs and T cell epitope mapping assays are used in conjunction: Presented sequences should be identified via MAPPs and the identified peptides of interest subsequently synthesized for down-stream T cell epitope mapping. An example of such a combined approach is detailed in the section on MAPPs assay applications in the paragraph on ixekizumab.



Impact of Assay Sensitivity on Assay Application

The sensitivity of the MAPPs assay is a crucial factor that requires adequate tuning for the different areas of application. While de-immunization approaches require a high sensitivity that enables the detection of all presented sequence regions within a molecule, ranking approaches should rather be tuned for a large dynamic range. A minimum number of copies of a given peptide is required to generate a decent fragment spectrum that will enable confident sequence identification via databases search. While too low amounts of available peptides will not consistently yield spectra qualities allowing for peptide identification, high amounts of injected peptides will lead to signal saturation resulting in plateauing peptide identifications due to speed limitations of the mass spectrometer. Signal saturation is advantageous for de-immunization approaches when all presented sequence regions need to be detected to be able to identify the sequences that should be de-immunized. For the ranking of different biotherapeutics, the differences in the amount of presented peptides are of relevance and thus, signal saturation should be avoided. In conclusion, MAPPs assays should be carefully tuned to the purpose rather than using one standard approach for all applications. The assay sensitivity is based on several key parameters: (1) Cell culture conditions: The amount of BP-derived peptides available for analysis is dependent on the differentiation and maturation status of the cell, the amount of expressed HLA class II molecules per cell, the number of cells used for peptide isolation, and the BP-concentration in the cell culture, the latter of which determines how readily the BP is taken up and processed by the APCs. (2) Peptide isolation methods: Different peptide isolation methods have been published using various detergents for membrane solubilization as well as different washing techniques to remove detergent and unrelated proteins after immunoprecipitation (5, 6, 28). All of these aspects can impact on the amount and purity of peptides that can be retrieved for analysis and on potential signal quenching by residual detergent in the peptide preparation as well as leachates from plastic surfaces. (3) Chromatography: An efficient and robust chromatographic separation prior to MS analysis is required for the identification of naturally presented HLA class II peptides. The column chemistry, use or non-use of a pre-concentration column, applied solvents, gradient profile, flow rate, column length, as well as the amount of peptides loaded onto the column will impact on peak separation, peak sharpness, signal intensity and ultimately on peptide identification. (4) Mass spectrometry: The challenges of immunopeptidomics, have been reviewed in detail by Faridi et al. (29). For MAPPs analyses, mass spectrometers with high-mass-accuracy are commonly applied (5–7, 28, 30). Measurement speed and mass accuracy are key parameters that enable identification of peptides in the highly complex HLA class II peptide samples. Often, a dynamic exclusion list is applied (30), which is preventing previously measured high intensity peaks from being triggered continuously, and which is enabling the detection of low abundant peaks. (5) For peptide identification based on the measured mass spectra, database search algorithms such as SEQUEST and MASCOT are commonly employed (5–7, 30). Settings are typically adjusted to limit false positive identification rates to a maximum of 1–2% (28, 30). One major challenge of the database search approach is that peptides with PTMs of unknown mass or glycosylated peptides will not be identified, as the measured masses will not match the expected masses.




SUMMARY AND CONCLUSION

Despite the fact that a clinical validation of the MAPPs assay will remain a challenge, a biological validation has been shown in several cases over the past years. Data generated as part of the ABIRISK project as well as independent studies show that presented sequence regions identified via MAPPs matched T cell epitopes identified from drug naive healthy donors and treated patients that had developed immunogenicity (7–12). Together, these studies show that MAPPs assays applied by independent research groups and performed on different donor sets yield comparable results. Sequences identified by MAPPs were shown to be meaningful and biologically relevant for the T cell responses observed clinically and can therefore help to understand immunogenicity against BPs. MAPPs data has also been shown to be more meaningful than soluble HLA class II peptide binding assay data (8). MAPPs assays have been shown to be a useful tool to interrogate clinical immunogenicity root causes by determining the natural presentation of peptides and confirming the relevance of T cell epitopes that have been identified via peptide library T cell epitope mapping approaches (7–11). Moreover, recent data suggests, that MAPPs-assisted T cell epitope mapping with MAPPs assay-derived peptide sequences could enable the identification of “authentic” T cell epitopes (11). Also, databases that compile previously identified T cell epitopes could be useful tools to be applied in conjunction with MAPPs. MAPPs has successfully been applied in a range of mechanistic studies, to interrogate the effect of PTMs (15), folding (12), and aggregation on antigen presentation (5). The technology has also been proven valuable for comparing the antigen presentation across different APC cell types (16, 20), for determining naturally presented sequence regions of IVIg (19), and for evaluating the potential of human IgG1 allotypes to stimulate T cell responses in donors matched for homologous and heterologous IgG1 allotypes (18). As the MAPPs assay has shown the capacity to differentiate molecules regarding their content of potential T cell epitopes (6), the technology can also be useful to support candidate ranking and selection during early drug design and may contribute to the development of BPs with lower immunogenicity.



MATERIALS AND METHODS

Determination of Factor VIII-derived naturally presented HLA class II-associated peptides as part of ABIRISK project: Naturally presented HLA class II–associated peptides were identified via the MAPPs assay (6) from 11 healthy donors' monocyte-derived DCs exposed to recombinant human Factor VIII (Octocog alpha), kindly provided by Dr. Dr. med. Christoph Königs from Universitästsklinikum Frankfurt. CD14 positive mononuclear cells were purified from PBMC collected from consented healthy donors (Blood Donation Center Bern, Bern, Switzerland) and differentiated into immature DCs. Immature DCs were loaded with human Factor VIII at a final concentration of 0.6 nmol/ml in the cell culture, matured with LPS (1 μg/mL, Sigma) and incubated for 24 h at 37°C and 5% CO2. HLA class II molecules were immunoprecipitated with anti-HLA-DR/DP/DQ monoclonal antibody IVA12-conjugated beads and peptides were eluted from HLA class II molecules by adding 0.1% trifluoroacetic acid (Fluka, Buchs, Switzerland) at 37°C. Lyophilized peptides were re-suspended in hydrophilic buffer containing 5% acetonitrile and 1.1% formic acid. Peptide composition was analyzed by liquid chromatography (nano capillary system, Dionex Corporation, Sunnyvale, California, USA) on a self-packed fused-silica C18 reversed-phase nano-high-performance liquid chromatography column connected to a mass spectrometer (Q-Exactive HF Biopharma, Thermo, California, USA) via electrospray ionization (LC-ESI-MS/MS). Peptides were identified via a database search approach using the SEQUEST algorithm as detailed previously (6).
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Patients treated with bioproducts (BPs) frequently develop anti-drug antibodies (ADAs) with potential neutralizing capacities leading to loss of clinical response or potential hypersensitivity reactions. Many factors can influence BP immunogenicity and could be related to the patient, the treatment, as well as to the product itself. Among these latter factors, it is now well accepted that BP aggregation is associated with an increased potential for immunogenicity, as aggregates seem to be correlated with ADA development. Moreover, the presence of high-affinity ADAs suggests a CD4 T-cell dependent adaptive immune response and therefore a pivotal role for antigen-presenting cells (APCs), such as dendritic cells (DCs). In this review, we address the in vitro methods developed to evaluate how monoclonal antibodies could trigger the immunization process by focusing on the role of aggregated antibodies in the establishment of this response. In particular, we will present the different cell-based assays that have been used to assess the potential of antibodies and their aggregates to modulate cellular mechanisms leading to activation and the biological parameters (cellular activation markers, proliferation and secreted molecules) that can be measured to evaluate the different cell activation stages and their consequences in the propagation of the immune response. Indeed, the use of such strategies could help evaluate the risk of BP immunogenicity and their role in mitigating this risk.
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INTRODUCTION

Bioproducts (BPs) such as recombinant proteins, including monoclonal antibodies, have proven to be effective in growing therapeutic areas and in particular for the treatment of chronic diseases. However, an ongoing concern while using these therapeutics is their immunogenicity, which results in the production of anti-drug antibodies (ADAs) in treated patients. ADAs detected in patients’ sera are mainly IgG1 and IgG4, although IgE and transient IgM have also been evidenced in patients developing hypersensitivity reactions (1, 2). Depending on the drug, ADA specificity is variable. For therapeutic antibodies, ADAs are mainly directed against epitopes recognized as foreign, e.g., mouse remaining epitopes in chimeric or humanized antibody paratopes, human allotopes, or human idiotopes (3). Moreover, some ADAs have a neutralizing activity, while others do not. For instance, in the case of anti-TNF antibodies, ADA characterization showed that 90% of anti-infliximab antibodies are neutralizing and more than 97% of anti-adalimumab antibodies are also neutralizing (4). Studies exploring peptide sequences targeted by these ADAs identified B-cell epitopes notably on infliximab and adalimumab variable regions, close to the paratope (5, 6). ADA development may lead to reduced BP serum concentrations due to the formation of immune complexes and a loss of efficacy (7) or adverse effects such as infusion reactions (8), cytokine release syndrome (9), or hypersensitivity reactions (2, 10). Immunogenicity is a growing issue that leads European and North American health authorities to regularly update recommendations in this area (11–13). Many factors can influence BP immunogenicity and they are related to the patient’s immunological and genetic status, the followed therapeutic regimen, as well as BP inherent characteristics and quality (14). The latter include the presence of aggregated BPs upon administration as an increased risk that promotes immunogenicity. In fact, aggregates have been correlated with ADA production (mainly IgG1 and less frequently IgG2a, IgG2b, IgG3, and IgM) in mouse models, either in wild type (15–19) or transgenic animals (20–23). In particular, it has been shown that the break of tolerance induced by antibody aggregates was dependent on the chemical modifications induced by the aggregation process (23). Moreover, it has been shown that T-cell help is required for ADA production in response to aggregates in transgenic and wild-type mice given that CD4 T-cell depletion abolished the immune response to aggregates (21). Clinical evidence of aggregates involvement in BP immunogenicity is rare and has only been described for human gamma globulin preparations and recombinant forms of endogenous proteins, such as human growth hormone, erythropoietin, or interferons [reviewed by Moussa et al. (24)]. While direct clinical evidence has not been reported, a number of review articles have dealt with the immunological mechanisms that could lead to ADA production (24–26). The predominance of high-affinity IgG as patients’ ADA main isotype suggests that ADA production arises from a T-cell-dependent immune response, in which BPs and/or aggregates could undergo APC uptake, to be processed and presented to T helper cells. In this context, the main professional APCs for peptide presentation are DCs that have a pivotal role in the efficient initiation of a specific immune response. It is therefore of high interest to focus on the mechanisms that underlie aggregates interactions with this innate/adaptive interface, to gain insight into BP immunogenicity.

In this review, we focus on cellular models that have been reported in the literature to assess the impact of aggregated monoclonal antibodies on the initiation of the immune response. As such, we will describe that antibody aggregates can behave as danger signals recognized by innate immune cells, but might also induce some alterations in the processing and presentation of antigens generated from the therapeutic antibody.



AGGREGATION PROCESS

The antibody aggregation process has been widely studied since the production of therapeutic antibodies at an industrial scale. Aggregation can occur at any stage of the manufacturing process, storage, transportation, or preparation for patient administration, under the influence of several critical environmental parameters (e.g., temperature, pH, ionic strength, shear forces, light, etc.). These stress conditions can alter the protein structure either by physical or by chemical damage and trigger the protein aggregation through different pathways. Thus, aggregation can occur as a result of the interaction of two monomers, either folded or unfolded, to gradually form reversible oligomers and then the initial irreversible aggregation nucleus, that is the starting point of aggregate growth. For monoclonal antibodies, the exposure of hydrophobic sequences representing the aggregation-prone regions (APRs) can promote oligomerization (27); these APRs are notably found in the complementarity-determining regions (CDRs) (28, 29) but can also be found in other positions on variable and constant regions of the antibodies (30). On the other hand, potential monomer self-association regions in Fab domains have also been identified (31). Moreover, a variety of high molecular complexes were evidenced when antibodies interact with their soluble target (32). Aggregation mechanisms are extensively described in two reviews (30, 33). Aggregates are usually described according to several criteria (size, reversibility, conformation, and shape), although the size has been adopted as the most convenient to suggest a classification (34), summarized in Table 1. Interestingly, the type of generated aggregates depends on the nature of the applied stress as well as the chosen monoclonal antibody. In particular, aggregated antibody preparations under accelerated experimental stresses induce a wide variety of aggregates. A classification scheme was proposed for antibody aggregates, based on several biophysical characterizations and the visible or subvisible criteria (35). Nevertheless, a few reports dealt with the occurrence of antibody aggregation that could take place during or just before the administration of the BP (36). For example, dilution of antibody preparations in PBS or in the manufacturer’s formulation led to a reduction in the monomer concentration (37). Moreover, nanometer, submicron, and micron protein particles have been evidenced in intravenous saline bags (38, 39). Furthermore, micron aggregates were detected in ejected solutions from prefillable syringes due to increased antibody adsorption to the syringe surface (40). Interestingly, it was shown that bedside filtration could significantly reduce the quantity of submicron- and micron-sized aggregates before BP injection (41). Finally, it is suggested that subcutaneous administration of antibody solutions could also favor aggregation due to the forced interaction between monomers in highly concentrated solutions (42, 43).


TABLE 1. Classification of protein aggregates (34).

[image: Table 1]


ANTIBODY AGGREGATES ACT AS DANGER SIGNALS FOR INNATE IMMUNE CELLS

In vitro cell-based models are valuable tools in an attempt to describe the interaction of exogenous molecules with the immune system. Monocytes and DCs are professional APCs acting as sensors while continuously capturing exogenous molecules that could represent a potential danger. The so-called “danger signal” concept (44) includes exogenous pathogen-associated molecular patterns (PAMPs), endogenous damage-associated molecular patterns (DAMPs), and the more recently described nanoparticle-associated molecular patterns (NAMPs) (45). Soluble submicron-sized protein aggregates can fall into the latter category (46). These molecular patterns can bind to pattern recognition receptors (PRR) expressed on innate immune cells and induce cell activation, through the activation of signaling pathways that lead to the activation of transcription factors such as nuclear factor kappa B (NF-kB) and activator protein 1 (AP-1), resulting in the secretion of pro-inflammatory cytokines and chemokines.


Interaction of Antibody Aggregates With Peripheral Blood Mononuclear Cells

As a first approach, most cellular models that evidenced the danger signal role of antibody aggregates prepared under accelerated conditions used PBMCs from healthy donors. Joubert et al. first described a cytokine/chemokine signature resulting from PBMC activation in response to stir-stressed antibody preparations, compared to monomeric antibodies (47). Furthermore, using the same cellular model, a comparison of size-fractionated aggregates showed that aggregates having a size between 5 and 10 μm were the most efficient to induce cytokine secretion (48). PBMC activation was also induced by aggregated polyvalent immunoglobulin preparations (IVIG) in terms of cytokine and chemokine secretion (49, 50), but also in terms of intracellular proteins involved in signaling pathways: the activation of mitogen-activated protein kinases (MAPKs) p38, Erk1/2, and Jnk, was observed within 30 min of PBMC stimulation with IVIG aggregates. Screening of the expression of over 100 genes in PBMCs in response to aggregated IVIG showed an increased expression of specific genes implicated in cell signaling and/or linked to the activation and recruitment of innate immune cells (50).

Attempts to identify cellular receptors implicated in PBMC activation gave different outcomes, depending on the used cell-based model. Using specific blocking antibodies, the involvement of the toll-like receptors (TLRs), TLR2 and TLR4, and to a lesser extent the Fc-fragment receptors FcγRI and FcγRIII was evidenced via the decrease of aggregate-induced PBMC cytokine and chemokine secretion (47, 49). However, studies using reporter cell models allowing the evaluation of the individual implication of TLRs and/or FcγRs showed opposing results. Indeed, Polumuri et al. showed no implication of TLRs, including TLR2 and TLR4, in the activation of HEK293 cells expressing TLRs in response to IVIG aggregates (50). More recently, the use of other reporter cell models showed that antibody aggregates induced FcγRs activation, mainly FcγRIIa and FcγRIIIa; however, they did not activate TLRs (51). Taken together, all these results indicate that the activation of PBMCs in response to aggregated antibodies is multifactorial, through the potential engagement of multiple receptors. The implication of multiple cell types in the observed response of PBMCs clearly shows the complexity of this cellular model to evaluate the specific pathways (mainly receptors and intracellular proteins) enabled by antibody aggregates. It would therefore be of interest to study the role of each cell type separately to deepen our understanding of the innate immune response to aggregates.



Interaction of Antibody Aggregates With Antigen-Presenting Cells

Aggregated antibody behavior as a danger signal was also demonstrated using APC models. The monocytic THP-1 cell line was compared to primary purified monocyte preparations to evaluate the impact of aggregated IVIG. Both pro-inflammatory cytokine secretion profiles were comparable, not in magnitude, but in terms of a dose-dependent response to increasing aggregates concentrations (49). Moreover, receptors involved in THP-1 or monocyte activation in response to aggregates were identified as TLR2, TLR4, and, to a lesser extent, FcγRII. Other studies focused on the impact of aggregated antibodies on DC maturation, using purified monocyte preparations from healthy donors that were differentiated into dendritic cells (moDCs). This primary cell in vitro model has been described and used for DC maturation studies under the action of coagulation Factor VIII preparations (52) and recombinant human growth hormone aggregates (53). The effect of monoclonal antibody aggregates on moDC has also been studied with rituximab (53–55), trastuzumab (54), monoclonal IgG1s (56), and adalimumab, natalizumab, and infliximab (55). These studies showed that antibodies in their native state did not induce maturation of moDCs whereas their aggregated counterparts increased the expression of surface markers, mainly CD83 and CD86, as well as the secretion of cytokines such as IL-6, IL-8, IL-10, IL-12p40, and chemokines such as CCL2, CCL3, and CCL4. Although moDC phenotypic alterations could be observed in response to different antibody aggregates, the degree of maturation varied depending on the used therapeutic antibody as well as the size, structure, quantity, and type of generated aggregates. For instance, Morgan et al. compared the moDC response to infliximab and natalizumab aggregates. This study showed that infliximab had the highest propensity to aggregate when submitted to heat stress contrary to natalizumab. Evaluating moDC maturation then showed that heat-stressed infliximab induced phenotypic alterations of moDCs whereas stressed natalizumab did not have any effect on moDC activation (55). Moreover, it was shown that infliximab aggregates increased the phosphorylation of the kinases Syk, Erk, and Akt (55).

In order to correlate the innate immune response observed with aggregated antibodies with the adaptive immune response, T-cell proliferation and cytokine secretion have been evaluated in multiple studies through PBMC culture models or allogeneic DC–T-cell co-culture models. On one hand, cultures of healthy donors’ PBMCs showed an increased proliferation of T cells and IL-2 production (57, 58) or IFN-γ production (56) in response to aggregated antibodies, whereas native antibodies induced little to no T-cell response. On the other hand, using an allogeneic moDC–T-cell co-culture model, we showed an increase in CD4 T-cell activation (proliferation and cytokine secretion) when moDC were treated with various types of protein aggregates [stir-stressed rituximab and stir-stressed recombinant human growth hormone (53)]. Interestingly, these aggregates did not induce similar cytokine profiles: rituximab aggregates induced IFN-γ, IL-5, IL-13, and IL-17 production, whereas growth hormone aggregates only induced IFN-γ secretion (53). These results strongly suggest that different mechanisms are implicated in the activation of moDCs depending on the origin and type of the generated protein aggregates. However, the results converge to show full DC activation, sufficient to trigger a T-cell response evaluated using orthogonal readouts such as proliferation and cytokine secretion (Figure 1). This suggests that antibody aggregates have the ability to initiate an adaptive immune response that could lead to ADA production.
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FIGURE 1. Antibody aggregates act as danger signals for innate immune cells. [1] Aggregates interact with antigen-presenting cells (APCs) via Fcγ receptors (FcγRs) or toll-like receptors (TLRs) (47, 49–51). [2] Aggregates induce the phosphorylation of intracellular signaling kinases (50, 55). [3; 4] Aggregates induce the activation of APCs in terms of [3] increased surface markers expression (53, 55, 56) and [4] increased cytokine and chemokine production (47, 53, 55). [5] The activation of APCs is sufficient to increase T-cell proliferation and cytokine production (53, 57). MoDC, monocyte-derived dendritic cells; PBMC, peripheral blood mononuclear cells.




ANTIBODY AGGREGATES AND THE GENERATION OF DE NOVO ANTIGENS

Producing high-affinity ADAs against therapeutic antibodies requires that patients develop a specific adaptive immune response through antigen recognition by T cells and B cells. In fact, specific T-cell activation requires efficient antigen presentation by fully mature DCs, through the establishment of the immune synapse (59, 60) that allows the transmission of three activation signals. The interaction between DCs and T cells is established via the HLA–peptide complex recognized by a specific T-cell receptor (TCR), the membrane co-stimulation proteins as well as the DC-secreted pro-inflammatory cytokines that allow T-cell proliferation and polarization (59, 61). Cell-based models presented in the previous section highlighted that aggregated antibodies could fulfill the two latter activation signals. However, the role of aggregates in the initiation of a specific T-cell response has been less explored (62), even though the specificity of the immune response to native monoclonal antibodies has been well documented over the past years, as described hereafter.


The CD4 T-Cell Repertoire Targeting Monoclonal Antibodies

In order to establish a link between the development of the adaptive immune response and the clinically observed immunogenicity of monoclonal antibodies, autologous DC–T-cell co-culture models have been developed. Briefly, CD4 T cells isolated from human healthy donors’ blood are seeded in plates and stimulated by autologous mature moDCs loaded with monoclonal antibodies. After weekly rounds of stimulations with antibody-treated moDCs allowing specific T-cell expansion, an IFN-γ ELISpot assay is used to detect antibody-specific T-cell lines (CD4 T cells present in a single well) and determine a frequency of CD4 T cells recognizing monoclonal antibodies following the Poisson distribution for rare events. This cellular model first allowed Delluc et al. to identify the existence of T-cell repertoires recognizing monoclonal antibodies, notably rituximab, infliximab, and adalimumab. Interestingly, these results correlated with the clinical immunogenicity of BPs (63). More recently, studies helped identify the T-cell epitopes incriminated in monoclonal antibody immunogenicity, which is essential in the process of deimmunizing antibodies. Monoclonal antibodies can be uptaken and processed by APCs such as DCs and the derived-linear peptides will be presented to T cells on major histocompatibility complex (MHC) molecules. These peptides could then be identified through an MHC-Associated Peptide Proteomics (MAPPs) assay. Identified peptides are then tested in the co-culture model to determine the ones that can induce a T-cell response, which depends on the peptide’s affinity to bind to MHC molecules and the recognition of the MHC–peptide complex by a specific TCR. This type of experiment has evaluated T-cell epitopes of different monoclonal antibodies such as infliximab, rituximab (64), natalizumab, adalimumab (65), secukinumab, and ixekizumab (66). Results showed that peptides inducing a CD4 T-cell response to a monoclonal antibody were mainly sequences deriving from CDRs and framework regions (FR) of the antibody variable domains. These studies clearly showed the pre-existence of CD4 T cells specific of peptides deriving from therapeutic antibodies which could favor their immunogenicity (Figure 2).
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FIGURE 2. Antibody aggregates and the generation of de novo antigens. [1] The pre-existence of CD4 T-cell repertoires recognizing therapeutic monoclonal antibodies is evidenced in healthy donors (63). [2] Aggregates induce an increase in the number and the variety of MHC II-presented peptides (56). MHC II, major histocompatibility complex; moDC, monocyte-derived dendritic cells.




The Role of Antibody Aggregates in the Initiation of a Specific Immune Response

While studying the role of aggregates in the activation of DCs, it has been shown that aggregated antibodies can be internalized by these APCs (54). Different mechanisms can be involved in the uptake of particles: phagocytosis, macropinocytosis, or clathrin-mediated endocytosis. In particular, aggregated particles of size larger than 0.5 μm are internalized by phagocytosis or macropinocytosis, whereas smaller particles are internalized by clathrin-mediated endocytosis (67). Studies exploring the role of antibody aggregates mainly generate these aggregates by submitting antibody solutions to extreme and accelerated stress conditions that often induced the formation of submicron- and micron-sized aggregates. This strongly suggests that these aggregates would be internalized by either phagocytosis or macropinocytosis; however, no data has yet confirmed this hypothesis. On the other hand, in vivo studies are currently focusing on the oligomeric antibodies and their immunogenicity (68, 69). Indeed, nanometric-sized aggregates could be found in preparations and are hardly ever detected and eliminated before the administration of the therapeutic antibody (38, 41). Contrary to subvisible aggregates, oligomers would probably be uptaken by endocytosis, which is yet to be confirmed (67). Further investigations are necessary to gain insight into the mechanisms of aggregate binding and trafficking into APCs.

Once internalized, particles are trafficked to the endocytic compartment to be processed and generated peptides are then loaded on MHC molecules. One study by Ahmadi et al. showed that rituximab aggregates were uptaken by moDCs and co-localized with HLA-DR molecules after 30 min of incubation (54). Moreover, Rombach-Riegraf et al. used the MAPPs assay to evaluate the peptides presented on MHC-II molecules from moDCs loaded with native or aggregated antibodies. This study showed that the aggregation of IgG monoclonal antibodies can induce an increase in the number as well as in the diversity of the peptides presented by MHC-II molecules compared to native monoclonal antibodies (56). This observation suggests that aggregation could induce alterations in the uptake and processing mechanisms of the antibody leading to changes in the peptides presented to CD4 T cells (Figure 2).

How could aggregation modulate the specific T-cell response detected for native antibodies? One study exploring the T-cell response to erythropoietin and heat- or tungsten-induced erythropoietin aggregates in an autologous moDC–T-cell co-culture model that aggregates induced an increase in T-cell proliferation compared to native erythropoietin (62). This is the only study to date evaluating the specific T-cell activation in response to BP aggregates. For antibodies, what is currently known about aggregation and T-cell epitopes is that the majority of hydrophobic APRs are found in the T-cell epitope sequences of therapeutic antibodies (70). More studies could help better understand if antibody aggregates could initiate a specific immune response. In particular, it remains to be clarified if aggregation favors the presentation of de novo T-cell epitopes that could be generated by possible alterations in protein cleavage, occurring at different sites compared with the monomeric antibody.



SUMMARY AND CONCLUSION

Immunogenicity of therapeutic monoclonal antibody aggregates has been widely explored in the past few years. In this review, we focused on the in vitro cellular models that have been used to better understand the role of aggregates in the initiation of a T-dependent immune response leading to the production of high-affinity ADAs (Figure 3). Many experimental studies have explored the danger signal role of antibody aggregates by showing their potential to induce efficient activation of innate immune cells. However, current data show the implication of diverse receptors, signaling pathways, surface markers, as well as cytokines and chemokines without a clear signature for all antibody aggregates. Exploring the differences between existing results show that the detected immune response can vary depending on the cellular model, the nature of the monoclonal antibody, the types of generated aggregates, as well as the level of the selected stress. It is important to notice that most studies have used extreme stress conditions that would often lead to the formation of aggregates of various size ranges, quantities, and structures that do not resemble aggregates found in administered preparations. Thus, it is currently essential to focus on the role of antibody oligomers in the initiation of the immune response; oligomers being sometimes detected but not efficiently eliminated from preparations. Using homogeneous well-characterized oligomer preparations may allow one to evaluate the sensitivity of these cellular models and to also determine a threshold of particle number sufficient for cell activation. Finally, the specificity of the immune response induced by antibody aggregates has yet to be explored to gain insight into the antigenicity of aggregates.
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FIGURE 3. Overview of monoclonal antibody aggregates role in immunogenicity. Aggregated antibodies can have two complementary roles when in contact with APCs. They act as danger signals but also induce changes in antibody-peptide presentation, thus favoring the initiation of a specific T-dependent adaptive immune response driving anti-drug antibody development. ADA, anti-drug antibodies; DC, dendritic cells.


The use of cell-based assays has clearly some benefits in assessing the impact of aggregated antibodies on the establishment of the immune response. They allow one to directly work with a relevant mixture of human immune cells, and therefore to take into account the HLA diversity of donors. They also allow one to test a variety of samples and to compare different aggregate preparations. For these reasons, beyond their use for the assessment of induced cellular mechanisms, they can also find applications in the evaluation of BPs under development, to assess the potential risk of immunogenicity due to aggregation during the manufacturing process.
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The continuous development of molecular biology and protein engineering technologies enables the expansion of the breadth and complexity of protein therapeutics for in vivo administration. However, the immunogenicity and associated in vivo development of antibodies against therapeutics are a major restriction factor for their usage. The B cell follicular and particularly germinal center areas in secondary lymphoid organs are the anatomical sites where the development of antibody responses against pathogens and immunogens takes place. A growing body of data has revealed the importance of the orchestrated function of highly differentiated adaptive immunity cells, including follicular helper CD4 T cells and germinal center B cells, for the optimal generation of these antibody responses. Understanding the cellular and molecular mechanisms mediating the antibody responses against therapeutics could lead to novel strategies to reduce their immunogenicity and increase their efficacy.
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INTRODUCTION

Protein therapeutics is a new class of drugs that, unlike small molecule drugs, are not chemically synthesized; instead, they are produced within living cells or organisms. Remarkable developments in molecular biology and protein engineering methodologies in the last few decades have enabled the generation of several new biotherapeutics for a wide range of diseases. Despite the potential of protein therapeutics, a drawback, often associated with them, is the generation of antidrug antibodies (ADAs), which diminishes the bioactivity and effectiveness of the therapeutic (1). The anatomical sites where the development of ADA occurs are the secondary lymphoid organs, including lymph nodes and spleen, which are central for humoral responses to immunogens and pathogens (2–4). The organogenesis (5, 6), architecture (7, 8), and cellular composition (9, 10) of lymph nodes as well as the immune reactions to pathogens mediating the development of humoral responses (11, 12) are well-studied and understood. Here, we review these principles with a focus on ADA development and potential strategies aiming to minimize the immunogenicity of biotherapeutics.



HISTORICAL BACKGROUND

The history of protein therapeutics starts probably with diphtheria antitoxin derived from horse serum. The extraction of insulin from bovine pancreas, a few decades later, was a milestone in the treatment of diabetes. The development and approval of recombinant insulin, a human insulin expressed in Escherichia coli, in 1982 (13) resulted in the increased accessibility of insulin. Around the same time, murine monoclonal antibodies were being considered as therapeutic agents, with Orthoclone OKT3 (muromonab-CD3) being the first licensed monoclonal antibody, in 1986 (14). Many of the first-generation monoclonal antibodies were significantly immunogenic, because of their murine origin. Orthoclone OKT3 was eventually discontinued from the market in 2010 owing to the development of ADA (14–17). New generations of monoclonal antibodies are primarily being developed as humanized or human antibodies and are far less immunogenic. The use of a fully humanized IgG1 mAb against TNFα (adalimumab) triggered the development of ADA in patients with plaque psoriasis (18) and rheumatoid arthritis (19–22), indicating that ADA development to therapeutics can vary depending on factors like preexisting activation of the immune system and chronic inflammation.

Monoclonal antibodies constitute a large fraction of biotherapeutics and target a specific protein, usually to inhibit or modulate its function; in some cases, they may have a diagnostic role, or they may deliver a drug. The rest of protein therapeutics are primarily replacement therapies for proteins that are deficient owing to genetic or other reasons. Such protein therapeutics include coagulation factors, hormones, growth factors, and enzymes. Recently, fusion proteins are becoming an important class of biotherapeutics (Table 1). There are several examples of albumin fusion, Fc fusion, and antibody drug conjugates available in the market (33). The breadth and the complexity of protein therapeutics increase the potential for immune response generation. Protein therapeutic immunogenicity poses a great challenge in the field; and a better understanding of the risks, development, and mechanisms of ADA is needed to allow for strategies to reduce immunogenicity.


Table 1. Reported ADA development for licensed therapeutics.
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Generation and Mechanisms of Action of Antidrug Antibodies

Several factors contributing to the immunogenicity of biotherapeutics have been identified and in many cases eliminated to generate better drugs. For example, animal proteins have been for the most part phased out of the market, as these were very often associated with strong immune responses. Initially, many recombinant proteins were generated through bacterial systems (especially E. coli), which are effective and simple to use but lack the higher mechanisms for glycosylation and therefore are often immunogenic in humans. Mammalian expression systems are now commonly used for biotherapeutics to allow for glycosylation. However, even within mammalian species, glycosylation may differ contributing to the development of ADA. For example, cetuximab, a monoclonal antibody against epidermal growth factor receptor (EGFR) inhibitor (24, 34, 35) generated in a mouse myeloma cell line SP2/0 was associated with development of ADA owing to its glycosylation profile (24, 34–36). Introduction of alternative mammalian cell lines [Chinese hamster ovary (CHO)] has greatly contributed to overcoming immunogenicity due to glycosylation patterns (34, 35). L-Asparaginase, a highly immunogenic enzyme, is effective in its own native, E. coli derived form (37, 38). However, allergic reactions due to multiple doses caused silent hypersensitivity that in turns generates ADA. Use of a pegylated form (26) or increasing the enzyme binding to erythrocytes (39) was able to reduce the development of ADA during multiple doses of E. coli asparaginase.

In patients receiving replacement therapy, a significant factor affecting their risk to ADA development is the levels of endogenous protein, with patients expressing no or very little protein being at a much higher risk, presumably owing to compromised central tolerance induction (40). Even a few amino acid sequence changes between the endogenous protein and the administered biotherapeutic may lead to an increased risk in immunogenicity. Substitution of just three amino acids in the recombinant activated factor VII (rFVIIa) (1, 41) was shown to significantly increase immunogenicity of the therapeutic protein. In addition, dosing (42), protein folding/aggregation, route of administration, storage conditions, and excipients may also affect the development of ADA (43, 44). It has been proposed that even codon usage of the recombinant protein may affect protein conformation and modulate immunogenicity (45). The inhibitory activity of ADA can be mediated by several mechanisms. Development of anti-idiotypic antibodies against the therapeutic could lead to in vivo formation of immune complexes (ICs), which can diminish therapeutic efficacy by reducing the half-life of the therapeutic or engaging the complement cascade (46, 47). Larger ICs are removed from circulation faster than smaller ICs owing to engagement of FcR on macrophages, reducing drug levels and requiring more frequent administration (47, 48). Complement cascade activation (as seen with administration of therapeutic IFN-β for multiple sclerosis) enhances inflammatory responses (46, 47). Alternatively, generation of neutralizing antibodies (i.e., adalimumab and infliximab, anti-TNFα, and monoclonal Abs) could directly block the action of the administered antibody or modulate its in vivo half-life (18, 25, 49, 50). In rare cases, ADA generation may lead to anaphylactic shock and death (51).



Lymph Nodes: Primary Sites for the Development of Immune Responses Against Pathogens
 
Structure

Lymph node positioning along lymphatic vessels enables the efficient draining and detection of pathogens and immunogens (Figure 1). The number of human LNs varies depending on age and disease status (52–56). The LN architecture is characterized by well-organized, distinct anatomical areas: cortex, paracortex, follicles, germinal centers (GCs), high endothelial venules (HEVs), medulla, and fibroblastic reticular cells (FRCs) (57, 58) (Figure 1). The formation of distinct LN areas contributes to the compartmentalization of cellular and molecular mechanisms involved in the generation of antigen-specific humoral responses. This compartmentalization further contributes to the control of relevant immune interactions and reduction of unwanted B cell responses. The cortex consists of many lymphocytes, mainly naive B cells (sIgD+IgM+) packed into primary follicles (absence of GC) or secondary follicles that are characterized by the formation of GC (58, 59). GCs are the areas where B cells proliferate in response to T cell-dependent antigen and create memory cells and plasma cells (57). Two major GC areas have been characterized, dark zone (DZ) and light zone (LZ), with different cellularities and roles for the development of B cell responses (60, 61). The deeper cortex, also known as the paracortex, contains HEVs, which are specialized blood vessels that allow circulating lymphocytes, such as T cells, and innate immunity cells to directly enter the LN (58). The local interaction between T and dendritic cell (DC) subsets initiates a cascade of immune reactions critical to the formation of mature GCs (57). The medulla, located on the efferent side where the lymph drains out of the LN, contains blood vessels and medullary cords enriched in B cells, macrophages, and plasma cells (Figure 1). Finally, the backbone of the LN architecture is the FRCs. The FRCs form a network that allow DCs and T cells to travel throughout the LN (62).
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FIGURE 1. The lymph node structure/organization is shown. A zoomed T cell/follicular area with the major cell types involved in the development of antibody responses is shown. The presence of therapeutic within the lymph node can initiate a cascade of immune reactions ultimately leading to T cell-dependent germinal center (GC) activity and the generation of plasma cells and memory B cells that can produce antibodies. The cascade begins with (1) dendritic cells that present the therapeutic interaction with CD4 T cells resulting in their activation and differentiation; (2) activated CD4 T cells begin interacting with B cells, ultimately leading to further differentiation of both cell types and therefore trafficking into follicles/GCs; (3) within the GC, follicular CD4 T cells interact with GC B cells and follicular dendritic cell (FDC); (4) helping B cells promotes their maturation to memory and plasma cells.




Major Cell Populations

T cell zone (paracortex) is populated with innate immunity cells (DC, monocytes, macrophages, and granulocytes), adaptive immunity cells (CD4 and CD8), and stromal cells (FRCs). Subcapsular sinus macrophages is the first lymph node population encountering pathogens from the lymph (63) that controls the pathogen dissemination and inflammation and affects B cell responses to subsequent infections (64). These cells can trigger responses to lipid antigens, a mechanism mediated by activation of LN invariant natural killer cells (iNKTs) (65). Recirculating monocytes can traffic to LNs and either keep their classical status (66) or further differentiate to macrophages or DCs and initiate adaptive responses (67, 68). T cell zone macrophages can also function as scavengers for apoptotic cells (69). DC and monocyte in LNs are main producers of IL-6, an important cytokine for the differentiation development of Tfh cells (70, 71). FRCs provide a vital network for (i) recruitment of naive T cells and DCs through CCL21 and CCL19, the CCR7 ligands (72), a major chemokine receptor mediating tissue trafficking of several cell types (73, 74); (ii) T cell survival through IL-7, a survival factor particularly for naive T cells (75, 76); and (iii) trafficking of CD4 T cells toward the GC (62). When an antigen is present, major rearrangements take place within this area. Studies using mouse models have shown that the presence of antigen triggers the activation and repositioning of DC cells (77, 78), which have an important effect on CD4 T cell activation as well as the initiation of CD4 T and B cell interaction. B cells will follow a CCR7 gradient toward the follicle/T-zone (T–B) boundary where they could bind to multiple helper CD4 T cells at once, whereas T cells would only bind one at a time (79). The interaction of CD4 T and B cells in the T cell zone will activate a cascade of immune dynamics associated with major changes in differentiation status (phenotypes, transcriptome profile, and trafficking) (80) of both CD4 and B cells, ultimately enabling their trafficking into the GC area. In fact, the interaction between CD4, B, and antigen-presenting cells (APCs) in the T cell zone and T–B borders is required for optimal differentiation of CD4 T cells to Tfh cells (81, 82). These early interactions are also critical to the further development of B cell responses (83, 84).





GERMINAL CENTER: THE LABORATORY FOR THE DEVELOPMENT OF B CELL RESPONSES

The role of the Tfh cells is to help create high-affinity memory B and plasma cells (85); thus, this subset of CD4 T cells is crucial in the immune response. GCs, the structures found in mature, secondary follicles (59), are populated with activated B cells, follicular DCs (FDCs), Tfh cells, and macrophages (tingible body macrophages) (59). Upon antigen stimulation, naive B cells traffic to the T–B border following a CCR7 gradient (79). Further interaction with CD4 T cells and receipt of co-stimulatory signals (86) trigger a rigorous proliferation of B cells and the formation of a tight cluster within the follicle, which becomes the GC. Within the GC, the B cells undergo somatic hypermutation, affinity maturation, class switch recombination, and plasma/memory B cell production (87–89). Formation of GC is mediated by help from FDCs and the function of G-protein-coupled receptors (GPCR) like S1PR2 and P2RY8 (59, 90, 91). In primary follicles, FDCs help B cells form a follicle (92), whereas in secondary follicles, FDCs support GC B cell survival (93–97). B cell survival was impaired when FDCs were exposed to HIV-1 (98), smaller GCs, formed and lower antibody titers were obtained when FDC activation was blocked through TLR4 (99). FDCs modulate antigen availability by cycling the antigens between the FDC surface and other endosomal compartments (100) or accumulating ICs bound to Fc receptors on their cell surface (100), a process critical to the affinity maturation of B cells (101, 102). Tfh cells are a subset of CD4 T cells that are specialized to help B cells. They are located inside B cell follicles of secondary lymphoid organs and are responsible for activation, isotype switching, affinity maturation, and differentiation of B cells (103–105). Tfh cells express a unique phenotype and transcriptome signature (106–109). A mutual regulation through modulation of Bcl-6 between Tfh and GC B cells has been proposed (110–112). Tfh cells produce cytokines like IL-21 and IL-4, which are important for the GC B cell dynamics (105, 113–115) and maintenance of Tfh cells. Two distinct GC areas have been identified; the DZ, where B cell proliferation and somatic hypermutation occurs, and the LZ, where B cells interact with Tfh cells and FDCs (60, 116). Expression of the chemokine receptor CXCR4, which is highly expressed on Tfh and GC B cells (117, 118), and local production of its ligand CXCL12 (SDF-1) in DZ by CXCL12-expressing reticular cells (CRC) (119, 120) play a critical role for the organization of DZ and LZ (116, 121, 122). LZ is less compact and more diverse than is DZ. B cells continuously move between the DZ and LZ, helping in the further differentiation and affinity maturation of GC B cells (123–126). Within the LZ, B cells continuously interact with Tfh, FDC, and antigen, interactions that dictate their survival and clonal selection (84, 127–129).


Germinal Center Reactivity Against Therapeutics

Several studies have investigated GC dynamics after drug administration. Understanding how the LN and GC react to therapeutics (antibodies, recombinant proteins, cytokines, vaccines, enzymes, etc.) is important to reduce/eliminate ADA development. ADA can be generated by T cell-dependent (Td) and T cell-independent (Ti) pathways (130–132). The Td pathway involves an antigen-activated T cell that then stimulates B cell activation and differentiation to plasma cells. Neutralizing IgG4 ADA against FVIII (6, 133) was triggered by a Th2 CD4 T cell response (134), whereas initiation of Th1 responses was found to induce IgG1 and IgG2 ADA against FVIII when patients were on immunosuppressive therapy (134), which may sometimes be non-neutralizing (133, 134). Administration of IFN-β was found to induce either non-neutralizing and transient neutralizing ADA, mainly of low titers and affinity IgG1 and IgG3 subclasses, or persistent neutralizing ADA, which had mostly IgG2 and IgG4 antibodies (135). ADA binding affinity was positively correlated with IgG4 production and neutralizing ADA titers but negatively correlated with IgG3 production. Similarly, generation of high-affinity antibodies to biopharmaceuticals is CD4 T cell dependent (136, 137). In fact several studies have shown the development of neutralizing antibodies ADA (138–142) mainly of IgG4 subtype (143). Similar polyclonal IgG1 responses consisting of neutralizing and non-neutralizing specificities have also been detected in response to natalizumab (NZM) administration in multiple sclerosis patients. Neutralizing antibodies in these patients carry a higher load of somatic mutations in the complementary determining regions (CDRs) and have a higher affinity than have non-neutralizing, binding antibody specificities, which is consistent with LN-specific antigen-driven selection (144).

These considerations indicate that alternative cytokine milieu and initial programing of CD4 T cells in the LN can affect the outcome of the GC B cell responses to a given therapeutic in a way that parallels the LN-associated changes seen in vaccine-specific or pathogen-associated antibody production. The Ti pathway is triggered when the B cell is activated directly by the antigen. In general, polyvalent antigens, such as an aggregated biologic (145, 146), are more likely to induce Ti-B cell responses (147, 148). Ti responses lead to IgM or low affinity IgG ADA owing to lack of T cell help (130). Because most ADAs are IgG, the possible role of complement activation by ADA needs further investigation (130). Neutralizing antibodies, particularly the broad neutralizing antibodies (bNABs), are characterized by high levels of somatic mutations (149) and are indicative of GC maturation. The mechanisms leading to such maturation process in the GC are not well-understood. Presumably, antigen concentration within LN/GC and the co-evolution of Tfh and GC B cells (selection of TCR and BCR clones) are major biological factors affecting this process. Studies using mouse models have shown that the quality of Tfh help to GC B cell is an important biological factor for the development of high-affinity antibodies (127, 129, 150). Specifically, Tfh helps regulate the metabolic programming of LZ B cells that support their proliferation in DZ (129). Furthermore, this helps prolong the duration of B cell cycle in the DZ, a process associated with the generation of high-affinity GC B cells (151). Shuttling/binding of antigen to FDC (152) as well as the amount of antigen presented to Tfh by GC B cells (150) can have a significant impact on the development of high-affinity B cell responses. Dynamics and factors in the follicular, non-GC area can also affect the maturation of B cell responses. High-affinity B cell clones can be selected during early interaction between CD4 T and B cells at the T–B cell border (84), whereas class switch recombination can be started outside GC (153). Furthermore, recently identified populations like the CD25+FoxP3+ T follicular IL-10-producing cells (154) and Tbet+ B cells, mainly localized around the GC (155), could be important regulators for the development of neutralizing antibodies. Host genetics are also relevant. The presentation of MHC class II-restricted drug-specific peptides on CD4+ T cells can further contribute to the emergence and maintenance of polyclonal drug-specific B cell responses in lymphoid localities (144). Conversely, elimination of specific drug-associated T cell epitopes in mice treated with recombinant immunotoxins curtails the development of high-affinity antidrug IgG responses in primary as well as anamnestic responses (156). Taken together, these findings suggest that at least for some types of biologic pharmaceuticals, T-dependent pathways in LNs are central in the induction of neutralizing ADAs. Therefore, understanding in more detail the nature, trafficking/distribution of each biopharmaceutical into LN and its availability/sustainability on FDCs is warranted, as these are factors could direct the cellular and molecular mechanisms immobilized in the LN, which lead to the development of specific types of antibody responses, especially in the absence of adjuvants, which trigger innate immunity.




CONCLUSIONS

The cellular and molecular mechanisms governing the development of ADA responses in humans are not well-understood. This is a highly coordinated process taking place in secondary lymphoid organs where the nature of the “antigen,” tissue structure, and spatial positioning of relevant cell populations, particularly in the follicular/GC area, play a critical role for the host–therapeutic interplay leading to the differentiation of adaptive immune cells to enable the generation of antibody-secreting B cells. Today, the link between ADA and changes in LN function is still not well-studied. Major aspects related to ADA development that need further investigation include the following:

1. The trafficking and sustainability of a particular therapeutic in the LN areas, particularly the GC. Formulation for the in vivo delivery of an immunogen could significantly change its dynamics in the GCs with major impact on the B cell response development (157, 158).

2. The activation of specific innate immunity cells and the concomitant changes in the local cytokine/chemokine milieu are factors regulating the degree of CD4 T cell help for the B cell responses (78).

3. The possible association between ADA titer and affinity maturation and particular GC dynamics (i.e., magnitude of Tfh cell responses and expansion of particular Tfh subsets).

4. The possible role of preexisting immune activation and inflammation within the lymphoid organs.

Of particular interest is the investigation of ADA development in aging where the GC dynamics are different compared with those in young individuals (159–161) as well as in chronic inflammatory diseases like HIV and autoimmunity. For example, altered antibody responses are expected in HIV-infected individuals where chronic infection is associated with LN inflammation, architecture damage (fibrosis), and dramatic changes to GC dynamics (100, 155, 162, 163). Such LN changes could have a major impact in the ADA development to a specific therapeutic. Despite the limited predictive value for the drug immunogenicity in humans based on non-human primate (NHP) studies (164), NHP represents the only model for testing antibody development under such conditions. However, we need to keep in mind that compared with that in humans, ADA in NHP is mainly directed against the Fc region of the monoclonal antibody, causing loss of efficacy and adverse effects. Supplemental to human studies, investigation of therapeutic immunogenicity, when it occurs, in NHPs could lead to identification of particular cell types, molecules, and molecular pathways driving the responses to a particular therapeutic. The wide range of titers, subtypes, and function of ADA induced by different therapeutics argues for the need for identification of “LN molecular/cellular signatures” specific to certain therapeutic, which could lead to targets for “individualized” in vivo manipulation of ADA development.
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The development of anti-drug antibodies (ADAs) is a common cause for treatment failure and hypersensitivity reactions for many biologics. The focus of this review is the development of ImmTOR, a platform technology designed to prevent the formation of ADAs that can be applied broadly across a wide variety of biologics by inducing immunological tolerance with ImmTOR nanoparticles encapsulating rapamycin. The induction of tolerance is antigen-specific and dependent on the incorporation of rapamycin in nanoparticles and the presence of the antigen at the time of administration of ImmTOR. Evidence for the induction of specific immune tolerance vs. general immune suppression is supported by the findings that: (1) ImmTOR induces regulatory T cells specific to the co-administered antigen; (2) tolerance can be transferred by adoptive transfer of splenocytes from treated animals to naïve recipients; (3) the tolerance is durable to subsequent challenge with antigen alone; and (4) animals tolerized to a specific antigen are capable of responding to an unrelated antigen. ImmTOR nanoparticles can be added to new or existing biologics without the need to modify or reformulate the biologic drug. The ability of ImmTOR to mitigate the formation of ADAs has been demonstrated for coagulation factor VIII in a mouse model of hemophilia A, an anti-TNFα monoclonal antibody in a mouse model of inflammatory arthritis, pegylated uricase in hyperuricemic mice and in non-human primates, acid alpha-glucosidase in a mouse model of Pompe disease, recombinant immunotoxin in a mouse model of mesothelioma, and adeno-associated vectors in a model of repeat dosing of gene therapy vectors in mice and in non-human primates. Human proof-of concept for the mitigation of ADAs has been demonstrated with SEL-212, a combination product consisting of ImmTOR + pegadricase, a highly immunogenic enzyme therapy for the treatment of gout. ImmTOR represents a promising approach to preventing the formation of ADAs to a broad range of biologic drugs.
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INTRODUCTION

The rise of biological therapies, first from natural sources and more recently from recombinant DNA technology, has heralded a revolution in medicine (1, 2). However, from early on, it was recognized that immune responses to biologic therapies could compromise the efficacy and safety of treatment (3–6). The formation of anti-drug antibodies (ADAs) can neutralize the activity or alter the pharmacokinetics and biodistribution of biologic drugs (5–7), cause hypersensitivity reactions, including life-threatening anaphylaxis (3, 5, 6), or cross-react with endogenous proteins (5, 8). Protein engineering has aided in reducing the risk of immunogenicity, but even biologics derived from human sequences, such as growth factors (8) and therapeutic monoclonal antibodies (9) can elicit ADAs resulting in late stage clinical trial failure (10, 11). Moreover, the current trend in protein design is to create novel structures, such as bispecific antibodies or chimeric proteins, which are foreign to the immune system (12). Prevention of ADAs in an antigen-selective manner would be desirable to reduce late stage clinical failure of promising novel biologics in development and to improve the safety and efficacy of existing products (13, 14). Here we describe the development of tolerogenic ImmTOR nanoparticles incorporating rapamycin that can be applied broadly to mitigate the immunogenicity of biologic therapies. This review describes the development of ImmTOR (section Development of Tolerogenic ImmTOR Nanoparticles), its putative mechanism of action (section Tolerogenic Properties of ImmTOR), and its application to various biologic therapies in animal models of disease (section Application of ImmTOR to Mitigating Immune Responses Against Biologic Therapies). For an overview of other immune tolerance technologies and ADA mitigation strategies, the reader is referred to other recent reviews on THE subject (15–21).



DEVELOPMENT OF TOLEROGENIC IMMTOR NANOPARTICLES

Primary adaptive immune responses are initiated in lymphoid organs where antigen-presenting cells are poised to capture antigen and then process and present peptide fragments to T cells. Professional antigen-presenting cells, such as dendritic cells (DCs), sit at the crossroad of immune stimulation and immune tolerance (22, 23). The context in which DCs encounter antigen influences outcome of the immune response. ‘Danger signals' comprised of pathogen-associated molecular patterns (PAMPs), such as microbial toll-like receptor (TLR) agonists, or damage-associated molecular patterns (DAMPs) associated with tissue injury can activate DCs to express co-stimulatory molecules and pro-inflammatory cytokines that promote immune stimulation (24, 25). For example, traditional vaccines rely on either exogenous adjuvants or TLR agonists that are integral to microbial components of a vaccine to promote antigen-specific effector T cell responses. The purpose of an adjuvant in vaccines is to provide the pro-stimulatory context to an antigen that ensures DC activation and maturation and a robust immune response (26). Conversely immature or quiescent DCs process and present antigen that results in the formation of regulatory T cells (Tregs) (22, 23). Antigen administered in the absence of PAMPs can be tolerogenic, but there is a potential risk that the same antigen could be immunogenic if administered in a setting of inflammation. Our goal was to identify a ‘tolerogenic adjuvant' that could provide context to antigens, specifically biologic drugs, that would promote immune tolerance programming even in the face of inflammatory signals (Figure 1).


[image: Figure 1]
FIGURE 1. ImmTOR co-administration with antigen elicits a tolerogenic immune response.


ImmTOR (previously known as SVP-rapamycin) are synthetic, biodegradable nanoparticles comprised of PLA (poly(D,L-lactide) and PLA-PEG [poly(D,L-lactide)-block-poly(ethylene-glycol)] polymers encapsulating rapamycin. We were guided by the following design criteria in developing ImmTOR: (1) use of nano-sized particles to allow for efficient targeting of DCs in lymphoid organs; (2) use of biocompatible and biodegradable polymers that have been approved for human use in multiple products, (3) use of a small-molecule immunomodulatory agent that has been validated in humans and is capable of inducing tolerogenic DCs and antigen-specific Tregs, and (4) a universal approach that could be applied to a broad range of biologic drugs in a manner that allows for immediate therapeutic benefit without the need to alter the biologic drug product. Rapamycin, alone or in combination with other immunomodulators, has been shown to have tolerogenic properties, both in vitro (27, 28) and in vivo (29–31); however, in vivo applications require extended daily or 3X/week administration. Our goal was to develop a technology that allows for dosing only at the time of administration of the biologic therapy.


Why Nanoparticles?

Nanoparticles are an effective means to target DCs and other APCs in lymphoid tissues (32, 33). The immune system has evolved to filter out and interrogate nanoparticulates, which are virus size and represent a potential threat. In peripheral tissues, nanoparticulates can be endocytosed by resident DCs and myeloid cells which migrate to draining lymph nodes or can flow directly to regional lymph nodes through the draining lymphatics. Blood borne nanoparticulates are filtered out in the spleen and liver. Indeed, whole animal imaging of mice injected with fluorescent labeled ImmTOR showed accumulation of ImmTOR in the draining popliteal, iliac, and renal lymph nodes within 1 h after subcutaneous (s.c.) injection in the hind limb and similarly rapid accumulation in the spleen and liver following intravenous (i.v.) administration (34). Within the spleen, immunohistochemistry showed co-localization of ImmTOR particles with dendritic cells in the marginal zone as well as within macrophages (34). These findings were confirmed by flow cytometric analysis of splenocytes, showing a significant fraction of conventional DCs, plasmacytoid DCs, monocytes and macrophages had endocytosed fluorescent-labeled ImmTOR (34, 35). In contrast, 1% or less of CD4 T cells, CD8 T cells, B cells, and neutrophils were positive for fluorescent ImmTOR (35). These results indicate that ImmTOR leverages the natural disposition of nanoparticulates to target APCs in lymphoid organs.



Use of PLA Polymers

ImmTOR is primarily composed of the biodegradable polymers PLA and PLA-PEG. PLA is part of the broader PLGA [poly(lactide-co-glycolide)] family of biodegradable polymers that have more than 30 years of clinical use and are formulation components in a number of approved products, including Zoladex®, Risperdal® Consta®, Vivitrol® and Lupron Depot® (36). PLA- and PLGA-based nanoparticles are hydrolyzed in an acidic environment, such as that of the endosome, and the release of the payload can be tuned for optimal activity in vivo (37). PLA is hydrolyzed to lactic acid, a natural metabolite that is rapidly cleared. PEG has also been widely studied in clinical trials and is also a formulation component in many approved biological products (38).



Selection of Rapamycin

Rapamycin, a natural macrolide compound that inhibits the mammalian target of rapamycin (mTOR) pathway, has been shown to have tolerogenic properties in vitro (27, 28) and in vivo (29–31).

Thomson and colleagues demonstrated that treatment of DCs in vitro with rapamycin induced a tolerogenic phenotype that promoted the induction of Tregs (27). Murine bone-marrow-derived DCs propagated ex vivo in the presence of rapamycin express low levels of MHC class II and significantly reduced levels of co-stimulatory molecules CD40, CD80, and CD86 (27).

The mTOR pathway also differentially regulates effector T cell vs. Treg activation and differentiation (28, 39, 40). IL-2 promotes proliferation of effector T cells through activation of the JAK/STAT5 pathway and the phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR pathway downstream of the IL-2 receptor. While IL-2 is a critical survival factor for Treg, it does not promote robust proliferation due to expression of PTEN, a negative regulator of the PI3K/Akt/mTOR pathway (40). The mTOR pathway promotes effector T cell expansion by regulating the metabolic switch to glycolysis, which meets the energetic requirements of rapidly proliferating cells (39). In contrast, Tregs rely on mitochondrial oxidative metabolism rather than glycolysis. Rapamycin has been shown to selectively suppress the activation of effector T cells by inhibiting the PI3K/Atk/mTOR pathway, while permitting the differentiation and expansion of Tregs (41, 42). Rapamycin is approved for the prevention of renal transplant rejection (43), but does not induce tolerance in transplantation, perhaps in part due to its use in combination with calcineurin inhibitors that inhibit both effector T cells and Tregs (44).



Universal Approach to ADA Mitigation

We initially demonstrated that nanoparticles that co-encapsulated both rapamycin and antigen were effective at inducing durable antigen-specific immunological tolerance in vivo, including against coagulation factor VIII in a mouse model of hemophilia A (Figure 2) (34). This approach utilizes encapsulation of the biologic in the nanoparticle to induce immune tolerance with either concomitant or subsequent treatment with the free biologic to provide therapeutic activity. The advantage of this approach is that it ensures efficient co-delivery of both the rapamycin and antigen to the same antigen presenting cells. However, the disadvantage for applications involving ADA mitigation is that this approach requires encapsulation of the biologic drug, which would alter its biodistribution and activity. It is possible that ImmTOR + co-encapsulated antigen particle could be used as an initial tolerizing therapy prior to or concurrent with administration of the free biologic drug (45). However, this would still require new formulation development for each biologic drug and GMP manufacturing of both free and nanoparticle-encapsulated drug. For these reasons, the ImmTOR + co-encapsulated antigen approach may be best suited for use as tolerogenic therapies for autoimmune disease or allergies, in which minimizing systemic exposure of autoantigens or allergens, respectively, would be desirable (34, 46).


[image: Figure 2]
FIGURE 2. ImmTOR with co-encapsulated antigen vs. ImmTOR + free antigen.


For the purpose of inhibiting ADAs, it was desirable to have a universal approach that can be applied to any biologic drug therapy without the need to optimize the nanoparticle for each specific biologic and without having to alter the biologic itself or its intended dose route or regimen. We discovered that ImmTOR particles containing only rapamycin could simply be co-administered with a free antigen to induce immunological tolerance (Figure 2) (47). As with ImmTOR particles encapsulating both rapamycin and antigen, ImmTOR particles containing only rapamycin and co-administered with free antigen were capable of inducing tolerogenic dendritic cells and Tregs that were specific to the co-administered antigen (35, 47, 48).

In the case of ImmTOR-rapamycin particles co-administered with free antigen, the ImmTOR nanoparticles show limited biodistribution to APCs in the liver and spleen, following i.v. administration (34), while the free antigen typically biodistributes broadly. However, as long as some portion of the antigen co-localizes with the APCs that take up ImmTOR particles (35), the resultant tolerogenic DCs can induce antigen-specific Tregs that, in turn, can circulate to other tissues to suppress the immune response against the target antigen. A key advantage of this approach is that the formulation of the biologic drug does not have to be altered—the biologic is simply administered as intended together with the ImmTOR-rapamycin particle. It is not necessary to physically admix the ImmTOR with the biologic prior to injection; the two components can be injected sequentially (35).




TOLEROGENIC PROPERTIES OF IMMTOR


ImmTOR vs. Free Rapamycin

Moghimi et al. (31) reported that free rapamycin administered daily mitigated the formation of antibodies to a sub-therapeutic dose of coagulation factor VIII but not to a therapeutic dose (see section Coagulation Factor VIII for additional detail). In our hands, free rapamycin, even administered daily, did not have the same tolerizing effect as ImmTOR against a highly immunogenic antigen, keyhole limpet hemocyanin (KLH) (47). Mice immunized with 3 weekly doses of KLH and treated concurrently with either daily doses of 50 μg free rapamycin for 3 weeks (5 days per week) or with weekly doses of ImmTOR particles containing 50 μg rapamycin were tested for the generation of immune tolerance to KLH. During the treatment period, both free rapamycin and ImmTOR were similarly effective in suppressing the anti-KLH antibody response. The treated mice were then challenged with 3 weekly injections of KLH alone. The mice treated with free rapamycin + KLH developed a robust antibody response to KLH that was indistinguishable from naïve mice that had received only the three injections of KLH alone. In contrast, the animals that had been treated with ImmTOR + KLH were still seronegative after the three KLH challenge injections, even though the total rapamycin exposure was five times lower in the ImmTOR group than that of the mice treated with free rapamycin (47). These results highlight the difference between immune suppression vs. immune tolerance, where immune suppression is mediated by a drug with no lasting immunosuppressive effect after the drug is cleared. Whereas, immune tolerance is mediated by immune cells which maintain tolerance even after the drug is cleared. The basis for this difference between free rapamycin and ImmTOR is not entirely clear. In vitro, in a static tissue culture well, ImmTOR is not more effective than free rapamycin in inducing Tregs (unpublished observation); therefore, we hypothesize that the difference in vivo is related to the selective biodistribution of ImmTOR to lymphoid organs and its preferential uptake by antigen-presenting cells (34, 35). In contrast, rapamycin distributes broadly and extensively into organs and tissues (49). It is known that different doses of rapamycin are needed to inhibit phosphorylation of different mTOR substrates and in different cell types (50). It is possible that conventional dosing of free rapamycin cannot achieve the local concentration necessary to induce a robust tolerogenic phenotype in dendritic cells.



Tolerogenic Window

The ImmTOR particles opens a tolerogenic window that is defined both temporally and spatially. Temporally the free antigen must be concomitantly administered with ImmTOR (35, 47), indicating that ImmTOR is not simply acting as a slow release formulation of rapamycin that mediates chronic immune suppression. This is consistent with findings that adoptive transfer of tolerance requires treatment of donor animals with both ImmTOR and antigen, as either alone were incapable of inducing regulatory cells capable of transferring tolerance to naïve recipients (35, 46, 48). Spatially, as noted above, fluorescent-labeled nanoparticles show restricted biodistribution to APCs in the spleen and liver following i.v. administration (34). While free antigen is expected to biodistribute broadly, the APCs that take up ImmTOR are also flooded with free antigen during the temporal window which enables peptide epitopes from the free antigen to effectively compete for presentation on MHC molecules expressed by the ImmTOR modified APCs (35). In contrast pathogen-derived antigens, which are likely to enter the body through the lung, gut or skin, will be concentrated in regional lymph nodes draining these tissues.



In vivo Induction of Tolerogenic Dendritic Cells

We evaluated the ability of ImmTOR to induce tolerogenic DCs in vivo by treating mice with ovalbumin 323–339 peptide (OVA peptide) alone or in combination with ImmTOR (47). The next day, splenic DCs were isolated and co-cultured with OVA peptide-specific OTII T cells. The DCs isolated from animals treated with OVA peptide + ImmTOR increased the percentage of Foxp3+, CD25hi OTII T cells, while DCs isolated from mice treated with OVA peptide alone increased the percentage of interferon-γ producing effector OTII T cells (47). These results demonstrate the ability of ImmTOR co-administered with antigen to induce tolerogenic DCs in vivo that are capable of promoting antigen-specific Tregs.



In vivo Induction of Antigen-Specific Treg

The ability of ImmTOR to induce antigen-specific T cells in vivo was first demonstrated using nanoparticles encapsulating both rapamycin and OVA peptide (34). OVA peptide-specific OTII transgenic T cells were adoptively transferred into naïve mice and then treated the next day. Mice treated with ImmTOR particles containing OVA peptide and rapamycin show reduced numbers of total OTII T cells and an increased percentage of Foxp3+, CD25hi OTII T cells compared to mice treated with nanoparticles containing OVA peptide alone. OVA peptide particles co-administered with free rapamycin actually showed the reverse trend, with a lower percentage of Foxp3+, CD25hi OTII T cells compared to control animals treated with OVA peptide particles alone, suggesting that ImmTOR mediates fundamentally different biological outcomes than free rapamycin (34). Similar induction of OVA-specific Tregs was shown for ImmTOR particles containing rapamycin alone co-administered with free OVA peptide (47).

The use of adoptively transferred transgenic OTII cells specific for OVA may not reflect an endogenous T cell response. We assessed the ability of ImmTOR to induce endogenous antigen-specific Treg using the 2W1S peptide described by Nelson et al. (51). Mice treated with ImmTOR particles containing both 2W1S peptide and rapamycin substantially increased the number and percentage of endogenous 2W1S-specific, Foxp3+, CD25hi Treg as detected using a 2W1S-MHC class II tetramer (46). The increased number and percentage of 2W1S-specific, Foxp3+, CD25hi Treg were maintained even following challenge with 2W1S peptide co-administered with a potent TLR7/8 agonist or emulsified in complete Freund's adjuvant. Meliani et al. (48) also showed that ImmTOR increased the percentage of lymph node T cells with a follicular regulatory (CXCR5+, PD1+, Foxp3+) phenotype, which may play a key role in inhibiting germinal center B cell responses.

Another hallmark of immune tolerance is the ability to transfer tolerance from treated animals to naïve animals by adoptive transfer of immune cells. Adoptive transfer of tolerance induced by ImmTOR was demonstrated by three separate laboratories (35, 46, 48). The transfer of tolerance required treatment of donor mice with both ImmTOR and antigen; donor mice treated with ImmTOR particles containing rapamycin without co-encapsulated or co-administered antigen were unable to confer tolerance to recipient mice (35, 46). Moreover, the tolerogenic activity of ImmTOR was partially negated by depletion of CD25+ T cells, which are enriched for Tregs (35, 48). The inability of anti-CD25 depleting antibodies to completely restore the immune response in ImmTOR-treated animals may reflect additional mechanisms of tolerance mediated by other (non-CD25+) regulatory cells or simply incomplete depletion of CD25+ Tregs.



Effect of ImmTOR on Effector T and B Cell Responses
 
Effector and Memory T Cell Responses

Animals treated with ImmTOR + antigen showed reduced antigen-specific T cell activation, proliferation, interferon-γ production, and ex vivo antigen-recall responses (47, 48). Adoptive transfer of antigen-experienced immune cells into tolerized donor mice that had previously been treated with ImmTOR + antigen were inhibited in responding to in vivo antigen challenge (34, 46). Similarly, recipient SJL mice treated with ImmTOR nanoparticles containing rapamycin and PLP peptide, but not with ImmTOR particles containing rapamycin without antigen, were protected from the development of experimental autoimmune encephalomyelitis following subsequent transfer of activated PLP-specific encephalitogenic T cells (46). These results provide further evidence for an induction of an antigen-specific regulatory cell population capable of inhibiting activated effector T cells.

The ability of ImmTOR to inhibit memory T cells was evaluated by immunizing donor mice with adeno-associated viral (AAV) vector and allowing memory T cells to form (48). Sixty-two days after immunization, antigen-experienced CD4 T cells were transferred into naïve recipient mice which were subsequently challenged with AAV alone or AAV + ImmTOR. The addition of ImmTOR enabled inhibition of the antibody response to AAV even in the presence of antigen-experienced memory T cells (48).



Effector B Cell Activation and Antibody Production

Inhibition of antigen-specific B cells was demonstrated with adoptively transferred hen egg lysozyme (HEL)-specific transgenic MD4 B cells. Treatment of mice with ImmTOR containing rapamycin and either co-encapsulated HEL or co-administered free HEL inhibited MD4 B cell activation and proliferation compared to mice treated with HEL alone (34, 47). Treatment of mice with ImmTOR + AAV inhibited the expansion of endogenous antigen-specific B cells, as determined by ELISpot analysis for both IgG- and IgM-secreting splenic B cells, without affecting the total number of B cells (48). ImmTOR treatment also strongly reduced the presence of activated germinal center B cells (34, 47, 48). Moreover, the percentage of B cells expressing an anergic or regulatory phenotype was significantly higher in animals treated with ImmTOR + antigen vs. antigen alone (47, 48).

These results are consistent with the ability of ImmTOR to inhibit antibody responses to a variety of antigens. ImmTOR was capable of completely inhibiting the formation of antigen-specific IgG1, IgG2a, IgG2b, and IgG3 antibodies in mice (35, 48). Importantly, ImmTOR also inhibited the formation of antigen-specific IgE antibodies that could potentially cause hypersensitivity responses (34). ImmTOR has shown varying activity in inhibiting an IgM response (35, 47, 48).

ImmTOR treatment had no apparent effect on pre-existing bone marrow plasma cells (35), as expected, as long-lived plasma cells do not require T cell help (52). From a safety perspective, it would be undesirable to deplete long-lived plasma cells as these cells produce protective immunity against previously encountered pathogens and vaccines.





APPLICATION OF IMMTOR TO MITIGATING IMMUNE RESPONSES AGAINST BIOLOGIC THERAPIES

We have tested the ability of ImmTOR to mitigate the formation of ADAs against a variety of highly immunogenic biologic therapies with different physicochemical properties, dose routes and dose regimens (Table 1).


Table 1. Mitigation of antibodies against biologic therapies by ImmTOR in preclinical animal models.

[image: Table 1]


Coagulation Factor VIII

Replacement coagulation factors has been a mainstay therapy for the treatment of hemophilia patients, such as Factor VIII (FVIII) therapy for the treatment of hemophilia A and Factor IX therapy for the treatment of hemophilia B (54). The formation of neutralizing antibodies (inhibitors) against FVIII occurs in 20–30% of patients with severe hemophilia A treated with replacement factor, exposing these patients to increased risk of bleeding episodes. While bypass therapies exist, such as Factor VIIa (55) and the bi-specific emicizumab antibody (56), the development of ADAs is still a major complication for patients with hemophilia A (57).

Initially nanoparticles containing both rapamycin and FVIII were used to demonstrate the induction of durable antigen-specific immunological tolerance in a mouse model of hemophilia A (34). Zhang et al. (45) studied ImmTOR particles containing co-encapsulated FVIII and ImmTOR co-administered with free FVIII. Both strategies were effective in mitigating ADAs against FVIII, even after multiple challenge injections of FVIII alone. However, the two types of ImmTOR particles (Figure 2) were studied using different treatment regimens and different challenge injections, so the results cannot be directly compared. In the former case, hemophilia A mice received two tolerizing doses of ImmTOR + co-encapsulated FVIII followed by three additional weekly injections of the nanoparticle concurrently with 3 weekly injections of a therapeutic dose of free FVIII. The mice were then challenged with 4 injections of FVIII alone. The anti-FVIII response was effectively inhibited, with the exception of one mouse that showed high titers. Mice treated with ImmTOR + co-encapsulated FVIII showed normalized bleeding responses to repetitive treatment with FVIII (45). While effective in inhibiting the formation of total anti-FVIII IgG and anti-FVIII neutralizing antibodies, this approach utilizes encapsulation of the FVIII in the nanoparticle with either concomitant or subsequent treatment with the free FVIII (34, 45), which is not ideal for drug development (see section Universal Approach to ADA Mitigation). Thus, subsequent studies investigated ImmTOR co-administered with free factor VIII.

ImmTOR particles containing rapamycin alone co-administered with free FVIII was similarly effective and specific in mitigating the formation of ADAs (45). The advantage of this approach from a drug-development perspective is that the biologic drug is not physically altered. Five weekly co-administrations of ImmTOR particles containing rapamycin with therapeutic doses of free FVIII induced durable mitigation of ADAs that was maintained for at least 5 months despite repeated challenges of FVIII alone but did comprise the immune response to other antigens. Moghimi et al. (31) previously reported that free rapamycin administered daily (6x/week) for 1 month with factor VIII mitigated the ADA response to subsequent dosing of factor VIII alone (31). Both Zhang et al. (45) and Moghimi et al. (31) administered the same amount of rapamycin (in ImmTOR or as free drug, respectively) per dose, but due to the daily doing of free rapamycin vs. weekly dosing of ImmTOR, the cumulative rapamycin dose was 6X higher for free rapamycin than that required with ImmTOR over the same 1 month tolerizing period (31, 45). In addition, the free rapamycin had to be administered with a sub-therapeutic dose of factor VIII during the tolerizing period. A key advantage of the ImmTOR approach is being able to administer the tolerizing therapy with therapeutic doses of the biologic such that the patient can receive therapeutic benefit immediately from the beginning of therapy, without the need for a lead-in tolerization period.

Zhang et al. (45) also showed that ImmTOR + free FVIII was therapeutically efficacious in controlling the ADA response in hemophilia A mice that were pre-sensitized to factor VIII. Initially, mice that had low levels of anti-FVIII antibodies prior to the start of treatment showed an initial increase in anti-FVIII antibody levels, but the levels steadily decreased after a second course of therapy; whereas, control mice treated with empty nanoparticles + FVIII showed increasing titers over time.



Pegylated Uricase

Humans lack endogenous uricase, an enzyme that metabolizes uric acid, and consequently can develop gout, a disease caused by deposition of urate crystals in joints and soft tissues leading to leading to painful gout flares, bone remodeling, and disability (58). Recombinant pegylated uricase has been developed as a promising therapy for the treatment of chronic gout refractory to oral therapies and has been shown to rapidly and efficiently reduce tissue urate crystal deposits (59). However, pegylated uricases are highly immunogenic tetrameric enzymes that are foreign to the human immune system. The marketed product, pegloticase, induces anti-drug antibodies (ADAs) in ~90% of patients (59, 60). The formation of high titer ADAs correlates with the loss of efficacy and increased risk of infusion reactions (59).

The addition of ImmTOR to pegadricase (formerly known as pegsiticase), a pegylated recombinant uricase derived from Candida utilis, prevented the formation of ADAs in uricase-deficient mice and enabled sustained control of serum uric acid in these hyperuricemic mice (47). Similarly, ImmTOR mitigated the immunogenicity of pegadricase and prolonged the pharmacodynamic activity of the enzyme in non-human primates. In addition to inhibiting the anti-uricase IgG response, ImmTOR also inhibited the IgM response to the pegylated enzyme (47). SEL-212, a combination product consisting of ImmTOR + pegadricase, is currently being evaluated in a Phase 2 study in patients with chronic gout refractory to oral therapies (61) (see section Clinical Translation).



Adalimumab

Adalimumab is a monoclonal antibody directed against tumor necrosis factor-α (TNF-α) and approved for the treatment of rheumatoid arthritis, ankylosing spondylitis, Crohn's disease, ulcerative colitis, plaque psoriasis and other autoimmune diseases (62). It has been the best-selling drug for many years with annual sales approaching $20 billion. Despite being the first fully human monoclonal antibody approved by the FDA, adalimumab is highly immunogenic (9). Greater than 70% of healthy volunteers develop ADAs after a single injection (63–65). The formation of ADAs in rheumatoid arthritis patients was associated with accelerated drug clearance and poor outcomes. Only 3.9% of patients that developed ADAs experienced sustained remission, compared to 34% for patients that that did not develop ADAs (9).

Adalimumab, unlike FVIII or pegylated uricase, is administered by subcutaneous (s.c.) administration. ImmTOR administered s.c. localizes to the draining regional lymph nodes (34). We evaluated the ability of ImmTOR to mitigate the immunogenicity of adalimumab administered s.c. in a transgenic mice expressing human TNFα which spontaneously develop inflammatory arthritis. Co-administration of ImmTOR with adalimumab for 7 weekly injections mitigated the formation of ADAs that was sustained even after 9 additional weekly injections of adalimumab alone (47). Although low titers of antibodies (<1:100) developed by the end of the study, these did not appear to affect clinical outcome. The combination treatment normalized adalimumab blood levels throughout the 16 week treatment period and prevented the development of arthritis as assessed by clinical scores, histopathology, and microCT imaging.



Immunotoxin

Recombinant immunotoxins are chimeric proteins containing a tumor-targeting antibody fragment linked to a protein toxin, such as pseudomonas exoprotein A (66). Recombinant immunotoxins have shown promising clinical activity, highlighted by the recent approval of moxetumomab dasudotox for the treatment of relapsed or refractory hairy cell leukemia (67); however, the bacterial toxin moiety is highly immunogenic, which limits the efficacy of immunotoxins in patients that do not have comprised immune systems. Pastan et al. (68) undertook the herculean task to deimmunize the pseudomonas exoprotein A toxin by painstakingly mapping antibody and T-cell epitopes through mutagenesis and functional analysis, rather than by in silico prediction which is prone to artifacts. While immunogenicity could be substantially reduced, it could not be fully eliminated without compromising the activity of the immunotoxin.

The Pastan group showed in preclinical studies that ImmTOR was capable of inducing immune tolerance to LMB-100, a partially de-immunized mesothelin-targeted immunotoxin being developed for the treatment of mesothelioma and other solid tumors (35). LMB-100 is administered in cycles, in which a cycle consists of three infusions of LMB-100 administered every other day at the beginning of each cycle. ImmTOR administered at the first dose of each cycle was sufficient to mitigate the ADA response, and two such cycles of treatment was sufficient to enable immune tolerance that allowed for at least three additional cycles (nine injections) of LMB-100 alone without compromising the immune response to other antigens (35). Interestingly, administering ImmTOR on the second dose of LMB-100 in each cycle (2 days after the first dose of LMB-100) was ineffective, underscoring the need to administer ImmTOR within a narrow time window of the first dose of antigen (see also section Tolerogenic Window). ImmTOR mitigated the formation of all IgG subtypes specific for LMB-100 but had no apparent effect on the IgM response. The mitigation of immunogenicity enabled repeated administration and allowed for control of tumor growth and improved survival in a mouse model of mesothelioma, even in mice that were pre-sensitized to LMB-100 prior to treatment (35). This is significant, because some patients have pre-existing antibodies that cross-react with LMB-100, presumably from prior exposure to pseudomonas bacteria (69).

The activity of ImmTOR in pre-sensitized mice was further investigated in two studies (35). In the first study, mice were sensitized with 6 doses of LMB-100 and then rested for 6 weeks prior to treatment. The sensitized animals showed low ADA titers at the time of treatment. Titers remained low following treatment with LMB-100 + ImmTOR and subsequent re-challenge with LMB-100 alone. In contrast, sensitized mice re-challenged with LMB-100 alone showed a large increase in ADA titer, characteristic of an anamnestic response. In the second study, mice were pre-sensitized with 12 injections of LMB-100 to induce high ADA titers (~10,000–30,000). Subsequent treatment with LMB-100 + ImmTOR was able to reduce titers about 5–10-fold. However, this level of reduction may not be sufficient to allow for therapeutic activity of the immunotoxin. These results suggest that ImmTOR, which targets the dendritic cell-T cell axis, may not be sufficient to mitigate high levels of pre-existing antibodies.

Mazor et al. (35) also studied the combination of LMB-100 with anti-CTLA4 or anti-OX40 checkpoint inhibitors. The checkpoint inhibition enhanced the ADA response to LMB-100, particularly in the case of CTLA4 blockade which increased anti-LMB-100 titers ~8-fold. Interestingly ImmTOR was able to inhibit the formation of ADAs in in the presence of checkpoint blockade. However, the effect of ImmTOR on the anti-tumor activity of the checkpoint inhibitors was not investigated. It is possible that different regimens would have to be explored in order to successfully combine ImmTOR with LMB-100 and checkpoint inhibitors (e.g., dosing checkpoint inhibitors after LMB-100 + ImmTOR therapy).



Alglucosidase Alfa

Pompe disease is a rare metabolic disease caused by a deficiency of lysosomal enzyme acid-α-glucosidase and characterized by accumulation of glycogen in lysosomes leading to progressive muscle weakening which can result in death due to cardiorespiratory failure (70). Recombinant alglucosidase alfa (GAA) is a life-saving replacement enzyme therapy (71). However, severely deficient patients are prone to develop neutralizing ADAs that comprises activity (72). There is currently no approved rescue therapy for patients that develop ADAs. Kishnani et al. (73) have pioneered the use of methotrexate, rituximab, and IVIG to mitigate the immunogenicity of alglucosidase alfa, which has saved patients' lives.

Joseph et al. (74) showed that transient dosing of methotrexate on days 1, 3, and 5 after each of the first three treatments of GAA also mitigated the ADA response to subsequent challenge injections of GAA alone in a mouse model of Pompe. Recently this finding was translated in a small human clinical trial (75) in Pompe patients that were positive for GAA cross-reactive immunological material (so called CRIM+ patients). Because CRIM+ patients usually have some level of natural immune tolerance to GAA due to endogenous expression of low levels of GAA or mutant GAA, these patients tend to have less pronounced ADA responses compared to CRIM− patients, and consequently have better clinical responses to GAA therapy (76). Twelve of 14 treatment-naïve CRIM+ Pompe patients treated with transient dosing of methotrexate on days 1, 3, and 5 after each of the first three treatments of GAA developed only low titers (<12,800) of anti-GAA antibodies. There was no concurrent control in this pilot clinical study, but the results compare favorably with a retrospective analysis showing the development of high ADA titers in 9 of 23 (39%) CRIM+ patients (77).

The Kishnani group conducted a small pilot study comparing the ability of ImmTOR vs. transient dosing with methotrexate, as described by Joseph et al. (74), for the ability of mitigate the immunogenicity of GAA in a mouse model of Pompe disease (53). ImmTOR treated animals showed more durable inhibition of ADA formation, higher glycogen clearance in skeletal muscles, and improved motor function compared with animals treated with GAA + methotrexate. Moreover, the animals treated with GAA + methotrexate showed a ~5% loss in body weight during the treatment phase, while mice treated with GAA + ImmTOR showed a ~4% gain in body weight over the same period. The body weights of the GAA + methotrexate-treated mice lagged behind those of the GAA + ImmTOR treated mice throughout the duration of the study (10 weeks after the treatment phase). Antibody titers against GAA developed by week 6, after 3 weekly challenges of GAA alone in the GAA + methotrexate-treated animals. In contrast, anti-GAA antibody titers remained low through 10 weeks, after 7 GAA challenge injections, in the GAA + ImmTOR-treated group. However, antibody titers developed by 12 weeks, the last time point measured in the study. These results indicate that tolerance was broken after repeated challenge injections of GAA. It is possible that the durability of tolerance could be extended by additional co-injections of ImmTOR, either at the beginning of therapy or intermittently to reinforce tolerance, analogous to a booster injection used in vaccines (see also section Durability of Tolerance).



Adeno-Associated Virus

Gene therapy is one of the most promising approaches for the treatment of thousands of rare genetic diseases. The field has experienced a renaissance since the development of AAV as a vector for in vivo gene delivery (78). AAV is a non-pathogenic and largely non-integrating virus capable of transducing multiple cell types, including non-dividing cells, but does not induce a strong immune response. However, AAV does elicit the formation of neutralizing antibodies (79, 80). Due to the non-integrating nature of AAV, transgene expression can wane over time due to cell turnover. For many inherited metabolic and degenerative diseases, correction of the defective gene is often needed in infancy or early childhood to limit irreversible progression of disease. However, as the child grows, the target organ, such as the liver, may also increase in mass by several fold. In addition, liver injury, caused by infection or chemicals, may cause further turnover of hepatocytes resulting in further dilution of the transgene. These patients may require retreatment to restore therapeutic benefit. However, currently retreatment is not possible due to the formation of neutralizing antibodies that occur after the initial treatment with AAV vectors. Mitigating the immunogenicity to AAV is particularly challenging because of its size, the repetitive display of antigenic epitopes on the capsid, and the high degree of antibody suppression required to prevent vector neutralization (79, 80).

Mingozzi et al. (48) investigated the ability of ImmTOR to mitigate the formation of anti-AAV antibodies and enable vector re-dosing. In these experiments, animals were transduced with an AAV8 vector expressing an irrelevant transgene on day 0 and then treated with a second AAV8 vector expressing human factor IX on day 21. The rationale behind this design was that expression of the human factor IX transgene should be only be observed if the immune response to the initial dose of AAV was sufficiently inhibited to allow efficient transduction on day 21. These investigators demonstrated that co-administration of ImmTOR with AAV vector prevented the formation of anti-AAV antibodies in both mice and non-human primates and enabled productive expression of the factor IX transgene upon repeat dosing (48). ImmTOR combined with the AAV8 serotype vector did not compromise the immune response to AAV5 serotype, demonstrating antigen selectively to the co-administered capsid. AAV transduction of hepatocytes in the liver appears to be a stochastic process. Using two different transgenes for the first and second administrations, Meliani et al. (48) showed that a second dose of AAV, enabled by the use of ImmTOR, was capable of transducing hepatocytes that were not transduced after the first dose. This may be particularly important for the correction of metabolic diseases of the liver, where the total percentage of transduced cells may be critical for efficacy. Redosing for gene therapy is different from redosing of most biologic therapies, which are typically administered on a regular schedule. In the case of gene therapy, the interval of redosing would likely be a minimum of several months if not years after the initial dose. Meliani et al. reported that optimal mitigation of anti-AAV antibodies required administration of ImmTOR at both the initial and repeat dose of AAV (48). Due to the particulate nature of AAV capsid, which contributes to its immunogenicity, and the fact that even low titers of antibodies can neutralize AAV transduction, the therapeutic dose of SEL-110 for AAV gene therapy applications was typically higher than that required for protein therapies (100–200 μg vs. 50–100 μg). In addition to mitigating the formation of ADAs, ImmTOR treatment inhibited the appearance of CD8 T cells in the liver (48), an event which may be associated with liver inflammation following systemic AAV administration in human patients (81).



Mitigation of Hypersensitivity Responses

Immune-mediated hypersensitivity reactions are a common cause of adverse events associated with biologic therapies (5). ImmTOR has been shown to inhibit antigen-specific T cell mediated delayed type hypersensitivity reactions, even when administered in the presence of a potent TLR agonist (47). Similarly, ImmTOR was shown to inhibit injection site reactions associated with repeated s.c. injections of adalimumab (47).

Systemic hypersensitivity reactions are more serious and can result in anaphylaxis. Anaphylaxis can be mediated by IgE antibodies that provoke mast cell activation or by IgG immune complexes that can result in complement activation and myeloid cell activation. ImmTOR co-administered with ovalbumin has been shown to inhibit the formation of antigen-specific IgE antibodies and IgE-mediated allergic reactions (34). Repeated high doses of KLH administered i.v. induced the formation of high titer IgG antibodies that led to anaphylaxis in animals. Co-administration of ImmTOR with KLH inhibited both antibody formation and the anaphylactic response (47).



Pre-existing Immunity

Mitigating or reversing pre-existing immunity is challenging, particularly for pre-existing antibodies. One of the salient features of the adaptive immune system is the formation of memory T and B cells that enable rapid and robust anamnestic responses and the formation of long-lived plasma cells (LLPCs) that continue to produce antibodies even in the absence of further antigen stimulation (52).

For emerging antibody responses against coagulation FVIII, low titer antibodies induced by 3–6 injections of FVIII alone could be reduced in the majority of animals by repeated therapeutic treatment with FVIII + ImmTOR (45). Mazor et al. (35) induced low levels of ADAs against recombinant immunotoxin and rested animals for 6 weeks to allow memory cells to form. Challenging the mice with immunotoxin alone induced a massive anamnestic response resulting in titers that were approximately ten times higher. However, therapeutically treating the animals with ImmTOR + immunotoxin not only prevented the boost in antibody titer, but actually further reduced titers close to baseline levels. In the presence of high titer antibodies (>10,000), induced with 12 injections of recombinant immunotoxin, ImmTOR + immunotoxin could reduce titers 5–10-fold (35). However, even a 5–10-fold reduction in high antibody titers may still affect the activity or pharmacokinetics of a biologic therapy. Thus, the ability of ImmTOR to mitigate pre-existing antibody titers may vary with the antigen and the level of pre-existing antibodies. For T cell-mediated disease, such as EAE, a single dose of ImmTOR containing both rapamycin and PLP antigen administered at the peak of disease was sufficient to resolve disease symptoms and prevent disease relapse (34, 48).



Durability of Tolerance

There are two types of Foxp3+ Tregs (82). Natural Tregs (nTregs) are selected in the thymus based on their reactivity to self-antigens and are critical to maintain tolerance to self. However, naïve T cells that are weakly reactive to self-antigen can escape the thymus and have the potential to become self-reactive. Adaptive Tregs (aTreg) can be induced in the periphery to limit autoimmune responses. The aTreg are also critical for the induction of tolerance to beneficial commensal bacteria, food antigens and harmless environmental antigens. Immune tolerance to biologic agents can leverage nTreg in the case of replacement enzyme or protein therapies, such as FVIII or aglucosidase alpha. However, patients that are completely deficient in the expression of the endogenous protein may lack nTreg specific to the protein and thus are more likely form ADAs (72). Immune tolerance induction in such patients may require induction of aTregs. Similarly, induction of aTreg are critical for biologics that are foreign to the human immune system, like uricase or AAV. The aTreg are more plastic than nTreg and may become unstable in certain inflammatory conditions (82). This plasticity is important in the event that a “harmless” microbe becomes pathogenic. Thus, induction of immune tolerance is not an irreversible on-off switch. Rather maintenance of tolerance is a dynamic process between pro-tolerogenic and pro-stimulatory signals. The ratio of Treg to effector T cells can determine the outcome of immune tolerance vs. immune stimulation (29). One of the key outstanding questions in the translation of immune tolerance technologies is the durability of aTreg-mediated tolerance.

The durability of tolerance to a biologic therapy may be impacted by a number of factors, including drug-related properties and patient or disease-related factors (83–85). The inherent immunogenicity of the biologic drug can impact the durability of tolerance, as repeated challenge with highly immunogenic antigens could provide an overwhelming immunostimulatory bias (5, 6). Key factors that promote immunogenicity are repetitive display of antigenic-epitopes (e.g., multimeric proteins), the propensity to form micro-aggregates, dose route and regimen, antigens that cause tissue damage or inflammation, and the absence of natural tolerance (e.g., proteins that are foreign to the immune system). Patient and disease-specific factors may include an inflammatory milieu, pre-existing immunity, immune status, co-medications, and genetics. The age of the patient may also be a factor, as the production of naïve T cells wanes with the involution of the thymus, and the T cell repertoire becomes comprised primarily of antigen-experienced memory T cells (86, 87).

Preclinical studies have shown the ability of ImmTOR to induce durable tolerance to a variety of highly immunogenic proteins that withstands multiple challenges with antigen alone. For KLH, five s.c. co-administrations of KLH + ImmTOR maintained tolerance for at least 5 months during which animals were challenged 11 times with KLH alone (47). Similarly, for adalimumab, 7 co-treatments enabled tolerance that was maintained after 9 challenge injections (47). For coagulation FVIII, 5 combination treatment provided sustained mitigation of ADAs for at least 5 months after treatment (45), and for recombinant immunotoxin, two cycles of treatment induced tolerance that allowed for three additional cycles (9 injections) of immunotoxin alone (35). Finally, for recombinant alglucosidase alpha, 3 weekly combination treatments mitigated the formation of ADAs for 7 challenge injections; however, ADA developed by the time of the 10th challenge injection (53). Immune tolerance is a dynamic process balancing pro-stimulatory and pro-tolerogenic signals, and can be broken by repeated injections of a highly immunogenic antigen. It is possible that additional co-treatments with ImmTOR may be required for more durable tolerance or that periodic retreatment with ImmTOR might be needed to reinforce immune tolerance. However, the number and timing of such additional treatments may need to be determined empirically for each biologic and disease setting. This may be a key challenge for successful clinical translation of applications in which patients require life-long therapy, such as the case for GAA in Pompe disease or FVIII in hemophilia A.



Clinical Translation

Most of the preclinical studies with ImmTOR have been performed in inbred strains of laboratory mice, which have their obvious limitations with respect to their anatomy, immune system, genetic diversity, lifespan, microbiome, and environmental factors for translating findings to humans. Oral tolerance therapies for autoimmune disease that looked promising in animal studies have not translated to humans (88). While there are many promising immune tolerance technologies and strategies on the horizon (15–21), translation to humans remains a formidable challenge. Applying immune tolerance strategies to autoimmune diseases adds a layer of risk due to heterogenous disease presentation and progression, antigen uncertainty, generally poor animal models, and the requirement to reverse a well-established immune response. We have tried to mitigate some of this risk by focusing initially on mitigation of ADAs to biologic therapies, which has the advantage of a well-defined antigen, a robust biomarker readout (ADA levels), and the ability to treat prophylactically.

The ability of ImmTOR to mitigate the formation of ADAs in human has been evaluated in combination with pegadricase, a highly immunogenic, pegylated uricase enzyme of fungal origin, in patients with hyperuricemia. A Phase 1b single ascending dose, open-label, multi-center clinical trial (NCT02648269) conducted in the United States showed a dose-dependent inhibition of uricase-specific ADAs (89). The activity of pegadricase was monitored through the measurement of serum uric acid (SUA). In gout, the therapeutic goal is to lower SUA levels below 6 mg/dL, as higher levels can result in the deposition of urate crystals in joints and soft tissues. Patients were selected for baseline SUA >6 mg/dL. All patients treated with enzyme alone showed an initial drop in serum uric acid (SUA) levels that was maintained for the first week after treatment. However, by day 14, SUA levels started to rebound and by day 30, 4 of 5 patients were back to baseline levels of SUA. All patients treated with a single dose of pegadricase alone developed high titers of ADAs by day 14, which correlated with rapid clearance of serum uricase activity. The addition of ImmTOR showed a dose-dependent inhibition of ADA formation. Mitigation of ADAs correlated with prolonged pharmacodynamic activity of pegadricase and sustained reduction in sUA levels for at least 30 days after a single dose (89). These results suggest that combination of ImmTOR + pegadricase would support monthly dosing. SEL-110 was generally well-tolerated at doses up to 0.3 mg/kg. No deaths or life-threatening treatment emergent adverse events (TEAEs) were reported during the study, and overall, there were no notable trends in the nature or frequency of TEAEs. There were no clinically significant changes in clinical laboratory values, vital signs or ECGs during the course of the study. Interim data from a Phase 2 multidose, open-label, multi-center clinical trial (NCT02959918) indicate that multiple monthly doses of SEL-212, the combination of ImmTOR + pegadricase, is able to maintain SUA <6 mg/dL in the majority of patients (61).




CONCLUSION

The full impact of ADAs on healthcare is largely unknown, as ADAs are not routinely measured after drug approval due to the lack of effective ADA mitigation strategies. However, patients that develop ADAs may experience disease progression due to ADAs that compromise efficacy and may be exposed to an increased risk of adverse events (5, 6). ADAs also place a burden on healthcare costs (5). In addition, there are opportunity costs related to the late-stage abandonment of promising but immunogenic biologic drugs in the pipeline (10, 11). While companies strive to minimize immunogenicity during development on a product-specific basis, there is a need for an approach to ADA mitigation that can be applied broadly across many types of biologic therapies. The use of ImmTOR nanoparticles is a promising approach to mitigate the immunogenicity of a diverse array of biologics without the need to reformulate or alter the biologic therapy. Treatment with ImmTOR induces dendritic cells with a tolerogenic phenotype and regulatory T cells specific to the co-administered biologic therapy resulting in inhibition of T and B cell activation and ADA formation. Early clinical studies of SEL-212, a combination product of ImmTOR + a pegylated uricase enzyme, provide proof-of-concept for ADA mitigation against a highly immunogenic enzyme in humans. ImmTOR has the potential to improve the efficacy and safety of biologic therapies for patients and warrants further study.
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Previously, a telomerase-derived 16-mer peptide, GV1001, developed as an anticancer vaccine, was reported to exert antiviral effects on human immunodeficiency virus or hepatitis C virus in a heat shock protein-dependent manner. Here we investigated whether GV1001 exerts antiviral effects on hepatitis B virus (HBV) and elucidated its underlying mechanisms. GV1001 inhibited HBV replication and hepatitis B surface antigen (HBsAg) secretion in a dose-dependent manner, showing synergistic antiviral effects with nucleos(t)ide analogs (NAs) including entecavir and lamivudine. This peptide also inhibited viral cccDNA and pgRNA. The intravenous GV1001 treatment of transgenic mice had anti-HBV effects. Our mechanistic studies revealed that GV1001 suppresses HBV replication by inhibiting capsid formation via type I interferon-mediated induction of heme oxygenase-1 (HO-1). GV1001 promoted the mitochondrial DNA stress-mediated release of oxidized DNA into the cytosol, resulting in IFN-I-dependent anti-HBV effects via the STING-IRF3 axis. We found that the anti-HBV effect of GV1001 was due to its ability to penetrate into the cytosol via extracellular heat shock protein, leading to phagosomal escape-mediated mtDNA stress. We demonstrated that the cell-penetrating and cytosolic localization capacity of GV1001 results in antiviral effects on HBV infections via mtDNA stress-mediated IFN-I production. Thus, GV1001, a peptide proven to be safe for human use, may be an anti-HBV drug that can be synergistically used with nucleot(s)ide analog.

Keywords: covalently closed circular DNA, heme oxygenase 1, mitochondrial ROS, phagosomal escape, type I interferons



[image: image]

GRAPHICAL ABSTRACT. Schematic representation showing the mechanisms regarding the anti-HBV effect of GV1001. GV1001 exerted mtDNA stress-mediated IFN-I production via STING-dependent oxidized cytosolic DNA sensing, which was mediated by its eHSP-dependent cytosolic access and phagosomal escape in hepatocytes. The enhanced IFN-I production by GV1001 exerted an anti-HBV effect via interfering with stable capsid formations by enhanced HO-1 expression.



INTRODUCTION

Hepatitis B virus infection is associated with adverse outcomes of liver diseases, including cirrhosis, hepatic decompensation, and hepatocellular carcinoma (HCC). The annual number of deaths caused by HBV-related diseases is approximately 887,000 worldwide (1). Although there is variation according to geography, endemicity, and viral genotypes or the prevalence of vertical transmission, approximately 12–20% of the infected patients will have a 5-year progression from CHB to liver cirrhosis (LC), and the 5-year cumulative risk of HCC progression is estimated to be between 10 and 17% in LC patients (2).

Unfortunately, despite their high efficacies, all currently approved HBV life cycle inhibitors, including two exogenous interferon (IFN)-based therapies—IFN and pegylated IFN—and five oral nucleot(s)ide analogs (NAs)—lamivudine (LMV), adefovir dipivoxil, entecavir (ETV), telbivudine, and tenofovir disoproxil fumarate, have their own limitations. Long-term NA treatment results in NA-resistant viral strains and cannot completely eradicate HBV cccDNAs in infected hepatocytes (3).

Exogenous IFN-related treatments can eliminate HBV cccDNA in infected hepatocytes via epigenetic regulation, which could lead to HBsAg seroconversion in chronic patients, a signature of complete remission. However, these treatments are associated with a high incidence of adverse effects (4). Therefore, novel anti-HBV agents with improved efficacy and safety are urgently needed.

Mitochondria are central eukaryotic organelles of energy production, which maintain mitochondrial DNA (mtDNA) encoding essential protein subunits involved in driving mitochondrial respiration and ATP production (5). In addition to energy production, mitochondria are involved in other cellular functions, including anabolic and catabolic pathways, apoptosis regulation, calcium homeostasis, and reactive oxygen stress (ROS) signaling (6, 7). Moreover, mitochondria were shown to trigger innate immune responses via the release of damage-associated molecular patterns (DAMPs), such as oxidized mtDNA during cellular stress, infections, or injury (8). Cytosolic mtDNA has antiviral activity against various viral infections, including HBV, hepatitis C virus (HCV), and HSV, via production of innate cytokines such as type I interferon (IFN-I) or IL-1β (9, 10). Therefore, agents that induce mtDNA stress have therapeutic potential as antiviral drugs for HBV infections.

GV1001, a human telomerase reverse transcriptase-derived 16-amino-acid peptide, was designed as an anticancer vaccine for several cancers, including advanced pancreatic cancer, non-small cell lung cancer, and melanoma (11–13). In addition to its anticancer effects, GV1001 has various biological activities including anti-inflammatory (14), anticancer (15), anti-apoptotic, and antioxidant roles (16). Furthermore, we recently reported that GV1001 has antiviral effects against HCV and human immunodeficiency virus type 1 (HIV-1) via extracellular heat shock protein (eHSP)-GV1001 binding-mediated cell signaling (17, 18). Therefore, we aimed to explore the possible antiviral role of GV1001, a safe drug in human, in HBV infections and to elucidate its underlying mechanism against HBV infections, mainly focusing on mtDNA stress-mediated IFN-I production.



MATERIALS AND METHODS


Cells and Reagents

HepG2 cells were maintained in Eagle’s minimum essential medium (MEM) containing 10% fetal bovine serum (FBS), penicillin/streptomycin (PS) (100 U/ml), and N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (25 mM). HepG2-2.15 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS, and PS (100 U/ml). Huh-7 cells were maintained in RPMI 1640 medium containing 10% FBS and PS (100 U/ml). Antibodies against HSP90 (sc-101494), HSP70 (sc-32239), heme oxygenase 1 (sc-10789), GAPDH (sc-25778 and sc-293335), HBsAg (sc-52410), pSTAT1 (sc-7988), LAMP-1 (sc-20011 and sc-17768), heme oxygenase 1 siRNA (sc-35554), and control siRNA (sc-30007) were purchased from Santa Cruz Biotechnology (Santa Cruz, Dallas, TX, United States). Antibodies against IRF3 (#4962), pIRF3 (#4947S), STAT1 (#9172), and LC3B (#2775S) were purchased from Cell Signaling Technology, Inc. (CST). Antibodies against HBV core protein were purchased from Dako (B0586) and Abcam (ab18686). Bafilomycin-A1 (B 1793) was obtained from Sigma-Aldrich (St. Louis, MO, United States). A luciferase assay kit (E1501) was purchased from Promega, and the MitoSOX Red mitochondrial superoxide indicator (M36008) was purchased from Invitrogen.



In vivo Assay and Hydrodynamic Injection

Transgenic (TG) mice were generated by transferring the pHY92-1.1x-HBV-full genome plasmid (genotype A2) into C57B1/6N mice, and the TG mice used in this study constitutively express the HBV genome with the W4P mutation in the preS1 region (19). The age-matched TG mice were injected with GV1001 (50 μg/kg) and LMV (500 μg/kg) twice per week. Serum was collected from the orbital sinus of the mice at 4 and at 8 weeks. All animal experiments were approved by the Institutional Animal Care and Use Committee of the Seoul National University College of Medicine (SNU-170308).



Anti-viral Effect Assay

For the analysis of the anti-HBV effect of GV1001, HepG2, Huh-7, or HepG2-2.15 cells were treated with PBS, entecavir, lamivudine, or GV1001 and incubated for 24 or 48 h. The supernatants were collected, and HBsAg and HBeAg ELISAs were conducted using a commercial Bioelisa HBsAg color ELISA Kit (BIOKIT, Barcelona, Spain) and a HBeAg ELISA kit (AccuDiagTM, DIAGNOSTIC AUTOMATION, INC., Woodland Hills, CA, United States), respectively, according to the manufacturer’s procedures. Cell pellets were harvested and subjected to RNA extraction for RT-qPCR to determine the viral amount.



HBV Viral Quantification and mRNA

For evaluating the HBV viral titers, HBV genomes from cell culture supernatants and pellets were purified using the QIAamp Blood DNA extraction kit (QIAGEN, Hilden, Germany) and quantitated by qPCR using a primer pair specific to the small S gene (SF: 5′-TTG ACA AGA ATC CTC ACA ATA CC-3′) and antisense primer SR (positions 309–328, 5′-GGA GGT TGG GGA CTG CGA AT-3′). The HBV DNA plasma standard containing 1 × 106 HBV genomic DNA copies/ml (HBV DNA Quantiplex, Chiron) was used to standardize the viral titers. The following primer sets were used to investigate the mRNA expression levels with RT-qPCR: 18S-F: 5′-AGTCCCTGCCCTTTGTACACA-3′ and 18S-R: 5′-CGATCCGAGGGCCTCACTA-3′, HO-1-F: 5′-TTG CCAGTGCCACCAAGTTC-3′, and HO-1-R: 5′-TCAGCAG CTCCTGCAACTCC-3′, IFNb-F: 5′-TTGTGCTTCTCCACTA CAGC-3′ and hIFNb-R: 5′-CTGTAAGTCTGTTAATGAAG-3′, mtDNA1-F: 5′CATGCCCATCGTCCTAGAAT-3′ and mtDNA1-R: 5′-ACGGGCCCTATTTCAAAGAT-3′, mtDNA2-F: 5′-CCCTAACACCAGCCTAACCA-3′ and mtDNA2-R: 5′-AA AGTGCATACCGCC7AAAAG-3′, mtDNA3-F: 5′-TCCAACT CATGAGACCCACA-3′ and mtDNA3-R: 5′-TGAGGCT TGGATTAGCGTTT-3′).



HBV pgRNA Assay

Total RNA from cell pellets was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the provided protocol. The RNA samples were incubated with RQ1 DNase (Promega, United Kingdom) for 60 min at 37°C, mixed with 1 μl of stop solution, incubated at 65°C for 10 min to inactivate the DNase, and stored at −80°C until use. For detection of viral pgRNA, 2 μg of RNA was reverse-transcribed and amplified by the Reverse Transcription System (Promega, United Kingdom). Next, 2 μl of each cDNA was quantified by RT-qPCR analysis, and the 18S rRNA gene was used to normalize the RNA samples.



HBV cccDNA Assay

HepG2 cells transiently transfected with a linearized 1.2x genotype C2 HBV plasmid were collected and incubated in lysis buffer A (10 mM Tris–HCl, pH 7.4, 1 mM EDTA, 50 mM NaCl, and 1% NP-40) for 10 min at 4°C. The lysates were centrifuged for 5 min at 14,000 rpm, and the nuclear pellet in lysis buffer B (10 mM Tris–HCL, 10 mM EDTA, 150 mM NaCl, 0.5% SDS) was sonicated at three to four pulses of 60% power and incubated overnight at 37°C after treatment with 0.5 mg/ml proteinase K. After the lysates were extracted with phenol–chloroform (1:1) and precipitated with ethanol, 1 μg DNA was treated with 10 U of PSAD (Plasmid safe DNase I, Epicenter, PA, United States) for 45 min at 37°C. The reaction was stopped by incubating for 30 min at 70°C. RT-qPCR was performed, and the 18S rRNA was used for normalization.



siRNA Transfection of HepG2 and HepG2-2.15 Cells

HepG2 cells and HepG2-2.15 cells were grown in six-well plates to 70–80% confluency. siRNA transfection was carried out using Lipofectamine 3000 following the manufacturers’ procedures (Santa Cruz and Thermo Fisher Scientific). The cells were incubated with 1 ml of OPTI-MEM containing a mixture of siRNA (75 pmol) and Lipofectamine 3000 reagent (7.5 μl) for 6 h. The transfection solutions were replaced with MEM or DMEM containing 2% FBS in the presence of GV1001 or PBS. Then, the cells were incubated for 24 h, and the supernatants and pellets were collected for ELISAs and RT-qPCR assays.



Cellular Uptake Mechanism

HepG2-2.15 cells were treated with anti-HSP70 (1 μg/ml), anti-HSP90 (1 μg/ml), or anti-GAPDH (1 μg/ml) antibodies for 1 h. After neutralization with HSP70, HSP90, or GAPDH antibodies, the cells were inoculated for 24 h in the presence of GV1001 or PBS. The role of the corresponding proteins in the uptake process was confirmed, and the effect on the virion level in the presence of GV1001 was measured by qPCR.



Cell Cytotoxicity Assay

HepG2 and Huh-7 cells were seeded (1 × 104 cells) in 96-well microplates and incubated with increasing concentrations of GV1001 for 3 days. Cell viability was determined using the MTT assay kit (Promega, Fitchburg, WI, United States). For analysis of the cytotoxicity of GV1001 and entecavir, CytoTox 96 Non-Radioactive Cytotoxicity Assays (G1780, Promega, Fitchburg, WI, United States) of the collected supernatant were performed according to the manufacturer’s protocol.



Western Blot Analysis

The harvested cells were lysed using RIPA buffer (CST, #9806) containing protease inhibitor and phosphate inhibitor (Hoffmann-La Roche Inc.) and incubated for 20 min on ice. The lysed cells were centrifuged for 30 min at 13,000 rpm, and the lysates were collected for Western blotting. A Bradford assay was performed for protein quantification. Then, 5X loading buffer and PBS were added for protein quantification, and the samples were boiled for 5 min and chilled on ice. Protein samples were separated by electrophoresis, transferred to NC membranes, and blocked for 1 h with 5% skim milk or bovine serum albumin. The membranes were incubated overnight at 4°C with primary antibodies (1:1,000). On the next day, the membranes were washed with 0.1% Tween-20 in Tris–buffered saline and incubated in HRP secondary antibodies (1:2,000) for 2 h. After ECL solution was applied to the membrane, proteins were detected on an imager (LAS 2000).



Confocal Microscopy


Confocal Microscopy With Fluorescein Isothiocyanate-Labeled Peptides and Bafilomycin A1

Cells were seeded and cultivated in two-chamber glass slides (Nunc, Roskilde, Denmark) for 12 h. After the cells were washed with PBS, they were incubated in serum-free OPTI-MEM for an hour. Fluorescein isothiocyanate (FITC)-labeled peptides were added to the cells for 2 h in the presence of Bafilomycin A1 or PBS. The cells were fixed with 4% paraformaldehyde solution for 10 min at room temperature (RT). After fixation, the cells were permeabilized with 0.1% Triton-X 100 for 10 min. Nuclear staining was performed with DAPI, and the cells were mounted in a mounting medium (VECTASHIELD Antifade Mounting Medium, H-1000).



Confocal Microscopy With MitoSOX

The cells were seeded and cultivated in two-chamber glass slides (Nunc, Roskilde, Denmark) for 2 h. After the cells were washed with PBS, they were incubated in DMEM containing 2% FBS in the presence of GV1001 or PBS for 12 h. The cells were washed with PBS and stained with MitoSOX (1 μM) for 10 min. The cells were fixed with 4% paraformaldehyde solution for 10 min at room temperature. After fixation, the cells were permeabilized with 0.1% Triton-X 100 for 10 min. Nuclear staining was performed with DAPI, and the cells were mounted in a mounting medium (VECTASHIELD Antifade Mounting Medium, H-1000). Images were captured using a100× oil immersion objective lens.




Flow Cytometry With MitoSOX

To determine the mitochondrial superoxide level by flow cytometry, we treated the cells with GV1001 or PBS for either 6 or 12 h and stained them with 5 μM MitoSOX Red according to the manufacturer’s protocol. The measurements were carried out using a FACS Calibur system (BD Bioscience, San Jose, CA, United States).



ELISAs for 8-OHdG

After the HepG2-2.15 cells were seeded into six-well plates for 12 h, they were treated with PBS (0.5%) or GV1001 (5 or 10 μM) for 12 h. From the pellets, genomic DNA was extracted using a QIAamp Blood DNA extraction kit (QIAGEN, Hilden, Germany). For the detection of 8-hydroxy-2′-deoxyguanosine (8-OHdG) activity, competitive ELISAs from an 8-OHdG analysis kit (OxiSelect Oxidative DNA Damage ELISA kit, Cell Biolabs, San Diego, CA, United States) was used according to the manufacturer’s protocol.



Type I IFN Bioassay and Neutralization Assay

For the indirect measurement of IFN levels using luciferase reporter genes, hMH55-293-ISRE cells integrating IFN-sensitive response elements (ISREs) associated with the luciferase reporter gene at the 3′ end were established using 5 μg of puromycin (Sigma-Aldrich, St. Louis, MO, United States). After the supernatant was collected from the cells treated with each reagent for 24 or 48 h, it was added to the hMH55-293-ISRE cells for 6 h. After incubation, the cells were washed with PBS and lysed by Reporter Lysis Buffer (E1500, Promega, Fitchburg, WI, United States) for 30 min at RT. Then, the luciferase assay reagent (E1500, Promega, Fitchburg, WI, United States) was added, and the luminescence was measured using a TECAN m200 reader (TECAN, Switzerland). For the neutralization assay, the HepG2-2.15 cells were seeded into six-well plates for 12 h. On the next day, the cells were pre-incubated with anti-IFNAR2 and anti-GAPDH antibodies for 2 h at RT on the rotator. After the cells were washed with PBS, they were treated with PBS (0.5%) or GV1001 (5 or 10 μM) for 12 h.



Statistical Analysis

Statistical comparisons between the control and tested groups were analyzed using one-way ANOVA. The p-value of statistical significance was set at p < 0.05 (∗), 0.01 (∗∗), or 0.001 (∗∗∗). All the experiments were independently repeated three times.




RESULTS


Anti-HBV Effect of GV1001 on in vitro Hepatocyte Cultures

To determine the antiviral effect of GV1001 on HBV, we first examined its effect on hepatocyte, HepG2, and Huh-7 cells transiently transfected with a 1.2x genotype C2 HBV genome plasmid via the analysis of secreted virion and HBsAg levels. We observed an anti-HBV effect of GV1001 on both transfected cells in a dose-dependent manner 48 h after transfection with no cell cytotoxicity. After the treatment with PBS, LMV, or GV1001 for 2 days, the HBsAg and the extracellular virion DNA levels were measured. The GV1001-treated cells in both groups showed decreased HBsAg and extracellular HBV virion level compared with the PBS groups, and the LMV-treated group showed a similar effect to the GV1001-treated group (Figure 1A). No cytotoxicity was observed in either cell lines after the GV1001 treatment, which was confirmed by MTS assay (Figure 1B). Furthermore, extracellular viral DNA was significantly decreased by GV1001 in a dose-dependent manner in HepG2 cells. The mean IC50 of GV1001 on HepG2 cells, transfected with the 1.2x genotype C2 HBV genome plasmid, was approximately 0.67 μM (Figure 1C). Next, we evaluated the anti-HBV effect of GV1001 in stable HepG2-2.15 cell lines that constitutively expressed HBV virions. GV1001 reduced the extracellular HBV virion and HBeAg levels in HepG2-2.15 cells in a dose-dependent manner (Figures 1D,E), while the reduction in HBeAg level was not definite compared with the reduction level in extracellular HBV virion and in IC50 calculation. GV1001-induced cytotoxicity was not observed on both HepG2 and HepG2-2.15 cells (Figure 1F). Together our data indicated that GV1001 had an antiviral effect on HBV infection in a dose-dependent manner in hepatocyte cultures in vitro.
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FIGURE 1. The anti-HBV effect of GV1001 on human hepatocytes. (A) HBsAg and extracellular HBV DNA levels were evaluated. PBS (0.5%), GV1001 (10 μM), and LMV (10 μM) were added to HepG2 cells and Huh-7 cells transiently transfected with the pHBV-1.2X-wild-type plasmid. (B) Cell viability assays (MTS) were conducted. (C) Quantitative PCR was performed on the supernatant of HepG2 cells transfected with 1.2x-WT plasmid and treated with GV1001 at different doses. The IC50 was calculated. (D,E) Extracellular HBV virion and HBeAg levels were measured using qPCR and ELISAs from the supernatants of HepG2-2.15 cells after the administration of phosphate-buffered saline and GV1001 for 48 h. (F) A lactate dehydrogenase assay was carried out on HepG2-2.15 and HepG2 cells to determine the cytotoxicity induced by GV1001. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 versus PBS.




Suppressive Effect on HBV cccDNA, pgRNA, and Nucleocapsid Formation by GV1001 in HepG2 Cells

The cccDNA, which can serve as a template for viral RNAs as an episome in the nucleus, is a major challenge in HBV therapy. Current NA-based treatment has rarely been reported to eliminate cccDNA or pgRNA in the nuclei of infected hepatocytes (20). Therefore, we examined whether GV1001 could inhibit HBV cccDNA or pgRNA in infected hepatocytes. To this end, we analyzed HepG2 cells transiently transfected by a linearized 1.2x genotype C2 HBV plasmid and assessed those replication capacity depending on the treatment of GV1001. The cccDNA and pgRNA transcript levels were significantly reduced by GV1001, but not ETV, compared with PBS (Figures 2A,B). Stable nucleocapsid formation could contribute to persistent HBV infections by promoting cccDNA production via its nuclear transport (21). To determine the inhibitory effect of GV1001 on HBV nucleocapsid formation, we conducted Western blotting for capsid detection on non-denatured gels using a cell pellet of HepG2 cells transiently transfected with the linearized 1.2x genotype C2 HBV plasmid. GV1001 treatment reduced the virion nucleocapsid levels in a dose-dependent manner (Figure 2C).
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FIGURE 2. Suppressive effects of GV1001 on HBV cccDNA, pgRNA, and nucleocapsid and synergistic antiviral effects of GV1001 and Nucleos(t)ide analogs. (A) RNA was isolated from HepG2 cells transfected with pHBV-1.2x-WT and 3.5 kb/pgRNA and quantified using selective primers and probes. (B) cccDNA was extracted from the nuclei of HepG2 cells transiently transfected with pHBV-1.2X-WT after treatment with phosphate-buffered saline (PBS) (0.5%), entecavir (ETV) (30 nM), and GV1001 (10 μM). RT-qPCR was conducted using primers to detect cccDNA and human 18S primers to normalize the DNA samples. (C) After treatment with PBS and GV1001 (1 nM–10 μM), capsid formation of HepG2 transfected cells was detected by Western blots using native gels. After treatment with PBS, GV1001 (10 μM), lamivudine (LMV) (10 μM), and ETV (30 nM) or co-treatment (combination of each single dose), capsid formation of HepG2-2.15 stable cells was detected by Western blots using native gels. (D–G) Synergistic anti-HBV effect of GV1001 and NAs (LMV and ETV). HBV pgRNA (D) and cccDNA (E) were measured following treatment with each drug or co-treatment with GV1001 and NAs. (F) Quantitative qPCR was performed to detect viral titers with each compound or combination. (G) HBSAg ELISA was performed following treatment with each drug or co-treatment with GV1001 and NAs. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001.


Next, we examined whether co-treatment with GV1001 and NAs had a synergistic antiviral effect. Co-treatment of GV1001 (10 μM) with LMV (10 μM) or ETV (10 μM) into HegG2.2.15 cells significantly reduced the pgRNA, cccDNA, extracellular virion DNA, HBsAg, and nucleocapsid levels compared with single-drug treatments (Figures 2C–G). Together, these results suggest that the anti-HBV mechanism induced by GV1001 may be attributed to the inhibition of cccDNA, pgRNA, and nucleocapsid formation via modulation of the host cell signaling involved in epigenetic modification, unlike NAs, which directly act on HBV polymerase.



Anti-HBV Effect of GV1001 in vivo

To examine the anti-viral effect of GV1001 in an in vivo mouse model, we intravenously injected GV1001 (50 μg/kg) or LMV (500 μg/kg) into a transgenic mouse model expressing HBV virions containing W4P mutation in the preS1 region (22) twice per week. The HBV DNA and HBsAg levels were measured from the mouse serum obtained via orbital sinus blood collection at 4 and 8 weeks. GV1001 did not significantly reduce the serum HBsAg or extracellular virion levels in mice after 4 weeks of infection compared with PBS, but a significant reduction in serum virions was found in GV1001-treated mice after 8 weeks of infection. The treatment of TG mice with GV1001 led to a mean HBsAg reduction of 20% compared to PBS, which had a limited effect on HBsAg level (Figures 3A,B). The LMV treatment had similar anti-HBV effects as GV1001 (Figure 3B). These results suggest that GV1001 also exerted antiviral effects on HBV infection in HBV transgenic mice.


[image: image]

FIGURE 3. Anti-HBV effect of GV1001 on a transgenic mouse model. (A) Female transgenic mice were injected with phosphate-buffered saline, lamivudine, (0.5 mg/kg) or GV1001 (0.05 mg/kg), twice weekly. At 4 and at 8 weeks later, HBsAg from mouse serum was measured by ELISAs. (B) After the extraction of viral DNA from serum, HBV DNA was quantified by qPCR. This study was conducted in accordance with the guidelines established by the Seoul National University Institutional Animal Care and Use Committee (Approval No. SNU-111025-6-3). Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 versus PBS.




The Anti-HBV Effect of GV1001 Depends on IFN-I Production via a STING-IRF3 Axis

The above results showing the anti-HBV effect of GV1001 were due to the inhibition of cccDNA and HBV pgRNA, suggesting that the antiviral activity may be mediated via IFN-I production. To address this issue, we first examined whether GV1001 induced the transcription of IFN-I, which is responsible for the reduction of HBV cccDNA and nucleocapsid formation, using RT-qPCR. Our data showed that the gene transcriptions of IFN-β and TNF-α were significantly increased in GV1001-treated HepG2 cells transiently transfected with the HBV genome compared with PBS- or ETV-treated cells (Figure 4A), suggesting a positive role of IFN-I signaling in the anti-HBV effect of GV1001, which was distinct from the ETV-mediated anti-HBV effect. Then, we measured the secreted IFN-I level using HEK293-ISRE-Luc cells, which express luciferase luminescence according to the IFN level (23). The luminescence induced by GV1001 was significantly increased in a dose-dependent manner, confirming that GV1001 induces IFN-I production (Figure 4B). GV1001 also increased the phosphorylated IRF3 and phosphorylated STAT-1 levels, which are both considered as key regulatory factors inducing IFN-I (24), as confirmed by Western blot (Figure 4C), suggesting that the anti-HBV effect of GV1001 may be exerted via the IRF-3–IFN-I axis. There are two general upstream signaling pathways for IFN-I production related to HBV infections: the RIG-dependent pathway (25) and the cGAS–STING-dependent pathway (26). Because there was no difference in the antiviral effect of GV1001 between Huh-7 and Huh-7.5 cell lines defective in the RIG-I pathway (data not shown), we hypothesized that IFN-I production by GV1001 may be due to the cGAS–STING dependent pathway. First, we knocked down STING with siRNA to demonstrate the involvement of cGAS–STING signaling in the IFN-I production of GV1001. We found that the reduced HBsAg, HBeAg, and extracellular HBV virion levels mediated by GV1001 in scramble (sc) siRNA-transfected HepG2 cells were not observed or even increased in STING siRNA-transfected cells, suggesting that the anti-HBV effect depends on the STING-1-mediated signal pathway (Figures 4D,E). In addition, to further assess the IFN-I pathway dependence of the anti-HBV effect of GV1001, we assayed the anti-HBV effect of GV1001 after treatment with an IFN receptor-neutralizing antibody (IFNAR2). The anti-HBV effect of GV1001 observed in the GAPDH group was not found in the IFNAR2 group (Figure 4F). There was no difference in the IFN-I levels between the cells with and without GV1001 in the IFNAR2 group, suggesting that the anti-HBV effect of GV1001 depends on the IFN-I pathway. Taken together, these results demonstrated that GV1001 exerts anti-HBV effects via the stimulation of IFN-I production by the cGAS–Sting–IRF3 pathway.
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FIGURE 4. Anti-HBV effect of GV1001 depends on STING-mediated IFN-I signaling. (A) Total RNA was extracted from HepG2-2.15 cells treated with phosphate-buffered saline (PBS), entecavir (ETV) (30 nM), and GV1001 (10 μM) for 48 h, and the mRNA levels, hTNFα, and hIFNβ were evaluated via RT-qPCR. (B) The type 1 IFN expression level following the treatment of GV1001 was measured using hMH55-293-ISRE cells and a luciferase assay kit. (C) Western blot analysis of HepG2-2.15 cells treated with PBS, ETV, and GV1001 for 48 h was performed using GAPDH, IRF3, phospho-IRF3, STAT1, and phospho-STAT1 antibodies. (D,E) HepG2-2.15 cells were transfected with scramble- or STING-siRNA for 6 h and treated with GV1001 for 24 h. HBsAg, HBeAg, and extracellular HBV virion levels were measured using ELISAs and qPCR. (F) HepG2-2.15 cells were pre-incubated with GAPDH and IFNAR2 antibodies (2.5 μg/ml) for 2 h at room temperature and treated with PBS or GV1001 for 12 h. HBsAg, HBeAg, and type 1 IFN levels were measured. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 versus PBS.




The Induction of IFN-I by GV1001 Is Dependent on the Release of Oxidized DNAs Into the Cytosol by Mitochondrial DNA Stress

Previously, it was reported that mitochondrial stress-mediated oxidized DNA release into the cytosol contributed to IFN-I production via cGAS–STING axis (27, 28). Therefore, we investigated whether GV1001 exerts an anti-HBV effect via mitochondrial stress-mediated signaling. To this end, we first evaluated the mtROS and mtDNA levels in the cytoplasm. After the isolation of cytosolic mitochondrial DNA from cells, three regions of mtDNA—mtDNA 1, mtDNA 2, and mtDNA3, which detect ND5, ND1/ND2, and COII/ATPase6/8—were amplified. The GV1001 treatment significantly enhanced the cytosolic mtDNA levels in a dose-dependent manner (Figure 5A), suggesting that GV1001 enhances mtDNA release into the cytosol. To validate mtROS induction by GV1001, we evaluated mitochondrial superoxide via confocal microscopy and flow cytometry using MitoSOX. Our confocal images showed a dramatic increase in the mitochondrial fluorescence intensity of MitoSOX in HepG2-2.15 cells treated with 10 μM GV1001 compared with PBS-treated cells (Figure 5B and Supplementary Figure S1). The flow cytometry analysis also showed a significant histogram shift in HepG2-2.15 cells treated with 10 μM GV1001 compared with those treated with PBS at 6 and 12 h (Figure 5C and Supplementary Figure S2), suggesting that GV1001 enhanced mtROS production together with mtDNA.
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FIGURE 5. GV1001 leads to mtDNA stress-mediated IFN-I production in hepatocytes. (A) Cytosolic DNA was isolated from HepG2-2.15 cells treated with GV1001 for 48 h to detect cytosolic mtDNA. Quantitative cytosolic mtDNA levels were measured by RT-qPCR. (B) HepG2-2.15 cells were stained for mitochondrial superoxide (MitoSOX, red) and nuclei (DAPI, blue). The right panel of the confocal images shows the merged images in TD channel. (C) Mitochondrial ROS (mtROS) was stained with MitoSOX (5 μM) and assessed by flow cytometry following the treatment with 10 μM GV1001 for 12 h. Rotenone was used as a positive control for mtROS production. Fluorescence peak was presented and analyzed as the coefficient of variance (CV) and/or standard deviation (SD) of the arithmetic of the fluorescence intensity, and a statistical comparison of populations was performed. (D) An 8-OHdG ELISA was performed with genomic DNA extracted from HepG2-2.15 cells treated with phosphate-buffered saline or GV1001 (5 or 10 μM) for 12 h. (E) The relationship between mitochondrial stress and the type 1 IFN-mediated anti-HBV effect of GV1001 was confirmed using MitoTEMPO (100 μM). Type I IFN expression level and extracellular HBV virion levels were measured. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.


Exposure to intracellular ROS in the mitochondria can cause oxidative mtDNA damage, indicated by increased mitochondrial 8-OHdG, which may thus be a useful biomarker to detect mtROS (29). We found that 8-OHdG, a ubiquitous marker of oxidative stress, was significantly elevated in a dose-dependent manner after 12 h of GV1001 treatment (Figure 5D).

Finally, we investigated the relationship between mitochondrial stress and the IFN-I-mediated anti-HBV effect by GV1001 using MitoTEMPO, a mitochondria-targeted antioxidant that protects mitochondria from oxidative damage. MitoTEMPO abrogated the anti-HBV effect and IFN-I production of GV1001 (Figure 5E). Taken together, our data suggest that GV1001 promotes mitochondrial stress-mediated oxidized mtDNA release into the cytosol, resulting in an IFN-I -mediated anti-HBV effect via the cGAS–STING axis.



The Anti-HBV Effect of GV1001 Is Mediated in an Extracellular HSP90

Previously, it was reported that GV1001 could translocate into the cell cytosol via extracellular HSP90 and HSP70 binding and exerted its antiviral effect on HCV or HIV-1 infections in eHSP90- and eHSP70-dependent manner (18). Therefore, we assessed the involvement of HSP90 and HSP70 in the anti-HBV effect of GV1001. Interestingly, the GV1001-mediated suppression of HBV replication in stable HepG2-2.15 cells was completely restored by anti-HSP90 or anti-HSP70 neutralizing antibody (Figures 6A,B). However, an isotype control GAPDH antibody showed no significant effect on GV1001 treatment. These results suggested that GV1001 regulates the anti-HBV effect through its interactions with eHSP90 and eHSP70.
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FIGURE 6. GV1001 exerts an anti-HBV effect via its eHSP-mediated cytosolic access and phagosomal escape. For confirmation of eHSP70- or eHSP90-dependent translocation of GV1001, HepG2-2.15 cells were pre-incubated with HSP70, HSP90, and GAPDH antibodies for 2 h. After treatment with GV1001 for 24 h, (A,B) extracellular HBV DNA and HBeAg were evaluated via qPCR and ELISA. (C–E) Extracellular HBV DNA, HBeAg, and type 1 IFN-dependent luciferase levels in HepG2-2.15 cells treated with GV1001 in the presence of Bafilomycin A1 (white, GV0; dark blue, GV10). (F) Confocal microscopic analysis showed the intracellular location of GV1001 with or without Bafilomycin A1 (100 nM) at 12 h. HepG2-2.15 cells stained with DAPI (blue) for nuclei and with FITC-labled GV1001 (GV1001-FITC, green) for the cytoplasmic display of GV1001. (G) The phagosome-associated protein LAMP-1 was detected in HepG2-2.15 and HepG2 cells with mouse anti-LAMP-1 and anti-mouse immunoglobulin-Alexa 594 (red). The white arrows represent the co-localization of GV1001-FITC with LAMP-1 (yellow). Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001.




Cytosolic Localization of GV1001 After Phagosomal Escape Is Essential for the Antiviral Effect of GV1001 via IFN-I Signaling

In previous studies, GV1001, a cell-penetrating peptide (CPP), was localized in the cytoplasm rather than in the nucleus of MCF7, Huh-7, and HepG2 cells (30). In addition, it has been reported that the eHSP–CPP complex could be taken up by antigen-presenting cells and could escape into the cytosolic space from the phagosome (31). In this regard, drug delivery strategies for endolysosomal escape and cytosolic access mimicking the escape mechanism of pathogens (32) have emerged (33). Chitosan was reported to produce IFN-I in dendritic cells via its escape into the cytosol followed by endosome rupture, which can contribute to its strong adjuvant effect in vaccine application (34). Therefore, to investigate whether the anti-HBV effect of GV1001 is due to its CPP nature with cytosolic preferential localization, which could contribute to IFN-I production via vacuole escape, as shown in chitosan (35), we used Bafilomycin A, which inhibits the acidification of phagosomes. In the presence of Bafilomycin, treatment with GV1001 failed to reduce the extracellular HBV virion and HBeAg levels compared with those of the control group (Figures 6C,D). In addition, cells treated with GV1001 induced IFN-I expression, but no significant difference was shown in the Bafilomycin–GV1001 co-treated group (Figure 6E). We also observed differences between the cells treated with and without Bafilomycin in confocal images using GV1001-FITC. In a case without treatment, GV1001 was diffused or released throughout the cytosolic space, but when Bafilomycin was added, GV1001 was not diffused to the cytosolic space due to the inhibition of phagosome acidification (Figure 6F and Supplementary Figures S3A,B). In addition, to investigate the phagosomal escape and cytosolic access of GV1001, we observed the colocalization of GV1001 with the late endosomal/lysosomal marker LAMP-1 in the presence or absence of Bafilomycin A. In the presence of Bafilomycin, GV1001-FITC failed to escape into the cytosol and colocalized with LAMP-1 in both HepG2-2.15 and HepG2 cells, but without interruption of Bafilomycin A, the GV1001-FITC was diffused throughout the cytosolic space and did not colocalize with LAMP-1 (Figure 6G). Together, our results suggest that phagosome acidification or escape is required to induce IFN-I and the associated antiviral effect of GV1001.



The Antiviral Effect of GV1001 Is Dependent on Enhanced HO-1 Expression

Heme-oxygenase-1 (HO-1) was shown to exert an anti-HBV effect via inhibition of the viral core/capsid formation (36). Next, we verified that GV1001 treatment increased HO-1 protein expression by Western blot analysis. We found that GV1001 enhanced HO-1 expression in a dose-dependent manner. Furthermore, GV1001 led to a reciprocal reduction of viral capsids in a dose-dependent manner, suggesting an inverse association between HO-1 expression and viral capsid formation (Figure 2C and Figure 7A). In addition, HO-1 gene transcription was significantly increased in GV1001-treated HepG2 cells (Figure 7B). Therefore, to determine the HO-1 involvement in viral capsid formation, we compared the anti-HBV effect of GV1001 between HBV genome-transfected HepG2 cells cotransfected with HO-1 siRNA or scramble siRNA. Notably, the reduced HBsAg, extracellular HBV virion levels, and increased IFN production level mediated by GV1001 in scramble siRNA-transfected HepG2 cells were not shown in HO-1 siRNA-transfected cells (Figures 7C–E). These results suggested that the anti-HBV effect of GV1001 is dependent on enahnced HO-1 expression.
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FIGURE 7. The anti-HBV effect of GV1001 is dependent on the enhanced HO-1 expression. (A) Western blots of 1.2x-WT plasmid-transfected HepG2 cells treated with GV1001 showing the HO-1 expression level. (B) Total RNA was extracted from HepG2-2.15 cells treated with phosphate-buffered saline, entecavir (30 nM), and GV1001 (10 μM) for 48 h, and RT-qPCR was conducted to determine the HO-1 mRNA levels. (C–E) HepG2 cells transfected with both 1.2x-WT plasmid and HO-1 or scramble siRNA were treated with GV1001. HBsAg (C), extracellular HBV DNA (D), and type 1 IFN luciferase levels (E) were measured. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.





DISCUSSION

Current NA-based antiviral agents can control, but not completely cure, HBV infection in chronic patients due to the persistence of HBV cccDNA in infected hepatocytes (37). Exogenous IFN-α treatment for CHB patients can lead to complete viral clearance in a proportion of patients. However, this treatment was not efficacious in genotype C-infected patients, and high doses are not tolerated (38). Therefore, the development of new drugs for the efficient elimination of HBV cccDNA is urgently needed. A novel candidate anti-HBV drug, GV1001, a telomerase-derived peptide whose antiviral effects against HCV and HIV-1 have already been described, was introduced in this study (17, 18). Here we demonstrated that the anti-HBV effect of GV1001 is due to its capacity to produce endogenous IFN-I via mitochondrial DNA stress. We also demonstrated that mtDNA stress elicited by GV1001 is attributed to cell cytosol access via phagosomal escape after eHSP-mediated cell penetration, which leads to the release of oxidized mtDNA into the cytosol. The resulting cytosolic mtDNA following GV1001 treatment induced antiviral innate immune responses via IFN-I production in a STING-dependent manner (Graphical Abstract).

Hepatitis B virus is a stealth virus capable of escaping IFN-I-dependent antiviral responses (39). HBV has developed various strategies to escape IFN-I production through RNA sensing via RIG-I or TLR-3 or -7 pathogen recognition receptors, which could be mediated by virally encoded proteins, including HBsAg, HBeAg, HBV Pol, or HBxAg (40–43). Recently, an HBV strategy to modulate distinct STING pathways for IFN-I production has been introduced (44).

However, our in vitro and in vivo studies proved that mtDNA stress-mediated IFN-I production via the STING-IRF3 axis by GV1001 could override the IFN-I escape mechanism (44), identifying GV1001 as an HBV treatment. Furthermore, cytosolic mtDNA following GV1001 treatment can induce the production of other antiviral cytokines, such as IL-1ß, via NLRP inflammasome activation as well as IFN-I production in a cGAS–STING-dependent manner (45), possibly from liver Kupffer cells, providing an additional benefit of GV1001 over exogenous IFN treatment.

Previously, we identified GV1001 as a CPP, which preferentially localized into the cell cytosol in an eHSP-dependent manner, suggesting potential uses for cell delivery of various pharmaceutical agents, such as proteins, DNA, or siRNA (30). Here, our data clearly demonstrated that blocking the eHSP-mediated cell entry of GV1001 led to complete inhibition of antiviral activity (Figures 6A,B). Furthermore, we found that treatment with Bafilomycin, an inhibitor of phagosome acidification, inhibited the antiviral and IFN-I effects of GV1001 (Figures 6C–E), suggesting that the antiviral activity of GV1001 depends on phagosomal escape after eHSP-mediated cell entry. In fact, some pathogens, such as Mycobacterium tuberculosis (46), Mycobacterium abscessus (32), or Listeria monocytogenes (47), were shown to exploit host innate immune systems via enhanced IFN-I production by mitochondrial stress after active phagosome rupture, promoting their virulence. This finding suggests that the antiviral mechanism of GV1001 may mimic the strategy of some pathogens to modulate the host innate immune response, as shown in the mechanism of chitosan as a vaccine adjuvant (48).

Previously, HO-1 was shown to exert an anti-HBV effect at a post-transcriptional stage by decreasing the stability of HBV capsid formation and blocking the refilling of nuclear HBV cccDNA (36). Furthermore, a byproduct of HO-1, biliverdin, could reduce HCV replication by increasing IFN-I signaling (49). Our data also indicated that GV1001 inhibited viral capsid formation in a dose-dependent manner via enhanced HO-1 expression (Figure 7A). Furthermore, the HO-1 knockdown experiment demonstrated that siRNA-mediated HO-1 inhibition abrogated the IFN-I production and the anti-HBV effects induced by GV1001, suggesting that GV1001 could exert an anti-HBV effect via inhibiting the virion capsid formation through the HO-1–IFN-I axis (Figures 7C–E).

In addition, our data, showing that GV1001 enhances IFN-I production, suggest that GV1001 could play dual roles in an anticancer vaccine: as a cancer-associated telomerase antigen and as an adjuvant via IFN-I-mediated anticancer cell-mediated immune responses. This finding could explain why GV1001 shows the strongest anticancer vaccine effect of various telomerase-derived peptides.

In summary, our data indicated that the cell-penetrating and cytosolic localization capacity of GV1001 exerts antiviral effects in HBV infections via mitochondrial stress-mediated IFN-I production (Graphical Abstract). These results suggest the potential use of GV1001, a peptide proven to be safe for human use, as an anti-HBV drug, which can be synergistically used with NA drugs.
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INTRODUCTION

The advent of biological therapies drastically altered the landscape of inflammatory bowel disease (IBD) treatment, making long-term steroid-free remission possible for thousands of patients living with this chronic inflammatory condition that compromises the integrity of the gastrointestinal mucosa. Unfortunately, up to 65% of patients with IBD develop anti-drug antibodies to biologics (1). This is especially problematic for pediatrics, where treatment options are substantially more limited than for adult patients. Currently, only two biologics have approval from the United States (U.S.) Food and Drug Administration (FDA) for pediatric indications in IBD, anti-TNF-α agents infliximab (IFX), and adalimumab (ADM). The fear of losing these two agents to immunogenicity is very real for the providers and the families of the ~70,000 children affected by IBD in the U.S. (2).



GENERAL FACTORS CONTRIBUTING TO IMMUNOGENICITY

Immunogenicity, or the development of anti-drug antibodies (ADAs), is a major contributor to loss of treatment response to anti-TNF-α agents. Multiple factors play a role in ADA development and are frequently divided into drug properties, drug pharmacokinetics, and individual patient characteristics.

Drug properties, including compound structure and derivation, formulation and route of administration, play a significant role in immunogenicity. Briefly, compounds that are non-glycosylated, non-pegylated and/or non-human derived (i.e., chimeric) are more likely to elicit an immune response and be recognized as “non-self” by a patient's immune system, triggering ADA formation (3). Similarly, ADA formation is more likely to occur when drug concentrations are low (e.g., trough before the next dose) and the addition of new drug may challenge the host immune system to recognize the drug as “foreign.” Known factors associated with low trough concentrations are low drug dose, infrequent dosing, and accelerated drug clearance, observed when inflammatory burden is high and serum albumin (a marker of reduced Fc Receptor-mediated protein recycling) is low (4, 5). Lastly, compared to less concentrated intravenous formulations administered directly into the intravascular space, biologics administered subcutaneously are prone to protein aggregation and more likely to predispose to ADA development due to prolonged contact time with cutaneous and subcutaneous immune cells (3, 6).

Interestingly, when comparing the subcutaneously administered humanized biologic, ADM, to the intravenously administered chimeric biologic, IFX, data from multiple clinical trials, early on, demonstrated similar degree of immunogenicity for these two anti-TNF-α agents in patients with IBD (5). However, a more recent review of the IBD literature suggests that immunogenicity is up to two-fold greater for IFX than ADM (1), mirroring our clinical experience with these agents. Importantly, compared to all other autoimmune, inflammatory conditions treated with anti-TNF-α agents (e.g., rheumatoid arthritis, psoriasis, etc.), immunogenicity to IFX is highest in IBD (7).



IMMUNOGENICITY FACTORS UNIQUE TO IBD

Mucosal erosion of the gastrointestinal epithelium, characteristic of IBD, predisposes patients with IBD to protein losing enteropathy, a condition that results in significant, abnormal protein losses in the stool, including the loss of protein-based therapies (8). In patients with IBD, increased stool losses of IFX have been linked to lower circulating IFX drug concentrations and increased propensity for IFX ADA development, with subsequent therapeutic failure and the need for total parenteral nutrition dependence, surgical intervention, and permanent bowel resection (9). Thus, ADA development in IBD goes beyond clinical manifestations of infusion reaction, serum sickness, and decreased drug efficacy (10), and poses a serious threat to patient morbidity and mortality.

With loss of treatment response estimated as 13% per patient-year of IFX therapy (11), children, who inherently have longer treatment duration than patients with adult-onset disease, are at greatest risk for losing biological treatment options, especially when those options are already limited to anti-TNF-α agents.



IMMUNOGENICITY IN CHILDREN

Although, generally, the pharmacokinetics of anti-TNF-α agents are believed to be similar between adults and children (12–14), data specifically comparing immunogenicity in adult vs. pediatric patients are lacking, and are confounded by the use of different ADA assays across studies. Nevertheless, it is well-established that therapeutic immunogenicity susceptibility varies with age, with highest susceptibility observed in the elderly and the young (3). Anecdotally, younger children also appear to clear anti-TNF-α agents faster, requiring higher, more frequent drug dosing in order to avoid immunogenicity and maintain treatment response (15). One proposed mechanism for this increased drug clearance is age-related differences in metabolic rate (16, 17), which, on a kilocalorie-per-kilogram basis, is highest during childhood.

Unlike conventional low-molecular weight drugs (i.e., ≤ 1 kDa), systemic clearance of protein-based therapies depends on proteolytic degradation (i.e., catabolism), determined in large part by metabolic rate, which depends on age, size and body mass composition (18). Highest proteolytic catabolism is expected in young, small, thin children—the typical clinical phenotype of pediatric patients with IBD, whose growth is frequently stunted by disease (19). Indeed, it has been suggested that close therapeutic drug monitoring and ADA surveillance for biologics may be most important for those pediatric patients who weigh less (4).



THERAPEUTIC DRUG MONITORING

In our opinion, aside from medication adherence, therapeutic drug monitoring (TDM) is the single, most critical step for both preventing and overcoming immunogenicity in clinical practice. Clinical trial results from as early as 2014, demonstrate the cost-effectiveness of TDM for anti-TNF-α agents (20) and recent reports in pediatrics provide evidence that close TDM can help not only detect, but also reverse immunogenicity, with appropriate TDM-based dose adjustments (15).

At our center, between 2015 and 2018, TDM was performed 677 times for the ~350 children receiving anti-TNF-α therapy for IBD (21). Forty-five children (13%) were identified to have ADAs, and anti-TNF-α therapy was salvaged in 33% (14 IFX, 1 ADM) by increasing drug dose, shortening the dosing interval, and/or adding an immunomodulator to clear ADAs, as described by others (22). The other 30 children required prior authorization and appeals to third-party payers (e.g., letters of medical necessity, peer-to-peer communications) to secure off-label treatment with agents other than anti-TNF-α (e.g., ustekinumab, vedolizumab). To date, we have not detected immunogenicity with these newer agents.



ADA DETECTION PLATFORMS

In practice, the issue of testing for immunogenicity as part of proactive TDM is complicated by the availability of multiple ADA detection platforms. The intricacies of different ADA assay types are often unfamiliar to medical providers, with assay selection sometimes driven by third-party payer preference, or payment-support programs available to patients, especially if paying out of pocket. For example, based on financial considerations, providers at our institution alternate ordering ligand binding immunoassays, homogenous mobility shift and gene-reporter assays for therapeutic drug monitoring of biologics.

Of the currently available assays, providers are likely most familiar with ligand binding immunoassays (i.e., EIA, ELISA, ECLIA); however, there have been a number of novel ADA detection platforms developed, including homogenous mobility shift assays, gene-reporter assays, surface plasmon resonance, bio-layer interferometry, and mass spectrometry-based approaches (23). Although the overall correlation across these assays is acceptable (24), a major challenge in interpreting assay comparability is the use of different analytical standards and outcome measures that make interpretation of each assay highly dependent on the individual assay utilized (25). A major source for the observed variation amongst assays is the positive controls used in the assay, which commonly represent polyclonal ADAs developed through immunization of different animal species with the biological agent. The lack of uniform controls and reagents limits the comparability of results across assays and reveals the need for the development of ADA “standards” for the calibration and comparison of the various assays. This issue is perhaps best illustrated by comparing immunogenicity data from biosimilar development programs for IFX, which, overall, have failed to demonstrate a significant difference in the incidence of immunogenicity between the biosimilar and the innovator product. However, if one reviews the actual reported ADA incidence from study to study, it varies from 26 to 60%, based on the immunogenicity assay used (26–29). One consequence of the deficiency in uniform assay standards is dissemination of assay-specific treatment recommendations (25), which are not always clinically useful or applicable.

An added challenge in immunogenicity interpretation is the issue of drug tolerance, or unreliable ADA detection when free drug is present in the blood sample being tested. Some ADA platforms have improved the drug tolerance of immunoassays by adding an acid dissociation step to liberate ADAs bound to drug, while others have not, making comparisons across assays difficult.

Another important consideration in evaluating the clinical implications of immunogenicity is the differentiation of neutralizing vs. non-neutralizing ADAs. The differentiation is based on the ability of an ADA to directly interfere with the binding site of the biological agent, preventing its intended function at the drug target and, effectively, neutralizing drug activity/efficacy. Although neutralizing ADAs are believed to have the most clinical relevance, as they affect drug pharmacodynamics, non-neutralizing ADAs may also have significant impact on pharmacodynamics through pharmacokinetic alterations that result in lower drug exposure, secondary to reduced drug bioavailability and/or enhanced drug clearance mediated by ADA binding (30). To our knowledge, differentiation of ADA types is not routinely communicated in clinical immunogenicity reports. Although this information may be of benefit for clinical decision making, it could potentially drive up assay costs as three separate, validated methods would need to be applied in a tiered fashion to provide meaningful drug concentration, neutralizing and non-neutralizing ADA data.

Lastly, although the turn-around time for immunogenicity reports has improved greatly, results may still take up to 5 business days and point-of-care platforms, though available (31), are not yet integrated into routine clinical care.



DISCUSSION

In summary, despite the outlined evidence that pediatric patients with IBD are at increased risk for immunogenicity, and the knowledge that approved biologic treatments for children are limited to anti-TNF-α, clinicians face many challenges in implementing judicious, proactive therapeutic drug monitoring to detect immunogenicity in every-day IBD practice. A common barrier to implementing TDM is third-party payers denials to cover testing (21), despite the growing number of publications describing the clinical benefit and cost-effectiveness of TDM, specifically for anti-TNF-α therapy in IBD. (20, 32, 33) In practice, assay selection for TDM is often driven by financial considerations, and multiple ADA platforms may be used interchangeably for a given patient, confounding both the reliability and interpretability of test results.

In our opinion, uniformly validated ADA detection methods (e.g., standard reagents and positive controls), and provider education regarding limitations of different ADA assay types, could facilitate comparability of results across the different ADA platforms available. While, language regarding treat-to-target approaches and routine ADA assessment in the drug label, along with integration of point-of-care assays into clinical practice, could facilitate accessibility and affordability of TDM and ADA surveillance for patients and providers, preserving drug efficacy over time.
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Recombinant DNA technology has, in the last decades, contributed to a vast expansion of the use of protein drugs as pharmaceutical agents. However, such biological drugs can lead to the formation of anti-drug antibodies (ADAs) that may result in adverse effects, including allergic reactions and compromised therapeutic efficacy. Production of ADAs is most often associated with activation of CD4 T cell responses resulting from proteolysis of the biotherapeutic and loading of drug-specific peptides into major histocompatibility complex (MHC) class II on professional antigen-presenting cells. Recently, readouts from MHC-associated peptide proteomics (MAPPs) assays have been shown to correlate with the presence of CD4 T cell epitopes. However, the limited sensitivity of MAPPs challenges its use as an immunogenicity biomarker. In this work, MAPPs data was used to construct an artificial neural network (ANN) model for MHC class II antigen presentation. Using Infliximab and Rituximab as showcase stories, the model demonstrated an unprecedented performance for predicting MAPPs and CD4 T cell epitopes in the context of protein-drug immunogenicity, complementing results from MAPPs assays and outperforming conventional prediction models trained on binding affinity data.
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INTRODUCTION

The advent of recombinant DNA technology in the last decades has boosted the use of protein drugs as pharmaceutical agents. However, a major potential problem of these—compared to lower molecular weight pharmaceutical counterparts—is adverse effects associated with protein immunogenicity. Immunogenicity is generated because the drug is recognized as non-self, involving an unwanted activation of CD4 T cells, and the formation of anti-drug antibodies (ADAs), potentially producing a hypersensitivity reaction in treated patients.

Protein drug activation of CD4 T cells depends on the internalization of the drug into endosomal compartments in antigen-presenting cells (APCs), where proteolytic enzymes digest the protein into smaller peptides (1). According to specific rules, a small proportion of those peptides are loaded into major histocompatibility complex class II (MHC-II) molecules. Then, stable peptide-MHC-II complexes are exported to APCs' surface for presentation to CD4 T cells, which can initiate, maintain, and regulate immune responses, including the production of ADAs (2). As a consequence, finely characterizing the rules of MHC-II binding and antigen presentation is of high interest to promote a general understanding of T cell immunogenicity and for the development of biotherapeutics.

Each MHC-II complex has distinct peptide-binding preferences predominantly determined by residues in the MHC binding groove. The MHC binding groove interacts with a stretch of 9 amino acids termed the peptide core. For every MHC-II molecule, a few pockets accommodate specific positions of the peptide core with a narrow or broader specificity for different residues (3). These pockets and pocket specificities are dependent on the class II molecule of study. MHC-II in humans comprises three major gene pairs called HLA-DR, -DP, and -DQ, all having an α- and a β-chain. The MHC presentation of peptides is fundamentally determined by the amino acid sequence of the peptide and the MHC-II alleles expressed by the host. However, other factors, such as protein internalization or peptidase cleavage sites, influences which peptides are presented.

Historically, peptide-MHC binding affinity (BA) measurements have been used to characterize MHC binding preferences (4), and collections of BA data have been used to develop methods such as NetMHCII and NetMHCIIpan (5–8) with the ability to predict peptide binding to different MHC class II molecules. However, the predictive power of these methods for CD4 T cell epitopes remains limited. Recently, the introduction of ligandome data as obtained by mass spectrometry (MS) immunopeptidome assays (9) has improved MHC predictors' performance substantially (10–14).

Analyzing MS-data has allowed us to learn the rules of MHC-II peptide presentation beyond peptide-MHC binding, including peptide cleavage specificities. The incorporation of such data to MHC-II models has demonstrated to improve state-of-the-art prediction for “natural binders” (14). Currently, MHC-associated peptide proteomics (MAPPs) are used to assess the immunogenicity of protein drugs (15, 16). However, several factors entangle assay performance and interpretation. First, most of the peptides detected by MAPPs are of self-origin, and only a small fraction of the peptides come from the protein drug of interest. Thus, to increase the sensitivity toward the given protein of interest, the amount of sample required is very high, which can lead to aggregation of the protein drug in vitro, changing the immune response (17, 18). Second, although MS sensitivity has increased over the past years, still the comprehensive analysis of the peptide ligandome is highly challenging, making it necessary to perform several technical replicates to obtain the maximum amount of peptides identified (19–21). In addition, variations in MHC alleles dictate which peptides will be presented in a given MAPPs context, making necessary the study of several donors with different alleles, representing the population of interest, to accurately assess immunogenicity. Because of those reasons, learning the specific rules of MHC-II presentation in the form of an in-silico predictor would constitute a definite step forward in the development of means to assess the immunogenicity of protein drugs effectively.

Recently, several publications have integrated MS data into MHC-II predictors applying different machine learning approaches (22–26). As regular cells can express up to 12 different HLA alleles including the HLA-DR, -DQ, and -DP genes, a large challenge of this integration lies in how to assign ligands to their HLA restriction element.

To tackle this question, different strategies have been proposed. Abelin et al. (24) used an experimental approach transfecting cells with modified HLA molecules able to be independently purified with a biotin-avidin system to perform “single allele” (SA) mass spectrometry. The peptides derived from each are then used to train allele-specific prediction models. The main disadvantage of this method is the limited set of predictable MHC-II alleles. Chen et al. (26) used a multimodal recurrent neural network to predict MHC class-II ligands, integrating binding affinity, mass-spectrometry data, and RNAseq expression levels. A recurrent neural network was trained on binding affinity data only to resolve the ligand HLA restriction. This method however did not show improved performance over netMHCIIpan, suggesting that Deep neural networks not necessarily outperform shallow neural networks in MHC-II prediction. This method was further suggested optimal for neoepitope discovery, where protein expression is relevant, a factor that is not applicable for prediction of protein drug immunogenicity. Finally, MixMHC2pred from Racle et al. (25) used a probabilistic framework to deconvolute MHC-II peptidomics to the specific allele, and after used a method based on scoring matrices for prediction, using a small set of relevant HLA-DR alleles. None of these recent methods, however, are pan-specific nor were conceived or previously used to predict protein drug immunogenicity.

We have recently developed a neural network framework, NNAlign_MA, that is able to deconvolute mass spectrometry data and at the same time train a predictor to learn the binding preferences of individual MHC molecules (22, 23, 27). In this work, we have trained an immunogenicity predictor based on this NNAlign_MA framework integrating ligand information obtained from in-house Infliximab MAPPs assays, and binding affinity measurements to build a prediction model for MHC-II antigen presentation. Using this model as a proxy for immunogenicity prediction, we showcase its performance on Infliximab and Rituximab, two well-known protein drug antibodies used to treat inflammatory diseases and known to generate an unwanted immune response (10–60% according to the analyzed disease, and how and when immunogenicity is screened) (28–30).



MATERIALS AND METHODS


Samples
 
Donors and Alleles

Peripheral blood mononuclear cells (PBMCs) were isolated from leukapheresis donated by seven healthy volunteers (ethical protocol IXP-004 Belgium; Reg. Nr. B707201629385). Monocytes were isolated by positive magnetic separation and cultured for 5 days in DC medium supplemented with interleukin 4 (IL-4) and granulocyte-macrophage colony-stimulating factor (GM-CSF). Immature dendritic cells (iDCs) were pulsed with Infliximab at 50 μg/ml and further matured with Lipopolysaccharide (LPS) for ~20 h. Mature DCs (mDC) were collected, counted and washed with Dulbeco's Phosphate Buffered Saline (DPBS), and stored at −80°C as dry pellets without supernatant.

Allele genotypes of the donors were defined using Sequence-Based Typing (SBT) and are detailed in Supplementary Table 1.



Proteins and Peptides

Infliximab (Inflectra) was acquired from Hospira®. Peptides screened for T cell activation were purchased from Mimotopes and are listed in Supplementary Table 2.




MHC-Associated Peptide Proteomics (MAPPs) Assay
 
Cell Lysis

Dendritic cell pellets (1–6 million cells) were lysed in non-ionic detergents (4% CHAPS and 4% Triton X-100) in the presence of protease inhibitors (EDTA-free, Roche) and 590 units of nuclease (US Biologicals) for 45 min at 4°C with rotation. The cell lysate was clarified by centrifugation at 112,000 g for 30 min at 4°C.

Immuno-isolation of MHC II complexes. An isotype IgG (Southern Biotech) and the pan anti-MHC II class monoclonal antibody (L243) (BioXCell) were each coupled to individual HiTrap NHS-activated HP columns (GE Healthcare). The two columns were connected in series with the Isotype IgG column first for the immuno-isolation process. The cleared lysate was loaded on the immuno-isolation columns. The Isotype IgG column was removed, and the MHC II complexes were washed with a buffer and then eluted from the L243 column with 10% acetic acid. The MHC II peptides were desalted by solid-phase extraction using an MCX plate (Waters) into LoBind 96 well plates (Eppendorf) and then transferred to MS plates (Abgene), and vacuum evaporated.




Mass Spectrometry Analysis

Peptide samples were re-solubilized with 10 μL solubilization buffer [96/4 (v/v) water/acetonitrile (CAN) + 0.2% formic acid + 25 mM TCEP (Tris(2-carboxyethyl)phosphine)]. 7 μL were injected on a Waters nanoACQUITY UPLC system, and peptide separation was achieved with a Symmetry C18 trap column (100 Å, 180 μm x 20 mm, 5 μm particle size) and a BEHC18 column (300 Å, 150 μm x 100 mm, 1.7 μm particle size) coupled to a Q-Exactive Plus mass spectrometer (Thermo). Peptides were eluted with an ascending acetonitrile gradient over 105 min. MS spectra were acquired from 400 to 1,800 Da. The MS method consisted of a full MS scan followed by a dd-MS2 scan of the top 12 ions. The full MS scan was achieved with a resolution of 70,000 with an AGC value of 3 × 106 and a maximum IT level of 30 ms. The dd-MS2 scan was performed at a resolution of 17,500 with an AGC value of 5 × 104 and a maximum IT level of 60 ms. Blank runs of resolubilization-buffer were injected between each sample.



MS Data Processing and Peptide Identification

A single custom database of protein sequences relevant to the experiment was created to include the Human proteome (Swissprot), common general and Caprion-specific laboratory contaminants, and Infliximab (Inflectra) sequence.

Peak alignment and extraction of intensity values of peptide ions and corresponding MS/MS spectra were performed using Rosetta Elucidator™ (Rosetta Biosoftware, version 3.3). MS/MS spectra were then exported for peptide identification in PEAKS Studio (Bioinformatics Solutions, version 7.5). Search parameters included the custom database described above, non-tryptic, oxidation of methionine and deamidation of asparagine as variable modifications, and error tolerance of 15 ppm for precursor mass and 0.025 Da for fragment ions. Data were filtered using a 2% FDR at the peptide level for database search results.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (http://www.ebi.ac.uk/pride) with the dataset identifier PXD018303.



Neural Network Architecture and Datasets
 
Training Datasets

The NNAlign_MAC model was trained combining multi-allele (MA), and single-allele (SA) data including binding affinity (BA) peptide measurements and mass spectrometry (MS) data.

MA datasets included only self-protein MS eluted ligands obtained from in-house MAPPs assays. The alleles expressed by each donor are detailed in Supplementary Table 1. Infliximab and Rituximab are chimeric antibodies that bear the constant region from a human antibody. Therefore, it is expected that some naturally presented peptides share similarities to the protein-drug antibodies. To avoid a bias in the predictor when evaluating the protein-drug antibodies, we have excluded all peptides sharing a common motif of 9 amino acids (defined by the length of an MHC-II binding core) to both Infliximab and Rituximab proteins from the training dataset. This resulted in the removal of 262 peptide sequences from the mass spectrometry datasets. Additionally, the data were filtered to only include peptides with lengths 13 to 21 in the training datasets.

SA data included peptides derived from BA measurements or MS assays where cells were specifically-homozygous selected or were artificially and genetically engineered to only express a single HLA-DR allele. SA data was collected from previous NetMHCIIpan publications (5, 23), and updated with IEDB to date 01/28/2019.

Mass spectrometry data consists only of “positive” presented peptides. Therefore, a set of negative peptides was added to train artificial neural networks, randomly sampling different length peptides from human proteins. For each MA donor-dataset or SA allele-dataset, a set of random negatives were included following a flat distribution of lengths 13–21, taking 5 times the number of peptides of the most abundant peptide length on the positive dataset. The flat distribution of the negatives helps the neural network to learn the natural length preference of the data, while the selection of 5 times the most abundant length will generate a ratio of ~1:10 positive to negatives, which we have previously benchmarked and found optimal (14). Although this approach will introduce some noise to the model, as it is possible that by chance some random peptides will bind to the specific MHC allele, this probability is very low and at the most will diminish the model performance.




Five-Fold Partitioning

All the data combined (SA and MA) were clustered into 5 partitions using a Hobohm algorithm with a common motif of 9 amino acids to perform cross-validation as previously described (27). The artificial neural network architecture consists of an ensemble of 150 independent networks varying; the seeds for weight initialization (10), a different number of hidden neurons in the hidden layer (20, 40, 60), and the 5 different partitions used for cross-validation. An average of the ensembles is used for the final predictions.



NNAlign_MAC Architecture

NNAlign_MAC algorithm integrates the basis of NNAlign_MA (22), an extension of NNAlign (27, 31), with peptide context information (PCI) (14, 23).

In short, NNAlign_MA (22) is a neural network framework capable of taking a mixed training dataset composed of SA data (peptides experimentally tested on a single MHC molecule) and MA data (peptides experimentally tested in cell lines expressing multiple MHC alleles), to fully deconvolute the specific MHC restriction of all MA peptides, while learning the binding specificity for all the MHCs alleles. The algorithm is trained in two steps. In a first step or pre-training (set-up here to 20 iterations), the neural networks are trained with SA data. After these initial iterations, the model manages to learn the first pattern for all MHC class II alleles. This is possible due to the pan-specific algorithm used here (that introduces relevant MHC amino acid positions known to participate in the interaction with the peptide in the binding groove (8). Based on this initial learning, the algorithm annotates the MA data according to the learnt binding rules. In a second step, those newly tagged MA peptides, now converted into SA with a specific MHC allele association, are included in a new training cycle of the network. As more data is included, the binding core for each MHC-II allele is revised. After each new training cycle, all the MA peptides are re-annotated to SA data again. This process is iterated up to 400 training cycles, thus refining the process until convergence (22).

The input neurons of this model were fed with: the peptide sequence (tagged from different experimental sources, BA or MS); a binding affinity measurement in the case of BA, or a binary classification (1-0) for those peptides derived from MS; the allele information (either single or with all alleles expressed by the donor-dataset for MA); and the MHC pseudo-sequence (specific positions of the MHC protein sequence involved in the MHC-peptide recognition). This training resulted in a pan-specific model with the power to infer binding specificities also for the HLA-DR molecules not included in the training datasets. Additionally, a separate set of input neurons encoded peptide length and peptide context information (PCI) as described elsewhere (14). PCI included 3 amino acids from both C and N peptide termini (previously named peptide flanking regions) and 3 amino acids both from upstream and downstream of the MS peptide protein sequence.



Cross-Validation Performance

After training both models (with and without PCI), the test sets were predicted, and an AUC 0.1 calculated for each MA-donor-dataset and reported in Supplementary Table 3.

NetMHCIIpan version 3.2 (5) prediction algorithm was employed in this work as a benchmark comparison to the NNAlign_MAC model. As it was not possible to re-train NetMHCIIpan with the same partitions used for NNAlign_MAC to report AUC 0.1, the following scheme was used. Each peptide in the NNAlign_MAC test set was predicted for all the alleles expressed by the given donor with NetMHCIIpan, and the lowest %rank score from all alleles was assigned to each peptide to perform an AUC 0.1 per donor (Supplementary Table 3).

AUC is a common performance measure for predictive models, which takes into account the relationship between true positive rates (TPR) and false positive rates (FPR) for different prediction thresholds. AUC 0.1 (area under the ROC curve integrated up to a false positive rate of 10%) is similar to AUC but focuses on the high specificity range of the ROC curve.



Logos

Sequence logos for binding motifs and context information were constructed applying the Seg2Logo (32) tool using Kulback-Leibler logos and excluding sequence weighting. Amino acids were grouped by negatively charged (red), positively charged (blue), polar (green), or hydrophobic (black).



Infliximab and Rituximab Performance Evaluation
 
MAPPs Profiles

Infliximab in-house MAPPs were gathered together removing peptide duplicates from the same donor and imposing a filter of a minimum of 12 amino acids to be an MHC-II binder, to build a MAPPs cohort. After filtering, 73 peptides were mapped to Infliximab protein sequences, stacking them, and counting the number of peptides covering each position. The profiles were normalized to have a maximum value of 1.

Additional Infliximab and Rituximab MAPPs peptides were collected from Hamze et al. (15). Filtering and profiles were generated in the same way as for the in-house MAPPs.



NNAlign_MAC Evaluation

For each HLA molecule present in the MAPPs cohort, 1 × 105 random peptides—with a flat length distribution of 13–21—were predicted using NNAlign_MAC, and the N-percentile score for each estimated. For each N, a score threshold per allele was defined to select HLA binders from the protein-drug of interest to be included in the prediction profile. Subsequently, all the peptides were stacked in the protein-drug sequence and the number of peptides overlapping each sequence position was counted. After that, a so-called “allele promiscuity” calculation was applied, capping the count per allele to a maximum of 1 per position. For example, a protein sequence position, with 10 peptides mapped to it from 3 different alleles, will have promiscuity of 3. After max normalization, these values refer to the “Promiscuity score” in all the profile plots in the manuscript.

From the HLA binding profiles made for Infliximab in Supplementary Figure 1, and precision and recall curves for different N values (Supplementary Figure 4A), 1% Rank (N = 1) was found to be optimal.




MixMHC2pred Evaluation

MixMHC2pred version 1.2 method was downloaded from the GitHub repository to run locally for all overlapping 13–21mers from Infliximab protein-drug and all the alleles present in the MAPPs cohort and covered by the method (HLA-DRB1*04:03, HLA-DRB1*1302, HLA-DRB1*15:02, HLA-DRB3*03:01, HLA-DRB5*01:02 were excluded). The output column for regular %Rank was selected. An HLA binding profile was constructed for MixMHC2pred (Supplementary Figure 2), and 0.5%Rank was selected to compare with NNAlign_MAC. After the peptides' selection, the profiles and the Promiscuity Score were generated in the same manner as for NNAlign_MAC.



NetMHCIIpan Evaluation

To calculate NetMHCIIpan infliximab binding profiles, binding profiles were constructed for % Ranks values of 1, 2, 5, and 10 (Supplementary Figure 3). The performance of NetMHCIIpan was consistently found to be very low and close to random for all % Rank thresholds for both protein chains with only one example (% Rank of 2, LC) demonstrating a positive correlation to the MAPPs profile. Given this, a value of %Rank of 2 was selected for this method. After the peptides' selection, the profiles and the Promiscuity Score was generated in the same way as for NNAlign_MAC.



Performance Measures

Two types of correlations were used to compare predictions from NNAlign_MAC, MixMHC2pred, and NetMHCIIpan to experimental MAPPs profiles. First, the Spearman correlation coefficient (SCC) was used to correlate the profiles' predictions to MAPPs per position in the protein sequence. Additionally, scatter plots were made to confirm the correlation after losing positional information that could bias our interpretation. The scatter plot correlation was measured both using SCC and Pearson's coefficient correlation (PCC).

Additional measures, PPV and AUC0.1, were used to compare performance across the methods in Supplementary Figure 4B. To allow for minor inconsistencies between the predicted and actual positive peptides, we here adapted a relaxed definition of positives. This was done by assigning all predicted binders (as defined by the selected % Rank threshold) with a binding core that overlapped any of the “original” MAPPs peptides as positive. This set of peptides is termed the “expanded-core” MAPPs peptides. Next, this set of expanded-core peptides is used to calculate AUC0.1 (area under the receiver operator curve integrated up to a false positive rate of 10%), and PPV values using the lowest % Rank score predictions over all the alleles expressed by the donor as prediction values for each of the peptides. PPV was calculated as the number of true positive predictions from the number of “expanded-core” MAPPs in the top N predictions, divided by N, where N is the number of positives in the “expanded-core” MAPPs dataset per donor. Precision and recall curves were likewise calculated using the “core” scheme for each of the different % Rank (Supplementary Figure 4A).

Bootstrap resampling was used to calculate p-values of the SCC correlations comparison among methods, or %Rank values. 10 thousand sampling iterations with allowed repetitions were picked at random for each comparison. The p-value was obtained by #losses/iterations, where losses reflect the number of times the SCC was higher for the challenging method over the other.



Evaluation of the CD4-T Cell Response

PBMCs from 6 out of 7 donors were seeded at 2 × 106 cells/well and stimulated with the different test and control peptides (Supplementary Table 2). For one donor, the number of cells was not sufficient to perform this assay. The next day, IL-7 was added. On day 4, part of the medium was changed and IL-2 and IL-7 were added. On day 7, cells were harvested, and rested overnight at 37°C. The next day, cells were counted and seeded in IFN-y FluoroSpot plates (Mabtech). Cells were re-stimulated with peptide or left unstimulated overnight, in duplicates. On day 9, FluoroSpot plates were developed, according to the manufacturer's instructions. Data, spot forming units (SFU), were acquired with a Mabtech IRISTM FluoroSpot/EliSpotReader. Raw data (SFU) were transferred to SFU per million, which were then transferred to ΔSFU per million. ΔSFU per million = Average SFU peptide condition/per million-Average medium condition/per million.

We defined a positive response when the two independent peptide measurements were 4 standard deviations higher to the average signal for the control. Raw data, averages and statistical calculations are included in Supplementary Table 4.

An additional dataset of T cell responses for Infliximab (30 epitopes from 21 donors) and Rituximab (14 epitopes from 16 donors) was collected from Hamze et al. (15).




RESULTS

Here, we aimed to develop a predictor for MHC class II antigen presentation and assessed its performance for prediction of protein-drug specific MAPPs readouts and T cell epitopes.


NNAlign_MAC Is Able to Predict Infliximab-Associated MAPPs in a Cohort-Based Approach

First, we sought to profile the MHC class II immunopeptidome of Infliximab (as a biotherapeutic prototype) to predict the immune response associated with it. For that purpose, we pulsed with Infliximab 7-donor monocyte-derived dendritic cells, expressing the most common world population HLA-DR alleles (Supplementary Table 1). Next, LC-MS/MS was performed, identifying 15,240 unique ligands. After removing ligands with a common motif to Infliximab and Rituximab protein sequences (see Materials and Methods), the remaining dataset was combined with single-allele BA and MS data collected from IEDB, to construct a dataset for training a model for HLA-DR antigen presentation prediction (Figure 1).
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FIGURE 1. Pipeline of protein-drug (Infliximab) immunopeptidome profiling. Infliximab-pulsed DCs were lysed and HLA-DR-peptide complexes were purified with a pan-specific antibody (L243). Next, LC-MS/MS was performed, identifying 15,240 unique ligands. MAPPs self-proteins were used to train the artificial neural network model, NNAlign_MAC. Infliximab MAPPs peptides were pooled from different donors and used to compare to the predicted MHC-II hot-spots regions. Finally, T cell experiments were used to validate regions and select protein-drugs residues prone to introduce modifications in order to avoid immunogenicity.


This training was performed using the NNAlign_MA machine learning framework allowing for accurate deconvolution of HLA-DR binding specificities and proper assignment of each MS ligand to its likely HLA-DR restricting molecule (22). Earlier work has shown this algorithm to be able to accurately perform this task, and at the same time to learn the rules for the MHC-II motifs present in the samples (22, 23). The algorithm used here was extended to include “peptide context information” (PCI) from the peptide flanking regions (PFRs) on both peptide termini, and from the protein sequence upstream and downstream the MS peptide sequence. The introduction of PCI was previously shown to significantly reinforce the learning of the rules of “natural processing” in the model (14). Evaluating the predictive power of models trained with and without PCI inclusion, confirmed this earlier observation (Supplementary Table 3). This benchmark also confirmed a consistent and very pronounced gain in prediction performance of the NNAlign_MA method compared to the state-of-the-art method, trained with binding affinity measurements, NetMHCIIpan, for prediction of MHC eluted ligand data (Supplementary Table 3). We termed the NNAlign_MA model including PCI, NNAlign_MAC.

After deconvolution, each MS ligand was annotated to a specific allele expressed in the sample assessed. As expected, HLA-DRB1 due to the higher expression of those genes compared to HLA-DRB3, −4 and −5 (33), was assigned the highest proportion of ligands (~90%, Figure 2A). All the motifs obtained by NNAlign_MAC share a remarkable overall correspondence across cell samples expressing the same alleles, and to a lesser degree, also with the NetMHCIIpan motifs (Figure 2B). The HLA-DRB4*01:03 allele was shared by two donors, and the motifs obtained by NNAlign_MAC in these two, shared highly similar amino acid preferences (PCC = 0.924). Additionally, for some alleles, such as HLA-DRB1*08:01 and HLA-DRB4*01:03, the motifs from NetMHCIIpan and NNAlign_MAC, were however discordant (Figure 2B). Comparing the amino acid composition of the in-house MS data to that of MS data obtained from IEDB revealed a high consistency between the two MS datasets (PCC = 0.95) and a lower consistency to the BA data (PCC = 0.83), supporting the quality of in-house MS data, and suggesting that MS data may contain complementary information to BA data (Figures 2C,D).
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FIGURE 2. HLA-DR peptide distribution, binding motifs and amino acid frequencies. (A) MAPPs peptide frequency from all donors combined associated to each HLA-DR gene (HLA-DRB1, DRB3, DRB4, and DRB5) after NNAlign_MAC deconvolution. Percentages (and absolute numbers) are shown for the peptides assigned to each allelic variant. (B) Motif deconvolution obtained by NNAlign_MAC per donor. NNAlign_MAC allele logos were built with all peptides from each MS data set assigned for that particular allele. The number after the allele name reflects the number of peptides found in that dataset for the given allele (Example: DRB3*03:01-7 peptides). NetMHCIIpan motifs were built from top 1% scoring prediction of 100,000 random peptides evaluated using the list of alleles expressed in each donor sample. Motif logos were build using Seq2Logo with default settings. (C,D) Amino acid frequency comparison of in-house MAPPs and peptides from binding affinity (BA) assays (C) and mass spectrometry (MS) eluted ligands (D) collected from IEDB. For each comparison, 500 peptides per allele were selected at random per each allele (DRB1*01:01, DRB1*04:01, DRB1*07:01, DRB1*11:01, and DRB1*15:01) and pooled together before the amino acid frequency was calculated.


Next, all MAPPs peptides unique to infliximab (73 peptides from 7 donors) were mapped to the heavy and light chains of the protein-drug and the count of peptides overlapping each amino acid position in the protein sequence was used to build a MAPPs profile (normalized to have a maximum value of 1) (Figure 3A). Later, infliximab sequences were (in-silico) digested into overlapping 13–21mer peptides, and the likelihood for MHC presentation predicted for each peptide using NNAlign_MAC, MixMHC2pred, or NetMHCIIpan for all the HLA-DR alleles present in the donor cohort (Supplementary Table 1). To define a threshold defining positive predicted peptides from each of the models, HLA binding-profile analyses were performed for different % Rank thresholds for each of the models (Supplementary Figures 1–3). Based on these analyses, a Rank threshold of 1% was selected for NNAlign_MAC, a 0.5% MixMHC2pred, and a value of 2% for NetMHCIIpan (detailed in Materials and Methods section, Supplementary Figures 1–3, 4A).
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FIGURE 3. NNAlign_MAC improves Infliximab MAPPs predictions. (A) Infliximab profile predictions were generated with NNAlign_MAC (red), MixMHC2pred (purple), and NetMHCIIpan (blue), and benchmarked against Infliximab experimental MAPPs (green). Promiscuity profiles were generated for each method, selecting the protein-drug predicted peptides below a defined %Rank threshold, and stacking the peptides over the protein sequence (see section Materials and Methods). The correlation of the different profiles to MAPPs data (Spearman correlation coefficient, SCC) is shown in matching colors for each prediction method. Different %Rank values were selected for each method according to its best predictive power (NNAlign_MAC = 1, MixMHCIIpred = 0.5, and NetMHCIIpan = 2) (Supplementary Figures 1–3). Complementarity determining regions (CDRs), were calculated with the DomainGapAlign tool of IMGT.org (CDR1-IMGT:27-38; CDR2-IMGT: 56-65; CDR3-IMGT:105-117), both for infliximab heavy and light chain variable domains (blue rectangles). (B) Scatter plots of the predicted profiles in (A) for NNAlign_MAC, MixMHC2pred, and NetMHCIIpan vs. MAPPs. Both SCC and PCC are shown for Infliximab heavy (Infliximab_HC, red) and light chain (Infliximab_LC, blue). The discrete patterns in the x-axis of the plots are explained by the maximum number of alleles predicted for each method (MixMHC2pred is only available for a limited set of alleles).


For each predicted HLA molecule, all the peptides with predicted values below the selected % Rank threshold were mapped to the Infliximab heavy and light protein sequences. Next, each position in the protein sequence was assigned a value of 1 if it was covered by one peptide or more and zero otherwise. Finally, these allele-specific binary peptide-maps were stacked constructing a “promiscuity profile” reflecting how many different alleles presented peptides overlapping a given protein position (detailed in Methods) (Figures 3A,B). This mapping was performed for each of the three prediction methods (Supplementary Figures 2, 3, respectively). Comparing the predicted profiles and experimental MAPPs demonstrated an improved power of NNAlign_MAC (SCC = 0.416 and SCC = 0.643) compared to NetMHCIIpan (SCC = 0.066 p-value <10-4 and SCC = −0.034 p-value = 0.0004) for predicting infliximab MAPPs data. And an improved power compared to MixMHC2pred for the heavy chain (SCC = 0.498 p-value <10-4), and a comparable power compared to the light chain (SCC = 0.422 p-value = 0.802). All regions in Infliximab covered by MAPPs were identified by NNAlign_MAC and MixMHC2pred. In contrast, NetMHCIIpan failed to predict several of these regions (one prominent example being the region spanning positions 40–60 in the heavy chain).

Several protein regions, both in the light and heavy chain were predicted to have MHC-II ligands by NNAlign_MAC even though no peptides were identified in the MAPPs assays. We hypothesized that this was due to the sensitivity limitations of the MAPPs assay. To inspect this conjecture, additional Infliximab MAPPs data, from 21 and 16 donors covering the variable heavy and light chain regions of Infliximab, respectively, were collected from a previous publication (15). First, we evaluated the correlation of this new MAPPs dataset to the in-house Infliximab dataset (including only the variable region of the antibody) and observed in both cases a high (though lower for the light chain compared to the heavy chain) correlation between the two datasets (SCC = 0.662 and SCC = 0.842 for the light and heavy chain respectively) (Figures 4A,B). Given that no HLA-allele information was available to us for the donors used in this study, we evaluated the ability of NNAlign_MAC to predict the observed MAPPs using the alleles included in our in-house cohort, which have been selected covering the most frequent alleles in the world population (Supplementary Table 2) including only the variable regions of the protein (Figure 4A). Next, we combined the two Infliximab MAPPs datasets and analyzed the correlation of the NNAlign_MAC predictions to this new extended infliximab MAPPs dataset (Figures 4C,D). We found a substantial (p-value = 0.0003, bootstrap) increase in predictive performance with the SCC increased from 0.266 to 0.53 for the light chain, while the performance for the heavy chain was conserved (SCC changed from 0.952 to 0.924, p-value = 0.883) (Figure 4C) (similar results were obtained for MixMHC2pred). This observation suggests that the performance values of NNAlign_MAC reported in Figure 3A are lower bounds and that—at least some of—the additional peaks predicted by NNAlign_MAC represent regions with antigen presentation potential missed by the individual MAPPs assays.
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FIGURE 4. NNAlign_MAC Infliximab and Rituximab MAPPs prediction. (A) Infliximab MAPPs peptides were collected from Hamze et al. (15) and compared to in-house MAPPs profiles. Note that the collected dataset only contained peptides mapped to the variable regions of Infliximab light and heavy chains. NNAlign_MAC prediction promiscuity profiles and SCC correlation against the two datasets are shown in matching colors (red). (B) Scatter plot of the two MAPPs profiles [In-house vs. Hamze et al. (15)] for the heavy (red) and light chains (blue) of Infliximab protein-drug. (C) NNAlign_MAC correlation to the combined dataset [In-house + Hamze et al. (15)]. (D) Scatter plot of the NNAlign_MAC prediction vs the combined Infliximab MAPPs profile. (E) NNAlign_MAC correlation to Rituximab MAPPs data collected from Hamze et al. (15). (F) Scatter plot of the NNAlign_MAC prediction vs Rituximab MAPPs profile from the same publication.


As an additional proof of concept, we analyzed the correlation of NNAlign_MAC predictions to rituximab, an additional protein drug with MAPPs data collected from the above-mentioned publication (Figures 4E,F). The average SCC correlation considering heavy and light chains of both protein-drugs to the Hamze et al. (15) MAPPs data was 0.652 for NNAlign_MAC, showing that the proposed method was able to predict most of the MAPPs regions.



NNAlign_MAC Is Able to Predict Infliximab-CD4 T Cell Epitopes

Next, we investigated if the peak regions predicted by NNAlign_MAC correlated with the location of CD4 T cell epitopes. For that purpose, 6 and 9 peptides respectively from Infliximab light and heavy chains were designed and assessed using ELISpot assays for CD4 T cell activation (for details refer to section Methods). These infliximab peptides were selected from three categories: MAPPs regions—covering regions predicted by NNAlign_MAC where MAPPs peptides were found (Figure 5A, Magenta: LC_1, LC_5, LC_6, HC_2, HC_3, HC_4, HC_6, HC_8, HC_9); NNAlign_MAC regions—regions predicted by NNAlign_MAC, with no MAPPs peptides (Figure 5A, Cyan: LC_2, LC_4); and regions were the methods identified none or very few ligands (Figure 5A, Yellow: LC_3, HC_1, HC_5, HC_7). In these assays, 67% (6/9) of the peptides spanning MAPPs positive regions were positive in at least one donor (all except for LC_5, HC_4 and HC_6, Figure 5B). Similar results were observed for the NNAlign_MAC region peptides (Figure 5B). Here, both peptides (LC_2, LC_4) were positive for at least one donor (Figure 5B). Finally, one of the peptides, HC_7, selected from the “empty” region (yellow) was found to give a marginal response in one of the assessed donors (Figures 5A,B). These findings thus demonstrate a very high correspondence between the NNAlign_MAC predictions, the location of observed T cell epitopes, and further suggest that MAPPs potentially can miss relevant regions leading to immunogenicity.
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FIGURE 5. T cell evaluation of MAPPs and NNAlign_MAC identified hot-spot regions. (A) Schematic with of the location of 6 and 9 ELISpot tested peptides for the light and heavy chain of Infliximab, respectively. The peptides were identified with a color code covering three regions, (1) regions predicted by NNAlign_MAC where MAPPs peptides were found (Magenta: LC_1, LC_5, LC_6, HC_2, HC_3, HC_4, HC_6, HC_8, HC_9); (2) regions predicted by NNAlign_MAC, with no MAPPs peptides (Cyan: LC_2, LC_4); and regions were the methods identified none or very few ligands (Yellow: LC_3, HC_1, HC_5, HC_7). (B) IFN-γ ELISpot test for Infliximab peptides selected in (A). Each boxplot was constructed from the two-individual donor-response measurement replicas to each peptide assessed. Units in IFN-γ production are expressed as counts ΔSFU per million (subtracting the average background for each donor assessment). The fraction number over each peptide line corresponds to the number of donors with a significant ELISpot response (4 times over the average background for the two independent measurements).


As a final validation of the predictive power of the proposed prediction method, a set of CD4 T cell epitopes for Infliximab and Rituximab antibodies were collected from Hamze et al. (15). In this study, all 15mers spanning the light and heavy chain of the protein-drugs with an overlap of 10 amino acids were assessed in 15 healthy, 6 infliximab-treated donor, and 1 rituximab-treated donor, for T cell activation. Epitope profiles were constructed similarly to how MS profiles were built earlier by stacking the epitopes data over the light and the heavy chains of the protein-drugs and counting how many peptides overlap per each amino acid position. Next, as no complete allele information was provided for the tested donors, NNAlign_MAC predictions were made for the alleles present in our in-house MAPPs dataset, and promiscuity profiles were built for the light and heavy chain variable regions as described earlier (Figure 6). Notably, NNAlign_MAC was able to predict most of the T cell immunogenic regions for Infliximab (Figures 6A,B) in a comparable fashion to experimental MAPPs. Analyzing the hotspots regions in 30–45 from the light chain, or 90–105 from the heavy chain, we observe that NNAlign_MAC was able to predict those regions while the MAPPs experiment missed it (Figure 6A). In the Rituximab example, while both MAPPs (SCC = 0.561) and NNAlign_MA correlations (SCC = 0.537) show high and comparable performance for the light chain (p-value = 0.81, bootstrap), both approaches demonstrated very limited predictive power over Rituximab heavy chain epitopes (Figures 6C,D).
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FIGURE 6. NNAlign_MAC is able to predict Infliximab-and Rituximab CD4 T cell epitopes. CD4 T cell epitope sequences identified by Hamze et al. (15) mapped to (A) Infliximab and (C) Rituximab variable regions of the light chain and heavy chain (orange dotted lines). NNAlign_MAC predicted profiles (Materials and Methods, profile generation) and SCC correlation to MAPPs are displayed in red. Scatter plot of the NNAlign_MAC prediction profiles vs MAPPs for (B) Infliximab and (D) Rituximab T cell responses from Hamze et al. (15).





DISCUSSION

Here, we have constructed a predictor, NNAlign_MAC, for MHC class II antigen presentation trained on in-house MAPPs and data from the IEDB based on the previously developed NNAlign_MA machine learning framework (22, 23) integrating context information and HLA binding promiscuity scores. The predictor was demonstrated to vastly improve in performance over NetMHCIIpan for the prediction of MHC antigen presentation hotspots in protein drugs. Moreover, our findings strongly suggest that the use of such prediction methods could effectively serve as a complement to MAPPs assays to improve the sensitivity for identification of hotspot regions enriched in MHC ligands and T cell epitopes.

One of the strengths of the NNAlign_MAC algorithm lies in its ability to leverage information between multiple MAPPs datasets reducing noise and boosting performance in particular for alleles characterized by limited data (as exemplified by the clear motifs identified in the MAPPs data for the weakly expressed HLA-DR3, 4, 5 alleles). This combined with its pan-specific power (8) makes NNAlign_MAC less sensitive to the critical limiting issues often associated with MAPPs assays including the requirement of a massive amount of biological material, the need for experimental replicates and repeated assaying over HLA diverse cohorts, and the non-trivial task of interpreting/mapping the raw MS spectral data to genomic templates.

We have here demonstrated the power of NNAlign_MAC for two protein drugs infliximab and rituximab only. Further studies covering a broader set of proteins are needed to fully assess the gain in performance of prediction models trained on MS data for prediction of antigen presentation hotspots and T cell epitopes. Likewise, further studies are needed to assess if the complementary power observed in this study of in-silico predictions over MAPPs for hotspots identification remains valid when tested on a broader set of protein drugs. Moreover, additional methods for MHC-II antigen presentation prediction trained on MS data have recently been proposed (24–26). We showed an improved performance of NNAlign_MAC in predicting Infliximab MAPPS data compared to both NetMHCIIpan (5) and MixMHC2pred (25). Other methods have been recently published integrating MS MHC ligand data in the training. As for the method developed by Chen et al., MARIA (26), the comparison does not seem adequate in this scenario as its predictive power depends on the availability of protein expression levels, which makes limited sense in the context of protein-drugs. Another method, NeonMHC2 (24), only allows for to run max 20 predictions per day, making it impractical to include in a benchmark. Further evaluations remain to be conducted to benchmark the predictive power of these novel tools for the prediction of protein-drug MHC antigen presentation and immunogenicity. In conclusion, this work demonstrates that MS data can be used to train improved predictors for MHC class II antigen presentation, and showcase how such predictors can be used to effectively assess protein-drugs for the presence of MHC II hotspot and T cell epitope regions complementing the use of the conventional cost-intensive MAPPs assays.
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Immunotoxins are cytolytic fusion proteins developed for cancer therapy, composed of an antibody fragment that binds to a cancer cell and a protein toxin fragment that kills the cell. Pseudomonas exotoxin A (PE) is a potent toxin that is used for the killing moiety in many immunotoxins. Moxetumomab Pasudotox (Lumoxiti) contains an anti-CD22 Fv and a 38 kDa portion of PE. Lumoxiti was discovered in the Laboratory of Molecular Biology at the U.S. National Cancer Institute and co-developed with Medimmune/AstraZeneca to treat hairy cell leukemia. In 2018 Lumoxiti was approved by the US Food and Drug Administration for the treatment of drug-resistant Hairy Cell Leukemia. Due to the bacterial origin of the killing moiety, immunotoxins containing PE are highly immunogenic in patients with normal immune systems, but less immunogenic in patients with hematologic malignancies, whose immune systems are often compromised. LMB-100 is a de-immunized variant of the toxin with a humanized antibody that targets mesothelin and a PE toxin that was rationally designed for diminished reactivity with antibodies and B cell receptors. It is now being evaluated in clinical trials for the treatment of mesothelioma and pancreatic cancer and is showing somewhat diminished immunogenicity compared to its un modified parental counterpart. Here we review the immunogenicity of the original and de-immunized PE immunotoxins in mice and patients, the development of anti-drug antibodies (ADAs), their impact on drug availability and their effect on clinical efficacy. Efforts to mitigate the immunogenicity of immunotoxins and its impact on immunogenicity will be described including rational design to identify, remove, or suppress B cell or T cell epitopes, and combination of immunotoxins with immune modulating drugs.
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INTRODUCTION

Protein and cell based therapeutic agents have great potential to treat many human diseases. However, because many of these contain non-self sequences, they often elicit an immune response that blocks their efficacy. Clinical trials with chimeric antigen receptor-T cells (CAR-T) (1), enzyme replacement therapy (2), monoclonal antibodies (3), antibody drug conjugates (ADCs), immunotoxins (4), and viral based gene therapy vectors (5) have often failed to produce desired effects due to the formation of antibodies that neutralize the activity of the therapeutic agent.

Recombinant immunotoxins (RIT) are chimeric proteins that consist of a targeting element linked to a toxin. The targeting element is commonly an Fv portion of an antibody which targets a specific antigen on tumor or infected cells (6). RITs have been developed to treat a variety of indications, such as blood cancers (7, 8) solid tumors (9–11) graft-vs.-host disease (12), viral infections (13, 14), and autoimmune diseases (15). Pseudomonas exotoxin A (PE, also known as ETA) and diphtheria toxin are both favorable toxins for construction of RITs due to their high potency, expression and purification yields, ease of cloning, and relatively low non-specific toxicity compared to other toxins (16). Both toxins kill cells by catalyzing ADP ribosylation and inactivation of elongation factor 2, which results in arrest of protein translation, a fall in anti apoptotic proteins and apoptosis (11). Both toxins have been used as killing domains in antibody or cytokine targeted drugs and were approved for licensure by regulatory agencies. They represent “first in class” drugs for targeted toxins (17, 18).

Recently (September 2018), Moxetumomab pasudotox (Lumoxiti), whose pre-clinical and early clinical development took place in the Laboratory of Molecular Biology (LMB) at the U.S. National Cancer Institute and whose advanced clinical development took place at AstraZeneca, was approved by the U.S. Food and Drug Administration for the treatment of relapsed or refractory hairy cell leukemia. Lumoxiti is composed of an anti-CD22 Fv murine antibody fused to PE38, a 38 kDa truncated form of PE (Table 1) (26, 27). Encouraged by this success, major efforts are focused on developing PE based RITs against mesothelin and other proteins on solid tumors (20, 28–32).


Table 1. Immunotoxins tested in patients.
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PSEUDOMONAS EXOTOXIN A (PE)

PE is the most toxic virulence factor of the opportunistic pathogen Pseudomonas aeruginosa (33), a Gram-negative bacterium (34). Pseudomonas aeruginosa is ubiquitous in soil and water and generally infects only immunocompromised and elderly populations (34). This indicates that immune competent patients can efficiently mount an immune response and maintain an immune memory against Pseudomonas aeruginosa toxins. Indeed, the immunogenicity of the PE based moiety is a major hurdle in immunotoxin clinical development. PE is composed of three structural domains. A binding domain (I), a processing domain (II) and the catalytic domain (III). For RIT construction, the binding domain was replaced with antibody fragments.



METHODS TO ASSESS ANTIBODY RESPONSES AGAINST RECOMBINANT IMMUNOTOXINS

Clinical development of RITs has been ongoing for about three decades. Immune monitoring of ADA by enzyme-linked immunosorbent assay (ELISA) or neutralizing antibodies (Nab) by neutralization assays (Nab assay) have changed in the past three decades as methods improved and as clinical development progressed. In early trials, ADAs were monitored using direct ELISA assays (28). A functional Nab assay was first reported in 1996 (20). The Nab assay entailed adding serum samples to two concentrations of immunotoxin and adding the mixture to sensitive cells. A sample was considered Nab positive if protein synthesis inhibition (20) or cytotoxic activity (7) was inhibited by 50 or 75%, respectively. Comparison of ADA positive patients and Nab positive assays revealed that all Nab positive samples are ADA positive but not all ADA positive samples are Nab positive (4). This indicates a higher sensitivity for the ADA assays and implies that some of the binding antibodies do not possess neutralization activity.

In the past decade, advancements in ADA monitoring methods and development of ultrasensitive assays have led to more specific and accurate monitoring approaches. Liang and colleague. improved the ELISA assay by minimizing the impact of PE38 immunodominance on the ability to detect ADA against the murine antibody fragment. They tested each patient's sample in a bridging ELISA with biotin-Lumoxiti coated plates in three conditions: with the CD22 fragment, with the PE38 fragment or with both. A signal was obtained using the addition of a ruthenium labeled Lumoxiti (35) and the fragments in the three conditions competed for binding with the ADAs.

To determine the immunogenicity cut-point for Lumoxiti (the OD or neutralization activity at which a sample is considered positive) samples from normal donors are commonly used. Because many naïve donors have been exposed to PE and have pre-existing antibodies, sample manipulation was necessary to obtain a sensitive cut-point for immunogenicity monitoring. To overcome this problem, an irrelevant PE-immunotoxin was added to serum samples to occupy the pre-existing antibodies prior to evaluating samples for cut point establishment (36).



CLINICAL IMMUNOGENICITY OF IMMUNOTOXINS


Chemical Conjugates

The immunotoxin that was evaluated in a clinical trial (OVB3-PE) (Figure 1A) contained a full length murine antibody (clone OVB3) against an unknown antigen on ovarian cancer cells chemically conjugated to the PE protein (28). Formation of ADA against OVB3-PE was evaluated by ELISA, which showed that 16/16 of the patients developed anti PE ADA within 14 days. Human anti-mouse antibodies (HAMA) were also detected in 75% of the patients.


[image: Figure 1]
FIGURE 1. Models and structural models of conjugated and recombinant immunotoxins. (A) OVB3-PE is composed of a mouse IgG chemically conjugated to full length Pseudomonas exotoxin A (PE) using a linker. (B) LMB-1 consists of a mouse IgG chemically conjugated via a lysine residue to a 40 kDa fragment of PE that contains domain II (gray), domain III (yellow), and domain Ib (not shown). (C) SS1P consists of the disulfide-stabilized (ds) heavy chain Fv (VH; magenta) and light chain Fv (VL; cyan) of the antibody fragment SS1. The VH is linked to PE38 that contains domains II and III but Ia is deleted. (D) Lysosome resistance (LR) immunotoxin. The ds-Fv of SS1P is linked to a 24-kDa fragment consisting of domain III of PE38 (termed PE24) (E) SS1-LO10R. A 24-kDa fragment of PE24 with 6-point mutations in domain III designed to suppress binding to B cell receptors. Point mutations are marked with red balls. (F) LMB-100 consists of a humanized Fab linked to LO10R PE24 toxin fragment and 6 point mutations as in E. (G) LMB-T20. PE24 with 6-point mutations in domain III designed to diminish T cell epitopes. (H) LMB-T14. PE24 with 10-point mutations in domain III designed to diminish B and T cell epitopes. All images are based on the structures of native PE and IgG. Images (C–H) were adapted from Mazor et al. (37).


In a clinical trial evaluating LMB-1 (Figure 1B), in which domain I of PE was removed and the remaining 40 kDa protein attached to an antibody to Lewis-Y, 33/39 of the patients developed ADA responses against LMB-1 3 weeks after the first cycle of treatment. The remaining 10% who did not make neutralizing antibodies after the first cycle, were further treated and developed neutralizing antibodies after subsequent treatment cycles. ELISA assays indicated that eventually, 100% of the 38 patients made antibodies against the toxin moiety and 33/38 of the patients had HAMA against the antibody fragment (20).



Recombinant Immunotoxins

LMB-2 (structure similar to SS1P shown in Figure 1C), which is composed of a murine anti CD-25 Fv linked to PE38 (Table 1), was used to treat leukemia and lymphoma patients. Clinical evaluation showed several complete and partial responses; however, 10/35 of the patients developed Nabs, which prevented further treatment. Six of the patients developed Nabs after the first cycle of treatment. Three of the patients that developed Nabs also demonstrated immunogenicity related side effects including one anaphylactic reaction and other allergic grade 2–3 reactions (2/35) (7). These adverse events contra-indicated further treatments once Nabs are present.

The lowest immunogenicity rates were reported in early trials evaluating Lumoxiti for hematological malignancies; After the first treatment cycle, only 1/28 hairy cell leukemia (HCL) patients made Nabs and a total of 10/28 had Nabs throughout the entire phase 1 trial (38). Furthermore, of the 50 CLL patients that were treated with Lumoxiti, only two patients had a Nab response after four cycles of treatment (4, 39).

Phase II and III trials of Lumoxiti were monitored for presence of binding ADA rather than Nabs. In those trials, 65% of patients made ADA after two cycles (38). In a larger trial, 75% of patients had detectable ADA at the end of treatment (40). The difference in immunogenicity reports in the early trials is mostly explained by differences in monitoring methods; functional Nab assays are less sensitive than binding ADA assays.

The overall low rate of immunogenicity to Lumoxiti can be attributed to the immune status of the patients. Patients with HCL have usually been treated with Cladribine which kills immune cells in the bone marrow. Additionally, the leukemia cells infiltrate the marrow, causing immunosuppression. Furthermore, Lumoxiti targets the CD22 antigen which is highly expressed in the targeted cancer cells but also expressed in mature and immature B cells. It is likely that Lumoxiti kills some B cells that would mount an immune response against it.

A good example that exemplifies the importance of patients' immune status is that of LMB-2. Patients with hematological malignancies treated with LMB-2 had a relatively low rate of immunogenicity onset with 17% of the patients making neutralizing antibodies after the first cycle (7). In contrast, melanoma patients who received LMB-2 and had a normal immune system demonstrated a high level of immune response; 92% of patients made neutralizing antibodies after the first cycle (41).




IMPACT OF IMMUNOGENICITY ON PHARMACOKINETICS AND CLINICAL OUTCOME

Generally, ADAs to therapeutic proteins have a risk of immune-related adverse events, including infusion-related reactions, allergic or anaphylactic reactions, delayed hypersensitivity, and autoimmunity (42). RITs show few of these responses. The only severe anaphylactic reaction reported occurred immediately after the first infusion of the RIT (7). Some patients reported grade 1, 2, or 3 skin reactions that were easily managed by a course of steroids [reviewed in (4)]. Neutralization and drug clearance are the main problems with RIT therapy, not immuno-toxicity. The low incidence of adverse side effects could be related to the relatively low doses administered and the small size (63 kDa) of the protein.

LMB-100 is a PE-based RIT engineered for decreased immunogenicity (Figure 1F). To study the impact of ADAs on LMB-100 levels, we analyzed immunogenicity and pharmacokinetic date from a clinical trial treating Pancreatic Ductal Adenocarcinoma with LMB-100 and nab-paclitaxel (25). Anti LMB-100 ADA were monitored using ultrasensitive methods to triage ADA positive and negative responses (screening assay). Patients with pre-existing antibodies were not excluded.

Using a cut point of O.D = 0.05, 9/20 had pre-existing antibodies. These low titers did not have much impact drug levels (Figure 2A). Cmax in 19/20 patients was well above 100 ng/ml. In cycle 2, only 6/13 patients were ADA negative and their Cmax well above 100 ng/ml. 7/13 of the patients were ADA positive still had effective blood levels (Figure 2B). Overall, more than half of patients receiving a second cycle of LMB-100 had detectable plasma drug concentrations. None of the patients received a third cycle of therapy due to toxicity of the nab-pactaxel. However, post treatment ADA monitoring showed that 9/10 of the patients evaluated were ADA positive; most of them with a very high OD signal (25).
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FIGURE 2. Impact of ADA on maximal concentration of LMB-100 (Cmax) in blood of patients. Cmax and ADA measurements were performed as described in (25). Cmax and ADA results were obtained from (25). Cmax values were log transformed and fitted to an asymmetric sigmodial, 5-parameter curve fit. Dotted line represents EC50.


Altogether, a correlation was observed between the ADA levels and drug blood levels (Figure 2C). Using a five-parameter asymmetric sigmoidal curve fit, EC50 has an OD = 2.8. Therefore, it can be estimated that samples with an OD lower than 2.8 will predict an effective Cmax and samples with OD >than EC50 will not. Previously, patients with positive signals on ADA or Nab assays were excluded from clinical trials. However, this data indicates that a positive call on the ADA assay does not predict a low blood level unless the titers are very high (Figure 2).

Kreitman et al. reported that a minimum of three to five cycles of treatment was required to obtain major responses including durable complete remissions (43). In earlier trials, patients were not allowed to complete the therapy once they developed Nabs. This was to avoid immunological side effects unnecessary ineffective RIT drug administration. Kreitman and colleagues were able to observe a correlation between the timing of antibody formation and the outcome of the treatment (43). In the phase 1 study, 65% of patients made ADAs after two cycles based on ELISA results (38). Most patients (80%) who did not achieve CR had a positive antidrug antibody ELISA test (38). In a larger trial, patients with favorable responses (complete or partial responses) had lower antibody titers (<10,000), which probably improved their drug blood levels for more treatment cycles compared to patients with stable or progressive disease (40). Furthermore, when SS1P (Figure 1C) was combined with pentostatin and cyclophosphamide to lower T and B cells and suppress anti-drug antibodies, more treatment cycles could be given to most of the patients and major tumor responses were observed in several patients with advanced refractory mesothelioma (44). Altogether, these findings indicate that patients with low or delayed immune responses are likely to respond better and justifies the efforts described below to mitigate the ADA response.



STRATEGIES TO MITIGATE THE IMMUNOGENICITY OF RITS


Combination With Immune Modulating Drugs

Combination approaches to mitigate immunogenicity of RIT include targeting of the B cells that form the adaptive immune response, targeting the plasma cells that produce high titers of IgG, or targeting the T cells that support a neutralizing immune response. In addition, recent approaches have targeted regulatory factors of the immune system that suppress the immune responses (Figure 3).
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FIGURE 3. Approaches to mitigate immunogenicity of PE-based recombinant immunotoxins.


In 2004 five patients were pre-treated with rituximab to eliminate their B cells prior to LMB-1 administration. Binding ADA and Nab assay were used to monitor the development of human antibodies against LMB-1. Treatment with rituximab was effective in abrogating 99.9% of circulating CD20/CD19+ B cells in all patients (5/5). However, all these patients developed neutralizing anti-LMB-1 antibodies by day 21 of drug administration (45). This indicates that elimination of the peripheral B cells is not sufficient to eliminate the immune response.

To target both B and T cells, 10 refractory mesothelioma patients were treated with a combination of pentostatin and cyclophosphamide to kill B and T-cells. This combination delayed the formation of neutralizing antibodies to SS1P by several cycles. Out of the 10 patients treated, only two made Nabs after the first cycle, and 6 patients made Nabs after the second cycle. One patient did not make any Nabs throughout six treatment cycles (44). The toxicity observed in the trial described above was similar to the known side effects of pentostatin and cyclophosphamide.

In a T cell leukemia clinical trial evaluating the efficacy of LMB-2 after both cyclophosphamide and fludarabine, a great decrease in immunogenicity was observed. This delay translated to higher drug blood levels for multiple treatment cycles and very good anti-tumor responses (60% of the patients achieved complete remission) (23).

Elimination of pre-existing antibodies and plasma cells is a major goal for RITs due to a high prevalence of pre-existing antibodies from environmental exposure to PE, as well as the need to have more than one treatment cycles. Bortezomib is a reversible proteasome inhibitor that showed high efficacy in targeting long and short lived plasma cells that have high rates of Ig production (46). Manning et al. found that combination of SS1P with Bortezomib was able to reduce ADA formation by 50% compared to SS1P with no immune suppression in mice. Additional combination with pentostatin and cyclophosphamide reduced ADA formation by 88% (47).

Tofacitinib is a janus kinase 1 inhibitor that suppresses inflammatory responses. Treatment of mice with tofacitinib led to reduced numbers of CD127+ pro-B cells and reduction in B cell germinal center formation in mice spleens (48). Because normal Ig levels were still present during tofacitinib treatment, this agent specifically reduced ADAs.

Along with the immune depleting approaches, pre-clinical approaches to evaluate combinations with drug in low concentrations or encapsulated in nanoparticles have shown promising results. Low dose methotrexate (MTX) has been shown to reduce ADA formation against adalimumab [reviewed in (49, 50)] and against enzyme replacement therapy for infantile Pompe disease (51). Combination of low dose MTX with LMB-100 suppressed the formation of ADAs, maintained blood levels of LMB-100 and prevented its neutralization in immune competent mice. This did not compromise the immune response against a second antigen given after stopping MTX, suggesting contemporaneous immune tolerance (52).

To harness the immune modulatory properties of rapamycin, LMB collaborated with Selecta Bioscience that had encapsulated rapamycin in PLGA-PEG synthetic vaccine particles (SVP-R). Combination of SVP-R with LMB-100 produced a specific and transferable immune tolerance, which prevented ADA and Nab formation against the RIT in naïve mice and in mice that model pre-existing immunity (53). This approach was quickly translated to a clinical trial combining the two agents to treat mesothelioma patients. However, the combination resulted in an unforeseen lung toxicity in this patient population and the trial was discontinued (clinicaltrials.gov T03436732).



Change in Molecular Structure

The two-unit structure of RITs which includes a targeting antibody unit and a toxin unit, and the variable immunogenicity properties of those two units (i.e., preexisting antibodies to the toxin or the presence of a murine fragment in the antibody) allows tailored mitigation to each unit based on its properties and what is known in the art as de-immunization (Figure 3).




MITIGATING THE IMMUNOGENICITY OF THE ANTIBODY DOMAIN

Immunogenicity of therapeutic monoclonal antibodies can be mitigated by increasing the content of the human sequence. Such antibody engineering includes framework humanization, chimerization, and use of mice with humanized germlines. Such approaches can reduce the common immunogenicity rate from about 40% in chimeric antibodies to 9% in humanized antibodies (54, 55). However, in some cases, the immunogenicity against the variable complementarity determining region domains (CDRs) may still cause ADA formation (55).

Most RITs have a murine antibody fragment (Table 1). The lack of humanization of these agents can be explained by the fact that their development began before approaches to humanize antibodies were readily available. Furthermore, the immunogenicity of the bacterial PE is a much bigger barrier than HAMA (56). Recently, LMB-100 a “second generation RIT” containing a humanized Fab instead of a mouse Fv has entered clinical testing (Table 1) (25). The humanization was done by combining framework regions in the CDRs of the mouse anti-mesothelin antibody SS1 and human Fab. To improve the binding to mesothelin and to stabilize the CDRs tertiary structure, some back mutations within the mouse parent residues as well as the human sequences were introduced (as described in patent WO2015051199). The new humanized antibody had comparable binding affinity to mesothelin, and LMB-100 showed comparable thermal stability and technical developability to that of SS1P (57).



MITIGATING THE IMMUNOGENICITY OF THE TOXIN


Identification of B Cell Epitopes

Antibodies and B-cell receptors bind to regions on the surface of a protein called B cell epitopes. These epitopes often cluster on the surface of the antigen and can control most immune responses (58). Roscoe et al. used synthetic peptides from PE38 to map the B cell epitopes in serum samples from monkeys and humans treated with immunotoxins (59, 60). This approach identified linear epitopes but not discontinuous conformational B cell epitopes on the toxin. Onda and Nagata immunized mice with RIT and used a capture assay to isolate monoclonal antibodies that reacted with native PE38 in solution (61). They discovered seven murine conformational epitopes in PE38 and identified single point alanine substitutions that abolished binding to those antibodies. They constructed and characterized a novel de-immunized mouse RIT named 8M. This RIT retained excellent cytotoxic and anti-tumor activity and importantly, had a low immunogenicity response after injection into mice. These experiments established the first proof that removing B cell epitopes could greatly diminish immunogenicity (61, 62).

Human B-cell epitopes in domain III were mapped using phage display. These studies focused on domain III of PE, because it was found that most of domain II was not needed to make active immunotoxins and could be removed (63). B cells were isolated from 7 patients receiving immunotoxin therapy and phage Fv libraries was prepared from B cells that contained Fvs reacting with domain III of PE. This selected library should represent the antibody repertoire that can bind and neutralize RITs with domain III. Then an immunotoxin library was constructed. This library contained 36 mutant PE immunotoxin constructs, each with a single point mutation replacing large amino acids like arginine, glutamine and glutamic acid with alanine. Then, the phage library was panned against each mutant RIT in the mutant library, identifying point mutations that abolish binding (64). Seven major B cell epitopes were identified and subsequently silenced by converting a key residue in the epitope to alanine. The modified toxin was named LO10 (Figure 1E) (representing the initials of the last name of the two scientists developing it). The LO10 toxin (Table 2) has been used to make immunotoxins targeting both CD22 and mesothelin. LMB-100 contains the LO10 mutations and is the first “de-immunized” PE based toxin that has advanced to clinical development.


Table 2. Recombinant Immunotoxins that were mutated to decrease immunogenicity.
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A similar approach was used to identify B cell epitopes in diphtheria toxin (71). Highly hydrophilic amino acids on the surface of the toxin were mutated, and the mutant constructs were injected into mice for screening. Constructs that did not activate the mouse immune system are speculated to be of low immunogenicity in humans as well (71). This approach, while simpler than the strategy used to generate LO10, suffers from the fact that mice and human have different self and non-self-selection, and immunogenic regions that activate a human immune system may not activate a mouse immune system.



Deletion of Domain II of PE38

Protease evasion can reduce processing of the protein in the endosome and late endosome and therefore, reduce peptide presentation by MHC II molecules and T-cell activation. Weldon et al. found that domain II of PE38 was very sensitive to lysosomal protease digestion and furthermore that 102/113 amino acids in domain II can be removed without loss of activity as long as the furin cleavage site (in amino acids 274–284) remained (72) (Figure 1D). Deletion of the majority of domain II had the additional benefit of deletion of the immunogenic B and T cell epitopes in that domain. RITs with the resulting mutant toxin (designated LR for lysosome protease resistance) or PE24 (Table 2) were tested in three strains of mice and showed a greatly decreased antibody response (73).



T Cell Epitopes

Elimination of B cell epitopes as described above should be effective in evading pre-existing antibodies. However, deletion of the immunodominant B cell epitopes cannot prevent B cells with low affinity B-cell-receptors from undergoing affinity maturation and class switching. These processes are supported by professional antigen presenting cells and helper T cells (58, 74). Unlike B cells, T-cell receptor specificity, does not change on antigen encounter. Once T-cell epitopes are eliminated, formation of new specificities is not expected (75). In a proof of concept study, the murine T cell epitopes in PE38 were mapped using a peptide library and IL2 ELISpot of immunized mice spleens. Alanine scanning of each amino acid within 15 mer epitopes revealed single point mutations that can prevent the T cell response. A new RIT was constructed with several point mutations in PE38 that were effective on preventing anti PE antibodies and Nabs (76). Additional studies in BALB/c mice reinforced the identification of a subdominant murine T cell epitope in domain III (77). This study also showed that a slightly modified version of the de-immunized PE (A505H) using a different mode of administration and adjuvant has a significantly lower immunogenicity compared to PE24.

The human T cell epitopes in PE38 mapped using PBMCs from 50 donors that share similar HLA to the typical patient population in the western world. The PBMC were expanded with PE38 to allow antigen processing and presentation and enrich the T cells that recognize PE38 epitopes (78). The enriched T cells were re-stimulated with over-lapping peptides that span the sequence of PE38. T cell activation was monitored d using IL-2 ELISpot (79). IL-2 supports T-cell activation, differentiation, and memory and is a less specialized cytokine than IL-4 or IFN-γ (80). Twenty-three peptides whose sequence overlap had positive responses and made up eight T cell epitopes (65). One of these epitopes, located in domain II, was present in 21/50 donors (79). The eight T cell epitopes identified in naïve donor PBMC were also identified using samples from 16 cancer patients previously treated with PE38 containing RITs and who had mounted an immune response to the protein. This supports the conclusion that PE38 has eight T cell epitopes and other regions of the protein are less immunogenic. Interestingly, similar assays using PBMCs from immunized HCL patients show several epitopes missing (65). Further work will address the absence of some epitopes in HCL patients and why cells recognizing these epitopes are absent in these patients.

HLA binding algorithms that predict the binding affinity of peptides to polymorphic HLA II molecules can be used to predict or narrow down peptides for potential T-cell epitopes. Overpredictions are expected for such algorithm predicted epitopes due to various factors involved in T-cell activation that cannot be predicted by the HLA binding, including antigen processing in the endosome, T-cell receptor binding, and T-cell activation. To compare the experimentally identified epitopes with in silico predicted epitopes, two primary HLA binding algorithms: Propred (81) and IEDB Consensus (82) were used to predict promiscuous binding to 15 common HLA DR alleles (83). Venn diagrams showing comparison of the predicted peptides using the in-silico analysis and the experimental approach is shown in Figure 4. The top 30 stringently predicted peptides had an overlap of 15 peptides with the 23 experimental peptides. This left 8 peptides (representing four epitopes) mis-identified by the analysis as negative. A less stringent threshold of 56 peptides (choosing 50% of the peptides as positive) had a much better precision and predicted 21 of the 23 peptides. However, the epitope in peptides 8 and 9 was overlooked by the algorithm. While overpredictions are expected, underpredictions are not, and they such reduce the effectiveness of these computational tools for prediction of T-cell epitopes. HLA binding inhibition assays revealed that the missed epitope in peptides 8 and 9 was solely presented by HLA DP presentation molecules and not DR (84). The algorithm could not have predicted binding to this peptide, because the query was limited to DR alleles. Interestingly, re-analysis of the HLA binding prediction by adding 8 DP alleles still failed to recognize this epitope as a strong binder (84). This indicates that HLA binding algorithms cannot accurately predict all T-cell epitopes and should always be validated with experimental work.
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FIGURE 4. Overlap of experimental T cell epitopes and in silico HLA binding prediction. Twenty three T cell epitope were identified in PE38 by experimental T cell activation assays using 50 PBMC donors. In silico predicted binders in PE38 were predicted using the IEDB consensus HLA class II binding algorithm and 15 HLA-DR alleles. A peptide was considered a potential epitope using a threshold of (A) top 30 predicted binders and (B) top 56 predicted binders (50%). Peptides 8 and 9 were false negatively predicted using both thresholds.


The epitopes in domain II of PE38 were eliminated by deletion of the whole domain, except for the 11 amino acid furin cleavage site, which does not contain an epitope. To modify the epitopes in domain III, alanine scanning was used to identify amino acids that impact the T-cell epitopes. To ensure that the point mutation did not introduce a new T cell epitope PBMCs were stimulated with the mutant RIT and re-stimulated with the mutant peptides. Two of the epitopes (epitopes 2 and 6) were difficult to solve by alanine scanning, because the mutations caused loss in activity. To aid with that, Rosetta computational protein design methods was combined with an HLA binding algorithm to identify mutations that disrupt the binding to HLA II molecule and as the same time still maintained cytotoxic activity (85). Epitope 2 (in domain III) was not resolved using a single point mutation and required a combination of two-point mutations to diminish the T cell responses significantly (R494A and R505A). However, the cytotoxic activity was reduced 2- to 3-fold by one of these mutations (Table 2).

The six point mutations designed to remove of suppress T cell epitopes were combined into new RITs. LMB-T18 targets CD22 (65), LMB-T20 (Figure 1G), targets mesothelin, HN3-T20 targets GP3 (70), and LMB-273 targets BCMA (69). Each protein contains the mutated toxin as shown in Table 2. Re-analysis of LMB-T20 for T cell activation showed that cryptic or new epitopes did not emerge as a result of altered antigen processing in LMB-T20 (86).

Interestingly, when the de-immunized toxin used to make a RIT that targets human CD25 to kill human T-cell malignancies, the deletion of domain II significantly impaired the cytotoxic activity (67, 68). The dependency on domain II for cytotoxic activity is receptor specific and probably attributable to a variable internalization pathway. To improve the cytotoxic activity of CD25-targeting immunotoxin, PE38 was de-immunized with three more mutations in domain II (Table 2).



B and T Cell De-immunized Immunotoxin

Intriguingly, two of the mutations intended to eliminate T cell epitopes are the same mutations that diminished binding to B cell epitopes. Both (R505A and R427A) have very high accessible surface area (150 and 142 Å, respectively) indicating these arginines are located on the surface of the molecule. Since B cell epitopes are known to contain bulky hydrophilic amino acids like arginine (87–89), it is not surprising that mutations that diminish T cell epitopes also diminish B cell epitopes. Other reports have shown that important epitopes may be shared by B and T cells (90–92), and a functional link between B and T cells that recognize overlapping peptides has been suggested (93).

To reduce reactivity with both B and T-cells, the mutations that eliminated T- and B-cell epitopes were incorporated into a single RIT that targets mesothelin (66). The final RIT (LMB-T14) (Figure 1H) has good cytotoxic and anti-tumor activity vs. human cell lines, patient-derived cells, and mouse tumor models. LMB-14 has reduced binding to serum from patients who developed antibodies compared to its unmutated parental immunotoxin. Unexpectedly, remapping of T-cell epitopes of LMB-T14 revealed that two mutations, that were introduced to eliminate conformational B-cell epitope, created a new T-cell epitope. This demonstrates the challenging balance between cytotoxic activity, B-cell and T-cell reactivity during de-immunization (66).



Translation of De-immunization Effort (Immunogenicity of LMB-100)

The effectivity of T cell de-immunization efforts has not yet been tested in clinical settings. However, LMB-100, a B cell de-immunized RIT, has been tested in a recent trial.

It is difficult to compare the immunogenicity rate in this study to previous ones due to significant variation in the immunogenicity monitoring assays. While the immunogenicity response against SS1P was mostly monitored using a functional Nab assay, immunogenicity response against LMB-100 was monitored using an ADA bridge ELISA. Furthermore, blood half time concentration cannot be compared due to differences in dose, size and structure that can impact half time regardless of immunogenicity. Lastly, the clinical design of the SS1P study excluded patients who had elevated pre-existing antibodies to SS1P, presumably due to prior exposure to Pseudomonas aeruginosa, while 9/20 patients in the LMB-100 trial had pre-existing ADA.

To try and compare SS1P and its de-immunized counterpart, Alewine et al. compared the number of patients with effective RIT Cmax levels (>100 ng/ml). They noted that more than half of patients receiving a second cycle of LMB-100 had detectable plasma drug concentrations. These results compare favorably with SS1P, for which more than 90% of the patients had undetectable drug levels by the start of cycle 2, after excluding patients with high preexisting antibodies (94, 95). This clearly indicates that LMB-100 de-immunization decreased the impact of immunogenicity. However, this improvement was only enough to allow one additional dose on the second cycle for most patients. Only a single patient was ADA negative after the completion of the therapy. We conclude that humanization of the antibody and silencing of the B cell epitopes (and some of the T cell epitopes) is helpful, but not sufficient to completely prevent an immune response. Future work is required to evaluate if the complete T cell de-immunized molecules (LMB-T20 and LMB-T14) are more effective in diminishing the immune response.




SUMMARY AND CONCLUSION

In this review, we described various methods to monitor the immune response against RITs and efforts made to minimize the immunogenicity response in patients by combination therapy or rational design. LMB-100 is the first humanized and de-immunized RIT that was rationally designed for reduced B cell epitopes and evaluated in patient. Although it showed lower rates of immunogenicity compared to its parental RIT (SSIP), formation of ADA and Nab was delayed but not eradicated. Future work will require evaluation of novel approaches like elimination of both the B and T cell epitopes or combination therapy of immune suppressive agents and the de-immunized RIT.
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Immune responses to protein and peptide drugs can alter or reduce their efficacy and may be associated with adverse effects. While anti-drug antibodies (ADA) are a standard clinical measure of protein therapeutic immunogenicity, T cell epitopes in the primary sequences of these drugs are the key drivers or modulators of ADA response, depending on the type of T cell response that is stimulated (e.g., T helper or Regulatory T cells, respectively). In a previous publication on T cell-dependent immunogenicity of biotherapeutics, we addressed mitigation efforts such as identifying and reducing the presence of T cell epitopes or T cell response to protein therapeutics prior to further development of the protein therapeutic for clinical use. Over the past 5 years, greater insight into the role of regulatory T cell epitopes and the conservation of T cell epitopes with self (beyond germline) has improved the preclinical assessment of immunogenic potential. In addition, impurities contained in therapeutic drug formulations such as host cell proteins have also attracted attention and become the focus of novel risk assessment methods. Target effects have come into focus, given the emergence of protein and peptide drugs that target immune receptors in immuno-oncology applications. Lastly, new modalities are entering the clinic, leading to the need to revise certain aspects of the preclinical immunogenicity assessment pathway. In addition to drugs that have multiple antibody-derived domains or non-antibody scaffolds, therapeutic drugs may now be introduced via viral vectors, cell-based constructs, or nucleic acid based therapeutics that may, in addition to delivering drug, also prime the immune system, driving immune response to the delivery vehicle as well as the encoded therapeutic, adding to the complexity of assessing immunogenicity risk. While it is challenging to keep pace with emerging methods for the preclinical assessment of protein therapeutics and new biologic therapeutic modalities, this collective compendium provides a guide to current best practices and new concepts in the field.
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INTRODUCTION


Immunogenicity of Biotherapeutics: Historical Context

Immunogenicity is a term that is used in the biotherapeutic industry to describe undesired immune responses to protein or peptide drugs. Immunogenicity is driven by components that are intrinsic to the product (such as protein sequences integral to the drug itself), to host cell proteins that hitchhike along with the drug as it is purified, or to factors such as excipients that are related to drug formulation. Immunogenicity is also dependent on engagement of the individual patients' immune system and genetic factors that may pre-determine and shape their immune response.

While immunogenicity is often measured in terms of “anti-drug-antibodies” or ADA, obtained from clinical samples, the role of T cells that recognize drug-derived sequences presented on highly variable Human Leukocyte Antigens (HLA), is critically important to determining the immune response of any given subject (Figure 1). Both the individual patient's HLA haplotype and their personal B and T cell repertoire contribute to their individual immune response, leading to a high degree of patient-to-patient variability. Due to inherent variability in the immune systems of each individual patient (and, due to the imperfect means by which this response is measured), they may have no ADA at all, or they may have binding or neutralizing ADA that may reduce the efficacy of the drugs.


[image: Figure 1]
FIGURE 1. Overview of Td immunogenicity. T cell help is necessary for antidrug antibody formation. Proteins are phagocytosed by antigen-presenting cells (APC), after which they are degraded into peptide fragments and processed for presentation on class II HLA molecules on the surface of the APC. Peptides bound to HLA are recognized by cognate T cells which can be either effector or regulatory. Recognition of a regulatory peptide by a regulatory T cell promotes immune tolerance toward the protein, whereas recognition of an effector peptide by an effector T cell drives immunity. Upon antigen recognition, effector T cells are activated, leading to the activation of antigen-specific B cells which mature into antibody secreting plasma cells. In the absence of a T cell response, B cells are not activated and antibodies are not produced. (A) The framework and Fc region of monoclonal antibodies (and the sequences of other protein therapeutics) may contain different amounts of two types of T cell epitopes: Tregitopes, that activate natural regualatory T cells, and T helper (also known as T effector) epitopes, that are new to the human immune system and may engage helper, or effector T cells. These Helper and Treg cells help to modulate immune responses at the B cell level in the B cell follicle. In (B), the lack of regulatory T cell epitopes leads to a T helper dominance and the development of antibodies (ADA) to the monoclonal as shown in (C). As shown in (D), T helper responses to the new epitopes in the CDR region are off-set by regulatory T cells that respond to Treg epitopes, leading to (E) lower levels of Td ADA.


The immunogenicity to a therapeutic protein can be associated with hypersensitivity related reactions. Type 1 hypersensitivity is accompanied by ADA of the IgE isotype. Both IgE and high IgG ADA titers may contribute to significant adverse effects including infulsion reactions and/or anaphylaxis, although these types of adverse effects are uncommon. ADA-IgE complexes can bind and cross link the Fcϵ on basophils and mast cells, leading to IgE-mediated anaphylaxis. In addition, IgG ADA can complex with the therapeutic protein and these immune complexes can cross-link Fcγ receptors on neutrophils, releasing platelet activating factors that resemble histamine. Furthermore, large therapeutic-ADA complexes that fail to get cleared precipitate in the tissues like kidneys, synovial membrane and choroid plexus leading to tissue damage and organ failures (1, 2).

The most significant adverse events occur when ADA are cross-reactive with endogenous protein homologs. For instance, cases of pure red cell aplasia (PRCA) that were attributed to ADA developed unexpectedly after years of administration of recombinant erythropoietin (EPO) to patients without the development of any previous significant immunogenicity issue (3–6). These ADA were attributed to modification of the formulation and route of administration of EPO. PRCA was also recently observed during a clinical trial of a generic EPO developed by Novartis, and in this case was attributed to product aggregation induced by tungsten microparticles that were found in some lots of the drug product (4, 7). Other clinically significant adverse events related to ADA that cross-reacted with endogenous proteins include: neutralizing ADA caused by aggregates present in the formulation of human growth hormone (8), and ADA due to the presence of residual host cell proteins (HCP) in recombinant therapeutic products such as Factor VII (9).

These types of serious outcomes resulting from cross-reactive ADA have inspired the development of a wide range of in vitro methods for measuring the presence of ADA, which have been described in several white papers and regulatory guidance documents (10–17), including one on T-cell dependent immunogenicity published by our group in 2013 (19). In addition, methods for identifying drivers of immune responses to monoclonal antibodies and host cell proteins have also expanded and have been described in a number of publications (16, 20–29) and reviews (30) over the past few years.

As a result of these historical outcomes, regulatory agencies have asked drug developers to use a structured approach to measuring immunogenicity risk for biotherapeutics developers. For example, the European Medicines Agency (EMA) has published a “Guideline on Immunogenicity Assessment of Biotechnology-Derived Therapeutic Proteins” (17, 18) in which factors influencing the immunogenicity of therapeutic proteins were classified into helpful patient-, disease-, or product-related categories (see below). In addition to the EMA guidance, recent FDA guidelines for new drug products and generic versions of existing products have also suggested immunogenicity risk assessment approaches. See for example, the 2014 FDA guidance “Guidance for Industry: Immunogenicity Assessment for Therapeutic Protein Products”(31). This guidance highlights the contribution of T cell epitopes to immunogenicity and also mentions immune modulation attributed to regulatory T cells (22). Furthermore, many of the factors that might predispose a therapeutic protein to be immunogenic have been identified as “critical quality attributes” in the FDA-sponsored Quality-by-Design initiative (32) focused on manufacturing “process development.”

A recently published guidance for synthetic peptide drugs continues the regulatory guidance trend, expressly identifying the importance of T cell responses (33). Here, the Office of Generic Drugs at the FDA has suggested that immunogenicity assessment should extend to synthesis-related impurities, and asks peptide drug developers to evaluate whether impurities that may be co-purified with the active pharmaceutical ingredient (API) contain T-cell epitopes. These recommendations extend to five generic drugs but could be expanded to other novel peptide drugs, and to new generic drugs that enter the generic development pathway.

For peptide or protein-based drugs, the primary amino acid sequence itself can be a strong determinant of immunogenic potential. Beyond the primary sequence, agency guidelines point to patient- and disease-related categories that may pre-dispose a particular individual to an immune response (34). Examples include immune deficiency and concomitant immunosuppressive treatments such as methotrexate, which may decrease immunogenicity, and autoimmunity, which may increase the risk of ADA. In contrast, product-related factors, i.e., factors intrinsic to the final drug product itself that contribute to immunogenicity, may include modifications in the glycosylation profile (35–37), biophysical and biochemical attributes (10, 38–40), peptide manufacturing impurities and/or degradation products, or factors introduced during formulation (17, 28, 41, 42) Clearly, regulatory guidelines and updated preclinical immunogenicity risk assessment approaches are converging on a consensus, providing impetus for this review of the current state of the art.



Focus on Td Immunogenicity Assessment and Mitigation

While immunogenicity is measured by testing for ADA, the root cause is T-cell dependent (Td) immune response, whether the driver is aggregates, host cell proteins, impurities, immune modulation due to target engagement or the sequence of the drug itself. Thus, Td immunogenicity risk assessment focuses on peptides known as T cell epitopes that may be derived from the sequence of the product (whether protein or peptide). Here we will focus on the biologic drug itself; host-cell proteins and other impurities that may be present in the drug product will be addressed in later sections.

Certain drug-derived peptides/epitopes may bind to human leukocyte antigen (HLA)/major histocompatibility complex (MHC) class II molecules, and the peptide/MHC complex is then presented to T cells on the APC cell surface (19, 22). More specifically, T cell epitopes that are processed and derived from the drug substance of the type known as T helper epitopes, are critically important to the development of ADA. The T helper epitopes are presented by a subset of HLA class II molecule (predominantly HLA DR but also DP or DQ) to CD4+ T cells which then provide the essential cytokines for B cell maturation and affinity maturation of the ADA. These interactions occur in the germinal center of lymphoid organs, where dendritic cells and B cells present T cell epitopes to T follicular helper cells and T follicular regulatory cells, which regulate the maturation of humoral immune response (43).

Just as identification of T helper epitopes is central to the process of immunogenicity risk assessment, removal of T cell epitopes; a process known as de-immunization, is key to Td immunogenicity risk mitigation. De-immunization is a process that is now entirely integrated into preclinical programs focused on mitigating Td immunogenicity risk. T cell epitopes that reduce immunogenicity, known as regulatory T cell epitopes, are equally important to immune responses to protein drugs that contain “human” components such as human-derived monoclonal antibodies, enzyme replacement therapies, and other human-origin biotherapeutics. Circulating regulatory T cells (Tregs) known as natural Tregs (nTregs) contribute to regulation of the human immune response and are also known to be epitope-specific (44, 45). The discovery of regulatory T cell epitopes known as Tregitopes in Immunoglobulin G (IgG) (46) improved risk assessment for monoclonals (47). The original IgG Tregitopes were published in Blood (22) others were published in Scientific Reports (48) IgG Tregitopes and “non-IgG” Tregitopes have also been identified in the patent literature (49). Discovery of regulatory T cell epitopes has now expanded beyond immunoglobulin, and is already improving the immunogenicity risk assessment of newer biotherapeutics as well.

A T-cell dependent immune response can drive an affinity matured anti-idiotypic response. Such a mature response driven by long term dosing can impact exposure, efficacy and safety as evidenced in enzyme replacement therapies and clotting factor proteins where immune response can not only lead to loss of exposure and efficacy but can have safety concerns due to cross reactivity to endogenous proteins or lack of other treatment alternatives. Some key examples of formation of neutralizing antibodies associated with loss of response are antibodies to FVIII/FVII and TNF inhibitors leading to loss of response (50–52). Safety concern key examples include development of IgE antibodies to cetuximab associated with anaphylaxis (53), antibodies to EPO associated with pure red cell aplasia (54) and antibodies to MGDF/TPO leading to thrombocytopenia (6).

In summary, a T cell-focused approach to the mitigation of immunogenicity emerged by 2010, leading experts to codify existing Td approaches to immunogenicity assessment and mitigation in the first version of this Td immunogenicity “white paper” (19). Almost a decade later, new concepts have emerged, and new modalities are in the clinic, and it is time to update and review Td immunogenicity.



Definitions: T-Dependent Immune Responses to Biotherapeutics
 
Self vs. Non-self

Before addressing Td immune responses to biotherapeutics in further detail, it is helpful to remember that immune responses to these drugs can be divided into two broad categories. The first category would include what are considered to be “foreign” proteins (foreign to the patient), and the immune response to these proteins is typical of responses elicited against pathogens, vaccines, or allotypic antigens. Blood factors such as Factor VIII fall in this category since they are developed for individuals who are lacking, in whole or in part, the endogenous counterpart. This is also true for replacement enzymes such as acid alpha glucosidase (GAA), for Pompe disease. The second category of biotherapeutics involves autologous proteins (“self”), and thus “immunogenicity” to these proteins suggests a breach of B and/or T cell tolerance, similar to the response elicited to autologous self-proteins in certain autoimmune diseases.

Self-tolerance is actively regulated by circulating regulatory T cells (Figure 2A). These T cells respond to sequences in self proteins such as immunoglobulin, that may be identical in HLA binding features to non-self epitopes, but respond differently to activation of their T cell receptor (TCR). For example, regulatory T cells secreting IL-10 in response to HLA DR-restricted T cell epitopes in IgG have been identified by Franco and Sette (55) in immunoglobulin-treated subjects with Kawasaki's disease, and IL-10 responses (which may be due to Treg activation) have also been recorded in patients treated with infliximab to specific T cell epitopes derived from infliximab (56). Close inspection of peptide sequences eluted from antigen presenting cells that have been pulsed with monoclonal antibodies such as infliximab confirms the presence of many published and unpublished regulatory T cell epitopes known as Tregitopes, and these peptides do not elicit T cell responses (other than regulatory T cell responses) in vitro (57). See, for example, Figure 2B for an illustration of the location of Tregitopes (green) in two well-known monoclonal antibody drugs [infliximab (Remicade) and adalimumab (Humira)]; both monoclonals target TNF. Adalimumab (Humira) has fewer T cell epitopes and more Treg epitopes and is less immunogenic in the clinic (58).


[image: Figure 2]
FIGURE 2. Treg epitopes, T effector epitopes, and T cell types. (A) Categories of T cells that are involved in immune responses to biotherapeutics. CD4 T cells (also known as T helper cells) orchestrate T-dependent anti-drug antibody responses. One of the best methods to differentiate the types of T cells that respond to biotherapeutics is to use flow cytometry, in which the surface and internal markers are used to differentiate categories that correlate with function. There are two types of T cells that can respond to biologics, including Regulatory T cells or “Tregs” (characterized by low levels of the cell surface marker CD127 and high levels of the internal marker FoxP3); and Effector T cells that are CD25 intermediate, FoxP3 low. Regulatory T cells can be further divided into natural regulatory T cells that are trained in the thymus, and induced (iTReg) Tregs that can be induced in the periphery. Each cell type has characteristic cell surface markers. (B) Categories of T cell epitopes found in biotherapeutics. The framework and Fc region of monoclonal antibodies may contain different amounts of two types of T cell epitopes: Tregitopes, that activate natural regualatory T cells, and T effector epitopes, that are new to the human immune system and may engage helper, or effector T cells. Two types of anti-TNF monoclonals are shown, with colored lines representing the approximate location of Treg epitopes found in their sequence in green and T effector epitopes in yellow [analysis by Rob Ventura of EpiVax, using the ISPRI Toolkit (157)].


Given that many self proteins such as monoclonals appear to contain regulatory T cell epitopes, the means by which breach of immune tolerance occurs is not as well-defined as the mechanisms for immune response to foreign proteins, but may include epitope mimicry, cross-reactivity of T cells, presence of trace levels of innate immune activators such as toll-like receptor agonists (42, 59, 60), and/or aggregated proteins (61). Genetic variations in Toll Like Receptors (TLR); polymorphisms in co-stimulatory molecules, modifications to cytokine receptors, and more, are likely to be involved in “breach of tolerance.” Patients who have autoimmune diseases may have some of these genetic anomalies and can be considered higher risk for developing ADA (62–65).



T-Independent vs. T-Dependent

Beyond regulation by T cell responses, humoral immune responses such as ADA can be thymus independent [T cell independent, (Ti)] rather than Td in origin (66, 67). For example, B cells may be activated in a Ti manner when particular structural patterns, such as polymeric repeats or carbohydrate molecules, directly activate B cells via the B Cell Receptor (BCR). Ti activation of B cells can be distinguished from Td activation, as the antibodies resulting from Ti activation are limited in both isotype and affinity and if memory B cells are generated, they are not long-lived (68, 69). In contrast, Td activation of B cells is characterized by class switching (IgM to IgG) and development of memory B cells that produce higher-affinity, more robust, and longer-lived antibody responses. The development of IgG-class antibodies following administration of a biotherapeutic generally indicates that the therapeutic is driving a Td immune response.

Td responses, by definition, are contingent upon T cell recognition of therapeutic protein-derived epitopes through the basic processes of protein antigen processing and presentation. Since human populations express a number of different HLA class II alleles, the interaction between antigenic epitope and HLA may exhibit a range of binding stabilities across the spectrum of HLA alleles expressed in the human population. This HLA genetic polymorphism and its consequent impact on the binding of specific peptides (HLA restriction) is the primary mechanism by which patient genetics (HLA haplotype) becomes a major determinant of immune responses to particular protein therapeutics.



Innate Immune Response

The innate immune system controls the initiation of Td immunity. Innate immune cells termed antigen presenting cells (APCs), upon activation in the periphery, migrate to the local lymph node where they can present drug-derived peptide antigens to antigen specific helper T cells in the presence of the proper co-stimulatory signals. Unlike the specific nature of the T and B cell receptors, cells of the innate immune system express germline encoded receptors termed pattern recognition receptors (PRRs) that recognize common microbial motifs (pathogen associated molecular patterns, or PAMPS). PRRs include several families of receptors such as Toll-like receptors (TLRs), RIG-1 helicases and C-type lectin receptors (42, 70).

In addition to recognizing microbial patterns, PRRs can also recognize a class of alarm signals called alarmins or danger associated molecular patterns (DAMPs) that are released in large quantities by stressed and dying cells to promote a localized inflammatory response. While DAMPs evolved to help combat pathogens, tissue damage, and stress that occurs during administration by a protein therapeutic can lead to DAMP-mediated inflammation and promotion of the adaptive immune response. Additionally, host cell and process derived impurities termed innate immune response modifying impurities (IIRMIs) can stimulate the innate immune system through interactions with PRRs promoting adaptive immunity. In vitro and in vivo studies have shown that IIRMIs, even at trace levels, can break tolerance to therapeutic proteins and promote an unwanted immune response (42).

New modalities such as Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) therapies, characterize the intersection between innate and Td immunogenicity in drug development. Firstly, these new delivery systems, may engage natural Toll-like receptors that are activated by RNA or DNA, and, second, they may be delivering a payload that is inherently immunogenic, not only by driving T help and antibody generation but also by driving adaptive T cell responses that eliminate the transduced target cells.





NEW CONCEPTS: PATIENT- AND DRUG-SPECIFIC IMMUNOGENICITY

Careful observation of the field over the past 5 years has contributed to the emergence of important new concepts in Td immunogenicity. These include observations related to the immune state of the patient receiving the biotherapeutic and the mechanism of action, or target of the biotherapeutic. For example, treatments targeting cardiovascular disease subjects are generally less likely to be associated with increased ADA, whereas autoimmune disease subjects may present with a spectrum of immune dysfunctions that can lead to increased propensity for anti-therapeutic response. Alternatively, some populations of patients may have unusual HLA distributions that are linked to greater presentation of T effector epitopes derived from the drug sequence, leading to higher or lower levels of immunogenicity. Lastly, the mechanism of action of the drug itself may interfere with, or promote, the activation of the immune system, leading to higher or lower risk of immunogenicity. Each of these topics is discussed in the next few sections.


Patient-Specific Determinants of Immunogenicity
 
Disease Status

It is not uncommon to see one to two individuals per 100 that have higher baseline immune responses than others; these higher risk individuals may also have exaggerated immune responses to the delivery vehicle as well. The baseline immune status of a subject (including as described above, B and T cell repertoire as well as HLA hapolotype) can influence their ability to mount an immune response to a biologic. Tsang et al. (71) have established that such differences can influence the outcome of immune responses to the therapeutic proteins through an in-depth analysis of immune parameters associated with PBMC, frequency of cell populations, serum levels of chemokines and proteins indicative of immune activation. Also as described above, biotherapeutics may be more immunogenic in autoimmune disease patients due to the underlying inflammatory status of the recipient patient's immune system.

In years past, drugs that targeted patients who have auto-immune diseases included anti-TNF agents, which had remarkably different immune profiles in selected patient populations. A systematic review by Thomas (72) illustrates the variability of biotherapeutics in the context of Rheumatoid Arthritis (RA): the most immunogenic were infliximab (25.3%), followed by adalimumab (14.1%) and certolizumab (6.9%). These rates of immunogenicity are significantly higher than those reported for the same drugs in patients who have ankylosing spondylitis, which may either reflect the immune status of the patients or the HLA-skewing of select auto-immune diseases.

Explanations for the increased level of ADA in RA and autoimmune patients vary, however, such patients may have defective regulatory T cells (73–76) or lack functional regulatory T cell cytokine receptors (IL-2, IL-10) (77–79). Perturbation in the function of regulatory T cells or of regulatory cytokines that are critical for Treg function, may dramatically decrease Treg response to drugs that contain Tregitopes, which include many of the monoclonals that are used to treat autoimmune diseases. Drugs such as methotrexate and TNF-inhibitors have been shown to restore Treg function, potentially reducing ADA once the drug is at therapeutic levels (80). This is one potential explanation for the observation that ADA tend to be higher in patients who have, active, flaring RA; and may also explain why ADA may disappear with effective anti-inflammatory drug treatment (81).

Clearly, the immune system can be modulated by anti-inflammatory treatments (see also Tolerance induction section). Clinicians and drug developers may benefit from collaboration so as to improve the proactive assessment of immunogenicity in the context of autoimmune disease. Collaboration will enable personalized treatments and better clinical decisions based on improved awareness and detection of immunogenicity risk factors.



HLA

ADA measurement has further limitations with lack of reliability during dosing timepoints. The most optimal way to support the translatability of the algorithm and T cell based predictive assays is to correlate with T cell responses in the dosed donors. Several recent studies have shown the direct association of a mature ADA response with presence of therapeutic specific T helper cells (82–84). The algorithms used to identify sequence-based risks can provide the first glimpse of HLA types in a population that would be at risk to bind the non-self epitopes in a protein. Based on the prevalence of the HLA types for a geographical location, the risk for immunogenicity in clinic can be modeled. Additionally, HLA typing of subjects being enrolled for clinical trials can help track if the ADA responses are associated with the HLA that were predicted to be at risk. Indeed, the past decade has been marked by a flurry of publications related to the association of certain HLA class II alleles with immunogenicity risk for selected biologic therapeutics. Buck et al. (85) demonstrated that HLA-DRB1*04:01 and HLA-DRB1*07:01 multiple sclerosis patients exhibit an increased risk for developing neutralizing antibodies to IFNβ. A similar association of HLA-DRB1*04:01 and HLA DRB1*15 carriage with a higher risk of ADA development to IFNβ-1b and IFNβ-1a, respectively, was identified by Link et al. (86). Increased risk of ADA development to infliximab was also observed for HLA-DRB-11, HLA-DQ-03, and HLA-DQ-05 carriers in rheumatoid diseases (87) and HLA-DRB1*03 inflammatory bowel disease patients (88) and two risk alleles (HLA-DRB1*03 and HLA-DRB1*011) and three protective alleles (HLA-DQB1*05, HLA-DRB1*01, and HLA-DRB1*07) were described for various anti-TNFa in rheumatoid diseases patients (88, 89). Larger databases of patient data may reveal greater numbers of HLA-associations and may also simply confirm that all HLA class II molecules, rather than just one or two, perform the critical function of presenting T cell epitopes to the immune system in drug-exposed subjects.



Microbiome

Recent studies have confirmed the long-standing hypothesis that the human gut is inhabited by microbiota that can have a strong impact on host immune responsiveness. On the one hand, the immune system, including T cells that may bear TCR for novel epitopes found in biotherapeutics may be tolerized to the commensal pathogens due to presence of the Toll-like receptors (TLRs) on the epithelial and lymphoid cells of the small intestine that suppress any inflammatory responses and maintain intestinal homeostasis (90). On the other hand, the microbiota in the gut can influence the differentiation of the Th cell subsets that maintain homeostasis. In addition, NOD like receptors (NLRs) can also recognize the microbial organisms and modulate the immune responses of T cells to avoid inflammation. If the therapeutic T cell epitope sequence contains sequences that resemble sequences from the genome of the microbiota, the risk of mounting an immune response may be higher (if T effector epitopes are conserved) or lower if regulatory T cell epitopes are conserved with the drug (91). The influence of gut microbiota in individuals from geographical regions with a higher exposure to environmental pathogens vs. those from urban environments, and in individuals who have taken antibiotics prior to being treated with biologic therapeutics certainly deserves careful consideration by the immunogenicity risk assessment community.



Drug Function as a Determinant of Immunogenicity

With the emergence of immune-system-targeting biotherapeutics, it has become clear that the actions of the drug itself can also contribute to, or modulate immunogenicity. This was posulated to play a role in the activity of anti-TNF agents due to the impact of TNF on regulatory T cells, as described above. Improved Treg function as a result of anti-TNF therapy may lead to reductions in ADA to anti-TNF agents over the course of time (81, 92). Similarly, IL-2, a cytokine that is required for the function of regulatory T cells may not only induce a pro-regulatory environment but could also reduce the likelihood of ADA developing to the drug. This mechanism may contribute to the effectiveness of low-dose IL-2 therapy in autoimmune disease (93). Conversely, IL-2 is also capable of enhancing the function of effector T cell responses and has been used at high doses in the treatment of viral and oncological disease (94).

Teraparatide, a peptide drug, provides yet another illustration of target effects. It elicits cytokine release from T cells (e.g., TNFα, IL-1, and IL-6) as well as IL-2 (95, 96). Thus, Teriparatide may exert a direct effect (both pro-inflammatory and anti-inflammatory) on the immune system. And check point inhibitors, the newest class of biotherapeutics to hit the clinic, can directly interfere with immune response and contribute to immune response, potentially increasing immunogenicity as described in the next two sections.



Drug Target and Immunogenicity: Checkpoint Inhibitors

Some drugs, such as check point inhibitors (CPI), are used to enhance immune responses, As a result, checkpoint inhibitors have been proven to be successful in the treatment of aggressive cancers, and some of them are also more immunogenic than expected, potentially leading to loss of efficacy with continued treatments. One hypothesis is that their actions reduce the tolerizing effect of natural Tregitopes that may be present in the sequence of the checkpoint inhibitor drug and/or enhance effector T cell responses to foreign epitopes in the drug sequence. In line with the inhibition of immune inhibitory pathways, Treg depletion and a toxicology profile of decreased self-tolerance that is observed with CPI treatment, selected checkpoint inhibitors Atezolizumab (anti PD-L1) are associated with markedly higher ADA (39.1–48%) than would normally be expected given their fully human IgG framework.

The enhancing effect on immunogenicity appears to be especially salient when the drugs are used in combination. For example, the immune response to Nivolumab in monotherapy was 12%, however it was significantly increased to 24–38% when Nivolumab was dosed in combination with Ipilimumab (97). Combination therapies with checkpoint inhibitors like Pembrolizumab (Keytruda) and Nivolumab (Opdivo) and small and large molecule T cell modulatory targets like CTLA 4, Lag3, TIGIT, GITR, etc. have not only shown improved efficacy as noticed by tumor regression and long term survival but may also have the potential for demonstrated synergistic immunogenicity when used in combination (98–103).

Despite these observations, some checkpoint inhibitor monotherapies have demonstrated standard rates of immunogenicity (1–10% ADA); for example (97). The reason for these differences is as yet unexplained, but may be due to differing degrees of “intolerance” specific to the actions of the molecule that is the target of the CPI, as well as attributes that improve processing and presentation of the drug itself, in the inflamed tumor or draining lymph nodes. Technical limitations of ADA assays (104–106) might also contribute to differences in ADA incidences in the immuno-oncology field. In summary, while checkpoint therapeutics may reduce tolerance to tumors, they also appear to enhance the likelihood of T-cell driven immune response of the biotherapeutics especially when administered in combination.



Drug Target and Immunogenicity: Anti-inflammatory Cytokine Inhibition

In contrast with CPI, certain anti-cytokine agents are known to be much less immunogenic than expected. One such drug is an anti-IL-6 biologic, known as Tocilizumab, a drug that is now widely used in RA and in other autoimmune diseases (107). Notably, IL-6 is required for T cell activation, thus, interference with IL-6 may reduce T engagement and thereby reduce ADA. Another example of a drug that may directly interfere with immunogenicity is Rituximab, which targets CD20 on developing B cells and reduces the formation of antibody secreting plasma cells, which may explain why ADA are not generally detected for this drug.





NEW MODALITIES

New means of delivering drugs such as via gene therapy (DNA, RNA) or encoded in a vector for delivery (108) may engage new types of immune response. For example, unexpected anti-drug CD8 T cell (HLA Class I-restricted) responses to biotherapeutics have been described recently. Specifically, therapeutic anti-CD19 CAR-T cells were destroyed by CD8 T cells that targeted murine sequence-derived T cell epitopes in the transgene, abrogating the efficacy of the CAR-T for several patients (109). Drugs that enter cells and are expressed by them (such as viral-vector mediated monoclonal antibodies) may be interfacing with cell mediated immune responses leading to unanticipated immunogenicity and, potentially, failure in the clinic.


Biologic Therapy by Viral Vector

Next generation viral and cell-based therapies are now being diverted from the gene therapy market to deliver modalities that target solid tumors directly. Additionally, antibody drug conjugates (ADC) which are antibodies or alterative scaffolds, delivering small molecules like toxins or cell inhibitors conjugated to antibodies, are being used to target tumors. In addition, viral mediated transduction of antibodies and cytokines is being used to express the foreign transgenes in relevant cells, to enhance T-cell mediated killing. When viral vectors are used to deliver drugs, the impact is similar to a viral infection, engaging both CD8 T cell responses as well as CD4 T cell and antibody responses. Furthermore, the products may not be entirely pure, and thus hostcell proteins or impurities may be responsible for driving the immune response, not the sequence of the drug itself.



Gene Therapy

Immunogenicity to gene therapy can be challenging to address, and has the potential to limit efficacy. Viral-based delivery may be intrinsically immunogenic because they contain T cell epitopes that drive T-cell mediated elimination of transduced cells, as was the case with adeno-associated vectors (AAV) (110). Both pre-existing antibodies or T cell responses to the viral delivery vector can neutralize the delivery of the viral vectors, and some clinical studies have exclusion criteria based on pre-existing anti-vector antibodies. Switching to different viral isotypes or engineering of the viral vector surface proteins is further complicated by the tissue selectivity of the vector, which may also be required for effective gene delivery (111).

The transgene [the intended drug product, such as a monoclonal antibody or a replacement protein (blood factor, other) which will be expressed in the patient's body] can also be the target of immunogenicity, and immunogenicity is not limited to ADA, especially if the transgene is intended to replace a defective (or absent) gene, which may lead to recognition of the transgene as a foreign protein. T cell responses to the transgene can include HLA class I mediated CTL response to the intracellular product of the gene therapy, damaging the tissue that expresses the transgene and leading to loss of functional gene therapy product (112). Thus, consideration of both HLA class I and HLA class II-restricted epitopes is required for immunogenicity assessment of the gene therapy vector and its transgene product.



T Cell Specific Oncolytic Viruses

Oncolytic viruses are administered in combination with other therapeutic proteins like checkpoint inhibitors or immune modulatory targets to actively support tumor killing by activating the immune system (113). The efficacy of oncolytic viruses can however be impacted by development of neutralizing immune response to viral capsids as well as a virus specific T-cell response. Pre-existing immune response to the oncolytic virus can reduce the efficacy of the oncolytic virus due to neutralization by anti-viral antibodies, post-dosing (114, 115).



Chimeric Antigen Receptor (CAR)-T

Autologous T cells that have been transduced with genes that express anti-tumor-specific antigens such as CD19 have been demonstrated to have significant antitumor activity in hematologic malignancies. Even though cell therapies have gained approval by US and European regulatory agencies, there are considerable immunogenicity challenges that arise during the production and administration of these personalized therapies. Both humoral and cell mediated responses can occur against unique chimeric antigen receptor (CAR) components (108). For example, immune response may target the CAR-T due to the presence of non-human sequences in the CAR construct and suicide domain components. Immunogenicity may also be generated by residual impurities such as viral proteins or other gene editing-related non-human proteins.

CD8+ T cell–mediated immune responses have been reported after anti-CD19 CAR–T cell infusion in some patients (116). These CD8 T cell response to CAR transgene limited CAR–T cell persistence and increased the risk of relapse. In the published study, five patients that had developed persistent leukemia or relapse after an initial infusion of anti-CD19 CAR-T received a second infusion of CAR-T cells, and for these patients, there was no expansion or persistence of CAR-T cells or demonstrable antitumor activity and infusion was followed by the loss of CAR T cell population. The loss was attributed to a specific CD8 T cell response to the CAR-T; a T cell line generated from one patient showed specific CD8+ restricted autologous CAR-T cell lysis which was shown to be driven by the murine portion of the CAR-T with a peptide ELISPOT (116).



Peptide Drugs: Novel, Generic, and Peptide Impurities

Over the last several decades, important advances in peptide synthesis has contributed to a major shift in the manufacturing of therapeutic peptide drugs and an expansion in the number of novel peptides entering clinical pipelines. As for monoclonals, blood factors, and recombinant enzymes, HLA-binding sequences that are present in peptide drugs may activate regulatory or effector T cells, and therefore, peptides can be immunogenic in clinical use. The transition from fully recombinant to synthetic peptide drugs has led to increased regulatory concern about synthesis-related impurities that may induce unwanted immune responses including ADA. Regulatory experience with selected generic peptides has contributed to the development of draft guidelines for generic peptide products that was recently introduced by the Office of Generic Drugs at the FDA (33).

Immunogenicity to peptide drugs is primarily related to peptide synthesis methods that can introduce peptide impurities that may be difficult to remove from the final drug formulation. These impurities may contain novel T cell epitopes that could contribute to T cell activation (and ADA). In some cases, impurities have been associated with anaphylaxis (117). Several classes of peptide impurities can be generated at each step of the peptide synthesis process including amino acid insertions and deletions, incorporation of diastereomeric amino acids, and oxidation of amino acid R groups. In addition, impurities can arise during storage. A thorough review of impurities in peptide drugs, and where they occur in the synthesis process can be found in D'Hondt et al. “Related Impurities in Peptide Medicine (118). Analysis of these impurities can be performed with in silico tools and in vitro assays, similar to the process described below for biotherapeutics.

Relative to T cell dependent immunogenicity, new T cell epitopes may be introduced when unintended modifications to the amino acid sequence of the drug result in impurities that contain new HLA-binding ligands or changes to the TCR-facing contours of existing epitopes. For example, a novel GLP-1 inhibitor that was in commercial development was discontinued after the number of patients with confirmed positive anti-drug antibody tests increased from 16% at week 12 to 39% at week 24 (117); up to 5% of patients also developed systemic allergic reactions.




COMPUTATIONAL IMMUNOGENICITY RISK ASSESSMENT


In silico Screening

Current practice of immunogenicity screening generally starts with an in silico assessment and then proceeds to HLA binding assays, T cell assays, and MHC associated peptide proteomics (MAPPs) as needed. Some groups (57, 83, 119) start with MAPPs and do not use in silico tools, however, MAPPS is resource-consuming and costly. Greater experience with and familiarity with available in silico tools is likely to lead to greater adaptation of these tools as the first step in immunogenicity assessment in the future. This section will briefly describe available tools and highlight improvements to these tools.



T Cell Epitope Prediction

As described in section Definitions: T-Dependent Immune Responses to Biotherapeutics, ADA responses develop due to an adaptive immune response, supported by T cells responding to linear peptide epitopes displayed by HLA on the surface of APCs. For biotherapeutics delivered via conventional (exogenous, i.e., intravenous, subcutaneous, even topical) routes, presentation through the Class II pathway to CD4+ helper T cells is most relevant, however, as also discussed above, CD8+ T cell response biotherapeutics delivered by viral vectors and cell therapies is a rising concern. Fortunately, T cell epitopes can now be predicted with a high degree of confidence (A separate manuscript describing the typical approach to in silico risk assessment in detail has been submitted to this issue and topic in Frontiers).

The core residues of a T cell epitope sequence that define the affinity and stability of binding to pockets of HLA DR, DP and DQ alleles are generally nine amino acids long. Despite this fact, due to the open ended conformation of the Class II HLA binding groove, and the stabilizing effect of “flanking” residues around 9-mer core sequences, peptides reported to bind to Class II HLA and to stimulate T cell response are most often longer in length, and most web-accessible T cell epitope mapping tools parse full protein sequences into overlapping frames of 9–15 residues and report a rank, score or predicted affinity for each frame. Methods to assess the immunogenic potential of a complete protein are available on several public and academic platforms (120, 121) in some cases paired with mathematical models based on hypothetical binding affinities and T cell precursor frequencies, or with MAPPs-determined peptidomes (122–125).

Publicly available websites for epitope scanning may appear and disappear, and can also be modified, often without notification, leading to changes in immunogenicity interpretations over time. For this reason, many mid to large-pharmaceutical companies import on-line algorithms and operate them within their firewalls to reduce the risk of intellectual property disclosure. Others use web-based tools such as the secure-access commercial-grade ISPRI toolkit. Alternatively, companies may outsource immunogenicity prediction to commercial research organizations.

Some tools such as the commercial ISPRI platform use unique algorithms and knowledge to identify Treg epitopes in monoclonal antibody sequences and provide a statistical assessment of epitope content relative to random expectations and adjusted for selfness (i.e., tolerogenic potential) (126). Direct ranking of a new biologic drug products against other known non-immunogenic and immunogenic products is possible using a normalized “immunogenicity scale.” The toolkit also features novel algorithms to search for epitope that are “human-like” (see next section) and therefore less likely to engage activated T cells, and methods for deimmunization and tolerization that can be performed directly in silico (127).



Screening for Self-Ness

T cells recognize not only peptide sequences, but the complex of peptide bound in the cleft of an HLA molecule. In any HLA ligand, certain amino acids are in contact with the HLA molecule itself, while others are accessible to the TCR. If TCR-facing residues from a given epitope are conserved among multiple HLA-binding sequences from the human proteome, the epitope in question may activate T cells specific to these human proteins. This may lead to a regulatory response generated by natural Tregs or to a limited or null response due to T cell anergy or deletion during thymic selection.

For many HLA alleles, the peptide positions responsible for anchoring in the HLA binding cleft are known, and other residues have been reported to interact with the TCR. Algorithms such as JanusMatrix (128) can be employed to screen predicted epitopes derived from candidate therapeutics against the human proteome to distinguish the peptides that are more self-like, and thereby likely to be tolerated, from those that have limited human cross-conservation and are thereby more likely to be recognized as foreign by the human immune system. Therapeutic-derived epitopes that appear foreign are the most likely targets of anti-therapeutic T cell response.


Screening Against Relevant Peptide Libraries

Once T cell epiotopes are identified, it is also possible to determine whether the epitope has been tested in vitro or in vivo. The Immune Epitope Database (www.iedb.org), a contracted endeavor from the US National Institute of Allergy and Infectious Diseases, has now curated 20,860 journal articles and direct submissions, cataloging nearly 622,105 peptidic epitopes (129). By screening novel sequences against this database, researchers can determine whether peptides related to the epitopes in products in development have been reported as MHC ligands, and whether the phenotype of T cell response is known, allowing for triage of well-understood sequences from unknown sequences of greater immunogenic risk. Furthermore, when risk signals are identified, proteomics databases that contain sequences elulted from antigen-presenting cells (130) can reveal important relationships across tissues and disease states to inform careful monitoring during clinical studies.




Ranking Biologic Candidates by Immunogenic Potential

All other factors being equal, the greater the burden of T cell epitopes contained in a given protein, the more likely it is that the protein will induce an immune response. The comparison of one biologic to another is possible to accomplish by normalizing epitope content scores across HLA alleles and adjusting for sequence lengths, as is done on the ISPRI toolkit (47, 127). Regional epitope density can also drive immune responses. A detailed description of the global and regional approach to determining immunogenicity risk is described in detail in reference (47).




IN VITRO METHODS FOR ASSESSING IMMUNOGENICITY RISK

Extensive validation in vitro assays may be cost-prohibitive, thus current practice is to initiate the analysis with advanced in silico tools (127). Following in silico analysis, HLA binding and T cell assays can be performed or outsourced to commercial research organizations. These assays can be applied (i) at the very early stages of drug development to design de novo therapeutics with low predicted immunogenicity, (ii) at a later stage to de-immunize a clinical asset exhibiting high immunogenicity in First in Human studies, (iii) retrospectively after program termination, to decipher the mechanisms and immunogenicity risk factors underlying the high observed clinical immunogenicity. Clearly, for new (and generic versions of older) biologic drugs to be successful, immunogenicity risk assessment is most cost-effective if performed in the pre-clinical phase of development.


In vitro Assays
 
HLA Binding Assay

The first step in generating a T cell response is recognition of a peptide antigen presented on a HLA class II / MHC class II molecule to a T cell by an APC. Once a potential epitope is identified by in silico analysis, the prediction can be first validated through HLA binding assays, such as the assay described by Steere et al. (131), to assess the ability of a peptide to bind one or more HLA supertype alleles. Supertype alleles refers to families of HLA-DR alleles that share epitope binding motifs. By taking advantage of these supertype families, it is possible to perform binding assays on a relatively small number of alleles while covering >95% of the human population worldwide. A standard binding assay is described in Figure 3.
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FIGURE 3. HLA binding assays and optimal peptide design. In brief, the peptide of interest is incubated with an allele-specific labeled tracer peptide and a soluble HLA supertype monomer are incubated to equilibrium. The following day the binding reaction is halted and the mixture is transferred to assay plates precoated with a pan anti-HLA-DR antibody and incubated overnight. Following this incubation, the plates are developed and peptide binding is indirectly measured by time resolved fluorescence spectroscopy. By using a fixed concentration of the labeled tracer peptide and a range of concentrations for the test peptide, one can generate a multi-point dose ranging curve that enables the calculation of an IC50 value which provides information not only about the ability of the peptide to bind HLA (yes/no) but also about the relative affinity of the peptide to a given HLA-DR supertype. Once can utilize the IC50 values to divide peptides into categories based on their affinity for a given HLA allele, such as high, moderate, low, and non-binding. As new technology becomes available and accessible, it will be useful to look at the kinetics of the binding reaction as well.


A key factor in generation of meaningful binding assay data is the design of the peptide sequence to be tested, and source of the test peptide. The core binding region of a class II peptide contains nine amino acids that sit within the peptide binding groove of an HLA molecule. This interaction is stabilized by flanking residues on either side of the core binding region and extend outside of the binding groove. When designing peptides for binding assays, it is important to properly center the binding motif within the peptide. Failing to do so can lead to the absence of binding despite the presence of an HLA binding motif. This is often seen in data generated by making use of overlapping peptides (83, 132).

The negative impact of improper centering of the T cell epitope in the peptide sequence (centered, with flanking residues on either side) is shown in Figure 4.
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FIGURE 4. Optimizing test peptides for the HLA peptide binding assay. HLA binding data for Infliximab peptides, published by (83) are shown as described in the publication and compared to in silico predictions. The peptides were re-synthesized with centered HLA binding motifs and the assays were performed using a seven-point concentration curve in a competition assay. In silico predicted core residues are shown in dark blue and flanking residues predicted to stabilize binding but not to interact with the binding groove are shown in gray. Residue positions in source protein are indicated next to the results for HLA binding assays to four HLA DR alleles (Columns). (Left) Shows the results for HLA binding of original (15mer, overlapping by 5) peptides tested in vitro and published data, as compared to in silico predictions. The agreement between predicted and published is only 65%. (Right) Shows repeat data with optimized peptides (MOD) with centered HLA-binding motifs, and repeat assays using a more sensitive assay (competition assays, see Figure 2) as compared to in silico predictions. Centering the HLA binding motif and using a more sensitive assay improved the agreement between in silico and in vitro assays to 84%. Assay performed by BJR, peptides synthesized at Twenty-first Century Peptides, Waltham, MA).


Peptide purity can also affect the outcome of a binding assay. Purity from some manufacturers can be as low as 60% due to the manufacturing process and the purity of the raw materials. Impurities within the peptides can lead to false positives and lead to faulty conclusions. Peptides for binding assays should be at a minimum 85% pure and should be ordered as net peptide. Spurious results can also be attributed to faulty synthesis. For example, non-binding peptides may have been synthesized on the same machine as earlier runs used to synthesize HLA binding peptides. This type of contamination can derail a drug development program, see for example, reference (133).




Ex vivo Assays
 
PBMC Assays

Peripheral blood mononuclear cells (PBMCs) isolated from whole blood are the most prevalent source of responder cells for in vitro cell based assays for immunogenicity prediction (19, 29). The PBMCs used in experiments can be freshly isolated from healthy volunteer or diseased individuals or thawed from a cryopreserved bank of material potentially covering an appropriate representation of disease relevant or common well-documented HLA alleles. Due to the high throughput and ease of execution, PBMC assays using whole PBMCs, or CD8+ T cell depleted PBMCs remain the most commonly performed in vitro cell based assay for measuring the potential of immunogenicity (83, 119, 134–136).

In addition to typical biological products like protein, antibodies etc., product co-impurities including such as host cell proteins components, protein aggregates, synthesized peptide fragments, and others can also be evaluated in these assays. Multiple rounds of stimulation can be performed by replacing cell supernatants with fresh media spiked with the desired stimulant during extended culturing in order to expand populations of antigen specific T cells for further characterization (29, 119, 137). Schultz et al. recently reported success with a variation of the PBMC cell based assay that allows the enrichment of the number of CD4+ T cells prior to co-culture with irradiated syngeneic PBMCs in an effort to increase throughput and sensitivity (138).

The biological outcomes for T cell activation can be measured in these in vitro assays (both PBMC based and DC-T cell (see below) using a number of readouts. T-cell proliferation as assessed by thymidine incorporation and CFSE dye dilution are used frequently (7, 139, 140). Activation induced cytokine secretion may be measured using a focused (IL-2, IL-4, IFN-γ) or large multiplexed cytokine immunoassay panels and ELISPOT and are used as markers for T-cell activation and immunogenicity potential (136, 141, 142). Flow cytometry based detection of T cell responders allows a further characterization of the response in terms of intracellular cytokines, regulation of cell surface markers of activation, signal transduction events, and proliferation of specific T cell types (143, 144).



DC-T Cell Assays

In vitro co-cultures of monocyte derived dendritic cells (moDCs) and autologous CD4+ T cells are being increasingly used to evaluate immunogenicity potential of drug candidates and product CQAs. The DC-T cell or DC-PBMC methods pare the system down to the basic components of cell mediated immunity: CD4+ T cells interacting with an APC at relevant cell ratios, enhancing sensitivity as the total number of potential responder cells in the experimental system is much greater than the whole PBMC method. However, this method is time consuming and requires isolation and differentiation of monocytes into dendritic cells followed by an antigen loading/pulsing step which may be reagent, operator and material dependent.

Monocytes may be isolated from PBMC starting material using plastic adherence or isolation steps using magnetic bead separation methods. Differentiation and maturation of moDCs using cytokines or other factors is then performed (7, 57, 144–146), concurrently with the addition of the desired biotherapeutic, peptide fragments, or aggregates. The matured, pulsed moDCs are then typically combined in a co-culture with autologous, purified CD4+ T cells to allow for antigen presentation and T cell activation depending on immunogenicity potential. The responses are measured as is performed for PBMC assays as described above. An advanced variation of the moDC-T cell system is the Modular Immune In vitro Construct (MIMIC®) model which is capable of reproducibly generating both antigen-specific innate and adaptive immune responses against biologic such as proteins, peptides, mAbs as well as novel modalities including nucleic acids (147, 148) has also been described for these purposes.



Flow Cytometry Analysis of T Cell Phenotype

Flow cytometry has become a valuable tool in the assessment of immunogenicity that allows for the characterization of an immune response down to the single cell level (149). As the instruments become more sophisticated by adding more laser and filter combinations as well as advances in staining and detection methods, a wealth of information can be obtained from a sample of patient's blood.

T cell epitopes have the capacity to be either immunogenic or tolerogenic. While it may be difficult to measure the expansion of Tregs in cell culture, the presence of Treg epitopes can be confirmed by co-incubation with effector T cells in the presence of immunogenic peptides. In this “bystander assay,” activated Tregs inhibit the antigen-specific T effector response to the immunogenic peptides (150).

A standard bystander assay makes use of the immunologic memory toward antigens such as tetanus toxin, to which the majority of the population has had previous exposure through vaccination or natural exposure. PBMCs are cultured for 10 days in the presence of inactivated tetanus toxoid and the Tregitope at varying concentrations. Cells are stained for analysis by flow cytometry (Teff cells are defined as CD3+CD4+CD25+FoxP3low, Treg cells are defined as CD3+CD4+CD127lowCD25+FoxP3hi) and proliferation can then be measured by CFSE dilution. In the presence of Tregitope, we have observed a reduced proliferation of effector T cells to tetanus toxoid compared to the tetanus toxoid alone (151).




Proteomics
 
MAPPS Assays

In the early 1990s an additional method called MAPPs was first described (152). This assay has proved valuable in identifying processed peptides presented on the surface of antigen presenting cells by relevant HLA. Additionally this approach attempts to understand the variability in antigen processing contributed by enzyme cleavages in healthy and diseased subjects and sequencing of the peptide associated with HLA can provide confirmation/validation to the sequences identified by algorithms.

Recent advancements in LC/MS sensitivity and proteomics analysis have enabled HLA bound mapping assays to be utilized pre-clinically to map potential antigenic sequence contained within a biological therapeutic. Studies have shown that not all potential HLA binding peptides are processed and presented by APC due to a combination of partial unfolding HLA binding and cathepsin trimming. Additionally, editing functions of HLA DM and HLA DO further enhance selectivity of the peptides selected for presentation (153).

In these assays (presented as a schematic in Figure 5) antigen presenting cells are generated in vitro and incubated with the therapeutic protein of interest for 24 h followed by a cytokine/mitogen induced maturation step to upregulate HLA expression. After cell lysis HLA receptor peptide complexes are isolated by immune precipitation followed by an acid elution step to dissociate the peptide from the HLA complex and sequenced by LC/MS. Subtraction of endogenous peptides and mapping of the peptides to the therapeutic can be done using proteomics protein database algorithms. These assays are likely to point toward antigenic peptides that can be targeted for deimmunizing protein engineering. Furthermore, whole blood from relevant diseased state can provide insights into altered presentation as well as tolerance for recombinant replacement therapeutics.
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FIGURE 5. MAPPs assay design. Overview of MAPPS assay. Monocytes are isolated from whole PBMCs and differentiated into Dendritic Cells (DCs) in the presence of IL-4 and GMCSF (A). Immature DCs are matured by incubating cells with LPS and antigen (B). Mature DCs (C), are lysed (D). releasing peptide-loaded HLA molecules from the plasma membrane which are collected by immunoprecipitation (E). Next peptides are eluted from the HLA molecules (F) and analyzed by Mass Spec (G). Peptides are identified by screening them against a database of known antigens (H).


A case study showing the use of algorithms, innate and adaptive phase outputs as well as MAPPs was applied to anti-IL-21 receptor ATR-107 (144). In silico analysis of the primary sequence predicted two overlapping CD4 T cell epitopes in the heavy chain Complementary Determining Region (CDR) 2, and one single epitope in the light chain CDR2. The MAPPs confirmed the epitope in LC CDR2 as a dominant peptide presented by DCs. ATR-107 induced DC activation as attested by an increased expression of cell surface activation markers and cytokine production, and specific proliferation of autologous CD4 T cells in co-culture conditions. As illustrated in Figure 5, the validation of in silico predictions using MAPPS can be reassuring for developers.

However, elution of a peptide in a MAPPs assays does not confirm whether the peptide drives T-cell dependent immune response (13). T cell responses may differ depending on the phenotype of the T cells that are responding to the sequence. Using MAPPs without additional tools that explore the phenotype of T cells that respond to the eluted peptides, may over predict immunogenicity.

The importance of individual epitopes driving immunogenicity was also reinforced in a recent demonstration by Cassotta et al. who conducted a MAPPS analysis of natalizumab immunogenicity, a humanized antibody directed against alpha4 integrins (82). Taking advantage of a combination of in silico and in cellular in vitro assays, in particular a MAPPs assay performed with B cells isolated from patient peripheral blood, the authors established that two multiple sclerosis patients treated with Natalizumab who developed neutralizing ADA mounted a T cell response against a CD4 T cell epitope located in the V region of the light chain.





MITIGATION OF IMMUNOGENICITY


Mitigation by Deimmunization and Tolerization
 
Deimmunization

Ideally, mitigation of immunogenicity starts with the engineering of molecules designed to exhibit a low risk of provoking unwanted immune responses in patients. This can be achieved by combining the deimmunization and tolerization processes. In the case of monoclonal antibodies, deimmunization encompasses two non-mutually exclusive approaches: ultra-humanization, which consists of grafting murine CDRs into antibody frameworks of human origin, and removal of T cell epitopes sequences identified through the combination of epitope prediction logarithms and in vitro confirmatory assays. For examples of mitigation strategies involving the removal of T cell epitopes see (127, 154–156).

Grafting of murine CDRs into human V regions often leads to a decrease or loss of affinity, which can be restored by introduction of murine amino-acids in the human framework at positions critical for drug-target interactions. These so-called back-mutations have the potential to introduce additional T cell epitopes, hence the necessity to apply an iterative and timely deimmunization strategy to exhaust the possibilities of epitope removal as the sequence of the molecule is refined to reach the desired predicted efficacy. In this context, the Augmented Binary Substitution technology could prove an effective combinatory approach but needs further exploration (157).



Tolerization

Complementary to the removal of deleterious CD4 T cell epitopes is the introduction of T regulatory sequences, a process also known as tolerization (126). This is of particular interest in the case of replacement therapies, where removal of T cell epitopes might affect the function of the drug, or in the case of gene therapy to counterbalance the activation of the cytotoxic response induced by capsid antigenic determinants. Indeed, prophylactic administration of an AAV-derived capsid protein fused to Tregitopes was found to reduce viral capsid-specific CD8 T cell responses with a concomitant increase in Treg numbers (158). To date, the demonstration of the expected reduced immunogenicity of de-immunized and/or tolerized molecules relies on in vitro and ex vivo assays or re-clinical models (127, 154, 155, 159). De-immunized versions of high immunogenicity monoclonal antibodies have yet to reach the clinic, as biotherapeutics developers have focused instead on developing new, less immunogenic molecules that have a longer patent life and greater freedom to operate.




Treatment-Induced Tolerance

Efforts to mitigate the risk of ADA development often focus on reducing therapeutic protein's intrinsic immunogenicity, with the exception of the well-established immune tolerance induction protocols for hemophilia A and B patients who develop inhibitors to recombinant clotting factors. ADA development to monoclonal antibody-drugs can also lead to loss of response and drug switching, even in the case of fully humanized molecules. In this context, various approaches to inducing immune tolerance to biotherapeutics have been envisaged and reviewed elsewhere (160). ADA responses to other lifesaving therapeutic proteins, such as enzyme replacement therapies, have compromised treatment efficacy and even caused death. In the case of gene therapy, development of ADA to the transgene and the viral vector remains major obstacles to treatment success: patients with pre-existing neutralizing antibody response to the viral capsid are not eligible for treatment, and patients who develop treatment-induced humoral immunity will not be eligible for re-dosing.

While removal of T helper epitopes that drive T helper immune responses may reduce T helper immune responses, in a process called deimmunization (127), identification and augmentation of Treg responses by preservation of Treg epitopes or introduction of Treg epitopes such as Tregitopes into the protein sequence is now referred to as “immune engineering” or “tolerization” (126). This in silico approach enables the introduction of regulatory T cell epitopes to reduce the potential for immunogenicity.

Alternatively, immune tolerance induction regimens can be undertaken using available drugs that target the major players of the immune cascade that leads to ADA development, by either inhibiting deleterious effector responses or activating tolerogenic pathways. The former can be realized by interfering with T and B activation mechanisms or by depleting immune cells with immunosuppressive agents such as cyclophosphamide or methotrexate, anti-CD3, anti-CD20 antibodies, proteasome inhibitors, or a combination of multiple depleting agents. Several such approaches are already in use, including concomitant methotrexate to diminish T cell-mediated immunogenicity (161, 162).

In Pompe disease and in the context of tolerance induction for inhibitors to FVIII therapy, current regimens combine multiple agents such as Rituximab (to eliminate antibody-secreting B cells) and IVIG (to bind and remove antibodies or to induce tolerance). Methotrexate is added in Pompe disease, and this regimen has been successful in establishing tolerance to alglucosidase alpha in high risk Pompe disease infants (163).

Other methods under consideration include concomitant administration regimen of rapamycin in a nanoparticular form (164–167) or co-administration with Tregitopes (48, 168). Infusion of in vitro expanded T and B regs engineered to express antigen-specific receptors was also shown to control development of inhibitors in a pre-clinical model of hemophilia A (169).

Most immune tolerance induction approaches are still at an early stage of development, and the long term impact of these interventions remains unknown. However, the demonstrated value of the tolerizing regime that have reached the clinic is an incentive to pursue the evaluation of immune tolerance induction as a mean to mitigate unwanted immunogenicity of biotherapeutics.




FUTURE DIRECTIONS


ADA Assay Standardization

Comparing immunogenicity of therapeutic proteins across clinical studies has proven difficult due to the lack of ADA assay standardization and harmonization. For a given therapeutic protein, variability in critical assay parameters such as sensitivity and drug tolerance can lead to dissimilar estimation of clinical incidence across laboratories. In this context, the IMI-funded ABIRISK consortium (Anti-Biopharmaceutical immunization: prediction and analysis of clinical relevance to minimize the risk) generated monoclonal antibodies to serve as standards in ADA assays. Such universal standards could be used to benchmark assay sensitivity and drug tolerance, monitor routine assay performance, and validate antigenicity equivalence of comparator products in biosimilars ADA assays. Additionally, the immunogenicity assessments with such standards can help inform the clinician on dosing strategies if loss of efficacy is observed (170). Monoclonal neutralizing antibodies of various isotypes and affinity specific for rituximab, natalizumab, infliximab, adalimumab, or Interferon beta were generated from B-cells isolated from patients immunized with the respective therapeutic proteins, as previously described (171). Production scale-up and further characterization using ABIRISK validated ADA assays are on-going. Ultimately, all antibodies will be openly available at the National Institute of Biological Standards and Controls (NIBSC).



New Modalities and Immunogenicity Risk Assessment

As discussed in section New Modalities, new modalities such as cellular and gene therapies have shown immunogenicity in the clinic. The mechanisms by which these modalities can elicit immune response are complex due to the high level of engineering, intracellular expression, introduction of engineered gene products, as well as complex delivery systems. Modified Immunogenicity risk assessment tools and assays developed primarily for protein therapeutics can be used to minimize immunogenicity risk of these novel therapeutics (Figure 6).


[image: Figure 6]
FIGURE 6. Novel Biological modalities, potential immunogenicity mechanisms and pre-clinical risk assessment tools. (A) Protein therapeutics: including monoclonal antibodies, peptides, endogenous proteins, RNA, and DNA based therapeutics. Cellular therapeutics including CAR-T TCR-T and other engineered cells including delivery systems. Gene therapeutics including virally delivered genes, oncolytic virus therapeutics, CRISPR gene therapy, and delivery systems. (B) Potential mechanisms of immunogenicity: Adaptive immune response is an HLA class II mediated immune response to exogenous antigen resulting in Anti therapeutic antibody. Immune suppressive effects through T regulatory cells mediated tolerance to biological therapeutics. (C) Innate immune system: Activation of the innate immune system may occur through TLR and PPR receptors on immune cells in response to exogenous proteins and particles. Inflammatory cytokine release and adaptive immune system activation through danger signals. (D) Cytotoxic T cell (CTL) mediated adaptive immune response drives immunity to intracellular proteins or expressed gene products. (E) Adaptive immune response may occur to gene products that are secreted, expressed or taken up by APC after cell death resulting in anti-drug antibodies to gene products. (F) Preexisting anti capsid mAbs may be present due to previous exposure to viruses. Alternatively, adaptive immune response can also be targeted at viral capsids.




Specific Cell Lines/Soluble TCRs

Novel in vitro assays that rely on the ability of antigen presenting cells displaying the processed peptides in the context of HLA class I/II to interact with T cell repertoires are proving to be useful for further defining the antigen specificity and immune response propagation (172, 173). Additionally, use of engineered B-cell lines expressing class I and class II HLA can support a high-throughput prediction of intracellular processing and presentation of potential antigenic epitopes. One example would be to use a competitive approach where soluble T cell receptors recognizing an HLA-reference peptide complex are used to detect presentation of potential immunogenic epitopes by mono-allelic antigen presenting cell lines (Merck, unpublished data).



Modeling

As described above, a suite of in silico and in vitro tools can be deployed early in development to guide protein engineering and design drug candidates with predicted low immunogenicity. However, the tools will assess product-related risks, in particular sequence-based risk, but won't inform other factors pertaining to immunogenicity such as patient- and treatment-related factors. The overall immunogenicity risk relies on the weighting and integration of the different risks, some of which are empirical, some theoretical. Immunogenicity Quantitative Systems Pharmacology (QSP) simulators could simplify and homogenize this integration (174). They incorporate biotherapeutics, physiologically-based pharmacokinetic, and mechanistic models of immune responses to simulate large scale clinical trials and predict immunogenicity incidence. The impact of critical variables such as HLA genotype, combination therapies, dosing regimens and route of administration on ADA incidence, as well as ADA impact on drug Pharmacokinetics (PK) can be modeled. QSP simulators are still in development, requiring a greater set of empiric input data and refinement of parameters related to the immune system such as kinetics of antibody development (174). Once validated, QSP simulators could give rise to personalized management and mitigation of immunogenicity.




DISCUSSION


Immunogenicity-Focused Organizations

Faced with the challenge of accurately performing an immunogenicity risk assessment as well as measuring and determining the clinical relevance of ADA, pharmaceutical companies, biotech and contract research organizations joined forces to progress the field by addressing the gaps. Scientific non-profit associations were created, such as the European Immunogenicity Platform (EIP, https://www.e-i-p.eu/). The purpose of the EIP is to stimulate exchanges between immunogenicity experts, encourage, and lead interactions with regulatory agencies, share knowledge and state-of-the art in immunogenicity field with the broader scientific community and training courses on practical and regulatory aspects of immunogenicity.

The ABIRISK consortium mentioned above represents another collaborative approach to contributing to the advancement of immunogenicity sciences. Clinical and basic research academic centers worked with industrial partners on a 6-year research project, addressing some of the main questions and practical hurdles related to unwanted immunogenicity, such as the value of existing predictive tools, ADA assays, harmonization and standardization, clinical relevance of detected ADA, identification of patients' risk factors, and predictive markers (175–178).

A spin-off initiative emerged from this extensive collaboration across laboratories in Europe, the United-States and Israel. BIOPIA (https://ki.se/en/cns/biopia) is a non-profit effort of European laboratories with expertise in biopharmaceutical pharmacokinetics and immunogenicity in many diseases, which aim to raise awareness about immunogenicity and advocate integration of drug levels and ADA testing as a means to improve patient's management. The website provides information about ADA and drug level testing with the goal of helping clinicians with the implementation of routine, clinical testing for immunogenicity and drug levels. Similar efforts are underway in the United States, under the umbrella of the Therapeutic Protein Immunogenicity Community as part of the AAPS (American Association of Pharmaceutical Scientists). The Immunogenicity risk assessment and mitigation (IRAM) working group has initiated a survey to characterize performance and harmonize methods for risk assessments including algorithms and in vitro assays through member surveys. The future focus is on adapting the current tools and developing innovative assays to answer questions around novel modalities and next generation therapies.



Regulatory Perspective on Immunogenicity

The recent FDA guideline proposes a risk-based approach to assess immune response to a therapeutic protein and its impact on safety and efficacy on a case-by-case basis (33). There is also a recommendation that the risk-based strategy be developed early in development, preferably after humanization and in parallel with other developability efforts. The early assessment would enable a more robust understanding of the liabilities due to structure and sequence. A continuous evaluation of the risk through the different stages of drug development can guide the bioanalytical strategy for clinic as described below. This would include risks due to changes in process development, manufacturing, formulation, and device.



Integration of Risk Assessment Into the Preclinical Pipeline

Briefly, the immunogenicity risk assessment should take into account potential therapeutic benefits and weigh those against the potential impact of immunogenicity taken into account patient population and indication as well as previous experience with therapeutic target.

Early assessment of biologic candidates allows ranking based on least probability of identified risk. There is also room for deimmunization/sequence optimization which could involve removing a few amino acids to remove the epitope or inserting regulatory sequences to drive a suppressive T cell response. Furthermore, the risk-based strategy should include any liabilities due to post-translational modifications that are a consequence of process related changes associated with expression, purification, etc. as well as formulation/excipient induced aggregation or degradation.

The knowledge of early pharmacology of the therapeutic protein including on and off -target engagement and consequent activation of the immune pathways should also be a consideration during development of the risk-based strategy. This is especially relevant for therapeutic proteins (TPs) targeting immune modulatory pathways. The pre-clinical toxicology studies could provide an insight into the safety associated concerns related to on and off target liabilities, especially when the pre-clinical and clinical targets have homology. The risk-based strategy can also benefit, where there is previous clinical experience such as proteins with similar targets that are already in the commercial phase. Additionally, if there is enough clinical experience around the TP in one disease indication, the outcome of the studies related to any safety and efficacy can also be summarized for the investigational new drug application (IND) being developed for the new IND. Figure 7 provides an overview of the sequence to product stage of development and tools and their outputs to address key attribute relate questions.


[image: Figure 7]
FIGURE 7. Immunogenicity risk assessment tools in biological drug development. Tools and assays that can be utilized at different stages of lead candidate selection to minimize immunogenicity risk. For example, In silico screening: computer-based algorithms can evaluate amino acid sequence for potential HLA class I and II binding, residues that are likely to be chemically modified and assess the of the protein structure to aggregate. In vitro assays can be utilized to assess the potential of biological therapeutics to elicit activate T cells in diverse donor sets. These assays can be performed with whole protein to potentially include target engagement or using overlapping peptides to exclude. MAPPS and HLA binding assays can be used to identify antigens within the molecule. Ex vivo and in vivo models encompassing additional compartments of the immune system can be used when specialized questions arise during development. Innate immune activation assay to evaluate the impact of non-sequence biophysical parameters can be used to optimized process development and formulation or process changes. Clinical immunogenicity data and patient characterization is a critical component to validate, evaluate and improve preclinical tools and assay.





FIVE YEAR VIEW

As a result of advances in immunogenicity risk assessment methods as well as derisking efforts pertaining to both the product (primary sequence and formulation) as well as improved understanding of the patient factors that may contribute to development of ADA, most biotherapeutics developers are integrating the assessments into pharmacokinetics/pharmacodynamics, safety and clinical efficacy outcomes to better understand the risk of a new product or biosimilar. Ongoing consideration should be given to use of emerging technologies (novel in silico, in vitro, and in vivo assays) for use during development (designing of new sequences, lead selection, de-risking of identified liabilities, or comparison of biosimilar prioritization). These methodologies also provide an estimation of risk, including prior knowledge of individual risk (HLA type) disposition for clinical immunogenicity. In vivo studies in animal models are not currently recommended for immunogenicity due to differences between animal model and human HLA. Instead, in vitro assays are preferred for evaluating risk of cell-mediated immune responses. MHC-related immune response variation can be expected when transitioning from one model species to another, or to human. T cell epitopes bound by MHC in mice, non-human primates, and other model species are frequently different than those bound by humans. Testing for immunogenicity in vitro, with human PBMC samples that are selected to provide broad coverage of human MHC, is how most pre-clinical studies with biologics circumvent this concern.

Within 5 years, it is expected that much of the risk-assessment will be performed first in silico before moving to (limited) in vitro and in vivo models. This is due to the fact that most drug companies performing comprehensive pre-clinical development generate literally thousands of potential candidates for a single target. In silico analysis gives a good first pass approach to immunogenicity, enabling detailed inspection of certain molecular features using vitro methods where required. The accuracy of computational tools will increase with increasing results available to public review.

Machine to machine interfaces, enabling the integrated and high throughput screening of multiple candidates for the same target, will simultaneously improve the pre-clinical selection of candidates for clinical development. Drug developers will need to become familiar with available tools as the sheer volume of candidates that are expected to be screened will be impossible to manage without automated in silico analysis pipelines. It is also likely that the breadth of in silico analysis (and in vitro validation) will begin to encompass HLA class I immunogenicity assessment and in vitro assays. This is due to the introduction of novel modalities and viral vectors, which interface with the class I pathway.

The field of immunogenicity risk assessment has matured and will continue to evolve as new modalities are introduced into the clinic.
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ABBREVIATIONS

AAV, Adeno-Associated Virus; ADA, Anti-Drug Antibodies; ADC, Antibody Drug Conjugates; APC, Antigen Presenting Cell; API, Active Pharmaceutical Ingredient; CAR, Chimeric Antigen Receptor; CDR, Complementary Determining Region; CPI, Check Point Inhibitors; CTL, Cytotoxic (Usually CD8+) T cells; DAMP, Danger Associated Molecular Patterns; DC, Dendritic Cell; EPO, Erythropoietin; HCP, Host Cell Protein; HLA, Human Leukocyte Antigens; IND, Investigational New Drug application; IgG, Immunoglobulin G; IIRMI, Innate Immune Response Modifying Impurities; ISPRI, Interactive Screening and Protein Reengineering Interface; GAA, Acid Alpha Glucosidase; MAPPS, MHC-Associated Peptide Proteomics; MHC, Major Histocompatibility Complex; moDC, Monocyte-derived Dendritic Cells; NLR, NOD-Like Receptors; PRCA, Pure Red Cell Aplasia; PRR, Pattern Recognition Receptors; RA, Rheumatoid Arthritis; TCR, T Cell Receptor; Td, T cell dependent antibody response; Thelper, CD4+ helper T cells; Ti, T cell independent antibody response; TLR, Toll Like Receptors; Treg, Regulatory T cells; Tregitope, Regulatory T cell epitope in IgG.
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Background: Neutralizing anti-drug antibodies (ADA) can greatly reduce the efficacy of biopharmaceuticals used to treat patients with multiple sclerosis (MS). However, the biological factors pre-disposing an individual to develop ADA are poorly characterized. Thus, there is an unmet clinical need for biomarkers to predict the development of immunogenicity, and subsequent treatment failure. Up to 35% of MS patients treated with beta interferons (IFNβ) develop ADA. Here we use machine learning to predict immunogenicity against IFNβ utilizing serum metabolomics data.

Methods: Serum samples were collected from 89 MS patients as part of the ABIRISK consortium—a multi-center prospective study of ADA development. Metabolites and ADA were quantified prior to and after IFNβ treatment. Thirty patients became ADA positive during the first year of treatment (ADA+). We tested the efficacy of six binary classification models using 10-fold cross validation; k-nearest neighbors, decision tree, random forest, support vector machine and lasso (Least Absolute Shrinkage and Selection Operator) logistic regression with and without interactions.

Results: We were able to predict future immunogenicity from baseline metabolomics data. Lasso logistic regression with/without interactions and support vector machines were the most successful at identifying ADA+ or ADA– cases, respectively. Furthermore, patients who become ADA+ had a distinct metabolic response to IFNβ in the first 3 months, with 29 differentially regulated metabolites. Machine learning algorithms could also predict ADA status based on metabolite concentrations at 3 months. Lasso logistic regressions had the greatest proportion of correct classifications [F1 score (accuracy measure) = 0.808, specificity = 0.913]. Finally, we hypothesized that serum lipids could contribute to ADA development by altering immune-cell lipid rafts. This was supported by experimental evidence demonstrating that, prior to IFNβ exposure, lipid raft-associated lipids were differentially expressed between MS patients who became ADA+ or remained ADA–.

Conclusion: Serum metabolites are a promising biomarker for prediction of ADA development in MS patients treated with IFNβ, and could provide novel insight into mechanisms of immunogenicity.

Keywords: immunogenicity, anti-drug antibodies, multiple sclerosis, metabolomics, cholesterol, machine learning


INTRODUCTION

Multiple sclerosis (MS) is a progressive neurological disease driven by a combination of inflammatory and neurodegenerative processes. There is currently no cure, but a variety of disease-modifying therapies are now available (1). Many of these are biopharmaceuticals which can elicit an undesirable immune response (immunogenicity) leading to the production of anti-drug antibodies (ADA). The therapeutic consequences of ADA include accelerated/delayed drug clearance, neutralization of bioactivity, cross-reactivity with the endogenous protein and hypersensitivity reactions. Consequently, ADA can compromise treatment efficacy (2–6) and safety (7), and are a clinically significant problem for the treatment of MS.

Beta interferons (IFNβ) have been used to treat MS for more than 20 years (8), reducing relapse rate by ~33% (9). Although drugs that are more effective are now available, IFNβ is still used first line due to its favorable safety profile. However, depending on the formulation, IFNβ can induce ADA at rates varying from up to 30% with subcutaneous injection of IFNβ-1b (Betaferon/Extavia) or IFNβ-1a (Rebif), <5% with intramuscular injection of IFNβ-1a (Avonex) and <1% for PEGylated IFNβ-1a (Plegridy). The type (IFNβ-1b or −1a), route of injection, dose, and frequency of administration all influence the intrinsic immunogenicity of the drug (10).

Numerous studies have demonstrated that persistent high titers of neutralizing antibodies (nAbs) can significantly reduce and even negate the therapeutic benefit of IFNβ treatment (11). At the cellular level, IFN activity can be inferred from the induction of IFN-response genes such as MXA, and nADA have been shown to inhibit MXA induction in a titer-dependent manner (12). The clinical relevance of low nAbs titers and binding antibodies (bAbs) is less clear, but could include immune complex formation and complement activation (13) and increased IFNβ efficacy by lengthening its half-life (14).

It can be difficult to detect loss of efficacy because disease activity is infrequent and can be asymptomatic, and time spent on an ineffective treatment places patients at risk of accruing irreversible neurological damage. Therefore, it is highly desirable to identify patients at high risk of developing immunogenicity prior to therapeutic intervention so that their treatment strategy can be tailored accordingly (15).

However, our understanding of the biological parameters that contribute to an individual's risk of ADA development remains limited. To date, a small number of genetic and immunological parameters have been associated with ADA risk, including human leukocyte antigen (HLA) class II alleles (16), HLA and non-HLA associated single nucleotide polymorphisms (17), and NOTCH2 expression on monocytes (18). Thus, there remains an unmet demand for a predictive biomarker of immunogenicity against IFNβ, and a better understanding of the mechanisms underpinning ADA development is required.

In recent years machine learning (ML) approaches have been applied to clinical problems in MS, including computer-aided diagnosis, neuroimaging analysis and prediction of disease trajectories (19–21). The majority of models have been based on clinical information, but ML-generated serum lipid signatures have also successfully been used to identify (22) and stratify (23) MS patients. Circulating lipids are dysregulated in MS, and have been associated with disease progression (24–28). Indeed, circulating lipids can profoundly influence immune cell behavior (29–32). However, serum lipids have not previously been studied in the context of immunogenicity.

In the present study, serum metabolites and lipids were quantified using an established nuclear magnetic resonance spectroscopy platform (Nightingale Health). A variety of supervised ML methods were applied, including random forest (RF), support vector machien (SVM) and lasso (least absolute shrinkage and selection operator) logistic regression which have all been proved effective for analysis of metabolomics data (22, 33–36). K-nearest neighbors (kNN) was also included for contrast, as in side by side comparisons it has proved inferior to other algorithms (22, 34). Finally decision trees were also implemented due to the ease of interpretation and visualization, although it is acknowledged they are prone to overfitting. Overall, SVM, RF, and logistic regression with/without interactions could all predict future ADA status at baseline or month 3 with F1 score (a measure of accuracy) > 0.735 and specificity > 0.83. Thus, we present a new approach to personalized prediction of ADA development utilizing a combination of serum metabolites and clinical information.



MATERIALS AND METHODS


Patient Cohort

A prospective cohort of MS patients was recruited across six European countries as part of the Anti-Biopharmaceutical Immunization: prediction and analysis of clinical relevance to minimize the RISK consortium (ABIRISK consortium; www.abirisk.eu/). Patients were diagnosed with relapsing remitting multiple sclerosis (RRMS) or clinically isolated syndrome (CIS) according to the revised McDonald criteria 2010 (37). Ethical approval for this study was obtained from the ethics committee of the University College London Hospitals National Health Service Trust, London, United Kingdom (18/SC/0323 and 15/SW/0109), Medical Ethics Committee of the General University Hospital in Prague (125/12, Evropský grant 1.LF UK-CAGEKID), Ethikkommission der Fakultät für Medizin der Technischen Universität München, München, Germany (project no. 335/13), Ethikkommission Nordwest- und Zentralschweiz, Basel, Switzerland (project no. 305/13), and Ethikkommission der Medizinischen Universität Innsbruck, Innsbruck, Austria (UN2013-0040_LEK). All participants provided written informed consent in accordance with the Declaration of Helsinki.

Demographic and clinical information were also recorded, including sex, age, ethnicity, body mass index (BMI), smoking status, type and dose of IFNβ, and expanded disability status score (EDSS) at baseline and 18 months post treatment (Table 1). Smoking status was categorized as never smoked, quit, or current smoker. Patients were on one of four IFNβ formulations: Avonex, Rebif, Betaferon, or Extavia. These were categorized as follows: intramuscular IFNβ-1a (Avonex), subcutaneous IFNβ-1a (Rebif) and subcutaneous IFNβ-1b (Betaferon/Extavia). The dose and frequency of treatment varied between individuals, therefore dose of IFNβ per week was also calculated (dose per administration x frequency of administration).


Table 1. Cohort characteristics.
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Separation of Serum and Peripheral Blood Mononuclear Cells

As part of the ABIRISK consortium standard operating procedures were implemented at all sites. Samples were collected prior to IFNβ treatment (M0), and after 3 (M3) and 12 (M12) months of treatment. Peripheral blood samples were non-fasting.

To separate serum from clotted blood, BD SST vacutainers were allowed to coagulate for at least 30 min before centrifugation at 1,500 g for 10 min at 4°C with full acceleration and brake. Serum was aliquoted into screw-capped cryovials and stored at −20°C or below.

To separate peripheral blood mononuclear cells (PBMCs), whole blood was collected into vacutainers containing sodium heparin, and centrifuged at 400 g for 10 min at room temperature (acceleration 5, brake 3) to separate the plasma fraction. Plasma was decanted and heat inactivated (56°C for at least 35 min) before centrifugation at 2,400 g for 15 min (acceleration 9, brake 9). The remaining blood was diluted 1:1 in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with L-glutamine (Sigma) and layered onto 15 mL Ficoll-Paque PLUS (GE Healthcare) using SepMate tubes (StemCell Technologies) as per the manufacturer's instructions. Cells were washed twice in cold RPMI and resuspended in heat-inactivated autologous plasma with 10% dimethylsulfoxide (Sigma-Aldrich) at a density of ~1 × 107 cells/mL and cryopreserved in liquid nitrogen until use.



ADA Detection

Serum was tested for both binding (bAbs) and neutralizing (nAbs) ADA. BAbs were measured with an enzyme-linked immunosorbent assay (ELISA) (38) and nAbs were detected by a cell-based luciferase reporter gene assay (39).

As the test for bAbs is less sensitive than the one for nAbs, patients were classified as ADA positive if they were positive for bAbs and nAbs, or were bAbs- but had a nAbs titer ≥ 320 U/mL within 12 months of starting treatment (40) (Table 1). Patients were considered ADA negative if they were negative for both assays. Patients with missing data or negative for bAbs and with a nAbs titer <320 U/mL were excluded from this analysis (n = 7).



Serum Metabolomics Analysis

Measures of 228 serum biomarkers were acquired with a well-established nuclear magnetic resonance (NMR)-spectroscopy platform (Nightingale Health) (41, 42). These included both absolute concentrations, ratios, and percentages of lipoprotein composition. For this study, we have excluded the percentages from analysis leaving 158 metabolite measures (Supplementary Table 1). Serum lipids measured included apolipoproteins (Apo) and (very) low density ((V)LDL), intermediate density (IDL) and high density (HDL) lipoprotein particles of different sizes ranging from chylomicrons and extremely large (XXL), very large (XL), large (L), medium (M), small (S), and very small (XS).



Predictive Models

Please consult Figure 1 for a schematic outlining the data analysis pipeline. RStudio (The R Foundation, Vienna, Austria) (43), Orange 3.24.1 (Bioinformatics Lab, University of Ljubljana, Slovenia) (44) and MATLAB (The MathWorks Inc., Natick, USA) were used for machine learning analysis.
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FIGURE 1. Data analysis workflow. Flow chart depicting data processing steps taken before application of machine learning algorithms. kNN, k nearest neighbors; SVM, support vector machine.


Six different supervised learning algorithms were implemented: k-nearest neighbors (kNN), support vector machine (SVM), logistic regression with and without interactions, decision trees, and random forest classification. The outcome of the learning algorithms was to predict whether an MS patient is likely to develop ADA in response to IFNβ treatment. Predictive models were generated from metabolite concentrations prior to IFNβ exposure (M0) and after 3 months (M3).


Missing Data

Features with >10% missing data were excluded (glutamine and glycerol). Remaining missing values (n = 6 M0, n = 7 M3) were imputed using k-nearest neighbors with k = 5.



Homology Reduction

Many of the metabolites measured are biologically interdependent, and therefore highly correlated. To reduce homology, if two features had a correlation co-efficient > 0.95 then the feature with the greatest mean absolute correlation with the remaining features was removed (Supplementary File 1). This left 60 metabolites at M0, and 59 metabolites at M3.



Data Scaling

Metabolite concentrations were centered on the mean and scaled to the standard deviation.



Predictors

The independent variables included in the models were either the full data set (Lasso logistic regression ± interactions and networks) or the homology reduced dataset (60 and 59 metabolites at M0 and M3, respectively), as well as the cohort information (sex, age, BMI, smoking status, country of sample, baseline EDSS, IFNβ type, and dose). Ethnicity was not considered, as all participants were Caucasian. The type of IFNβ was significantly associated with 12 month ADA status, in agreement with other studies (10, 45) (Table 1). Full lists of the predictors contributing to each model are included in Supplementary File 2.



kNN

K-nearest neighbors is a non-parametric classification algorithm which assigns the class of an unknown observation based on the class of a number (k) of similar observations in the feature space (46). The default value of k = 5 was used in this analysis.



SVM

Support vector machine is a supervised classification method which creates a hyperplane to optimally separate data into two classes (47). As this data set was not linearly separable, the radial basis function kernel was used. Values for C, epsilon, and gamma were tuned using the R Package e1071 (48). The parameters were set to C = 4.5, epsilon = 0.1, gamma = 0.015 for the M0 model and C = 2, epsilon = 0.2, gamma = 0.01 for the M3 model.



Decision Tree

Decision trees are a form of supervised machine learning which outputs a flowchart-like structure, which classifies incidents according to their features. These are built using forms of impurity measures, such as information gain and entropy (49). In an effort to prevent overfitting, decision trees were limited to a depth of 4 and subsets of 5 or less were not split further.



Random Forest

Random forest (RF) is a statistical classifier (machine-learning algorithm) that assigns observations into classes (ADA–/+) by creating a set of decision trees, or “forest.” Only a small random sample of predictors are candidates for selection at each node, so the created trees are decorrelated. Ensembling these uncorrelated trees offers a natural way of reducing the variance of the model. Importance was quantified by the Gini index, which represents the total variance across the two classes, the purity of each node and the quality of each split. The optimum number of variables randomly chosen at each node (mtry = 8 and mtry = 11 for M0 and M3, respectively), have been tuned with the function “tuneMTRY” (package “RFmarkerDetector”), with respect to the Out-of-Bag errors. The package “randomForest” function (package “randomForest”) produced RF models which ensemble 1,000,000 trees (50–53).



Logistic Regression With/Without Interactions

The least absolute shrinkage and selection operator (lasso) method uses the absolute value of the co-efficient as a penalty to shrink less important features to zero. The strength of shrinkage is determined by tuning the regularization variable lambda (λ). Logistic lasso regression with interactions was conducted with the R package glmnet. All 158 metabolites were included. Categorical predictors were coded as dummy variables with the following treated as the reference class: sex—male, smoking status—never smoked, treatment—Avonex, country—Spain. Age, BMI, baseline EDSS, and dose/week were treated as continuous variables. Ln(λ) was tuned to −2.7 for the logistic regression without interactions (M0 and M3), and −2 (M0) or −2.2 (M3) for the logistic regression + interactions.



Model Performance

Ten-fold cross-validation was used to evaluate model performance. The following performance metrics were calculated from the confusion matrices: (1) F1 score–a weighted average of precision (positive predictive value) and recall (sensitivity), (2) specificity–the true negative rate, and (3) classification accuracy (CA)—the proportion of correctly classified cases.




Logistic Regression

To assess the association of ADA development with NMR metabolomic biomarker data, logistic regressions were performed for each individual serum metabolite, adjusted for sex, age, BMI, smoking status, treatment type and dose, EDSS, and country of sample origin (Supplementary File 3). Standard deviation-scaled odds ratios ±95% confidence intervals were visualized in a forest plot using the R package foresplotNMR (Nightingale Health Ltd) as exemplified in Ahola-Olli et al. (54) (Supplementary Figure 1).



Network Analysis

Metabolite network diagrams were created with the R package high dimensional undirected graph estimation package [huge (55)]. Graphical lasso (glasso) was used to estimate the sparse inverse covariance matrix, with the stability approach to regularization selection (StARs) (56). The metabolites contributing to each predictive model have been super-imposed onto the network diagrams. Where appropriate, variable importance was determined by ranking mean decrease in Gini (RF) or information gain (SVM). kNN is excluded as this model performed poorly relative to the others.



Quantification of Cholesterol and Glycosphingolipids by Flow Cytometry

Flow cytometry staining was performed as previously described (57–59). In brief, 1 × 106 PBMCs were stained with Zombie (BioLegend) fixable viability dye for 30 min at 4°C, then labeled with antibodies to surface markers in Brilliant Stain buffer (BD Biosciences) for 30 min at 4°C. Subsequently samples were stained with 25 μg/mL cholera toxin B subunit FITC conjugate (CTB-FITC) (Sigma-Aldrich), fixed for 1 h in 2% paraformaldehyde, and stained for 2 h with 50 μg/mL filipin complex from Streptomyces filipinensis (Sigma-Aldrich) before reading the samples on a BD LSRFortessa X-20 cytometer using BD FACSDiva software. Compensation was performed using anti-mouse IgGκ/negative control compensation particles set (BD Biosciences) or OneComp eBeads (ThermoFisher Scientific), with the exception of viability dyes and filipin which were performed with single stained and unstained cells. Data was analyzed using FlowJo (Tree Star).

Antibodies for surface markers: CD45RA-BUV737 (clone HI100, BD Biosciences, 584442) CD27–APC (clone M-T271, BioLegend, 356409), CD4-AF700 (clone OKT4, eBioscience, 56-0048-82), CCR7-BV421 (clone G043H7, BioLegend, 353207), CD69-BV510 (clone FN50, BioLegend, 310936), CD8-BV711 (clone RPA-T8, BioLegend, 301044), CD3-BV785 (clone OKT3, BioLegend, 317330), CD25-PE (clone M-A251, BioLegend, 356104), CD127-PE-Cy7 (clone A019D5, BioLegend, 351320).



Statistical Testing

Statistical tests were performed in Microsoft Excel and GraphPad Prism version 8.3.0 for Windows (GraphPad Software, San Diego, USA). Data was assessed for normality and analyzed with parametric or non-parametric tests as appropriate. Details of statistical tests are given in the figure legends. P < 0.05 were considered statistically significant.




RESULTS


Serum Metabolites Can Be Used to Predict Future ADA Development

Metabolites were quantified in serum from MS patients both before IFNβ treatment (month 0–M0) and after 3 months (M3). Patients were classed as ADA positive (ADA+; nAbs+, bAbs+/–) or negative (ADA–; nABs–, bAbs–) based on their ADA status at M12. Several ML models were applied to this data in order to develop a model to predict ADA status (Figure 1). All models were adjusted for sex, age, body mass index (BMI), smoking status, type of IFNβ and weekly dose, country, and baseline expanded disability status score (EDSS).

At M0 all models were better at predicting ADA– individuals (specificity) than ADA+ (F1 value) (Table 2A). Overall the logistic regression (LR), LR+i (Table 3) and decision tree performed comparably when predicting ADA+ cases, correctly identifying 21 out of 30 (70%) (Figure 2A). On the other hand, the SVM performed better for ADA– cases, with excellent specificity (0.981, Table 2A), only misclassifying one ADA– patient (Figure 2A). Overall the tree had the best performance, with an F1 score of 0.788 (Table 2A, Figure 2B). Seven lipid measures featured in more than one model (Figure 2C), which were all significantly elevated in the patients who went on to develop ADA (ADA+) (Figure 2D). Three of these lipid metabolites (M-VLDL-CE, TG/PG, and XXL-VLDL-FC) represent clusters of highly correlated metabolites, particularly measures of VLDL composition (Supplementary Table 2, Supplementary File 1), indicative of broader differences in metabolite expression. The association between individual metabolites and future ADA status were examined by performing logistic regressions on a per metabolite basis (Supplementary Figure 1, Supplementary File 3). No significant associations were detected demonstrating the importance of accounting for the dependence between metabolites.


Table 2. Comparison of predictive model performance.
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Table 3. Predictors for lasso logistic regression with interactions.
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FIGURE 2. Comparison of predictive model performance at M0. (A) The confusion matrix shows the number of correct (blue squares) and incorrect (pink squares) classifications for each model. The sum (Σ) of each row and column is given. The algorithms used were support vector machine (SVM), decision tree (Tree), k-nearest neighbors (kNN), random forest (RF), and lasso logistic regression (LR) with and without interactions (i). (B) A graphical representation of the decision tree, where each square shows the proportion of patients who stay ADA negative (top left, blue) or become ADA positive (bottom right, red). The numbers on the branches representcut-off concentrations (mmol) or ratios (ApoB/A1 and TG/PG). (C,D) A comparison of the metabolites selected by each machine learning model. For RF and SVM only metabolites within the top 10 predictors are included. Metabolites selected by more than one method are highlighted in bold and shown as dot plots in (D). Line shows the median, and significance was determined by Mann Whitney U; *p < 0.03, **p = 0.01, ***p = 0.0003. im, intramuscular; sc, subcutaneous.


IFNβ exerts widespread effects on the immune system. Since the response to IFNβ treatment can also influence the development of immunogenicity, similar models were constructed based on serum metabolite concentrations at M3. The best performing models at this time point were again the LR and LR+i (Table 3, Supplementary File 2), which had the highest F1 and specificity values, and lowest total number of misclassifications (Table 2B, Figure 3A). As at M0, all of the models were better at predicting ADA– (specificity) than ADA+ (F1 value) (Table 2B). Four metabolites featured in multiple models (Figure 3B), but in contrast to M0 few of these were differentially expressed when comparing ADA– to ADA+ (Figure 3C, “all”). However, when patients were stratified by treatment type more differences were revealed. Glucose (Glc) levels differed in patients treated with IFNβ-1b, whereas XXL-VLDL-FC was raised in ADA+ patients treated with subcutaneous IFNβ-1a (Figure 3C). The LR+i also selected the interaction between subcutaneous IFNβ-1a and XXL-VLDL-TG (Table 3), which is highly correlated with XXL-VLDL-FC (Supplementary Table 2). Indeed, XXL-VLDL-FC is highly correlated to many other VLDL measures (Supplementary Table 2), 12 of which were also found to be significantly associated with ADA status on a per metabolite basis (Supplementary Figure 1, Supplementary File 3). Only XXL-VLDL-FC was selected by multiple models at both time points (Figures 2C, 3B), with a greater concentration in ADA+ patients (Figures 2D, 3C). This suggests that a cluster of interconnected VLDL lipids may be persistently associated with an increased risk of developing ADA.
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FIGURE 3. Comparison of predictive model performance at M3. (A) Confusion matrices for six predictive models at month 3 (M3): support vector machine (SVM), decision tree (Tree), k-nearest neighbors (kNN), random forest (RF), and lasso logistic regression (LR) with and without interactions (i). (B,C) A comparison of the metabolites selected by each machine learning model. For RF and SVM only metabolites within the top 10 predictors are included. Metabolites selected by more than one method are highlighted in bold and shown as dot plots in (C). The dot plots compare ADA– to ADA+ altogether (left), or by stratified by treatment (right). Line shows the median. Statistical significance was determined by the Mann-Whitney U, or the Kruskal-Wallis test followed by Dunn's test for multiple comparisons to compare ADA– and ADA+ within treatment subgroups; *p < 0.05; na, non-applicable.


The majority of metabolites were not predictive at both time points, suggesting it could be beneficial to implement predictive models both before and after exposure to IFNβ. We examined the longitudinal concordance in predictions for each model (Supplementary Table 3). The logistic regressions generated the same predictions at both timepoints for all but one patient. The decision tree had the highest rate of discordance, particularly in the positive class (38%), coinciding with a reduction in performance at M3. In contrast The RF had a high discordance rate in the ADA– class (21%). This demonstrates that different models have different advantages—some are better at predicting positive cases or negative cases, or are better at M0 or at M3.



Metabolite Interactions and IFNβ Response Differ Between ADA+ and ADA– Patients

In addition to examining individual metabolite concentrations we compared metabolite networks in ADA– and ADA+ before and after IFNβ treatment (Figure 4). The metabolite networks were more tightly clustered in ADA– patients at both time-points. A number of metabolites had very different positions depending on ADA status. For instance, Unsat (Figure 4, i) and MUFA/FA ratios (Figure 4, ii) had more connections in ADA+ patients, whereas at M3, L-HDL-TG (Figure 4, iii) lost its relationship with the main metabolite cluster in ADA+ patients.
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FIGURE 4. Connections between metabolites are different in ADA– and ADA+ patients. Relationships between metabolites in ADA– and ADA+ patients at baseline (M0) and month 3 (M3) are shown as network diagrams. Colored nodes represent the metabolites contributing to predictive models at each time point (see key “Model predictors”), as described in the methods section. Arrowheads point to key differences that are discussed in the main text.


In both patient groups IFNβ treatment considerably altered the shape of the network (Figure 4, compare M0 vs. M3 in ADA+ and ADA– patients). Therefore, we examined the response to IFNβ in more detail. In total 29 metabolites were differentially regulated between ADA– and ADA+ during the first 3 months of IFNβ treatment (Figure 5A). Some of the metabolite increases induced by IFNβ in ADA– patients were inhibited in ADA+ (Figure 5B). Other metabolites were more suppressed in ADA+ compared to ADA– individuals (Figure 5C). This suggested that IFNβ had an enhanced lipid-lowering effect in ADA+ patients.
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FIGURE 5. ADA– and ADA+ respond differently to IFN-β treatment. (A) Volcano plot to show differences in the metabolic response to IFN-β treatment between ADA+ and ADA–. The 10 metabolites with the most significantly different regulation are labeled, and the remainder with p < 0.05 are listed to the right. (B,C) The percentage change in the top 10 metabolites in ADA– (blue) and ADA+ (red) are shown as mean + SEM. Some metabolites were increased in ADA–, but not in ADA+ (B). Others were decreased in ADA– and ADA+, but by a greater magnitude in ADA+ (C). Un-paired t-test with Welch's correction for unequal variance; *p < 0.05, **p < 0.01.




Plasma Membrane Lipid Rafts Are Dysregulated in MS Patients Who Develop ADA

Serum lipids can modulate immune cell function by altering the composition of plasma membrane lipid rafts; glycosphingolipid and cholesterol enriched microdomains that regulate cell signaling by regulating the lateral mobility of membrane proteins (Figure 6A). Before exposure to IFN (M0) plasma membrane cholesterol was higher and glycosphingolipids were lower in CD4+ T cells isolated from ADA+ patients (Figure 6B). This could suggest that differences in serum lipid composition, for example the observed changes in M-HDL-TG or XXL-VLDL-FC, could generate an immune cell phenotype that predisposes an individual to immunogenicity.


[image: Figure 6]
FIGURE 6. Lipid raft-associated proteins are differentially expressed between ADA– and ADA+. (A) Lipoproteins can add or remove cholesterol from the plasma membrane of immune cells. This can alter the composition of “lipid rafts”—membrane microdomains enriched for glycosphingolipids and cholesterol. The tight packing of these lipids generates a region of relative “order” which can selectively attract membrane signaling proteins (e.g., pink protein), whilst excluding others (e.g., blue protein). Examples of raft-dependent signaling include T cell antigen receptor (TCR) signaling, antigen presentation and pro-inflammatory toll-like receptor (TLR) signaling. (B) Cholesterol and glycosphingolipid levels were measured in CD4+ T cells from ADA– (n = 5) or ADA+ (n = 6) multiple sclerosis patients at M0, in five independent experiments. Binding of filipin to cholesterol and cholera-toxin B (CTB) to glycosphingolipids was assessed by flow cytometry. Un-paired two-tailed t-test; *p < 0.05.





DISCUSSION

Serum metabolites are attractive candidate biomarkers in MS, and have already been shown to have diagnostic (22, 23, 60) and prognostic (27, 61, 62) potential. Furthermore, they are relatively inexpensive to measure, and a blood-draw is less invasive and time-consuming than a lumbar puncture or MRI scan. We measured serum metabolites at an unprecedented level of detail and, using a combination of ML models, we demonstrated that a subset of serum lipid metabolites could predict ADA development against IFNβ in MS patients.

Future ADA status could be predicted before commencing IFNβ treatment, with four out of six models achieving F1 score > 0.73, specificity > 0.92, and classification accuracy > 0.84. The decision tree achieved the most correct predictions at baseline. Although they are the easiest to interpret, decision trees are prone to overfitting and tend to be unstable. Consequently, we conclude the logistic regression models are the best choice for the classification of both classes (84% CA), whereas SVM is the best choice for identifying negative cases (98% specificity). We suggest that an ensemble model, combining several ML approaches, is more likely to prove optimal. In this way, models which were better at predicting positive cases could be combined with the models better at predicting negative cases to achieve superior performance. Clinically acceptable thresholds for model performance must be carefully considered, based on the medical, psychological and financial implications of incorrect predictions. In many cases existing tests using conventional biomedical techniques can be used as a benchmark. However, there is currently no method to predict ADA against IFNβ before starting treatment. It could be beneficial to investigate how MS patients feel about the risks of an incorrect result in the context of ADA prediction, and false positives or false negatives could be penalized accordingly.

We also produced models based on metabolite concentrations at M3 as IFNβ activates the immune system and effects systemic lipid levels (63, 64). Both the immune and metabolic responses to IFNβ treatment could influence the probability of ADA development. Model performance was comparable between M0 and M3, with the LR, LR+I, SVM and RF all achieving F1 score > 0.74, specificity > 0.84, and classification accuracy > 0.82. Overall the LR models had the most correct predictions at this timepoint. However, the contributing metabolites were dissimilar. This is unsurprising, as IFNβ had widespread effects on metabolite concentrations, which were likely to overwrite baseline differences. Interestingly, IFNβ inhibited a number of metabolites in ADA+ patients, suggesting a difference in IFN response. However, we cannot currently decipher to what extent the differences in IFN-response are truly related to ADA development, to patient intrinsic factors, or to the unequal distribution of treatment types between classes.

A limitation of our analysis was that our cohort received different types of IFNβ, which had different probabilities of inducing ADA development. Our sample size was insufficient to perform a comparison of only ADA– and ADA+ patients who were exposed to the same treatment. Indeed, when we examined the predictive metabolites at M3 several were only differentially expressed in patients on a particular IFNβ type. Therefore, any future validation of this work should be performed on a per treatment basis.

Notably, in this study nobody treated with intra-muscular IFNβ-1a (Avonex) developed ADA. Despite this, one patient treated with Avonex was predicted to be ADA+ by SVM, RF and the decision tree at M3. This suggests that the metabolic profile outweighed the type of treatment in this case. Thus, although the type of IFN was an important factor, the serum metabolites added an additional layer of personalized information. In addition to making predictions, the differences in metabolite concentrations and relationships identified here could be involved in the mechanisms driving ADA production. Excess cholesterol in the membrane leads to enhanced pro-inflammatory signaling in both macrophages (65, 66) and T cells (67), and we provided preliminary evidence that plasma membrane cholesterol is elevated in T cells isolated from ADA+ patients. Many of the lipids measured could influence T-cell cholesterol levels, including M-HDL-TG which featured in all of the models generated at baseline. Elevated triglyceride content of HDL is associated with its dysfunction and reduced capacity to support cholesterol efflux (68, 69). Therefore, the increased concentration of M-HDL-TG in patients who later became ADA+ could lead to abnormal cholesterol transport, and a predisposition to a pro-inflammatory immune response.

From a therapeutic perspective, it is possible that combining IFNβ treatment with an intervention to modify specific metabolites could protect against ADA development. In terms of lipid modification, there have already been several clinical trials comparing combination therapy of IFNβ with statins to IFNβ alone (70), although only one reported on the incidence of neutralizing antibodies and found no difference (71). It is important to note that the sample size was limited (n = 27), and statins may not be the most relevant therapeutic agents to modify the concentrations of the metabolites identified to be different in our analysis (e.g., HDL-TG). The metabolite networks revealed predictive metabolites that were highly interconnected which could be candidates for a widespread intervention, as well as unconnected metabolites which could be specifically targeted. Interactions between metabolites and patient characteristics were also identified– including baseline EDSS and acetyl acetate, smoking status and valine, and XXL-VLDL-TG with treatment type. If verified, these relationships could improve the personalization of treatment recommendations.

In conclusion, we have demonstrated the potential utility of serum metabolites and ML to predict the development of immunogenicity in MS patients. We suggest that the integration of additional molecular information (e.g., transcriptomics, genomics, proteomics) would strengthen these models, and provide novel insight into the interplay between lipids and the immunogenic response.
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A subgroup of patients treated with infliximab lose response to the treatment and one reason for this is the development of anti-drug antibodies (ADA). If used optimally, measuring drug and ADA level could lead to a more personalized and efficient treatment regime, and enable identification of ADA-positive patients before the underlying disease flares or allergic reactions occur. With the use of a drug-tolerant ADA assay which can detect ADA irrespective of drug levels in the sample, we determined the impact of ADA on treatment failure to infliximab. The aims of this study were to estimate the real-life optimal serum infliximab (sIFX) level and set a clinical threshold value for a drug-tolerant ADA assay. Trough levels of sIFX were measured with ELISA. Free ADA was measured with two drug-sensitive methods (ELISA and a bioassay) and one drug-tolerant method (PandA). Two real-life cohorts treated with infliximab were included; a cross-sectional cohort including patients with inflammatory rheumatic diseases (n = 270) and a prospective cohort of rheumatoid arthritis (RA) patients (n = 73) followed for 1 year. Normal range of sIFX was estimated from the prospective cohort and an arbitrary optimal drug level was set to be between 1 and 6 μg/mL. Using this range, optimal sIFX was found in only 60% (163/270) of the patients in the cross-sectional cohort. These patients had significantly better treatment response than those with a drug level under 1 μg/mL, who had an ADA frequency of 34% (19/56) using the drug-tolerant method. In the prospective cohort, the drug-tolerant assay could identify 34% (53/155 samples) as ADA positive in samples with sIFX level >0.2 μg/mL. ADA were seldom detected in patients with >1 μg/mL sIFX, with three interesting exceptions. A clinically relevant ADA threshold was determined to be >3 RECL as measured with the drug-tolerant assay. In a real-life setting, there was a substantial number of patients with suboptimal drug levels and a proportion of these had ADA. Both too low and too high drug levels correlated with worse disease, but for different reasons. Adding a drug-tolerant assay enabled detection of ADA earlier and regardless of drug level at time of sampling.

Keywords: anti-drug antibody, serum infliximab, clinical threshold value, clinical effect, PandA


INTRODUCTION

Infliximab is a chimeric monoclonal antibody (mAb) blocking the effect of tumor necrosis factor alpha (TNF-α) which has been widely used since 1999 for treatment of a number of inflammatory rheumatic diseases including rheumatoid arthritis (RA). TNF-α inhibitors (TNFi) were the first monoclonal antibody therapy shown to significantly halt progression of these diseases in clinical trials (1–3), and the treatment effect is even more efficient in combination with other disease modifying anti-rheumatic drugs (DMARDs) such as methotrexate (MTX) (3). However, up to 40% of patients do not respond to TNFi treatment according to the EULAR (European League Against Rheumatism) response criteria (4–7). These patients can be categorized into those who never achieve any response (primary treatment failure), and those who lose response over time (secondary treatment failure) (8). One cause for secondary treatment failure is the development of anti-drug antibodies (ADA) (9–12). ADA results in reduced availability of the drug in the circulation (13) and therefore a lower effective dose (14–16). There is an association between non-responders and low serum trough infliximab (sIFX) levels (17) that is often due to the development of ADA (18). Therefore, it is recommended to start by first screening for the drug trough level and then usually only those with low drug level are subsequently tested for ADA.

The presence of ADA can lead to a subtherapeutic serum drug level by either neutralization of the drug, leading to hampered pharmacological activity, or through the sequestering of drug resulting in increased clearance of immune complexes (IC) via excretion through the kidneys (19, 20). ADA have also been associated with adverse effects with an increased risk of infusion-reactions, lupus, and vasculitis like events (21). Given that several studies have shown that up to 44% of patients treated with TNFi develop ADA, it is an important clinical issue to address. Routine ADA testing would allow early identification of these patients ensuring an efficient treatment regimen (3, 11, 22).

The prevalence of ADA to TNFi vary between studies, which in part can be explained by differences in concomitant medication use, timing of sampling in relation to the drug administration, treatment duration, and type of assay used for ADA detection (23–25). Standard immunoassays such as ELISA are frequently used for ADA screening. However, disadvantages of these assays include a low drug tolerance and ability to detect only free ADA. When ADA bind to the drug to form immune complexes, the antibodies become indiscernible using standard laboratory techniques, leading to a false negative result (26). One way to overcome the problem of drug interference is to use a drug tolerant, precipitation, and acid dissociation (PandA) assay. This procedure involves the addition of excess drug to the sample followed by dissociation of ADA bound to the drug before detection, making it possible to detect both free and bound ADA in samples regardless of the level of drug in the serum (27).

At times, measurement of trough TNFi level and ADA are used to monitor patients with chronic inflammatory disease when the patient has no or little clinical improvement with treatment (28). However, adjustments of dose and intervals are often made without these types of supporting data. Despite several suggestions, there is no consensus on which ADA detection assay should be used, nor is the optimal drug trough level known. Furthermore, the outcome of ADA and drug level testing varies between different methods (25). In addition, there is a lack of knowledge about how prevalent ADA are in patients with detectable drug trough levels and at what level ADA have a clinically relevant impact (29).



MATERIALS AND METHODS

Patient Cohorts

This study included two cohorts; With patients from (1) a cross-sectional cohort from the Karolinska University Hospital, Stockholm (n = 270) and (2) a prospective cohort from the Sahlgrenska University Hospital, Gothenburg (n = 73), described in Table 1. In the cross-sectional study, all patients treated with infliximab in the rheumatology clinic between January 2017 to December 2017 were recruited (n = 270). Several samples were collected per patient at trough prior to an infusion. In the cross-sectional cohort, 43% (n = 115) of the included patients had RA, 44% (n = 118) had other type of inflammatory arthritis (spondylarthritis, ankylosing spondylitis, psoriatic arthritis, reactive arthritis, enteropathic arthritis, or undifferentiated) and 14% (n = 37) had other systemic inflammatory diseases. All patients (except four) in the cross-sectional cohort were switched to infliximab biosimilar InflectraTM in 2017. A total of 63% (169/270) of the patients were concomitantly treated with conventional synthetic disease-modifying anti-rheumatic drug (csDMARD) (156 with methotrexate; 6 with sulfasalazine; 4 with azathioprine; 3 with leflunomide).


Table 1. Baseline patient characteristics in prospective and cross-sectional cohorts.
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In the prospective study, all RA patients initiated on infliximab from the Sahlgrenska University Hospital between 2017 and 2019 were included. Patients in the prospective cohort (n = 73) were included prior to initiation of infliximab treatment and followed for up to 1 year. All patients but one (previously treated with infliximab 2011-2012 and golimumab December 2016 to December 2017), were naïve to infliximab treatment at baseline. The majority of patients were concurrently treated with methotrexate, either alone (n = 52) or in a combination with salazopyrin (n = 5), plaquenil (n = 2) or prednisolone (n = 9) at the initiation of infliximab therapy. Four patients received concomitant salazopyrin only and one patient was treated with infliximab monotherapy. The patients treated at Sahlgrenska received a dosing schedule as follows; baseline, the second dose was received after 2 weeks, the third dose after 1 month, and thereafter, every 8 weeks. For this cohorts, serum samples were collected at baseline and trough prior to each infusion. The infliximab dosing regimen for this cohort was 200 mg intravenous infusion administered every 8 weeks. Patients that failed to respond were given either an increased dose and/or shortened treatment intervals or were switched to another treatment. This decision was made by the treating physician.

All patients signed informed consent to participate in this study, which was approved by Stockholm Regional Ethical Committee (2013/1034-31/3) and Gothenburg Regional Ethical Committee (1028-15, 2016-02-12).



Measurement of Clinical Data

Routine clinical examinations of patients were performed by treating rheumatologists at regular intervals according to local clinical practice, the Disease Activity Score in 28 joints (DAS28) was calculated and data registered in the Swedish Rheumatology Quality Register (SRQ). The first visit to evaluate the treatment response usually occurred 3–4 months after initiation of infliximab treatment. Clinical data including disease duration, rheumatoid factor (RF)/cyclic citrullinated peptide (CCP) status, smoking habits, and concomitant csDMARD treatment was retrieved from SRQ and patients' medical records. Seropositivity was defined as being CCP and/or RF positive and seronegativity was defined as being CCP and RF negative.



Assessment of Disease Activity

The composite disease activity score (DAS28) was used. The DAS28 score takes into account the number of swollen and tender in a 28-joint count, the erythrocyte sedimentation rate (ESR) or C-reactive protein (CRP) and patient's assessment of global health on a visual analog scale (VAS-GH). Based on this score, patients were classified into the following categories: remission DAS28 <2.6, low disease activity DAS28 2.6–3.2, moderate disease activity 3.2–5.1, and high disease activity >5.1. The change in a patient's score over time, is expressed as delta (Δ) DAS28, was calculated by subtracting baseline DAS28 score from the respective final post-treatment score. Using the ΔDAS28, patients were categorized as either good, moderate, or non-responders to infliximab treatment according to the European League Against Rheumatism (EULAR) response criteria as previously described (30). In short, good responders are defined as those with a ΔDAS28 >1.2 and a current DAS28 ≤ 3.2; moderate responders by a ΔDAS28 >1.2 and a current DAS28 >3.2 or a ΔDAS28 between 0.6–1.2 and a current DAS28 ≤ 5.1; non-responders were defined as those with a ΔDAS28 <0.6 or ΔDAS28 between 0.6–1.2 and a current DAS28 score >5.1. For the cross-sectional cohort, the DAS28 used for analyses were assessed within 3 months from the infliximab trough drug level measurement which was used for the study analyses.



ELISA for Detection of Infliximab Serum Trough Levels

Infliximab trough level was measured in patient sera using an in-house developed and validated ELISA which is used in clinical routine, as previously described (28). Briefly, microtiter plates (Nunc Maxisorp F 96, Thermo-Fisher Scientific, Roskilde, Denmark) were coated with 50 μL per well of recombinant human TNF-α (200 ng/mL) (R&D Systems, Minneapolis, MN, USA) in 0.05 M sodium carbonate buffer pH 9.6. The plates were put on a shaker at room temperature (RT) for 2 h before being incubation overnight in +4°C. The plates were then washed three times with phosphate buffered saline (PBS) plus 0.05% pH Tween 20 and blocked with PBS + 1% bovine serum albumin (BSA) (Sigma, St. Louis, MO, USA) and 0.05% Tween 20 (blocking buffer) for 1 h at RT. After washing, standard dilutions (0.40–100 ng/mL) of infliximab (Schering Plough, Kenilworth, NJ, USA), internal controls (defined IFX-spiked sera), and patient samples, diluted 1/500 in blocking buffer, in duplicates were added to the plate. Plates were incubated on a shaker at RT for 1 h and washed four times before addition of alkaline phosphatase (ALP)-conjugated goat anti-human IgG (Fc-specific) (Sigma) diluted 1/10 000 in a blocking buffer. The plates were again incubated on a shaker at RT for 1 h and washed four times. The substrate (p-nitrophenyl-phosphate, 5 mg/mL in 1 M diethanolamine with 0.5 mM Mg, pH 9.8) was added and color development was monitored at 405 nm. The concentration of samples and controls was calculated from the standard curve where the lower and upper limits of quantification were 0.2 and 50 μg/mL, respectively (compensated for serum dilution 1/500).



Inhibition ELISA for Detection of Antibodies to Infliximab

ADA to infliximab was detected using an in-house developed and validated ELISA, which is based on the inhibition of labeled infliximab binding to TNF-coated ELISA plates, as previously described (28). Alkaline phosphatase (ALP) was coupled to infliximab using the Lightning-Link kit (Innova Biosciences Ltd., Cambridge, UK). The ELISA plates were coated with TNF-α, as described for the infliximab ELISA above. A standard consisting of goat anti-human IgG (Jackson Immuno Research) at a final concentration of 1 μg/mL was used. Patient sera were analyzed at final dilutions of 1:10 and 1:100. The standard defined control sera and patient samples were incubated with ALP-conjugated infliximab for 1 h at RT. After an additional wash of the TNF-coated plate, aliquots of standard, controls and patient samples were transferred to the plate in duplicates. After incubation on a shaker for 1 h at RT, the plate was washed and substrate (p-nitrophenyl-phosphate, 5 mg/mL in 1 M diethanolamine with 0.5 mM Mg, pH 9.8) was added, and color development was monitored at 405 nm. The results were transformed to percentage inhibition by normalization of the OD of the samples to that of the standard (100% inhibition) using the formula (OD blank – OD sample)/(OD blank – OD standard) x 100. The lower limit of detection was set to the value plus two standard deviations obtained from measurements of normal control sera. Due to free infliximab interference with the assay, ADA could only be detected in the absence of the drug. ADA analysis was therefore limited to patient samples where serum infliximab was undetectable (<0.2 μg/mL).



ADA Detection With the Precipitation and Acid Dissociation (PandA) Method

Presence of ADA to TNF-α inhibitors was assessed using the PandA method described by Zoghbi et al. (27) on the Meso Scale Discovery® (MSD) platform. The PandA assay has demonstrated high sensitivity to detect ADA in the presence of a high concentration of drug (drug tolerant). The assay is therefore, more suitable for immunogenicity assessment of patient samples that contain detectable levels of infliximab which interfere with the detection limit of ADA in other immunoassays. Serum from 40 healthy donors (Stockholm blood center, Sweden) was collected to prepare a pool of normal healthy sera (NHS) to be used as negative control (NC) in the PandA assay. Informed written consent was given by all the donors. Human anti-IFX (clone HCA233, BIO-RAD) was prepared in NHS to be used as a high positive control (6 μg/mL) and low positive control (1 μg/mL). The PandA assay was validated in-house before analysis of study samples. A plate specific, or floating, cut-point was applied to allow a 5% false positive rate in the screening assay. For each plate, the cut-point is calculated by multiplying the NC value of the plate with a normalization factor (NF), which is the average of all NC values obtained from six assay plates in the validation process (three operators running one plate each over two days). To resolve the problem of interference of soluble infliximab in the sera, 25 μL of patient samples were diluted 1:2 in 2% bovine serum albumin (BSA, Sigma) in PBS containing 10 μg/mL infliximab (Remicade®) in a polypropylene V-bottom plate (Thermo Scientific) in duplicate wells. ADA present in the sera were then able to bind to the excess soluble infliximab, forming immune complexes during a 1 h incubation at RT at 450 rpm. Formed immune complexes were then precipitated by addition of 50 μL 6% polyethylene glycol (PEG, Aldrich) solution to each sample (3% PEG in the plate) during overnight incubation of the plate at 4°C. The following day, the plate was centrifuged at 3,724 x g for 30 min to precipitate immune complexes into a pellet. After the supernatant was discarded, the pellets were re-suspended with a 3% PEG solution and the plate centrifuged at 3,724 g for 20 min. This step was repeated once more. After the final centrifugation step, pellets were re-suspended with 250 μL 0.25 M acetic acid, pH 3.0, to get a minimal required dilution of 1/10. Samples were thereafter transferred to a high binding carbon plate (MSD) by adding 50 μL of each sample in duplicates. The plate was thereafter incubated for 1 h at RT at 450 rpm. Following incubation, the plate was washed once with 300 μL 1x wash buffer (1xPBS, 0.1% Tween, pH 7.4) and blocked with 300 μL casein in PBS pH 7.4 (Thermo Scientific) for 1 h at RT at 450 rpm. After additional washing, 50 μL of the master mix containing 0.5 μg/mL of Sulfo-Tag conjugated infliximab (labeling ratio of 20:1 between Sulfo-Tag and IFX) (MSD GOLDTM) in 2% BSA in PBS was added to the samples and incubated for 1 h at RT at 450 rpm. After the final incubation, the plate was washed once and within 5 min of adding 150 μL read buffer T (2x) (MSD) the plate was read on MESO Quickplex SQ 120 (MSD). By electrical discharge, the electrons are excited and a stable light signal is generated. This electrochemiluminescence (ECL) signal is proportional to the amount of ADA in each serum sample. A signal to background ratio was calculated by dividing the average ECL signal from an individual sample by the average ECL signal of the negative control (NHS) and expressed as relative ECL (RECL). The coefficient of variation value of ≤25% was accepted as the maximum variation between duplicates.



Neutralizing Anti-drug Antibody Analysis

The neutralizing capacity of the ADA were measured using iLiteTM infliximab NAb bioassay (Biomonitor) in 35 serum samples from 29 patients in the cross-sectional study, who previously detected ADA-positive by the ELISA method. The protocol was carried out according to the manufacturers' instructions. In short, the assay uses division-arrested TNF-α sensitive cells to measure TNF-α bioactivity. Transcription of the luciferase gene occurs when TNF-α binds to the TNF-α receptor and the luciferase activity is inversely proportional to the amount of infliximab present in the sample. Luciferase activity was measured using GloMax Luminometer (Promega) and the antibody neutralizing activity was normalized to Renilla (31). The assay's drug tolerance is 0.65 μg/mL.



Statistical Analysis

To compare continuous variables, Mann-Whitney U-test for independent groups was used. All reported p-values were two tailed, and a p-value of < 0.05 was considered statistically significant. Correlation analysis was performed using Spearman's rank correlation. Receiver operating characteristic (ROC) curves were constructed to assess the cut-off of drug level- and ADA threshold values were based on EULAR response criteria (good responders vs. non-responders). The cut-off points were calculated on the basis of the best trade-off values between sensitivity and specificity. Statistical calculations were performed using Prism software (GraphPad Inc. version 8).




RESULTS

Patient Characteristics

Baseline patient characteristics of the infliximab-treated cohorts are summarized in Table 1. Patients in the prospective cohort had a median disease duration of 1.5 years (IQR 0.5–11) at baseline. In contrast, patients in the cross-sectional cohort had a wide-ranging disease and treatment duration at the time of baseline sampling. The study time points of sample collection for the prospective cohort and diagnoses for the cross-sectional cohort are illustrated in Figures S1, S2.



Serum Infliximab Levels

The sIFX values in the prospective study were found to be higher at the beginning of the treatment period when the intervals were 2 and 4 weeks between infusions. It then reached a stable range with a mean of 1.8 μg/mL [standard deviation (SD) of 2.0 μg/mL] from week 14 when infusions were 8 weeks apart (Figure 1). To determine an optimal sIFX level defined as the range of trough levels that had the sensitivity and specificity to predict good EULAR response, Receiver Operating Characteristic (ROC) curves where done for both the cross-sectional cohort and the prospective cohort (Figure 2). On the analysis, the therapeutic ranges were distributed in a U-shaped curve at the lower and upper ends. Therefore, each end were analyzed separately. Firstly, the lower end was determined on all samples with a sIFX under 3.8 μg/mL, corresponding to the mean + SD for the stable range. With an area under the curve (AUC) of 0.8, both cohorts gave a predictive optimal value of 0.95 μg/mL indicating this is the lowest sIFX level which you can expect the treatment to have good effect. For ROC analysis, the EULAR response was used as the clinical outcome and for the prospective cohort both EULAR response and remission status were used.


[image: Figure 1]
FIGURE 1. Trough serum infliximab levels (sIFX) for all RA patients in the prospective cohort and variation over time. Total number of weeks on treatment is shown on the x-axis. The levels are presented as median (bar) and interquartile range (red). Number of individuals at each time point is illustrated in Figure S1A.
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FIGURE 2. Receiver operating characteristic curve (ROC) for setting optimal cut-point of trough sIFX separating good from non-responders (based on EULAR criteria). Black line with quadrates shows cross-sectional cohort and gray dotted line represents prospective cohort. The levels of trough sIFX of the prospective cohort were taken at 14 weeks after treatment initiation. Area under the ROC curve (AUC) was 0.81 and the cut off level was 0.95 for both cohorts.


Using the previously suggested lower limit for optimal therapeutic effect of 1 μg/mL sIFX (32) and the data from the ROC analyses (taking into account the interassay variations), an approximate lower end of an optimal range was set to 1 μg/mL. Secondly, an upper end for the optimal range was estimated using the mean + 2xSD of the stable sIFX period (from week 14 onward) in the prospective cohort, which was found to be 6 μg/mL sIFX in trough. This is in line with what has been shown previously for other TNFi (28, 33).

Using this range (1–6 μg/mL) as optimal, only 55% of the samples (n = 169) from RA patients in the cross-sectional cohort had an optimal sIFX, 37% had lower than 1 μg/mL, and 8% had higher than 6 μg/mL (Figure 3). The proportions were similar for the other non-RA infliximab treated patients in this cohort, where 65% of the samples (n = 273) had an optimal sIFX, 24% had lower than 1 μg/mL, and 11% had sIFX higher than 6 μg/mL.


[image: Figure 3]
FIGURE 3. Levels of trough serum infliximab (sIFX) in RA patients in the cross-sectional cohort. Samples divided based on suggested optimal levels (1–6 μg/mL) of trough sIFX. The levels are presented as median (red line) and interquartile range (whiskers).


In the prospective study, only 54% of all samples (n = 159) collected from 65 patients from week 14 onwards had sIFX levels within the suggested optimal range, 42% of the samples had sIFX levels <1 μg/mL and 4% had a level higher than 6 μg/mL.

As a comparison, five samples which had been mistakenly collected directly after the infusion, were found to have a mean sIFX level of 46 μg/mL (median 48 μg/mL, range 42–52 μg/mL). These were not included in the analyses.



Clinical Relevance of Serum Infliximab Levels

Clinical variables were used to analyse the correlation between sIFX and treatment response in the cross-sectional cohort. For RA patients in the cross-sectional cohort, if a DAS28 score was available within 5 months of the time of sampling (n = 34) this was also used to evaluate the correlation. Using the DAS28, patients were then classified as previously described using the EULAR response with good, moderate or non-response categories (30). The sIFX levels were significantly lower in the non-responders group compared to the good responders (Figure 4). In the moderate responder group, there is one outlier case with a high sIFX level (15 μg/mL), indicating that also a high drug level might be associated with less optimal therapeutic response. The cross-sectional cohorts' sIFX levels were divided into the categories of under 1, 1–6, and above 6 μg/mL and analyzed for correlation with clinical variables, including DAS28 (n = 34) (Figure 5) and delta-DAS28 (n = 34) (Figure S3) for the RA patients. Variables on patient global assessment (PGA) (Figure S4), patient pain assessment (VAS) (Figure 6), CRP (Figure 7), and ESR (Figure 8), were analyzed for all infliximab treated patients in the cross-sectional cohort. Clinical variables were significantly worse in patients with a sIFX trough level below 1 μg/mL compared with those with a drug level between 1 and 6 μg/mL (DAS28 (p = 0.01), PGA (p = 0.01), CRP (p = 0.002), and ESR (p = 0.004).
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FIGURE 4. EULAR response in relation to sIFX levels for the subgroup of RA patients in the cross-sectional cohort (n = 34). The sIFX levels were significantly lower in the non-responders group compared to the good responders. Percentage of patients in each EULAR group given in brackets on x axis. The levels are presented as median (bar) and interquartile range (whiskers).
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FIGURE 5. Bar plot of DAS28 levels in a subgroup of the RA patients in the cross-sectional cohort (n = 34). Patients with RA were divided into three groups based on trough sIFX: under 1, 1–6, and above 6 μg/mL. DAS28 was significantly worse in patients with a sIFX trough level below 1 μg/mL compared with those with a drug level between 1 and 6 μg/mL. Dotted line depicts DAS28 of 3.2 and indicates low disease activity bellow this line. The trough sIFX levels presented as median (bars) and interquartile range (whiskers). Colored dots represent 3 RA patients who had sIFX >6 μg/mL.
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FIGURE 6. Bar plot of the levels of patients' pain assessment (visual analog scale 100 mm; VAS) in all patients (with available data) treated with infliximab in the cross-sectional cohort. Patients were divided into three groups based on trough sIFX: under 1, 1–6, and above 6 μg/mL. VAS was significantly higher in patients with a sIFX trough level below 1 μg/mL compared with those with a drug level between 1 and 6 μg/mL. The trough sIFX levels presented as median (bars) and interquartile range (whiskers). Colored dots represent 3 RA patients.
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FIGURE 7. Bar plot of the levels of C-Reactive Protein (CRP) in all patients (with available data) treated with infliximab in the cross-sectional cohort. Patients were divided into three groups based on trough sIFX: under 1, 1–6, and above 6 μg/mL. CRP was significantly higher in patients with a sIFX trough level below 1 and above 6 μg/mL compared with those with an optimal drug level. The trough sIFX levels presented as median (bars) and interquartile range (whiskers). Colored dots represent 3 RA patients.



[image: Figure 8]
FIGURE 8. Bar plot of the levels erythrocyte sedimentation rate (ESR) in all patients (with available data) treated with infliximab in the cross-sectional cohort. Patients were divided into three groups based on trough sIFX: under 1, 1–6, and above 6 μg/mL. ESR was significantly higher in patients with a suboptimal sIFX trough level (below 1 and above 6 μg/mL) compared with those with a drug level between 1 and 6 μg/mL. The trough sIFX levels presented as median (bars) and interquartile range (whiskers). Colored dots represent 3 RA patients.


Only a few patients had sIFX >6 μg/mL (n = 8, of which 3 were RA patients) and both CRP (p = 0.03) and ESR (p = 0.007) were significantly worse in these compared with those with a drug level between 1 and 6 μg/mL. One possible reason for a very high sIFX level could be the presence of more severe disease at treatment initiation and therefore, dosing intervals are shortened or doses increased in attempt to manage the patients' symptoms. Patients from the cross-sectional cohort with sIFX >6 μg/mL did indeed have both a higher DAS28 and a higher treatment dose (Figure S5).

In the prospective cohort the correlation between EULAR response and sIFX levels varied between time points, but collectively, the non-responders had a significantly lower sIFX level than the good responders (Figure S6).



Proportion of Patients With Free ADA

Given that the drug sensitive ELISA method only reliably detects free ADA, not bound in immune complexes, it is recommended that only samples with sIFX below the drug sensitivity of the assay (<0.2 μg/mL) are tested. Of the 73 patients in the prospective cohort, 44 (60%) had a sIFX <0.2 μg/mL at some time point allowing the sample to be tested for ADA with ELISA. Of these 44, 86% (n = 38), or 59% of the whole cohort, were positive for ADA. Compared to this early RA cohort, a lower proportion of the cross-sectional cohort, or 14% (37 of 270 patients) of the whole cohort were found to be ADA positive in samples with sIFX levels <0.2 μg/mL (42 of 270), probably reflecting a selection bias of patients who continue on infliximab.



ADA in Samples With Detectable sIFX Level Using PandA

With the drug-tolerant PandA method, ADA can be detected regardless of drug level, and therefore we could determine the frequency of ADA in samples with sIFX >0.2 μg/mL. A selection of samples from the cross-sectional cohort with sIFX levels ranging 0.2–7 μg/mL were analyzed with PandA (Figure 9). Only a 26 additional ADA positive samples were identified with this method and for the cross-sectional cohort all had a sIFX levels under 1 μg/mL. Similar results were found in the prospective cohort, with three interesting exceptions described more in detail below (Figure 10). A significant reverse correlation was found between ADA and sIFX levels in both cohorts (r2 = −0.4, p < 0.0001 for cross-sectional cohort and r2 = −0.7, p < 0.0001 for the prospective cohort).
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FIGURE 9. Correlation between ADA reactivity (in relative ECL; RECL) and trough sIFX levels in cross-sectional cohort. A significant reverse correlation was found between ADA and sIFX levels with r2 of −0.4 and p < 0.0001. ADA reactivity was detected with PandA assay. Dotted line separates samples positive for ADA.
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FIGURE 10. Correlation between ADA reactivity and trough sIFX levels in prospective cohort. A significant reverse correlation was found between ADA and sIFX levels with r2 of −0.7 and p < 0.0001. ADA reactivity was detected with PandA assay. Dotted line separates samples positive for ADA. Arrows pointed out at three exceptional cases with a high levels of trough sIFX and ADA simultaneously.


In the prospective cohort, the kinetics of total (free and IC bound) ADA development was determined using the drug-tolerant PandA assay. ADA was found to develop early after treatment initiation and the first positive samples could already be identified prior to the 2nd infusion at week 2. The incidence of ADA increased until the 6th infusion at week 30, but cases with their first positive sample were detected up until the 9th infusion at week 54. The cumulative prevalence of ADA increased up to the 6th infusion at week 30 before beginning to decrease (Figure S7).



ADA Results From ELISA Compared to PandA

Of the 108 selected prospective samples tested on both PandA and ELISA methods, there was a 72% (n = 78) agreement between assay results [68% (n = 74) confirmed positive and 4% (n = 4) confirmed negative]. However, there were some discrepancies between assays, with 20% (n = 22) positive in PandA but negative with ELISA, and 7% (n = 8) positive with ELISA but negative with PandA.

Of the five patients with sIFX levels <0.2 μg/mL that were negative for ADA with ELISA, one was confirmed positive with PandA.



ADA in Complex With Drug Can Be Detected Earlier Than Free ADA

In the prospective cohort, 45 patients from whom we could retrieve samples which were taken prior of being identified as ADA positive with ELISA, were tested for ADA with PandA. Of these, 17 patients (38%) were found to be ADA positive at an earlier time point. These were on average detected 20 weeks (median 16, range 4–41 weeks) before the sIFX levels were low enough for detection of ADA with ELISA.

Three unique cases were identified which were found to be ADA positive despite very high sIFX and therefore serial samples from these cases were analyzed (Table 2). The first case was newly diagnosed and was trialled on methotrexate for 2 months without effect before initiating the first infliximab infusion. This patient was highly ADA positive (PandA RECL = 10) already at the 2nd infusion, just 2 weeks after treatment initiation. As the sIFX was 5.8 μg/mL, this patient would not have been tested for ADA with ELISA until the next infusion at week 6, when the drug level was <0.2 μg/mL. In this sample the ELISA test could then confirm ADA positivity. An infusion reaction was noted at the third infusion, which worsened despite precautions taken before the 4th infusion. The patient discontinued treatment after the 4th infusion due to infusion reactions and lack of treatment effect. The patient was switched to rituximab treatment.


Table 2. Three unique cases which were found to be ADA positive despite very high sIFX.

[image: Table 2]

The second case was also newly diagnosed and was treated with prednisolone and methotrexate for 6 months prior to their first infliximab infusion. This patient was also highly ADA positive (PandA RECL = 75) already at the 2nd infusion (week 2) and with a sIFX level of 12.2 μg/mL. This patient was tested for ADA with ELISA in a subsequent sample taken at the 6th infusion, 28 weeks after treatment initiation with a serum infliximab of 0.8 μg/mL. At this point, the patient was found to be ADA negative with ELISA and still positive with PandA (RECL = 22). At the 7th infusion, the sIFX level had decreased to 0.2μg/mL and at this time point, the patient was first detected as ADA positive using the ELISA. This was 37 weeks after the first ADA positive detected using the PandA method. At this time, the patient experienced good effect of the treatment with a DAS28 of 2.8. A year later the treatment effect declined and the interval was shortened to 6 weeks without effect. The patient was then switched to etanercept.

The third case was newly diagnosed with low disease activity (DAS28 at treatment initiation 3.02) and was initially managed with intra-articular cortisone injections. Methotrexate was initially used but terminated due to a herpes zoster infection, which was managed with vaccination and anti-viral therapy. Infliximab treatment was started 2 years later, initially with good effect. This patient was ADA negative in PandA (RECL = 1) prior to the 2nd infusion, but highly positive prior to the 3rd infusion (RECL = 15) when the sIFX was still high (3.5 μg/mL). In the sample taken prior to the 4th infusion, sIFX was 0.1 μg/mL and ADA positive with ELISA, and PandA however, the PandA positive level had dropped to 5 RECL. With the subsequent infusions the ADA increased to very high levels (RECL = 394 prior to the 8th infusion). An infusion reaction was documented after the 5th infusion and fevers after infusion 6 and 7, followed by facial skin reactions after infusion 8. The infusion reaction worsened after the 9th infusion and the patient was then shifted to adalimumab.



Clinical Threshold Value for ADA

When ADA positivity measured by PandA was stratified by patients' EULAR response categories good, moderate or non-responder, a notable difference between the proportion of ADA positive patients was observed between groups (Figure S8). However, this was less clear over time (Figure S9). Overall, a higher mean ADA value was found in the group with EULAR non-responders (15.7 RECL), whereas 79% of patients in the moderate and good EULAR response groups had a ADA result of <3 RECL. This suggests that there is a clinical threshold value for ADA of around 3 RECL, using this method. A ROC analysis using the RECL values from prior to the 4th infusion (week 14) and the overall EULAR outcome (good and non-responders) of the patients in the prospective study, confirmed a clinical threshold value of 3.25 (AUC 0.9, p = 0.028) (Figure S10). When remission outcomes were also used, the clinical threshold value was 1.48 (AUC 1.0, p = 0.01) (Figure S10).



ADA Correlation to Seropositivity and to Smoking Status in RA Patients

In the prospective cohort, the level of ADA, as measured with PandA method, had a positive correlation with serological status of the patients (Figure S11). Over time, the most prominent correlation was noted prior to infusion 8 (Figure S12). This effect was due to the RF and when analyzed separately, patients who were RF positive had significantly higher ADA RECL values (Figure 11), seen also over time (Figure S13).
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FIGURE 11. Levels of ADA vary between patients with and without rheumatoid factor (RF) in prospective cohort. Significantly higher levels of ADA were detected in samples (n = 89) from patients with RF compared to the samples (n = 73) from those patients who were RF negative. The ADA levels presented as median (red lines) and interquartile range (whiskers).


The smoking status of the patients was available for 54% of patients, and a highly significant correlation in ADA levels was seen between ever smokers (n = 84) and never smokers (n = 63) (p-value = 0.0001) (Figure 12), a pattern that could also be noted over time (Figure S14).
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FIGURE 12. Levels of ADA vary between RA patients with a different smoking status in prospective cohort. Significantly higher levels of ADA were detected in the samples (n = 84) from ever smokers compared to the samples (n = 63) from patients who had never smoked. The ADA levels presented as median (red lines) and interquartile range (whiskers).




ADA to Infliximab Had Neutralizing Capacity

In the cross-sectional cohort, serum samples from 29 patients who tested positive for free ADA with the ELISA, were further tested for neutralizing capacity using the iLite bioassay. Nineteen of those patients (66%) tested positive for neutralizing ADA against infliximab. There was a strong correlation between assays (r = 0.9, p < 0.001), particularly in those with RECL values above the clinical threshold value (RECL > 3) (Figure S15).



Transient and Persistent ADA

In the prospective cohort, 39 patients were identified as ADA positive with PandA method, and 29 of these had one or more samples taken after they first were determined to be positive. Therefore, they could be assigned as transient or persistent positive. The majority of these were persistent positive (n = 22, 56%) and had a higher peak RECL (median of 5.1, IQR 2.2–14.4) compared to the transient positive (n = 7, 18%) with a peak RECL value of 1.2 (IQR 1.2–1.3). Notably these groups were on either side of the suggested clinical threshold value for ADA (1.48–3.26).



Therapeutic Drug Monitoring Test Algorithm

Based on the results of this study, we suggest a treatment algorithm for interpreting the results of the sIFX and ADA tests (Figure 13). We propose as a first step, measuring the sIFX level, which allows patients to be allocated to one of four groups. Group 1 and Group 2 consists of patients with either undetectable infliximab levels (<0.2 μg/mL) or low sub-therapeutic sIFX trough levels (<1 μg/mL) and should therefore be tested for ADA using an ELISA or drug-tolerant assay (PandA), respectively. Not all patients with low sIFX levels can be explained by ADA and an increased infliximab dose could therefore be considered for those found to be ADA negative at this step. For patients found to be ADA positive, other treatment options should be considered depending on the ADA level and its relationship with the clinical threshold value. If the sample is ADA positive with a RECL value >3, the patient should be switched to another treatment due to the likely treatment inhibition and loss of effect owing to ADA. If the ADA level <3 RECL, there may still be an effect of the treatment despite the presence of ADA and it is possible the patient may only be transiently positive. In these cases, one could continue treatment, but consider repeat testing for ADA again in the coming months to monitor for ADA persistence using the quantitative PandA method. Group 3 includes patients whose sIFX falls within the optimal sIFX range. Therefore, no action is needed if the disease is in remission or demonstrating an acceptable response to treatment. If the disease is not in remission despite sIFX being within optimal range, a drug with another mode of action might be needed. Group 4 includes patients with a higher than normal trough sIFX level (>6 μg/mL). This might reflect a situation where the drug is not consumed as expected. Therefore, lowering the dose should be considered if the patient is responding well to infliximab. However, treatment options with another mode of action could also be considered for patients who have not responded well and have disease activity. The three exceptional cases with early high ADA titers were excluded from this algorithm and patients such as these, will only be detected if a first tier of the ADA testing is with the PandA method prior to the second infusion. As these patients later developed infusion reactions, one might want to consider changing to an alternative treatment already at this early time point.
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FIGURE 13. Recommended infliximab treatment algorithm for RA based on the results of this study. With an algorithm starting with a measuring of the sIFX level at 14 weeks after treatment initiation, patients divided into four main categories. Group 1 and Group 2 consists of patients with either undetectable infliximab levels (<0.2 μg/mL) or low sub-therapeutic sIFX trough levels (<1 μg/mL) and should therefore be tested for ADA with ELISA or a drug-tolerant assay (PandA), respectively. For ADA positive patients, other treatment options should be considered depending on the ADA level and its relationship with the clinical threshold value. If the sample is ADA positive with a RECL value >3, the patient should be switched to another treatment. If the ADA level is lower than 3 RECL one could continue treatment but consider repeat testing for ADA again in the coming months to monitor ADA development with the quantitative PandA assay. Group 3 is within the optimal range of sIFX level and no action is needed if the disease is in remission or demonstrating an acceptable response to treatment. If the disease is not in remission despite sIFX being within optimal range, a drug with another mode of action might be needed. Group 4 include patients with a sIFX trough level that is higher than the normal range (>6 μg/mL). Lowering the dose should be considered if the patient responds well to infliximab, and other treatment options with another mode of action might be considered for the patient who are not responding well and has active disease.





DISCUSSION

Unwanted immunogenicity is a growing challenge for management of patients treated with biopharmaceuticals. To be able to provide the highest quality of care, the consequences of ADA on safety and treatment efficacy have to be addressed. However, the benefit of integrating assessment of drug level and ADA in clinical practice has been questioned for several reasons, including the incomprehensive conclusions of test results with very drug-sensitive ADA assays. Current recommendations advise starting with a screening of drug level and then only testing for ADA in samples with less sIFX than tolerated by the drug sensitive ADA assays (with our in-house ELISA corresponding to <0.2 μg/mL) (28, 34). This is challenged by introducing an ADA assay that is insensitive to drug level. This assay enables reliable ADA testing at any time, not only in trough, but also requires that a new drug level prompting ADA testing is established. Moreover, while there are already existing guidelines for suggested target trough concentrations for sIFX in patients with inflammatory bowel disease (35), the optimal sIFX level in rheumatic diseases is unknown. The aim of this study was to estimate an optimal sIFX range, set a recommendation for when to test for ADA using a drug-tolerant assay and to provide a clinical threshold value for this assay using two large cohorts of infliximab treated patients.

By correlating clinical data with sIFX levels and establishing a suggested optimal range, we found that a substantial proportion of patients were on a suboptimal treatment regimen in a cohort of patients that had been treated for several years. Since sIFX trough levels are highly variable between patients, the initial screening of sIFX trough level is already able to give an indication of treatment efficacy. Collectively, our results from a range of IFX treated diseases in this cohort suggest that a trough sIFX concentration between 1 and 6 μg/mL is possibly associated with better treatment effect and therefore, a potential proxy for an optimal sIFX level. The added value of identifying patients with either too low or too high drug levels is evident, since these two groups have different reasons for their sub-optimal levels which need to be managed in different ways. As of today, although there are several recommendations, there is no consensus on the range of sIFX trough concentration at which patients achieve an optimal therapeutic response. These ranges can also vary depending on what drug, indication and assays are used and therefore, would need to be established for each method (25, 28, 36). As previous studies show, low trough levels of sIFX predict disease activity in RA and as confirmed in this study is most probably due to blocking of the therapeutic effect by ADA (37). These patients might benefit from switching to another TNFi alternative for which the patient has not developed any resistance against. This is in line with the experience with rituximab treatment, where patients developing ADA can regain treatment effect when switching to another anti-CD20 drug (38). Patients with too high drug level were also not doing as well as those within the range of 1–6 μg/mL and therefore it is sensible to analyze these as a separate group. Using the drug tolerant PandA method, we could show that this is not ADA bound in immune complexes. Therefore, the poor treatment effect is likely attributed an initial primary treatment response, and patients have been given a higher dose in attempt to improve this. However, since the drug is not fully consumed before the next infusion, in these patients, the TNF may not be the major driver of disease severity and therefore, may benefit from a therapeutic drug with another mode of action. Similar findings are available for adalimumab treatment (36), where patients with low drug level still had good effect with another TNFi whereas those with a higher drug level did not. There are no biomarkers available that can predict what mode of action the drug should have to achieve optimal treatment response in an individual patient. Indeed, a recent study by Berkhout et al. showed that the level of circulating TNF-α during adalimumab treatment did not predict clinical response in RA and thus cannot be used as a biomarker for treatment discontinuation (39). In practice, clinicians change intervals and dose without having the drug level and ADA information, but this may be optimized with the understanding of how to interpret the drug level and ADA data (40).

One argument against drug level and ADA testing to monitor treatment response in clinical practice is that treatment failure is evident as disease break through. However, in the cross-sectional cohort with >2 years of treatment, we observed that only two-thirds of the patients, at any investigated time points, had the suggested optimal drug concentration (1–6 μg/mL), leaving 30% of the patients with either too low or too high drug levels. For the patients with too low levels (<1 μg/mL), ADA was detected in the majority of serum samples with a drug level below 0.2 μg/mL, meaning that they have been on treatment for a long period without a biologically relevant effect of the drug. ADA was also identified in samples with measurable drug levels using the drug-tolerant assay, but rarely in those with a drug level above 1 μg/mL. Thus, by testing sIFX and ADA in clinical practice, up to one-third of the patients might receive a more optimal treatment. By using PandA for detection of ADA bound in complex with the drug, we identified more ADA positive cases. In addition, this method can be used if one needs to know the ADA status right after infusion, for example to determine if infusion reactions or serum sickness might be due to ADA (41, 42). When comparing the ADA positivity between the two cohorts included in this study, it indeed shows that to some extent ADA positive patients are identified clinically. This is shown, as expected, by a lower frequency of ADA in the cross-sectional cohort (34% of ADA positive samples compare to 23% in the prospective, with sIFX level >0.2 μg/mL), indicating that the ADA positive patients had already been switched to another treatment due to lack of effect determined by clinical outcome. However, a substantial proportion of patients still had suboptimal sIFX level and clinically were not in remission. Thus, measuring the drug level is of clinical value since it can help with the dosing regimen. For example, large individual differences in drug concentration in patients with multiple sclerosis treated with the monoclonal antibody natalizumab has been shown by van Kempen and colleagues were the majority had high trough levels at the time of re-dosing (43). This could partly be explained by that natalizumab is administered at a fixed dose of 300 mg every 4 weeks, not accounting for body weight or pharmacokinetic differences. The authors therefore suggest that the treatment regimen should adapt to a personalized approach to allow efficient use of natalizumab (43).

We investigated the added value of using the bioassay iLite for identification of neutralizing ADA and showed that 66% of the samples were positive for neutralizing ADA. This is far less than what was reported in a study published by Schie and colleagues, which showed that the majority (>90%) of the ADA to infliximab were neutralizing using a TNF competition assay (44). The difference in the number of detected neutralizing samples could be due to assay format, treatment duration at serum sampling, and the small patient cohort size. There was a good correlation between the neutralizing ADA and the PandA RECL values, showing that the level of ADA is of most importance and thus that PandA RECL values can be used as an indicator of neutralizing capacity and clinical effect. Using this approach, it is then most important to know at what level to set the clinical threshold value for ADA. Here we provide an estimate of 3 RECL with the PandA assay as the level of ADA that begins to be detrimental for the therapeutic effect.

The correlation between the PandA assay and the ELISA ADA assay was not perfect, with more discrepancies in the lower levels of ADA positivity. Moreover, the ADA-ELISA is not a quantitative assay and therefore if you want to set a clinical threshold value, then alternative more linear methods are needed. This shows the value of conducting pilot studies in real-life settings to compare assays and to determine the assay specific clinical threshold value before it is applied in the clinic. For the samples with sIFX trough level below 0.2 μg/mL, the ELISA have a higher sensitivity than PandA and this is might be due to the additional washing steps required in the PandA method.

The inverse correlation between drug level and ADA was confirmed. However, five samples with a drug trough level below 0.2 μg/mL that were identified as ADA negative with ELISA were tested with PandA for potential drug/ADA immune complexes, but only one sample showed low ADA reactivity, indicating that other explanations for low drug levels need to be taken into consideration (data not shown). Since infliximab is given intravenously the compliance is controlled for and therefore, could not be the issue here. It is possible that some patients are highly efficient in metabolizing or consuming the drug and studies of biomarkers associated with this trait might resolve this issue.

The timing of the testing is essential. From the prospective longitudinal cohort, we can conclude that the value of testing for sIFX before the initiation period of shorter intervals is over, is questionable. At week 14, the mean sIFX stabilizes, and around half of the ADA positive patients could be identified already here. However, although some of these patients were transiently positive, none of these reached the suggested clinical threshold value of 3 RECL. Some patients that later became ADA positive in ELISA could have be detected as ADA positive with PandA at earlier time points, when the sIFX levels were too high to give reliable ADA test results with ELISA. Thus, if a first-tier screening for sIFX is used, then testing at week 6, before the 3rd infusion with a drug tolerant assay, is suggested to provide the most added value to the clinical practice.

We identified three exceptional cases with high sIFX and high ADA levels for which ADA would have been detected with PandA already at the 2nd or 3rd infusion. Here, the sIFX test would not have guided the decision to test for ADA. At this time point there were no clinical parameters that would have indicated ADA positivity, but all three cases eventually had infusion reactions and secondary treatment failure. A patient with previous infliximab treatment was included in the cohort and this patient also had high ADA identified using the PandA method, already at the 2nd infusion, which would indicate that the three exceptional cases might also have had infliximab treatment before. However, according to the patients files all three were newly diagnosed and had not previously received TNFi treatment prior the start of this study.

Taken together, an infliximab treatment algorithm for RA using the assays included in this study has been be suggested (Figure 13). For patients with low sub-therapeutic sIFX trough levels and no detectable ADA, a dose escalation of infliximab could be beneficial. Patients with therapeutic levels within the recommended range for the chosen endpoint but still an active disease are likely to have pharmacodynamic failure and may benefit from switching to a drug with a different mechanism of action. Samples with a serum trough drug level below 1 μg/mL (to include assay variation around 0.85 μg/mL) would benefit from being screened for ADA using the drug-tolerant assay in order to discriminate whether discontinued treatment or dose escalation should be implemented. Clinical assessment scores would aid the evaluation of patients with a serum drug level above 6 μg/mL (to include assay variation around 6 μg/mL) to ascertain if it could be beneficial to either lower the dose or switch to a drug with a different mechanism of action.

There are some limitations to be mentioned in this study. We have not considered other confounding factors that might increase the risk for ADA. Tatarewicz et al. found that rheumatoid factor, which are present in a majority of RA patients, can interfere with the detection of monoclonal antibodies in immunogenicity assays (45). This is particularly a problem when using a sensitive immunoassay such as the PandA. Tatarewicz and colleagues found that samples from RA patients had a higher baseline value of ADA reactivity than healthy subjects, thus the RF could lead to a false positive signal in the immunoassay (45). Here, we used untreated RA patient serum to set a disease specific cut point, which was slightly higher than normal healthy serum. However, one can question the clinical usefulness of such practice since low positive ADA probably do not have any immediate clinical relevance. Furthermore, the goal of the treatment is to reduce inflammation and thus when this is achieved, the serum profile may be more similar to normal healthy serum.

In conclusion, this cross-sectional and prospective study examined whether measurement of sIFX trough level and ADA testing correlated with treatment response and if adding a drug tolerant assay provided additional clinically useful, accurate and timely ADA results. Decisions of either switching treatment or regulating the dose, need to be guided by evidence based optimal drug levels and a clinical threshold value for ADA. The addition of a drug tolerant assay PandA resolved cases with detectable sIFX and identified ADA positivity earlier than the drug sensitive assay. Even though test results of sIFX and ADA are both heterogeneous and dynamic and thus difficult to interpret on group level, on individual level and as a method to achieve personalized treatment, these data are valuable.
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The anti-drug antibody (ADA) response is an undesired humoral response raised against protein biopharmaceuticals (BPs) which can dramatically disturb their therapeutic properties. One particularity of the ADA response resides in the nature of the immunogens, which are usually human(ized) proteins and are therefore expected to be tolerated. CD4 T cells initiate, maintain and regulate the ADA response and are therefore key players of this immune response. Over the last decade, advances have been made in characterizing the T cell responses developed by patients treated with BPs. Epitope specificity and phenotypes of BP-specific T cells have been reported and highlight the effector and regulatory roles of T cells in the ADA response. BP-specific T cell responses are assessed in healthy subjects to anticipate the immunogenicity of BP prior to their testing in clinical trials. Immunogenicity prediction, also called preclinical immunogenicity assessment, aims at identifying immunogenic BPs and immunogenic BP sequences before any BP injection in humans. All of the approaches that have been developed to date rely on the detection of BP-specific T cells in donors who have never been exposed to BPs. The number of BP-specific T cells circulating in the blood of these donors is therefore limited. T cell assays using cells collected from healthy donors might reveal the weak tolerance induced by BPs, whose endogenous form is expressed at a low level. These BPs have a complete human sequence, but the level of their endogenous form appears insufficient to promote the negative selection of autoreactive T cell clones. Multiple T cell epitopes have also been identified in therapeutic antibodies and some other BPs. The pattern of identified T cell epitopes differs across the antibodies, notwithstanding their humanized, human or chimeric nature. However, in all antibodies, the non-germline amino acid sequences mainly found in the CDRs appear to be the main driver of immunogenicity, provided they can be presented by HLA class II molecules. Considering the fact that the BP field is expanding to include new formats and gene and cell therapies, we face new challenges in understanding and mastering the immunogenicity of new biological products.
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INTRODUCTION

Protein biopharmaceuticals (BPs) have revolutionized the treatment of many diseases and their share of the worldwide drug market continues to grow. There are three main categories of protein BPs, if we exclude recombinant vaccines and allergen-specific immunotherapy. Antibodies and molecules composed of antibody fragments are the most important category in terms of the number of BPs and market share. Hormones, growth factors and cytokines define a category of recombinant human proteins with an endogenous counterpart generally circulating at low concentration. The third category comprises replacement proteins such as clotting factors or lysosomal enzymes, which are used to restore partial or complete genetic deficiencies. All BPs exhibit marked specificity for their target and low toxicity. However, BPs may be immunogenic and promote immune responses against themselves. In particular, anti-drug antibodies (ADAs) may be produced by patients following infusion of BPs and may disturb the pharmacokinetics of BPs, neutralize their therapeutic activities or induce allergic or autoimmune symptoms, depending on the category of BPs.

Several therapeutic antibodies have been found to induce neutralizing antibodies, as illustrated by the anti-TNFα antibodies infliximab and adalimumab (1, 2). Infusion and allergic reactions have also been reported for infliximab (3). ADAs raised against the second category of BPs, which includes recombinant hormones (insulin, H2-relaxin) (4, 5), growth factors [erythropoietin (Epo), GM-CSF] (6, 7) and cytokines (IFN-β, IFN-α, IL-2) (8), might be neutralizing as well. An additional risk exists for this category, owing to the existence of endogenous forms. ADAs raised against the recombinant protein can also neutralize the protein produced by the patients and could affect critically important functions of the endogenous protein. Pure red cell aplasia (PRCA) is a rare autoimmune disease characterized by rapidly progressive severe anemia resulting from the disappearance of erythroid precursor cells in the bone marrow. PRCA can be mediated by specific ADAs induced by injections of recombinant human Epo, which has a fully human peptide sequence (6). Neutralizing antibodies are also an important issue for replacement proteins, as alternative therapies to infusion with the protein remain limited and, in some cases, may be reserved mostly for patients with severe deficiencies. Neutralizing antibodies to factor VIII (FVIII) (often called inhibitors in hemophilia papers) are found in 30% of patients with severe hemophilia A and cause severe clinical complications (9). Patients with mild or moderate severity hemophilia A have a lower incidence of inhibitors, which is in part due to residual FVIII, which actively tolerizes to the drug., but also to their lack of or lower exposure to therapeutic FVIII. Those who have received intensive FVIII therapy have an inhibitor incidence approaching that of severe hemophilia A patients (9, 10). The incidence of inhibitors of factor IX is lower in hemophilia B (11).

All BPs have either entirely or partially humanized sequences, but humanization does not guarantee a complete lack of immune response as illustrated by the examples above. Immune tolerance is firstly a consequence of B and T cell selection during their ontogeny. B and T cell repertoires are counter-selected by self-proteins in the bone marrow (12) and the thymus (13), respectively. However, the level of endogenous counterparts of BPs, which are expected to promote tolerance, might completely differ across BP categories and patients and therefore lead to variable levels of drug tolerance. IgG1 antibodies are present in the plasma at a concentration of approximately 9 mg/mL. The sequences of the constant parts of human IgG1 antibodies are therefore present as high levels of self-proteins. In contrast, VH or VL sequences are expressed at variable and lower levels (14), while all the sequences resulting from gene rearrangement and somatic mutations are not present in the human proteome. The second category corresponds to self-proteins present at low levels and the replacement proteins forming the third category might have different levels of endogenous counterpart. In patients with complete deficiency, there is no endogenous counterpart and the replacement protein is a foreign protein for the patients. In contrast, a mutated form circulates at variable concentration (also called cross-reacting material CRM) in patients with mild or moderately severe disease (15). Completely different physiological conditions therefore shape the repertoire of BP-specific CD4 T cells across BP categories and are expected to influence the initial BP-specific T cell frequency, peptide specificity and T cell expansion upon BP infusion. As CD4 T cells participate in the initiation and control of immune responses to either foreign or self-molecules, all these parameters should impact initiation and regulation of the ADA response and therefore help to understand and anticipate ADA onset. The objective of this paper is to review recent developments in the understanding the T cell response to BPs, with a main focus on mechanisms controlling peptide specificity, T cell selection and regulation.



BASIC MECHANISMS OF THE ANTIGEN-SPECIFIC CD4 T CELL RESPONSE

CD4 T cells recognize antigens as peptides displayed by HLA class II molecules at the surface of dendritic cells (DCs). These peptides are produced by proteolysis of antigens by cathepsins in the endosomal compartments and possess appropriate amino acid sequences (also called binding motifs) (16, 17) that allow their binding to the polymorphic HLA class II molecules (18). As the polymorphic residues are mainly present in the peptide binding site of the HLA class II molecules, the bound peptides might be restricted to particular HLA class II allotypes or, in contrast, might benefit from shared binding properties across allotypes to bind multiple HLA class II molecules (16, 17). Some of the presented peptides are recognized by CD4 T cells (Figure 1A). CD4 T cells express at their surface a specific receptor (TCR), which selectively recognizes peptides anchored to the HLA molecules across the multitude of displayed peptides. This selectivity comes from the wide diversity of TCRs generated by the random and imprecise rearrangements of the V and J segments of the TCR alpha and V, D, and J segments of the TCR beta genes (22). Pioneering estimates of the diversity of the TCR repertoire suggest a lower limit estimate of 1 million different TCR beta genes (23, 24), but more recent investigations using high-throughput sequencing propose minimal estimates of 100 million unique TCRβ sequences (25). This TCR repertoire is further shaped by self-peptides in the thymus (13), where many autoreactive T cells are deleted by apoptosis (Figure 1B). T cells leaving the thymus have not been in contact with the antigen in the periphery and are called naïve T cells. Some T cells specific for self-peptides might also be committed to thymic regulatory cells (tTregs) in the thymus (Figure 1B). The diversity of TCRs renders each antigen-specific naïve T clonotype very rare among the whole population of T cells, but at varying frequencies depending on the nature of the antigens (26) (Figure 1B). Frequencies of T cells specific for a single epitope evaluated using MHC class II tetramers (27, 28) or limiting dilution conditions vary in the range of 10−7 to 10−5 for tumor (29, 30) or foreign antigens (27, 28, 31). These frequencies are higher for full-length proteins, as exemplified by KLH or protective anthrax antigen (32, 33), but are expected to be low for recombinant forms of self-proteins owing to negative selection of T cells in the thymus (13). Upon encountering antigens in the body, specific T cell clones are activated in the lymphoid organs and expanded over the other T cells. This expansion is in the range of 10- to 1,000-fold for CD4 cells (27) (Figure 1B). Interestingly, the final frequencies of antigen-specific memory cells are correlated with the frequencies of precursors in the naïve repertoire, as shown in mice and humans using MHC class II tetramers (26–28). Finally, during the expansion, activated CD4 T cells transform into memory cells with helper functions. Some of the expanded T cells might also transform into induced regulatory T cells (iTreg), which are mainly characterized by their capacity to release immunosuppressive cytokines such IL-10 (Figure 1B).
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FIGURE 1. Antigen recognition by T cells leads to T cell selection and expansion. (A) Peptide requirements for T cell recognition (19). A T cell epitope is processed by the dendritic cell, binds to HLA class II molecules (16, 20) and is recognized by the TCR (21). (B) T cells are selected positively and negatively by recognition of self-peptides in the thymus. In the periphery, the naïve T cells recognize antigenic peptides to expand and differentiate into memory or effector T cells (Tm/Teff). Thymic T cells (tTregs) are committed in the thymus to regulatory T cells, while induced regulatory T cells (iTreg), that secrete IL-10 are differentiated from the pool of naïve cells in the periphery.




T CELL DEPENDENCE OF THE ADA RESPONSE

Whether ADA induction is T cell-dependent is not an obvious question as pioneering work on the T cell response to FVIII using synthetic peptides did not reveal particular differences between hemophilia A patients who did or did not develop neutralizing antibodies (34–36). It thus appears important to clarify the necessary role of the T cell response in the ADA response for the three categories of BPs, as T cell dependence validates the interest of focusing on the T cell response to provide insights into immunogenicity.

From these pioneering studies, the T cell response to FVIII did not appear to be linked to the ADA response, but multiple lines of evidence later pointed to T cell dependence (34–36). Anti-FVIII antibodies are of the IgG isotype and contain somatic mutations in their variable domains indicating that they have been produced by B cells that have undergone isotype switching and affinity maturation (37), both of which are T cell-dependent. Many studies have reported the T cell response in patients with mild/moderate (38–40) or severe hemophilia A (40, 41) who developed neutralizing ADAs. Most patients with mild or moderate hemophilia A circulate a point-mutated, partially disabled FVIII protein and require only rare infusions of therapeutic FVIII, indicative of they are less likely to develop an ADA response (38, 39). However, intensive treatment to support surgery or treat major bleeds, or accumulated occasional exposures over a lifetime, increase their risk of immunogenicity substantially (10). Analysis of the epitope-specificity of the T and B cell response in these patients showed that both FVIII T cells and antibodies might be raised against the mutated epitopes, suggesting a tight regulation of the specificity of FVIII-specific T cells (38, 39, 42). An interesting observation is that low CD4 T cells resulting from HIV infection of hemophilia A patients was associated with less anti-FVIII antibodies, suggesting an important role of T cell help (43). In line with this finding in HIV infection, mouse models using FVIII-deficient mice also indicated that ADA induction against FVIII requires CD4 T cell activation (44–46).

For the second category of BPs, i.e., hormones, growth factors, and cytokines, a higher T cell response was found in ADA+ patients treated with IFN-beta as compared to ADA– patients and healthy donors (47). The T cell dependence of IFN-beta immunogenicity was strengthened by HLA association of the ADA response to IFN-beta (48, 49) and was also shown in IFN-beta transgenic mice (50). Patients treated with recombinant human erythropoietin and who developed PRCA showed a clear T cell response to recombinant human erythropoietin, in contrast to ADA– patients (51).

Finally, for the category constituted by the therapeutic antibodies, Vultaggio et al. compared the T cell response to anti-TNFα infliximab in 32 ADA+ patients, 39 ADA– patients and 10 healthy donors (52). Infliximab-specific cell proliferation was detected mainly with T cells collected from ADA+ patients, especially those who developed hypersensitivity reactions, as compared to T cells collected from ADA- patients or healthy donors. The T cell response in ADA+ patients treated with infliximab or rituximab was also observed by others (53) and the ADA response to infliximab was found to be associated with HLA-DRB1*03 (54). Isolation of human monoclonal antibodies (mAbs) raised against adalimumab (55) and natalizumab (56) confirmed the T cell dependence of their in vivo generation, their sequences containing multiple somatic mutations. Anti-natalizumab mAbs were isolated from donors who developed a T cell response (56). Altogether CD4 T cell response appears as a requisite to mount a ADA response for the three BP categories.



T CELL RESPONSE TO BPs USING CELLS COLLECTED FROM HEALTHY DONORS WITH A VIEW TO PREDICTING IMMUNOGENICITY

A prerequisite for the generation of a CD4 T cell response to BP is the presence of T cells in the T cell repertoire that recognize epitopes within the BP. In vitro stimulation assays using T cells from healthy unexposed subjects are generally used to assess the potential reactivity to BP. This is in contrast to investigations of T cell responses against foreign proteins, whose T cell response is mainly investigated using donors who have already mounted an immune response to the antigens. This difference impacts both the methodologies and the outcomes of the T cell assays applied to BPs. Indeed, owing to the risk that immunogenicity issues stop the clinical development of new products, an important request from pharmaceutical companies is anticipation of these issues by selecting the least immunogenic BPs across the BP candidates at the early stages of drug development. Generally, drug selection is driven by preclinical studies carried out in animal models. However, animal models are not considered as good models for predicting the immunogenicity of BPs in humans, the humanized proteins being recognized as non-self in animals (57). As CD4 T cells are involved in the initiation of the immune responses, T cell assays using cells collected from healthy donors have been developed to evaluate whether BPs could prime a new T cell response in vitro (58–61). These T cell assays evaluate whether T cells circulating in the blood of healthy donors can recognize the BPs. They are clearly different from assays that are done with cells collected from patients developing an ADA response. T cell assays using cells collected from healthy donors provide an estimate of the number of T cells prone to react to BP recognition in healthy donors, who serve as estimators of the number of T cells in the patients before BP injection. Therefore, they do not therefore directly predict immunogenicity but reveal a “potential of response,” which is one of the main factors contributing to immunogenicity (57). Multiple formats of T cell assays are used to predict BP immunogenicity. Cells introduced in the assay can be either PBMCs (PBMC assay) or a co-culture of autologous DCs and T cells (DC:T cell assay) (58, 60, 61). Assays also differ by the number of in vitro stimulations with either BPs (59) or mitogenic molecules (33) and by the readout used to characterize T cell specificity (mainly CFSE, 3H-thymidine incorporation or ELISPOT). T cell assays are validated by comparing BPs known to be either immunogenic or non-immunogenic in humans (58–61), assuming that the response in in vitro experiments correlates with an immune response in patients. Because of the low frequency of naïve BP-specific T cells in healthy donors (26), we developed a T cell assay relying on a long-term culture phase to enrich the cell culture in specific T cells (T cell amplification assay) (59, 62). This was adapted from assays developed to identify tumor antigens (63, 64). In this assay, antibodies known to be immunogenic in multiple treated patients, such as adalimumab (2), infliximab (1, 65), and rituximab (66, 67), generate a higher T cell response (59, 68) than poorly immunogenic antibodies such as trastuzumab (69) and secukinumab (70) or fusion protein (etanercept) (71). Finally, T cell assays using healthy donors have provided most of the data on the T cell response to BPs (58–61, 68). Many T cell epitopes have also been identified using these assays, as described in the following sections.



mAbs-SPECIFIC CD4 T CELL EPITOPES AND THEIR RELATIONSHIP WITH THYMIC SELECTION

Because of HLA polymorphism, CD4 T cell epitopes of BPs are expected to vary from one donor to another as a function of their HLA allotypes, but also to be shared by multiple donors owing to common binding specificities of the HLA class II molecules (17). The location of BP-specific T cell epitopes is precious information in understanding which parts of the molecules contribute to their immunogenicity (Figure 2), but also which mechanisms take part in this response. In fact, immunological mechanisms leading to the T cell response to mAbs differ between regions mutated with respect to the germline sequences, non-mutated regions of the variable domains and constant regions (Figure 3A).
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FIGURE 2. T cell epitopes of therapeutic antibodies. T cell epitopes have been identified from T cells collected from healthy donors (red) or from patients who develop an ADA response (green) to rituximab, infliximab (53), adalimumab, natalizumab (72), and ixekizumab (73). Each bar corresponds to an individual response. CDR regions are shown in blue. Amino acids in orange correspond to mutations with respect to the best-fitting germline sequence. HC, heavy chain; LC, light chain.
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FIGURE 3. Mechanisms of induction of the T cell response or tolerance to biopharmaceuticals. Immunological mechanisms involved in the immunogenicity of BPs are reported for the three categories of BPs: (A) antibody, (B) cytokines, hormones, growth factors, (C) replacement proteins. Biopharmaceuticals might be recognized by T cells as foreign in gene-deficient patients or as mutated sequences with respect to the human germline sequences (neoepitopes) (a). Non-mutated sequences might (b) stimulate T cells that have escaped thymic selection or might (c) lead to T cell tolerance by deletion of T cells in the thymus or (d) induction of thymic Tregs (tTregs). (e) Peripheral tolerance could be provided by induced Tregs (iTregs). Structure of a full-length antibody (Pdb: 21GF), human Epo (Pdb: 1BUY), and human FVIII (Pdb: 3CDZ).


T cell epitopes have been identified in multiple therapeutic antibodies, including infliximab (53), rituximab (53), adalimumab (72), natalizumab (72), ixekizumab (73) by deriving CD4 T cell lines from cells collected from healthy donors (Figure 2). The location of CD4 T cell epitopes was found to be very specific for each therapeutic antibody (Figure 2). Two-thirds of the identified T cell epitopes of infliximab and rituximab participated to the T cell response mounted in patients, who developed an ADA response (53). In another study, the T cell response to infliximab in patients treated with infliximab appeared broader (74). To provide insights on the mechanisms leading to the T cell specificity, affinity of the mAb peptides for HLA-DR molecules, which are common worldwide was evaluated and the mAb peptides presented by HLA-DR molecules of mAb-loaded dendritic cells were identified. mAb-specific T cell epitopes are often found to bind to HLA-DR molecules with good affinity (53, 72). For example, HCDR3 of adalimumab is a hot-spot of good binders to HLA-DR molecules (72) and contains the vast majority of identified T cell epitopes. T cell epitopes are often among the peptides identified by MHC-associated peptide proteomics (MAPPs) assay. This assay consists in loading immature monocyte-derived DCs from healthy human donors with mAb, isolating HLA-DR associated peptides from mAb-loaded DCs and identifying them by liquid chromatography-mass spectrometry (53, 72, 73, 75). Importantly, regions mutated with respect to the germline sequences and hence mainly the CDR regions appear as the main regions hosting T cell epitopes, which are therefore recognized as neoepitopes (Figure 3a). Studies in mice have demonstrated that somatic hypermutations create CD4 T cell epitopes in the V regions (Figure 3a), although germline sequences do not elicit a CD4 T cell response (76). Germline sequences lead to central deletion of the specific CD4 T cell precursors in the thymus (77, 78), possibly through their presentation by thymic B cells (79) (Figure 3c). The CDR3 sequences result from the junction of V(D)J segments and TdT-catalyzed addition of nucleotides, and they therefore differ largely from germline sequences. Multiple T cell epitopes from adalimumab and ixekizumab overlap HCDR3 (Figure 3a). In CDR1 and CDR2 of the VH and VL chains of an antibody, somatic mutations are introduced during affinity maturation and seem to generate multiple epitopes of natalizumab and ixekizumab (Figure 3a). T cell clones derived from two multiple sclerosis patients who developed an ADA response specific for natalizumab were found to react with one CD4 T cell epitope overlapping the LCDR2 region, only (56). This epitope was also identified in a study performed with cells collected from healthy donors (72). Interestingly, a T cell response targeting a single epitope can suffice to mount an ADA response (56).

However, some T cells recognizing non-mutated parts of the mAb could escape thymic selection, as shown in a mouse model (78) (Figure 3b). Three T cell epitopes of adalimumab, one of natalizumab and one of ixekizumab do not contain somatic mutations with respect to the germline sequences (Figure 2) (72, 73), as evaluated by two alignment methods (80, 81). The best-fitting germline sequence of adalimumab VH is the gene segment VH3.9 (81). It is a poorly expressed germline gene segment in the human B cell repertoire (14) and hence could give rise to a partial escape of adalimumab-specific CD4 T cells from the thymus (78) (Figure 3b). However, these T cell epitopes contribute only little to the mAb-specific T cell response (Figure 2).

In addition to the T cell epitopes identified in the variable domains of therapeutic mAbs, T cell epitopes deriving from constant regions of IgG (82) and from human serum albumin (83) were found to activate tTreg cells and have been called Tregitopes. Indeed, some precursor T cells egressing from the thymus are committed to T cells with immunosuppressive function and characterized by the CD4+CD25+FoxP3+ phenotype (84). Autoreactive thymic regulatory T cells (tTregs) are positively selected on endogenous self-antigens expressed in the thymus. This selection occurs in a highly specific manner through TCR interaction of high affinity for their cognate antigen. Constant parts of immunoglobulin IgG1 and serum albumin are both highly abundant proteins and should therefore be presented as antigenic peptides by MHC II molecules expressed by medullary thymic epithelial cells (mTECs) in the thymus. Presentation of these peptides might lead to deletion of effector CD4 T cells (Figure 3c), which explains why CD4 T cell epitopes are not found in the constant parts of IgG, and also to selection of specific tTregs (Figure 3d). These Tregitopes have been shown to suppress multiple kinds of immune responses, including humoral (82, 85) and cellular (86), but were also shown to be poorly active in this regard in an alternative study (87). No BP-specific tTregs have been cloned and characterized yet and the mechanism of suppression remains to be determined. Together, the T cell repertoire specific for therapeutic mAbs appears to be shaped by creation of neoepitopes for mutated regions with respect to the germline sequences, T cell escape (also called ignorance see below) and deletion in the thymus for non-mutated regions of the variable domains and T cell deletion or tTreg generation for constant regions (Figure 3A).



CD4 T CELL REPERTOIRE OF HORMONES, GROWTH FACTORS, AND CYTOKINES

Mutations cannot be the only driving force of BP immunogenicity, as immunogenic hormones, growth factors and cytokines that form the second BP category are not mutated. Cytokines such as IFN-b (88), IFN-α (89), and IL-2 (90) and growth factors such as GM-CSF (7) are all known to elicit an antibody response in some patients, albeit to various degrees. In vivo expression of the endogenous counterpart of immunogenic BPs of the second category might not be sufficient to completely deplete the specific T cells in the thymus, leading to immunological ignorance, as named by Ohashi et al. (91) (Figure 3b). This immunological mechanism has been demonstrated in transgenic mice expressing a model antigen in the periphery (91). In these mice, antigen-specific T cells escape from thymic selection as the model antigen is not expressed in the thymus. T cells, however, do not react to the antigen expressed in the periphery, owing to the lack of appropriate signals of T cell activation.

Similarly, expression of the endogenous counterpart of the second BP category might be not sufficient to completely deplete the specific T cells in the thymus. T cells escape from thymic selection (Figure 3b), although they are specific for self-sequences and not neoepitopes (Figure 3a). A specific and functional T cell repertoire is therefore available to react to the corresponding BPs, but is not activated at the steady state. As an example, a high frequency of Epo-specific T cells was found in the blood of many healthy donors (62, 92). In most patients, infusion of correctly formulated recombinant Epo is well-tolerated and probably did not activate Epo-specific T cells, in the absence of co-stimulatory signals. However, altered HSA-free Epo batches might contain Epo aggregates, micelles and leachates from the syringe stopper (93), which might favor DC maturation and antigen capture by the DCs (94) and thereby provide T cell activation signals (51). Another example of immunogenic BP of the second category is relaxin. Relaxin is a two-chain peptide hormone structurally related to insulin with anti-inflammatory activity, but its injection in humans led to the production of anti-relaxin antibodies in multiple patients (4). In agreement with its clinical immunogenicity, relaxin elicits a strong in vitro T cell response from cells collected from healthy donors (95).

In agreement with the concept of antigen ignorance (91) (Figure 3b), T cell epitopes have been identified in Epo (92), IFN-b (47), and relaxin (95), using synthetic peptides bearing unmodified human sequences. Given that the sequences of the BP are identical to those of the endogenous forms, these findings confirm that BP can be immunogenic without alteration of their sequence (Figure 3b), e.g., by chemical (96) or post-translational modifications to create neo-epitopes (Figure 3a). In fact, to our knowledge, T cell neoepitopes of the second category of BPs have not yet been identified.

One important consideration in anticipating the tolerance or ignorance of self-sequences might be direct evaluation of their expression in the thymus. Epo and IFN-b do not seem to be expressed in the thymus, in agreement with their capacity to mount a T cell response (47, 51, 62, 92). In contrast, the thymic expression of relaxin has been reported (95), but it is unknown whether relaxin is expressed by mTECs to promote T cell selection. To our knowledge, insulin is the only hormone known to induce central tolerance, as depletion of insulin expression in mTECs has been shown to induce spontaneous anti-insulin autoimmunity in mice (97) (Figure 3d). In the case of insulin, a particularity is, that in some cases, insulin is given to diabetic patients with autoantibodies against self-proteins and peptides including insulin itself (98, 99). Hence autoantibodies to insulin may be preexisting, i.e., present before the first injection of insulin. Multiple studies have identified proinsulin and not only insulin as the main target of autoreactive CD4 T cells, many clones being specific for the C-peptide human proinsulin (100–102). Mechanisms of insulin immunogenicity are therefore not representative of the other immunogenic hormones, but suggest that expression of self-antigens in mTec might be investigated to define the immunogenicity risk of therapeutic proteins. In summary T cells specific for cetagory including hormones, growth factors and cytokines are therefore either produced by ignorance or deleted by central tolerance (Figure 3B).



CD4 T CELL EPITOPES OF REPLACEMENT PROTEINS, ILLUSTRATED BY FVIII

The third category of BPs comprises replacement proteins such as clotting factors or lysosomal enzymes. To our knowledge, there are no T cell epitopes identified in lysosomal enzymes such as α- glycosidase (Pompe disease), α-galactosidase (Fabry disease), or in factor IX (hemophilia B) in humans, but only in mice (103). In contrast, multiple studies have sought to identify CD4 T cell epitopes of FVIII from severe hemophilia A patients (41, 104), mild/moderate hemophilia A patients (38, 39, 105, 106) and FVIII-deficient humanized mice (46).

T cell reactivity against FVIII appears very complex and depends on the residual amount of endogenous FVIII. The grade of hemophilia A from severe to mild is related to the remaining level of FVIII function. Deficiencies range from complete lack of circulating FVIII, which results in the most severe hemophilia A cases, to an altered function due to missense mutations, small insertions or deletions. ADA incidence varies from 30% in severe hemophilia A patients to 5–20% in mild/moderate hemophilia A patients and may be linked to the remaining amount of FVIII (CRM+) and may not be related to its functionality (107). Hemophilia B patients have a reduced risk of neutralizing antibodies, probably because patients produce a circulating and dysfunctional factor IX (CRM+) (11).

In severe hemophilia A patients, partial or complete lack of FVIII (CRM–) renders the infused FVIII a foreign molecule (Figure 3a). In line with the large size of FVIII, multiple potential epitopes have been found to be displayed by HLA class II molecules (108, 109) and are across all FVIII domains (108–110). The number of presented peptides is diminished by the association of FVIII with von Willebrand factor (110), which limits the uptake of FVIII by DCs (111). In FVIII-deficient HLA-DR15-transgenic mice, which are designed to mimic severe hemophilia A, the T cell response is supported by 8 dominant epitopes, which exhibit a good affinity for different HLA-DR molecules. T cell epitopes identified in FVIII (36, 38, 39, 106) are some of the presented peptides (108) but all the presented FVIII peptides did not elicit a T cell response as already observed for therapeutic mAbs (53, 72). The T cell response in severe hemophilia A patients may appear to focus on only one high-avidity epitope, when assessed with HLA-Class II tetramers (41), which is at variance with studies using T cell proliferation assays suggesting a much broader T cell response to FVIII (34).

In mild/moderate hemophilia A patients, the remaining material of FVIII circulating in the blood might exert selective pressure on the CD4 T cells in the thymus (Figure 3c). This is supported by observation patients with mild-moderate hemophilia that carry a mutation. CD4 T cell clones isolated from these patients target the mutated epitope (i.e., a neoepitope) (Figure 3a), suggesting that T cells reactive to the non-mutated variant were negatively selected. Both the epitope with the R2150H mutation and the non-mutated counterpart bind with high affinity to multiple HLA-DR molecules, the mutation supposedly being in tight contact with the TCR (38). The epitope with the A2201P mutation (39, 105) was the same as that found in severe hemophilia A patients (41). In contrast to the mutated regions, the remaining parts of FVIII did not give rise to specific T cells in the mild/moderate hemophilia A patients and appeared to be tolerated (Figure 3c).

Strikingly, induction of central tolerance (Figure 3c) by endogenous FVIII does not seem to be important in healthy donors. Indeed, a large repertoire of FVIII-specific CD4 T cells is found in the blood of healthy donors (112), suggesting that these cells escape negative thymic selection (Figure 3b). Half of the FVIII-specific T cells were naïve or memory T cells and the frequency of memory cells remained low as compared to memory cells specific for foreign antigens (112).

This repertoire of FVIII-reactive T cells might also trigger the naturally-occurring anti-FVIII Abs found in many healthy subjects and maybe even for the onset of acquired hemophilia (113). Owing to the higher incidence of ADAs in severe hemophilia A patients as compared to mild/moderate hemophilia A patients, the different level of FVIII deficiency might enlarge the FVIII-specific CD4 T cell repertoire from the already large repertoire found in healthy donors, by expanding T cells of higher avidity for their cognate antigen, a concept demonstrated for a tumor antigen in mice (114). Alternatively, the loss of FVIII expression in hemophilia A patients could be accompanied by a deficiency of thymic regulatory T cells (tTregs). Indeed, absence of cognate antigen has been shown to lead to a severe loss of tTreg positive selection (115). Deficiency in expression of FVIII in hemophilia A patients may therefore impact FVIII-specific tTreg selection (Figure 3d). But to date, the role of tTreg cells in the FVIII T cell response has only been assessed by removing CD4+ CD25+ T cells from T cell proliferation assays (105) or by adoptive transfer of tTregs into mice challenged with FVIII plasmid (116). No FVIII peptides have yet been characterized for tTreg recognition. Further studies using samples from mild/moderate or severe hemophilia A patients or healthy donors are required to provide a more complete picture of the FVIII T cell epitopes and how they entail or prevent ADA onset. Nevertheless, how the T cell repertoire is shaped in CRM– and CRM+ patients appears to involve multiple immunological mechanisms.



ROLE OF SUBSETS OF BP-SPECIFIC CD4 T CELLS IN THE INDUCTION AND REGULATION OF THE ADA RESPONSE

Different subsets of T cells participate in the initiation and regulation of many adaptive immune responses, their frequencies, phenotypes, onset and persistence might be a source of understanding, as already observed for vaccines (117) and allergen immunotherapies (118, 119). To date, the phenotypes of T cells specific for BPs in treated patients have been investigated in few studies, mainly in the context of mAbs (52, 53, 120). Overall, the data suggest that the ADA response might be controlled by the balance between antibody-inducing and antibody-suppressing cytokines. Although ADA follow-up is requested by the authorities during clinical trials, characterization of the T cell response is not mandatory, but recommended. Ethical issues might also limit the collection of blood samples, especially as in most genetic deficiencies, including hemophilia and lysosomal diseases, the patients might be very young. As mentioned above, effector T cells specific for infliximab (52, 53, 120), rituximab (53), and natalizumab (56) collected from patients who developed an ADA response were revealed by proliferation assays or secretion assays of inflammatory cytokines. Individual patterns of the cytokines including IFN-γ, IL-13 (120), IL-5, and IL-17 (53) were found across the patients. IL-13 appeared to be associated with detection of specific IgE (52). T cell clones specific for infliximab were found to be of TH1, TH2, or TH0 cells (120) and should provide help to the B cells to produce ADA. By contrast, many of the T cell clones (120) or bulk T cells (53, 120) also secreted IL-10, an immunosuppressive cytokine, which is known to suppress T cell proliferation and IgG secretion (121) (Figure 3e). IL-10-secreting T cell clones specific for infliximab inhibited the proliferation of co-cultured effector T clones also specific for infliximab in an IL-10-specific manner (120). Interestingly, longitudinal analysis of the infliximab-specific T cell response highlighted the upregulation of IL-10 throughout the treatment, while IFN-y was mainly expressed at the first infusion. Patients who developed ADAs produced little IL-10 at the beginning of the treatment and exhibited low IL-10/IFN-γ ratios (74). IL-10 was therefore found to be a cornerstone of ADA regulation. IL-10-producing cells are induced by infusion with the therapeutic antibody (Figure 3e) and differ from tTreg cells (Figure 3d), which are directly committed to regulatory T cells in the thymus (84). Besides IL-10 production (121), induced Treg cells (iTregs) (Figure 3e) might acquire a Foxp3+ CD25+ CD4+ phenotype (120) similar to that of tTregs (Figure 3d), but they share the same CD4 T cell epitopes with effector CD4 T cells, as they are produced from the same precursor cells, as shown for allergen immunotherapy (122). In studies of the T cell response to infliximab (52, 120), almost all patients generated an IL-10 response, including patients who did not generate ADA (ADA-). It is generally thought that ADA- patients did not develop any immune response against the BP. As shown in this study, they might develop a suppressive T cell response, which hampers the ADA response. Isolated immunomonitoring of the ADA response, while neglecting the T cell response, may therefore underestimate the number of patients who generate an immune response to infliximab (1, 65). Further investigations are required to generalize these observations to other anti-TNF therapeutic antibodies or other BPs. In conclusion, detailed analyses of the T cell response to BPs are insufficient in number, but the existing studies are important in deciphering a part of the mechanisms of immunogenicity in patients treated with BPs.



PERSPECTIVES

In the last decade, our understanding of the T cell response to BPs has benefited from findings from various immunology-related fields including vaccinology and cancer immunology. T cell assays relying on the generation of T cell lines have been adapted from experiments done to identify tumor T cell epitopes (63). Prediction of T cell epitopes is done using algorithms trained with foreign sequences, especially from bacterial and viral antigens (123). The next decade may benefit from methods developed to investigate the T cell response in healthy donors and in patients, from the identification of their own T cell epitopes, and from pioneering work on T cells in patients treated with BPs. It is important to extend studies to many more BPs, as the paucity of clinical data is hampering progress. Little attention has also been paid to understanding how the T cell response is triggered. A soluble molecule generally leads to immune tolerance rather than immune response (124) and needs adjuvant activity to switch on the response (125). It is unclear how BPs acquire this ability to prime the T cell response. Identified hints are the capacity to aggregate (126), which may occur in vivo (127), to contain trace levels of impurities (128), to form immune complexes (129), and to interact with immune cells (130). Moreover, patient- treatment- or disease-specific factors may also have to be considered. An important opportunity provided by T cell epitope identification is to de-immunize BPs by removing T cell epitopes from their sequences (131–133). The challenge of de-immunization is to take into account the wide diversity of HLA in humans and to maintain BP functionality. Multiple molecules have already been engineered including enzymes (132), FVIII (134), and mAbs (56, 133), but to our knowledge none has yet been challenged in a clinical setting. Finally, multiple other BPs different from proteins, such as advanced therapeutic medicinal products, are being actively developed and studied in terms of immunogenicity issues. Pre-existing immunity to recombinant adeno-associated virus vectors or lentiviral vectors compromises the efficacy of gene therapy, while de novo antibody and cytotoxic CD8 T cell responses could eliminate cells transfected with the therapeutic products (135). Pre-existing immunity has also been demonstrated for the bacterial CAS9 protein and could dramatically limit genome editing tools such as CRISPR/Cas9 technology (136). All these new therapeutic approaches might benefit from already off-the-shelf technologies to investigate the T cell response and from recent advances in single-cell analysis (137) and next-generation sequencing (138).
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Immune tolerance induction (ITI) with a short-course of rituximab, methotrexate, and/or IVIG in the enzyme replacement therapy (ERT)-naïve setting has prolonged survival and improved clinical outcomes in patients with infantile Pompe disease (IPD) lacking endogenous acid-alpha glucosidase (GAA), known as cross-reactive immunologic material (CRIM)-negative. In the context of cancer therapy, rituximab administration results in sustained B-cell depletion in 83% of patients for up to 26–39 weeks with B-cell reconstitution beginning at approximately 26 weeks post-treatment. The impact of rituximab on serum immunoglobulin levels is not well studied, available data suggest that rituximab can cause persistently low immunoglobulin levels and adversely impact vaccine responses. Data on a cohort of IPD patients who received a short-course of ITI with rituximab, methotrexate, and IVIG in the ERT-naïve setting and had ≥6 months of follow-up were retrospectively studied. B-cell quantitation, ANC, AST, ALT, immunization history, and vaccine titers after B-cell reconstitution were reviewed. Data were collected for 34 IPD patients (25 CRIM-negative and 9 CRIM-positive) with a median age at ERT initiation of 3.5 months (0.1–11.0 months). B-cell reconstitution, as measured by normalization of CD19%, was seen in all patients (n = 33) at a median time of 17 weeks range (11–55 weeks) post-rituximab. All maintained normal CD19% with the longest follow-up being 248 weeks post-rituximab. 30/34 (88%) maintained negative/low anti-rhGAA antibody titers, even with complete B-cell reconstitution. Infections during immunosuppression were reported in five CRIM-negative IPD patients, all resolved satisfactorily on antibiotics. There were no serious sequelae or deaths. Of the 31 evaluable patients, 27 were up to date on age-appropriate immunizations. Vaccine titers were available for 12 patients after B-cell reconstitution and adequate humoral response was observed in all except an inadequate response to the Pneumococcal vaccine (n = 2). These data show the benefits of short-course prophylactic ITI in IPD both in terms of safety and efficacy. Data presented here are from the youngest cohort of patients treated with rituximab and expands the evidence of its safety in the pediatric population.
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INTRODUCTION

Lysosomal storage disorders (LSDs) are a group of inherited metabolic disorders caused by disease-associated variants in genes encoding catabolic enzymes active in the lysosome. The deficiency or complete absence of endogenous enzyme leads to a build-up of undegraded macromolecules in lysosomes affecting various target tissues depending on the specific enzyme deficiency (1–3). Although there is no cure for LSDs, the development of enzyme replacement therapy (ERT) aimed at replacing the deficient lysosomal enzymes and reducing the toxic substrate accumulation has greatly improved the course for several LSDs including Gaucher disease, Fabry disease, Pompe disease, Mucopolysaccharidoses (MPS) I, II, IVA, VI, and VII, and Wolman disease, with additional therapeutic proteins in development (4, 5). Despite the success of ERTs in improving outcomes for patients with LSDs, the development of anti-drug antibodies (ADA) against the therapeutic protein remains a challenge that impacts both the safety and efficacy of the treatment (6).

In 2006, the FDA approved alglucosidase alfa (recombinant human acid alfa-glucosidase, rhGAA) for treatment of Pompe disease, an autosomal recessive LSD caused by disease-associated variants in the GAA gene resulting in deficiency of acid-alpha glucosidase (GAA), predominantly affecting skeletal, smooth, and cardiac muscle (7, 8). Pompe disease has a phenotypic spectrum ranging from classic infantile Pompe disease (IPD) to late-onset Pompe disease. Classic IPD is the most severe end of the disease spectrum, with patients presenting with severe cardiomyopathy in the first few days to weeks of life and rarely surviving beyond 2 years of age without treatment (9). The availability of ERT with alglucosidase alfa has changed the natural course of Pompe disease, significantly prolonging survival and improving long-term clinical outcomes. Despite the considerable benefits of ERT, the overall response is heterogeneous and impacted by multiple factors including age at ERT, the extent of underlying pathology, the dose of ERT, and development of anti-drug antibodies. Additionally, there are other limitations of ERT including clearance by non-muscle tissue, limited cellular uptake in muscles, inability to cross blood-brain barrier, and variability of skeletal muscle response (10, 11). Published literature has demonstrated that long-term IPD survivors often have residual physical impairments including muscle weakness, hypernasal speech, dysphagia with a risk of aspiration, ptosis, and risk of arrhythmias (12).

The negative impact of IgG ADA to alglucosidase alfa in patients with IPD has been well established since the first clinical trial (13–15). In two alglucosidase alfa clinical trials, 89% (35/39) of patients (NCT00125879, n = 16/18 and NCT00053573, n = 19/21) with IPD developed ADA to alglucosidase alfa and a subset developed high and sustained IgG antibody titers (HSAT) causing suboptimal treatment response resulting in clinical deterioration and death despite treatment with ERT (9, 14). Of critical importance, the development of ADA to ERT is strongly influenced by the patient's genetic variants which determine whether any GAA protein is generated, even if non-functional, as the production of a non-functional enzyme may still tolerize the immune system to some extent. Patients with two null variants, produce no GAA, resulting in the immune system recognizing rhGAA as foreign (16). IPD patients with two null GAA variants are considered cross-reactive immunologic material (CRIM)-negative and are at the highest risk of developing significant ADA to ERT (16, 17). A previous study assessing the impact of CRIM status on treatment outcomes in Pompe disease showed that CRIM-negative patients who received ERT monotherapy were either deceased or ventilator-dependent by age of 27.1 months due to the development of ADA (16). Immune tolerance induction (ITI) in the ERT-naïve setting has been established as a strategy to diminish the development and minimize the impact of ADA on treatment response to ERT and has become the standard of care for CRIM-negative IPD patients (18–23). Although endogenous GAA detected in CRIM-positive IPD patients can tolerize them to ERT, up to 32% of CRIM-positive IPD patients also develop deleterious ADA to ERT and the clinical course is indistinguishable from that of CRIM-negative IPD patients (24). Some CRIM-positive IPD patients at high risk of developing deleterious ADA can be identified based on previously reported GAA variants in IPD patients who developed HSAT or based on development of HSAT by an older sibling. We thus have instituted an immunomodulation approach at ERT initiation based on an algorithm of early immune response data in this subset of CRIM-positive IPD patients considered as high risk (22–24).

Different approaches to overcoming the challenges of ADA to ERT have been tried in patients with Pompe disease with varying degrees of success (25). These immunomodulation approaches, initiated with ERT, are intended to target B and T cells to induce long-term immune tolerance and improve treatment response to ERT (21, 23, 26, 27). While approaches have differed in terms of drug combinations, all approaches included rituximab, an anti-CD20 monoclonal antibody, which targets antibody-producing B cells. We previously reported success in inducing immune tolerance with a short-course of rituximab, low-dose of methotrexate, with/without IVIG in an international cohort of 19 CRIM-negative IPD patients (23). Combination therapy targeting different cells of the immune system (B and T cells) to prevent the cascade for antibody development was the rationale for using rituximab and methotrexate. Rituximab is a chimeric monoclonal antibody that has been approved for multiple types of malignancy and autoimmune diseases. Methotrexate, an inhibitor of dihydrofolate reductase, impacts rapidly dividing T and B cells (28, 29). Experience from rheumatologic disorders has shown that the addition of methotrexate with other biological therapy has prevented the development of ADA against therapeutic proteins (30). We added IVIG at a dose of 500 mg/kg to provide passive immunity until B cell reconstitution would assure production of antibodies to pathogens. The duration of B cell depletion varied based upon patient age, treatment indication, additional immunosuppressive medication administration, and duration of treatment. An example of this is that children typically achieve B cell reconstitution within 1 year of rituximab discontinuation, while adults can take up to 2 years (31). Long-term follow-up studies show that there is skewing of B cell populations to naïve phenotypes resulting in prolonged low immunoglobulin levels and impaired responses to vaccines (32–37). Published literature of rituximab use in autoimmunity and malignancy has shown that though rare, infections can occur when B cells are undetectable (36, 38, 39).

The short 5-week course of ITI was able to tolerize IPD patients to ERT, as evidenced by negative/low anti-rhGAA IgG antibody titers even after B cell reconstitution and ability to receive age-appropriate routine vaccination. The data suggested that combination therapy was safely tolerated and was successful in inducing immune tolerance in most IPD patients. However, the long-term safety of this approach was not evaluated and published data on the safety of immunomodulation with rituximab, especially in pediatric populations, is limited. At this time, there are limited data in the literature on the long-term safety of rituximab, especially in patients younger than a year of age. Considering that the majority of patients with infantile Pompe disease are initiated on treatment within weeks of birth, it is important to understand the long-term safety of treatment in such a young and medically fragile population. The purpose of this study was to determine if patients with IPD who received rituximab experienced long-term impairment of the immune system, as described in the literature for its use in diverse disease settings. In the current study, we present the long-term safety and efficacy of short-course immune tolerance induction (ITI) in a relatively large cohort of CRIM-negative and CRIM-positive IPD patients by evaluating anti-rhGAA IgG antibody titers, absolute neutrophil count (ANC), aspartate aminotransferase (AST), alanine aminotransferase (ALT), B cell and T cell quantitation, vaccination history and titers against vaccines, left ventricular mass index (LVMI), and overall and ventilator-free survival.



MATERIALS AND METHODS


Patients and Inclusion Criteria

Inclusion criteria for the present study were based on the following; (1) a confirmed diagnosis of IPD with two disease-associated GAA variants and low GAA enzyme activity (8), (2) a history of ITI with rituximab, methotrexate, with or without IVIG in ERT-naïve setting, and (3) at least 6 months of follow-up data since initiation of ITI. A retrospective chart review of qualifying patients with IPD was conducted. Data on patients included in the previous publication were reviewed and further longitudinal data since the last publication on patients who met the inclusion criteria were included for the analysis (23).



Ethics Approval

All patients were enrolled in a Duke institutional review board (IRB)-approved study protocol (Pro00001562; Determination of Cross-Reactive Immunological Material [CRIM] Status and Longitudinal Follow-up of Individuals with Pompe disease; LDN6709 Site 206; ClinicalTrials.gov NCT01665326). One CRIM-negative IPD patient included in this study had IRB/ethics committee approval from a local institution. All other patients were enrolled in the Duke IRB-approved study through written informed consent from a parent or legal guardian (15, 22, 40–42).



Immune Tolerance Induction (ITI)

The 5-week short-course immune tolerance induction approach included four doses of weekly rituximab (375 mg/m2, intravenously), and three cycles of low-dose methotrexate (0.4 mg/kg; three doses per cycle with first three ERT infusions, subcutaneously or orally), as described previously (Supplementary Figure 1) (22). To provide passive immunity during B cell suppression, monthly IVIG at 500 mg/kg was added to the combination therapy during the time of B cell suppression. To avoid any significant interference of IVIG with antibody-dependent cellular cytotoxicity mediated B cell depletion, the first dose of IVIG was administered 24–48 h after the first dose of rituximab. There was no recommended supplier for rituximab, methotrexate, and IVIG in ITI protocol that was shared with treating physicians. To assess the safety of ITI, patients were monitored for incidence of infection around the time of ITI, decrease in ANC, and increase in AST, and/or ALT levels. An ANC of <750 cells/mm3 or AST and/or ALT >3 times their respective baseline values were considered as adverse events. Routine vaccinations, except for the flu shot were withheld while patients were B cell suppressed. Vaccinations were resumed following evidence of B cell reconstitution, defined as normalization of CD19% (40).

Patients were classified into three groups based on anti-rhGAA IgG antibody titers; (1) HSAT, defined as titers of ≥51,200 on two or more occasions at or beyond 6 months on ERT (15), (2) sustained intermediate titer (SIT), defined as titers of ≥12,800 and <51,200 on ERT (LumizymeTM prescribing information) (15, 41), and (3) low titer (LT), defined as titers of ≤6,400. The cutoffs of 51,200 and 12,800 were utilized based on the findings from previous publications and LumizymeTM prescribing information (15, 41). Previous studies have demonstrated that CRIM-positive and CRIM-negative IPD patients who developed anti-rhGAA IgG titers of ≥12,800 had poor clinical outcomes (15, 17, 42). Additionally, the Lumizyme prescribing information states that patients developing sustained anti-alglucosidase alfa antibody titers of ≥12,800 may have a poorer clinical response to treatment, or may lose motor function as antibody titers increase. Patients with antibody titers ≥12,800 at Week 12 of treatment had an average increase in alglucosidase alfa clearance of 50% from Week 1 to 12. In our study with ITI, patients were considered immune tolerant if they met the following criteria: (1) were seronegative (did not develop anti-rhGAA IgG antibodies) or maintained anti-rhGAA IgG titers of ≤6,400 throughout ERT, and (2) were able to receive age-appropriate routine vaccines.



Data Collection

Clinical data including GAA variants, CRIM status, age at diagnosis, age at ERT initiation, dose of ERT, longitudinal anti-rhGAA IgG antibody titers, LVMI, motor status, feeding status, and pulmonary status were extracted from medical records provided by the principal care provider of the patient. CRIM status was determined by western blot analysis in skin or blood at Duke GSD/LSD Enzymology Laboratory and confirmed by GAA variants or was predicted based on GAA variants as previously described (43). Anti-rhGAA IgG antibody titers were determined by Sanofi Genzyme (Framingham, MA, USA) by enzyme-linked immunosorbent assay and confirmed using radioimmunoprecipitation as previously described (8). Since the decrease in ANC and elevations in AST and ALT have been noted with treatment with rituximab and methotrexate, we evaluated these values in patients on the ITI protocol. ANC, ALT, and AST levels were monitored bi-weekly during ITI followed by monthly monitoring until return to baseline levels. Flow cytometry was performed in CLIA certified laboratories to define the following cell populations: CD19, CD3, CD3CD4, CD3CD8. Lymphocyte quantitation including CD19% was evaluated to monitor B cell suppression and B cell reconstitution. Lymphocyte quantitation was performed every 4 weeks until B cell recovery, then every 3–6 months. B cell depletion was defined as detection of CD19% below 1%. B cell reconstitution was measured in terms of normalization of CD19% to the normal range for the age as previously described (40). Additionally, CD3, CD4, and CD8% were evaluated to monitor T cell response. Titers against Diphtheria, Tetanus, Pneumoccoal, Measles, Mumps, and Rubella (MMR) were assessed after vaccination and humoral response to vaccines were categorized as adequate (immune) or inadequate (not immune). Humoral response to Tetanus, Diphtheria, and MMR were determined to be adequate based on the respective CLIA certified laboratory reference ranges. The response to the Pneumoccocal vaccine was determined to be adequate if >50% of serotypes had an antibody concentration of >1.3 micrograms per milliliter, as all patients were <6 years old (44). B cell reconstitution, vaccination status at baseline and after ITI, and titers against routine vaccines were collected to assess if administration of rituximab resulted in long-term immunodeficiency. Data collection continued until October 2019 or until at least 6 months had passed since the initiation of ERT and ITI, at which time the database was locked for analysis.



Statistics

Overall survival and ventilator-free survival for patients who received ITI were analyzed using the Kaplan-Meier method with two-tailed P-values generated using the log-rank test and compared to a historical cohort of CRIM-negative IPD patients who received ERT monotherapy (15). Age at ERT, age at diagnosis, longitudinal anti-rhGAA IgG antibody titers, and LVMI were compared using Wilcoxon/Kruskal-Wallis rank-sum test. Analyses were performed with JMP Pro 14.0. Descriptive data are presented as medians.




RESULTS


Patients and Treatment Details

From our international cohort of infantile Pompe disease patients (IPD), 34 patients (25 CRIM-negative and 9 CRIM-positive) who met all inclusion criteria and had received a short-course of ITI with rituximab, methotrexate, and/or IVIG in ERT-naïve setting were identified. ADDIN EN.CITE (23) Of the 25 CRIM-negative patients, 17 patients (CN1 to CN17) were included in our previous publication and met the inclusion criteria for the current study. Three CRIM-negative IPD patients (CN1, CN2, and CN6) received ITI with rituximab and methotrexate and did not receive IVIG, as per the local treating physician's decision.

Patient demographics, age at diagnosis, age at ERT initiation, GAA variants, dose of ERT, current age, age at death, and CRIM status are shown in Table 1. The median age at diagnosis was 2.4 months (range, 0.0–5.9 months) and 4.2 months (range, 0.0–10.9 months) for CRIM-negative and CRIM-positive IPD groups, respectively (Table 2). The median age at ERT and ITI initiation was 3.1 months (range, 0.1–6.7 months) and 4.8 months (range, 0.1–11.0 months) for CRIM-negative and CRIM-positive groups, respectively (Table 2). There were no statistically significant differences in age at diagnosis (p = 0.3189) or age at ERT initiation (p = 0.2828) between CRIM-negative and CRIM-positive IPD patients. At the time of database lock, 27 IPD patients were alive (18 CRIM-negative and 9 CRIM-positive) and 7 CRIM-negative IPD patients were deceased (Table 1). No statistically significant differences were observed in age at diagnosis (p = 0.2584) or age at ERT initiation (p = 0.2246) between living and deceased IPD patients.


Table 1. Demographics and treatment history.

[image: Table 1]


Table 2. Summary of age at diagnosis, age at ERT initiation, anti-rhGAA IgG antibody titer, B cell, and LVMI.
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Anti-rhGAA IgG Antibody Titers (Table 3)

Of the 34 IPD patients, 30 patients [88%; 21 CRIM-negative (84%) and 9 CRIM-positive (100%)] were immune tolerant with the longest follow-up of 348 weeks following ITI. Of these 30 IPD patients, sixteen (47%; 11 CRIM-negative and 5 CRIM-positive) remained seronegative (did not develop detectable anti-rhGAA IgG antibodies) and 14 (41%; 10 CRIM-negative and 4 CRIM-positive) developed low antibody titers (defined as titers of ≤6,400) throughout the course of ERT. Of the four CRIM-negative IPD patients who failed to tolerize, two (6%) (CN10 and CN12) developed sustained intermediate titers (titers of ≥12,800 and <51,200) and two (6%) (CN13 and CN21) developed high and sustained antibody titers (titers of ≥51,200 on two or more occasions). None of the CRIM-positive IPD patients who received immunomodulation developed SIT or HSAT. There was no recognizable difference in baseline characteristics between CRIM-negative IPD patients who developed HSAT/SIT and those who maintained low/negative anti-rhGAA IgG antibody titers (Table 1). The median peak anti-rhGAA IgG antibody titers were 200 (range, 0–51,200) and 0 (range, 0–200) for ITI treated CRIM-negative and CRIM-positive IPD groups, respectively (Table 2). The median peak anti-rhGAA IgG antibody titers were 0 (range, 0–6,400) for tolerized (n = 21) and 38,400 (range, 25,600–51,200) for nontolerized CRIM-negative IPD patients (n = 4). The median anti-rhGAA IgG antibody titers at the final assessment were 100 (range, 0–51,200) for ITI treated CRIM-negative IPD and 0 (range, 0–100) for ITI treated CRIM-positive IPD at the median timepoint following ERT initiation of 108 weeks (range, 19–351 weeks) and 104 weeks (range, 35–272 weeks) for ITI treated CRIM-negative and CRIM-positive groups, respectively (Figure 1). The median anti-rhGAA IgG antibody titers at the final assessment were 0 (n = 21; range, 0–6,400) and 19,200 (n = 4; range, 3,200–51,200) for tolerized and nontolerized CRIM-negative IPD patients, respectively. Overall, 88% of IPD patients who received immunomodulation in the ERT-naïve setting either remained seronegative or maintained low anti-rhGAA IgG antibody titers (Table 3).


Table 3. B cell reconstitution, infections, vaccination, anti-rhGAA IgG antibody titers, and ITI protocol deviations in IPD patients treated with immunomodulation.
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FIGURE 1. Longitudinal anti-rhGAA IgG antibody titers in IPD patients treated with immune tolerance induction. CRIM, cross-reactive immunologic material. CN, CRIM-negative; CP, CRIM-positive; ERT, enzyme replacement therapy; ITI, immune tolerance induction; SIT, sustained intermediate titer; HSAT, high and sustained antibody titer; rhGAA, recombinant human acid alpha-glucosidase.




Safety Measures
 
ANC, ALT, and AST Data

In the first 10 weeks on ERT and ITI, AST and ALT data were available for 28 IPD patients. Only one IPD patient (CN14) had an increase in AST >3 times baseline value and subsequently decreased to baseline levels 6 weeks following the last dose of rituximab. None of the other IPD patients exhibited such an increase in AST or ALT during immunomodulation. AST decreased to baseline levels 6 weeks following the last dose of rituximab. Moreover, since methotrexate and rituximab can induce neutropenia, ANC data for the first 10 weeks on ITI were analyzed and were available in 21 IPD patients. Eight patients (6 CRIM-negative and two CRIM-positive; patients: CN10, CN11, CN12, CN13, CN16, CN24, CP6, and CP7) developed ANCs of <750 cells/mm3 following immunomodulation. Neutropenia was transient and ANC level returned to normal in all patients within 23 weeks following cessation of immunomodulation.



Infections During Immunomodulation

Detailed information on the presence or absence of infections during ITI was available for 23 IPD patients (Table 3): five patients (CN3, CN4, CN12, CN14, and CN18) experienced infections while immune suppressed (23). Of these five IPD patients, details on four IPD patients have been reported previously (23). Central line infections and bacteremia were observed in Patient CN3 (Enterococcus faecalis, Pseudomonas fluorescens/putida, and Enterococcus raffinosus) and Patient CN12 (Klebsiella pneumoniae) requiring central line removal and antibiotic treatment. Patient CN4 had a respiratory syncytial virus infection and Patient CN14 suffered an episode of aspiration pneumonia and enterovirus/rhinovirus infection during immunomodulation. Patient CN18 experienced rhinorrhea, ear infection, and Escherichia coli urinary tract infection 4 weeks following completion of rituximab administration. Infections were managed with antibiotics without interrupting ERT infusions or ITI therapy. Overall, ITI was safely tolerated without any life-threatening infections.




B Cell Reconstitution

Longitudinal follow-up of CD19% was available for 33 IPD patients (except patient CN6), with the longest follow-up of 248 weeks following the last dose of rituximab (Table 3). T cell percentages (CD3+, CD4+, CD8+) were within normal ranges for age making CD19% an appropriate measure for B cell reconstitution (Supplementary Figure 2). Complete B cell reconstitution, defined as normalization of CD19% for age, was seen in all 33 IPD patients. The median time to B cell depletion was 3 weeks (n = 31; range, 1–5 weeks) following initiation of ERT + ITI and the median time to complete B cell reconstitution was 17 weeks (n = 33; range, 11–54 weeks) following the last dose of rituximab. Following B cell reconstitution, all patients continued to maintain normal B cell counts, as measured by CD19%, with a median follow-up of 43 weeks (n = 33; range, 11–248 week). B cell reconstitution within 3 months following the last dose of rituximab was observed in three IPD patients (CN5, CN24, and CP9) and three patients (CN7, CN8, and CP3) experienced B cell recovery later than 9 months following the last dose of rituximab.



Vaccination and Titers Against Vaccines

Data on routine vaccination prior to initiation of ITI were available on 19 IPD patients (13 CRIM-negative and 6 CRIM-positive) (Table 3). Of these 19 patients, 13 patients received age-appropriate vaccination prior to immunomodulation. Vaccination details post immunomodulation were available on 31 IPD patients (24 CRIM-negative and 7 CRIM-positive) and all except four CRIM-negative patients (CN15, CN20, CN22, and CN25) were up to date on their routine vaccination. Patient CN22 did not receive any vaccinations as per the decision of the parents/legal guardians. Patient CN15 was deceased, due to disease progression, prior to completion of routine immunization. Immunization was not yet resumed in Patients CN20 and CN25 at the time of database lock. After B cell reconstitution, titers against routine vaccines were performed in 12 patients (8 CRIM-negative and 4 CRIM-positive) and were categorized as adequate or inadequate based on the reference antibody values (Table 4). Two CRIM-positive IPD patients (CP2 and CP8) demonstrated an inadequate response to certain serotypes of the Pneumococcal vaccine. These two CRIM-positive IPD patients (CP2 and CP8) had an adequate humoral response to other vaccines where titers against the vaccine were performed. Four IPD patients (CN18, CN19, CN21, and CP2) had received age-appropriate vaccination prior to ITI and had titers against vaccines available (Tables 3, 4). All four IPD patients showed adequate humoral responses, although, it was not possible to determine if the response to the pre-ITI vaccine was maintained or lost, as all four patients received revaccination following complete B cell reconstitution after cessation of immunomodulation.


Table 4. Humoral response to routine vaccinations.
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Left Ventricular Mass Index (LVMI)

LVMI at baseline was available for 28 IPD patients (20 CRIM-negative and 8 CRIM-positive) and at follow-up for 32 IPD patients (24 CRIM-negative and 8 CRIM-positive) (Table 5). Median LVMI at baseline was 178.2 g/m2 (n = 20; range, 55.5–448.9 g/m2) and 221.0 g/m2 (n = 8; range, 93.98–628.6 g/m2) for CRIM-negative and CRIM-positive IPD groups, respectively, with the upper limit of normal LVMI at 64 g/m2. Median LVMI at the most recent follow-up of CRIM-negative IPD patients was 62.9 g/m2 (n = 24; range, 46.0–257.0 g/m2) at a median time since ERT initiation of 84 weeks (range, 9–437 weeks). Median LVMI at the most recent follow-up of CRIM-positive IPD patients was 69.7 g/m2 (n = 8; range, 61.0–174.6 g/m2) at a median time since ERT initiation of 73 weeks (range, 23–102 weeks). It is important to note that all patients experienced decreases in their LVMI with 17 IPD patients (13 CRIM-negative and 4 CRIM-positive) having LVMIs within the normal range (below 64 g/m2) at the most recent follow-up. In contrast, CRIM-negative IPD patients from the original alglucosidase alfa clinical trials, who were not tolerized, but treated with ERT monotherapy, had progressive increases in their LVMI beyond the first 6 months on ERT (8, 9, 45, 46).


Table 5. Efficacy of ERT + ITI.
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Overall and Invasive Ventilator-Free Survival (Figure 2)

Of the 34 IPD patients, 27 (18 CRIM-negative and all 9 CRIM-positive) were alive and seven were deceased (all CRIM-negative; CN2, CN6, CN7, CN8, CN9, CN15, and CN21) at the time of database lock. Among the living IPD patients, the median current age is 70.6 months (range, 8.1–148.8 months). Of the seven deceased CRIM-negative patients, the median age of death was 25.4 months (range, 15.0–63.2 months). The cause of death for all seven was cardiorespiratory failure due to disease progression and was unrelated to ITI. However, there were no statistically significant differences in either age at diagnosis (p = 0.0896) or age at ERT initiation (p = 0.0693) between living and deceased CRIM-negative IPD patients (Table 1). Mortality in this population better reflects the extent of pathology prior to treatment initiation.
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FIGURE 2. Kaplan-Meler survival analysis: overall and invasive ventilator-free survival. CN, CRIM-negative; CP, CRIM-positive; ERT, enzyme replacement therapy; ITI, immune tolerance induction.


Median age at ERT initiation was 3.0 months (range, 0.1–11.0 months) and 3.9 months (range, 0.4–6.7 months) and median age at diagnosis was 2.4 months (range, 0.0–10.9 months) and 3.2 months (range, 0.3–5.9 months) for living and deceased groups, respectively. Among living CRIM-negative IPD patients (n = 18) median age at diagnosis (2.0 months; range, 0.0–5.9 months) and median age at ERT initiation (2.5 months; range, 0.1–6.6 months) were earlier compared to the median age at diagnosis (3.2 months; range, 0.3–5.9 months) and median age at ERT initiation (3.9 months; range 0.4–6.7 months) in deceased CRIM-negative IPD patients (n = 7). Although lacking statistical significance, even a relatively short delay in ERT may impact extent of clinical benifits and lead to permanent muscle loss.

As previously reported, all CRIM-negative IPD patients from original clinical trials, who received ERT monotherapy, were either deceased or invasive ventilator-dependent by 27.1 months of age (17). In the current cohort of CRIM-negative IPD patients, 16 CRIM-negative IPD patients (64%) were living without the need for invasive ventilation with the age of the oldest survivor being 148.8 months (range, 8.1–148.8 months) (Figure 2). Invasive ventilator-free survival was significantly (p = 0.0010) improved in CRIM-negative IPD patients who received ERT with ITI compared to ERT monotherapy.

In the current analysis, at baseline, eleven CRIM-negative (CN1, CN9, CN11, CN12, CN13, CN17, CN20, CN22, CN23, CN24, and CN25) and seven CRIM-positive (CP1, CP2, CP3, CP4, CP7, CP8, and CP9) IPD patients did not require any respiratory support whereas six CRIM-negative IPD patients (CN2, CN6, CN7, CN8, CN15, and CN21) were invasively ventilated (Table 5). Of these six invasively ventilated IPD patients, three (CN7, CN8, and CN10) were able to come off invasive ventilation with patient CN10 requiring no respiratory support at the most recent follow-up. At the most recent follow-up, 13 CRIM-negative (CN1, CN2, CN3, CN5, CN10, CN11, CN16, CN17, CN19, CN22, CN23, CN24, and CN25) and 6 CRIM-positive (CP1, CP3, CP6, CP7, CP8, and CP9) IPD patients did not require respiratory assistance whereas six CRIM-negative (CN4, CN6, CN9, CN13, CN15, CN21) and one CRIM-positive (CP2) IPD patients were invasively ventilated.




DISCUSSION

The negative impact of high and sustained anti-rhGAA IgG antibody titers to treatment response has been evident since the first clinical trial of alglucosidase alfa (46). Although the published literature has supported that abrogation of the immune response to ERT improves the efficacy of ERT in patients with Pompe disease (22, 23, 47), the long-term safety with the use of rituximab in such a young and medically fragile population has been an outstanding concern, thus prompting this study. This is the largest cohort of CRIM-negative and CRIM-positive IPD patients, to our knowledge, treated with ITI in the ERT-naïve setting with the longest follow-up of 148 months on ERT. It is also the youngest cohort of patients that have received rituximab for any indication; 16 patients were initiated on rituximab ages ≤3 months. In the published literature, the experience on safety of rituximab has been reported on patinets aged 4 months to 18 years (33–35, 38, 48–53).

We found important clinical improvements from the initiation of a short course of ITI with rituximab, methotrexate, and IVIG concomitant with ERT. These improvements included reduced need for mechanical ventilation, LVMI, improved motor ability and longer overall survival. Importantly, three CRIM-negative IPD patients, who were invasively ventilated at baseline, no longer required invasive ventilation at the most recent follow-up, demonstrating a significant reversal in the disease course. This was an important finding as IPD patients are rarely able to come off ventilatory support once invasively ventilated. This further demonstrates the benefits of initiation of a short course of ITI with rituximab, methotrexate, and IVIG concomitant with ERT.

Immunomodulation was largely successful in reducing the development of anti-rhGAA IgG antibody titers. Thirty patients with IPD (88%), who received prophylactic ITI, either did not develop (n = 16) or maintained low anti-rhGAA IgG antibody titers (n = 14). Four CRIM-negative IPD patients developed anti-rhGAA IgG antibody titers in the SIT or HSAT ranges; one of the SIT patient's rhGAA IgG antibody titers subsequently decreased to 3,200 at the final assessment. There were no recognizable differences in baseline characteristics between IPD patients who maintained low antibody titers and IPD patients who developed SIT or HSAT. There is no apparent explanation as to why these four IPD patients did not respond to ITI similarly to other patients in the current cohort. One hypothesis for the lack of response is resistance to rituximab. Rituximab resistance is known to be a common occurrence in naïve patients; however, its mechanism is incompletely understood. The potential mechanism of rituximab resistance is Fc receptor genetic variants affecting the affinity of effector cells for rituximab, complement depletion, and loss or decreased expression of CD20 on target antigen (54). Another possible reason for the development of high sustained anti-rhGAA IgG antibody titers in a few cases (CN10, CN12, CN13, and CN21) is incomplete B cell depletion. Rituximab has important limitations in that it doesn't deplete plasma cells, as they do not express CD20. Additionally, murine models have shown that 5% of B cells in lymph nodes survive CD20 depletion strategies (55). Although another recognized challenge with the use of rituximab is infusion-related reactions; with an incidence of infusion-related reactions of 25% of NHL patients and 25% of CLL patients interestingly, we did not observe any infusion-related reactions to rituximab in the current cohort of IPD patients.

Major concerns with the use of rituximab in patients with neoplastic and autoimmune disorders consist of significant delays in B cell recovery, skewing of B cell subpopulation to immature phenotype, and inability to mount a protective humoral response to vaccines (32). The addition of methotrexate to rituximab in the immunosuppressive regimen IPD patients receive only heightens the potential concerns. Much of the published data on rituximab originated from the treatment of adult populations where the extent of symptomatic hypogammaglobulinemia with an average of 4–6% of patients on rituximab requiring IVIG for symptomatic hypogammaglobulinemia. Persistent hypogammaglobulinemia was seen in up to 40% of patients on rituximab (usually those on long courses of rituximab to treat lymphoma), vaccine response was sometimes altered, and B cell reconstitution could take up to 24 months (36, 37). Small studies in pediatric populations have been more optimistic showing normalization of B cells by 1 year in nearly all patients, regardless of indication or duration of rituximab, and hypogammaglobulinemia rates at a maximum of 22% (33, 34, 38, 52). Our cohort of IPD patients is the largest group of patients under 1 year of age evaluated for rituximab impact. Most notably, all of the IPD patients experienced complete B cell reconstitution after discontinuation of rituximab with a relatively fast median time to reconstitution (median = 17 weeks) supporting the contention that the younger the patient the more rapid the reconstitution after immunomodulation with rituximab.

Methotrexate is an inhibitor of dihydrofolate reductase, an enzyme necessary for the synthesis of purine nucleotides and thymidylate. It predominantly affects rapidly dividing cells, such as lymphocytes, by interfering with DNA synthesis and repair. In addition to impacting B and T cells, methotrexate can help to prevent the development of ADA to rituximab.Methotrexate's ability to prevent ADA development stems from different lines of evidence- A murine study showed that methotrexate's interaction with BAFF (B cell activating factor of the TNF family), a driver of B cell activation, is important in the prevention of ADA development (28, 29). In rheumatic disease, concomitant therapy with a biologic and methotrexate prevented the development of antibodies against the biologic (30). Available data on methotrexate's impact on B cells indicate that it does not impact the overall CD19% but rather impacts B cell subsets and immunoglobulin levels (56–58). Our tracking of B cell depletion is limited by inconsistent collection of absolute counts with consistent reporting of CD19%. Future analysis will be necessary to assess B cell subsets and immunoglobulin levels during immunomodulation and immune reconstitution.

Although data were available for a small number of patients (titers available for 12 patients), patients generally had protective vaccine titers to polysaccharide (T cell-independent) antigen and conjugated (T cell-dependent) antigen. All IPD patients demonstrated an adequate humoral response against tetanus and diphtheria vaccines, and all except two CRIM-positive IPD patients (CP2 and CP8) had adequate pneumococcal titers. It is not clear if the lack of response to polysaccharide vaccines in these two patients was due to immunosuppression or normal variability in response to pneumococcal vaccines.

The short course of prophylactic ITI was safely tolerated without any major adverse events. Although infections were reported in five CRIM-negative patients which required treatment with antibiotics and central line removal in two patients, no interruption in ERT or immunomodulation was required in any of the patients. At the most recent follow-up, seven IPD patients were deceased at a median age of 25.4 months (range, 15.0–63.2 months). The cause of death was cardiorespiratory failure due to disease progression and was unrelated to immunomodulation but likely pertained to the extent of disease progression prior to treatment. Overall survival was significantly (p = 0.0001) improved in CRIM-negative IPD patients who received ITI with ERT compared to CRIM-negative IPD patients on ERT monotherapy.

Various immunomodulation strategies using rituximab in patients with Pompe disease have been reported in the literature. The combination of rituximab, methotrexate, with or without IVIG initiated along with the first ERT infusion, as shown in the current study, has proven to be the most successful strategy in inducing immune tolerance in patients with IPD (25). The immunomodulation strategy reported by Elder et al. used a combination of rituximab, mycophenolate/sirolimus, and IVIG in five IPD patients (four CRIM-negative and one CRIM-positive) (27). This protocol required long-term immune suppression and more significantly delayed ERT initiation by at least 3 weeks which can be very detrimental in a rapidly progressive irreversible muscle disease (59). Poelman et al. utilized a combination of rituximab, methotrexate, and IVIG similar to our ITI protocol, however, with a different dosing schedule of methotrexate, in three IPD patients (one CRIM-negative and two CRIM-positive) (26). All three patients developed anti-rhGAA IgG antibodies with two developing HSAT. Although B cell reconstitution was observed in all three patients, B cell reconstitution also resulted in an increase in rhGAA IgG antibody titers. In contrast, our immunomodulation approach was able to tolerize 84% of CRIM-negative and 100% of CRIM-positive IPD patients as evidenced by the maintenance of low or complete absence of anti-rhGAA IgG antibody titers even well after B cell recovery (22, 23).

To our knowledge, this the largest cohort of patients with IPD treated with ITI in ERT-naïve settings and the largest cohort of pediatric patients under a year of age evaluated for the safety of rituximab. Overall, this short course of immune modulation in the ERT-naïve setting significantly increased the likelihood of achieving long-term immune tolerance to ERT and did not lead to any long-term sequelae. Patients who received ITI were able to receive routine vaccinations and demonstrated adequate humoral immune responses. The data suggest that short-course prophylactic immunomodulation with rituximab, methotrexate, and IVIG initiated in the ERT-naïve setting is safe and efficacious in achieving long-term immune tolerance to ERT. The addition of this ITI regimen to ERT is life-saving and our data show that the benefits of adding immune modulation (ITI regimen) outweigh the risks in this setting.
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Supplementary Figure 1. In patients with Pompe disease receiving ERT at dose of 20 or 40 mg/kg every other week, ITI with rituximab (4 weekly doses), methotrexate (3 cycles with first 3 ERT infusions; total 9 doses), and IVIG (every 4 weeks) is admintered as described in the figure. *For patients receiving ERT at dose of 20 mg/kg or 40 mg/kg weekly, three cycle of methotrexate is administered with first three ERT infusion at weeks 0–2. The dosing of rituximab and IVIG remains the same.

Supplementary Figure 2. CD3 10th Percentile, CD4 10th Percentile, CD8 10th Percentile, and CD19 10th Percentile represent the lower limit of age-appropriate normal range for respective lymphocye subset.
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Monoclonal antibodies (mAbs) are a crucial asset for human health and modern medicine, however, the repeated administration of mAbs can be highly immunogenic. Drug immunogenicity manifests in the generation of anti-drug antibodies (ADAs), and some mAbs show immunogenicity in up to 70% of patients. ADAs can alter a drug’s pharmacokinetic and pharmacodynamic properties, reducing drug efficacy. In more severe cases, ADAs can neutralize the drug’s therapeutic effects or cause severe adverse events to the patient. While some contributing factors to ADA formation are known, the molecular mechanisms of how therapeutic mAbs elicit ADAs are not completely clear. Accurate ADA detection is necessary to provide clinicians with sufficient information for patient monitoring and clinical intervention. However, ADA assays present unique challenges because both the analyte and antigen are antibodies, so most assays are cumbersome, costly, time consuming, and lack standardization. This review will discuss aspects related to ADA formation following mAb drug administration. First, we will provide an overview of the prevalence of ADA formation and the available diagnostic tools for their detection. Next, we will review studies that support possible molecular mechanisms causing the formation of ADA. Finally, we will summarize recent approaches used to decrease the propensity of mAbs to induce ADAs.
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INTRODUCTION

In the last three decades, the pharmaceutical industry experienced a massive shift toward the use of protein drugs, often referred to as “biologics.” Biologics offer higher specificity and better characterized mechanisms of action compared to small molecule drugs, and their use has revolutionized the treatment of a wide range of diseases and disorders. In general, monoclonal antibodies (mAbs) are the most widely used class of biologics (1).

Monoclonal antibodies account for a growing number of blockbuster drugs with their US sales reaching over $24 billion (2), and will maintain a dominant position in the pharmaceutical market that exceeds $125 billion by the end of 2020 (3).

To date, over 73 mAbs have been approved by the United States Food and Drug Administration (FDA) and the European Medicines Agency (EMA). Hundreds more mAbs are in different stages of clinical developmental. mAbs are used for various clinical indications including cancer, chronic autoimmune and inflammatory diseases, allergies, infections, transplantations, and cardiovascular diseases (4).

The mechanism of action (MOA) of mAbs can vary across different use cases. For example, the anti-CD20 rituximab induces cell death by binding to surface receptors, resulting in a signaling cascade that leads to apoptosis (5). Other mAbs, including the anti-HER-2 trastuzumab, block receptor-ligand interactions to achieve a desired effect, either by blocking the receptor domain to inhibit an activation signal by removing a soluble ligand entirely from circulation (6). mAbs can also induce fragment crystallizable (Fc)-dependent effector functions such as antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC), which are important for the anti-CD20 drug obinutuzumab that is used for the treatment of lymphoproliferative disorders (7). Other mAbs target specific proteins involved in pathogenesis of disease, such as anti-TNFα mAbs infliximab and adalimumab that are used to treat inflammatory bowel disease (IBD) and rheumatoid arthritis (RA) (8). Other mAbs in this category are omalizumab, an anti-IgE mAb that is used to treat patients with allergic asthma (9), palivizumab which targets an epitope in the A antigenic site of the F protein of the respiratory syncytial virus (RSV) (10), and bezlotoxumab which binds and neutralizes Clostridium difficile toxin B (11). Some mAbs, such as cetuximab and panitumumab (12), target the epidermal growth factor receptor (EGFR) which is overexpressed in a number of cancers. In recent years, checkpoint inhibitor mAbs were also developed to manipulate anti-tumor T-cell responses, like the anti-PD-1 nivolumab that is used to treat melanoma and non-small cell lung cancer (13).

The tremendous progress in mAb discovery began in 1975, when Köhler and Milstein reported in vitro screening and production of murine mAbs from hybridomas (14). In the late 1980s, murine mAbs were in rapid clinical development, but had significant drawbacks as they were often induced allergic reactions and the formation of human anti-mouse antibodies (HAMA). Examples include T101 used to treat chronic lymphocytic leukemia (CLL) and cutaneous T cell lymphoma (CTCL), and 9.2.27 to treat melanoma (15). Additionally, murine mAbs exhibited a relatively short half-life in humans, possibly due to low affinity toward the human neonatal Fc receptor (FcRn) (16), and were relatively poor recruiters of effector functions, crucial for some mAb efficacy (17).

To overcome the immunogenicity and reduced effector function of murine mAbs, chimeric antibodies (mouse–human) were next developed by fusing the antigen-specific variable domain of a murine mAb with the constant domains of a human mAb. This resulted in chimeric mAbs of approximately 65% human origin by amino acid content (18). Human gene sequences were mostly taken from the κ light chain and the IgG1 heavy chain, as IgG1 has the highest efficiency in activating complement and cytotoxic effector cells, and the κ light chain is more common in human serum antibodies (19, 20). The development of chimeric mAbs indeed reduced immunogenicity and increased efficacy. For example, metastatic colorectal carcinoma patients who received the chimeric mAb 17-1A did not show any toxic or allergic reactions, and the chimeric antibody was significantly less immunogenic than its parental murine antibody (21).

Chimeric mAbs exhibited an extended half-life and reduced immunogenicity, but they still presented a considerably high propensity for ADA induction (22). Aiming to further reduce mAb immunogenicity, humanized mAbs were developed by grafting the murine complementarity determining regions (CDR) onto framework regions (FR) of the human mAb heavy and light chain variable domains (VH and VL, respectively), for mAbs that are approximately 95% human (23). mAb humanization often significantly reduces immunogenicity and ADA formation (24).

Technological advances of phage display technology (25, 26) based on human single chain Fv (scFv) libraries (27) next enabled the discovery of antibodies comprised entirely of human genes. These human mAbs were additionally aided by the more recent development of transgenic mouse strains expressing human antibody variable domains (28–30).

While both humanized and fully human mAbs reduce immunogenic potential and show properties similar to human endogenous IgGs, they fail to completely eliminate mAb immunogenicity and ADA formation (31). Table 1 summarizes mAbs that are currently approved in the US and EU, along with their reported immunogenicity rates.


TABLE 1. Approved mAb and their reported ADA rates.
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In the past decade, next-generation sequencing (NGS) technologies enabled a rapid increase in the capacity to sequence human and animal genomes (32). Like many other areas of modern biology, NGS is now frequently used in basic and applied immunology. NGS is often applied for sequencing the VH and VL antibody domains (33–36), as well as T-cell receptors (37, 38) and antibody derivative [e.g., scFv, F(ab)] libraries screened using display systems (39–41). NGS analysis of B cells can elucidate the features of antibody immune responses at a molecular level, and has been further exploited for advanced mAb discovery and engineering (42–44).

In addition to NGS of bulk populations, single-cell sequencing comprises an important group of technologies for antibody discovery, as single cell data is necessary to reveal the native VH and VL pairing. Previous studies were able to obtain VH and VL chain pairing from isolated plasmablasts (PB) in immunized mice (34, 45, 46) and antigen-specific PB from tetanus-vaccinated human patients (33).

A recently introduced technology combines proteomic analyses of antibodies in blood or secretions with NGS analysis of antibody-encoding B cells. Proteomics thus provides invaluable information about the molecular, monoclonal properties of human serum antibodies in health and disease (46–48). All of the above recently developed technologies have expedited mAb discovery and revolutionized our understanding about the nature of the immune responses, including in the formation of ADAs following immunization and administration of mAbs.

Monoclonal antibodies immunogenicity is mainly manifested in ADA generation (49). The formation of ADAs alters a drug’s bioavailability and pharmacokinetic and pharmacodynamic properties, and most often reduces drug efficacy (50, 51). ADAs have a significant impact on mAb drug safety, as they can lead to serious adverse immune reactions in the clinic (52). Patients with ADAs can be stratified by their effect on the clinical treatment course. Patients are designated as having primary loss of response (LOR) when the administrated mAb fails to show any efficacy within several weeks following treatment initiation, or secondary LOR when patients show significant side effects or the drug loses effectiveness over time despite an initial therapeutic response (53–55).

For multiple decades, many studies focused on possible mechanisms that govern ADA formation, development of improved assays for ADA detection, and advancement of tools for immunogenicity and prediction of ADA formation. This review provides an overview on these topics, underlining the challenges and potential solutions for this important research field. While this review focuses on ADA as an important outcome of mAb immunogenicity, there are other immunogenicity outcomes such as allergic reactions, cytopenia, and anaphylaxis that are widely reviewed elsewhere (56).



THE MOLECULAR MECHANISMS THAT LEAD TO ADA FORMATION

Anti-drug antibodies can be generated by a T-cell dependent or independent B cell activation pathway. In the T-cell dependent pathway, mAbs act as antigens and are internalized by antigen presenting cells (APCs), processed, and presented to T cells via the cognate interaction between the MHC class II molecules and T-cell receptor. Depending on the cytokine milieu during this interaction, several different immune responses can occur (57). In the T-cell dependent pathway, ADAs are generated when a T helper cell (Th) differentiates into a Th1 or Th2 phenotype and, following their cognate interactions with B cells, induces the proliferation of plasma cells (PC) that secrete ADAs. Previous studies showed that a Th2 response mostly induce ADA production of the IgG4 isotype, in comparison to the Th1 response, that in the case of anti-factor VIII elicits the generation of IgG1 and IgG2 ADA (58, 59).

For example, infliximab-specific Th2 cells can be detected in circulation after infliximab infusion, and these cells were correlated with the presence of infliximab-specific ADA (60). Interestingly, this cellular response was observed mostly in patients with hypersensitivity reactions, rather than in the LOR group. In another study, T cell epitopes of infliximab and rituximab were identified by isolating antibody-specific T cells after repeated rounds of antibody-loaded dendritic cells (DCs) in co-culture (61). These T cells were specific to peptides derived from VH and VL and encompassed CDRs and FRs, reflecting the immunogenicity of the chimeric part of these antibodies. Importantly, these peptides were also eluted from antibody-loaded DCs, highlighting the importance of MHC Class II antigen presentation in the ADA formation process.

In contrast, for the T cell independent pathway mAbs with multiple epitopes can crosslink B cell receptors (BCRs) and stimulate B cells to differentiate into PC to produce ADAs (62–66). It was previously demonstrated that impurities and aggregates of the mAbs may increase the number of adjacent epitopes on the mAb, potentially steering the immune response toward a T-cell independent pathway by B cell crosslinking (67–70).



DRUG AND PATIENT CHARACTERISTICS CONTRIBUTING TO ADA FORMATION

Anti-drug antibodies formation depends on the interplay between several factors, which can be patient-related or drug-related. Possible causes for ADA formation are summarized in Figure 1.
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FIGURE 1. Possible causes of ADA formation. (A) Patient related and (B) drug related.



Patient-Related Factors

The study of why and how ADAs are generated is complicated by the fact that some patients develop ADAs and some, with the same clinical indication and receiving the same therapeutic mAb, do not. The extent of immunogenicity thus differs among patients receiving the same mAb, which could be related to the immune pathways underlying the pathogenesis of the disease (71). For example, RA patients have a higher likelihood of developing ADAs toward a mAb drug than spondyloarthritis patients (57). When examining a specific disease or immune target, different mAbs may have a varying effect on the induction of ADAs. RA patients develop higher ADA levels when treated with two different mAbs (72). In multiple sclerosis (MS) patients, treatment with rituximab (chimeric anti-CD20 mAb) generated an unwanted immune response in up to 37% of patients (73). On the contrary, belimumab (a fully human anti B-cell activating factor (BAFF) mAb), which is used to treat systemic lupus erythematosus (SLE) patients, showed low rates induction ADA (74). Of note, in autoimmune diseases the hyperactivation of both the innate and adaptive immune responses may further complicate the study of mAb immunogenicity (57, 75). On the other hand, when administering mAbs to cancer patients, ADA formation often depends on the stage of the cancer. ADA levels tend to be higher in early stages of the disease than in later stages (76).

Much of the variability in the propensity of administrated mAb to induce ADA formation may result from different immune contexts; Principally, disease status and HLA alleles, which could promote or inhibit an ADA response. The idea that ADA formation is often derived from a T-dependent response has recently led to studies focusing on how ADA formation correlates with HLA polymorphism in the population. Although limited by sample size, Benucci et al. showed that patients with the HLA-DRβ-11, HLA-DQ-03, and HLA-DQ-05 alleles were at a higher risk to develop ADA responses after treatment with an anti-TNF mAb (5 different mAbs were included in this study) (77). Another report revealed that a G1m1 allotype in the IgG1 created a protease cleavage site in the CH3 domain of the antibody Fc and enabled presentation of a CH315–29 peptide epitope (78). The CH315–29 peptide epitope was tolerated in patients with a G1m1 allotype. However, donors homozygous for nG1m1 did not natively display the G1m1 MHC-II peptide and developed T cell CD4+ responses against antibody therapeutics containing the G1m1 allotype sequence; these ADA were also correlated with HLA-DRB1∗07 allele. Some therapeutic mAbs (including trastuzumab) do not harbor this allotype, which could partially explain differences in immunogenicity across different mAb drugs (78, 79). This allotype difference could impact future development of antibody products, since ∼40% of the Caucasian population is homozygous for nG1m1, and thus may be at a greater risk for ADA generation (80). In two recent studies, ADA formation against infliximab and adalimumab was correlated with the HLADQA1∗05A > G genotype in IBD patients (81, 82). One detailed recent study examined the immune response to natalizumab, a humanized monoclonal IgG4 antibody to α4 integrins that is used to treat patients with MS, and that induces ADA formation in ∼6% of the patients. The immune response was found to be polyclonal and targeted different epitopes of the natalizumab idiotype, with a single immunodominant T cell epitope spanning the FR2-CDR2 region of the VL (83). Generation of a T cell-dependent ADA response is also a multifactorial process, depending not only on the existence of a potential MHC-II peptide epitope in the mAb, but also on the ability of that epitope to be processed, presented and recognized by T cells. The influence of HLA allotypes on the probability of ADA responses should be considered during the design of immunogenicity studies and clinical trials for mAb development. Conclusions from studies that rely on smaller cohorts might not have general applicability for ADA predictions if the study population has substantially different MHC-II gene backgrounds from a larger treatment population.



Drug-Related Factors

The molecular mechanisms that lead to induction of ADAs were initially related to the murine origin of the first mAbs, which were recognized as “non-self” by the human immune system. Unfortunately, even the use of complete human antibody genes has not completely eliminated immunogenicity and the associated induction of ADA (84). Fully human mAbs contain new epitopes in the CDRs that can steer the immune response through an idiotype/anti-idiotype interaction (85, 86). As discussed above, mAb-derived peptides presented by MHC-II are necessary for T cell-dependent ADA formation. Efforts to remove T cell epitopes during mAb engineering are used consistently, but the high genetic variability of human populations greatly complicates efforts to remove all MHC-II-binding peptides from human mAbs (87, 88).

Changes in Fc glycosylation may also affect ADA induction. The removal of N-linked glycosylation of the Fc was shown to reduce immunogenicity (89). Fully human mAbs lacking Fc functions were also shown to be immunogenic and have direct effects on the ability to recruit macrophages and activate complement. For example, galactose-α-1,3-galactose, which is a foreign glycan not found in humans, is present on the antigen-binding (Fab) portion of the cetuximab VH (a chimeric mAb used in cancer therapy targeting the EGF receptor). This glycan was shown to induce ADA formation of the IgE isotype, and was responsible for anaphylactic reactions in patients (90, 91). On the other hand, immunogenicity is sometimes linked to impurities in the formulation process, and not necessarily due to glycosylation differences. A review of the differences between 18 biosimilars and mAbs originators concluded that the differences between them are mainly in glycosylation patterns, and do not impact immunogenicity (92).

Other drug related factors that play a role in mAb immunogenicity are “danger signals” that are released by tissues undergoing stress, damage or abnormal death. The danger model was first suggested in 1994, were it was first postulated that the immune system responds to substances that cause damage, rather than to those that are simply foreign (93, 94). In the case of therapeutic antibodies, process related impurities (such as aggregates and residual DNA or proteins from the mAb expression system) can influence immunogenicity (95).

The mAb target may also have high importance for the MOA of ADA formation. We recently found that repeated administration of infliximab (a TNFα antagonist) results in a vaccine-like response, where ADA formation is governed by the extrafollicular T cell-independent immune response (96). The administration of infliximab blocks TNFα and shifts the immune response toward the marginal zone (MZ) instead of the germinal center (GC), as observed in TNFα knockout mice (97). Another possible explanation is that a strong T cell-independent immune response in the MZ may be induced by a drug/ADA/TNFα immunocomplex (IC). As a trimer, TNFα may form “super complexes” upon engagement with TNFα antagonistic antibodies (98–100).

Another example of mAb target importance is alemtuzumab, a mAb specific to the CD52 lymphocyte cell surface glycoprotein. Alemtuzumab is used to treat MS (101) and induces ADAs in about 85% of patients, of which around 92% develop neutralizing ADAs (102). Alemtuzumab’s high frequency of ADA induction may be related to CD52 expression patterns. Alemtuzumab targets APCs, which include DCs, monocytes, and memory B cells, based on their CD52 expression. When monocytes repopulate, they encounter the circulating mAb that rapidly presents antigen to the antigen-specific lymphocytes (103, 104). Memory B cells often exhibit homeostatic expansion following treatment with alemtuzumab (105), which could complement ADA generation.

mAb dosage and schedule are other possible factors influencing ADA formation rates. Increased numbers of injections and higher mAb doses are associated with higher ADA risk, although some cases of chronic treatment and higher doses have lower immunogenicity (92, 106). For example, rituximab, a chimeric mAb anti-CD20, targets surface antigens on pre-B cells and B cells before their differentiation into PCs. As rituximab selectively depletes CD20 positive B cells, it does not affect mature PCs and does not have a propensity to elicit ADAs (107).




ASSAYS FOR IMMUNOGENICITY ASSESSMENT AND TOOLS FOR IMMUNOGENICITY REDUCTION


Pre-clinical Setting

Due to the growing importance of mAb immunogenicity, there has been a growing need for tools to assess immunogenicity and reduce the propensity of mAbs to induce ADAs. Great efforts in tools such as in silico prediction algorithms and cell based experimental assays are facilitating immunogenicity assessment, especially during the initial development phases of the mAb (108).

In silico CD4+ T cell epitope prediction models are often used to identify potentially immunogenic MHC-II peptide epitopes. These algorithms are based on the affinity of mAb-derived peptides to MHC-II (109–111).

With recent advances in proteomics and sequencing, several MHC-II peptide epitope databases have been constructed that provide a library of MHC-II binding data to enable immunogenicity prediction (112). Most algorithms that predict the immunogenic sequences recognized by T cells are later confirmed by assessing peptide binding to MHC molecules (88, 113). For example, a strong correlation was found between in silico evaluation of T cell epitopes from a recombinant Fc fusion protein, and the immunogenicity rate when administered to patients in a clinical trial (114). While such predictive algorithms are common used, they capture only a fraction of the system’s complexity. Most CD4 + T cell epitope prediction algorithms are based on binding affinity and stability to MHC-II molecules (88, 110), but fail to consider other essential factors in the recognition of T cell epitopes. Among these factors are protease cleavage sites (115), T cell precursor frequency (116), and peptide and T cell competition (117).

Experimental tools are also used to make pre-clinical predictions about mAb immunogenicity risk. These include HLA binding assays, DC related assays, T cell stimulation assays, peripheral blood mononuclear cell (PBMC) stimulation assays, and various animal models (115). HLA binding and DC antigen presentation assays can evaluate potential T cell epitopes derived from the mAb, while T cell and PBMC stimulation assays examine whether a mAb can activate immune cells in vitro and ex vivo in terms of cell proliferation and cytokine release. For example, T cell epitopes in the variable regions of infliximab and rituximab were able to stimulate peripheral blood mononuclear cells (PBMCs) to secrete a variety of cytokines (61). In another study, the immunogenicity of secukinumab, an anti- interleukin-17A mAb used to treat plaque psoriasis, was assessed by examining T-cell proliferation (118).

Each of these experimental tools has limitations in assessing and predicting immunogenicity. While considered reliable and straightforward, most of the experimental assays are labor intensive and are impractical to implement with a large number of mAb candidates. These assays are often performed with cells derived from a naïve population, where the frequency of antigen-specific cells is relatively low and precludes a clear positive result due to low signal-to-noise ratios (88).

Other advancements are being made in the development of mAbs to which patients will be more tolerant. A previous study identified a set of naturally occurring human regulatory T cell epitopes (“Tregitopes”), present in the Fc and Fab domains of IgG, that induce tolerance when co-administered with other proteins (119). When incubated with PBMCs in vitro, Tregitopes activated CD4+ T cells and increased expression of regulatory cytokines, chemokines, and CD25/Foxp3. When were administered in vivo with protein antigens, Tregitopes inhibited T cell proliferation, reduced effector cytokine expression, and induced antigen-specific adaptive tolerance. Co-administration of Tregitopes along with mAbs may be a useful tool for tolerization of mAbs.



Clinical Settings

Early and accurate ADA detection is extremely important for patients treated with biologics, especially for mAbs (120). ADA detection is required to provide the clinicians with sufficient information to monitor treatment and determine optimal intervention strategies (121). Detection of ADA against therapeutic mAbs is highly challenging since both the drug and the analyte are antibodies. Moreover, immunoassays are prone to biases due to the presence of the drug and immune-complexes in patients’ serum. Historically, studies of the response following mAb administration and ADA prevalence have been inconsistent, partly due to the various assay formats used to monitor immunogenicity in clinical trials (122). Each available format has its limitations that can reduce the assay’s utility in clinical and research settings, and also complicate interpretation of the data. Some assays have poor dynamic range and may generate false-negative results because of interfering interactions with the active drug, or false-positive results due to other antibodies like rheumatoid factor (123). Figure 2 shows the competing factors which affect accurate measurement of ADAs.
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FIGURE 2. Factors that affect ADA detection in immunoassays. The center of the figure designates the components that could interfere with ADA detection (i.e., mAb, target, ADA, and secondary antibody). The middle circle designates the type of interference, while the outer circle provides examples of such interferences.


An ELISA-based bridging assay is one of the most commonly used assays for ADA screening, where the mAb drug is used to first capture ADA present in the patient sera, and the latter are detected by adding additional labeled mAb as a secondary probe. Bridging ELISA assays are used for ADA detection of a large variety of mAbs, and some include an acidic step to dissociate ADA from the mAb. The excess mAb is then captured or removed, and free ADA can be detected. These assays often have significantly higher background and suffer from low sensitivity due to the disassociation of antibodies. Bridging assays can also result in false-negatives, as they are more likely to “miss” low affinity IgM ADAs present in early stages of the immune response (124). Most ELISA-based bridging assays are also sensitive to the mAbs’ trough levels (levels of circulating mAb at sampling time). ADA and mAbs tend to form high molecular weight immune-complexes, making ADA detection more challenging (125). To overcome this challenge, several drug-tolerant assays have been developed to measure ADA levels in the presence of high mAb concentrations (126). Most of these assays also use an acidic treatment step. Several other techniques have been reported to evaluate serum ADA levels. These assays include radio-immunoassays (127), Biotin-drug Extraction with Acid Dissociation (BEAD) (128), Precipitation and Acid dissociation (PANDA) (129), Affinity Capture Elution ELISA (ACE) (130), and Homogenous Mobility Shift Assay (HMSA) (131); these assays have been reviewed in detail elsewhere (126). While these assays presumably detect all serum ADA, they primarily provide qualitative measures to assist healthcare providers deciding on appropriate patient interventions, and many (if not all) studies underestimate actual ADA levels. These assays also lack standardization that could enable comparisons of ADA levels across health centers. The great diversity in these assays poses tremendous difficulty in studying ADA levels between different mAbs, across studies of the same mAb, and across different assays.

In a clinical context, it important both to assess ADA levels in patient serum, and also to assess the presence of neutralizing antibodies that interfere with biological and clinical activity of the mAb. The neutralizing effect of ADAs can be assayed by testing whether ADAs in serum inhibit binding of the mAb to its target (132). Several cell-based assays were developed to detect ntADA in patients’ serum. One of these assays is a functional ADA cell-based assay that was developed to quantify the activity of TNFα antagonists. This assay assesses both drug activity and ntADA levels (133), but correlations between the clinical outcome and assay results were not thoroughly tested. Another assay developed for ntADA detection is the reporter gene assay, which is based on excretion of IL8 by HT29 cells due to TNFα stimulation (77). When the assay was applied to sera samples with low-level ADA, it detected ntADA even prior to clinical LOR to the mAb, which allows the prediction of clinical LOR with high probability.

While these assays are accurate and sensitive, they require an active cell line, which complicates assay implementation. We recently reported on a newly developed quantitative bio-immunoassay for quantifying ADA specific to TNFα antagonists. The bio-immunoassay was further modified to easily assess the neutralization capacity of ADA using an in vitro assay (96). This assay can be readily used in a clinical setting that performs routine ADA measurements.

Other clinical approaches to reduce immunogenicity include active interference of the T cell responses to mAbs, thereby inducing individual tolerance of the immune system (“tolerization”).

For example, administration of methotrexate (MTX) with infliximab reduced ADA formation in RA patients (134). MTX also reversed high ADA levels in infantile Pompe disease patients treated with rituximab, when administered alongside bortezomib, a proteasome activity inhibitor that leads to cell death (135). Azathioprine is also an immunosuppressive drug that can be given in combination with infliximab or adalimumab to improve treatment and reduce immunogenicity and ADA formation (136–138). However, such non-specific immunosuppressive approaches have potentially harmful side effects that must be balanced with the patient’s overall treatment plan.




CONCLUDING REMARKS

Monoclonal antibodies have the potential to treat a wide range of diseases and disorders, but they can be highly immunogenic and induce undesirable ADA responses. ADAs can reduce mAb drug efficacy by altering its bioavailability and/or accelerating clearance from circulation. While the molecular mechanisms of ADA generation are not fully understood, it is dependent on both patient and drug characteristics. While early ADAs were related to the murine origin of the first mAb therapeutics, ADAs also occur against fully human mAbs. Indeed, complete humanization cannot completely abrogate mAb immunogenicity and ADA formation. The questions of why and how ADA are generated also depend on variability of the reported immunogenicity rates, which emphasizes the need for standardized clinical assays for ADA detection. Understanding the mechanisms of ADA generation and the major factors that influence immunogenicity of mAbs will help us design safer mAbs with lower drug rejection rates. Recent and ongoing efforts to study mAb immunogenicity at the molecular level is augmenting our understanding of these mechanisms that lead to ADA formation, which may help provide new guidelines to improve the safety and efficacy of mAb therapeutics.
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We report the clinical course of the first prenatally diagnosed cross-reactive immunologic material (CRIM)-negative infantile Pompe disease (IPD) patient [homozygous for c.2560C>T (p.Arg854X) variant in the GAA gene] to undergo prophylactic immune tolerance induction (ITI) and enzyme replacement therapy (ERT) within the first 2 days of life. Both parents were found to be carriers of the c.2560C>T (p.Arg854X) variant through prenatal carrier screening. Fetal echocardiogram at 31 weeks of gestation showed left ventricular hypertrophy. An echocardiogram on the 1st day of life revealed marked biventricular hypertrophy. Physical exam was significant for macroglossia and hypotonia. A short course of Prophylactic ITI with rituximab, methotrexate, and intravenous immunoglobulin (IVIG) in conjunction with ERT at a dose of 20 mg/kg every other week was started on day 2 of life. The patient completed the ITI protocol safely and complete B-cell recovery, based on CD19 count, was noted by 3 months of age. The patient never developed anti-rhGAA IgG antibodies to ERT. Vaccinations were initiated at 9 months of age, with adequate response noted. Complete recovery of cardiac function and left ventricular mass was seen by 11 weeks of age. At 8 months of age, the patient developmentally measured at 75–90% on the Alberta Infant Motor Scale, walked at 11 months and continues to develop age-appropriately at 50 months of age based on the Early Learning Accomplishment Profile. ERT dosing was increased to 40 mg/kg every 2 weeks at 32 months of age and frequency increased to 40 mg/kg every week at 47 months of age. Patient continues to have undetectable antibody titers, most recently at age 50 months and urine Hex4 has remained normal. To our knowledge, this is the first report of successful early ERT and ITI in a prenatally diagnosed CRIM-negative IPD patient and the youngest IPD patient to receive ITI safely. With the addition of Pompe disease to the Recommended Uniform Screening Panel(RUSP) and its addition to multiple state newborn screening programs, our case highlights the benefits of early diagnosis and timely initiation of treatment in babies with Pompe disease, who represent the most severe end of the disease spectrum.
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INTRODUCTION

Pompe Disease is an autosomal recessive glycogen storage disorder caused by a deficiency of the lysosomal enzyme acid alpha-glucosidase (GAA), resulting in progressive glycogen accumulation. Patients with a severe deficiency of GAA activity present in infancy with cardiomyopathy and skeletal myopathy. The diagnosis of infantile Pompe disease (IPD) is often delayed, the median age of diagnosis is 4.7 months since non-specific findings like cardiomegaly, respiratory distress, hypotonia, and failure to thrive do not typically present until 2 months of age, although signs of the disease are present at birth (1). Without enzyme replacement therapy (ERT) with recombinant human acid alpha-glucosidase (rhGAA), death is imminent, usually within the first 2 years of life secondary to cardiorespiratory failure (2). Treatment with ERT has resulted in significantly improved survival, yet long-term consequences of the disease like facial muscle weakness, speech disorders, and dysphagia as well as signal alterations of the deep white matter on brain MRI are now being recognized (3, 4).

Despite the improved clinical outcomes, the response to ERT is very heterogeneous. Various factors known to impact the response to ERT include age on ERT initiation, extent of preexisting pathology, degree of muscle damage, cross-reactive immunologic material (CRIM) status, and anti-rhGAA IgG antibodies (5). While ERT has changed the natural history of Pompe disease and has significantly improved the overall survival of patients with IPD, it is not able to reverse the underlying pathology. Prior studies in patients diagnosed via newborn screening and treated with ERT have demonstrated that even a delay of few days in treatment initiation can impact the long-term outcomes of patients with IPD (6). It is of utmost importance to initiate treatment prior to irreversible muscle damage in such a rapidly progressive disease.

CRIM status is determined based on a patient's endogenous GAA enzyme level which is influenced by the nature of pathogenic variants. In CRIM-negative patients, there exist two deleterious GAA mutations, which lead to absence of native GAA enzyme production and, therefore, lack of exposure of the developing immune system to the GAA protein. Consequently, these patients are not immune tolerant to GAA and mount a high and sustained antibody response to rhGAA. Often these responses neutralize either enzyme uptake into cells or the catalytic activity of the enzyme (5). Thus, it is not surprising that high and sustained antibody titers (HSAT) herald clinical decline in CRIM-negative patients, who are at the most severe end of the disease spectrum (7, 8). Despite advances in ERT treatment, cases of CRIM-negative IPD treated with ERT alone still result in invasive ventilation or death within the first 3 years of life (9, 10).

The management of CRIM-negative IPD has evolved significantly in recent years with the advent of immune tolerance induction (ITI), which helps reduce the immune response to ERT, but to date has not been administered early in the neonatal period. Initiation of ERT soon after birth in IPD is the goal as a delay of just 10 days has been associated with worse biological, physical, and developmental outcomes (6, 11). We present the first case of a prenatally diagnosed CRIM-negative IPD patient to undergo prophylactic ITI and ERT with recombinant human GAA within the first 2 days of life, who at 50 months of age is meeting all her developmental milestones and attending a regular prekindergarten class.



METHODS

GAA mutation analysis on the amniocentesis sample was done at Bioreference Laboratories (Elmwood Park, NJ). Anti-rhGAA IgG antibody titer measurements were performed at Sanofi Genzyme Corporation (Cambridge, MA). Postnatal GAA variant analysis and urinary glucose tetrasaccharide biomarker (Glc4/Hex4) measurements were performed at the Duke University Hospital Biochemical Genetics Laboratory. T and B cell studies and immunoglobin titers were performed at Mayo Clinic Laboratories (Rochester, MN). The patient's mother provided informed consent for the use of clinical data and images for publication. Data for CK levels, anti-rhGAA IgG antibody titers, AST and ALT from birth to 170 weeks were extracted and analyzed.

The ITI approach that included four doses of weekly rituximab (375 mg/m2, intravenously), three cycles of methotrexate (0.4 mg/kg; three doses per cycle with first three ERT infusions, subcutaneously or orally), and monthly IVIG (500 mg/kg) was initiated along with ERT, as described previously (Supplemetary Figure 1) (12, 13). The limited dataset on our patient has been previously published as part of a large cohort (13).



CASE PRESENTATION


Diagnosis

The patient is a 4-year-old CRIM-negative IPD patient diagnosed prenatally. Family history was significant for the demise of their first child at 2 days of life in the Dominican Republic, from cardiorespiratory failure of unknown etiology. Both parents are of Dominican Republican ancestry and are second cousins once removed. The mother of the patient underwent prenatal carrier screening, which revealed that she was a carrier of the c.2560C>T (p. Arg854X) variant in the GAA gene. The father was subsequently found to be a carrier of the same variant. Amniocentesis performed at 19 weeks gestation revealed a fetus with a 46, XX karyotype, and homozygous (c.2560C>T) GAA gene variant, confirming CRIM-negative IPD (14). Fetal ultrasound at 28 weeks gestation was negative for any obvious birth defects or cardiomyopathy. However, a fetal echocardiogram performed at 31 weeks gestation showed mild left ventricular hypertrophy affecting the interventricular septum.



Clinical Course in the Neonatal Period

The patient was born via repeat cesarean section to a 31-year-old G3P2001 mother at 38 weeks gestation. APGARS were 9 and 9 at 1 and 5 minutes, respectively and birth weight was 3.5 kg. The physical exam was significant for macroglossia and hypotonia. There was no hepatosplenomegaly. Postnatal molecular studies confirmed the homozygous c.2560C>T variant.


Respiratory Status

The patient was initially on room air, but after a few hours she had some desaturations and tachypnea to 80 breaths/min and was started on CPAP. Chest X-ray on the 1st day of life showed-submaximal expansion of lungs, the possibility of cardiomegaly could not be ruled out. CPAP was required intermittently, finally discontinued by week three of life, and she has remained on room air since.



Gastrointestinal Status

The patient was initially kept NPO and on parenteral nutrition due to tachypnea. Trophic feeds were started via oral gastric tube (OGT) on the 4th day of life but she developed abdominal distension and was made NPO again. OGT feeds were restarted on the 7th day of life. On day eight of life, she was noted to have abdominal distension, greenish aspirates, and irritability. Abdominal X-ray revealed dilated bowel loops. Upper gastrointestinal endoscopy was normal. Feeding evaluation was requested and she was found to have normal suck-swallow coordination. Gradually oral feeds were restarted and she was taking full feeds by mouth by the 19th day of life.



Cardiac Status

Echocardiogram performed on day 6 of life revealed biventricular hypertrophy with prominent moderator band and muscle bundles (Figure 1). The left ventricular mass index (LVMI) was 65.4 gm/m2 (15). Electrocardiogram showed normal sinus rhythm and biventricular hypertrophy. On 12th day of life, the patient was noted to have mild periorbital and pedal edema, the brain natriuretic peptide (BNP) rose from 556 to 778 pg/ml (normal range 1–100pg/ml) and echocardiogram showed a mild decrease in ejection fraction from the previous study with LVMI of 66 gm/m2. Ionotropic treatment with milrinone was initiated. The echocardiogram on the 14th day of life revealed a LVMI of 69 gm/m2. The periorbital and pedal swelling resolved, cardiac function improved over the next few days and BNP came down to 129 pg/ml. Echocardiogram on the 22nd day of life showed a LVMI of 65 gm/m2.


[image: Figure 1]
FIGURE 1. Echocardiogram at 6 days of life, showing significant biventricular hypertrophy.





Treatment Details

Prophylactic immune tolerance induction (ITI) was started on day 2 of life with a short course of IV rituximab, SC methotrexate, and intravenous immunoglobulin (IVIG) (12, 16). ERT with alglucosidase alfa was started on day 3 of life at a dose of 20 mg/kg followed by infusions once every 2 weeks as per package insert (13). The patient was discharged home from the NICU at 1 month of age and continued to receive ERT on an outpatient basis every 2 weeks.

The patient successfully completed four doses of rituximab at 22 days of life, nine doses of methotrexate at 32 days of life, and continued to receive monthly IVIG until 6 months of age. There were no infections around the time of ITI administration. The patient tolerated the ITI protocol safely with B-cell recovery, measured as CD19 count of 1,448 cells/μl (370–2,306 cells/μl), at 3 months of age. The patient started her immunization schedule at 9 months of age and antibody titers to Tetanus toxoid and Diphtheria checked at 18 months of age revealed an adequate response.



Growth and Developmental Status

The patient has shown normal growth velocity and at 4 years of age is at the 90th percentile for both height and weight. Developmentally she was sitting by 6 months of age, measured at the 75-90% on the Alberta Infant Motor Scale at 8 months and walked independently by 11 months of age. Now at 50 months of age, she continues to grow and develop appropriately based on the Early Learning Accomplishment Profile (ELAP). Audiology evaluation revealed bilateral mixed hearing loss at 3 years of age and she has been fitted with hearing aids. She attends a regular prekindergarten class and does not require any special services.



Current Clinical Status

Based on the published literature on apparent clinical benefits of increased ERT dose and concerns of clinical plateu in our patient, ERT dosing was increased to 40 mg/kg every 2 weeks at 32 months of age and frequency increased to 40 mg/kg every week at 47 months of age (17, 18). Complete recovery of cardiac function and left ventricular mass was seen by 11 weeks of age (Figure 2). No evidence of arrhythmia was seen based on a 24 h Holter monitor at 6 months of age (19). She continues to have undetectable anti-rhGAA antibody titers and normal urinary Hex4 at 50 months of age (20). Her AST, ALT, and total CKs have also been in the normal range (Figure 3). Patient is able to walk, run, skip, gallop, hop on one foot alternatingly, hop on both feet, and climb up and down the stairs independently.


[image: Figure 2]
FIGURE 2. Echocardiogram at 11-weeks of life, showing resolution of ventricular hypertrophy.



[image: Figure 3]
FIGURE 3. Anti-rhGAA IgG antibody titers, CK, AST, and ALT over time. ERT, enzyme replacement therapy; mg, milligram; kg, kilogram; CK, creatine kinase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; U, units; L, liter.


The patient has not experienced any infusion associate reactions to the ERT to date. She continues to receive ERT at 40 mg/kg every week, has been off all ITI medications, continues to be seronegative, and is managed on an outpatient basis at a multispecialty center.


Current Respiratory Status

Patient has been diagnosed with reactive airway disease and has required albuterol nebulizations when symptomatic. She has undergone adenoidectomy due to a history of snoring. She never required invasive ventilation and remains on room air with no other respiratory support.



Current Gastrointestinal Status

The patient eats an age-appropriate diet by mouth with no assistance. She has regular bowel movements and attained bowel control by 40 months of age.



Current Cardiac Status

Patient continues to be followed by a pediatric cardiologist. Complete recovery of cardiac function and left ventricular mass was seen by 11 weeks of age (Figure 2). No evidence of arrhythmia was seen based on a 24-h Holter monitor at 6 months of age (19). Electrocardiogram and echocardiogram done every 3 months continue to show normal sinus rhythm and normal cardiac function, with the last one at 50 months of age.





DISCUSSION

Medical advances have come a long way in the past 20 years in our understanding of IPD. Once considered a fatal diagnosis, the advent of ERT has made it possible to significantly extend the life span of affected patients, which is largely attributable to improvements in cardiomyopathy and skeletal muscle function (21).

Amongst the prenatally diagnosed IPD cases Hamdan et al., in 2008 reported a prenatally diagnosed patient due to hypertrophic cardiomyopathy seen at 32 weeks fetal echocardiogram, diagnosis confirmed at birth by enzyme assay and mutation analysis which revealed a homozygous mutation for c.1327-2A>G. The infant was treated with ERT from 18 h of age and reportedly had a favorable outcome at 10 months. CRIM status was not determined and antibody titers were not reported (22).

Additionally, Abbot et al. (23) in 2011 reported a patient with prenatally diagnosed IPD due to family history with CRIM-negative (R854X/R854X) IPD, who received standard dosing of alglucosidase alfa (Myozyme®) enzyme replacement therapy (ERT) from day 10 of life until she passed away at the age of 3 years 9 months. In the immediate neonatal period, there was cardiomegaly on chest X-ray, cardiac hypertrophy by echocardiogram, and development of a wide complex tachycardia. The available data at the time indicated that CRIM-negative patients had limited survival even with ERT. However, given the opportunity for very early treatment, the treating provider and family elected to initiate treatment with ERT, without immune modulation. It was believed that the baby would not mount an immune response due to the immaturity of the developing immune system. By 9 months of age, an echocardiogram was normal. Early motor development was within normal limits but by 2 years of age, her developmental progress had slowed. She seroconverted by the 4th month of ERT, and anti-rhGAA antibody titers peaked at 25,600 in the 27th month and remained moderately elevated at 6,400 during the final 9 months of her life. Immunomodulatory therapy was considered but declined by family. She presented with cardiopulmonary arrest at 2 years 6 months and infection with Influenza A was confirmed. This led to a prolonged hospitalization with invasive respiratory support, and placement of tracheostomy and gastrostomy tube. Her developmental progress ceased, and she died suddenly at home from a presumed cardiac event at age 3 years 9 months.

Our patient is similar to the case described by Abbot et al. (23) with regards to the prenatal diagnosis of IPD as well as carrying the same homozygous GAA variant (R854X/R854X). This variant is one of the most frequently identified mutations in CRIM-negative alleles at up to 32.7% and commonly seen in the African American population. It is a nonsense mutation resulting in a premature stop codon (14). The key difference is that our patient was initiated on ITI in an ERT naïve setting at 2 days of life with rituximab, followed by ERT at 3 days of life. Our patient never developed an antibody response to rhGAA demonstrating tolerization to the ERT. Complete recovery of cardiac function and left ventricular mass was seen by 11 weeks of age. Respiratory assistance in the form of intermittent CPAP was required during the first 3 weeks of neonatal life, but invasive ventilation has never been required so far. She has met all developmental milestones appropriately and now at 50 months of age is attending a regular prekindergarten class. A prior study suggested that ERT initiation at a very early age (<2 months) may help to diminish anti-drug antibodies to ERT (9). However, as evident from case described by Abbot et al. (23), patient initiated on ERT even within few days of life, are still at risk of developing high and sustained antibodies to ERT, resulting in suboptiomal treatment response. In a retrospective study on CRIM-negative IPD treated with ERT monotherapy, Berrier et al. (5) described two CRIM-negative cases who were initiated on ERT within the 1st month of life and developed antibodies to ERT, leading to an eventual fatal outcome. Thus, the initiation of ERT at an early age does not prevent the development of antibodies to ERT.

To our knowledge, this is the youngest IPD patient initiated on immunomodulation with rituximab, methotrexate, and IVIG. The data on the safety of rituximab in the pediatric population is limited. Prior studies have demonstrated that rituximab can lead to skewing of B cell subpopulation, persistent hypogammaglobulinemia, and can affect the response to routine vaccination (24–29). These cases likely needed rituximab for a longer duration. The ITI protocol used in our patient requires only 4 doses of rituximab. In a large cohort of IPD patients, this short 5 week course of ITI was successful in inducing immune tolerance to ERT in 88% of CRIM-negative IPD patients (13). Additionally, ERT is given concurrently with ITI. This is different from other suggested protocols in literature which required delay in ERT initiation by 3 weeks for induction of immunomodulation; such delay in treatment initiation can negatively impact the long-term clinical outcome of IPD patients (30). Our patient tolerated ITI without any adverse events. She had full B cell reconstitution following completion of ITI and normal immunoglobulin levels at the most recent follow-up. She is up to date on age-appropriate vaccinations and demonstrated an adequate humoral response to routine vaccines.

The newborn screen program (NBS) has been a great public health achievement since its induction in the early 1960s but continues to evolve as medical advances make the diagnosis and treatment of certain conditions like IPD more feasible. Pompe Disease was formally included in the RUSP in March 2015 and has been added to the NBS in 21 states with additional states soon to follow (31). Although additional data may be necessary to understand the efficacy and efficiency of such universal screening practices, knowing that outcomes can be significantly improved by early induction of current IPD therapies, supports the addition of Pompe disease screening in the NBS of other states.

Our case exemplifies the integration of prenatal genetic diagnosis to the coordination of complex multidisciplinary care in the treatment of a rare, previously fatal genetic condition. Our patient has thus far tolerated the therapy well. Our experience with planning for and the management of this patient as well as the clinical outcome will provide crucial information especially in light of the addition of Pompe disease to the RUSP. As an increasing number of states now screen for Pompe disease in the newborn setting, there must be no delay in the timely initiation of appropriate treatment and the use of ITI as indicated.
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Highly sensitive reporter-gene assays have been developed that allow both the direct vascular endothelial growth factor (VEGF) neutralizing activity of bevacizumab and the ability of bevacizumab to activate antibody dependent cellular cytotoxicity (ADCC) to be quantified rapidly and in a highly specific manner. The use of these assays has shown that in 46 patients with ovarian cancer following four cycle of bevacizumab treatment, and in longitudinal samples from the two patients that respond to bevacizumab therapy from a small cohort of patients with glioblastoma, that there is a reasonably good correlation between bevacizumab drug levels determined by ELISA and bevacizumab activity, determined using either the VEGF-responsive reporter gene, or the ADCC assays. One of the two primary non-responders with glioblastoma exhibited high levels of ADCC activity suggesting reduced bevacizumab Fc engagement in vivo in contrast to the other primary non-responder, and the two secondary non-responders with a decreasing bevacizumab PK profile, determined by ELISA that exhibited low to undetectable ADCC activity. Drug levels were consistently higher than bevacizumab activity determined using the reporter gene assay in serial samples from one of the secondary non-responders and lower in some samples from the other secondary non-responder and ADCC activity was markedly lower in all samples from these patients suggesting that bevacizumab activity may be partially neutralized by anti-drug neutralizing antibodies (NAbs). These results suggest that ADCC activity may be correlated with the ability of some patients to respond to treatment with bevacizumab while the use of the VEGF-responsive reporter-gene assay may allow the appearance of anti-bevacizumab NAbs to be used as a surrogate maker of treatment failure prior to the clinical signs of disease progression.
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INTRODUCTION

The anti-vascular endothelial growth factor-A (VEGFA) monoclonal antibody bevacizumab (Avastin®) is used extensively to treat recurrent disease in patients with ovarian cancer and patients with glioblastoma who have failed first line therapy (1–3). Although, bevacizumab treatment results in a high initial response rate the effect is transient and most patient’s tumors eventually progress (2, 3). The mechanisms of bevacizumab treatment failure are poorly understood (1) and an accurate assessment of the treatment response in individual patients is key to better understand the most effective means of optimizing bevacizumab treatment.

Current methods for quantifying the activity of human VEGF, or antibodies that neutralize its activity, such as bevacizumab, are bioassays based on the ability of anti-VEGF antibodies to inhibit the proliferation or migration of primary human umbilical vein endothelial cells (HUVEC) or other cells expressing VEGFR receptors, following treatment of the cells with VEGF (4). Such assays can take several days to perform, are subject to a high degree of variation, and are difficult to validate. Reporter-gene assays based on the establishment of a stable cell line transfected with a luciferase reporter-gene placed under the control of a drug responsive chimeric promoter, provide highly sensitive and reproducible methods for quantifying drug activity (5–7) and although a VEGF-specific reporter gene assay has been developed previously (8) there is a need for an assay with improved sensitivity and dynamic range. Highly sensitive reporter gene assays are described herein that allow both the direct VEGF neutralizing activity of bevacizumab to be quantified with improved sensitivity and the ability of bevacizumab to activate antibody dependent cellular cytotoxicity (ADCC) to be quantified rapidly and in a highly specific manner. These assays have been used to better understand the action of bevacizumab in 46 patients with ovarian cancer following analysis of samples taken after four cycle of bevacizumab treatment and in longitudinal samples from in a small cohort of patients with glioblastoma presenting different types of response to treatment with bevacizumab.



MATERIALS AND METHODS


VEGF Responsive Reporter Cells

Human embryonic kidney HEK293 cells (ATCC Catalogue N° CRL1573) were transfected with a 5-fold tandem repeat of the upstream activation sequence (UAS), cCGGAGGACTGTCCTCCGagtc, of gal-4 regulating transcription of the firefly luciferase (FL) reporter gene. The cells were also co-transfected with an expression vector encoding a chimeric transcription factor consisting of the gal4 DNA binding domain (nt:1–130) fused to the trans-activating domain of Elk-1 (nt:307–427), together with an expression vector for human VEGFR2. A clonal cell line was established that exhibited a high degree of VEGF responsiveness following treatment of the VEGF-responsive cells with increasing concentrations of VEGFA for 18 h at 37°C prior to quantification of VEGF-induced FL activity using the Bright-Glo® (Promega, Madison, WI, United States) reagent and a GloMax® luminometer (Promega, Madison, WI, United States).



Quantification of Bevacizumab Activity

A fixed dilution or serial dilutions of the sample or bevacizumab standard to be tested were incubated for 30 min at 37°C with 25 ng/mL of VEGF. The samples are then incubated with the VEGF responsive reporter-gene cells for 18 h at 37°C prior to quantification of VEGF-induced FL activity as described in the preceeding section.



Quantification of ADCC Activity

The novel engineered Jurkat ADCC effector cells expressing the V-158 wild-type variant of the FcγRIIIA receptor (CD16a) and the FL reporter-gene under the control of the principal transcription factors involved in FcγRIIIA signal transduction has been described previously (9). VEGF(−) target cells derived from human embryonic HEK293 cells, that do not express detectable levels of VEGF (Lallemand, unpublished results), were transfected with the costimulatory molecules CD80 and CD86 that were found to enhance the dynamic range of the ADCC assay for several different therapeutic monoclonal antibodies and the appropriate antigen positive target cells (Lallemand, unpublished results). VEGF (−) target cells expressing the costimulatory molecules CD80 and CD86 were again found not to express detectable levels of VEGF or ADCC activity in the presence of bevacizumab and the ADCC effector cells. The VEGF (++) target cells that express membrane-bound non-cleavable VEGFA were established by transfecting VEGF (−) target cells expressing the costimulatory molecules CD80 and CD86 with the gene encoding codon-optimized VEGFA fused to the coding sequence of the transmembrane region of TNFα bearing a mutation in the protease cleavage site as described previously (7).



Quantification of Bevacizumab Serum Concentrations by Capture ELISA

Microtiter plates were coated overnight with human recombinant VEGF165 (R&D systems, catalog# 293-VE-001MG/CF) at a concentration of 0.15 μg/ml followed by blocking for 2 h with 3% BSA. For the standard curve recombinant bevacizumab (Avastin®) was used at concentrations ranging from 7 to 500 μg/ml. Test samples (diluted 1:100 in 0.1% blocking buffer) including negative controls were added and incubated for 1 h at 37°C. All wells, including test samples and standard curves, were then incubated with 100 μl of a monoclonal HRP-conjugated anti-bevacizumab antibody diluted 1:5000 (AbD Serotec, catalog# HCA 184P). Finally, ortho-phenylenediamine HRP substrate was added and the reaction was stopped with hydrochloric acid. Plates were washed four times with 0.05% PBS-TWEEN between each step. Plates were read at 492 nm and again at 620 nm and serum concentrations were determined using the standard curve. All procedures were optimized in the preceding assay validation steps.



Patient Population

A cohort of 46 patients with ovarian cancer and a second cohort of 6 patients diagnosed with glioblastoma according to the World Health Organization classification scheme (9) were both hospitalized at the Innsbruck University Hospital. Patients with glioblastoma were classified according to clinical and/or radiological outcomes as responders, who presented no tumor progression, primary non-responders presenting no response at all, and secondary non-responders, who exhibited an objective response followed by tumor progression. Patients were included in the study following written informed consent in accordance with the institution guidelines. This study was approved by the ethics committee of the University of Innsbruck: Approval number EKNR 1054/2017.



RESULTS

A reporter-gene cell line expressing FL under the control of an Elk-1-responsive chimeric promoter, one of the principal transcription factors involved in the VEGF signal transduction pathway (10), was developed that responds specifically to treatment of cells with VEGF (Figure 1A and Supplementary Figure S1). The reporter-gene cell line was used for the quantification of bevacizumab activity based on the ability of bevacizumab to neutralize soluble VEGFA as reflected by an inhibition of VEGF-induced FL activity (Figure 1B). The bevacizumab reporter-gene cell line described herein exhibited improved characteristics, including a dynamic range of approximately 20-fold and a IC50 of approximately 60 ng/ml (Insert to Figure 1) relative to that published previously for a bevacizumab responsive reporter-gene assay based on a NFAT responsive promoter (3), and exhibited a stable response over an extended number of passages in the presence of the selective agents (Supplementary Figure S2). The intra-assay and inter-assay precision for the bevacizumab reporter-gene cell line described herein ranged from 6 to 17% and 5 to 11%, respectively, for the coefficients of variation for the principal parameters of a 4PL plot (Insert to Supplementary Figure S3). The accuracy of the assay, determined from the ratio of the measured to the expected values for concentrations of bevacizumab ranging from 30 to 150 % of the expected values yielded a linear curve with a R2 of 0.963 (Supplementary Figure S4). The presence of normal human serum was without effect on the assay results when tested at final concentrations ranging from 2.5 to 10.0 % (Supplementary Figure S5) encompassing the final concentration of human serum present in patient samples analyzed (Figure 1). The ability of the VEGF-responsive reporter-gene cell line to quantify the activity of membrane-bound non-cleavable VEGFA (Figure 2A) led to the observation that bevacizumab is able to neutralize membrane bound VEGF and provides a means of quantifying this activity using the mVEGF (+) target cells that express membrane-bound non-cleavable VEGF2A (Figure 2B). In contrast, bevacizumab did not exhibit any effect on FL reporter-gene activity in the presence of mVEGF (−) target cells (Figure 2B). Ranibizumab (Lucentis®), a derivative of bevacizumab lacking a Fc receptor was also shown to neutralize membrane bound VEGFA in the presence of mVEGF (+) but not mVEGF (−) target cells (Figure 2C). The ability of bevacizumab to activate ADCC was also quantified using an effector cell line expressing the FcγRIIIa receptor (CD16) that responds specifically to binding of the Fc moiety of an antibody to the FcγRIIIa receptor by activation of the FL reporter-gene (7) in the presence of target cells that express non-cleavable membrane bound VEGFA (Figure 3A). No ADCC activity was observed when bevacizumab was tested in the presence of target cells that do not express membrane bound VEGFA (Figure 3A) or when ranibizumab (Lucentis®), a derivative of bevacizumab lacking a Fc moiety, was tested in the presence of target cells that express non-cleavable membrane bound VEGFA (Figure 3B) or when the effector cell line expressing the FcγRIIIa receptor and target cells that express non-cleavable membrane bound VEGFA were treated with increasing concentrations of the anti-CD20 antibody rituximab (Figure 3C).
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FIGURE 1. The VEGF responsive reporter-gene cell line was incubated for 18 h with increasing concentrations of VEGFA either alone or in the presence of 1.0% normal human serum prior to quantification of FL activity as described in the section “Materials and Methods” (A). Increasing concentrations of bevacizumab were mixed with 25 ng/ml of VEGFA for 30 min at room temperature prior to incubation for 18 h with VEGF responsive reporter-gene cells either alone or in the presence of 1.0% normal human serum and quantification of FL activity as described in the section “Materials and Methods” (B). The associated Table to the Figure shows the principal parameters of a 4PL plot determined using the Prism software.
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FIGURE 2. Increasing concentrations of HEK293 mVEGF (+) target cells were incubated with 2.5 × 104 of the VEGF responsive reporter-gene cell line for 18 h at 37°C prior to the quantification of FL activity as described in the section “Materials and Methods” (A). Increasing concentration bevacizumab (B) or ranibizumab (C) were mixed with 10,000 mVEGF (+) target cells, sufficient to give an approximately 20-fold increase in the FL response of the VEGF responsive reporter-gene cell line, or 10,000 mVEGF (−) target cells for 30 min at room temperature prior to incubation for 18 h at 37°C with the VEGF responsive reporter-gene cell line and quantification of FL activity as described in the section “Materials and Methods”.
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FIGURE 3. ADCC effector cells (E) at a concentration of (1.2 × 105 cells/well), were incubated with mVEGF (+) or mVEGF(−) target cells (T) at an E:T ratio of 3:1 and increasing concentrations of bevacizumab (A) ranibizumab (B), or rituximab (C) for 4 h prior to the quantification of FL activity as described in the section “Materials and Methods”. The associated Table to the Figure shows the principal parameters of a 4PL plot of fold-induction of the ADCC activity of bevacizumab determined using the Prism software. To eliminate possible non-specific effects, the ADCC activity of each serum sample was first determined by interpolation of the standard curve of bevacizumab activity determined using both mVEGF (+) and mVEGF(−) target cells and the values obtained in the presence of the mVEGF(−) target cells were subtracted from those obtained using the mVEGF (+) terget cells and using the Prism software (GraphPad, France).


Analysis of serum samples from a cohort of 46 patients with ovarian cancer following four cycles of bevacizumab treatment revealed (Supplementary Table S1) a reasonably good correlation between circulating drug levels determined by ELISA and the VEGFA neutralizing activity of bevacizumab (Figures 4A,B) and a close correlation between the VEGF2A neutralizing activity of bevacizumab and the ability of bevacizumab to activate ADCC (Figures 4B,C). Analysis of the results using the nonparametric Spearman rank correlation coefficient give a ρ value of 0.77 between circulating drug levels determined by ELISA and the VEGF2A neutralizing activity of bevacizumab (Figure 4D), a ρ value of 0.98 between the ability of bevacizumab to activate ADCC and the VEGFA neutralizing activity of bevacizumab (Figure 4E), and a ρ value of 0.77 between the ability of bevacizumab to activate ADCC and circulating drug levels of bevacizumab determined by ELISA (Figure 4F). Analysis of longitudinal samples from a small cohort of patients diagnosed with glioblastoma (Table 1) according to the World Health Organization classification scheme (9) and presenting different types of response to treatment with bevacizumab, showed that overall, bevacizumab neutralizing activity correlated reasonably well with bevacizumab protein levels in most samples from patients irrespective of whether they were classified as responders, primary non-responders, or secondary non-responders although there was a tendency toward lower levels of bevacizumab neutralizing activity in samples from the two secondary non-responders (Figures 5A,B). A closer correlation was observed between the VEGFA neutralizing activity of bevacizumab and the ability of bevacizumab to activate ADCC (Figures 5B,C). In contrast, the host mediated ADCC activity of bevacizumab did not appear to be correlated solely with the level of circulating bevacizumab. Thus, the ADCC activity of bevacizumab was relatively low in most samples from the two patients classified as responders, relatively high in one of the two primary non-responders, and low to barely detectable in the other patient classified as a primary non-responder and the two secondary non-responders (Figure 5). Analysis of the results using the nonparametric Spearman rank correlation coefficient give a ρ value of 0.57 between circulating drug levels determined by ELISA and the VEGFA neutralizing activity of bevacizumab (Figure 5D), a ρ value of 0.76 between the ability of bevacizumab to activate ADCC and the VEGFA neutralizing activity of bevacizumab (Figure 5E), and a ρ value of 0.52 between the ability of bevacizumab to activate ADCC and circulating drug levels determined by ELISA (Figure 5, Panel F). We have shown that bevacizumab, but not the TNFα antagonist infliximab, also exhibits marked ADCC activity against human glioblastoma cells in vitro (Supplementary Figure S6).


[image: image]

FIGURE 4. Serum samples from 46 patients with ovarian cancer described in Supplementary Table S1 were tested after four cycles of bevacizumab treatment for the presence of circulating levels of bevacizumab determined by ELISA (Panel A), and for the ability of bevacizumab to neutralize VEGF (Panel B), and to activate ADCC activity (Panel C) as described in the section “Materials and Methods.” To eliminate possible non-specific effects, the ADCC activity of each serum sample was first determined using both mVEGF (+) and mVEGF(−) target cells and the values obtained in the presence of the mVEGF(−) target cells were subtracted from those obtained using the mVEGF (+) and the final results were determined by interpolation of the standard curve of bevacizumab activity (Figure 3, Panel A) using the Prism software (GraphPad, France). The values obtained for the circulating levels of bevacizumab determined by ELISA were compared with the values obtained for the neutralization of VEGF activity (Panel D) or the values obtained for the ADCC activity of bevacizumab were compared with the values obtained for the neutralization of VEGF activity (Panel E) or the circulating levels of bevacizumab determined by ELISA (Panel F).



TABLE 1. Patients with glioblastoma: Treatment schedule*.
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FIGURE 5. Serial serum samples from the patient cohort described in Table 1 were tested for the presence of circulating levels of bevacizumab using an ELISA (Panel A) as described in the section “Materials and Methods.” The same samples were also tested for bevacizumab VEGF neutralizing activity (Panel B) and bevacizumab ADCC activity (Panel C) as described in the section “Materials and Methods.” To eliminate possible non-specific effects, the ADCC activity of each serum sample was first determined using both mVEGF (+) and mVEGF(−) target cells and the values obtained in the presence of the mVEGF(−) target cells were subtracted from those obtained using the mVEGF (+) and the final results were determined by interpolation of the standard curve of bevacizumab activity (Figure 3, Panel A) using the Prism software (GraphPad, France). The values obtained for the circulating levels of bevacizumab determined by ELISA were compared with the values obtained for the neutralization of VEGF activity (Panel D) or the values obtained for the ADCC activity of bevacizumab were compared with the values obtained for the neutralization of VEGF activity (Panel E) or the circulating levels of bevacizumab determined by ELISA (Panel F).




DISCUSSION

Bevacizumab is used to target VEGF-dependent angiogenesis in patients with platinum-sensitive recurrent ovarian cancer (3) and is also used extensively to treat recurrent disease in patients with glioblastoma who have failed first line therapy (1, 2). Although bevacizumab treatment results in a high initial response rate the results are transient and most patient’s tumors eventually progress (1–3). High grade glioblastomas produce large quantities of VEGFA that stimulates the proliferation of endothelial cells leading to the development of an abnormal vasculature (3). Bevacizumab is thought to act in part by reducing tumor-induced vascularization thereby limiting tumor growth (10). VEGFA exists in multiple isoforms, as a result of both alternative splicing of exons 6 and 7 and proteolysis, and the most common isoform VEGFA165 is also present in a soluble form and as part of the extracellular matrix (11). The ability to quantify the activity of membrane bound VEGFA in addition to soluble VEGF as shown herein may facilitate a better understanding of the action of bevacizumab on tumor-induced vascularization in both gynecologic and neurologic tumors. In addition to reducing tumor-induced vascularization bevacizumab is also thought to exert direct anti-tumor activity against gliomas that express VEGF on their cell surface (12–15) and in animal models of ovarian cancer (16) and again the ability to quantify the activity of membrane bound VEGFA may also shed light on this process. There is also evidence to suggest that bevacizumab increases the sensitization of tumor cells to cytotoxic agents (13) and the ability to quantify the effect of bevacizumab on both soluble VEGF and membrane bound VEGF may also help elucidate the mechanisms of this process. Bevacizumab activity, determined using a VEGF responsive reporter-gene assay, correlated reasonably well with circulating levels of bevacizumab determined by ELISA in serial samples from the two patients classified as responders and were generally lower in serial samples from the two patients classified as secondary non-responders suggesting that treatment failure in secondary non-responders may be attributed at least in part to the presence of neutralizing anti-bevacizumab antibodies that could arise during bevacizumab treatment. Furthermore, the activity of circulating bevacizumab as determined by its ability to activate antibody-dependent cellular cytotoxicity was very low to undetectable in the serial samples from the two secondary non-responders. The microenvironment of glioblastomas contains numerous innate immune cells including microglia-macrophages and other immune cells resulting from alterations in the blood-brain barrier in addition to tumor cells (15). Studies using mouse models suggest that VEGF blockage can lead to an increased recruitment of monocytes as well as changes in dendritic cell sub-sets that may alter the adaptive immune response to the tumor (16). The anti-tumor activity of numerous monoclonal antibodies is mediated in part by the stimulation of cellular immunity (17) such as ADCC and antibody dependent cellular phagocytosis (ADCP). The two patients classified as responders both exhibited readily detectable levels of ADCC activity that overall correlated reasonably well with circulating levels of bevacizumab protein determined by ELISA and bevacizumab activity determined using the VEGF-responsive reporter-gene assay. To our knowledge this is the first report that bevacizumab exhibits ADCC activity both in vitro, including against human glioblastoma target cells, and in samples of serum from patients. No ADCC activity was observed when bevacizumab was tested in the presence of target cells that do not express membrane bound non-cleavable VEGFA or when a derivative of bevacizumab lacking a Fc receptor (ranibizumab, Lucentis®) was tested in the presence of target cells that express membrane bound VEGFA, attesting to the validity of the results. Remarkably, a high level of bevacizumab ADCC activity was observed in one patient classified as a primary non-responder but not in samples from the other patients also classified as a primary non-responder or the two patients classified as secondary non-responder. Although it is well established that the neutralizing antibody response to the variable region of therapeutic antibodies can limit their efficacy (18) our results suggest that for antibodies that act in part by the activation of cellular immunity an immune response the to Fc moiety of the antibody may also limit their efficacy. Although it is difficult to draw any firm conclusions from these results due to the restricted number of samples tested from two small cohorts of patients included in this pilot study, they do show that it is indeed possible to quantify both the direct VEGF neutralizing activity of bevacizumab and the host mediated ADCC of activity bevacizumab in samples from patients with ovarian cancer or glioblastoma treated with bevacizumab and that clear differences are observed between samples from individual patients.

Although bevacizumab treatment was found not to confer an increase in overall survival in newly diagnosed patients with glioblastoma nor to confer an overall survival advantage in combination therapy (19), bevacizumab treatment can prolong progression-free survival and is used extensively in routine clinical practice in the United States and some other countries (20). An accurate assessment of the treatment response in individual patients is key to a better understanding of the most effective means of optimizing bevacizumab treatment.
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FIGURE S1 | Illustration of the interaction of VEGFA with its cell-surface receptor and activation of the cytoplasmic signal transduction pathway resulting in phosphorylation and activation of the chimeric Elk-1::Gal4 transcription factor in the nucleus. The chimeric transcription factor consisting of the transactivating domain of Elk-1 fused to the DNA binding domain of Gal4 then binds to the 5-fold tandem repeat of the Gal4 upstream activation sequence (UAS) resulting in activation of the firefly luciferase reporter-gene.

FIGURE S2 | The stability of the VEGF responsive reporter-gene cell line was determined by testing VEGFA induced FL activity at regular intervals for 20 passages by incubating the VEGF responsive reporter-gene cells for 18 h with increasing concentrations of VEGFA prior to quantification of FL activity as described in the section “Materials and Methods”.

FIGURE S3 | Inter and intra-assay precision was determined by incubating increasing concentrations of bevacizumab with 4 individual samples of VEGFA at a final concentration of 25 ng/ml for 30 min at room temperature on a single microtiter plate (A) or with a single sample of VEGFA at a final concentration of 25 ng/ml and incubated for 30 min at room temperature on 4 individual microtiter plates (B) prior to incubation for 18 h at 37°C with the VEGF responsive reporter-gene cell line and quantification of FL activity as described in the section “Materials and Methods.” The associated Table to Figure 2 shows the principal parameters of a 4PL plot determined using the Prism software together with intra-plate or inter-plate percentage coefficients of variation (% CV).

FIGURE S4 | The accuracy and linearity of the reporter-gene assay was determined by incubating concentrations bevacizumab corresponding to 25, 50, 100, 125, and 150% of the expected value with VEGFA at a final concentration of 25 ng/ml for 30 min at room temperature prior to incubation for 18 h at 37°C with the VEGF responsive reporter-gene cell line and quantification of FL activity as described in the section “Materials and Methods”.

FIGURE S5 | Increasing concentrations of bevacizumab were mixed with 25 ng/ml of VEGFA for 30 min at room temperature prior to incubation for 18 h with VEGF responsive reporter-gene cells either alone or in the presence of 2.5, 5, or 10% normal human serum and quantification of FL activity as described in the section “Materials and Methods” (B). The associated Table to Figure 1 shows the principal parameters of a 4PL plot determined using the Prism software.

FIGURE S6 | ADCC effector cells (E) at a concentration of (1.2 × 105 cells/well), were incubated with human U87 glioblastoma target cells (T) at an E:T ratio of 3:1 and 100 μg/ml of bevacizumab or 100 μg/ml of inflixumab for 4 h prior to the quantification of ADCC activity as described in the section “Materials and Methods”.

TABLE S1 | Patients with ovarian cancer: Treatment schedule*.
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Pegadricase (chronic refractory gout)

Adalimumab (autoimmune diseases)

Coagulation factor VIl (remophilia A)

LMB-100 immunotoxin
(mesothelioma)

Acid alpha-glucosidase (Pompe
disease)

Adeno-associated vectors (gene
therapy of inherited diseases)

Preclincal model

Hyperuricemia in uricase-deficient
mice

Inflammatory arthritis in transgenic
mice expressing human TNFe

Factor Vil-deficient mice

Mesothelioma tumor in mice

Acid alpha-glucosidase-deficient mice

Human factor IX in mice, mouse
models of methyimalonic acidemia
and ornithine transcarbamylase
deficiency

Key results Reference

« Mitigated ADA formation and enabled sustained reduction of serum uric  (47)
acid in uricase deficient mice

« Mitigated ADA formation and prolonged serum uricase activity in
non-human primates

* Sustained mitigation of ADAs even after 9 challenge injections of @7
adalimumab alone

« Improved ciinical outcome as measured by arthritis score, histopathology
of joints, and radiographic imaging

« Sustained mitigation of ADAS even after multiple challenge injections of  (45)
factor Vil alone administered over 5.5 months

« Sustained blood coagulation with repeated dosing

« Did not affect immune responses to other unrelated antigens
administered during challenge period

« Mitigated ADA response in animals previously exposed to Factor VIll

* Sustained mitigation of ADAs even after 11 challenge injections of @)
LMB-100 alone

« Did not affect immune responses to other unrelated antigens
administered during challenge period

« Mitigated ADA response in animals previously exposed to LMB-100

« Improved survival in tumor bearing animals

« Adoptive transfer of splenocytes from treated animals to naive animals
mitigates subsequent ADA formation

« More durable inhibition of ADA responses compared to animals treated  (53)
with methotrexate

« Higher glycogen clearance in skeletal muscles and improved motor
function

« No decrease in body weight compared to animals treated
with methotrexate

* Mitigation of anti-AAV antibodies, enabling redosing of AAV vector in mice (48)
and non-human primates.

« Antigen-selective to specific serotype of AAV

« Inhibition of antigen-specific effector T and B cell responses

« Adoptive transfer of splenocytes from treated animals to naive animals
mitigates subsequent ADA formation

* Depletion of CD25+ cells partially restores immune response in
ImmTOR-treated animals
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Drug name Target Toxin description Activity References
1C50 (pM) Relative activity Cell type
(compared to PE38)
(%)
Moxetumomab cp22 PESS 3.4 100 CA46 (65)
Lo10 PE24 with 5 point mutations to reduce B cell binding 09 378 (64)
LMB-T18 PE24 with 6 point mutations to reduce T cell binding 22 155 (65)
LMB-T19 PE24 with 10 point mutations to reduce B and T cel 34 100 Unpublished
binding
sS1P Mesothelin ~ PE38 475 100 KM (66)
LMB-100/RG7787 Humanized Fab and PE24 with 5 point mutations to 9.9 480
reduce B cell binding
LMB-T20 PE24 with 6 point mutations to reduce T cel binding 13.1 363
LMB-T14 PE24 with 10 point mutations to reduce B and T cel 27.9 170
binding
LMB-2 cD25 PE38 0.07 100 HUT102  (67)
LMB-2 T20 PE38 with 6 point mutations to reduce T cell binding 023 30
LMB-142 PES8 with 9 point mutations to reduce T cell binding 069 10
Tac-M18-PE24(T) PE24 with C-C stabizing linker and 6 point mutations to 07 10 (68)
reduce T cell binding
LMB-75 BCMA PE24 14 100 Ho29 (69)
PE24 with 4 point mutations to reduce B cell binding 31 35 Unpublished
LMB-92
LMB-108 (T20)
PE24 with 6 point mutations to reduce T cell binding 6 18 Unpublished
LMB-273 (T20) PE24 with 5 point mutations to reduce T cell binding 14 100 Unpublished
(excluding R494A)
HN3-PE38 GPC3 PE38 586.0 100 Hep38B
HN3-mPE24 PE24 with 5 point mutations to reduce B cell binding 592.0 £ (70)
HN3-T20 PE24 with 6 point mutations to reduce T cell binding 766.0 77
HNS-T19 PE24 with 10 point mutations to reduce B and T cel 1082.0 54

binding
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RIT name

D2C7-(scdv)-PE3SKDEL

LMB-1

Oportuzumab Monatox
Moxeturmormab Pasudotox (Lumoxit)
LMB-2

MOCB1PE

ss1p

LMB-100

Target

EGFR
Lewis Y
Anti-EpCAM
cp22

co25
EpCAM
Mesothelin
Mesothelin

Antibody clone

D2C7

B3

VB4-845

Affinity matured RFB4
Anti Tac

MOC31

S81

Ss81

Antibody format

scdsFv
Mab
scFv
scFv
scFv
scFv
scdsFv
Fab

Mouse or human

Mouse
Mouse
Humanized
Mouse
Mouse
Mouse
Mouse
Humanized

Clinical trial

NCT02449239
NCT00001805
NCT03258593
NCT01829711
NCT00924170
NCT02219893
NCT00006981
NCT02798536

References

(19)
(20)
@1
(22)
23)
1)
(24)
(25)
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Bcell
subset

PB
mBC
PB
mBC

9% Frequency of sorted
cells (out of CD19+
cells) (%)

09
10

1.5
97

No. of raw paired-end
sequencing reads

Replicate A

39,129

714,722
167,859
528,765

Replicate B

63,168

639,984
151,849
488,619

No. of filtered paired-end sequencing
read

Replicate A Replicate B Joint

12,863 19,082 2,041

121,908 111,373 30,725
49,762 48,192 10,341
143,864 133,879 40,899

No. of unique IGH
clonotypes extracted
(Unique CDRH3)

1,204

9,146
5,500
19,521
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Patient # AHLC pg/ml New bio-immunoassay pg/ml Patient # AHLC pg/ml New bio-immunoassay pug/ml
5645 0 867.33 14655 79 121.95
6567 0.9 0 15046 16.6 85.24
5381 19 0 15460 21.1 147.89
6497 16 26.26 15809 228 996.84
6386 17 0 15107 6.3 1265
6259 08 41.39 14408 48 90.54
6098 13 0 4297 89 2746
6993 13 0 5048 56 49.28
5882 17 152.72 5735 69 99.67
5822 13 0 6393 34 289.31
6291 07 19.43 6324 6.7 91.14
6616 03 84.05 6275 318 242.03
7083 1 97.29 6261 272 245.52
7041 1 0 6208 58 66.36
7004 07 4.28 6165 3 27
6866 13 80.05 6148 72 148.88
6788 18 46.83 9348 422 285.05
6740 15 0 8970 59.3 1268.5
14735 0.4 1.86 8816 272 396.2
14752 12 43.87 7553 46.7 178.83
14879 17 1.94 12113 209 772.83
14834 057 1.96 12104 209 441.09
13741 13 18 6329 " 87.31
13711 03 1.89 8178 79 566.11
14278 1.72 1.82 7653 16.1 53.52
8856 424 87.97
9454 78 265.35
12343 165 358.54
12345 37 329.49

Serum samples were initially stratified into AHLC™) and AHLC™) based on the AHLC assay used in the clinic.
The newly developed bio-immunoassay for the quantification of total ADA was applied on all serum samples and concentration are listed. All ADA concentrations are in ug/mi.
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MO features

(Intercept)
Treatment (IFNB-1b)
bOHBuL: TG/PG
M-HDL-TG: XS-VLDL-CE
TG/PG: XS-VLDL-PL
BMI: Treatment (IFNB-1b)

M3 features

(Intercept)
Treatment (FNB-1b)

AcAce: EDSS

bOHBu: His

Lac: Val

Val: Smoking (Quit)

VLDL-D: Country (Germany)
XXL-VLDL-TG: Treatment (IFNB-1a so)
BMI: Treatment (IFNg-1b)

List of features selected by the lasso regressions with interactions at month 0 (M0) and M3
(M3). Interacting features are separated by a colon (). Where predictors are categorical
(treatment, smoking status, country) the specific category is shown in brackets. BMI, body
mass index; EDSS, expanded disabilty status score; sc, subcutaneous administration.
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(108 weeks)  (19-851 weeks)
« CRIM-negative tolerized 21 0 0-6,400
(103 weeks)  (19-851 weeks)
« CRIM-negative nontolerized 4 19200  3,200-51,200
(228 weeks) ~ (72-343 weeks)
CRIM-positive (all tolerized) 9 0 0-100

(104 weeks) (35-272 weeks)
B cell response

Time to B cell depletion 31 3weeks  1-5 weeks

Time to B cell reconstitution 33 17 weeks  11-54 weeks

LVMI at baseline

CRIM-negative 20 1782g/m?  55.5-448.9 g/m?

CRIM-positive 8 2210g/m?  93.98-628.6 g/m?

LVMI at most recent follow-up (time since ERT initiation)

CRIM-negative 24 629g/m?  46.0-257.0 g/m?
(84 weeks)  (9-437 weeks)

CRIM-positive 8 69.7 gm?  61.0-174.6 gm?

(73 weeks)  (23-102 weeks)

N, number; CRIM, cross-reactive immunologic material; ERT, enzyme replacement
therapy; LVMI, left ventricular mass index.
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Patient/Gender ‘GAA disease-associated variants CRIM status Age at Age at ERT Currentage  ERT dose at the time

diagnosis initiation (months)  of initiation
Allele 1 Allele 2 (months) (months)
ALIVE PATIENTS
ON1/F ©.341insT .341insT Negative 1.9 38 1488 20 mg/kg EOW*
CNB/F ©.2608C>T .2608C>T Negative 25 30 1120 20 mg/kg EOW*
CN4/M ©.54642T>C ©.54642T>C Negative 35 46 112 20 mg/kg EOW
ONS/F ©.236_246del ©.236_246del Negative 20 25 108.4 20 mg/kg EOW*
CN1oM ©.2560C>T .1292_1295dupTGCA  Negative 24 26 923 20 mg/kg Weekly*
ON11/F ©.2560C>T ©.2560C>T Negative 03 13 838 20 mgrkg EOW
CN12/F .2580upC ©.2227C>T Negative 26 34 714 20 mg/kg EOW*
CN13/M Cc.1754+2T>A ¢.1822C>T Negative 09 18 875 20 mg/kg EOW"
CN14/F ©.2237G>A .437delT Negative 59 66 715 20 mg/kg EOW
CN16/F €.2560C>T ©.2560C>T Negative Prenatal 0.1 505 20 mg/kg EOW*
CN17/M .2560C>T .5250elT Negative 33 36 434 20 mg/kg Weekly*
CN18/F ©.1195-18_2190- ©.1195-18_2190-20de! Negative 39 4.4 53.7 20 mg/kg EOW*
20del
CN1O/M .1827C>G ©.2662G>T Negative 03 08 415 20 mg/kg EOW*
CN20/M ¢.525delT ¢.1694_1697delTCTC Negative 09 1.0 20.2 20 mg/kg EOW*
CN22/M c1548G>A 62560C>T Negative 49 54 418 20 mg/kg EOW
CN23/M c.525delT .2560C>T Negative 07 14 39.0 20 mg/kg EOW*
CN24/M .1051deiG ©.1579delA Negative 0.4 05 270 20 mg/kg EOW
CN25/M .525delT .2560C>T Negative Prenatal 0.1 8.1 40 mg/kg EOW
CPIM ¢.1912G>T ©.2481+102_2646+31del  Positive 45 48 706 20 mg/kg EOW*
cP2M ©.2457_24606iCTG  ©.2660C>T Positive 38 40 709 20 mg/kg EOW
CP3F .1844G>A .1844G>A Positive 109 1.0 1095 20 mg/kg EOW
cPamM ©.2105G>T .2512C>T Positive Prenatal 07 731 20 mg/kg EOW
CPS/F 52500l ©.2481+110_2646+39del  Positive 60 73 87.8 20 mg/kg EOW
CP6/F c.1841C>A ©2481+102_2646+31del  Positive 42 5.1 46.5 40 mg/kg EOW*
cPTM c1118T>G c1118T>G Positive Prenatal o1 212 20 mg/kg Weekly*
CP&/M c.716delT c871C>T Positive 6.0 6.4 429 20 mg/kg EOW*
CPYF .1843G>A ©.1933G>C Positive 0.1 09 369 20 mg/kg EOW
DECEASED PATIENTS
CNZ/M .1548G>A c.525delT Negative 24 36 56.9 20 mg/kg EOW
CN6/F .5250elT ©.2660C>T Negative 03 04 632 20 mg/kg Weekly
CONT/F ©.25600>T .2560C>T Negative 30 34 25.4 20 mg/kg EOW
CNB/F ©.525.5260elTG  ©.525_526delTG Negative 55 67 300 20 mg/kg EOW
CNO/F ©.2560C>T ©.2660C>T Negative 32 39 15.0 20 mg/kg EOW
ON15/F ©.2560C>T ©.2560C>T Negative 5.1 66 155 20 mg/kg EOW
CN21/F ©.2238G>A ©.2560C>T Negative 59 63 25.1 40 mg/kg EOW*

GAA, gene encoding acid a-glucosidase; CRIM, Cross-reactive immunologic material; ERT, enzyme replacement therapy; EOW, every other week.
*Patient was initiated on or subsequently received ERT at a higher dose than the recommended dose of 20 mg/kg EOW.
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Infusion of Infliximab

2nd | 3rd | 4th | Sth | 6th | 7th | 8th | oth
Case #1
PandA,RECL| 10 | 16 | 31 | wa | na | na | na | na
sIFX 58 [ <02 | <02 ma [ ma | na | na|wa
ELISA wa | pos | pos | na | wa | na | na | wa
Case #2
PandA,RECL| 75 | 48 | 39 | 39 | 22 | 18 | 12 | 12
sIFX 122 86 | 26 | 22 | 08 | 02 | 01 |01
ELISA na | n/a | n/a | n/a | neg | pos | pos | pos
Case #3
PandA, RECL| 1 15 | 5 | 23 | 267 | 355 | 34 | na
SIFX 157 | 35 005 | 00 | 00 | 00 | 00 | wa
ELISA wa | na | pos | pos | pos | pos | pos | wa

Serial semples from these cases were analyzed, ADA was measured by Eiisa and PandA
assays. In all of these cases ADA have been defected with PandA already at the 2nd or
3rd infusion. Bold indicates positive ADA values.
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MHC class Il

Classification based on Type T-cell epitopes MHC binders Eluted ligands

Host Al 62,380 21,885 66,304
Human 41577 18,944 53,810
Rodents/rabbit 21351 3644 18,335
Non-human primates 269 106 NA
Other hosts 2,181 60 NA

Antigen source Self 6,251 3,542 63,766
Non-self 39,983 12,943 1,495
Viruses 25,834 9575 484
Allergen 1,924 1342 784
Bacteria 9358 1,409 151
Parasites. 2071 553 74
Fungus 79 64 2

Predicted binder or not

Binder Non-binder Total

Eluted or not Eluted 124 42 166
Non-eluted 10,397 646,239 656,636
Total 10,521 646,281 656,802

IEDB, Immune Epitope Database and Analysis Resource; MHC, major histocompatibilty complex.
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DPA1°01:03/DPB1°01:01
DPA1°01:03/DPB1°04:01
DPA1*01:03/DPB1*04:02
DQA1*01:01/DQB1*05:01
DQA1*01:01/DQB1*06:02
DQA1"01:02/DQB1°06:02
DQA1"03:01/DQB1*03:02
DRB1°01:01

DRB1*01:02
DRB1°01:03

DRB1"03:01

DRB1*04:01

DRB1*04:03
DRB1"04:04
DRB1*04:05
DRB1°04:07

DRB1707:01

DRB1°08:01

DRB1*08:02
DRB1°08:03

DRB1*02:01

DRB1*10:01

DRB1*11:01

DRB1*11:04

DRB1*12:02

DRB1*13:01

DRB1*14:01

DRB1*14:02

DRB1*14:04

DRB1*14:08

DRB1*15:01

DRB1*15:06
DRB3"02:02

DRB6%01:01

NA, not applicable; HLA, human leukocyte antigen; IEDB, Immune Epitope Database and Analysis Resource.
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Predicted binder or not

Binder Non-binder
Eluted or not Eluted 60 5
Non-eluted 15 2
Total 75 7

HLA, human leukocyte antigen; VACV, vaccinia virus.

Total

65
17
82
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Product-related

Self or non-self
Presence of new (neo) epitopes
Biologic (enzymatic) properties
Innate signaling properties
Absence of regulatory epitopes.
Formulation or aggregation
Glycosylation (extent and type)

Post-translational modifications
including oxidation

PEGylation or other protein engineering
Organ and cell type (e.g., if delivered via

gene therapy)

Patient-related

HLA/genetics of patient
Route of administration
Underlying infection or pathology
Immunosuppression

Other medications

SNPs and other immunogenomic
variants
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Patients characteristics Relapse

n=8
BASELINE CHARACTERISTICS

Age 63+ 13
Sex Ratio (F/M) 35
Proteinuria (g/g) 63(5.2-9.4)
Serum albumin (g/dl) 2109

Serum creatinine (wmol/l) 126 [94-146]
Anti-PLA2RT titer (RU/mI) 102 [25-171]

CHARACTERISTICS AT MONTH-3
Proteinuria (g/g) 59[1.869)
Serum creatinine (umoll) 116 [92; 240]
Ant-PLAZR1 titer (RU/m) 15[0-18]
CD19 count (cell/ul) 0[0-9)
Serum rituximab level 270 [0.01-7.41]
(ng/mi)

CHARACTERISTICS AT MONTH-6
Proteinuria (¢/) 33[1.6:7.3]
Serum albumin (g/dl) 30+10
Serum creatinine (wmoll) 106 [104; 157)
Anti-PLA2R titer (RU/m) 5[0-30)
CD19 count (cell/ul) 5[2-115)

Anti-rtuximab antibodies 5/8 (63%)

No relapse
n=27

62 14
918
54[45-76)
21£07
104 [76-98)
152 (60-253)

22[09;6.2)

99 [79; 141]
1[0-14]
0[0-0)

2.24(0.28-9.39)

1.4[05:19]
32:06
93 (82; 133
0[0-2)
3[0-63]
3/27 (11%)

p-value

0.85
0.99
0.29
077
0.40
033

0.02*
0.16
0.35
0.03*
0.62

0.04*
0.43
0.08
0.04*
0.60

0.007*
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Characteristic Cross-sectional cohort __| Prospective cohort
RA Spondyloarthropathies Other systemic inflammatory RA
diseases
n (%) 115 (42.6) 118 (43.7) 37 (13.7) 73 (100)
Age (mediian, min-max) 65 (31-83) 51(20-80) 45 (20-84) 52 (18-89)
Female (,%) 90 (78) 40 (34) 24(65) 58(79)
Concomitant DMARD (n,%) 91 (79) 54(46) 24(65) 72(98)
MTX (,%) 86 (75) 49 (42) 21(57) 68 (93)
Other DMARD (n,%) 5(4) 5(4) 3@ 46)
infiximab dose (median mg/V, IQR) 210 (200-300) 250 (200-300) 260 (200-300) 200 (150-200)
Duration of treatment (median, IQR) 9(4-18) 6(2-11) 4(1.5-8) nd.
(Current smokers (n,%) 98 13 (1) 3(8) 9(125)
Ever smokers (1,%) 61(53) 63 (53) 28 (54) 40 (56)
Never smokers (n,%) 53 (46) 53 (45) 17 (46) 32 (44)
Disease duration (median, IQR) 17 (1-23.5) 14 (6.75-24) 11(4.5-20) 1.5(05-10.55)
Seropositive (1,%) 83(72) nd. nd. 53(75)
‘Seronegative (n,%) 32 (28) nd. nd. 17 (24)
CRP (median mg/L, IQR) 1(1-4) 1(1-4) 2(1-4.5) 4(1-9.75)
Patient global health assessment (median, IQR) 29 (10-49) 26 (11-62) 42 (11-65) 46 (1-86)
Pain (median VAS, IQR) 24.5(10.75-46.25) 27 (10-49) 36 (7-66) 47 (2-95)
HAQ score (median, IQR) 05 (0.13-1.13) 025 (0-1) 0.4 (0.1-1.28) 0.89 (0-2.75)
DAS28 (median, IQR) 3.13 (2.03-4.65) nd. nd. 3.6 (053-7.57)

RA, rheumatoid arthitis; n, number; IQR, interquertile range; MTX, methotrexate; DMARD, disease-maodiying antiheumatic drug; CCR, citrullinated protein; RF, rheumatoid factor;
seropositive is defined as RF positive, CCR positive or bothy; seronegative is defined as RF and CCP negative; CRP, C-reative protein, VAS, visual analog scale; HAQ, health assessment
questionnaire; DAS28, disease activity score 28; n.d, no data. *% of the total patients within the cohort.
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Dosing schedule

First infusion cycle*
Five daily 6 h, 12mg alemtuzumab infusions
Second infusion cycle®

Three daily 6 h, 12 mg alemtuzumab infusions
Repeat infusion cycles®

A minimum 12 month intervals

Retreatment after disease activity

At least 12 months from last dose

Original schedule 2012-2017

Two cycles*

New schedule 2017 onwards,

= four cycles (EU), < three cycles (UK)
Prophylactic anaphylectoid treatment™
Anti-histamines, paracetamol, steroids

Observed effects (CARE-MS-Trials)

ADA develop in most pwMS.

(BAbs 62%, NAbs 54% in 1 month)™*
ADA develop in most pwMS.

(BAbs 83%, NAbs 79 % in 1 month)**
ADA slowly subside with time.
Pre-cycle 1. BAbs 0.9% NAbs 0%
Pre-cycle 2. BAbs 29% NAbs 0.6%"*

ADA may become more persistent
Pre-cycle 3. BAbs 75% NAbs 31%
(Results at 23 months)

Reduction of infusion reactions/cytokine
release syndrome.

Biology that avoids ADA effects

Primary antibody response usually takes at least 6 days to generate#,
Influence of NAbs avoided.

Secondary antibodly responses often take 3-4 days to generatet.
Influence of NAbs avoided.

Repeat dosing during high titers of BAbs and NAbs avoided.
Influence of ADA avoided.

ADA levels wane before next cycle.
Influence of NAbs avoided.

Pre-dose NAbs may be more
problematic for some pwMS.
Masks anaphylactoid responses,
which oceur rarely*

Dosing schedule of alemtuzumab *(5), the occurrence of anti-dug antibodies (ADA), binding (BAbs), and neutralizing (NAbs) and adverse effects in people with multple sclerosis (owMS)
following the treatment cycles in the pivotal CARE-MS I and Il tials **(12, 13) and the biology, such as the kinatics of antibody formation (18, 15), which could influence the generation
and/or action of ADA. European Union (EU), United Kingdorn (UK). Pre-cycle refers to the results obtained 1 month before the next infusion cycle, unless otherwise stated as cycle 3
may be >24 months (20). Bold letter within the table in column 1 indicates the dosing schedule and in column 3 indicates the influence of NAbs.
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Antibody ~ Target Dosing Frequency of ADA References

Rituximab CD20 1,000mg Q26W BAbs 24-37% (22)
Ocrelizumab CD20 600mg Q26W  BAbs 0.4%, NAbs <0.1% (23)
Natalizumab CD49d 300mg Q4W  BAbs 5-9% (24)
Alemtuzumab CD52 36-60mg Q52W BAbs 85%, NAbs 78% (12)

Reported frequency of anti-dug antibody (ADA) responses to various disease-modiying
therapies (infusion dose and frequency are shown) during the first 2 years of use in mejor
clinical trials for multiple sclerosis.
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Patient Sex Age Recent or current Temodal Radiotherapy Other previous chemo-therapy Clinical response
use of
corticosteroids

IBK 1 F 38 Yes Yes Yes No Primary therapy unresponsive
IBK 2 M 61 Yes Yes Yes No Secondary therapy unresponsive
IBK 3 M 50 Yes Yes Yes No Primary therapy unresponsive
IBK 5 F 56 No Yes Yes No Responder

IBK7 F 57 Yes Yes Yes No Responder

IBK17 F 38 No Yes Yes No Secondary therapy unresponsive

*All patients with glioblastoma were treated with 15 mg of bevacizumab per kg of body weight every 3 weeks in addition to Temodal and Radiotherapy.
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Principal Parameters Bevacizumab
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Upper asymptote 281516 308 488 324 536 335370
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Subject DRB1 Allele 1 DRB1 Allele 2

LP_7 DRB1°07:01 DRB1*14:02
LP_88 DRB1*04:04 DRB1°08:01
LP_89 DRB1*13:02 DRB1*14:01
LP_91 DRB1*04:07 DRB1°07:01
LP_92 DRB1*16:01 DRB1*156:01
LP_96 DRB1*03:01 DRB1°04:04
LP_98 DRB1*03:01 DRB1°03:02
LP_99 DRB1°03:01 DRB1°08:02
LP_1056 DRB1*03:01 DRB1*15:01
LP_118 DRB114:02 DRB1*15:01
LP_120 DRB1*04:07 DRB1°08:02
LP_121 DRB1°01:01 DRB1*16:02
LP_123 DRB1*07:01 DRB1*13:01
LP_141 DRB1°01:02 DRB1*13:03
LP_151 DRB1*10:01 DRB1*14:02
LP_161 DRB1*03:01 DRB1*14:06
LP_169 DRB1*11:04 DRB1*15:01
LP_178 DRB104:02 DRB1°14:06
LP_180 DRB1°01:02 DRB1°03:01
LP_188 DRB1*04:02 DRB1*13:08
LP_194 DRB1*11:04 DRB1*14:06
LP_198 DRB1*04:07 DRB1*16:02
LP_203 DRB1°01:08 DRB1*16:01
LP_2056 DRB1°03:01 DRB1°07:01
LP_208 DRB1*03:01 DRB1*11:02
LP_209 DRB1*08:01 DRB1*15:02
LP_210 DRB1°04:10 DRB1*15:01
LP_211 DRB1°01:02 DRB1°04:04
LP_212 DRB1*08:01 DRB1*15:02
LP_214 DRB1*11:04 DRB1*14:06
LP_231 DRB1*11:01 DRB1*11:01
LP_235 DRB1°01:02 DRB1°04:04
LP_238 DRB1*07:01 DRB1*11:04
LP_239 DRB1°07:01 DRB1°08:02
LP_242 DRB1*08:04 DRB1*14:06
LP_253 DRB1°04:04 DRB1*13:03
LP_268 DRB1*07:01 DRB1*14:02
LP_260 DRB1"14:01 DRB1"15:01
LP_263 DRB1*01:01 DRB1°03:01
LP_264 DRB1*04:08 DRB108:02
LP_265 DRB1°01:02 DRB1*13:01
LP_266 DRB1*04:08 DRB1*15:01
LP_267 DRB1*04:07 DRB1*16:01
LP_268 DRB1°04:01 DRB1°08:02
LP_270 DRB1*11:01 DRB1*16:01
LP_272 DRB1°08:04 DRB1"15:03
LP_273 DRB1*01:02 DRB1°04:07
LP_275 DRB1°03:01 DRB1°09:01
LP_277 DRB1°01:08 DRB1°01:03
LP_279 DRB1*13:02 DRB1*14:06
LP_280 DRB1°01:01 DRB1°01:01
LP_282 DRB1°04:04 DRB1*12:01
LP_283 DRB1*13:04 DRB1*13:04
LP_284 DRB1"04:07 DRB1°07:01
LP_285 DRB1703:02 DRB1*07:01
LP_289 DRB1*13:02 DRB1*13:04
LP_290 DRB1704:01 DRB1*12:01
LP_292 DRB1*14:01 DRB1*15:01
LP_296 DRB1*11:01 DRB1*15:02
LP_207 DRB1704:04 DRB1*04:07
LP_208 DRB1704:11 DRB1*16:02
LP_299 DRB1°04:07 DRB1°08:03
LP_301 DRB1709:01 DRB1*14:02
LP_302 DRB1*14:01 DRB1*15:01
LP_304 DRB1701:02 DRB1*13:01
LP_305 DRB1707:01 DRB1*14:01
LP_308 DRB1*11:04 DRB1*13:02
LP_307 DRB1704:04 DRB1°08:02
LP_311 DRB1708:02 DRB1*11:01
LP_312 DRB1"14:06 DRB1*15:01
LP_313 DRB1707:01 DRB1*07:01
LP_314 DRB1704:02 DRB1°04:02
LP_315 DRB1*13:02 DRB1*13:04
LP_317 DRB1°04:11 DRB111:01
LP_318 DRB1704:04 DRB1*04:04
LP_320 DRB1°01:01 DRB1*16:02
LP_321 DRB1704:02 DRB1°04:02
LP_323 DRB1703:01 DRB1*13:02
LP_325 DRB1*12:01 DRB1*13:01
LP_326 DRB1"08:06 DRB1*11:01
LP_327 DRB1*14:02 DRB1*15:03
LP_328 DRB1°01:01 DRB1*11:04
LP_331 DRB1704:07 DRB1°08:02
LP_332 DRB1°03:01 DRB1°04:03
LP_333 DRB1704:01 DRB1*07:01
LP_334 DRB1*11:01 DRB1*15:01
LP_335 DRB1701:02 DRB1*11:02
LP_336 DRB1°01:01 DRB1°04:01
LP_338 DRB1703:01 DRB1°04:07
LP_340 DRB1701:01 DRB1*15:01
LP_341 DRB1701:02 DRB1*13:01
LP_342 DRB1713:02 DRB1*15:01
LP_343 DRB1704:01 DRB1*15:03
LP_344 DRB1°04:01 DRB1°07:01
LP_345 DRB1701:02 DRB1*13:01
LP_346 DRB1°08:01 DRB1*11:01
LP_347 DRB1*13:01 DRB1*13:03
LP_349 DRB1°01:01 DRB1*13:02
LP_350 DRB1*11:04 DRB1*11:04
LP_361 DRB1*11:01 DRB1*13:02
LP_352 DRB1"04:01 DRB1*07:01
LP_353 DRB1°07:01 DRB1*11:01
LP_354 DRB1°07:01 DRB1°07:01
LP_355 DRB1°01:01 DRB1*13:02
LP_356 DRB1*04:07 DRB1*16:01
LP_359 DRB1*04:01 DRB1°07:01
LP_360 DRB1°01:03 DRB1°03:01
LP_361 DRB1°04:04 DRB1*13:01
LP_362 DRB1°08:04 DRB1*11:01
LP_363 DRB1°01:01 DRB1*11:04
LP_364 DRB1*09:01 DRB1*15:01
LP_365 DRB1°04:05 DRB1°08:02
LP_366 DRB1*03:01 DRB1*13:01
LP_367 DRB1*11:02 DRB1*13:02
LP_369 DRB1*01:01 DRB1*11:04
LP_372 DRB1*13:01 DRB1*13:02
LP_373 DRB1°03:01 DRB1°08:02
LP_375 DRB1703:01 DRB1°04:02
LP_377 DRB1*01:01 DRB1*11:04
LP_378 DRB1*13:08 DRB1*16:01
LP_379 DRB1°04:04 DRB1°07:01
LP_381 DRB1*04:06 DRB1*12:02
LP_383 DRB1°01:02 DRB1*13:01
LP_384 DRB1*09:01 DRB1*13:02
LP_385 DRB110:01 DRB1°14:06
LP_386 DRB1*03:01 DRB1°04:11
LP_388 DRB1°03:01 DRB1°03:01
LP_389 DRB1*07:01 DRB1°07:01
LP_390 DRB1*01:01 DRB1*13:02
LP_391 DRB1*04:11 DRB1*13:02
LP_392 DRB1°01:01 DRB1°04:01
LP_393 DRB1°03:01 DRB1°09:01
LP_394 DRB1*03:01 DRB1*14:02
LP_395 DRB1°01:02 DRB1*15:08
LP_396 DRB1*04:06 DRB1*15:01
LP_397 DRB1°04:06 DRB1*15:01
LP_398 DRB1°01:02 DRB1°03:02
LP_399 DRB1*04:01 DRB1*15:01
LP_400 DRB1°01:02 DRB1*12:01
LP_401 DRB1°01:02 DRB1*11:02
LP_402 DRB1°09:01 DRB1"15:01
LP_403 DRB1*04:04 DRB1°07:01
LP_404 DRB1°07:01 DRB1*11:04
LP_405 DRB1*11:01 DRB1*13:04
LP_406 DRB1°07:01 DRB1*11:01
LP_407 DRB1*11:02 DRB1*13:02
LP_408 DRB1*03:01 DRB1*16:01
LP_409 DRB1*13:02 DRB1*16:02
LP_411 DRB1°07:01 DRB1*15:01
LP_412 DRB1708:02 DRB1*16:02
LP_413 DRB1*04:02 DRB1°07:01
LP_414 DRB1°01:03 DRB1"03:01
LP_415 DRB1*11:01 DRB1*15:02
LP_416 DRB1*03:02 DRB1°08:02
LP_417 DRB1708:03 DRB1*12:02
LP_418 DRB1*09:01 DRB1*14:02
LP_419 DRB1*10:01 DRB1*11:01
LP_420 DRB1*13:01 DRB1*14:01
LP_421 DRB1°04:07 DRB1*15:01

Each sample is identified by a unique donor ID and has two HLA-DRB1 alleles identified.
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Study Size of background Sample size in study Jensen Shannon distance Jensen Shannon distance score of

distribution score of study population optimized cohort selection
FVII (18) 5,745,199 (19) 50 0.198 0.112
FVII (19) 5,745,199 (13) 57 0290 0.108
Psoriasis (20) 70890 (13) % 0603 0.168
RA Cases (21) 4280 (22) 744 0240 N/A*
RA Controls (21) 4280 (22) 620 0.129 N/A*

Included are the size of the population used to create the sub-populations background distribution of alleles, the cohort size analyzed, and the JSD score of both the cohort analyzed
and the optimized cohort.
*These examples do not include optimized samples. They are examples of post-hoc analysis of two study samples.
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Race/ethnic description

African American

Asian or Pacific Islander
Caucasian

Hispanic

Native American

Total

The allelic distributions for each sub-population are weighted by the demographic distribution of those sub-populations (scaled to 100%).

DRB1-typed sample
counts (1)

505,250
568,507
3,912,440
712,764
46,148

5,745,199

% US population race distribution
(US Census Bureau estimate) (2)

134
6
60.7
18.1
13

995

% US population race
distribution (used in this work)

13.5
6.0
61.0
18.2
13

100
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International non-
proprietary name

Adalimumab

Alemtuzumab

Alirocumab

Atezolizumab

Avelumab

Basiliximab

Belimumab

Benralizumab

Bevacizumab

Bezlotoxumab

Brodalumab

Burosumab

Canakinumab

Cemiplimab

Cetuximab

Crizanlizumab

Daratumumab

Denosumab
Dinutuximab
Durvalumab

Eculizumab

Elotuzumab

Emapalumab,
emapalumab-lzsg

Erenumab

Evolocumab
Evolocumab

Fremanezumab

Galcanezumab

Golimumab

Guselkumab
Ibalizumab,
ibalizumab-uiyk
Infliximab
Ipilimumab

Ixekizumab

Lanadelumab

Mepolizumab

Mogamulizumab

Natalizumab

Necitumumab

Nivolumab

Obiltoxaximab

Obinutuzumab

Ocrelizumab

Ofatumumab

Olaratumab

Omalizumab

Palivizumab

Panitumumab

Pembrolizumab

Pertuzumab

Ramucirumab

Ravulizumab
(ALXN1210)

Raxibacumab

Reslizumab

Risankizumab

Rituximab

Romosozumab

Sarilumab

Secukinumab
Siltuximab
Tildrakizumab

Tocilizumab

Trastuzumab

Ustekinumab
Vedolizumab

Brand name  Target Format Indication first First EU/US %ADA %ntADA
approved or approval year
reviewed
Humira TNFa Human IgG1 Rheumatoid 2003/2002 28% Not reported
arthritis
Lemtrada; CD52 Humanized Multiple sclerosis; 2013; 67.1-75.4 Not reported
MabCampath, 1gG1 chronic myeloid 2001#/2014;2001#
Campath-1H leukemia#
Praluent PCSK9 Human IgG1 High cholesterol 2015/2015 5.1% 1.30%
Tecentrigq PD-L1 Humanized Bladder cancer 2017/2016 30-48% Not reported
1gG1
Bavencio PD-L1 Human IgG1 Merkel cell 2017/2017 4.10% Not reported
carcinoma
Simulect IL-2R Chimeric 1gG1 Prevention of 1998/1998 1.17% Not reported
kidney transplant
rejection
Benlysta BLyS Human IgG1 Systemic lupus 2011/2011 0-4.8% Not reported
erythematosus
Fasenra IL-5R o Humanized Asthma 2018/2017 15.62% Not reported
1gG1
Avastin VEGF Humanized Colorectal cancer 2005/2004 0% 0%
1gG1
Zinplava Clostridium Human IgG1 Prevention of 2017/2016 0% 0%
difficile Clostridium difficile
enterotoxin infection recurrence
B
Siliq, IL-17R Human IgG2 Plaque psoriasis 2017/2017 2.70% 0%
LUMICEF
Crysvita FGF23 Human IgG1 X-linked 2018/2018 0% 0%
hypophosphatemia
llaris IL-18 Human IgG1 Muckle-Wells 2009/2009 <1% 0%
syndrome
Libtayo PD-1 Human mAb Cutaneous 2019/2018 1.30% Not reported
squamous cell
carcinoma
Erbitux EGFR Chimeric IgG1 Colorectal cancer 2004/2004 22.36% Not reported
Adakveo CD62 (aka Humanized Sickle cell disease In review/2019 0-1.6% 0%
P-selectin) lgG2
Darzalex CD38 Human IgG1 Multiple myeloma 2016/2015 0.70% Not reported
Prolia RANK-L Human IgG2 Bone Loss 2010/2010 0% 0%
Unituxin GD2 Chimeric IgG1 ~ Neuroblastoma 2015/2015 28% Not reported
IMFINZI PD-L1 Human IgG1 Bladder cancer 2018/2017 2.90% Not reported
Soliris C5 Humanized Paroxysmal 2007/2007 0% 0%
lgG2/4 nocturnal
hemoglobinuria
Empiliciti SLAMF7 Humanized Multiple myeloma 2016/2015 33.30% Not reported
lgG1
Gamifant IFNg Human IgG1 Primary In review/2018 5% 1.60%
hemophagocytic
lymphohistiocytosis
Aimovig CGRP Human IgG2 Migraine prevention 2018/2018 8.90% 0%
receptor
Repatha PCSK9 Human IgG2 High cholesterol 2015/2015 0.16% 0%
Dupixent IL-4R o Human IgG4 Atopic dermatitis 2017/2017 2-6% 4-9%
Ajovy CGRP Humanized Migraine prevention 2019/2018 0.4-1.6% 0.06-0.9%
lgG2
Emgality CGRP Humanized Migraine prevention 2018/2018 12.50% Most ADA were ntADA
lgG4
Simponi TNFa Human IgG1 Rheumatoid and 2009/2009 31.70% Not reported
psoriatic arthritis,
ankylosing
spondylitis
TREMFYA IL-23 p19  Human IgG1 Plagque psoriasis 2017/2017 5.50% 0.40%
Trogarzo CD4 Humanized HIV infection 2019/2018 0.83% 0.83%
lgG4
Remicade TNF Chimeric IgG1  Crohn’s disease 1999/1998 66.70% Not reported
Yervoy CTLA-4 Human IgG1 Metastatic 2011/2011 26%, 1.1-5.4% Not reported, 0%
melanoma
Taltz IL-17a Humanized Psoriasis 2016/2016 9% Not reported
9G4
Takhzyro Plasma Human IgG1 Hereditary 2018/2018 12% Not reported
kallikrein angioedema
attacks
Nucala IL-5 Humanized Severe eosinophilic  2015/2015 3% <1%
IgG1 asthma
Poteligeo CCR4 Humanized Mycosis fungoides ~ 2018/2018 3.90% 0%
lgG1 or Sézary
syndrome
Tysabri a4 integrin - Humanized Multiple sclerosis 2006/2004 8-9% Not reported
9G4
Portrazza EGFR Human IgG1 Non-small cell lung  2015/2015 4.10% 1.40%
cancer
Opdivo PD1 Human 1gG4 Melanoma, 2015/2014 12.7%, 4.1-37.8% 0.8%, 0-4.6%
non-small cell lung
cancer
Anthim B. anthracis  Chimeric IgG1 Prevention of In review/2016 0% 0%
PA inhalational anthrax
Gazyva, CDh20 Humanized Chronic 2014/2013 7% Not reported
Gazyvaro IgG1 lymphocytic
leukemia
OCREVUS CD20 Humanized Multiple sclerosis 2018/2017 0.9%, 0.2-0.5% 0.15%, 0-0.2%
IgG1
Arzerra CD20 Human 1gG1 Chronic 2010/2009 <1% Not reported
lymphocytic
leukemia
Lartruvo PDGFRa Human IgG1 Soft tissue sarcoma  2016/2016 3.50% 3.50%
Xolair IgE Humanized Asthma 2005/2003 0% 0%
IgG1
Synagis RSV Humanized Prevention of 1999/1998 1.80% 0%
lgG1 respiratory syncytial
virus infection
Vectibix EGFR Human 1gG2 Colorectal cancer 2007/2006 4.60% 1.60%
Keytruda PDA1 Humanized Melanoma 2015/2014 1.80% 0.50%
9G4
Perjeta HER2 humanized Breast Cancer 2013/2012 0.60% Not reported
lgG1
Cyramza VEGFR2 Human IgG1 Gastric cancer 2014/2014 3.80% 0.18%
Ultomiris C5 Humanized Paroxysmal 2019/2018 >0.5% 0%
1gG2/4 nocturnal
hemoglobinuria
(Pending) B. anthracis Human IgG1 Anthrax infection NA/2012 0% 0%
PA
Cingaero, IL-5 Humanized Asthma 2016/2016 4.8-5.4%, 5% Not reported, 0%
Cingair lgG4
Skyrizi IL-23 p19  Humanized Plaque psoriasis 2019/2019 24% 14%
IgG1
MabThera, CD20 Chimeric IgG1 ~ Non-Hodgkin 1998/1997 26-37%, 12.5% Not reported
Rituxan lymphoma
Evenity Sclerostin Humanized Osteoporosis in NA/2019 18.10% 4.60%
lgG2 postmenopausal
women at
increased risk of
fracture
Kevzara IL-6R Human IgG1 Rheumatoid 2017/2017 14-19.3% 1.8-8.3%
arthritis
Cosentyx IL-17a Human IgG1 Psoriasis 2015/2015 0.41% 0.20%
Sylvant IL-6 Chimeric IgG1  Castleman disease 2014/2014 0.20% 0%
llumya IL-23 p19  Humanized Plaque psoriasis 2018/2018 6.8-8.8%, 4.1-8.2% 2.7-3.34%, 0.6-3.2%
IgG1
RoActemra,  IL-6R Humanized Rheumatoid 2009/2010 5 Not reported
Actemra 1gG1 arthritis
Herceptin HER2 Humanized Breast cancer 2000/1998 16.30% Not reported
lgG1
Stelara IL-12/23 Human IgG1 Psoriasis 2009/2009 6.50% Not reported
Entyvio adp7 humanized Ulcerative colitis, 2014/2014 17% Not reported
integrin 1gG1 Crohn’s disease
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2018/7610670rig1s000MultdisciplineR.pdf, (168)

(169)

(144)
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Anti-RTX Anti-RTX
antibodies + antibodies-

n=10 n=34
Age (years) 60+ 13 60+ 14
Gender (female/male) 37 11/23
BASELINE CHARACTERISTICS
Proteinuria (g/g) 67[47-106)  58[46-7.7)
Serum creatinine (umoll) 127 [105-151) 107 [78-149]
Serum albumin (g/dl) 19+06 2407
Anti-PLA2R1 titer (RU/ml) 148 [72-243) 159 [45-288)
CD19 (cellp) 236[190-287] 143 [62-290]
CHARACTERISTICS AT MONTH 3
Proteinuria (g/) 36[23-59 260959
Serum creatinine (umol) 100 [89; 140] 100 [86; 143)
Anti-PLA2R titer (RU/mi) 3[1-15] 2(0-18)
CD19 (cellpl) 0[0-19] 0[0-0)
Serum rituximab level 3.59 [0.14-7.69] 2.27 [0.59-8.32]
(wg/mi)
CHARACTERISTICS AT MONTH 6
Proteinuria (g/) 56[2.0-64]  15[0.6-4.3)
Serum creatinine (umol) 104 (86-159] 102 [84-136]
Anti-PLA2R1 titer (RU/ml) 2 [0-68] 0[0-10]
CD19 (cellp) 75 [57-89) 2[0-41)
CHARACTERISTICS AT MONTH 12
Proteinuria (g/) 1707658 06[0.2-34)
Serum creatinine (umol) 94 (84-110] 106 88-129]
Serum albumin (g/dl) 30+08 31+06
Anti-PLA2R1 titer (RU/ml) 10[0-27) 103
CHARACTERISTICS BEFORE TREATMENT MODIFICATION
Remission after one 8/10(80%) 27/34 (79%)
course
Relapse 5/10 (50%) 3/34 (9%)
Serum creatinine (umol) 101 [86;130] 107 [88; 165]
Anti-PLA2R1 titer (RU/m) 8[0;34) 05[0; 15]
Proteinuria (g/g) 35(16:7.1)  1702:1.7)
Time of follow-up 32(135,920] 30.0[24.0;96.0]
2nd course of rituximab 7/10 (70%) 10/34 (29%)

required

p-value

0.99
0.99

0.42
0.30
0.74
0.99
0.08

0.15
0.84
0.86
0.46
0.74

0.13

0.29

0.43
0.008*

0.03*
0.39
0.88
0.27

>0.99

0.009*
0.75
0.09

0.0004*
0.90
0.03*
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Baseline
ALIVE PATIENTS
CN1 NA
CN3 160.3
CN4 445.8
CNS 277
CN10 NA
CN11 1406
CN12 156.7
CN13 NA
CN14 176
CN16 65.4
CN17 433.1
CN18 448.9
CN19 NA
CN20 180.4
CN22 2119
CN23 166.2
CN24 158
CN25 55.5
CP1 423.6
cP2 186
CP3 628.6
CP4 2517
CP5 248
cP6 NA
cP7 93.98
CP8 194
CcP9 122
DECEASED PATIENTS
CN2 NA
CN6 400.6
CN7 317.2
CN8 347.1
CN9 220
CN15 1275
CN21 160.1

Lmi

Final assessment
(weeks on ERT)

NA

57.8(437)

68 (274)

80 (334)

58.4 (227)

53.7 (252)

63.82 (208)
535 (217)

48 (105)
8.8 (48)

49.9 (124)

627 (185)

63.02 (163)
80.4 (23)
192.5 (26)

60.2 (141)

46 (47)

62.3(9)

75.1(31)

61(81)

174.6 (76)
756 (23)
105.3 (98)
NA
64.2(37)
62(70)

63(102)

257 (69)

92.3(53)

144.9 (54)

107.9 (36)

83(39)

118.3 (28)

76 (15)

Motor Status

Baseline

Hypotonia

Head lag, severe hypotonia, and
motor delay

Head lag, and antigravity
movements (arms> legs)

Severe hypotonia, floppy baby,
and no head or neck control

Hypotonia

Motor status and milestones
appropriate for the age

Hypotonia
Hypotonia

Hypotonia
Head lag, and hypotonia

Normal symmetric bulk and
appeared to have normal tone

Delayed motor milestones

NA
Hypotonia

Mid hypotonia and delayed head
control at 3 months but rolling

Mid hypotonia
Delayed milestones

Age appropriate gross motor skil
development

Mild axial hypotonia with head
lag

Good muscle strength and tone.
Minimal head lag, lifts head up

Head lag.
NA

NA
General hypotonia

Normal muscle tone
Rolling supine to left and right,
and side lying

Sightly decreased tone. Able to
control head without support

Hypotonia

Axial hypotonia, withdraws
extremities to stimulation, weak
grasp

Head lag and unable to sit or
rollover

Severe hypotonia

Unable to independently hold
head or sit unsupported

Hypotonia

NA

Final assessment
(weeks on ERT)

Ambulatory (378)

Ambulatory; wheelchair as
needed, mostly for
transportation (450)

Gan move arms against gravity
(286)

Ambulatory (76)

Ambulatory (199)
Ambulatory (182)

Ambulatory (273)

Severely hypotonic, unable to
hold head up, rollover, or sit
unassisted. Can move both arms
weakly (350)

NA

Normal developmental
milestones (58)

Stands with support and braces,
sitsunassisted rolisside to side,
and can lift head up. Crawls and
pushes to quadruped and creeps
on hands and knees. (130)
Ambulatory (195)

Ambulatory (162)

Generalized hypotonia (50)
Ambulatory. Walks, runs, jumps,
feeds sel, plays with siblings,
dresses self, and walks upstairs
(136)

Ambulatory; meeting
developmental milestones (101)
Ambulatory. Walking, running,
and jumping (88)

Meeting developmental
milestones (27)

Ambulatory with moderate
hypotonia. Severe delay in gross
motor development (196)

Not ambulatory. Does not move
legs in supine, requires
assistance for head control in
supported sitting (274)
Ambulatory. Mid proximal
weakness (100)

Ambulatory. Uses a wheelchair
for transportation (297)

NA

Ambulatory. Low muscle tone,
global muscle weakness, and
delayed motor skills (167)
Ambulatory; Low tone (72)
Ambulatory (137)

Ambulatory. Able to get up and
down from the floor and steps
with assistance (130)

Prop-sits unassisted, rolls from
supine to side lying, and bears
weight through lower extremities
in supported standing (80)

Sits with support and minimal
capacity for weight-bearing on
lower extremities (53)

Standing with support (46)

Able to move arms against
gravity but near-complete lower
extremity immobity (50)

Not able to hold head or sit
unsupported (46)

Not ambulatory (38)

Not ambulatory, severely limited
motor skils (56)

Ventilation Status

Baseline

No support
Oxygen

Oxygen and BIPAP
at night

Oxygen
Invasively
ventiated

No support

No support
No support

BiPAP
CPAP for a week

No support

Nasal 02

NA
No support
No support

No support
No support
No support

No support

No support

No support
No support

NA

High flow nasal
cannula

No support
No support

No support

Transient
ventilation for 3

days

Invasively
ventilated

Invasively
ventilated

Invasively
ventiated

No support

Invasively
ventiated
Invasively
ventiated

Final assessment
(weeks on ERT)

No support (378)

No support (450)
Invasively ventilated (271)
No support (76)

No support (199)

No support (213)

Vest/cough assist (273)
Invasively ventiated (350)

BIPAP (92)
No support (37)

No support (130)

Recommended CPAP at night
(195)

No support (162)

Overnight BIPAP (59)

No support (136)

No support (101)
No support (156)
No support (27)

No support (220)

Invasively ventilated (274)

No support (411)
Oxygen at night (268)
NA

No support (167)

No support (72)

No support (137)

No support (135)

No support (67)

Invasively ventilated (off
ventilator 10-12 hours a
day) (58)

Oxygen and BIPAP at night
(46)

BIPAP at night (50)
Invasively ventiiated (46)
Invasively ventilated (38)

Invasively ventilated (56)

LVMI,left ventricular mass indiex; ERT, enzyme replacement therepy; ITl, immune tolerance indluction; NA, not avaiable; NG, nasogastiic tube; TR, transpyloric.
Two CRIM-positive IPD patients hed inadequate humorel response to Pneumoccocal vaccine while demonsirating adequate response to other age-appropriate vaccines. It is not clear f the lack of response to Pneumoccocal vaccine
in these two patients was due to immunosuppression or normal variability in the efficacy of vaccine. As per the CDC, the efficacy of PCV13 is 45.6-75.0% and PPSV23 is 60-70%.

Feeding Status

Baseline

Oral

NG tube

NG tube

NG tube

™

Oral

Oral
Oral

G tube
Oral

Oral

Oral and NG
tube

NA
NG tube
NG tube

Oral

Oral

Oral

Oral, NG
Tube at night

NG Tube

Oral
Oral
NA
NG Tube
Oral

Oral

Oral

Oral

G tube

NJ Tube

NG Tube

NG Tube

NG tube

NG Tube

Final assessment
(weeks on ERT)

Oral (378)
Oral (450)

G Tube (271)
Oral (76)

Oral (199)

CPAP with nasal
mask (199)

Oral (273)
G Tube (350)

G tube (92)
Oral (37)

G Tube, eating
puree orally (130)

Oral (195)
Oral (162)
G tube (59)

NG tube and oral
(136)

Oral (101)

Oral (156)

Oral 27)

Oral (220)

G Tube (274)

Oral (411)
Oral (297)
NA

Oral (167)
Oral (72)
Oral (137)

Oral (135)

Oral (80)

G tube (68)

G Tube (46)

G Tube (50)

GJ Tube (46)

G tube (38)

G Tube (56)
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Patient

CN3
CN11
CN12
CN16
CN17
CN18
CN19
CN21
cP2
CP6
cP8
CP9

ND, Not done.

Tetanus

Adequate
Adequate
Adequate
Adequate
Adequate
Adequate
Adequate
Adequate
Adequate
Adequate
Adequate
ND

Diphtheria

ND
Adequate
Adequate
Adequate
Adequate
Adequate
Adequate
Adequate
ND

Adequate
Adequate
ND

Measles

Adequate
Adequate
Adequate
ND
Adequate
Adequate
ND
ND
Adequate
ND
ND
ND

Mump

Adequate
Adequate
Adequate
ND
Adequate
Adequate
Adequate
ND
Adequate
ND
ND
ND

Rubella

Adequate
Adequate
Adequate
ND
Adequate
ND
Adequate
ND
Adequate
Adequate
Adequate
ND

Pneumoccocal

Adequate
ND
Adequate
ND
Adequate
ND

ND

ND
Inadequate
ND
Inadequate
Adequate
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D

/ALIVE PATIENTS

CN1
CN3

CN4
CNS
CN10

CN11

CN12
CN13
CN14

CN16
CN17
CN18

CN19
CN20
CN22
CN23
CN24
CN2s
cP1
cP2
CcP3
cPa
CcPs
cP6

cP7
cPs
cP9

DECEASED PATIENTS

CN2

CNB

CN7
CN8
CNg
CNi5
CN21

Rounds of

T

1
1

1

2
2
1
1
1

B Cell recovery
(weeks post-RTX)

Yes (17)
Yes (19)

Yes (17)
Yes (1)
Yes (19)

Yes (32)

Yes (25)
Yes (17)
Yes (25)

Yes 27)
Yes (13)
Yes (13)

Yes (17)
Yes (13)
Yes (16)
Yes (20)
Yes (12)
Yes (19)
Yes (18)
Yes (13)
Yes (43)
Yes (19)
Yes (13)
Yes (14)

Yes (15)
Yes (17)
Yes (12)

Yes (23)

NA

Yes (55)
Yes (43)
Yes (22)
Yes (22)
Yes (13)

Weeks post-RTX
atlast CD19%
follow-up

17
43

21
73
195

156

33
208
82

91
29
45

159
13
29

102
36
19
21

248
7%
19
53

164

37
141
28

51

NA

59
43
35
31
17

Infections

No

Enterococcus faecalis,
Pseudomonas
fuorescens/putid,
Enterococcus raffinosus

RSV infection
No
No

No

Klebsiella pneumoniae
No

Aspiration pneumonia,
enterovius/rhinovirus

No
No

URI rhinorrhea; UTI E.
Coli; Ear infection

NA
NA
No
No
No
No
NA
NA
NA
NA
NA
NA

No
NA
NA

No

No

No
No
No
No
NA

prior to ERT

£

£%%

Yes
Yes

No

Yes

Yes
Yes
No
Yes

No
Yes

Yes

No
Yes

No

Yes

NA

No

Yes
NA
NA
Yes
Yes

Vaccination Vaccination up to
date for age

Yes
Yes

Yes
Yes
Yes

Yes

Yes
Yes
Yes

Yes
Yes
Yes

Yes

Yes

No
NA
Yes
NA
Yes
Yes
Yes

Yes
Yes
Yes

Yes

Yes

Yes
Yes
Yes
No
Yes

Anti-rhGAA IgG antibody titers

Peak titers

(weeks on ERT)

1,600 (38)
0

0
0
25,600 (198)

200 (69)

25,600 (94)
51,200 (71)
200 (81)

3
6,400 (54)
200 (34)

Soo
8

cooo

0
100 (4)
200 (22)
0
0

100 66)
0
200 (26)

6,400 (31)
6,400 (29)
1,600 (38)
2003)
51,200 (65)

Last titers
(weeks on ERT)

200 (103)
0(281)

0(284)
0(269)
25,600 (198)

0@s1)

3,200 (258)
12,800 (343)
200 81)

0(174)
3,200 (135)
100 (161)

0(112)
0(19)
200 (108)
0(144)
0(@1)
0@1)
0(38)
0(171)
100 (78)
0(@r2)
0(39)
0(117)

100 (66)
0(105)
100 (104)

0(67)

0(70)

3,200(91)
6,400 (46)
800 (45)
200 (32)
51,200 (72)

RTX, rituximab; ERT, enzyme replacement therapy; NA, not available; wks, weeks; ITl, immune tolerance induction; MTX, methotrexate; IVIG, intravenous immunoglobulin.

Immune tolerant
(Yes/No)

Yes
Yes

Yes
Yes
No

Yes

No
No
Yes

Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes

Yes

Yes

Yes
Yes
Yes
Yes
No

IT1 protocol deviations

Did not receive VIG

IMIG: 1 dose during ITI + 2 doses
ater ITI

IVIG started at Week 4 on ERT
None

Maintenance rituximab every 2 to 3
months following ERT-+TI for 32
months

3rd cycle of MTX was administered
with 4th ERT infusion instead of 3rd
ERT infusion

None
Multiple cycle of ITI
None

None
None
None

None
None
None
None
None
None
None
None
None
None
None

2nd cycle of MTX was vithheld.
Three cycles of MTX administered
with 1st, 3rd, and 4th ERT
infusions.
None
None
None

Two doses of MTX with 3rd ERT
infusion and additional cycles of
MTX admiistered with 4th, 5th,
and 6th ERT infusions. Did not
receive IVIG.

14 cycles of MTX administered with
first 14 ERT infusions (Total 42
doses). Did not recaive IVIG.

Received a second cycle of Tl
Received a second cycle of ITI
IVIG iitiated at Week 4 on ERT
None
Nore
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Characteristics

Age (years)

Gender (female/male)

BASELINE CHARACTERISTICS
Proteinuria (g/g)

Serum creatinine (jmol)

Serum albumin (g/dl)

Anti-PLA2R1 titer (RU/mi)

CD19 at MO (cel/u)
CHARACTERISTICS AT MONTH 3
Proteinuria (g/g)

Serum creatinine (jmol)
Anti-PLA2R1 titer (RU/mi)

CD19 (cellu)

Patients with anti-ituximab antibodies
Serum rituximab level (ug/mi)
CHARACTERISTICS AT MONTH 6
Proteinuria (g/g)

Serum creatinine (jmol)
Anti-PLA2R1 titer (RU/mi)

CD19 (cellu)

Patients with anti-rtuximab antibodies
Serum rituximab level (jug/mi)
CHARACTERISTICS AT MONTH 12
Proteinuria (g/g)

Serum creatinine (jumol)

Serum albumin (g/di)

Anti-PLAZR1 titer (RU/mi)

Value

67+ 15
14/30

59[4.7-7.8)
107 (85-147)
20£07
152 (60-271)
200 [114-299]

29(12-59)
103 (87-143)
3[0-18)
0[0-2)
0(0%)
227 [0.19-7.5]

1.7 (0.9-4.5]
104 [84-136)
0[0-1)
9[2-70)
10 (23%)
0[0-0]

09(03-29)
101 [87-130]
36406
1[0-7)





OPS/images/fimmu-10-03069/fimmu-10-03069-t002.jpg
Patient 1

Patient 3
Patient 4
Patient 5
Patient 7
Patient 9
Patient 10
Patient 11
Patient 12
Patient 13
Patient 14
Patient 15
Patient 16
Patient 17
Patient 18
Patient 19
Patient 20

ADA, Anti-Drug Antibodies; RTX, Rituximab; AZA, Azathioprine; OFA, Ofatumumab; CYC, Cyclophosphamide. PBC, Primary Biliary Cholangi

ADA status

%

+ o+ o+ o+ o+

First line

RTX

RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX

Outcome
Relapse (12)

Relapse (6)
Resistant
Resistant
Relapse (48)
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Resistant
Relapse
Relapse
Relapse
Relapse

Second line

RTX

RTX
RTX
RTX
OFA
RTX
cvc
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX
RTX

Outcome
Relapse (12)

Remission (3)
Resistant
Resistant
Remission (30)
Remission
Resistant
Remission (6)
Remission (6)
Remission (6)
Remission (6)
ESKD

ESKD
Resistant
Relapse
Relapse
Remission

Third line

RTX

OFA
OFA

RTX
RTX
RTX

‘Outcome

Relapse (12)

Remission (3)
Remission (3)

ESKD
Relapse
Relapse

Fourth line

RTXAZA

RTX
RTX

Outcome

PBC
Remission (6)

Remission (6)
Remission (6)
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